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ABSTRACT. The regeneration kinetics of the integral membrane protein bacteriorhodopsin have been
investigated in a lipid-based refolding system. Previous studies on bacteriorhodopsin regeneration have
involved detergent-based systems, and in particular mixed dimyristoylphosphatidylcholine (DMPC)/CHAPS
micelles. Here, we show that the short chain lipid dihexanoylphosphatidylcholine (DHPC) can be
substituted for the detergent CHAPS and that bacteriorhodopsin can be regenerated to high yield in mixed
DMPC/DHPC micelles. Bacteriorhodopsin refolding kinetics are measured in the mixed DMPC/DHPC
micelles. Rapid, stopped flow mixing is employed to initiate refolding of denatured bacterioopsin in
SDS micelles with mixed DMPC/DHPC micelles and time-resolved fluorescence spectroscopy to follow
changes in protein fluorescence during folding. Essentially identical refolding kinetics are observed for
mixed DMPC/CHAPS and mixed DMPC/DHPC micelles. Only one second-order retinal/apoprotein
reaction is identified, in which retinal binds to a partially folded apoprotein intermediate, and the free
energy of this retinal binding reaction is found to be the same in both types of mixed micelles. Formation
of the partially folded apoproptein intermediate is a rate-limiting step in protein folding and appears to be
biexponential. Both apparent rate constants are found to be dependent on the relative proportion of DMPC
present in the mixed DMPC/DHPC micelles as well as on the pH of the agueous phase. Increasing the
DMPC concentration should increase the bending rigidity of the amphiphilic bilayer, and this is found to
slow the rate of formation of the partially folded apoprotein intermediate. Increasing the mole fraction
of DMPC from 0.3 to 0.6 slows the two apparent rate constants associated with formation of this
intermediate from 0.29 and 0.031 to 0.11 and 0.013,gespectively. Formation of the intermediate

also slows with increasing pH, from 0.11 and 0.013a&t pH 6 to 0.033 and 0.0053sat pH 8. Since

this pH change has no known effect on the phase behavior of lecithins, this is more likely to represent a
direct effect on the protein itself. Thus, it appears to be possible to control the rate-limiting process in
bacterioopsin folding through both bilayer bending rigidity and pH.

The factors that drive the folding of integral membrane In the head group region, steric hindrance, hydration, or
proteins are largely unknown. We examine a somewhat electrostatic charge can lead to a repulsive, positive pressure,
general hypothesis that the folding of transmembrane proteinswhile direct hydrogen bonding between head groups can give
is affected by the pressure exerted on them by the surround-+ise to a negative pressure. Although the net lateral pressure
ing membrane lipids. This hypothesis is based on a previousmust be zero (otherwise the monolayer will simply expand
suggestion by Gruner (1985) which has compelling support or contract), there will still be a general desire of the
from a number of experimental observations (Lindblom et monolayer to bend. More formally, for most biologically
al., 1986; Keller et al., 1993). relevant situations where the monolayer wishes to bend

The differential lateral pressures which exist in a fluid lipid toward the water, the first moment of the lateral pressure
monolayer are illustrated in Figure 1. In the chain region, [7(2)] must be non-zero, giving
there is a positive outward pressure due to chain collisions
during bond rotational motion. Around the polar/apolar fn(z)zdzz 0 1)
interface the pressure is negative, since the hydrophobic
energy cost of exposing hydrocarbon to water causes thewherezis the depth through the monolayer (Helfrich, 1973).
amphiphiles to crowd together and exclude areas of contact.Most bilayers are in a state of physical frustration as both
monolayers wish to bend, but in the opposite sense. Increas-
T This work was supported by the Wellcome Trust (Grant 041153 Ing the d.eSIre of ea.Ch monolaygr to b‘?”d leads to a net
to P.J.B. and S.L.F.), BBSRC (Grant GR/J67857 to P.J.B. and S.L.F.), Increase in the magnitude of the differential lateral pressure.
and the Royal Society (to P.J.B.). AR.C. is supported by an Imperial The hypothesis we investigate is that a protein embedded in
College Biochemistry Department postgraduate bursary. P.J.B. is the bilayer will experience these changes in pressure as the
Rosenheim Research Fellow of the Royal Society. . - .
*To whom correspondence should be addressed. environment o_f the membrane is altereq and this may change
* Department of Biochemistry, Imperial College of Science, Technol- the way in which the embedded protein behaves and folds.
ogy, and Medicine. Such effects have been observed for small molecules
; University of Edinburgh. . . embedded in membranes (Cowsley et al., 1993; Castle,
Department of Chemistry, Imperial College of Science, Technology, L .
1995). The rigidity of a single-component membrane to

and Medicine.
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(a) headgroup interactions Bacteriorhodopsin spontaneously refolds to a native state
- - in mixed detergent/lipid micelles (Huang et al., 1981; London
. ~— & Khorana, 1982), and the regeneration process has been
interfacial tension characterized in mixed dimyristoylphosphatidylcholine
z (DMPC)! /CHAPS micelles (London & Khorana, 1982; Liao
-— — et al., 1983; Booth et al., 1995). The regeneration kinetics
chain pressure have been determined with millisecond time resolution using

stopped flow mixing of denatured apoprotein in sodium
dodecyl sulfate (SDS) micelles and mixed DMPC/CHAPS
micelles to initiate folding and changes in protein fluores-
(b) cence to follow protein folding (Booth et al., 1995, 1996).

Several kinetic phases have been assigned to the regeneration
(2) process. A fast phase of about 250 accompanies mixing

of the SDS and mixed DMPC/CHAPS micelles, and a phase
of about 2-7 s™* has been tentatively assigned to formation
of an intermediate {) on the regeneration pathway. A
partially folded apoprotein intermediate has been identified
(I2), to which the retinal chromophore binds. This latter
retinal binding reaction is the only second-order retinal/
apoprotein reaction that has been identified in the regenera-
tion process, and the product of this reaction is a retinal/
apoprotein intermediate,with retinal probably noncovalently
bound within its binding pocket. The later stages in the
regeneration process reflect covalent binding of retinal via
its Schiff base linkage. The simplest sequential reaction
scheme supported by the kinetic data is as follows (Booth
et al., 1996)

R
bO ‘|14‘|2L_'|R4>|34>DR

Ficure 1: Differential lateral pressure profile and its molecular

origins. Distinct local intermolecular forces are at play as a function : : :
of depth,z, through the monolayer (a). Such interactions will give although a branched pathway, for example involvingcis

rise to a lateral pressura(z), profile having the qualitative form  trans isomerisations of proline residues, cannot be excluded.
shown in panel b. Formation of } is essentially rate-limiting in protein folding
and appears to be biexponential. The overall apparent rate
length but with an identical head group (Di Meglio et al., of formation of b is over 1 order of magnitude slower than
1985; Ben-Shaul et al., 1987). This appears to be due to athe subsequent retinal binding (about 0.029 as opposed to
sharp reduction in the pressure near the middle of the bilayer.1.6 s%). This means the retinal binding reaction is difficult
We therefore anticipate that the refolding kinetics of a to resolve. However, by addition of retinal aftethlas been
membrane-spanning protein would be affected by varying allowed to form, it is possible to study this retinal binding
the bending rigidity in such a way. Changes in external reaction and estimate the associated free energy change
pressure and temperature will also alter the lateral pressurgBooth et al., 1996).
profile of the lipid monolayer, as well as having a direct = The mixed DMPC/CHAPS systems used in these studies
effect on the embedded or refolding protein. Thus, in order are thought to form mixed bilayer type micelles; however,
to change the micromechanics of the bilayer, we have alteredthe high proportion of the bulky and relatively rigid zwit-
the relative composition of the lipid membrane at constant terionic CHAPS detergent together with the differing types
temperature and pressure. of head groups present in this mixed micelle system means
Bacteriorhodopsin is one of the few integral membrane that itis difficult to gain even a qualitative insight into the
proteins that can be refolded from a denatured to a native €ffect of CHAPS on the differential lateral pressures in the
statein vitro (Huang et al., 1981; London & Khorana, 1982; PMPC membrane. A possible alternative to CHAPS, where
Khorana, 1988), and methods have been developed to studynterpretation is simpler, is a short chain phosphatidylcholine

the associated refolding kinetics (London & Khorana, 1982; lipid such as DHPC. This phosphatidylcholine lipid has a
Booth et al., 1995). It thus provides an ideal model system hydrocarbon chain of only seven carbon atoms which will

for this investigation. Bacteriorhodopsin is the only protein reduce the bilayer-bending rigidity of the longer (fourteen
constituent of the purple membrane éfalobacterium  carbon) chain DMPC. Mixtures of DMPC with DHPC are
salinarium and functions as a light-driven proton pump &lso thought to form bilayer discoidal mixed micelles, similar
(Oesterhelt & Stoeckenius, 1974; Stoeckenius & Bogomolni, 10 those with CHAPS (Sanders & Schwonek, 1992), and
1982). The structure of bacteriorhodopsin has been deter-Mixeéd DMPC/DHPC systems have been shown to reconsti-
mined to high resolution (Henderson et al., 1990), and the
protein consists of a bundle of seven transmembrane 1 Abbreviations: bO, bacterioopsin; CD, circular dichroism; CHAPS,

; ; ; ; '« 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate; DMPC,
heIIC?S, tltogeth%r V\ftlrt]h 31 rehtlrll.a ! bChrc?Imophorg \rllv.?%h IS L-o-1,2-dimyristoylphosphatidylcholine; DHPG-1,2-dihexanoylphos-
covalently bound within the helix bundie via a SChilt baseé  phatidyicholine; FWHM, full width half-maximum; SDS, “sodium
linkage to Lys 216. dodecyl sulfate.
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tute membrane proteins (Kessi et al., 1994; Sanders & oz
Landis, 1995). 020 .

Here, we investigate the refolding of bacteriorhodopsin = o] £ o o o |
in mixed DMPC/DHPC micelles and compare the refolding .1 &
kinetics to those in mixed DMPC/CHAPS micelles. The ¢ a °©
dependence of these refolding kinetics on the relative g | A 1° 8
proportion of DMPC in the mixed DMPC/DHPC micelles & **7 A iz
is determined. However, since a process as complex as the g %10 o 2E
refolding of bacteriorhodopsin is unlikely to depend solely § os] o 44 %g
on the micromechanical stresses in the membrane, we also< ¢ o -
present evidence on the effects of the pH of the aqueous ,, ] °©
phase on the folding kinetics. The results show that control 002.] o a4 12
of protein folding rates can be achieved by changes in both ] o A A
DMPC concentration and pH. 00— ————r———— T 11

[Retinal] /uM

MATERIALS AND METHODS Ficure 2: Changes in chromophore absorbance and protein

; _Di ; i fluorescence as a function of retinal concentration, on regeneration
Materials. 1,2-Dihexanoyksnphosphatidyicholine (DHPC) of bacteriorhodopsin in mixed DMPC/DHPC micelles (2:1 DMPC:

and dimyris_toylphosphqtidylchoine (DMPC) were purchased DHPC weight ratio, pH 6): @), changes in absorbance at 554 nm
from Avar]t' Phospholipids (Alabagter, AL), and SDS_ (elec- and () changes in protein fluorescence. Each data point represents
trophoresis grade) andll-trans-retinal were from Sigma  measurements on separate bO samples (from the same bO prepara-

(Dorset, U.K.). All other reagents and chemicals were of tion), to which retinal was added simultaneously. The bacterior-
analytical grade. hodopsin concentration was 3.8/.

Bacteriorhodopsin was isolated frdth salinarium(strain
S9) according to the method of Oesterhelt and Stoeckenius
(1974). Denatured bacterioopsin (bO) in SDS was prepared
from purple membrane as described previously (Braiman et

aI.M;QSdYB?AosgSLzIé 19.96|)I' d by stiri yields were also determined by comparing the area of the
DMIIDXC(? d DHPC in b rfr;lcefoelshm:(erlta predpzre Y st[rr|ng chromophore absorption band for bacteriorhodopsin regener-
an In butter oflowed Dy sonication 5404 i 'mixed DMPC/DHPC micelles to that obtained in

in a bath sonicator for 30 min. The resulting clear micellar | .. 4 HMPC/CHAPS micelles at the same protein concen-
solution was either stored at room temperature and usedtration

within 24 h or stored for several days at’@ in 0.025% Time-Resaled FI M Bxperi ¢
azide. Micelles stored for long periods in the absence of Ime-Resaled Fluorescence Vieasurementsxperments
were performed using an Applied Photophysics stopped flow

azide became cloudy. All mixed DMPC/DHPC micelle spectrofluorimeter as described previously (Huang et al
stock solutions contained 2% (w/v) total lipids, and the ratio 1981: Booth et al., 1995, 1996). Experiments measuring

?;ti[;')\{lpc to DHPC was varied from 2.5:1 to 1:1.5 (weight protein refolding frqm bO were initiateq by mixing equal
Measurements were made at three different pHs, using 10vo|umes of 4M bO in 0.2% SDS (w/v) with DMPC/DHPC
’ micelles (2% wi/v total lipids). Final concentrations in the
mM pho_sphate buffer for pH 6 and 8 and 10 mM phosphate/ measuring cuvette were as for steady state measurements,
citric acid buffer at pH 4. , except that the protein concentration wag\2. Retinal was
Steady State SpectroscopyAbsorption spectra Were oy ded in the micelles where indicated, the final concentra-
re_corded with aVarlan Carey 1G UV/vis spectrophotometer being varied between 2 and 801. For experiments
with a 2 nmbandwidth ad a 1 cmpath length. Fluorescence jn,q1ying addition of retinal to bO which had been allowed
spectra were measured with a Perkin-Elmer LS50 spectrom-; equilibrate in DMPC/DHPC micelles for 1 h, bO in SDS
eter with excitation at 290 nm and excitation and emission -« manually mixed with an equal volume of DMPC/DHPC
bandwidths of 2.5 nm. Fluorescence yields are the integralsmice”es and left for 1 h. This pre-equilibrated bO was then
of the f!uorescence band from 300 to 500 nm. Bactepor- mixed (in the stopped flow spectrometer) with an equal
hodopsin was regenerated from bO as described p_reV|oustVO|ume of mixed DMPC/DHPC/SDS micelles (1% wiv total
(London & K?orana, 1982; Booth et al., 1996). Briefly, 8 i5igs 0,195 SDS) containing retinal (Booth et al., 1996).
g P/Im?g:jng,\fp/é/sDDHSP((\évx ?cvgﬁ(ismé)éi?amitr%i?r:r?;it\i/r?;ljme Data Collection and AnalysisExperimentally determined
Final concentrations were 4 p;rotein 0.1% SDS. 0 67'% rate constants were calculated from ﬂuores_cence dgta using
DMPC and 0.33% DHPC (for a 2:1 DMPC:DHPC weight ¢ MarquardtLevenberg algorithm, assuming multiexpo-
ratio), 10 mM.phosphate and-@ #M retinal ' Absorption nential kinetics. Rate constants were determined from
. ! . measurements taken on different time scales, 50 ms to 1000

and fluorescence spectra of regenerated bacteriorhodopsi% full scale with 2000 or 4000 data points per scale. Two
were measured after overnight incubations. All incubations four, or eight transients were averaged pe[r)time scéle '

and measurements were performed in the dark or in dim light -

at 22°C. All errors are quoted to one standard deviation.
Bacteriorhodopsin regeneration yields were determined aspeg TS

described previously (Booth et al., 1996) using an extinction

coefficient for bO in SDS of 66 000 cmh M~* at 280 nm Regeneration YieldsThe retinal binding curve (Figure

(Huang et al., 1981). The concentration of refolded bacte- 2) for bacteriorhodopsin regenerated in mixed DMPC/DHPC

riorhodopsin was determined using an extinction coefficient
of 49 000 cm* M~ at 554 nm (see Results). This extinction
coefficient was determined for mixed DMPC/DHPC micelles
(2:1 DMPC:DHPC weight ratio) at pH 6. Regeneration
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micelles (2:1 DMPC:DHPC ratio), was determined as (a)
described previously (Booth et al., 1996). Bacterioopsin in
SDS was mixed with DMPC/DHPC micelles containing
various concentrations of retinal. Recovery of the native-
like chromophore absorbance was determined after overnight
incubation in the dark at 22C. The absorption maximum

of the dark-adapted regenerated chromophore was indepen-
dent of retinal concentration and was about 554 nm, similar
to that of 555 nm for bacteriorhodopsin regenerated in mixed
DMPC/CHAPS micelles. Figure 2 shows the change in
chromophore absorption at 554 nm as a function of added Time (ssconde)
retinal. The chromophore absorbance increases linearly with o0 260 %50 200 =00
retinal concentration until a maximum absorption is reached. 0.007

Assuming a 1:1 retinal:bacterioopsin stoichiometry, an WWM‘W’MWWM
extinction coefficient at 554 nm was estimated from the -0.007

initial gradient of the binding curve. A value of about 49 000 (b)

cmt M~ (about 10% error between protein preparations)
was obtained at 554 nm which is slightly lower than that of
55 000 cnit M1 determined at 555 nm for DMPC/CHAPS
micelles (Booth et al., 1996). The FWHM of the chro-
mophore absorption band was the same in both types of
mixed micelles (about 110 nm).

The yield of regenerated bacteriorhodopsin was determined
from the relative concentrations of regenerated bacterior-
hodopsin and the initial concentration of bO, as described
previously (Booth et al., 1996). An average of four
measurements on the same bO preparation gave a regenera- 07 = e - Eg‘: (se°°”d:go
tion yield of 944 5% (for a 2:1 DMPC:DHPC weight ratio, 0.004
pH 6), which is in good agreement with that observed in WWMM#WMW
DMPC/CHAPS micelles (98t 2%) (Booth et al., 1996). -0.004
As previously reported for DMPC/CHAPS micelles, a larger ggure3: Changes in protein fluorescence with time on refolding
variation in regeneration yield was found for different bO bacteriorhodopsin in mixed DMPC/DHPC micelles (2:1 DMPC:

preparations (about13%). A comparison of the areas of DHPC weight ratio, pH 6) in (a) the absence of retinal and (b) the

the reaenerated chromophore bands suggests that the osciRresence of retinal. Curves are the average of two transients. Values
9 P 99 of 0.11 and 0.013 3§ were resolved forkopd1l) and kond?2),

lator stren_gth of the chromophore absorptlc_)n ba!”d in DMPC/ respectively, in the absence of retinal (a) and 0.096 and 0.0112 s
DHPC mlqelles was the same as that in mixed DMPC/ regpectively, in the presence of retinal (b). Residuals to fits are
CHAPS micelles. shown below fluorescence curves.

Regeneration yields in mixed DMPC/DHPC micelles at .
other DMPC and DHPC concentrations and pHs (see below) Eﬁ?goﬁgd:;;or DMPC/CHAPS micelles (Booth et al., 1996)

were determined both by a comparison of the relative areas Table 1 compares the rate constants determined for

of the regenerated chromophore absorption bands (at the . . D LT _
same bO concentration), and by using the extinction coef- refolding bacterioopsin in mixed DMPC/DHPC and mixed

ficient at 554 nm of 49 000 cmt M~%. The latter is likely S%Pscllcr?zfszsisn;ﬁggtsclgrttgien?bs(jgii ?]:i;?:]m%l]; tggesfggt
to be a reasonable approximation, since the absorption d mi P d DMPC/DHPC mi ”y hile th 2911 h
maximum and FWHM of the native-like chromophore and mixe micelies, while Ihe 2% phase
formed after regeneration under these conditions were Sim”ar_corrgsponds to that prewo_usly observed_m folding SJFUd'eS
to the data for Figure 2. in n_uxed DMPC/CHAPS mlc_elles_, where it was tentatively
) o _ assigned to a possible folding intermediate We have

Figure 2 also shows the decrease in intrinsic protein previously shown that, in the absence of retinal, bO forms a
fluorescence as a function of retinal concentration in mixed partially folded apoprotein intermediate IThis also appears
DMPC/DHPC micelles (2:1 DMPC:DHPC, pH 6). The {4 pe the case in DMPC/DHPC micelles, and as previously
change in protein fluorescence yield as a function of retinal reported for DMPC/CHAPS micelles, biexponential kinetics
appears to mirror the change observed in the chromophoreyy , (1) andk,,{2)] are associated with formation of(Table
absorbance, as was noted for DMPC/CHAPS (Booth et al., 1 and Figure 3a). Botkon{1) andkss42) were found to be
1996). dependent on the concentration of DMPC in the mixed

Refolding Kinetics.Bacteriorhodopsin refolding kinetics  micelles (see below), and for a 1:1 weight ratio of DMPC
were monitored using stopped flow fluorescence spectros-to DHPC, the magnitudes and amplitudes of these rate
copy as described previously (Booth et al., 1996). Bacte- constants are similar to those determined in DMPC/CHAPS
riorhodopsin in SDS was rapidly mixed with DMPC/DHPC micelles (1:1 DMPC:CHAPS weight ratio).
micelles (2:1 DMPC:DHPC, pH 6), and changes in protein  Essentially identical regeneration kinetics were observed
fluorescence were time-resolved. The kinetic phases ob-in DMPC/DHPC micelles and DMPC/CHAPS micelles,
served during the regeneration of bacteriorhodopsin in when retinal was included at the start of refolding. Retinal
DMPC/DHPC micelles are very similar to those previously quenches protein fluorescence which results in an overall

Fluorescence intensity/arbitrary units

09 |}

0.8 ¢t

Fluorescence intensity/arbitrary units
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Table 1: Experimentally Determined Rate Constants for Refolding Bacterioopsin in Mixed DMPC/DHPC Micelles in the Absence of Retinal at
pH 6

experimentally determined rate constants)s

formation of apoprotein intermediatg |

refolding system micelle mixing formation of | kobd1) kobd(2)
DMPC/DHPC (2:1 weight ratio) 200 2.4 041 0.013
DMPC/CHAPS (1:1 weight ratio) 250 7.1 0.13 0.029

aValues quoted are the average of three measurements, with an error of4e@@it Relative amplitude Ofond2) t0 kond1) ~ 2:1 (total
amplitude is~50% of that from denatured bO to regenerated bacteriorhodopsin, and the increase in the fluorescence amplitude during the 1.5 ms
mixing dead time~100%).° (Booth et al. (1996).

decay in fluorescence on folding (Figure 3b). The magni-
tudes of the rate constarks,{1) andk,,{2) were similar to
those in the absence of retinal; however, due to the presence
of retinal, these two components are seen as a decay rather
than a rise in fluorescence (compare panels a and b of Figure
3) (Booth et al., 1995). Longer components0(003 s?)

were also observed when retinal was included in the refolding
reaction which are associated with formation of the Schiff
base (London & Khorana, 1982; Booth et al., 1995). As
previously reported for DMPC/CHAPS micelles, the early
kinetics (micelle mixing and formation of)lwere indepen-
dent of retinal.

In order to identify the step when retinal binds during 0 20 40 0 30 100
bacteriorhodopsin regeneration, retinal was added at different
times during regeneration and the dependence of each kinetic
component on retinal concentration was determined (Booth FicGure 4: Dependence of the experimentally observed rate constant
etal., 1996). These experiments showed that, as for DMPC/kepd3) for the retinal binding reaction
CHAPS micelles, retinal binds to a partially folded apopro- ks
tein intermediate ¢) to give a retinal/apoprotein intermediate I+ R ks Ir
(Ir). bO was incubated in mixed DMPC/DHPC micelles (2:1 on retinal: retinal in excess over protein, protein to retinal mole
DMPC:DHPC, pH 6) fo 1 h in the absence of retinal, ratios from 1:2 to 1:40, and protein concentration of\2. Retinal
resulting in the establishment of an equilibrium between bO was ngdl\% g;tgagécﬁ{é%ﬂggi?zhlag '\%ﬂjecn Sﬂ%vée\?v é? I'?tqugtl;gﬁéer in

7 : : H H mixe . .
?gschbr:?etmal was then added, allowing the retinal binding 1h: @) pH 6 and ®) pH 8. Linear fits to the data é?re shown.
binding reaction, giving &AG of —28 kJ mot* (pH 6, 295
K). This is in good agreement with that ef30 kJ mot*
determined for the equivalent retinal binding reaction in
mixed DMPC/CHAPS micelles (Booth et al., 1996).
to be clearly observed (Booth et al., 1996). This retinal Dependence of the Refolding Kinetics on DMPC Concen-
binding reaction follows second-order kinetics and thus is tration. The regeneration kinetics of bacteriorhodopsin were
not well approximated by a sum of exponentials (Booth et determined both in the presence and in the absence of retinal
al.,, 1996). However, fitting the reaction to a single at varying ratios of DMPC to DHPC (weight ratios from
exponential gives a rough estimate of the rate. The apparen®.5:1 to 1:1.5 DMPC:DHPC) at pH 6. The rate constants
exponential rate constark,pd3), for this retinal/apoprotein  associated with micelle mixing and formation qf were
reaction was about 375 (for a 2:1 mole ratio of retinal to  independent of DMPC concentration. The two experimen-
protein), similar to that of 1.6 8 reported for DMPC/ tally determined rate constants associated with formation of
CHAPS micelles. When retinal is in excess, the retinal |,, [kon{1) andkyp{2)] decreased linearly with increasing
binding reaction will exhibit pseudo-first-order kinetics, DMPC concentration (Figure 5). The kinetics associated
according to the simplified rate lakpd3) = k-3 + ks[R] with Schiff base formation did not appear to depend on
(Fersht, 1985; Booth et al., 1996), whete; is the first- DMPC concentration; however, measurements on longer time
order rate constant for retinal dissociation akgdis the scales are required to resolve these components accurately.
second-order rate constant for retinal binding. Figure 4 The yield of regenerated bacteriorhodopsin did not vary with
shows this to be the case, and when retinal is in exégss, DMPC concentration over the concentration range studied.
(3) increases linearly with retinal concentration. This was Dependence of Bacteriorhodopsin Regeneration Kinetics
the only experimentally observed rate constant found to be on pH. Regeneration kinetics were also measured, for a 2:1
dependent on retinal concentration, and hence, this is theDMPC:DHPC ratio, at pH 4, 6, and 8, both in the presence
only second-order reaction that could be detected betweenand in the absence of retinal. The only constants found to
retinal and apoprotein. Values of 0.25 and 2.7 san be be dependent on pH wekg,d1) andkq,{2) (Figure 5), both
determined fok_; andks, respectively, from Figure 4, using  of which decreased with increasing pH. As previously
the equatiorkspd3) = k-3 + ks[R]. Thus, an equilibrium reported for DMPC/CHAPS micelles, the regeneration yield
constant of 0.094«M~! can be determined for this retinal was dependent on pH, with optimum regeneration of 94%

kobs(3) Is-1

retinal concentration /uM

k3
l,+ R
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0.035 CHAPS micelles, only one second-order retinal binding
000 X reaction is detected, when retinal binds to a partially folded
- apoprotein intermediate;.| The free energy of this retinal
< 0025 | binding reaction is also the sameZ8 kJ moi? or —30 kJ
§ mol~ at pH 6 and 295 K) in both refolding systems. Thus,
<0020 1 hd the apparent kinetics and thermodynamics previously deter-

mined for bacteriorhodopsin regeneration are not artifacts

b X - of the use of CHAPS.
0.010 X A key intermediate that has been identified in our studies
o of bacteriorhodopsin folding is the partially folded apoprotein
0:005 7 o intermediate, 4, to which retinal binds. Omitting retinal from
0.000 _ , : ¥ the refolding reaction facilitates study of the kinetics of
0.3 0.4 0.5 0.6 0.7 formation of this intermediate. Formation of dppears to

be rate-limiting in protein folding. The two experimentally

determined rate constantg{{1) andk.,{2)] associated with
Ficure 5: Dependence of the experimentally observed rate tel{1) Kood2)]

constantskopd1) andkepd2) on the concentration of DMPC for l2 forma_t|on depend on the relative _proportlo_n of DMPC
refolding of bacterioopsin in mixed DMPC/DHPC micelles. Values Presentin the mixed DMPC/DHPC micelles, with both rates

for kepgd1) have been divided by 10 for convenienc®),(Kop{1)/ slowing as the proportion of DMPC is increased (Figure 5).
10 and ), kopd2) at pH 6 and ¥), kond1)/10 and ©), kond2) at The faster rates associated with micelle mixing and formation

pH 8. Values at pH 4 were 0.066sfor kond1)/10 and 0.1 s for i i i
knd2), for a DMPC mole fraction of 0.58. DMPC mole fractions of the postulated intermediate dre independent of DMPC

of 0.30 and 0.64 correspond to DMPC:DHPC weight ratios of 1:1.5 concentration. An increase in the DMPC concentration will
and 2.5:1, respectively. increase the rigidity of the mixed DMPC/DHPC bilayer type

structures. We can estimate, from previous calculations of
occurring at pH 6. The regeneration yield at pH 8 was only Ben-Shaul and co-workers on an amphiphile mixture gf C
slightly lower, being about 83%, while that at pH 4 was about and G chain lengths (Ben-Shaul et al., 1987), that the
68%. The free energy associated with retinal binding (i.e. bending rigidity of the DMPC/DHPC bilayer will increase

mole fraction of DMPC

for the following reaction) approximately linearly by a factor of 2 as the DMPC mole
fraction is increased from 0.3 to 0.7. This estimation

I+ Rél assumes that the average cross sectional area per lipid
2 ks R remains constant with composition, which in our case is

o likely to be a good approximation since this is largely set
at pH 8 was found to be-24 kJ mot™, similar to that of  py the head groups. It is therefore interesting to observe
—28 kJ mol'* at pH 6 (see above and Figure 4). that, while there is a 2-fold increase in bending rigidity as

the DMPC mole fraction is increased from 0.3 to 0.7, both

DISCUSSION kobd1) andk.pd2) decrease 10-fold. Thus, the response of

We have developed a lipid-based refolding system for the protein to the changes in bending rigidity of the bilayer
bacteriorhodopsin to replace the previously used detergent-appears to be rather sensitive.
based approach. Bacteriorhodopsin can be regenerated from This effect of bilayer rigidity can be rationalized qualita-
a denatured state in mixed DMPC/DHPC micelles. Regen-tively as follows. An increase in the bending rigidity
eration yields of about 94% can be achieved which are necessarily implies a net increase in the lateral pressure in
similar to those obtained with the previously used mixed the lipid hydrocarbon chain region, which in turn must
DMPC/CHAPS refolding system (Huang et al., 1981; enhance the stability of the final folded state of bacterior-
London & Khorana, 1982; Booth et al., 1995, 1996). The hodopsin by increasing the compressive pressure on the seven
chromophore absorption band of the dark-adapted, regenerhelical bundle. Conversely, folding events which require
ated bacteriorhodopsin in mixed DMPC/DHPC micelles has the migration of protein moieties in the lipid matrix, such
an absorption maximum at 554 nm, similar to that of 555 as the association of the transmembrane helices, will be
nm in mixed DMPC/CHAPS micelles. The oscillator slowed by the increase in lateral chain pressure. Thus, as
strengths of the chromophore absorption bands in the twowe observe, we would expect to find the kinetics of the
types of mixed micelles also agree to within 10%. Thus, protein folding slowing as we increase the bilayer-bending
the native chromophore is regenerated in mixed DMPC/ rigidity. The effect of bending rigidity on the stability of
DHPC micelles, reflecting recovery of native-like bacteri- the folded protein will be addressed in future studies.
orhodopsin. The apparent rate constants associated with It has been suggested thathelical membrane proteins
bacteriorhodopsin regeneration, determined by time-resolvedfold in two stages (Popot & Engelman, 1990). The first
fluorescence spectroscopy, are essentially identical in bothinvolves the formation of independently stable transmem-
types of mixed micelles, both in the presence and in the branea helices and the second packing of theskelices
absence of retinal. Refolding and regeneration of bacteri- to form native protein. We have previously suggested that
orhodopsin are therefore likely to follow the same reaction in terms of this model the kinetics associated with formation
scheme in both micelle systems. Retinal does not bind until of I, are most likely to relate to the second helix-packing
late in the regeneration process, and there are several kinetictage [Booth et al., 1996; see Riley et al. (1997)]. Whether
phases that are independent of retinal and assigned either téhe transmembrane helices form during micelle mixing or
a change in the protein environment as a result of micelle formation of k remains to be established. (Neither of these
mixing (200 s) or to protein folding events (formation of latter two processes depends on DMPC concentration and
I; and b) (Table 1). As previously reported for DMPC/ therefore on bending rigidity.) The dominant driving force
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for helix association to form native protein (in stage two of structural information on a transient folding intermediate
the proposed model) is thought to be a packing effect (helix (Riley etal., 1997). Thus, the ability to slow folding events,
helix packing being favored over lipichelix packing) and effectively trap intermediates, opens up the study of
(Lemmon & Engelman, 1994; Popot et al., 1994); however, membrane protein folding intermediates to a wide range of
achieving this final state will be hindered if the migration spectroscopic techniques.

of the helices into contact is impeded by increased chain
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