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ABSTRACT: Very little is known about the folding of proteins within biological membranes. A “two-
stage” model has been proposed on thermodynamic grounds for the folding ofR helical, integral membrane
proteins, the first stage of which involves formation of transmembraneR helices that are proposed to
behave as autonomous folding domains. Here, we investigateR helix formation in bacteriorhodopsin
and present a time-resolved circular dichroism study of the slowin Vitro folding of this protein. We
show that, although some of the protein’sR helices form early, a significant part of the protein’s secondary
structure appears to form late in the folding process. Over 30 amino acids, equivalent to at least one of
bacteriorhodopsin’s seven transmembrane segments, slowly fold from disordered structures toR helices
with an apparent rate constant of about 0.012 s-1 at pH 6 or 0.0077 s-1 at pH 8. This is a rate-limiting
step in protein folding, which is dependent on the pH and the composition of the lipid bilayer.

How proteins fold from disordered to native structures is
of fundamental biological importance. Although there has
been much progress toward understanding this process for
water soluble proteins, there is little information available
for integral membrane proteins, and how these hydrophobic
proteins achieve their final three-dimensional structures is
largely a matter of conjecture. Some integral membrane
proteins can be unfolded and refoldedin Vitro (Huang et
al., 1981; Plumley & Schmidt, 1987; Eisele & Rosenbuch,
1990), and refolding kinetics have now been studied for two
R helical proteins, bacteriorhodopsin (Booth et al., 1995,
1996) and the major photosynthetic antenna complex of green
plants (Booth & Paulsen, 1996), as well as forâ barrel
proteins OmpA and OmpF (Surrey & Ja¨hnig, 1995; Surrey
et al., 1996).
Bacteriorhodopsin is an integral membrane protein that

functions as a proton pump in halobacteria and is closely
related to the mammalian vision receptor, rhodopsin, which
in turn is a member of the large family of G-protein-coupled
receptors (Stoeckenius & Bogomolni, 1982; Hargrave, 1991;
Oesterhelt et al., 1992; Khorana, 1993). Several features
make bacteriorhodopsin a favorable candidate for a study
of membrane protein folding (Popot & Engelman, 1990).
Its structure has been determined (Henderson et al., 1990),
revealing seven transmembrane helices connected by short
extramembrane loops together with a retinal chromophore
covalently bound within the helical bundle via a Schiff base
link to Lys 216. In addition, bacteriorhodopsin has been
shown to refold spontaneously to its native state after
denaturation (Huang et al., 1981; London & Khorana, 1982).
Refolding can be initiated by mixing denatured apoprotein,

bacterioopsin, in sodium dodecyl sulfate (SDS)1micelles with
mixed dimyristoylphosphatidylcholine (DMPC)/CHAPS mi-
celles containing retinal. The refolding kinetics of bacteri-
orhodopsin in mixed DMPC/CHAPS micelles have been
measured by time-resolving changes in protein fluorescence
during folding, using stopped flow mixing to initiate folding
(Booth et al., 1995, 1996). Several kinetic phases were
resolved, leading to the proposal of the following reaction
scheme for the regeneration of bacteriorhodopsin from its
SDS-denatured state (bO).

This is essentially the simplest sequential reaction scheme
that could be invoked. Intermediates I1 and I2 are proposed
to be partially folded apoprotein intermediates. Formation
of both I1 and I2 are independent of retinal, with folding to
the latter state being rate-limiting (Booth et al., 1996). It
also seems that I2 has a more or less native-like retinal
binding pocket. The subsequent steps in regeneration involve
noncovalent binding of retinal to I2 (giving an intermediate
IR) and finally regeneration of the native chromophore
through formation of the Schiff base linkage between retinal
and Lys 216. Most apoprotein folding is thought to occur
in the steps preceding retinal binding (up to I2), although
some tertiary structure formation could occur in the later
(retinal binding) stages.
It has been proposed that the intermediate I2 corresponds

to a state with native secondary structure (i.e. equivalent to
seven transmembraneR helices) that accumulates when
retinal is omitted from the refolding reaction (London &
Khorana, 1982; Booth et al., 1995). However theR helical
content of the transient regeneration intermediate, I2, has not
been determined. While time-resolved fluorescence studies
readily give kinetic and thermodynamic information on
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transient intermediates, they cannot directly give structural
information. A technique which can give information on
the secondary structure content during the folding process
is circular dichroism (CD) spectroscopy. Two factors must
be considered in a CD study of a membrane protein. Firstly,
solubilizing detergents (such as CHAPS) absorb in the far-
UV, obscuring key CD signals associated with protein
secondary structure. Secondly, detergent/lipid micelles scat-
ter light, and any difference in the extent of scattering of
left- and right-handed circularly polarized light appears as
an artifactual differential absorption in the CD spectra (Mao
&Wallace, 1984). The latter scattering problem is overcome
instrumentally by a detector geometry that allows collection
of virtually all of the scattered light (Mao & Wallace, 1984).
The problem of CHAPS absorbing in the far-UV can be
overcome by using a new lipid-based refolding system we
have recently developed (Booth et al., 1997), where the lipid
dihexanoylphosphatidylcholine (DHPC) is substituted for
CHAPS [see Booth et al. (1997)]. DHPC has a much lower
absorbance than CHAPS in the far-UV which allows
measurements of CD as far into the UV as 190 nm.
Essentially identical refolding kinetics are observed when
denatured bacterioopsin in SDS is refolded in both mixed
DMPC/DHPC and DMPC/CHAPS micelles, both in the
presence and in the absence of retinal (Booth et al., 1997).
In addition, as for DMPC/CHAPS micelles (Booth et al.,
1996), only one second-order reaction involving retinal and
bacterioopsin can be identified during regeneration of bac-
teriorhodopsin in DMPC/DHPC micelles, when retinal binds
to the partially folded intermediate, I2. The refolding kinetics
were also found to be dependent on both pH and DMPC
concentration. Notably, formation of I2 was slowed both
by increasing the concentration of DMPC and by increasing
the pH.
Here, we present a time-resolved far-UV CD study of

bacteriorhodopsin folding in mixed DMPC/DHPC micelles
at pH 6 and 8. Since detector geometries in current stopped
flow CD instruments do not permit scattered light collection
(and in addition, these stopped flow instruments can rarely
monitor changes in the far-UV), we have initiated bacterio-
rhodopsin refolding by manual mixing of denatured bacte-
rioopsin in SDS with renaturing mixed DMPC/DHPC
micelles. Although this limits the time resolution to minutes,
the ability to slow the formation of I2 by changes in pH or
DMPC concentration facilitates such measurements and
allows us to observe the slow formation ofR helices.

MATERIALS AND METHODS
Protein Preparation. Denatured bacterioopsin (bO) in

SDS was prepared as described previously (Oesterhelt &
Stoeckenius, 1974; Braiman et al., 1987; Booth et al., 1996).
DMPC and DHPC were obtained from Avanti Phospholipids
and SDS (electrophoresis grade) andall-trans-retinal from
Sigma. Mixed DMPC/DHPC micelles were prepared by
stirring DMPC and DHPC in buffer for 1 h followed by
sonication in a bath sonicator for 30 min. Micelles were
stored at room temperature and used within 24 h. Bacterio-
rhodopsin regeneration yields were determined as described
previously (Huang et al., 1981; London & Khorana, 1982;
Booth et al., 1996).
Fluorescence Measurements.Refolding kinetics were

measured as described previously (Booth et al., 1995, 1996),
using an Applied Photophysics stopped flow fluorometer,

with a dead time of about 1.5 ms. Excitation was at 295
nm (1.2 nm bandwidth), and emission was at>305 nm and
was collected with a long pass filter. Folding was initiated
by mixing equal volumes of bO in SDS with mixed DMPC/
DHPC micelles containing retinal. For addition of retinal
to the intermediate I2, bO in SDS was premixed with DMPC/
DHPC micelles for 1 h prior to addition of retinal (Booth et
al., 1996). Final concentrations in the measuring cuvette
were 2µM bO, 0.67% DMPC, 0.33% DHPC, and 10 mM
phosphate buffer. Refolding kinetics were identical for 2
or 4 µM bO.
Circular Dichroism Measurements.CD spectra were

recorded on an Aviv 60DS spectropolarimeter, with a
detector acceptance angle of>90° at 22°C using a 1 mm
path length cell. For steady state spectra, data points were
collected every 0.2 nm, from 190 to 300 nm, and five scans
averaged per sample. Concentrations of denatured bO in
SDS were 3.8µM bO in 0.2% SDS and 10 mM phosphate
buffer (OD280 ∼ 0.24 for a 10 mm path length). Protein
was refolded by mixing equal volumes of bO in SDS with
DMPC/DHPC micelles. Final concentrations were 3.8µM
bO, 0.1% SDS, 0.67% DMPC, 0.33% DHPC (w/v), and 10
mM phosphate buffer. To regenerate bacteriorhodopsin,
retinal was included in the DMPC/DHPC micelles, to give
a final concentration in the measuring cuvette of 8µM. CD
spectra of refolded protein were collected after 1 h at pH 6
or 5 h at pH 8. Data were analyzed using a least-squares
algorithm (Mao & Wallace, 1984) with reference data from
Chang et al. (1978).
Kinetics were measured at both 224 and 195 nm. Equal

volumes of bO in SDS and DMPC/DHPC micelles (final
concentrations as above) were mixed by inverting a 1 mm
path length mixing cuvette. Changes in CD were time-
resolved after a mixing delay of 20 s.
Experimentally determined rate constants were calculated

by fitting data to sums of exponentials. Errors are quoted
to one standard deviation, for an average of three measure-
ments, each on a different preparation of bO.

RESULTS

Denatured bacterioopsin in SDS was refolded in mixed
DMPC/DHPC micelles (2:1 DMPC:DHPC weight ratio) at
both pH 6 and 8. Regeneration yields and kinetics were
determined as described previously, using absorption spec-
troscopy and time-resolved fluorescence, respectively (Booth
et al., 1995, 1996). There was a small, reversible reduction
in the yield of regenerated bacteriorhodopsin, from about
94% at pH 6 to 83% at pH 8. Figure 1 shows the changes
in protein fluorescence with time when bacterioopsin is
refolded in mixed DMPC/DHPC micelles in the absence of
retinal, resulting in the establishment of an equilibrium
between bO and the partially folded apoprotein intermediate
I2. The kinetics of formation of the intermediate I2 were
biexponential, with apparent rate constants of 0.11 and 0.013
s-1 at pH 6 and 0.033 and 0.0053 s-1 at pH 8 (Booth et al.,
1997).
CD spectra (Figure 2) indicate that at both pH 6 and 8 the

denatured state of bacterioopsin in SDS has anR helical
content of 42%, equivalent to almost four transmembraneR
helices, while the refolded state is the same both in the
presence and in the absence of retinal and has a nativeR
helical content of about 74%, corresponding to seven
transmembraneR helices (London & Khorana, 1982).
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Figure 3 shows the changes in CD with time at 195 and
224 nm (dead time of 20 s), when bO was refolded in DMPC/
DHPC micelles in the presence of retinal to regenerate

bacteriorhodopsin. At both pHs, the increase in positive
ellipticity at 195 nm was about 2.5 times that of the increase
in negative ellipticity at 224 nm (Figures 2 and 3). Mo-
noexponential kinetics, with the same apparent rate constant,
were observed at both wavelengths. Table 1 shows the CD-
determined rate constants together with the slower of the

FIGURE 1: Changes in protein fluorescence on folding bO in
DMPC/DHPC micelles in the absence of retinal (i.e. formation of
intermediate I2) at pH 8. pH 6 data are also shown for comparison
(- - -).

FIGURE 2: CD spectra of denatured bacterioopsin (bO) in SDS,
(- - -), and bacteriorhodopsin regenerated in DMPC/DHPC micelles
(s) in the absence of retinal and (‚‚‚), in the presence of retinal:
(A) pH 8 and (B) pH 6. Appropriate baselines, collected in the
absence of protein, have been subtracted from spectra. Good fits
were obtained to data with calculated spectra comprising the
following proportions ofR helix, random coil,â turn, andâ sheet,
respectively: (A) 42, 18, 3, and 38% for bO in SDS, 74, 4, 22,
and 0% for refolding in the absence of retinal, and 74, 4, 22, and
0% for regenerated bacteriorhodopsin and (B) 43, 18, 6, and 33%
for bO in SDS, 74, 4, 22, and 0% for refolding in the absence of
retinal, and 78, 1, 21, and 0% for regenerated bacteriorhodopsin.

FIGURE 3: Changes in CD at (A) 224 nm and (B) 195 nm, on
refolding bO in DMPC/DHPC micelles in the presence of retinal
at pH 8. Individual traces are shown, with corresponding baselines
below, and with arbitraryy axis scales. The inset in panel A shows
an example of data collected at pH 6. Each experiment was repeated
three times. Monoexponential curve fits are shown in panel A. The
mixing dead time was about 20 s, and the zero shown on thex
axis corresponds to the start of data collection rather than to the
start of mixing. Data points were collected over 30 min; only data
from the first 1000 s are shown.
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two rate constants assigned to formation of the intermediate
I2 by fluorescence measurements. Good agreement is ob-
served between the rate constants obtained by both methods.
Both fluorescence and CD rate constants are independent of
retinal and increase from about 0.012 s-1 at pH 6 to about
0.077 s-1 at pH 8. In all cases (i.e. at both pH 6 and 8, 195
and 224 nm, and in the presence and in the absence of
retinal), the amplitude of the CD-determined component was
about 40% of that between the starting state in SDS and the
final state in DMPC/DHPC (Figure 2). For example, the
amplitude of the kinetic component at 224 nm and pH 8
was 39( 11% of that between the start and end states, which
corresponds to 31( 9 amino acids. The remaining∼60%
of the amplitude change between the start and end states
occurred within the experimental dead time of 20 s.

DISCUSSION

Bacteriorhodopsin regeneration in DMPC/DHPC micelles
occurs according to a reaction scheme in which retinal binds
after a rate-limiting step in protein folding to a partially
folded apoprotein intermediate, I2 (Booth et al., 1996). The
refolding kinetics associated with formation of intermediate
I2 are slowed by increasing the concentration of DMPC in
the mixed DMPC/DHPC micelles, as well as by increasing
the pH. This slowing of the kinetics facilitates our time-
resolved CD measurements, which have a dead time of about
20 s. The yield of regenerated bacteriorhodopsin also
depends on pH, with the optimum yield occurring at pH 6
(London & Khorana, 1982; Booth et al., 1995, 1996). Thus,
we have chosen to use DMPC/DHPC micelles where the
weight ratio of DMPC to DHPC is 2:1 for the CD
measurements reported here, as this allows us to obtain a
good estimate of the apparent rate of slowR helix formation
at pH 6 (Figure 3 and Table 1). We have also measured the
rate of this process at pH 8 where the slower folding allows
a more accurate determination of the rate constant.
The use of the DMPC/DHPC refolding system (as opposed

to mixed DMPC/CHAPS micelles) allows us to measure
changes in CD during bacteriorhodopsin folding at both 224
and 195 nm and thus monitor changes in bothR helical and
disordered protein structures (Figures 2 and 3). The starting
state for our refolding reaction, denatured bacterioopsin in
SDS, has anR helical content equivalent to nearly four
transmembrane helices, while the end point, both in the
presence and in the absence of retinal, has anR helical
content equivalent to seven transmembrane helices and a far-
UV CD spectrum indicative of native bacteriorhodopsin

(London & Khorana, 1982). Thus, in our “refolding”
reaction, where denaturing SDS is diluted out by mixed
DMPC/DHPC micelles (Huang et al., 1981; London &
Khorana, 1982; Booth et al., 1995, 1996), about 70 amino
acids form an equivalent of three transmembraneR helices.
The relative amplitudes of the CD bands centred on 195 and
224 nm indicate that the amino acids which form theseR
helices exist in disordered protein structures in SDS-
denatured bacterioopsin. Time resolving the changes in CD
on refolding bacteriorhodopsin (with a 20 s dead time)
reveals monoexponential kinetics that are independent of
retinal (Table 1 and Figure 3), with an apparent rate constant
of about 0.012 s-1 at pH 6 and 0.0077 s-1 at pH 8 at both
195 and 224 nm. The relative amplitudes of the CD
components indicate that this slow phase represents a
conformational change of about 30 amino acids (equivalent
to at least one transmembraneR helix) from disordered
structures toR helices, resulting in anR helix content
equivalent to that of native bacteriorhodopsin. (This slow
phase will be referred to as “slowR helix formation”.) The
other 40 amino acids that formR helices in our refolding
reaction have done so within the 20 s experimental dead time.
A comparison of fluorescence- and CD-determined rate

constants (Table 1) indicates that the slowR helix formation
corresponds to formation of intermediate I2, which binds
retinal. Hence, I2 contains native secondary structure, as
indicated by CD, and the rate-limiting step in I2 formation
reflects folding of at least 30 amino acids toR helices from
disordered structures. Folding of bacterioopsin is a multi-
exponential process; two experimentally determined rate
constants (about 0.11 and 0.013 s-1 at pH 6) appear to be
associated with I2 formation, and in addition, there is also a
faster component, of about 2 s-1 (Booth et al., 1995, 1996).
As previously discussed, the simplest sequential scheme for
these protein-folding events is one in which the 2 s-1 phase
represents formation of an intermediate (I1) which then folds
to I2. However, a branched reaction scheme cannot be
excluded as there may, for example, be multiple unfolded
forms of the protein (Booth et al., 1995). The time resolution
of the CD experiments presented here means that no
information can be obtained on the secondary structural
changes during these early folding events (2 and 0.11 s-1

phases).
CD cannot identify which regions of the protein are

involved in the slowR helix formation step. However, the
most straightforward interpretation is that disordered struc-
tures will probably exist at the membrane surface or in the
bilayer interfacial region, where amino acids can hydrogen
bond to polar lipid head groups or water, rather than within
the interior of the lipid bilayer where they are thermody-
namically unfavorable (Lemmon & Engelman, 1994). Since
the loops connecting transmembraneR helices in bacterio-
rhodopsin are short, if the slow phase reflects formation of
one complete transmembraneR helix, it is most likely to
relate to the N- or C-terminal helix. However, we favor a
model in which the core regions of all transmembraneR
helices in the hydrophobic bilayer interior form first (they
either are already present in our SDS-denatured starting state
or form within our experimental dead time). Disordered
structures (equivalent to at least 30 amino acids) at the bilayer
interfacial region would then later slowly form the ends of
some or all of the transmembraneR helices (with a time
constant in the minute time range). Although the apparent

Table 1: Experimentally Determined Rate Constants for Formation
of Intermediate I2

rate constant (s-1)monitoring
technique

presence or absence
of retinal pH 6 pH 8

protein fluorescence absence of retinal 0.013a 0.0053a

protein fluorescence presence of retinal 0.012a 0.0063a

CD at 195 nm absence and presence of retinal 0.011b 0.0072b

CD at 224 nm absence and presence of retinal 0.012b 0.0077c

a From Booth et al. (1997). Only the slower of the two experimen-
tally determined rate constants associated with I2 formation is given.
bRate constant cannot be accurately determined due to the 20 s
experimental dead time for the CD measurements, together with the
lower signal to noise at 195 nm.cRate constants could be accurately
determined at 224 nm at pH 8: 0.0072( 0.0022 s-1 in the presence
of retinal and 0.0077( 0.0038 s-1 in the absence of retinal.
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rate of this latterR helix formation is slow, the actual intrinsic
rate ofR helix formation could be much faster, with some
other process being rate-limiting, thus making the overall
formation ofR helices determined by CD appear slow. One
possible cause of the apparent slow helix formation is cis-
trans isomerization of non-native proline isomers that are
present in SDS-denatured bacterioopsin (Booth et al., 1995;
Brandts et al., 1975; Nall, 1994). Alternatively, the apparent
slowR helix formation could be due to an effect of the lipid
bilayer. The apparent rate of helix formation is slowed by
increasing the relative proportion of DMPC present in the
mixed DMPC/DHPC micelles. An increase in DMPC
increases the rigidity to bending of the DMPC/DHPC bilayer
(Ben-Shaul et al., 1987) which could result in either a slower
rate of insertion of a single transmembrane helix or slower
helix association and packing of the core regions of trans-
membraneR helices in the hydrophobic bilayer interior
(Booth et al., 1997). It is possible that in a loosely packed
structure the short helix-connecting loops are overstretched
and impose strain and a disordered structure on the regions
of the protein in the bilayer interfacial region. As a result,
the ends of the transmembraneR helices can only form when
correct, close packing of the transmembraneR helices is
achieved. Thus, as the bending rigidity of the bilayer is
increased, slowing the packing of the core regions of the
transmembrane helices, the apparent rate of formation of the
ends of the transmembrane helices also slows.
A theoretical model has been proposed for the folding of

R helical membrane proteins, largely on the basis of
thermodynamic arguments and earlier renaturation experi-
ments on bacteriorhodopsin (Popot et al., 1987, 1994; Popot
& Engelman, 1990). Folding is simplified to two stages with
individual transmembrane helices forming first and then
packing in a second stage to give native protein. The latter
packing stage is proposed to occur with minimal rearrange-
ment of the preformedR helices so that, although the
transmembrane topology remains unchanged, theR helices
can bend, tilt, extend, or shorten. Thus, each of the two
“stages” is in fact likely to consist of several processes which
may lead to the formation of identifiable transient intermedi-
ates. In terms of this model, a possible explanation of our
data is that only the core regions of transmembraneR helices
are formed in stage one. Formation of the intermediate, I2,
involving both extension and packing of these preformedR
helices would then occur during stage two.
The slow R helix formation in the minute time range

reported here for bacteriorhodopsin is unexpected in view
of the much faster formation ofR helices in water soluble
proteins, where mostR helices form in milliseconds or at
most a few seconds (Matthews, 1993). Differences are to
be expected in the folding of water soluble and membrane
proteins. Unlike transmembrane helices,R helices of water
soluble proteins are not inherently stable, and while the
“hydrophobic effect” seems to speed up events such asR
helix formation in the folding of water soluble proteins, the
equivalent membrane, lipid-lipid packing effect has more
effect on helix association than their formation. Other
evidence for slow folding of proteins within membranes
comes from studies on theEscherichia coliouter membrane
protein OmpA. The final step in folding of this membrane

protein to its nativeâ barrel structure occurs with a time
constant of about 0.5 h (Surrey & Ja¨hnig, 1995).
We report the first observation ofR helix formation for a

membrane protein. The final stages ofR helix formation
appear to be slow and rate-limiting in bacterioopsin folding.
Our results point toward a role for the lipid solvent in
membrane protein folding with bilayer bending rigidity
affecting certain folding events. This work, together with
the folding studies onâ barrel membrane proteins, holds
much promise for improving our understanding of how
proteins fold within a hydrophobic membrane environment.
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