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ABSTRACT. To obtain thermodynamic information about interactions between transmembrane helices in
integral membrane proteins, partial unfolding of bacterioopsin in ethanol/water mixtures was studied by
Forster-type resonance energy transfer (FRET) from tryptophan to a dansyl group on Lys 41. Tryptophan
to dansyl FRET was detected by measuring sensitized emission ab609hm from 285 nm excitation.

FRET was observed in dansylbacterioopsin in apomembranes and in detergent micelles but not in 90%
ethanol/water or in the chymotrypsin fragment C2 (residue31). The main fluorescence donors are

Trp 86 and Trp 182. Increase of FRET from C2 with added chymotrypsin fragment C1 (residues 72
248) provides an estimate of the €C2 association constant as %710° M~1. With increasing ethanol
concentration, the FRET signal from dansylbacterioopsin in detergent micelles disappeared with a sharp
transition above 60% ethanol. No transition occurred in Trp fluorescence from bacterioopsin lacking the
dansyl acceptor, nor did dansyl model compounds undergo a similar transition. Light scattering
measurements show that the detergent micelles dissipate below 50% ethanol. Thus the observed transition
is likely to be a partial unfolding of bacterioopsin. Assuming a two-state unfolding model, the free energy
of unfolding was obtained by extrapolation as 9.0 kcal/mol. The slope of the trangitieal(e) was

—0.8 kcal mot! M~1. The unfolding process probably involves dissociation of several helices. The rate
of association was measured by stopped-flow fluorometry. Two first-order kinetic processes were observed,
having approximately equal weights, with rate constants of 2.32and 0.185 s

Helix—helix association in a lipid bilayer is an essential ~ Only a few experimental studies of membrane protein
step in the folding of many integral membrane proteiljs (  unfolding have been reported. Bacteriorhodopsin is quite
The protein side chains that are buried at the heliglix resistant to thermal unfolding. Purple membrane undergoes
interfaces are about as hydrophobic as those found in thea transition at approximately 10@€ at pH 6, measured by
interior of water-soluble protein®). Furthermore, connect-  differential scanning calorimetry2Q). Although the retinal
ing loops in the aqueous phase are not necessary forchromophore is bleached above this transition, substantial
transmembrane helix associati@Q). In some cases, helix  secondary structure remairkl. The calorimetric transition
association can be driven by polar interactions within the shifts to 80°C at pH 6 for bacteriorhodopsin solubilized in
bilayer (L0—12). However, nonpolar helices are also known CHAPS/DMPC micelles 22). An extensive series of
to associate spontaneously in micelles and lipid bilayEss ( experiments on bacterioopsin folding have been reported by
16). This raises the question as to why transmembrane Booth and co-workers2@). Folding was observed on a
proteins should form compact structures in the presence ofmillisecond to second time scale when SDS-solubilized

lipids, rather than spreading out to maximize the liplaklix bacterioopsin was mixed with CHAPS/DMPC micelles along
interactions. It is not clear what thermodynamic processeswith the retinal chromophore, and several folding intermedi-
drive helix—helix association. ates were identified. Similar studies were also reported by

A great deal is known about folding of water-soluble Chen and Gouaux28), who showed that the bacterioopsin
proteins. In some small, single-domain proteins, a transition folding transition from SDS to CHAPSO/DMPC was revers-
occurs between unfolded and folded states with no detectablable. The authors of these studies point out that SDS-
intermediates. This type of two-state transition often has beensolubilized bacterioopsin is only partially unfolded, contain-
studied by equilibrium methodsl7—19). Typically, the ing substantial helix content. The helical segments in SDS
protein is unfolded thermally or exposed to varied concentra- may be similar to those in the native structure, as suggested
tions of a perturbant, such as urea or guanidinium, while a by the NMR structure of an SDS-solubilized proteolytic
spectroscopic signal from the folded state is monitored.  fragment of bacteriorhodopsir2¥). SDS-induced partial
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unfolding of diacylglycerol kinase was reported by Lau and  Unfolding Experiment®rior to fluorescence spectroscopy,
Bowie (26). The data were fit to a linear free energy model. column fractions were stored in CHZhethanol/ammonium
A potentially serious drawback of SDS as a membrane acetate at-20°C at a concentration of &M. Concentrations
protein denaturant is the evident inapplicability of thermo- were determined by UV spectroscopy using an extinction
dynamic models which have been worked out in detail for coefficient of 65700 M! cm™* at 280 nm 86). Aliquots of
water-soluble proteins. Tanford?) related the free energy  dansylbacterioopsin (0.670.11 nmol) were dried in 1.5 mL
change for urea- or guanidinium-induced unfolding of water- plastic tubes using a centrifugal evaporator. The residues
soluble proteins to the change in exposure of protein surfacewere dissolved in gL of 90% formic acid and diluted with
to solvent between the folded and unfolded states. Measure-10uL of ethanol. Various amounts of ethanol and water were
ment of the free energy change requires th& varies added, along with detergent and acetate buffer, to a total
linearly with the denaturant concentratidr8(19). In mixed volume of 1.0 mL. The final acetate concentration was 0.15
micelles of neutral and anionic detergents, this condition is M. The pH of the acetate buffer in water was 5.6, but the
unlikely to be met, due to deviations from ideal mixir&y). amount of formic acid used to solubilize bacterioopsin
Previous studies reported complete unfolding of bacte- lowered the pH to 4.51. The pH in the ethanolic solutions
rioopsin in trifluoroacetic acid 28). Bacteriorhodopsin ~ was not determined. The final detergent concentrations were
exposed to less aggressive solvents [formic acid and ethanolD.5% CHAPS/0.5% DMPC, 1 mM lauryl maltoside, or 40
(28), various alcohols29), or chloroform and methana2§)] mM octyl glucoside.
shows considerable helical structure, but helwelix inter- Fluorescence Spectroscoplluorescence spectra were
actions appear to be disrupted. In this paper, we havemeasured on a Farrand (Valhalla, NY) MK-Il instrument, with
explored the possible use of ethanol as a perturbant forcorrected excitation, or a Photon Technology International
studying bacterioopsin unfolding under equilibrium condi- (Lawrenceville, NJ) Quantamaster QM-4, with corrected
tions. Unfolding is monitored by resonance energy transfer excitation and emission. The Farrand MK-I was interfaced
from tryptophan side chains to a dansyl group attached towith a PC using a Data Translation (Marlboro, MA) 3010
Lys 41 30). analog-to-digital converter. Data were collected using Testpoint
software (Capital Equipment Corp., Billerica, MA). Emission
EXPERIMENTAL PROCEDURES correction curves were generated from spectra of 2-ami-
Materials. Bacteriorhodopsin was obtained from purple nopyridine, 2-naphthol, and quinine sulfat87). These
membrane isolated frorklalobacterium salinarunS9 as corrections were used to meas@ethe average quantum
described by Oesterhelt and Stoeckeni®d).( Dansyl yield of tryptophan in bacterioopsin (0.14), ahdhe spectral
chloride, CHAPS, octyl glucoside, and chymotrypsin were overlap between tryptophan and dansyl (4280 1> M1
obtained from Sigma (St. Louis, MO). Dimyristoylphos- cm¥). The Faster critical distanc&® = 9790(?n*QJ)Y/¢ =
phatidylcholine was obtained from Avanti Polar Lipids 21 A, wherex?, the dipole orientation factor, is taken #g
(Alabaster, AL). Ethanol was HPLC grade from Burdick and andn, the index of refraction of the medium, is taken as 1.4
Jackson (Muskegon, MI). Formic acid (90%) was obtained (38). We previously measured the emission anisotropy of
from Baker (Phillipsburg, NJ). dansyl-Lys 41-bacteriorhodopsiB@), which sets the value
Fluorescent LabelingPurple membrane was specifically  of «? to between 0.078 and 3.2, giving a rang&Rgbetween
modified at Lys 41 with dansyl chloride as previously 15 and 28 A 88). However, the actual value af is likely
described 30, 32). Dansylbacterioopsin was purified by to be closer to the random orientation value due to the two
dissolving lyophilized dansyl-purple membrane in 90% transition dipoles of tryptophan.
formic acid, diluting to 30% with ethanol3@), and chro- Light ScatteringRayleigh scattering was measured on a
matographing on LH-60 in CH@methanol (1:1) containing  Farrand MK-I fluorometer, with the excitation monochro-
0.1 M ammonium acetates), For spectra of the apomem- mator set at 285 nm and the emission monochromator
brane, retinal was cleaved with hydroxylamir@3), and the scanned from 250 to 350 nm. The intensity of the Rayleigh
retinal oxime was removed by washing with bovine serum scattering peak at 285 nm, minus the scattering peak from
albumin 34). water or buffer, was used as a measure of micelle concentra-
Chymotrypsin Cleeage.Dansyl chloride-modified purple  tion. Samples were prepared the same as in the unfolding
membrane was cleaved with chymotrypsin between residuesexperiments, except no protein was added and the samples
71 and 72, and the resulting fragments, C1(228) and were filtered through a Milex HV 0.4bm filter (Millipore,
dansyl-Lys 41 C2 (£71), were separated by LH-60 chro- Billerica, MA). A series of octyl glucoside samples prepared

matography in CHGImethanol/ammonium acetat®, £8). in water (0-40 mM) was used to measure the critical micelle
Column fractions were dialyzed against 0.05 M phosphate, concentration. Micelle radii were estimated by dynamic light
pH 6.0, and 0.2% sodium dodecyl sulfaf. ( scattering using a DynaPro MS instrument (Proterion Corp.,

Chymotrypsin Fragment AssociatioDansyl-Lys 41 C2 Piscataway, NJ).
in 0.2% sodium dodecyl sulfate and 0.05 M phosphate, pH  Stopped-Flow KineticDansyl-Lys 41-bacterioopsin was
6.0, was mixed with varying amounts of C1 in the same prepared in 90% ethanol, 0.15 M acetate, pH 5.6, and 40
buffer. To 0.4 mL of the Ctdansyl-Lys 41 C2 solution = mM octyl glucoside and loaded into a 2.5 mL syringe on an
was added 0.15 mL of 2% CHAPS, 2% DMPC, and 0.05 M Applied Photophysics, Inc. (Surrey, U.K.), SX 18MV instru-
phosphate, pH 6.0. Under these conditions, the retinal ment. A second 2.5 mL syringe contained aqueous 0.15 M

chromophore is regenerablesif-trans-retinal is added35). acetate buffer, pH 5.6, and 40 mM octyl glucoside. Equal
The final C2 concentration was 0.684, and the final C1 volumes of the two syringes were mixed (instrument dead
concentration varied from 0 to 14M. In control experi- time, about 1 ms). The fluorescence was monitored with a

ments, unlabeled C2 was added to dansyl-Lys 41 C2. >390 nm cutoff filter using 285 nm excitation.



552 Biochemistry, Vol. 43, No. 2, 2004 Nannepaga et al.

Emission (490 nm)

w

260 280 300 320 340 360
Excitation wavelength (nm)

Ficure 1. Farster-type resonance energy transfer (FRET) from
bacterioopsin tryptophans to dansyl-Lys 41 as a folding signal.
Dansyl emission was at 490 nm as a function of excitation
wavelength. (A) Dansyl-Lys 41 bacterioopsin in purple membrane
from which retinal chromophore was removed. (B) Dansyl-Lys 41
bacterioopsin in CHAPS/DMPC micelles. (C) Dansyl-Lys 41-

bacterioopsin in 90% ethanol:10% water (containing CHAPS/
DMPC). (D) Dansylmethylamine. (E) Same as (A) except the
membrane was not labeled with the dansyl group.

RESULTS

Resonance Energy Transfer from Tryptophan to Dansyl-
Lys 41 Measured by Sensitized Emissiarple membrane
was modified at Lys 41 with dansyl chloride and then Feure2: Structure of bacteriorhodopsin. Tryptophan fluorescence
bleached and treated with bovine serum albumin to remove energy donors are shown, along with the location of the lysine side
etinal oxime, producing dansyLys 41 white membrane. S0P 1 M e e e e
Excitation spgctra, m.o n!tored at 490 nm, ShO\.Ned a strong sub}s/tan?ial resonance energy transfer.g This figure wag prepaPed from
peak of sensitized emission at 285 nm, suggesting tryptophanppg file 1C3wW using MOLMOL 5).
to dansyl Fester-type resonance energy transfer (Figure 1,
upper line). Similar spectra were obtained for dansyl-Lys of transfer efficiencies for the monomer is 0.957. Thus, the
41-bacterioopsin which had been unfolded in chloroform/ expected sensitized emission of bleached purple membrane
methanol, separated from native lipids, and refolded in should be 1.8 times that of a bacterioopsin monomer in
CHAPS/DMPC (Figure 1, middle line). Bacterioopsin pre- CHAPS/DMPC. The results in Figure 1 are close to this
pared in this manner forms a nativelike chromophore when value: for bleached dansyl-Lys 41-purple membrane, the
all-trans-retinal is added. The large sensitized emission peak ratio of 490 nm emission excited at 285 nm to that excited
at 285 nm suggests significant tryptophan to dansyl FRET. at 350 nmis 7.0. For dansyl-Lys 41-bacterioopsin in CHAPS/

The direct excitation peak of the dansyl group at 350 nm DMPC, the ratio is 3.5. Thus, the sensitized emission of the
may be used as an internal standard to compare the twointact membrane (trimers of bacterioopsin) is 2.0 times that
spectra. The stoichiometry of dansyl labeling of intact purple of monomers.
membrane was approximately 0.25 mol/mol. Thus, each Lipid-free dansyl-Lys 41-bacterioopsin dissolved in 90%
trimer has only a single energy acceptor. Bacteriorhodopsinethanol (0.15 M acetate buffer, 0.5% CHAPS, 0.5% DMPC)
has eight Trp side chains (Figure 2). The expected resonanceshows virtually no sensitized emission at 285 nm (Figure 1,
energy transfer efficiencieg, between Trp and Lys 41 are lower curve). There is only a small effect of ethanol on the

shown in Table 1, calculated froff= R,%(R,® + R°) (398), Trp quantum yield of bacterioopsin, and the quantum yield
whereR = the distances between Lys 4% Bind Trp C in of model dansyl compounds actually increases when the
the high-resolution crystal structure [monomag)( trimer solvent is changed from water to ethanol (see below). Thus,

(40)]. Assuming all Trp energy donors have the same the simplest explanation for the loss of the 285 nm sensitized
guantum yield and assuming bacterioopsin in bleached purpleemission is an increase in distance between the Trp donors
membrane and CHAPS/DMPC micelles has the same tertiaryand the dansyl acceptor. Trp 182, which is the closest Trp
structure as bacteriorhodopsin crystals, we estimated theside chain to Lys 41, would have to move about 15 A away
energy transfer efficiency contributed by each Trp in a from Lys 41 to produce the observed loss of transfer
bacterioopsin monomer and in a singly dansyl-labeled trimer. efficiency.

The calculations (Table 1) show that the sum of transfer Tryptophan to Dansyl FRET Measures Hetdelix
efficiencies for the bacteriorhodopsin trimer is 1.72; the sum Interactions.The quantum yields of the individual Trp side
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Table 1: DistancesR) from Lys 41 to Bacteriorhodopsin Trp 10
Residues (Lys Nto Trp CG)?2
R A E R A E 2

lbrr lc3w %_
182A 20.5 0.53 182 20.3 0.55 3
86A 27.6 0.16 86 26.2 0.21 2
80A 33.0 0.06 80 33.0 0.06 .§
138A 34.7 0.05 138 34.3 0.05 2
137A 35.7 0.04 137 35.7 0.04 ]
12A 39.2 0.02 12 385 0.03 5
10A 42.1 0.02 10 41.9 0.02 5
182B 251 0.25 sum 0.96 E
86B 29.5 0.12
137B 324 0.07
138B 34.5 0.05
1898 35.0 0.04 0.0 05 10 15 20
80B 36.1 0.04
12B 46.0 0.01 Total C1e ortotalC2 o (uM)
108 49.8 0.01 FIGURE 4: Apparent association of C1 and C2 fragments (circles
182C 30.8 0.09 and upper curve) and self-association of C2 (triangles and lower
86C 34.1 0.05 curve), measured by FRET. EC2 association data, from Figure
80C 36.2 0.04 3, were analyzed as described in the text. The line was calculated

from eq 5. C2 self-association data were analyzed by an equation
analogous to eq 5.

106 497 001 guantitatively by qssuming that the sensi;ized emission at
sum 1.72 285 nm (as a ratio to the 350 nm emission) will reach a
@ Fluorescence energy transfer efficien&y) (vas calculated fronk limiting "."’?'”e of 3.'5 .(Se? Figure 1). Also, we .assume that
= RI(RE + ) with Ry = 21 A. Data for the bacteriorhodopsin trimer ~ th€ Sensitized emission in the absence of C1 is 0. Actually,
were from PDB file 1BRR and the monomer from PDB file 1c3w. there is a small amount of sensitized emission (Figure 3,
lower curve). This is due to some C2 dimer (data not shown).
8 Neglecting the dimer, we assume that the ratio of 285 nm
excited emission to 350 nm excited emission ranges from 0
to 3.5. The association constant may be estimated from these
data as follows:

N
i

Cl+ C2=C1:C2 1)
K = [C1-C2J/([C1][C2]) )

C2=677nM

I
2

C1=

1409 nM sensitized emission fraction C2 bound to C¥
704 fo,=[C1-C2]/([C1-C2] + [C2]) (3)

352

Emission (490 nm)

N
X

sensitized emission fraction C2 bound to C¥
0 K(C1; — fo,C2)/[K(CL; — fo,C2;) + 1] (4)

0 T T T T T T T T T T

220 240 260 280 300 320 340 360 380 400 420 where C% and C2 are the total concentrations of C1 and
Excitation Wavelength (nm) C2. Solving forfc; gives

Ficure 3: Fluorescence excitation spectra showing interaction 2
between two proteolytic fragments of bacterioopsin, C1 (amino foo= (1 + K(Cl; + C2) — (1 + K(C1; + C2))" —
acids 72-248) and C2 (£71). C2 is labeled with the dansyl group 2 0.

at position 41. Sensitized emission at 285 nm indicates that C1 4K°CLC2) 5)/2KC2T ()
and C2 are interacting.

The value offc; is obtained from the 285 nm sensitized
chains are not known. However, it is possible to separately emission peak on the assumption that= 1.0 corresponds
measure the energy transfer from Trp 10 and 12 to dansyl-to the spectrum obtained for intact bacterioopsin in CHAPS/
Lys 41 after separating residues-11 from residues 72 DMPC (Figure 1, middle curve) arfd, = O corresponds to
248 by chymotrypsin cleavage and chromatography. Thethe spectrum of C2 in the absence of C1 (Figure 3, lower
excitation spectrum of the resulting C2 fragment is shown curve). Thus, the only unknown in eq 5 is the association
in Figure 3 (lowest line). constantK. The best fit for C+C2 association, shown in

Addition of increasing amounts of the chymotrypsin Figure 4, waK = 7.7 x 10° M~%. A similar analysis of the
fragment C1, containing the nearest Trp donors in the folded self-association of C2 gives an association constant of 0.15
bacteriorhodopsin structure, results in an increase in thex 106 M1,
sensitized emission, suggesting formation of a complex Equilibrium Unfolding in EthanolTo observe the transi-
between C1 and C2. The €12 complex is capable of tion between the nearly folded bacterioopsin in CHAPS/
forming a nativelike purple chromophore upon addition of DMPC (Figure 1, middle curve) and the ethanol-perturbed
all-trans-retinal 3, 28). The equilibrium can be displayed form of bacterioopsin in ethanol (Figure 1, lower curve), we
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Ficure 5: Variation of FRET (Trp donors, dansyl-Lys 41 acceptor)
with ethanol concentration. Excitation wavelength: 285 nm.
Emission wavelength: 500 nm. All samples contained 0.1%
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Ficure 7: Effect of ethanol on bacterioopsin Trp fluorescence.
Same conditions as in Figure 6 except with unmodified bacterioop-
sin (lacking dansyl modification at Lys 41). Fluorescence emission

CHAPS, 0.1% DMPC, and 0.15 M acetate, pH 5.6. Normalized to Was measured at 332 nm from 285 nm excitation.

constant dansyl emission (see Figure 8).

Sokent Effects on Tryptophan and Dansgecause both
* . tryptophan and dansyl are known to undergo changes in
fluorescence quantum yield in solvents of different polarities,
it was necessary to study the effects of varying ethanol
concentration on tryptophan and dansyl emission. As the
ethanol concentration increases, a shift is observed (uncor-
rected) in the maximum emission wavelength of bacterio-
opsin tryptophans, from 326 nm in aqueous octyl glucoside
. to 335 nm in octyl glucoside/80% ethanol (data not shown).
The variation of tryptophan emission at 332 nm in bac-
terioopsin in octyl glucoside as a function of ethanol
concentration is shown in Figure 7. There is a small increase
in quantum yield up to about 60% ethanol, beyond which
there is a small decrease. The decrease above 60% ethanol
is not sufficient to account for the large decrease in sensitized
Ethanol concentration (%) emission observed in Figures 5 and 6, unless (a) a single
FIGURE6: Variation of FRET (Trp donors, dansyl-Lys 41 acceptor) tryPtophan is responsible for most of the sensitized emission

with ethanol concentration. Same conditions as in Figure 5, exceptand (b) that tryptophan, but not any other one, undergoes
samples are in 1% octyl glucoside. Normalized to constant dansyl nearly complete solvent quenching above 60% ethanol. The

emission (see Figure 8). selectivity of such a set of conditions seems unlikely,

) i o considering the major contributors to the FRET signal (Figure
prepared samples of bacterioopsin containing 0.5% CHAPS, 1 and Table 1): Trp 182 and Trp 86 are closest to the dansyl-
0.5% DMPC, and varying amounts of ethanol. The fluores- | ys 41 acceptor, but both are among the most buried
cence excitation spectra of these sample; are shown in Figurgntophans in bacteriorhodopsin. The more exposed tryp-
5. Up to about 60% ethanol, the magnitude of the FRET tophans are more likely to experience large changes in
signal, measured by sensitized emission at 500 nm from 285qyantum yield with change in solvent. The small changes
nm excitation, increases as the ethanol concentration in-ghserved could be interpreted to indicate that the environment
creases. Above 60% ethanol, the FRET signal sharply of the tryptophans in the folded protein is not appreciably
decreases to nearly 0. This transition suggests that thegifferent from a solvent composed of 700% ethanol.
fluorescence donor and acceptor are being separated by an The fluorescence of the dansyl group is expected to vary
unfolding process. Similar to CHAPS/DMPC, bacterioopsin with solvent composition. In 40 mM octyl glucoside, dansyl-
also refolds into the native conformation in octyl glucoside N-methylamide undergoes a nearly 10-fold enhancement in
micelles when retinal is addedtl). Therefore, we also  quantum yield between 0% and 90% ethanol (data not
looked at the effect of added ethanol on the Trp to dansyl- shown). The dansyl group at Lys 41 in bacterioopsin, based
Lys 41 FRET signal in octyl glucoside micelles. The results on the observed change in quantum yield with ethanol
are shown in Figure 6. The ethanol concentration at which concentration (Figure 8), is unlikely to be in a completely
the FRET signal has decreased by 50% is nearly the sameaqueous environment in the absence of added ethanol. It
in both octyl glucoside and CHAPS/DMPC. Tyrosine-to- appears that the dansyl group in partially unfolded bacte-
tryptophan energy transfer does not influence the results, asioopsin (i.e., above 60% ethanol) may be in a more polar
the same transition is observed when sensitized emissionenvironment than in the folded protein. The magnitude of
from 295 nm excitation is measured as a function of ethanol resonance energy transfer from tryptophan to dansyl depends
concentration (data not shown). on the quantum yield of tryptophan and the absorbance of

Fluorescence

0 T T T T

0 20 40 60 80 100
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FiGure 8: Effect of ethanol on dansyl fluorescence in dansyl-Lys FIGURE 9: Changes in micelle concentration and/or size as a
41-bacterioopsin. Similar conditions as in Figures 5 and 6 except function of ethanol concentration. Detergent and buffer concentra-
for direct excitation of the dansyl group at 340 nm. Key: open tions were the same as in Figures 5 and 6 except no bacterioopsin
circles, dansyl-Lys 41-bacterioopsin in CHAPS/DMPC; filled Was added. Key: filled circles, octyl glucoside; open circles,
circles, dansyl-Lys 41-bacterioopsin in octyl glucoside. Fluorescence CHAPS/DMPC.

emission was measured at 500 nm. 0.30

the dansyl group. However, the measurement of FRET by  0.25 1
sensitized emission to assay protein folding assumes the

quantum yield of the energy acceptor does not vary with
the state of unfolding. Thus, in Figures 5 and 6, the FRET
signal has been normalized by dividing the spectra by the
emission from 340 nm excitation to correct for the observed
changes in dansyl emission as it varies with solvent condi-
tions (Figure 8). The change in the dansyl environment at
about 26-30% ethanol may represent a change in protein |
structure that affects the area around Lys 41 but does not

affect the tryptophan to dansyl dorescceptor distances. 0.00 . . . . .

Sobent Effects on Octyl Glucoside Micell@e transition 0 5 10 15 20 2
observed in resonance energy transfer above 60% ethanol Time (sec)
(Figures 5 and 6) could be a secondary effect resulting from Ficure 10: Stopped-flow kinetics of bacterioopsin folding moni-
a change in detergent micelle structure, rather than a directtored by FRET (tryptophan donors, dansyl-Lys 41 acceptor). Two
solvent-protein interaction. Therefore, we examined the 2.5 ML syringes contained either aqueous 0.15 M acetate buffer,
micee systems for effcts of ethanol concentration. We P 27040 Tl aucoside o daney s t1bactetecpei
measured light scattering as a probe of micelle concentration.qjycoside. Excitation: 285 nm. Emissior:390 nm. The line was
The light scattering method was tested by using it to measurefit to Ajl1 — expkit)] + B[1 — exp(kst)], whereA = 0.119,k,
the critical micelle concentration of octyl glucoside, which =2.32s7%, B=0.103, and, = 0.185 s™. Correlation coefficient
was found to be 22 mM [close to the value of 21.8 mM = 0.80.
obtained by Walter et al.4@)]. The results are shown in
Figure 9. Added ethanol diminishes the light scattering from remaining above 60% ethanol, where the dansyl probe signals
octyl glucoside, and the micelles appear to be disrupted abovey |arge transition.
20% ethanol. The dissipation of micelles was confirmed by  Kinetic Folding.The kinetics of folding was examined by
dynamic light scattering, which showed a decrease in micelle stopped-flow fluorometry. Aqueous octyl glucoside was
radius from 2.6 nm in water to a broad distribution of sizes mixed with an equal volume of octyl glucoside in 90%
less than 2.0 nm at 10% and 20% ethanol. No micelles wereethanol containing dansyl-Lys 41-bacterioopsin. The signal
detected at 30% or higher ethanol concentrations. By contrastwas selected to measure the appearance of FRET by exciting
the CHAPS/DMPC system is more complicated. As ethanol at 285 nm and collecting fluorescence above 390 nm. An
is added, there is a sharp increase in scattering, suggestinghcrease in fluorescence was observed on a time scale of a
the formation of large aggregates. These aggregates appegew seconds (Figure 10). No change in the signal was
to be completely disrupted when the ethanol concentration observed when the aqueous and 90% ethanol buffered
reaches 50%. The changes in bacterioopsin conformationdetergent solutions were mixed in the absence of dansyl-
observed by FRET (Figures 5 and 6) occur above 60% Lys-41-bacterioopsin. The kinetic process observed in Figure
ethanol. Therefore, it is unlikely that the ethanol concentra- 10 corresponds to jumping across the FRET transition shown
tion dependence of changes in resonance energy transfem Figure 6, from 90% ethanol to 45% ethanol. The
efficiency is a process related to micelle dissociation. In both fluorescence increase in Figure 10 was fitted to two expo-
detergent systems, there do not appear to be any micellesentials: a fast fluorescence increase (rate constahB2

0.20 1

0.15 1

Fluorescence

0.10 1
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s 1) and a slower increase (0.1855 The weighting factors  tryptophan donors have moved far away from the helix
for the two processes are approximately equal (ratio of faster containing the dansyl acceptor. Previous NMR studies of

to slower process 0.54 to 0.46). two-helix fragments of bacterioopsin in chloroform/methanol
indicate that the helices are intact, but the helielix
DISCUSSION interactions have been lo25).

The interaction between bacterioopsin helices has been

FRET from Tryptophans to Dansyl-Lys 41 in Bacterio- ,a\iously observed in the absence of large-scale unfolding
opsin. Forster-type resonance energy transfer (FRET) can by examining the association between two proteolytic

be used to detect proximity between parts of a pro®8).( fragments, C1 and CB(4, 41). We found that a two-helix

As a result of FRET, the fluorescence of an energy donor is fagment, 2, shows little sensitized emission (Figure 3),

quenched by a nearby energy acceptor via a dipole resonancey ;i the presence of the remaining five helices (C1), the

interaction. If the acceptor is itself fluorescent, then emission ¢ansitized emission increases indicating formation of & C1

will be observed from the acceptor when the donor is excited -5 complex. We used this signal to estimate the association
(sensitized emission). We previously found that, near neutral .;nstant between C1 and C2 as X 710F M-1 (Figure 4).

pH, dansyl chloride exclusively modifies Lys 41 of bac- the standard free energy change is tht&3 kcal/mol.

teriorhodopsin 0, 32). The Faster critical distance for Ethanol-Induced UnfoldingWe measured the transition
energy transfer from tryptophan to dansyl is 21 A (distance peyeen the state of bacterioopsin in aqueous detergent

at which 50% of the emission is transferred to t_h(—_} acceptor). micelles (strong tryptophan to dansyl FRET) and the state
Thus, the tryptophandansyl donor-acceptor pair is useful ¢ pacterioopsin in ethanol (weak tryptophan to dansyl

in the distance range of helbhelix interactions. We used  £peT) a5 a function of ethanol concentration. The transition
tryptophan to dansyl FRET to detect formation of long-range a5 found to be rather sharp, occurring between 60% and

interactions in bacterioopsin folding or loss of long-range 7o ethanol in both CHAPS/DMPC (Figure 5) and octyl
intera_ctions in bacterioo_psin unfolding. Bacteriorhodopsin glucoside (Figure 6). In both detergents, the micelles have
has eight tryptophans (Figure 2). However, only Trp 86 and e come solubilized at ethanol concentrations well below the
Trp 182 are close enough to the dansyl acceptor in the foldedy 5 ngjtion (Figure 9), suggesting that the transition represents
protein to contribute appreciably to the energy transfer 5 go\ent effect directly on the protein stability. The observed
efficiency (Table 1). changes are not due to solvent effects on the tryptophan
Although the three-dimensional structure of bacterio- quantum yield, since it changes little over the entire range
rhodopsin is known at high resolutioB9), the structure of  of ethanol concentrations (Figure 7). The simplest interpreta-
bacterioopsin (the apoprotein lacking the retinal chro- tion of the ethanol-induced change in FRET is that bac-
mophore) is not known. Some studies suggest that theterioopsin undergoes an unfolding transition above 60%
structures are similar. When the retinal chromophore was ethanol, increasing the distance between the dansyl energy
removed from purple membrane, the conformation of bac- acceptor on Lys 41 and the nearest tryptophan side chains
terioopsin was found by NMR to be similar to that of in the folded bacterioopsin structure, Trp 86 and Trp 182.
bacteriorhodopsin4@). Also, the temperature dependence This transition is not likely to involve complete unfolding
of the rate of chromophore regeneration frafftrans-retinal of helices, since bacterioopsin and subfragments retain nearly
plus apomembrane is consistent with only a small confor- full helicity in organic solvent 28, 25).
mational change, similar to formation of bacteriorhodopsin  Apparent Free Energy of Unfoldingerturbant-induced
from the M photocycle intermediat8%). The conformation  unfolding of water-soluble proteins has been studied in great
of purified bacterioopsin in CHAPS/DMPC micelles or octyl  detail (L7, 18). For simple two-state transitions, one may
glucoside micelles is also unknown. In both of these micelle calculate an equilibrium constant from the unfolding curve
systems, the purple chromophore may be regenerated byand extrapolate the free energy change to zero perturbant
addition ofall-trans-retinal 28, 41, 44). This suggests that  concentration, thus obtaining an apparent free energy change
bacterioopsin is folded into a conformation close to the native of unfolding. Assuming a two-state transition (F, folded, and
state. Bacteriorhodopsin exists as a monomer in CHAPS/ U, unfolded), the equilibrium constaft for unfolding can

DMPC (22) and in octyl glucoside4s). In CHAPS/DMPC,  pe calculated as a function of denaturant concentrafn (
the helical content, as measured by circular dichroism, is

close to that of the native stat8, @, 28, 41, 46). There is F=U (6)
some evidence that bacteriorhodopsin is unstable in octyl

glucoside 47, 48). Thus, the protein conformation is close Ke = [U/[F] (7)

to, although probably not identical to, that known for

bacteriorhodopsin. At a particular denaturant concentration, the free energy

We observe FRET from tryptophan to dansyl-Lys 41 in Cchange for unfolding is®)

bacterioopsin (Figure 1). The approximately 2-fold difference
between FRET of associated bacterioopsin in bleached purple

membrane and monomeric bacterioopsin in CHAPS/DMPC h is th dthe absol
and in octyl glucoside detergent micelles is consistent with WHereR s the gas constant anidthe absolute temperature.

the assumption that the conformation of bacterioopsin in The value of the free energy change for unfpldmg at zero
detergent is compact and similar to the native conformation. denatur_ant co_ncentrauorAGHzo, can be obtained by ex-
We observe relatively little sensitized emission when purified rapolation, usingx9, 49)

dansylbacterioopsin is dissolved in ethanol (Figure 1),
suggesting that, in ethanol, the helices containing the

AG. = —RTIn K 8)

AGe = AGy; o + M[E] 9)
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% Ethanol soluble proteins (for example, re&0 and 51). However,
0 20 40 60 80 the unfolding process measured for water-soluble proteins
includes both tertiary and secondary structure unfolding.

Two models for the ethanol-induced unfolding of bac-
terioopsin are shown in Figure 12. The figure shows the
helices as if they are intact in both the folded and unfolded
states. However, as discussed above, the helix content may
be less than that in the native state. In the upper model, all
of the helices have separated. In the lower model, a small
hinge motion has occurred at the connecting loop between
helices B and C, which separates the dansyl fluorescence
acceptor at Lys 41 from the two closest tryptophan fluores-
cence donors, Trp 182 and Trp 86. Future fluorescence
labeling studies incorporating fluorescent probes at engi-
T T T T T : . neered cysteines in helix connecting loops could distinguish
0 2 4 6 8 10 12 14 16 between these two possibilities.

[Ethanol] (M) Folding Kinetics.Using stopped-flow spectrofluorometry,
FicurRe 11: Extrapolation of free energy of unfolding to zero Wwe measured the rate of folding from 90% ethanol to 45%
denaturant concentration (see eq 9). Key: filled circles and solid ethanol (Figure 10). The data are best fit by two kinetic

line, octyl glucoside data (from Figure 6); open circles and dashed ; _ti
line, CHAPS/DMPC data (from Figure 5). Least-squares lines have components, one with a hali-time of about 0.3 s and the other

correlation coefficients of 0.88 (solid line) and 0.78 (dashed line). With a'half-time of about 3.7 s, With appr.oximately.equal
weighting factors. Further experiments will be required to

wherem is the free energy change for unfolding per mole characterize the two kinetic processes observed. There are
per liter of denaturant. The data in Figure 6 (octyl glucoside) several possible explanations that could be considered: (1)
were replotted according to eq 9 in Figure 11, assuming a One explanation is two separate partial folding events, a fast
two-state equilibrium. The slope im = —0.8 kcal mof? rate sensed by one tryptophan and a slower rate sensed by
M1, and the intercept iAGn,0 = 9.0 kcal/mol. A similar another. For example, if the partially unfolded state corre-
plot (not shown) for Figure 5 (CHAPS/DMPC) gives a slope sponds to the product of pathway | in Figure 12, then when
of m= —0.7 kcal mot* M~1 and an intercept oAGu,0 = bacterioopsin folds, Trp 86 in helix C might quickly approach
8.1 kcal/mol. These values are of the same order of dansyl-Lys 42 in helix B, while Trp 182 in helix F more
magnitude as measurements of these parameters for waterslowly approaches helix C. (2) Another explanation is that

Unfolding free energy, AGg) (kcal/mol)

Ficure 12: Two possible unfolding pathways for bacterioopsin in ethanol. Transmembrane helices are lettered with the N-terminal helix
= A and the C-terminal helix G.
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a preexisting equilibrium may occur in the unfolded state,
between different partially unfolded forms which have
different folding kinetics, similar to the pH-dependent

equilibrium observed by Lu and Booth2). If the kinetic

components represent formation and decay of an intermediate
folding state of bacterioopsin which is present at equilibrium,
or if multiple folded or unfolded states exist which fold by

5

6

7

separate kinetic processes, then the two-state assumption used

in the analysis of Figures 5 and 6 is invalid. Future kinetic
studies covering the transition region of Figures 5 and 6
might clarify this. Helix association in the folding of water-
soluble proteins is a much faster process than the rates 9.
measured for bacterioopsin in Figure 10. The observed rates
of bacterioopsin folding are closer to the time scale observed
for domain assembly in water-soluble proteins. Multidomain 1g.
water-soluble proteins display complex folding mechanisms
(53). Popot and de Vitry 34) have argued that a single
transmembrane helix, containing around 25 amino acids,
should be considered a domain, comparable to the 70 amino
acid domains typically found in small water-soluble proteins.
Booth and co-workers studied the refolding kinetics of
bacterioopsin that had been partially unfolded in dodecyl

sulfate and detected two intermediate statesnt b (23).

The formation of | occurs on the same time scale as the
faster of the two rates we observe in folding of bacterioopsin

from ethanol (Figure 10). Intermediateforms with a rate
constant in the range of 0.01's which is an order of

magnitude slower than the slow process we observed in 15.

folding from ethanol (Figure 10). Formation efwas found
to coincide with increase in helical conte6]. Since

alcohols are known helix stabilization agents, it is not

Nannepaga et al.
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