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ABSTRACT. Three different lipid systems have been developed to investigate the effect of physicochemical
forces within the lipid bilayer on the folding of the integral membrane protein bacteriorhodopsin. Each
system consists of lipid vesicles containing two lipid species, one with phosphatidylcholine and the other
with phosphatidylethanolamine headgroups, but the same hydrocarbon chains:L-eithe2-dioleoyl,
L-a-1,2-dipalmitoleoyl, or-a-1,2-dimyristoyl. Increasing the mole fraction of the phosphatidylethanolamine

lipid increases the desire of each monolayer leaflet in the bilayer to curve toward water. This increases
the torque tension of such monolayers, when they are constrained to remain flat in the vesicle bilayer.
Consequently, the lateral pressure in the hydrocarbon chain region increases, and we have used excimer
fluorescence from pyrene-labeled phosphatidylcholine lipids to probe these pressure changes. We show
that bacteriorhodopsin regenerates to about 95% yield in vesicles of 100% phosphatidylcholine. The
regeneration yield decreases as the mole fraction of the corresponding phosphatidylethanolamine component
is increased. The decrease in yield correlates with the increase in lateral pressure which the lipid chains
exert on the refolding protein. We suggest that the increase in lipid chain pressure either hinders insertion
of the denatured state of bacterioopsin into the bilayer or slows a folding step within the bilayer, to the
extent that an intermediate involved in bacteriorhodopsin regeneration is effectively trapped.

Membrane-bound proteins probably account for-830% “nonbilayer” forming lipids. It has been suggested that the
of all cell proteins, yet relatively little is known about the mix of nonbilayer and bilayer lipids has a generic, functional
structure, function, and dynamics of these proteins. Similarly, importance 4—6) by allowing fine-tuning of certain bilayer
there is only limited information about the molecular details properties that seem to be under homeostatic control in living
of membrane biogenesis and how the constituent proteinsmembranes and vital for the correct function of several of
insert into the membrane and fold to achieve a functional the constituent membrane proteins. The introduction of a
state. Here, we focus on the role of the lipids in membrane nonbilayer, type I, lipid into a lipid bilayer increases the
protein folding. desire for the polarapolar interface of each constituent

A major difficulty in the study of membrane proteins lies monolayer to curve toward water. However, the monolayers
in finding appropriate detergent or lipid systems that maintain wish to bend in opposite directions, which they cannot do
the structural and functional integrity of the protein. This is in a bilayer structure. Thus, there is an increase in the
highlighted in refolding studies where appropriate solubili- monolayer bending moment, or torque tension, as they are
zation conditions must be found to both unfold and refold forced to lie flat. This is accompanied by an increase in the
the protein and, at the same time, prevent aggregation oflateral pressure in the center of the bilayer due to the increase
the often highly hydrophobic proteins. As a result, only a in the number of collisions between the lipid hydrocarbon
handful of membrane proteins have been refolded in vitro chains. We have previously presented evidence that such an
from a denatured statd{3). There is, however, a wealth increase in the lateral pressure within the bilayer may be
of information available about the structure and dynamics responsible for the slowing of a rate-limiting folding step
of biological lipids. We hope to exploit this knowledge and, for bacteriorhodopsin7). This previous study used a two-
through a systematic manipulation of the lipid environment, component lipid mixture consisting of lipids with phosphati-
to understand the key properties of the lipid systems that dylcholine (PC) headgroups but different chain lengthso.-
govern protein folding events within biological membranes. 1,2-dihexanoylphosphatidylcholine (DHPC, six carbons) and

Biological membranes contain a diverse group of lipids, L-o-1,2-dimyristoylphosphatidylcholine (DMPC, 14 car-
with most membranes containing a mixture of “bilayer” and bons). Increasing the amount of the longer chain 14-carbon

lipid increases the lateral pressure in the chain region and
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the mixed DMPC/DHPC lipid system gives a qualitative
indication that bilayer lateral pressure may alter this folding
rate, it is not an ideal system for quantifying this effect. The
different chain lengths of the lipids mean that compositional
differences alter the hydrophobic thickness of the bilayer.
This can result in additional contributions to the lipid lateral
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bundle, which gives the protein its characteristic purple color.
The regeneration of the purple chromophore provides a good
indication of the extent of refolding to a native-like,
monomeric, functional statd(14). The regeneration kinetics

in mixed micelles have been determined with millisecond
time resolution following stopped flow mixing of SDS-

pressure. For example, when the bilayer is thinner than thedenatured protein and mixed DMPC/CHAPS or DMPC/

hydrophobic thickness required by the protein, the bilayer
will be stretched to avoid hydrophobic mismatch and this
will alter the lateral pressure in the chain regidd.(In
addition, the DMPC/DHPC mixtures form bilayer-type,
discoidal, mixed micelles. Not only are there additional

DHPC micelles 26). There are several kinetic phases
associated with this refolding. A key stage in the process
appears to be rate-limiting folding to an intermediate with
native-like secondary structure, and to which the retinal
chromophore binds. This rate-limiting folding step may

constraints on the lipid dynamics and pressures as a resultreflect packing of previously formed helices within the
of the micellar structure, but also the exact nature of these hydrophobic bilayer interior, or insertion of helical segments

mixed micelles at different lipid compositions is unknown.
Here, we present the development of a novel refolding

into the bilayer 27). It is this rate-limiting step that can be
slowed by 1 order of magnitude by altering the relative

system for bacteriorhodopsin that overcomes the problemsamounts of DMPC and DHPC, and thus the lateral pressure

highlighted above, and in addition allows us to work toward
a more biologically relevant situation. Bacteriorhodopsin is
refolded directly into lipid vesicles. This has only previously
been achieved fg#-barrel membrane porin8), as opposed

to the rather more hydrophobig;helical membrane proteins.
Bacteriorhodopsin has previously been regenerated in lipid
vesicles, containing either its nativalobacterialipids or
soybean, DMPC, or DPPC lipid4,(9). In these studies, the
denatured protein [usually in sodium dodecyl sulfate (SDS)]
was first refolded into lipid/detergent mixtures (usually a

micellar system) and the detergent then dialyzed away over

many hours to form the protein-containing vesicles. We show

that it is not necessary to introduce another detergent into

the system, and that SDS-denatured bacteriorhodopsin refold
directly on mixing with lipid vesicles. To begin to mimic

certain properties of natural membranes, we have used bilaye

(PC) and nonbilayer (PE) lipids, with the vesicles consisting
of two lipids of the same chain length but with different PC
or PE headgroups. The introduction of the smaller PE

headgroup increases the intrinsic desire for the monolayer

to curve toward the water and thus the lateral pressure in
the chain region. To correlate changes in the lipid lateral
pressure with protein folding, we apply a recently developed

in the lipid chain region.

EXPERIMENTAL PROCEDURES

Materials. All phospholipids were obtained from Avanti
Phospholipids (Alabaster, AL); dipyrenyl phospholipids were
from Molecular Probes, Inc. (Eugene, OR), atitrans
retinal and SDS (electrophoresis grade) were from Sigma.
All other chemicals and reagents were of analytical grade.

Bacteriorhodopsin was isolated from purple membranes
from H. salinarium(strain S9) according to the method of
Oesterhelt and Stoeckeniu&g|. Denatured bacterioopsin in
SDS was prepared from purple membranes by organic
Ssolvent extractionq9) as described previoushs().

All procedures and measurements were performed at 25.0
g 0.5°C for vesicles containing DOPC/DOPE and DPoPC/
DPoOPE, and at 38.& 0.5°C for vesicles containing DMPC/
DMPE to exceed the gel to fluid fLto L,) phase transition
temperature. Small-angle X-ray diffraction and polarizing
optical microscopy have shown that at these temperatures
all lipid compositions studied here are in a homogeneous
fluid, L, phase 4, 31) .

Lipid vesicles were prepared by dissolving the required

in lateral pressurelQ—12).

Bacteriorhodopsin, the proton pump frdttalobacterium
salinarium (13), provides an ideal model system for this
study. An essential feature for the work is the ability to refold
the protein in vitro. Of the very few membrane proteins for
which this has been accomplished, there is probably the mos
information regarding the foldindl( 14—18), structure 19—

21), and function 22—25) for bacteriorhodopsin. The protein
consists of a bundle of seven transmembraselices and
binds a retinal chromophore covalently within this helical

! Abbreviations: CHAPS, 3-[(3-cholamidopropyl)dimethylammo-
nio]-1-propanesulfonate; DMPC;a-1,2-dimyristoylphosphatidylcho-
line; DHPC, L-a-1,2-dicaproylphosphatidylcholine; DMPI;a-1,2-
dimyristoylphosphatidylethanolamine; DOPCGq.-1,2-dioleoylphos-
phatidylcholine; DOPE,L-o-1,2-dioleoylphosphatidylethanolamine;
DPoPC,-a-1,2-dipalmitoleoylphosphatidylcholine; DPoRPEg-1,2-
dipalmitoleoylphosphatidylethanolamine; DPPCsa-1,2-dipalmi-
toylphosphatidylcholine; 10 dipyrenylPC, 1,2-bis(1-pyrenyldecanoyl)-
L-a-phosphatidylcholineE, excimer fluorescence; fwhm, full width
half-maximum;M;, lower-wavelength monomer fluorescence band of
pyrene; PC, phosphatidylcholine; PE, phosphatidylethanolamine; SDS,
sodium dodecyl sulfate.

chloroform was then removed in vacuo using either a freeze-
dryer or a rotary evaporator. The lipids were then rehydrated
with sodium phosphate buffer (50 mM, pH 6), giving a lipid
concentration of 2% (w/w). The resulting lipid suspension
was then extruded 10 times at 26 (or 38°C for DMPC/
{DMPE vesicles) through 50, 100, or 200 nm polycarbonate
membranes. The resulting lipid vesicles were stored at 25
°C (or 38°C for DMPC/DMPE vesicles). In all experiments,
the buffer that was used was filtered through 2 cellulose
acetate filters before being added to the lipids. For lateral
pressure measurements, vesicle preparation was the same
except the dipyrenyl probes were added in cyclohexane
before solvent evaporation at a probe mole fraction of 0.001.

Mixed DMPC/CHAPS micelles were prepared by stirring
2% (w/v) DMPC in 50 mM sodium phosphate buffer (pH
6) for 2 h atroom temperature. CHAPS was then added to
a final concentration of 2% (w/v) and the mixture sonicated
in a bath for 30 min. The resulting clear micellar solution
was then stored at 2AC for several days.

Dynamic Light Scatteringvesicle sizes were determined
by photon correlation spectroscopy using a Coulter N4 plus
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submicron particle sizer. Vesicle size distributions were (A)
determined from the autocorrelation function of light scat-
tered by the vesicles using a weight distribution. This analysis
determines the relative weights of different sized vesicles in
a given sample. To optimize detection of a broad range of
particle sizes, scattered light was detected at angles of 90.0,
62.5, and 23.9for 300 s at each angle (although shorter
detection times are possible at the larger detection angles of
90.0 and 62.9. The same results were obtained for each
detection angle. Vesicles were prepared as described previ-
ously and diluted 20 times with 50 mM sodium phosphate
buffer (pH 6). All DPoPC/DPoPE vesicles were found to -0.02 ' : ' :
. . . 300 400 500 600 700
have a homogeneous population with a diameter of ® Wavelength/nm
nm for at least 20 h at 25C. Thus, all measurements were
taken within 20 h of extrusion. ®)

Steady-State Spectroscogbsorption spectra were re- 0.30 4
corded with a Varian Carey 1G UV/vis spectrophotometer
with a 2 nmbandwidth and variable path lengths. Measure-
ments of vesicle samples were recorded gisirl mmpath
length cell and an integrating sphere (however, the measure-
ment of bacteriorhodopsin in DMPC/CHAPS with 50 nm
DPoPC vesicles in tandem was recorded without the sphere
to accommodate the two samples). The protein concentration
was between 5 and #ZM, giving approximately 610
proteins per 50 nm vesicle. Studies at different protein
concentrations as well as the comparison with DMPC/
CHAPS samples showed no evidence of protgirotein
interactions or absorption flattening. All other absorption
measurements were recorded gsinl cmpath length cell. FIGURe 1: Absorption spectra of regenerated bacteriorhodopsin in

; 50 nm DPoPC vesicles. (A) Absorption spectra of regenerated
Fluorescence spectra were recorded using a Spex I:Iuorobacteriorhodopsin in 50 nm DPoPC vesicles (dashed line) with

Max-2 spectrometer. Intrinsic protein fluorescence was incorrect background correction and in DMPC/CHAPS (solid line)
measured by exciting at 290 nm with excitation and emission for comparison. Spectra were measured using an integrating sphere
bandwidths of 2.5 nm. The fluorescence intensity is the areawhich maximizes the collection of scattered light. In both samples,
under the intrinsic protein fluorescence band. Pyrene fluo- the protein concentration and the yield of regenerated chromophore

o : + . were the same. Spectra were referenced against the same vesicle
rescence was measured by exciting at 342 nm with eXC'tanonor micelle preparation, respectively, that was used in the regenera-

and emission bandwidths of 1 nm. The fluorescence intensity tion experiments, with 0.1% SDS also present in the reference
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is the intensity at a particular wavelength: 377 nm Kbr sample. This use of vesicles as a reference resulted in several
monomer fluorescence and 475 nm for excimer fluorescenceartifacts in the DPoPC spectrum, including broadening and distor-
(E). The temperature was controlled at 25:00.5 °C for tion of the regenerated chromophore band~<&60 nm), negative

. . absorption features, and a reduction in the intensity of the protein
vesicles containing DOPC/DOPE and DPoPC/DPoPE, andabsorption band (at280 nm). It is of note that such artifacts can

38.0+£0.5°C for vesicles containing DMPC/DMPE for all  pe considerably more subtle than shown here; to highlight the
absorption and fluorescence measurements. problems, we have deliberately chosen a spectrum with obvious

Analysis of Absorption Data and Determination of Re- artifacts. (B) Absorption spectrum of regenerated bacteriorhodopsin
generation YieldsTo monitor both the protein and retinal " I?O nrcr; DPoPC vesicles, referrlences aga;]”St ﬁ" (SO“db"”e) andl

bsorotion bands. spectra were measured from 250 to 706° ected using an integrating sphere. Note that the absorbance scale
absorp » SP Qs different from that in panel A, and the higher absorbance values
nm. However, only data from 305 to 700 nm were analyzed reflect the light scattering by the vesicles which also contributes to
to obtain the yield of regenerated bacteriorhodopsin as spectrahis spectrum. Data were analyzed from 305 to 700 nm by the sum
over this range could be collected using only the visible lamp. ?(; t;’t"o dcf'au§5|an dd's“'b#“opf (Ft‘ﬁst'llede““e): a Rayleigh tfunCt'O”

: ppig g otted line), and an offset (wi e Gaussian parameters con-

Data Were anquzed by the sum of'Gaus.SIan dlstrll;)qtlons, strained during fitting; see Experimental Procedures). The residuals
Rayleigh function, and on offset using MicroCal Origin and s the fit are also shown. Such residuals are also typical of fitting
an iterative procedure. The light scattering from the lipid a single, well-defined free retinal absorption band in 50 nm DPoPC
vesicles was approximated to a Rayleigh functiomiof. vesicles to a single Gaussian distribution, Rayleigh function, and
Rayleigh scattering assumes that the scattering particles ar%{lfgfvtihggﬁ plgqrgrr:w)\é?er?segs}ré% {ﬁﬁld;atls ttrT:tin?ﬁ:ral?ciioonbgilgigirgy
spherical, uniform m S',Ze’ a”?' S|gn|f|§:antly smgller.than the Gaussian distribution, are due to’the Gaussian parameters partly
wavelength of the incident light. This approximation was compensating for the light scatter.
found to be reasonable for 50 nm vesicles even at the lower
wavelength of 305 nm. The absorption bands of bound andassessed by comparing residuals and Gaussian function
unbound retinal were approximated by Gaussian functions parameters to those obtained for samples of known absorp-
which were defined by the maximum and the full width half- tion bands: retinal alone in lipid vesicles and bacterior-
maximum (fwhm). Data were analyzed with all parameters hodopsin regenerated in DMPC/CHAPS samples (see the
free running as well as with the maxima and fwhm of the Results). On this basis, values for the Gaussian maxima and
Gaussian functions constrained. The quality of the fits was fwhm were constrained within the ranges of 37385 and
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55—-65 nm, respectively, for unbound retinal an&40 and state in three different lipid vesicle systems composed of
<110 nm, respectively, for regenerated chromophore. ThesePC and PE lipids: DOPE/DOPE (18-carbon unsaturated
constraints allow for the slight blue shifting and broadening chains with a cis double bond between positions C9 and
of the regenerated chromophore absorption band in lipid C10), DPoPC/DPoPE (16-carbon unsaturated chains with a
vesicles compared to those in DMPC/CHAPS micelles, cis double bond between positions C9 and C10), and DMPC/
which is due to the difficulty in fully accounting for the light DMPE (14-carbon saturated chains). The yield of bacteri-
scatter present in the vesicle samples. Typical residuals toorhodopsin regenerated in each lipid vesicle system was
the fits are shown in Figure 1b. Better residuals could be determined, as previously reported 26), from the extent
obtained with all parameters free running (resulting in further of recovery of the native-like purple absorption band, after
broadening and shifting of the fwhm and Gaussian band overnight regeneration in the dark. The lipid vesicles
maxima), or by the introduction of a third Gaussian distribu- scattered significant amounts of light in the absorption
tion. However, such improvements largely represent the experiments. Figure 1a shows that incorrect subtraction of
Gaussian parameters partly compensating for the lightthis light scattering results in spectral artifacts. Light scat-
scattering (see the Results). Indeed, the residuals in Figuregering is dependent on vesicle size. Thus, to minimize such
1b are similar to those obtained for the well-definred80 problems, small, uniformly sized, 50 nm diameter vesicles
nm retinal absorption band of a sample containing allly were used in the majority of measurements. Vesicles any
transretinal in lipid vesicles. Unless otherwise stated, all smaller than this are likely to impose excessive curvature
results relate to fits with the Gaussian distributions represent- strain on the bilayer. Regeneration yields in larger 100 and
ing the regenerated chromophore constrained to the value200 nm 100% DPoPC vesicles were the same as in 50 nm
guoted above. Regeneration yields were determined from thevesicles. To obtain a single population of vesicles with a
extent of recovery of the purple chromophore absorption narrow size distribution, vesicles were extruded through 50
band. Thus, the area of the Gaussian distribution correspondnm filters. In addition, absorption spectra of bacteriorhodop-
ing to the regenerated chromophore band was calculated. Thisin regenerated in these vesicles were measured using an
area was compared to the area of the chromophore bandntegrating sphere, which maximizes the collection of scat-
regenerated in DMPC/CHAPS micelles (for the same protein tered light. Nevertheless, subtraction of a reference spectrum
preparation and the same protein concentration as the vesiclef the same vesicle preparation that was used in the
sample). The regeneration yield in DMPC/CHAPS was regenerated protein sample (with 0.1% SDS present in both
typically about 95%, and was determined from the absor- samples) still resulted in spectral artifacts (see Figure 1a).
bance at 554.5 nn3(). This was also true if the reference sample contained protein
Regeneration of Bacteriorhodopsin and Determination of but, unlike the regenerated protein sample, no retinal. The
Retinal Binding Cuves.Bacteriorhodopsin was regenerated artifacts are mainly manifested as shifts in absorption band
in the lipid vesicles from an SDS-denatured state as describednaxima and changes in band intensities. There are two main
previously @0) with slight modifications. Bacteriorhodopsin  causes of this. First, the dynamic nature of lipid vesicles
in 0.2% SDS and 50 mM sodium phosphate buffer (pH 6) means the light scattering changes with time, and second,
was mixed in dim red light with an equal volume of lipid the protein-containing vesicles appeared to scatter less light
vesicles (2% wi/v total lipid) containingll-transretinal than the vesicles alone (SDS being present in both vesicle
(added from an ethanol stock to give a 1:1 molar ratio of samples). Bacterioopsin-containing vesicles (with no retinal)
retinal to protein). The extent of recovery of the native also appeared to scatter less light than regenerated bacteri-
chromophore absorbance was determined after overnightorhodopsin samples. This difference in scattering, together
incubation in the dark at 28C. For the retinal binding curves,  with the fact the light scattering is not synchronized between
bacterioopsin in SDS was mixed with the lipid vesicles vesicle samples, means a simple subtraction of a lipid vesicle
containing various concentrations of retinal. The yield of reference actually increases the noise in the final spectrum
regenerated bacteriorhodopsin was determined by a com-y a factor ofv/2, as well as introducing spectral artifacts
parison of the relative areas of the regenerated chromophoreand the possibility of negative absorption features (see Figure
absorption bands. It should be noted that the error bars arela).
larger than those determined in previous micellar systems Absorption spectra of the 50 nm, protein-containing lipid
due to errors introduced from data fitting to absorption vesicles were therefore collected with only air or buffer as
spectra from lipid vesicle samples with highly scattering a reference, and the background light scatter was taken into
backgrounds. account during data analysis (Figure 1b). Spectra of regener-
SDS Content of Lipid VesicleSDS (0.1%) was present ated bacteriorhodopsin from 305 to 700 nm were fit to the
in all final lipid vesicle solutions (though not the starting sum of two Gaussian distributions (representing unbound and
vesicle solution) unless otherwise indicated. The final bound retinal), a Rayleigh light scattering function, and an
composition of the lipid vesicles for all regenerated bacte- offset. For comparison, the same procedure was applied to
riorhodopsin samples is therefore likely to include some SDS, absorption spectra of bacteriorhodopsin regenerated in
although the extent of partitioning of the 0.1% SDS present DMPC/CHAPS micelles, where the scattering effects are
in the sample into the vesicles is unknown. For control minimal and the absorption bands of the unbound and bound
measurements without the protein, 0.1% SDS was alsoretinal are well defined30). The absorption spectrum of
present in the final vesicle solution. this DMPC/CHAPS sample will be termed spectrum A.
RESULTS Analysis of spectrum A by a sum of Gaussian distributions,
a Rayleigh function, and an offset resolved Gaussian
Absorption Spectra of Regenerated Bacteriorhodapsin parameters for the absorption bands of unbound retinal as
Bacteriorhodopsin was regenerated from an SDS-denatured382 nm (fwhm of 62 nm) and of the regenerated chro-
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Table 1: Regeneration Yields of Bacteriorhodopsin in Mixed PC/PE

System3 100 4
regeneration yield (%) § 90 {
PE mole fraction DMPC/DMPE DOPC/DOPE DPoPC/DPoPE ?_, 80
0.00 94+ 11 95+ 15 93+ 10 7 70 }
0.16 85+ 14 56+ 12 62+ 12 £ 60

aYields were measured after overnight incubation at°88for E 50
DMPC/DMPE and at 25C for DOPC/DOPE and DPoPC/DPoPE. 2 4] { { {
DPoPC/DPoPE samples were also incubated and measured°@t 38 -7
and yielded the same result as those measured 4C2%rrors are 307 }
shown to one standard deviation from four measurements with two 20
different protein preparations. T T AR R

0.0 0.1 02 03 0.4 0.5
Mole i

mophore as 552 nm (fwhm of 90 nm), with no other retinal Fraction of PE
bands (notably at 440 nm; see below) being present. The ®)
ability to resolve the well-defined retinal absorption bands 0.68
in the presence of significant light scattering was also 0.66
assessed. This was achieved by placing a bacteriorhodopsin, 060
DMPC/CHAPS sample and a 50 nm vesicle sample in the ' E
measuring light beam in tandem, but with the two samples _ 0629 { }
in separate cuvettes. The absorption spectrum of this sample 2 g0 o
will be termed spectrum B. Analysis of spectrum B, with - 058 }% E
all fitting parameters free running, resolved Gaussian pa- ’ o
rameters for the free retinal and regenerated chromophore 0.564
bands as 400 nm (fwhm of 80 nm) and 547 nm (fwhm of 0544 o
110 nm), respectively. These bands therefore appeared to o0 o o pe o o
be broadened and shifted in comparison to the equivalent Mole Fraction of PE

bands in spectrum A. Spectrum B was also analyzed with Ficure 2: Effect of increasing the DPoPE concentration on the
the posltlons and widths of the Gaussian dlstrlbutlons regeneration yield of bacteriorhodopsin and the lateral pressure
constrained to those resolved for spectrum A. In this case, ithin DPoPC/DPoPE bilayers. (A) Regeneration yield of bacte-
the results of the fit indicated the need for a third Gaussian riorhodopsin in 50 nm DPoPC/DPoPE vesicles as a function of
distribution with a maximum at approximately 440 nm. DPoPE composition. Regeneration yields were determined from
However, no such band was present in spectrum A. Thus, the extent of recovery of the purple chromophore absorption band

. e . . __after overnight incubation in the dark at 2&, as described in
the observed broadening and shifting of the retinal absorptlonExperimemalI Procedures. Errors are shown to one standard

bands in spectrum B are effects of the light scatter, rather geviation from from measurements with two different protein
than of the presence of a third absorbing retinal species atpreparations. (B) Excimer/monomé/[/,) ratio of 10 dipyrenylPC
about 440 nm. in 50 nm DPoPC/DPoPE vesicles (with no SDS prese®})as a

; ; ; ; _function of DPOPE composition. The same relative chand&iy
i Essentlfllly '?intl(;al 'belr:a:jllor was observe? gor. the”aé)gorp ratio with PE was observed for DPoPC/DPoPE vesicles where 0.1%
lon Spectra of bacteriornodopsin regenerated in a M sps was present in the sample. Errors are shown to one standard

PC/PE vesicles that were studied. Thus, in each case thejeviation from four measurements each with a different sample
spectra (from 305 to 700 nm) were adequately representedpreparation. Also shown aM; values for 50 nm DOPC/DOPE
by only two Gaussian distributions reflecting unbound retinal Vesicles (with no SDS present)). An increase in th&/M; ratio
and the regenerated chromophore, with these bands appearin?egt”e? g} ﬁll'gﬁ;ease in the lipid chain lateral pressure near the
| ) . yer. Fluorescence spectra were measured at 25
broader and shifted compared to those of bacteriorhodopsinec 'pjpyrenyl probes were incorporated at a mole fraction of 0.001.
regenerated in DMPC/CHAPS. For example, analyses of
spectra of bacteriorhodopsin regenerated in 50 nm vesiclesregeneration yield as a function of increasing PE concentra-
of 100% DPoPC and DPoPC/DPoPE (PE mole fraction of tion in DPoPC/DPoPE vesicles. The amount of unbound
0.16) gave values of 542 nm (fwhm of 101 nm) and 550 nm retinal (absorption band at 380 nm) also increased systemati-
(fwhm of 96 nm), respectively. The blue shift in the cally with the decrease in the amount of regenerated protein.
maximum of the regenerated chromophore band (from 552 The retinal binding curves for regenerating bacterior-
nm in DMPC/CHAPS) appears to decrease with an increas-hodopsin in 100% DPoPC vesicles and DPoPC/DPoPE
ing PE component. While this blue shift may have physical vesicles (with a PE mole fraction of 0.19) were determined
significance, it more likely results from a decrease in the as described previoushB(). Figure 3 shows the change in
regenerated chromophore band intensity with increasing PEthe amount of regenerated chromophore as a function of
(see Table 1 and Figure 2a). Thus, as a result of this lowerretinal concentration for both 100% DPoPC and DPoPC/
density of data for the chromophore band, the apparent bandDPoPE (0.19 PE mole fraction). The level of chromophore
shift as a result of light scattering is smaller. absorption increases linearly with retinal concentration until
Bacteriorhodopsin Regeneration Yieldfie regeneration  a maximum is reached. As previously noted 80), the
yield of bacteriorhodopsin was about 95% in all 100% PC change in protein fluorescence as a function of retinal
systems that were studied. The introduction of PE into the concentration mirrors the change observed in regenerated
PC vesicles resulted in a marked decrease in regeneratiorchromophore absorbance. Figure 3a shows that in vesicles
yield (see Table 1). Figure 2a shows the decrease incomposed of 100% DPoPC all of the added retinal binds to
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Ficure 4: Fluorescence spectra of 10 dipyrenylPC in DPoPC and
®) DPoPC/DPoPE vesicles—) in 100% DPoPC and-{-) in mixed
4 20 DPoPC/DPoPE vesicles with a PE mole fraction of 0.35. Two sharp
jlg monomeric bandsM; and M,, are seen at 377 and 397 nm,
3 g 1 respectively, and an excimer band is seen-d%5 nm. Spectra
£ 3 3 1 4 were measured at Z& with an excitation wavelength of 342 nm.
§D g T Ju_ § The fluorescence intensity is normalized to that of the lower-
2w - ; g wavelength monomer fluorescence at 377 nm. The higher relative
5 & 2- 1= g excimer fluorescence in DPoPC/DPoPE vesicles reflects the higher
= 41108 8 lateral pressure in the hydrocarbon chain region of the bilayer.
) g ............................................. < 0
g E {8 §& . . .
23 1 128 Typical fluorescence spectra of 10 dipyrenylPC in both 100%
1 < DPoPC vesicles (no SDS present) and DPoPC/DPoPE
. 14 vesicles (with a PE mole fraction of 0.35 and no SDS present)
0 2 H 6 8 10 2 are shown in Figure 4. Two sharp monomeric barids,
[Retinal]/uM and M, are seen at 377 and 397 nm, respectively, and an

Ficure 3: Changes in chromophore absorbance and protein excimer band is seen at475 nm. The excimer is fqrmed
fluorescence as a function of retinal concentration, on regenerationWhen a ground state and excited-state pyrene moieties are
of bacteriorhodopsin in DPoPC and DPoPC/DPOPE vesicles. in close proximity (-3.5 A) and of the correct orientation
Regeneration of bacteriorhodopsin (A) in 100% DPoPC vesicles The ratio of the pyrene excimer to monomeg/Nl,)

and (B) in mixed DPoPC/DPOPE vesicles (PE mole fraction of f,orescence is an effective measure of the lateral pressure
0.19): changes in®) the area under the regenerated chromophore P

band and®) the area under the intrinsic protein fluorescence band. of the lipid Ch"_i'ns {1, 12,32). The greater relat_lve excimer

The lines through the points are shown as a guide, and represenfluorescence in the DPoPC/DPOPE vesicles is due to more
fits to a tight binding model of one retinal per protein. Each data collisions between pyrene molecules (on the same lipid
point represents measurements on separate bO samples (from thgnolecule), which reflects a greater lateral pressure of the

same bO preparation), to which retinal was added simultaneously. jiiq chains, Excimer formation between pyrenes on different
Errors are shown to one standard deviation from measurements o

three different sample preparations, all from the same proteinqabeled lipids is dependent on the pyrene concentration as
preparation. The protein concentration was@2 Samples were ~ Well as on the lipid lateral pressure. To avoid such inter-
measured after overnight incubation at %5 molecular excimers, the mole fraction of the pyrene-labeled

. . . . . lipid was about 0.001.
the protein until the concentration of the added retinal is Figure 2b shows the increase in the pyrene excimer to
approximately equal to that of the protein. After this point, monomer E/My) fluorescence as a function of increasin
almost all the available protein has bound retinal and PE concentraltion i1 DPoPC/DPOPE and DOPC/DOPgE
regenerat_ed b_acterlorhodop_sm. This is consistent with 8yesicles (with no SDS present). This reflects the increase in
regeneration yield of approximately 100% (see Table 1). In lipid chain lateral pressure on the introduction of PE. The
the DPOPC/DPOPE system (Figure 3b), however, all the same relative change of pyrene excimer to moﬁomer
retinal that is added binds to the protein until a maximum is fluorescence on PE c%ncentr%ion was observed for DPOPC/
reached when the retinal concentration is approximately equalDPoPE vesicles with 0.1% SDS present
to 50% of the protein concentration. Again this is consistent ' P '
with the regeneration yield of 62% reported in Table 1 for 5 5cyssION
DPoPC/DPoPE vesicles with a slightly lower PE mole

fraction of 0.16. Three lipid-based refolding systems have been developed
Determination of the Lipid Lateral Pressure in the Chain for an investigation into the effect of intermolecular forces
Region.Changes in the lateral pressure of the lipid chains within lipid bilayers on the refolding of bacteriorhodopsin.
in the vesicles were estimated by incorporating the pyrene- Each system meets two key requirements. First, they allow
labeled lipid, L-a-1,2-bis(1-pyrenyldecanoyl)phosphatidyl- manipulation of the intermolecular lipid forces through the
choline (10 dipyrenylPC), into the PC/PE vesicles. This incorporation of PE lipids into a PC bilayer. This increases
attachment of the pyrenes at position C10 of the lipid chains both the monolayer torque tension and the lateral pressure
means the pyrenes are located in the chain region of theof the lipid chains. Second, bacteriorhodopsin can be
membrane from C10 down to the bilayer midpoint, and thus regenerated from its SDS-denatured apoprotein state to high
monitor pressure changes around the center of the bilayeryield, with a >90% vyield of regenerated protein being
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obtained in DMPC, DOPC, or DPoPC vesicles. The chro- bacterioopsin in its native membrane environment also reveal
mophore absorption band of the dark-adapted, regeneratedhoncovalently bound retinal, protein intermediates with
bacteriorhodopsin in DPoPC vesicles seems to have anabsorption maxima at 400 and 430/460 ni6, (37, 38). A
absorption maximum at 542 nm, which appears blue shifted 440 nm retinat-protein intermediate may be present in the
compared to that of 554 nm for bacteriorhodopsin previously final spectra of bacteriorhodopsin regenerated in the PC/PE
regenerated in mixed DMPC/CHAPS micellés 26, 30). systems; however, the noise in the absorption data as a result
However, the chromophore band in DMPC/CHAPS micelles of background light scattering means that this 440 nm
also appears to be blue-shifted to 547 nm in the presence oftomponent cannot be accurately resolved (see the Results).
significant light scattering (see the Results). Thus, the Dependence of Bacteriorhodopsin Regeneration Yield on
apparent blue shift of the regenerated chromophore band inthe Lipid Chain Lateral Pressurelncreasing the mole
the DPoPC vesicles is most likely a result of the light fraction of the nonbilayer, PE lipid in the mixed PC/PE lipid
scattering from the vesicles. The oscillator strengths of the systems increases the monolayer torque tension and lateral
chromophore absorption bands in DPoPC and DMPC/ pressure in the lipid chain regio)( There is a direct
CHAPS agree to within 12%. The native chromophore is correlation between the regeneration yield of bacteriorhodop-
therefore regenerated in DPoPC vesicles, reflecting recoverysin in PC/PE lipid vesicles and the lateral pressure in the
of native-like bacteriorhodopsin. bilayer center (Figure 2). An increase in the lateral pressure
A correct match in the hydrophobic thickness of the bilayer of the lipid chains (see Figure 2b) is accompanied by a
and a membrane proteif,(33) is likely to be important for decrease in the regeneration yield of bacteriorhodopsin (see
protein folding. Although there are conflicting literature Figure 2a) for all three regeneration systems that were
reports about the magnitude of the hydrophobic thicknessesinvestigated (see Table 1). A comparison of the two
of the three lipid systems we have investigatgd 35), the unsaturated DOPC/DOPE and DPoPC/DPoPE systems shows
hydrophobic thicknesses of lipid systems probably only differ that the dependence of the regeneration yield on the
by about 4 A, and are little affected by PE content. Any concentration of PE is not equal. Although the increase in
resulting hydrophobic mismatch with bacteriorhodopsin has lipid chain lateral pressure with increasing PE levels appears
no effect on the ability of each 100% PC system that was to be the same in both vesicle systems (see Figure 2b), a
investigated to refold bacteriorhodopsin. Although the in- slightly greater decrease in regeneration yield was consis-
troduction of PE is unlikely to change the hydrophobic tently observed with increasing PE levels in DOPC/DOPE
thickness, it may alter the effective lipid lateral pressure vesicles than in DPoOPC/DPoPE vesicles (see Table 1). It
experienced by the protein (see Dependence of Bacterior-should however be noted that the 10 dipyrenylPC measure-
hodopsin Regeneration Yield on the Lipid Chain Lateral ments used here do not probe the complete lipid chain
Pressure). pressure profile. Furthermore, the hydrophobic thickness of
Our results show that a great deal of caution must be takenDOPC/DOPE and DPoPC/DPoPE bilayers must differ by
when interpreting absorption spectra of lipid vesicle samples approximately 3 A, which means at least one of these systems
that scatter significant amounts of the measuring lights is slightly mismatched with respect to the hydrophobic
is an important point for studies of membrane proteins where thickness of bacteriorhodopsin. As already discussed (see
absorption measurements are routinely made on samples thahe introductory section), such hydrophobic mismatches alter
scatter significant amounts of light, and usually by subtraction the lateral pressure in the region of the protein.
of a scattering reference background (generally without an  An increase in the monolayer torque tension and lipid
integrating sphere to maximize the scattered light collection). chain lateral pressure in PE/PC vesicles appears to impede
We have shown that such an approach is not valid, and canthe regeneration of bacteriorhodopsin. The state of the protein
result in artifactual band shifts, intensity changes, and the that is unable to regenerate bacteriorhodopsin in PC/PE
introduction of spurious absorption bands. vesicles is unclear, along with why this protein appears to
Dependence of Regeneration Yield on the PE Content ofbe unable to bind retinal. Two of the simplest scenarios based
PC/PE Lipid VesiclesThe introduction of PE into DPoPC, on all our data to date are as follows. First (model 1, Figure
DOPC, or DMPC vesicles causes a reduction in the 5), the protein that does not regenerate bacteriorhodopsin is
regeneration yield of bacteriorhodopsin (see Table 1 andunable to insert into the lipid membrane and remains partially
Figure 2a). The regenerated bacteriorhodopsin in DPoPC/denatured in SDS micelles. An increase in the monolayer
DPoPE vesicles has an absorption maximum at 550 nm andtorque tension, as well as in the lipid chain lateral pressure,
an oscillator strength within 10% of that regenerated in on addition of PE will make it more difficult for this
DPoPC vesicles alone. Thus, the protein that does regeneratédenatured protein to enter the bilayer. The relatively small
in DPoPC/DPOPE vesicles exhibits a native-like chro- amount of SDS used in our experiments is insufficient to
mophore. If we assume that retinal binding causes a red shiftrelease the torque tension enough to allow the protein to
in the absorption spectrum of retinal from 380 nm, our results insert. However, this is clearly finely balanced since increas-
also imply that the protein which is unable to regenerate ing the SDS concentration (from 0.1 to 0.2%, final concen-
native-like bacteriorhodopsin is also unable to bind retinal. tration) shifts the refolding equilibrium to the SDS-denatured
However, due to the light scattering by the vesicles, a red protein, thus maintaining a low regeneration yield (results
shift of about 16-20 nm of the retinal absorption band (i.e., not shown).
to 390-400 nm) could not be reliably detected in our The second possible explanation (model 2, Figure 5) is
measurements. We have previously reported that a transientthat all of the protein can insert into the lipid membrane;
430 nm retinat-protein intermediate is involved in the however, not all of the protein is able to fold correctly. We
regeneration of bacteriorhodopsin in DMPC/CHAPS micelles have shown previously that a rate-limiting folding step
(36). Extensive regeneration studies of retinal binding to appears to be slowed by increasing the lipid chain lateral
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rate-limiting Schiff base
helix pafking formation possibly
(pos.; ;b ‘Iiy A involving another
controlied by RE AL retinal-protein
lipid Iaterc)zl intermediate
pressure
—— — — retinal-
—— S — protein
intermediate
SDS- loosely packed tightly packed partially folded regenerated
denatured bundle of hetix bundle of helix intermediate with bacteriorhodopsin
bacterioopsin cores cores native secondary
structure
Model 1 Model 2
Insertion into the Folding, and as a result retinal binding,
bilayer is hindered within the bilayer is hindered

Ficure 5: Possible steps in the folding and assembly of bacteriorhodopsin that may be modulated by an increase in monolayer torque
tension and lipid chain lateral pressure. In model 1, the increase in monolayer torque tension and lipid chain lateral pressure, as PE is
introduced into the bilayer, lowers the regeneration yield by hindering insertion into the bilayer. In model 2, the regeneration yield is
lowered as a result of the increased lipid chain lateral pressure impeding protein folding and assembly, possibly to the extent of trapping
an intermediate in the assembly process. The stages within the bilayer that may be hindered by the increased lipid lateral pressure are a
rate-limiting (possible helix packing) step or retinal binding to a partially folded intermediate with native secondary structure where the
helix bundle is too tightly packed. The reaction scheme is based on the hypothesis developed for the folding of the protein from studies in
DMPC/DHPC micellesZ7), and is only one possible scheme. Not only may there be additional steps, but also the rate-limiting step could
reflect insertion of certain helical segments into the bilayer.

pressure. The introduction of PE into PC vesicles is thereforetions), rhodopsin 41), Ca&"™-ATPase 42), and lactose
also likely to result in a slowing of this rate-limiting step, permease43). Since helix movements have been shown to
possibly to the extent of effectively trapping a folding be important in the function of rhodopsid4), it therefore
intermediate (or allowing a competing reaction which does seems likely that the increase in the lipid chain lateral
not lead to functional protein), thus resulting in a lower pressure, as a result of increasing the PE content, could
regeneration yield. Although it is possible that a retinal-bound modulate the function of rhodopsin (and hence the other
assembly intermediate is trapped (for example, the 430 nmexamples mentioned here) by affecting helix movement. The
retinal-protein intermediate), the simplest interpretation of cell membrane composition of botascherichia coliand
our data thus far is that it is folding prior to retinal binding Acholeplasma laidlawi{45, 46) is also altered in response
which is affected by the increase in lipid chain lateral to their environment. Relative ratios of bilayer and nonbilayer
pressure. lipids are varied such that the membrane maintains a
In principle, the two models shown in Figure 5 could be particular monolayer torque tension, thus presumably opti-
distinguished by separating any protein-containing SDS mizing membrane activity.
micelles from bacteriorhodopsin-containing lipid vesicles.  We have developed efficient refolding systems that allow
However, column chromatography cannot be applied, since specific bilayer properties to be altered and the resulting
it will perturb the equilibrium that is being studied. It has effect on membrane protein folding to be determined.
also not proved to be possible to separate the two specieBacteriorhodopsin is the onky-helical integral membrane
by density gradient centrifugation or to obtain conclusive protein for which a biophysical study of protein folding
results on the relative populations of protein-containing SDS events and conformational changes involving transmembrane
micelles and lipid vesicles from particle sizing by dynamic «a-helices is currently possible. The lyotropic properties of
light scattering or electron microscopy. the native lipids of purple membrarephosphatidyl glyc-
The results presented here, together with our previouserophosphate, phosphatidyl glycerol, sulfonated lipids (gly-
report (7), strongly suggest that the monolayer torque tension colipid sulfate and phosphatidyl glycerosulfate), and neutral
and lateral pressure within lipid bilayers can modulate the lipids (e.g., squalenesi{)—have not been studied in detail.
insertion and folding of membrane proteins. This offers the Thus, extensively studied PC and PE lipids (which are also
potential to control specific membrane processes, such asnajor constituents of biological membranes) have been
transmembrane helix movement. Furthermore, there ischosen here for the development of a model system. This
mounting evidence that these lipid intermolecular forces has allowed us to investigate the generic properties of
within bilayers play key roles both in vitro and in vivo. The biological membranes that may modulate protein assembly
recent novel crystallization method reported for bacterior- and function. The fact that bacteriorhodopsin can be refolded
hodopsin seems to be dependent on the manipulation of theto full functionality in PC/PE systems, and its behavior
lipid intermolecular forces39). The introduction of PE into  modulated, appears to lend support to the idea that perhaps
PC bilayers has also been shown to modulate the functionthe precise chemical details of the membrane composition
of several membrane-bound proteins, including alamethicin are not as important as the physical pressures that the
(40), cytidyl transferase (G. S. Attard, R. H. Templer, W. S. membrane exerts on the protein. Bilayer lateral pressure and
Smith, A. N. Hunt, and S. Jackowski, unpublished observa- torque tension in particular may be important means of
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regulating membrane function which can be exploited as a
means of controlling membrane processes.
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