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ABSTRACT: The factors driving folding and assembly of integral membrane proteins are largely unknown.
In order to determine the role that the retinal chromophore plays in assembly of bacteriorhodopsin, we
have determined the kinetics and thermodynamics of retinal binding during regeneration of bacterio-
rhodopsin, from denatured apoproteimyitro. Regeneration is initiated by rapid, stopped-flow, mixing

of the denatured apoprotein bacterioopsin in sodium dodecyl sulfate micelles with mixed detergent/lipid
micelles containing retinal. Regeneration kinetics are measured by time-resolving changes in protein
fluorescence. The dependence of each kinetic component on retinal concentration is determined. Only
one experimentally observed rate constant is dependent on retinal concentration, leading to identification
of only one second-order reaction involving retinal and bacterioopsin. This reaction occurs after a rate-
limiting step in bacterioopsin folding, and results in formation of a noncovalent retinal/protein complex.
The free energy change of this retinal binding step is determined, showing that thermodynamic information
can be obtained on transient intermediates involved in membrane protein regeneration.

The correct assembly of proteins which are integral to be expelled from its binding site for reisomerization (Birge,
biological membranes is vital for membrane function. Like 1990). Thus, incorporation of retinal and regeneration of
most proteins, membrane proteins are unable to functionrhodopsin are key to the action of the vision receptor.
unless folded into a specific, three-dimensional shape. Indeed, the action of many membrane-bound receptors is
Although there has been progress toward understanding thisjependent on the binding of a small molecular cofactor which
precise folding for water-soluble proteins (Matthews, 1993), in the case of G-protein receptors is an agonist or antagonist.
there is little information for integral membrane proteins. Rhodopsin itself is a member of the large family of G-protein
Bacteriorhodopsin provides an ideal model system for a study rgceptors (Hargrave, 1991). These receptors seem to possess
of membrane protein folding kinetics (Huang et al., 1981, gu;ctures which, although not identical to that of bacteri-
London&Khorana,_1982; i "’}I" 1995). Th's integral orhodopsin, are based on seven transmembrane helices
membrane protein is the only protein present in the purple (Hargrave, 1991; Schertler et al., 1993; Donnelly & Findlay
me'mbran'e oHalobacteria salinariawhere it functions as. 1994). It ’has béen speculated ,by an:allogy with the retinf;ll
a light-driven proton pump (Stoeckenius & Bogomolni, binding proteins that the seven helices of the G-protein

1982). . L o
Bacteriorhodopsin is one of the few membrane proteins receptors also form their cofactor binding pockets, giving
binding pockets that are surprisingly similar, in view of the

for which a high-resolution structure is known (Henderson ) o
et al., 1990). The protein is 248 amino acids long and variety of cofactor structure and the fact that rhodopsin is

consists of 7 transmembrane helices connected by short€ only G-protein receptor to bind its cofactor covalently
extramembranous loops. A retinal chromophore is covalently (OPrian, 1992; Savarese & Fraser, 1992).

bound within the seven helix bundle via a protonated Schiff- Bacteriorhodopsin can be spontaneously refolded to a
base linkage to Lys-216. Bacteriorhodopsin is part of a native state from a denatured statevitro (Huang et al.,
family of retinal binding proteins which includes the mam- 1981; London & Khorana, 1982), allowing its assembly
malian vision receptor rhodopsin, and for which it is often kinetics to be studied (London & Khorana, 1982; Booth et
used as a model system (Oesterhelt & Tittor, 1989; Khorana, a|., 1995). Indeed, it is one of the few membrane proteins
1993). The function of both bacteriorhodopsin and rhodopsin for which this is possible; to date, spontaneous refolding has
is reliant on photoisomerization of retinal. Retinal undergoes gnly heen shown for two other membrane proteins: porins
thermal reisomerization while remaining bound to bacterio- (gjsele & Rosenbuch, 1990) and the major light-harvesting
rhodopsin; however, in the case of rhodopsin, retinal has to complex of green plants (Plumley & Schmidt, 1987; Paulsen
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1995). Retinal binding to bleached purple membrane, or all-trans-retinal were from Sigma. All other reagents and
bleached, monomeric, bacteriorhodopsin, also seems to occuchemicals were of analytical grade.
in two similar stages (Oesterhelt et al., 1973; Oesterhelt & Mixed DMPC/CHAPS micelles were prepared by stirring
Schuhmann, 1974; Schreckenbach et al., 1977). 2% (w/v) DMPC in 50 mM sodium phosphate buffer, pH 6,
We have recently reported a kinetic study of bacterio- for 2 h at room temperature. CHAPS was then added to
rhodopsin assembly with millisecond time resolution (Booth 2% (wW/V) final concentration and the mixture sonicated in a
et al., 1995). Folding was initiated by a stopped-flow bath.sonlcator for 30 min. The resulting clear, micellar
method, whereby a denatured state of bacteriorhodopsin, insolution could be stored atC for several days.
sodium dodecyl sulfate (SDS)etergent micelles, was Retinal was dissolved in ethanol (Analar), and the con-
rapidly mixed with renaturing, mixed dimyristoylphosphatid- Centration was determined from the absorbance at 380 nm
ylcholine (DMPC)/CHAPS micelles containing retinal (Booth Using an extinction coefficient of 42 800 c#M~* (Rehorek
etal., 1995). Changes in protein fluorescence were used to& Heyn, 1979). Retinal was stored in ethanol-&f0 °C,
follow protein folding and assembly. These experiments in the dark under argon, for up to 1 month. Retinal was
indicated several kinetic phases to the regeneration. A very@ways handled in dim or red light. _
fast, 250 s!, phase accompanied mixing of the SDS and  Preparation of Bacterioopsin.Bacteriorhodopsin was
DMPC/CHAPS micelles, while phases of the order of-1.2  isolated as purple membrane frétalobacterium salinarium
2.0 and 0.067 ¢ were assigned to formation of partially ~(Strain S9) according to the method of Oesterhelt and
folded apoprotein intermediates, @nd b). Other phases Stoeckenius (1974). The strain was maintained on plates
were resolved for retinal binding, about 2.6'gor non- of the growth medium containing 2% agar, and transferred
covalent binding, and 0.02 and 0.001# $or subsequent ~ €very 2 or 3 months. Plates were incubated atG7or 2
Schiff-base formation. The following, tentative, reaction Weeks, and stored at’€. Liquid/shake cultures were grown
scheme for bacteriorhodopsin regeneration was suggesteddirectly from bright purple colonies, at 3T in the dark, in
bO— 1,— I, Ig— bR. |, was presumed to correspond to medlum containing Oxoid peptone; 70_0 mL cultures (inocu-
the state with native secondary structure which accumulateslated with about 50 mL) were shaken in 2 L flasks at +00
in the absence of retinal (London & Khorana, 1982), and 120 rpm, and cells were harvested after abot# 8lays when
retinal was proposed to bind only tg tesulting in formation ~ @bsorbances at 560 and 660 nm were-2&nd 1.5,
of a noncovalent, retinal/protein intermediate, However,  respectively (late log phasepucrose density gradients were
it was not possible to rule out that retinal bound earlier during fun on all-purple membrane preparations, which were then
assembly (for example ta,lor before all secondary structure ~ Stored at £C as an aqueous suspension-20 mgmL™),
has formed), nor to confirm that land b were formed  containing 0.025% azide. Typical yields of purified purple
sequentially. In addition, the use of fluorescence spectros-membrane were 20 mig™. . _ .
copy to monitor changes in protein fluorescence during Delipidated, denatured bacterioopsin (bO) in SDS was
folding and regeneration gives little information on associated Prepared from purple membrane by the method of Braiman
protein structural changes. However, if thermodynamic €t al. (1987). Briefly, an aqueous suspension of purple
information on transient regeneration intermediates can bemembrane was mixed with an organic solvent containing
obtained, this can be combined with site-directed mutagenesischloroform/methanol/triethylamine (100:100:1 volume ratio)
methods to give information on the structures of intermedi- t0 achieve a single phase (solvent/aqueous suspension, about
ates (Bycroft et al., 1990; Matouschek et al., 1990). 8:1). Hydroxylamine was added to remove retinal, and phase
Here, we show how thermodynamic information can be separation was effected by addition of a buffer containing

; : ; ; ; : .~ 0.1 M phosphate, pH 6.0 (buffer to solvent volume ratio,
obtained on intermediates involved in bacteriorhodopsin . T )
regeneration by investigating the role that retinal plays in about 1:1). Delipidated bO was recovered as described

the regeneration process. In order to identify retinal binding Er?eralrpoigi:tinilé’r 1h9a8$7e)lwzrheaf: ZZ?:éﬁnvczgeanghr:(;%\;rgvg
step(s), we have investigated the dependence of each elle?t of deli ida?ed bO was tak%nu directl. in an aqueous
regeneration kinetic on retinal concentration. Addition of P P P y q

; : : : ; : solution of SDS (5% w/v) to give a final SDS:protein ratio
retinal at different times during protein folding and assembly ) . o )
confirms that retinal binding is preceded by a slower, protein E\é\” VJi)re%f \?i.10r(osuzsst?r?%cert]ga(;:gne?sbeoﬁel Cse\tN/t\)% LTI';
folding event. These studies identify only one second-order foI(Iqowed b gcentrifu ationgto remo?/e any insoluble maFt)eriaI ,
retinal, protein reaction, confirming that retinal only binds y 9 y '

; . : . . The final SDS-solubilized bO was stored at20 °C.
to the intermediate; |, The free energy of this retinal binding N
reaction can be estimated, giving information on the role Alternatively, the wet bO pellet was transferred to SDS by

. L . : .~ redissolving the pellet in the minimum volume of chloroform/
that retinal plays in driving regeneration of bacteriorhodopsin. methanolftriethylamine solvent, and then adding aqueous

SDS. The solvent was then evaporated in a SAVANT
SPEEDVAC and the dry powder stored-s20°C. Several

Materials L-a-1,2-Dimyristoylphosphatidylcholine (DMPC) PO preparations were obtained from one preparation of
was obtained from Avanti Phospholipids, 3-[(3-cholami- Purple membrane. About 50% of the protein present in the
dopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) Purple membrane was recovered as bO in SDS.

was from Calbiochem, and SDS (electrophoresis grade) and All procedures involving organic solvents were done in
clean, dry glassware.
— _ _ - Steady-State SpectroscopyAbsorption measurements

1 Abbreviations: bO, bacterioopsin; CHAPS, 3-[(3-cholamidoprop- were made with a UVIKON 930 or Aminco DW2000
yl)dimethylammonio]-1-propanesulfonate; DMPCso-1,2-dimyris- trophot t ith a 2 bandwidth d1 th
toylphosphatidylchoiine; FWHM, full width half-maximum; SDS, SPe€Ctrophotometer with a 2 nm bandwi and 1 cm path
sodium dodecy! sulfate. length. Fluorescence measurements were made with a Perkin

MATERIALS AND METHODS
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Elmer LS50 spectrometer, with excitation at 290 nm, and
excitation and emission bandwidths of 2.5 nm. Fluorescence
yields are the integrals of the fluorescence band from 300
to 500 nm.

Bacteriorhodopsin was regenerated from bO as described

previously (Huang et al., 1981; London & Khorana, 1982).
Briefly, 8 uM bO in 0.4 or 0.2% SDS/50 mM sodium
phosphate buffer (pH 6) was mixed with an equal volume
of DMPC (2% w/v)ICHAPS (2% w/v) micelles, containing
all-transretinal (added from ethanol stock, final ethanol
concentration<0.5%). Final protein concentration was 4
uM, and final retinal concentration was between 0 and 8
uM. Alternatively, bO in SDS was allowed to equilibrate
with DMPC/CHAPS micelles for 30 min (resulting in the
formation of “bO/L") prior to retinal addition. Absorption

Booth et al.
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and fluorescence spectra of regenerated bacteriorhodopsiftigure 1: Changes in chromophore absorbance and protein

were measured after overnight incubation in the dark at 22
°C. Regeneration yields were determined from the ratio of
the concentration of regenerated bacteriorhodopsin to the
initial concentration of bO. bO concentration was deter-
mined prior to addition of DMPC/CHAPS micelles, using
an extinction coefficient for bO in SDS of 66 000 chiv 2,

fluorescence as a function of retinal concentration, on regeneration
of bacteriorhodopsin.(qf and ®@). Changes in absorbance at 555
nm on regeneration of bR from bO and bQfespectively. £ and

4). Changes in yield of protein fluorescence band on regeneration
of bR from bO and bO#§l respectively. Each data point represents
measurements on separate bO samples (from the same bO prepara-
tion), to which retinal was added simultaneously. Bacteriorhodopsin

at 280 nm (Huang et al., 1981). The concentration of was then regenerated overnight in the dark af@2at a protein

regenerated bacteriorhodopsin was determined using a
extinction coefficient of 55 300 cnmt M~* at 555 nm (see
Results). Identical regeneration yields were found for
samples with final SDS concentrations of 0.1% and 0.2%.

All procedures and measurements were performed in the
dark or dim light at 22°C.

Time-Resaled MeasurementsExperiments were per-
formed using an Applied Photophysics SX.17MV stopped-
flow spectrometer with a dead time of1.4 ms, at 22C.
Excitation was at 290 nm (1 nm bandwidth). Emission was
collected above 305 nm using a cutoff filter. Final concen-
trations in the stopped-flow cuvette were®l protein, 1%
(w/v) DMPC and CHAPS, and 0.1% (w/v) SDS.

For experiments involving initiation of protein refolding
from bO, 4uM bO in 0.2% (w/v) SDS/50 mM sodium
phosphate buffer, pH 6, was mixed with an equal volume of
2% (w/v) DMPC/2% (w/v) CHAPS micelles, pH 6. Retinal
was included in the micelles where indicated. Addition of
retinal at various times during protein refolding involved
premixing (in the stopped-flow spectrometeryBl bO in
0.2% SDS/50 mM sodium phosphate buffer, pH 6, with an
equal volume of 2% (w/v) DMPC/2% (w/v) CHAPS mi-
celles, pH 6. After a preset delay time, this was rapidly
mixed (by stopped-flow) with retinal in 1% DMPC, 1%
CHAPS, and 0.1% SDS micelles, pH 6. Delay times
between 10 ms and 30 min were used. For a delay time of
30 min, premixing of bO in SDS with DMPC/CHAPS
micelles was performed manually rather than by stopped-
flow. Retinal concentration was varied between 0 and 64
uM.

All procedures and measurements were performed in the
dark or dim light at 22°C.

Data Collection and AnalysisExperimentally determined

nconcentration 4M. Data for regeneration from bO are the average

of three different bO preparations; error bars are shown to one
standard deviation.

tally determined rate constants were determined from fits to
data (average of 2, 4, or 16 transients) over different times:
50 ms for the fast rise; 1 s fot;; 50 s forv, andvs; 10 s for

v4 andvs; 1000 s forvs.

Data were also fit directly to a reaction scheme (see
Results), in a global analysis, using the GLINT analysis
program (Applied Photophysics, U.K.). Again data were fit
over different time scales.

All errors are quoted to one standard deviation.

RESULTS

Regeneration Yields.Bacterioopsin (bO) in SDS was
mixed with renaturing, DMPC/CHAPS, micelles containing
retinal. Recovery of the native-like chromophore absorbance
was determined after overnight incubation in the dark (see
Materials and Methods). Figure 1 shows the change in
chromophore absorption as a function of added retinal. Also
shown are the results obtained when retinal was added to
apoprotein which had been allowed to incubate in mixed
DMPC/CHAPS/SDS micelles for 30 min. This latter state
reflects bO in equilibrium withJ (see Discussion), and will
be referred to as bQJ/l In both cases, the chromophore
absorption band maximum and FWHM were independent
of retinal concentration, and were 554t60.5 nm and 110
+ 2 nm, respectively (errors quoted for a 1:1 protein:retinal
mole ratio). Figure 1 shows that for both bO and b{(the
chromophore absorbance increases linearly with retinal
concentration, until a maximum absorbance is reached. This
latter absorbance reflects the maximum yield of regenerated,

rate constants/j were calculated by iterative reconvolution native-like chromophore, and hence of regenerated bacterio-
based on the Marquardt fitting algorithm, assuming multi- rhodopsin. The maximum chromophore absorbance is
exponential kinetics. The quality of fits was judged by plots reached at a retinal concentration of about@h which is

of the weighted residuals. Time-resolved fluorescence dataonly slightly less than the bacterioopsin concentration of 4
were collected over several time scales (50 ms to 1000 suM. Thus, in line with previous reports (Huang et al., 1981,
full scale with 4000 data points per scale, and an electronic London & Khorana, 1982; Braiman et al., 1987), nearly all
filter about 1/10000th of the total time scale). Experimen- the bacterioopsin in our samples binds retinal to regenerate
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Table 1: Experimentally Determined Rate Constants for Bacteriorhodopsin Regeneration

origin of component

formation of noncovalent retinal
amplitude ~ apoprotein binding & formation of  gchitf-hase formation &
changein  micelle mixing formation of i intermediate 4 intermediate 4 regeneration of bR
process deadtimeé (%) fastrise (s1)b vy (sTHP va(sTHP wa(sThP va(sTHP vs(sTHP ve (s~ H)Pd
bO—bR —109 20Q 14 2.2 0.146s° 0.043cf  *¢ * 0.007s4)
bO—1, ~114 25Q 14 710 0134 002915 * * *
bO/l—~bR * * * * 1.6 (eaf 0.5607° 0.005a7)

a Change in fluorescence amplitude durir@.5 ms mixing deadtime, i.e., difference between denatured bO in SDS and initial amplitude of bO
in DMPC/CHAPS/SDS micellesy1.5 ms after mixing. Amplitudes are relative to the total fluorescence amplitude change measured in the stopped-
flow cuvette, from the starting state (denatured bO in SDS) to the end state (regenerateExgRyimentally determined rate constants are from
fitting data (on different detection time scales) to sums of exponentials (see Materials and Methods). Relative fluorescence amplitudes, in percent,
are shown, in parentheses, as subscripts to rate constants. Amplitudes are relative to the total fluorescence amplitude change from denatured bO
in SDS to regenerated bRValues quoted are only a guide to the magnitude of these components. Data do not fit well to sums of exponentials,
see textd Values quoted are only a guide to the magnitude of this component. Measurements on a longer time scale indicated Schiff-base formation
was biexponential, as previously reported. However, with 1000 s full scale, this process is adequately represented by a single exponential. The
amplitude quoted is slightly less than that observed over longer time se&lg&Somponent not detected.

bacteriorhodopsin. The binding curves essentially consist Figure 1 also shows the changes in the intrinsic protein
of two straight lines, which implies that in the linear region, fluorescence as a function of retinal concentration, when
prior to reaching the maximum absorbance, every retinal retinal was added to both bO and b©/lin both cases,
which is added binds (Rehorek & Heyn, 1979). Hence, protein fluorescence is quenched by retinal, as a result of
assuming a 1:1 retinal/bacterioopsin stoichiometry, a chro- energy transfer from protein tryptophans to retinal (Polland
mophore extinction coefficient can be calculated from the et al., 1986). The fluorescence maximum was 33%.0.6
gradient of the binding curve in this linear region, giving a nm, and the FWHM 55.% 0.3 nm (errors for a 1:1 retinal:
value of 55 300 800 M~ cm™t at 555 nm. This extinction  protein mole ratio), both being independent of retinal
coefficient of 55300 M! cm™ is effectively for “dark- concentration. The dependence of fluorescence yield on
adapted” samples, and is in good agreement with that of retinal mirrors the change in chromophore absorbance (Figure
56 600 Mt cmt at 558 nm which has previously been 1). As the concentration of retinal is increased, a linear
reported for this refolding system (with slightly different decrease in fluorescence is observed until a minimum
ratios of protein, DMPC/CHAPS, and SDS) (Brouillette et fluorescence is reached. Thus, quenching of protein fluo-
al., 1989). The accuracy of the extinction coefficient for rescence by retinal provides a convenient assay of retinal
regenerated bacteriorhodopsin determined here is dependerttinding and bacteriorhodopsin regeneration.

on accurate knowledge of the concentration of retinal, rather Regeneration KineticsThe kinetics of bacteriorhodopsin
than on accurate knowledge of either the protein concentra-regeneration were determined as described previously (Booth
tion or the yield of regenerated bacteriorhodopsin (Rehorek et al., 1995). Regeneration was initiated by a rapid mixing,
& Heyn, 1979). The concentration of free retinal in ethanol stopped-flow technique, and the accompanying changes in
was calculated using an extinction coefficient of 42 800'M  protein fluorescence were time-resolved. Table 1 shows
cmt at 380 nm (Rehorek & Heyn, 1979). results for three processes: overall regeneration€bR),

The yield of bacteriorhodopsin regenerated from bO was for which bO in SDS was mixed with DMPC/CHAPS
determined from the concentration of regenerated bacterio-micelles containing retinal (protein to retinal mole ratio 1:1);
rhodopsin, compared to the initial concentration of bO (see refolding in the absence of retinal (b&,), for which bO
Materials and Methods). An average of five different bO in SDS was mixed with DMPC/CHAPS micelles; and retinal
preparations gave a regeneration yield of886%. The binding (bO/k—bR), for which bO in SDS was preincubated
spread observed in regeneration yields seems to reflect thefor 30 min in DMPC/CHAPS micelles, prior to mixing with
ease with which the delipidated bO dissolved in SDS. DMPC/CHAPS micelles containing retinal (protein to retinal
Regeneration yields of 9& 2% were observed for bO mole ratio 1:1). Table 1 shows experimentally determined
preparations where the wet bO pellet dissolved in SDS afterrate constants obtained by fitting fluorescence data (on
only 1 or 2 h of stirring. However, after some delipidations different time scales) to sums of exponentials (see Materials
(even when the same batch of purple membrane was used)and Methods).
the wet bO pellet took longer to dissolve in SDS (up to 12  Data shown in Table 1 are essentially identical to those
h), and this resulted in lower regeneration yields, of about previously reported (Booth et al., 1995) for a protein:retinal
70%. An alternative method of dissolving bO in SDS ratio of 1:3, and where bQfwas formed by incubation of
involved drying down a mixture of bO and SDS in organic bO in DMPC/CHAPS micelles for several hours rather than
solvent (see Materials and Methods), and then dissolving the30 min as here. In this previous study, we reported that both
resulting bO/SDS powder in water. The bO/SDS mixture formation of b (v, andvz) and noncovalent retinal binding
did not always redissolve well, and lower regeneration yields (v4 and vs) approximated to monoexponential processes.
were observed if the mixture had to be stirred for several However, the higher signal to noise obtained in the data
hours. All kinetic experiments reported here were performed presented here (Figures 2 and 3), as a result of higher light
on two or three different bO preparations which exhibited levels, indicates that more than one exponential is required
regeneration yields of 98 2% (although no difference in  to fit the data for each process. Biexponential fits to data
experimentally observed rate constants was found if prepara-accompanying noncovalent retinal binding éndvs), over
tions with lower regeneration yields were used). time scales of 5 s and 10 s full scale, did not give random
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Ficure 3: Dependence of regeneration kinetics on retinal concen-
1 tration, for addition of retinal to bO/l(i.e., for a delay time of 30
min). Protein to retinal mole ratios: (A) 1:0; (B) 4:1; (C) 1:1. Data
0 ) B ) ) collected over 50 s. Curves are averages of four transients.
0 50 100 150 200 250 Fluorescence in arbitrary units, scales directly comparable between
curves.
Time /s with |, formation (Figure 2 and table 1)] means that binding

FIGURE 2: Dependence of regeneration kinetics on retinal concen- iS seen as an initial decrease in fluorescence at rate-limiting
tration, for addition of retinal to bO. Protein to retinal mole ratios: retinal concentrations (inset Figure 2B). At a 1:1 protein:
Cbande ot pemonl e e, el mole rao (Figure 20) an overal decrease i
ob?ained by modelling the egperimental data with the reaction fluorescence is observed which corresponds to formation of
scheme given under Discussion. Experimental data collected overPR (Table 1, b&-bR) (London & Khorana, 1982; Booth et
1000 s, only first 250 s shown. Curves are averages of two al., 1995). Data were also collected over different time scales
transients. Fluorescence in arbitrary units, scales directly comparable(ranging from 50 ms to 100 s full scale; see Materials and
between curves. Methods) to investigate the effect of retinal on the faster
residuals. This reflects the second-order retinal/protein regeneration kinetics. Retinal had no effect on either the
reaction under study, that is not well approximated by a sum rate constant or the amplitude of component(data not
of exponentials at a 1:1 retinal to protein ratio (see below shown).
and Discussion). Rate constantsandvs are given in Table Retinal was also added at various times during the
1 only as a guide to the approximate rate of noncovalent regeneration process; i.e., bO was premixed with DMPC/
retinal binding. Similarly, fits to data for bOGbR suggested = CHAPS micelles for a certain “delay” time prior to the
the overall regeneration process is not correctly modelled addition of retinal. Delay times ranging from 0.1 s to 30
by a sum of exponentials, again reflecting the second-ordermin were used, and for each delay time, the concentration
retinal binding step (see below and Discussion). of retinal was varied between protein to retinal mole ratios
Regeneration Kinetics as a Function of Retinal Concen- of 0:1 and 1:1. As above, data were collected over a range
tration. Time-resolved fluorescence curves were also mea- of time scales.
sured for bacteriorhodopsin regeneration at several different  Addition of retinal after delays of up to 1 s gave essentially
retinal concentrations between 0 andM (protein to retinal identical results to those for a zero delay time (i.e., addition
mole ratios, 1:0 to 1:1), three of which are shown in Figure of retinal to bO), except that componentwas not observed
2. In the absence of retinal (Figure 2A), an overall increase with a delay time of 1 s. The results obtained with a delay
in fluorescence is observed reflecting formation.offiable time of 100 s were the same as those obtained with a delay
1, bO—l,) (Booth et al., 1995). Increasing the concentration of 30 min (Figure 3), the latter corresponding to addition of
of retinal highlights the retinal binding step. The larger retinal to bO/b. Data obtained with delay times between 1
amplitude of the fluorescence quenching caused by retinaland 50 s (data not shown) agreed with the reaction scheme
binding [as compared to the fluorescence changes associatedelow.
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@) rhodopsin (Oesterhelt & Schuhmann, 1974; Huang et al.,
45 1981). The yield of bacteriorhodopsin, regenerated from a
denatured state in SDS in renaturing DMPC/CHAPS mi-
celles, at pH 6 and 22C, is 88+ 16%, in agreement with
previous studies (Huang et al., 1981; London & Khorana,
1982; Braiman et al., 1987). Addition of retinal later during
bacteriorhodopsin regeneration (e.g., after 30 min, toHO/I
results in an identical regeneration yield.

A spread in regeneration yield is observed between
different bO preparations which seems to result from the
delipidation process and subsequent SDS solubilization:
about 95% regeneration is found if the delipidated bO
dissolves readily in SDS; otherwise, lower vyields are
observed. Therefore, the small percentage of protein which
(b) does not regenerate bacteriorhodopsin most likely represents
an irreversibly aggregated state in SDS, which does not
0.012¢ o] contribute to the observed regeneration kinetics. Alterna-
tively, one (or more) of the kinetic components we observe
may correspond to formation of an aggregated/misfolded
0.008 } ; state which cannot regenerate bacteriorhodopsin (indeed the
latter may be the origin afs), or to heterogeneity in protein
0.006 1 preparations.

Reaction Scheme for Regeneration of Bacteriorhodopsin.
Several kinetic phases are observed on regeneration of
0,002} ] bacteriorhodopsin. In order to determine which phases are
Aaa A A A dependent on retinal, and reflect a reaction between retinal
and protein, we have studied the regeneration kinetics at
different retinal concentrations. Previous work has suggested
FiIGURE 4: Dependence of experimentally observed rate constantsthat a slow protein folding step precedes retinal binding
for the procesg b0/ bR Withpretinal in e)>/<cess. Protein to retinal (IToindon & Khorana, 1982)3 Wh'.Ch makes the Iatte;r process

difficult to resolve when retinal is added to bacterioopsin at

mole ratios from 1:4 to 1:32, protein concentrationu®. (a) g
Experimentally observed rate constants for noncovalent retinal the start of regeneration (Booth et al., 1995). In order to

vis!
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0010} & *

0.004}

0'0000 10 20 30 40 50 60 70
Retinal concentration / uM

binding: @) v4; (O) vs. Straight line represents a linear fitta. ~  overcome this difficulty, we have also added retinal at various
(b) Experimentally observed rate constants for covalent retinal times during regeneration, and investigated the reaction of
binding, (&) ve, (¢) v7. retinal with each transient intermediate involved in bacterio-

rhodopsin regeneration.
The data presented here support the following reaction
scheme (Figure 2):

The dependence of the kinetics accompanying bR
(i.e., for a delay of 30 min) on retinal was also determined
when retinal was in excess (protein to retinal mole ratios
ranging from 1:4 to 1:32). Biexponential kinetics have
previously been reported for Schiff-base formation (Huang a ' N e X
etal., 1981; London & Khorana, 1982; Booth et al., 1995). bO === h === la =~ Ik == I3 /= bR
In order to determine the dependence of both of these

experi_mentally determined rate constants on retinal, _datawhere R is retinal, bR, regenerated bacteriorhodopsin, and
reflecting Schiff-base formation were fit to two exponentials 5| rate constants are first order excegt which is the

(ve and v7). Figure 4 shows the dependence of the ggcong-order, retinal binding rate constant, &nes 2 s,
experimentally observed rate constants for noncovalent k;=0.01s% k,=0.06s2 k_,=0.008 s?, ks =0.54 !
retinal binding ¢, andvs) and Schiff-base formation/§ and uML, k3 = 3.3 s, ks =0.009 s, andks = 0.003 s'.

v7) on retinal concentration. Values for rate constants were obtained from fits to data
collected over different time scales; for exampke,was
DISCUSSION obtained from fits to data with 500 ms full scale (see
Yield of Regenerated Bacteriorhodopsifunctional bac- Materials and Methods). Values flyandk_; were obtained
teriorhodopsin is characterized by its ability to pump protons from Figure 4 (see Discussion). Schiff-base formation is
across a membrane or lipid bilayer in response to illumination represented, for simplicity, as two sequential stépsnd
(Stoeckenius & Bogomolni, 1982; Oesterhelt & Tittor, 1989; ks, in line with previous reports of biexponential kinetics
Birge, 1990). It has previously been reported that bacterio- for this step (Huang et al., 1981; London & Khorana, 1982),
rhodopsin regenerated in DMPC/CHAPS/SDS micelles and only on this basis do we invoke an intermediatd3ack-
exhibits the characteristic photoreactions of the proton reactions for these last two steps are assumed negligible (see
pumping cycle (Braiman et al., 1987), and this is reflected below). Data for addition of retinal to bQ/Figure 3) could
in a native-like chromophore absorption band. The extent be modelled by the last three steps of the above scheme;
of recovery of a native-like chromophore absorption band earlier steps were assumed negligible as the equilibrium
on regeneration of bacteriorhodopsin therefore provides abetween bO and;lhad been established. There was also
convenient measure of the yield of regenerated bacterio-evidence for a faster event [possibly correspondsing to
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k(obs)], and good fits of data with bO/hs the starting point

Booth et al.

in eq 1 can be treated as a quasi-static equilibrium. This is

to the above reaction scheme were only obtained when thelikely to be true with regard to depopulation of the equilib-

first 200 ms was ignored.

rium through formation of bacteriorhodopsin, as this latter

One of the key features of the above reaction scheme isprocess occurs with rate constants orders of magnitudes

that formation of } is slower than subsequent retinal binding
(k2 is about 0.06 s!, whereasks is about 0.54 st uM~1;
Figure 2). This slow formation of;Imakes it difficult to

slower thank; and k_s. It is also assumed that bO is in
equilibrium with L. Again, this is a reasonable assumption
since we obtain essentially identical results for addition of

resolve the rate constant associated with the subsequenfeatinal to bO which has been allowed to equilibrate with |

retinal binding, as well as the nature of the dependence ofs,. 100 s 30 min. or several hours.

this latter rate constant on retinal concentration. Addition
of retinal after the equilibrium between bO and ik
established (i.e., addition of retinal to bg/llows the retinal

binding step to be clearly observed. Increasing the concen-

tration of retinal added to bQ/fesults in an increase in the

In future studies, we
shall investigate the equilibrium between bO apthimore
detail.

An enthalpy change of about400 k3mol™! has been
reported for the equilibrium between apoprotein and bR, in

amplitude of the fluorescence quenching which accompanieslipid vesicles, where apoprotein was formed by bleaching

retinal binding (Figure 3).
In the simplest case, the reaction of retinal and pO/I

k.
(bO/L) + R k—-—-z g (1)

follows second-order kinetics. When retinal is in excess,
this reaction will exhibit pseudo-first-order kinetics, which
simplifies the integrated rate law to (Fersht, 1985)
v =Kzt kR] )
Hence, the experimentally observed rate constgnfipr
the retinal/protein reaction will increase linearly with retinal
concentration. The studies reported here, with excess retina

show that only one experimentally observed rate constant,

bacteriorhodopsin (Kahn et al., 1992). The free energy
change of —30 kJmol™! reported here relates to the
equilibrium between bOjland the intermediatezl(where
retinal is noncovalently bound). Although the two apoprotein
states, bOAand the bleached state of bacteriorhodopsin, are
not necessarily equivalent, a comparison of our free energy
change, of~-30 kJmol™?, with the enthalpy change ef400
kJmol™! (assuming a negligible, or favorable, entropy
contribution) suggests that further stabilization of bacterio-
rhodopsin occurs during Schiff-base formation, when retinal
binds covalently in its pocket.

A theoretical model has been proposed for the folding of
helical membrane proteins, largely based on earlier renatur-

jation experiments on bacteriorhodopsin (Popot et al., 1987;

Popot & Engelman, 1990). In this model, the folding

vs, exhibits a linear dependence on retinal concentration Problem is simplified to two stages; first, inherently stable
(Figure 4a), identifying it as the second-order retinal binding transmembrane helices form, and second, these helices pack
step. This rate corresponds to that previously assigned totogether to give functional protein. In terms of this model,
formation of a noncovalent retinal/protein intermediate, | the kinetics discussed here most likely relate to the second,
(Booth et al., 1995). As expected from our reaction scheme, helix-packing, stage. Factors which may drive transmem-
and as previously reported (London & Khorana, 1982), brane helix association include retinal binding, external
neither of the rates observed for Schiff-base formation vary constraints provided by helix-connecting loops, and packing
with retinal concentration (Figure 4b). effects (helix-helix and lipid-lipid packing being favored
Therefore, we find only one experimentally determined over helix-lipid packing) (Popot & Engelman, 1990; Lem-
rate constantf) to be dependent on retinal. No dependence mon & Engelman, 1994). Of these, the latter is thought to
on retinal was found for the process b®I,, and identical  pe the predominant driving force for transmembrane helix
results were found whether retinal was added to bO, dUring association (Lemmon & Enge|man, 1994) Extramembra-
the reaction bO~ I, or effectively to i (i.e., for delays of  nous loops are thought to be relatively unimportant, and
up to 1s). Hence, we find no evidence that retinal binds 10 jhqeed it is possible to regenerate bacteriorhodopsin even
either bO or |. The experiments reported here are reliant \yhen one or two of the extramembranous loops are cleaved
on identification of retinal binding through quenching of (Huang et al., 1981; Liao et al., 1983: Popot et al., 1987).

protein fluore;ce.nce. It is possible that there Is more than ¢ only can bacterioopsin fold in the absence of retinal to
one retinal binding step, but for some reason it is not

accompanied by quenching of protein fluorescence. How-
ever, preliminary absorption data, which follow the changes

a state with native secondary structure (London & Khorana,
1982), but also retinal binding has been found to make only
a small contribution to bacteriorhodopsin’s stability, its

in the absorption band of retinal during bacteriorhodopsin N .
P g b contribution being about the same as that of two of the

regeneration, are also consistent with the reaction scheme .
reported here (unpublished results) extramembranous loops (Kahn et al., 1992). These earlier

Thermodynamics of Retinal BindingValues for the results, together with the data presented here, suggest that
second-order rate constais, for retinal binding and the although retinal binding does not initiate protein folding nor
first-order retinal dissociation constaktg, can be calculated 1S @ major driving force for helix association, it is the driving
from Figure 4a using eq 2. Values of 0.54'&M~! and force for regeneration of bacteriorhodopsin from partially
3.3 s are obtained forks and ks, respectively. The  folded apoprotein ¢). In the absence of retinal, an equi-
equilibrium constantK, for the retinal binding reaction librium is established between bO and and it is retinal
shown in eq 1 can be calculated frdatk-; as 0.16uM ™2, binding which drives the reaction to completion. How the
giving a AG of —30 kImol™! (at pH 6 and 295 K). The  structure of} relates to that of bacteriorhodopsin is currently
main assumption in this calculation is that the reaction shown under investigation.
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CONCLUSION Huang, K.-S., Bayley, H., Liao, M.-J., London, E., & Khorana, H.
_ o , G. (1981)J. Biol. Chem. 2563802-3809.
The retinal binding studies presented here detect only onexann, T. W., Sturtevant, J. M., & Engelman, D. M. (1992)

second-order reaction, which reflects binding of retinal to  Biochemistry 318829-8839.

partially folded apoprotein, and allows the free energy change Khorana, H. G. (1988J. Biol. Chem. 2637439-7442.

for this binding to be estimated. Thus, it is possible to obtain Khorana, H. G. (1993Proc. Natl. Acad. Sci. U.S.A. 90166-
thermodynamic information on transient intermediates in- 1171

volved in regeneration of a membrane protein. Further Krebs, M. P., Hauss, T., Heyn, M. P., Rajbhandary, U. L., &
studies should allow us to build up a more complete picture gggrana, H. G. (1991froc. Natl. Acad. Sci. U.S.A. 8859~
of the energetlcs of the regeljerat_lon process for bacterlp—l_emmon' M. A., & Engelman, D. M. (1994). Re. Biophys. 27
rhodopsin. When coupled with site-directed mutagenesis 157-21s.

methods (Braiman et al., 1987; Khorana, 1988; Soppa & Liao, M.-J., London, E., & Khorana, H. G. (1983) Biol. Chem.
Oesterhelt, 1989; Krebs et al., 1991), this opens the way for 258 9949-9955.

mapping out structures of intermediates involved in London, E., & Khorana, H. G. (1982). Biol. Chem. 2577003~
bacteriorhodopsin regeneration, as has been elegantly shown 7011.

for Water_soluble prote|ns (Matouschek et al' 1990) Matouschek, A., Ke”is, J. T., Jr., Serrano, L., ByCrOﬁ:, M., & Fersht,
A. R. (1990)Nature 346 440-445.
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