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ABSTRACT: In order to characterize the thermodynamic constraints on the process of integral membrane
protein folding and assembly, we have conducted a biophysical dissection of the structure of
bacteriorhodopsin (BR), a prototypicalR-helical integral membrane protein. Seven polypeptides were
synthesized, corresponding to each of the seven transmembraneR-helices in BR, and the structure of
each individual polypeptide was characterized in reconstituted phospholipid vesicles. Five of the seven
polypeptides form stable transmembraneR-helices in isolation from the remainder of the tertiary structure
of BR. However, using our reconstitution protocols, the polypeptide corresponding to the F helix in BR
does not form any stable secondary structure in reconstituted vesicles, and the polypeptide corresponding
to the G helix forms a hyperstableâ-sheet structure with its strands oriented perpendicular to the plane
of the membrane. [The polypeptide corresponding to the C helix spontaneously equilibrates in a pH-
dependent manner between a transmembraneR-helical conformation, a peripherally bound nonhelical
conformation, and a fully water soluble conformation; the conformational properties of this polypeptide
are the subject of the accompanying paper: Hunt et al. (1997)Biochemistry 36, 15177-15192.] Our
observations suggest that the folding ofR-helical integral membrane proteins may proceed spontaneously.
However, the preference for a non-native conformation exhibited by two of the polypeptides suggests
that the formation of some transmembrane substructures could require external constraints such as the
links between the helices, interactions with the rest of the protein, or the involvement of cellular chaperones
or translocases. Our results also suggest a strategy for improving the thermodynamic stability ofR-helical
integral membrane proteins, a goal that could facilitate attempts to overexpress and/or refold them.

According to the Anfinsen paradigm, all of the information
necessary for the folding of a protein is contained in its linear
sequence of amino acids (Anfinsen, 1973). Thirty-five years
of research support the validity of this inference with respect
to the folding of water-soluble proteins in that they all seem
to be capable of folding to the native state on their own
(Fersht, 1993; Dobson, 1994; Ptitsyn, 1995). However, the
efficiency of this process can be poor, especially in the
crowded molecular environment inside living cells, and
research during the last ten years has established that a large
class of molecular chaperone proteins has evolved to control
and assist the folding of water-soluble proteinsin ViVo (Hartl,
1996; Ellis, 1994; Georgopoulos & Welch, 1993). Although
it is generally assumed that these same basic principles and

chaperone systems are involved in the folding of integral
membrane proteins (IMP’s),1 i.e. proteins that reside in the
heterogeneous chemical microenvironment of the phospho-
lipid bilayer, detailed knowledge in this area remains in a
comparatively primitive state. The spontaneous refolding
of IMP’s has been demonstrated in principle (Huang et al.,
1981; Popot et al., 1987; Surrey & Jahnig, 1992; Klein-
schmidt & Tamm, 1996), although for a very small number
of proteins, and there are a few well-characterized examples
establishing the participation of specific molecular chaper-
ones in the folding and/or assembly of some individual IMP’s
(Kumamoto, 1991; Baker et al., 1994; Ora & Helenius,
1995). However, the generality of these results remains to
be established. And, given the small number of systems that
have been characterized phenomenologically, very limited
mechanistic data are available concerning the structural/
thermodynamic pathway of IMP folding (von Heijne, 1994;
von Heijne & Blomberg, 1979; Blobel, 1980; Engelman &
Steitz, 1981; Wickner, 1980).
In the meantime, it has been proposed that the folding

pathway could be particularly simple for IMP’s with
exclusivelyR-helical transmembrane (TM) structure (En-
gelman & Steitz, 1981; Popot & Engelman, 1990). Hydr-
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opathy algorithms identify putative TMR-helices in the
primary sequence of an IMP by scanning it for regions that
are long enough and hydrophobic enough to span a phos-
pholipid bilayer in anR-helical conformation (von Heijne,
1980; Kyte & Doolittle, 1982; Engelman et al., 1986); these
algorithms are believed to be quite reliable and have proven
to be correct for the small set ofR-helical IMP’s where
structure has been characterized at high resolution (Engelman
et al., 1986). One hydropathy algorithm estimates the free
energy of transferring each 20-residue segment of the protein
from water into a phospholipid bilayer in anR-helical
conformation (Engelman et al., 1986). The magnitude of
the free energy of insertion estimated in this way is very
large, with valuese-15 kcal/mol calculated for the experi-
mentally observed structures. Because this estimate is made
for a single, isolated TMR-helix, it suggests that these helices
should be thermodynamically stable in the TM configuration,
even in the absence of any other structural interactions. On
this basis, the folding of polytopicR-helical IMP’s (i.e.
proteins with more than one TMR-helix) could proceed by
a simple, two-step pathway in which all of the individual
R-helices are stably inserted into the phospholipid bilayer
in the first step followed by their association within the plane
of the bilayer to form the final tertiary structure in a second,
mechanistically independent step (Popot & Engelman, 1990).
If this two-step model were correct in detail, the folding

of polytopicR-helical IMP’s would be expected to proceed
efficiently bothin ViVoandin Vitro. Moreover, these proteins
would be expected to be conformationally robust once
inserted into a phospholipid bilayer because transient unfold-
ing fluctuations would simply return the protein to the
intermediate state comprising the individually stable TM
R-helices. However, both of these expectations stand in
contrast to the common biochemical experience with poly-
topicR-helical IMP’s because most of them do not efficiently
re-fold to the native state once denatured and many of them
exhibit limited stabilityin Vitro, even when reconstituted into
naturally occurring phospholipid bilayers (Helenius & Si-
mons, 1975; Kuhlbrandt, 1988, 1992).
As an initial step toward characterizing the mechanistic

basis of this discrepancy, we decided to test whether synthetic
peptides corresponding to the individualR-helices from a
polytopic IMP are stable in the TM configuration in isolation
from the remainder of the tertiary structure of the protein.
We chose to use the prototypical IMP bacteriorhodopsin (BR)
for this study because its structure is known at high resolution
(Henderson et al., 1990; Grigorieff et al., 1996) and it is
one of the few polytopicR-helical IMP’s that have been
successfully re-folded to the native stable statein Vitro
(Huang et al., 1981; Popot et al., 1987). In this paper, we
show that, while four of the seven TMR-helices from BR
are stable in the TM configuration on their own, two of them
are not. [The seventh helix spontaneously equilibrates
between a fully water-soluble stable state, a peripherally
membrane-bound state, and a TMR-helical state; the
properties of the synthetic peptide corresponding to this helix
are described in the accompanying paper by Hunt et al.
(1997).] These results represent an exploration of the
conformational and thermodynamic constraints on the folding
of BR.

EXPERIMENTAL PROCEDURES

Materials. Formic acid (90%) was purchased from J. T.
Baker (Phillipsburg, NJ) in polymer characterization solvent

grade. 2,2,2-Trifluoroethanol and ethanol were purchased
from Lancaster Synthesis (Windham, NH) and Aaper Alco-
hol and Chemical Company (Shelbyville, KY), respectively.
Buffers. Dilute phosphate buffer (DPB) contained 20 mM

NaCl, 5 mM NaHPO4, pH 6.15. SDS buffer contained 5%
SDS (w/v), 30 mM NaHPO4, 0.025% NaN3, pH 8.0.
Potassium buffer (KB) contained 150 mM KCl, 30 mM
KHPO4, 0.025% NaN3, pH 6.0.
Peptide Synthesis and Purification. The BR peptides were

synthesized usingt-BOC chemistry by James Elliot at the
W. M. Keck Foundation Biotechnology Resource Laboratory
at Yale University; they were purified by reversed phase
chromatography on a C18 phase using a water/acetonitrile/
TFA gradient. The peptides comprise the following residues
in the sequence of mature bacteriorhodopsin (see also Figure
1): BR-A) gly-6 through phe-42; BR-B) asp-36 through
phe-71; BR-D) val-101 through phe-135; BR-E) thr-128
through glu-166; BR-F) ala-160 through glu-204; and
BR-G ) ser-193 through ala-233. Both the amino and
carboxy termini of all of the peptides are free (i.e.unblocked),
except for the carboxy terminus of the BR-A peptide which
is amidated. A second BR-B peptide was synthesized and
characterized containing an identical sequence but an acety-
lated amino terminus and an amidated carboxy terminus. The
biochemical and spectroscopic properties of this second
BR-B peptide are very similar to that of the peptide with
the free termini with two exceptions: The blocked peptide
shows substantially lower solubility in the hydro-organic
solvent used for purification of the peptide, and it also shows
a lower content of the surface-associatedâ-sheet structure
than the peptide with the free termini when reconstituted into
vesicles at an equivalent lipid-to-protein ratio.
Phospholipid Preparation. The polar lipid fraction from

Halobacterium salinarium(Halo-lipids) was isolated using
the methods of Kates et al. (1982) as modified by Popot et
al. (1987). A stock ofHalo-lipids containing a trace14C-
label was prepared as described in Hunt et al. (1997) and
dissolved in SDS buffer; dissolution was promoted by bath
sonication at 45°C.
Peptide Solubilization. The BR peptides were transferred

to SDS buffer by dialysis (Liao et al., 1984; Huang et al.,
1981; Popot et al., 1987) after solubilizing them in one of
two different organic solvent systems. Peptide samples
solubilized in the two different solvent systems were
reconstituted and studied independently; for all six BR
peptides, identical conformational properties were observed
for samples prepared in both ways.
One solvent system comprised a mixture of formic acid,

ethanol, and ethanolamine. In this case, the lyophilized
peptide was dissolved at 2 mg/mL in 90% formic acid. This
solution was diluted with 2 vol of ethanol and then
neutralized by the addition of 1 vol of ethanolamine. To
dissipate the evolved heat, the ethanolamine was added
dropwise while the formic acid solution was held in an ice/
water bath. Finally, solid SDS was added at a concentration
of 5% (w/v) prior to the initiation of dialysis against SDS
buffer. The second solvent system comprised a mixture of
water and 2,2,2-trifluoroethanol (TFE). In this case, the
lyophilized peptide was dispersed at 2 mg/mL in TFE; this
solution was diluted with 1 vol of purified water, and solid
SDS was added at a concentration of 5% (w/v) prior to the
initiation of dialysis against SDS buffer. Dialysis was
performed in Spectrapor 6 dialysis tubing (1000 molecular
weight cutoff). The volume of the dialysis buffer was at
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FIGURE 1: Sequences of the synthetic peptides corresponding to the individual transmembraneR-helices in bacteriorhodopsin and schematic
summary of their structural properties in reconstituted phospholipid vesicles. The top row in the figure shows the sequences of the six
synthetic polypeptides used in these experiments. The solid boxes delineate the experimentally observed limits of theR-helices in the
electron crystallographic structure of intact BR (Henderson et al., 1990). The dashed and dotted lines indicate the positions of the protease
cleavage sites deduced from the molecular protease protection experiments (see Figure 5), with the lines indicating locations where it was
possible to assign the cleavage site to a single peptide bond and the boxes indicating locations where is was only possible to define the
cleavage site within a range of peptide bonds. The dashed lines and boxes indicate definitive (i.e. unique) assignments, while the dotted
lines indicate the locations of all of the possible cleavage sites for the proteolytic fragments for which a unique assignment was not possible.
The second row in the figure shows the hydropathy profile of the peptide sequences as calculated using the algorithm of Goldman, Engelman,
and Steitz (Engelman et al., 1986). Finally, the bottom row in the figure shows a schematic diagram of the observed conformational
properties of the peptides as deduced from the experiments described in this paper.

15158 Biochemistry, Vol. 36, No. 49, 1997 Hunt et al.



least 200 times that of the hydro-organic mixture, and the
buffer was changed twice during a total period of 48-72 h
in dialysis. The buffer had a pH of 8.0 for the initial round
of dialysis and a pH of 6.0 for the subsequent two rounds.
Except for the BR-G peptide, which does not contain any

tyrosine or tryptophan residues, the concentration of the
peptides in the SDS buffer was inferred from the absorbance
of the solutions at 280 nm in conjunction with the use ofa
priori extinction coefficients (Cantor & Schimmel, 1980).
For the BR-G peptide, the concentration was determined by
the use of the bicinchoninic acid assay (Pierce Chemicals,
Rockford, IL); this assay was also used to confirm the peptide
concentration in many of the other samples. The two
concentration estimates agreed within 15% for all of the
peptides except BR-D, which appeared to have an anoma-
lously high extinction coefficient.
All of the peptides except the BR-E peptide dissolved

immediately in 95% formic acid and also dissolved rapidly
and completely in 50% aqueous TFE, suggesting that they
are fully soluble in these solvent systems. The solutions
containing the BR-E peptide, on the other hand, remained
turbid until after the addition of SDS; these solutions cleared
slowly over the course of approximately 2 h following the
addition of SDS. The BR-E peptide did not seem to be
soluble even in neat TFA, once again in contrast to the
behavior of the other five BR peptides.
Peptide Reconstitution. The polypeptides were mixed with

Halo-lipids in SDS buffer at a 5:1 weight ratio of lipid-to-
protein, and reconstitution was accomplished using the
potassium precipitation technique of Popot et al. (1987) with
the addition of 0.5 mM MgCl2 to all of the buffers; in brief,
this technique involves collection of the potassium dodecyl
sulfate precipitate by low-speed centrifugation followed by
extensive dialysis of the vesicles in the supernatant against
KB. Following reconstitution, the vesicles were collected
by sedimentation in a Ti55 rotor (Beckman Instruments, Palo
Alto, CA) at 50 000 rpm and 4°C for 16 h and then purified
by equilibrium density gradient centrifugation on a 5% to
40% (w/v) linear sucrose gradient with a 60% (w/v) sucrose
cushion. The gradients contained 200 mM NaCl, 25 mM
MES, 0.025% NaN3, pH 6.15, and were run at 4°C in either
an SW60Ti rotor (17 h) or an SW28 rotor (41 h). The
positions of the vesicles were identified visually on the basis
of their turbidity, and they were removed from the gradients
by piercing the side of the tube with a needle and withdraw-
ing the solution with a syringe. Many of the vesicle
preparations exhibited more than one density class on the
sucrose gradient, and in these cases, the vesicles in each class
were harvested and characterized separately. The reconsti-
tuted vesicles were stored in sucrose at-20 °C pending
analysis.
Except for the BR-G samples, the peptide concentration

in the vesicles was determined by solubilizing a small aliquot
in 1% SDS and measuring the absorbance of the resulting
solution at 280 nm. The concentration of the BR-G peptide
was determined by quantitative amino acid analysis, and this
method was used to confirm the peptide concentration in
most of the other samples. The phospholipid concentration
was determined by scintillation counting using the trace14C
radiolabel. The observed weight ratios of lipid-to-protein
in the vesicle preparations were as follows: 4.4:1 for the
BR-A peptide; 1.6:1 and 1.9:1 for the BR-B peptide; 1.4:1
2.4:1, 2.6:1, 6.9:1, and 9.7:1 for the BR-D peptide; 4.8:1
and 5.6:1 for the BR-E peptide; 1.0:1, 1.6:1 and 13:1 for

the BR-F peptide; and 2.8:1 for the BR-G peptide. Ad-
ditional samples of the BR-B and BR-F peptides at a lipid-
to-protein weight ratio of approximately 5:1 were produced
by cosedimentation of protein containing vesicles and pure
lipid vesicles. The pellet was frozen and thawed four times
prior to resuspension for structural studies. [The molar ratio
of phospholipid-to-protein in the vesicles can be calculated
based on an average molecular weight of 990 g/mol for the
Halo-lipids; Kates et al. (1982).] All of the vesicles
containing each BR peptide displayed fundamentally equiva-
lent biochemical and spectroscopic properties irrespective
of the lipid-to-protein ratio, except for the samples of the
BR-D peptide at lipid-to-protein weight ratios lower than or
equal to 2.6:1, which showed a mixture ofR-helix and
â-sheet structure with no well-defined orientation relative
to the lipid bilayer (as determined by polarized FTIR
spectroscopy).
CD Spectroscopy.Peptide-containing vesicles in sucrose

solution were diluted at least 1:1 with pure water and
collected by sedimentation for at least 45 min in an A95
rotor in a Beckman Airfuge running at maximum speed. The
supernatant was removed using a drawn-out Pasteur pipet,
and the pellet was resuspended in DPB/2 (i.e.DPB diluted
1:1 with water) by homogenizing it using a Microman M-50
positive-displacement micropipet (Rainin, Woburn, MA).
Following resuspension, the vesicles were treated 6 times
with a 10 s burst from a microtip probe sonicator at
maximum power; CD spectra of these samples were mea-
sured at 25°C within 2 h of thetime of sonication (although
the spectra were reasonably stable over the course of several
days). Peptide samples in SDS buffer were diluted 1:9 with
pure water prior to CD measurements. The protein concen-
tration in all of the CD samples was determined by
quantitative amino acid analysis and ranged from 40µg/mL
to 120µg/mL. Spectra were acquired and processed using
the same methods described in Hunt et al. (1997) except that
samples were measured in a 1.00 mm path length cuvette
(Hellma Cells, Jamaica, NY) in the wavelength range from
290 to 185 nm.
The secondary structure content was evaluated using the

regularized least-squares algorithm implemented in the
program CONTIN (Provencher & Glockner, 1981). For
most of the spectra, solutions were chosen with approxi-
mately 5 effective degrees of freedom in order to minimize
overfitting (Johnson, 1990; Provencher & Glockner, 1981).
However, some of the spectra were not fit adequately by
such solutions, and, in these cases, solutions were chosen
with a higher number of effective degrees of freedom such
that the standard deviation of the fit (i.e. the discrepancy
between the observed and predicted spectra) was roughly
consistent for all of the spectra.
Preparation of Macroscopically-Ordered Protein/Phos-

pholipid Multilayers. Vesicles were sedimented out of the
sucrose stock solution as described above for the CD
measurements and then washed by resuspending them in
water and pelleting them a second time using the same
protocol. The second pellet was resuspended in approxi-
mately 0.7 mL of DPB/150 (i.e. DPB diluted 1:149 with
water), sonicated as described above, and then filtered
through a 0.22 mm polycarbonate syringe filter (CoStar,
Cambridge, MA). The filtered samples were stored at-20
°C pending deposition on AgCl windows using isopotential
spin-dry centrifugation (Clark et al., 1980) as described in
Hunt et al. (1997). The samples contained approximately

A Biophysical Study of IMP Folding Biochemistry, Vol. 36, No. 49, 199715159



225 µg of protein and between 450µg and 2 mg of
phospholipid, depending on the protein sample.

Polarized FTIR Spectroscopy.Polarized FTIR spectra
were measured and processed as described in Hunt et al.
(1997). The order parameters for the vibrational transition
dipole moments that are reported in Table 1 are derived from
analysis of complete tilt-series data from each multilamellar
film (Rothschild & Clark, 1979a; Earnest et al., 1986). The
dichroic ratios of the corresponding absorbances were
measured at 4 different angles of incidence (0, 37, 45, and
52° inclination of the surface normal of the sample relative
to the incident beam), and the resulting dichroism plots used
to perform linear regression analysis are presented in Figure
S1 in the Supporting Information. The effectiveR-helix tilt
was calculated based on the observed dichroism of the amide
II absorbance using the approach of Rothschild and Clark
(1979a) and Earnest et al. (1986); these calculations assumed
a value of 1.55 for the refractive index of multilayers, an
order parameter of 1.0 for the mosaicity of the multilayers,
a mean helix length of 22 residues, and values of 74 and
45.5° for the angle of inclination of the amide II transition
dipole moment relative to the axis of anR-helix orâ-strand,
respectively. The assumed orientation of the amide II
transition dipole moment is derived from experimental
measurements in the case of theR-helix (Fraser & MacRae,
1973; Nevskaya & Chirgadze, 1976) but from calculations
based on ideal secondary structure geometry in the case of
theâ-strand (Chirgadze & Nevskaya, 1976); an equivalent
calculation applied to an idealizedR-helix agrees very well
with the experimentally measured value of the parameter.
The reported range of effectiveâ-strand tilt is derived based
on the assumption that the strands comprise 24-40 residues
in each monomer of the BR-G peptide.

Amide Exchange Experiments.After recording FTIR
spectra from the hydrated film, it was transferred to a dry
box (i.e.an environment maintained at less than 10% relative
humidity using a continuous dry-air purge) where it was
dehydrated by storage at room temperature for a minimum
of 72 h. After recording FTIR spectra from the dry film in
order to confirm dehydration, 8µL of D2O was added
directly to its surface. The sample was tilted until the liquid
had wet the entire surface of the film and then incubated in
the dry environment for 15-30 min in order to allow most
of the excess D2O to evaporate. While some bulk D2O was
still visible on the surface of the film, it was transferred to
a sealed chamber maintained at a relative humidity of 98%
(in D2O) by a saturated solution of K2SO4 in D2O. After all
of the bulk D2O had evaporated from the surface of the film
(approximately 4 h after the addition of the D2O), the sample
was loaded into a compression mount inside the dry box
and then mounted in the spectrometer. Polarized FTIR
spectra of the sample were measured continuously for the
next 15-40 h. The level of deuteration in all samples was
monitored by the relative intensity of the O-D Vs O-H
stretching absorbances in the spectra. For all of the D2O-
containing samples presented in this paper, the area ratio of
the O-D absorbance to the O-H absorbance was a
minimum of 4:1; because the extinction coefficient of the
O-D mode is substantially lower than that of the O-H
mode, the overall level of deuteration in these samples was
very high.

The amide exchange level in the samples was quantitated
using simple trapezoid-rule integration of the amide II peaks

from the hydratedVs deuterated samples; these calculations
were performed using the program LabCalc (Galactic
Industries, Nashua, NH). The level of exchange in the total
population was evaluated based on integration of the peaks
in the absolute absorbance spectra collected with perpen-
dicular polarization of the beam relative to the optical plane
of incidence, while the level of exchange in the oriented
population was evaluated based on integration of the peaks
in the dichroism spectra. The spectra to be compared were
normalized based on the intensity of the lipid peaks in the
absolute absorbance spectra; trapezoid-rule integration was
applied to the lipid CH3 symmetric deformation absorbance
centered at 1380 cm-1 and/or the lipid CH2 symmetric stretch
absorbance centered at 2830 cm-1 (Casal & Mantsch, 1984;
Senak et al., 1991) following application of a linear base-
line correction locally to each peak. The magnitude of the
inferred linear scale factor was typically less than 5% and
always less than 15%, and its value was verified on the basis
of interactive subtraction of the spectra so as to cancel out
the intensity of the lipid absorbances.

Prior to integration of the amide II absorbance, a linear
baseline correction was applied to each spectrum using the
automated algorithm described in Hunt et al. (1997). The
inherent baseline ambiguity in an infrared spectrum gives
rise to an uncertainty in the absolute absorbance level which
in turn produces a significant uncertainty in quantitating the
level of amide exchange, even when a consistent baseline
correction is applied to the pre- and post- exchange spectra.
Therefore, the level of amide exchange in the samples was
evaluated using three different baseline correction protocols
in which different pairs of flanking frequencies were adjusted
to have zero absorbance: 1780 and 900 cm-1, 1780 and 1300
cm-1, or 1580 and 1490 cm-1. The narrowest interval
spanned just the region of the amide II peak itself, and
baseline correction in this interval yielded the lowest estimate
of protection (i.e. the highest estimate of exchange). Table
1 shows the two extreme estimates of protection derived in
this way. Note that this ambiguity does not affect quanti-
tation of the exchange level in the dichroism spectra because
the baseline is generally consistent between spectra differing
only in the polarization of the incident beam.

Protease Protection Experiments.Vesicles were collected
out of the sucrose stock solution as described for the CD
experiments and resuspended at a protein concentration of
1 mg/mL in a buffer containing 125 mM NaCl, 62.5 mM
Tris, pH 8. These solutions were diluted 0.8× in the final
reaction mixture. After addition of proteinase K to a working
concentration of 50µg/mL, the samples were subjected to
five rounds of freeze-thaw (using liquid nitrogen) im-
mediately prior to incubation at 37°C for either 2.5 h or 5
h. A concentrated stock solution of the protease at 2.5 mg/
mL was stored frozen in 1 mM CaCl2 and diluted further
immediately prior to use. CHAPS was used at a final
concentration of 2% (w/v) in a subset of the samples. The
reactions were stopped by adding phenylmethylsulfonyl
fluoride (PMSF) to a final concentration of 2 mM (using a
stock solution at 20 mM in isopropyl alcohol); following a
10 min incubation at room temperature, the samples were
frozen in liquid nitrogen and lyophilized.

The proteolysis reactions were analyzed using reversed-
phase chromatography in a tetrahydrofuran (THF) gradient
system. This solvent was chosen because it produces nearly
quantitative recovery of large hydrophobic polypeptides
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(Hunt, 1993). A 4.6 mm internal diameter× 75 mm
micropellicular (Kalghatgi & Horva´th, 1987) HyTach C18
column (Glycotech, Hamden, CT) was run at 50°C using a
flow rate of 1.0 mL/min. The samples were loaded onto
the column in 0.5 mL of 90% formic acid. The gradient
profile was as follows: 8 min isocratic at 28.5% THF; 10
min linear gradient to 95% THF; 2 min isocratic at 95%
THF. All eluents contained 0.1% trifluoroactetic acid (TFA).
Column fractions were collected at 1 min intervals; they were
lyophilized immediately at the end of each column run and
stored at-20 °C pending further analysis.
Mass Spectrometry.Mass spectrometry was performed

by W. J. McMurray and G. Giordano at the Biochemical
Mass Spectrometry Facility at the Yale University School
of Medicine. The lyophilized column fractions were dis-
solved in concentrated TFA and spotted onto a matrix of
m-nitrobenzyl alcohol prior to analysis using a double-
focusing mass spectrometer (VG Analytical, Manchester,
U.K.) equipped with a cesium ion fast atom bombardment
(FAB) probe (Senko & McLafferty, 1994). All of the
column fractions showing significant absorbance at 215 nm
were scanned in a mass range starting atm/z 2000 and
extending up to a value ofm/z at least 500 greater than the
atomic weight of the pristine polypeptide; usually, two
independent scans were required to cover the entire mass
range. Most of the column fractions were also scanned in
the mass range fromm/z 800 to m/z 2000. For each
spectrum, the data from an appropriate series of scans were
averaged and deconvolved using standard techniques.
The deconvolved mass spectra of the column fractions

from vesicles incubated in the absence of protease showed
primarily a single cluster of ion peaks starting at the
molecular weight of the pristine peptide (with at most a minor
content of readily assignable peptide fragments presumably
derived from proteolysis during storage) plus a series of lipid-
derived peaks in them/z range from 900 to 1500 in the later
column fractions. In addition to the protonated peptide ion,
mass species were frequently observed at+16, +28, and
+38 atomic mass units (plus linear combinations of these
increments); these species were interpreted as the mono-
oxygenated peptide, the monoformylated peptide, and the
potassium salt of the peptide, respectively. We believe that
methionine side chains represent the most likely sites for
oxidation. The mass spectra of the proteolyzed samples were
analyzed by comparing the masses of the observed ions
against a matrix filled with the masses of all possible peptide
subfragments. The masses of the potassium salts of all of
the subfragments were also considered, as were the masses
of the various covalent derivatives of the subfragments when
the corresponding derivatives were observed in the mass
spectrum of the unproteolyzed peptide. The discrepancies
between observed and calculatedm/z values were usually
within (2 and always within(3.

RESULTS

Peptide Design and Reconstitution into Vesicles. Polypep-
tides corresponding to each of the seven transmembrane
R-helices in the native tertiary structure of BR were
chemically synthesized. We designed each polypeptide to
include the entire transmembrane helix (Grigorieff et al.,
1996) plus some portion of the flanking sequences (Figure
1). On the basis of our initial experiences with polypeptides
corresponding to the A and B helices of BR, we concluded
that the charge density at the termini of the hydrophobic

transmembrane sequences is a critical factor in determining
the overall solubility properties of the polypeptides. Because
solubilization in hydro-organic mixtures is required for both
purification and reconstitution, this observation placed a
significant constraint on our design strategy. Except for the
BR-B helix, most of the residues in the interhelix loops on
both sides of a given helix are included in the synthetic
polypeptide in order to satisfy this constraint. The lengths
of the flanking sequences included in the polypeptides range
in size from two residues at the amino terminus of the
polypeptide corresponding to the B helix to eleven residues
at the carboxy terminus of the polypeptide corresponding to
the F helix (see Figure 1 for details).

All seven polypeptides were designed and synthesized
prior to the availability of the high-resolution electron density
map of bacteriorhodopsin,i.e. when the map was good
enough to identify the presence of seven transmembrane
helices (Baldwin et al., 1988) but not good enough to assign
the primary sequence of the protein to the observed structural
features (Henderson et al., 1990). Thus, our assignment was
based on the use of the hydropathy algorithm of Goldman,
Engelman, and Steitz (Engelman et al., 1986). In Figure 1,
the extent of theR-helices eventually deduced from the
electron density map of Henderson et al. (1990) is indicated
by the rectangular boxes superimposed on the polypeptide
sequences. We were successful in identifying the ap-
proximate locations of all sevenR-helices using the hydr-
opathy algorithm alone.

In preparation for structural studies, the synthetic polypep-
tides were dissolved in the detergent sodium dodecyl sulfate
(SDS) and then reconstituted into phospholipid vesicles using
a polar lipid extract fromH. salinarium(Kates et al., 1982).
Reconstitution was accomplished by potassium precipitation
of the dodecyl sulfate, followed by extensive dialysis (Popot
et al., 1987); this procedure has previously been used to
regenerate the native structure of BR following denaturation
of the protein in SDS (Popot et al., 1986). The reconstituted
vesicles were purified by sucrose density gradient centrifuga-
tion prior to characterization. We found that six of the seven
polypeptides are stably and irreversibly associated with the
phospholipid vesicles following reconstitution near neutral
pH; the structural characterization of these polypeptides is
reported in this paper. The seventh polypeptide, that
corresponding to the BR-C helix, spontaneously equilibrates
between a soluble form and a membrane-associated form in
a pH-dependent fashion; the structural properties of this
polypeptide are described in the accompanying paper.

CD Spectroscopy of Vesicles in Solution. Figure 2 shows
normalized circular dichroism (CD) spectra of the BR-A,
BR-B, BR-F, and BR-G peptides either dissolved in SDS
buffer or reconstituted intoHalo-lipid vesicles. (The CD
spectra of the BR-D and BR-E peptides are shown in Figure
S1 in the Supporting Information for this paper.) The
samples in SDS buffer represent the material used for
reconstitution. Quantitative analysis of the secondary struc-
ture content in the CD spectra of all six peptides was
performed using the program CONTIN (Provencher &
Glockner, 1981) and is summarized in Table 1. Except for
BR-G, all of the peptides show predominantlyR-helical
secondary structure in both environments (Johnson et al.,
1988; Johnson, 1990). The spectra of the BR-A, BR-B, BR-
D, and BR-E peptides inHalo-lipid vesicles exhibit all of
the qualitative spectral characteristics expected for a strongly
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R-helical sample: double minima at 222 and 208 nm and a
ratio of the magnitude of the molar ellipticity at 195Vs 222
nm greater than or equal to 2.5:1 (Johnson, 1988). Further-
more, the magnitude of the mean residue ellipticity at 222
nm observed in these spectra as well as curve fitting analysis
are consistent with the presence of anR-helix of at least 20
residues in length in each of the four polypeptides. For
reference, the CD spectrum of the BR-A peptide is very
similar in both its shape and its normalized magnitude to
that of intact BR reconstituted into small unilamellar phos-
pholipid vesicles (Mao & Wallace, 1984).
Quantitative analysis of the spectrum of the BR-F peptide

in Halo-lipid vesicles indicates a lowerR-helix content (i.e.
50%Vs58%-80%) and a significantly higherâ-sheet content
(i.e. 37%Vs 5%-26%) compared to the BR-A, BR-B, BR-
D, and BR-E peptides. The qualitative features of the BR-F
spectrum also suggest a lowerR-helix content, especially
the weak maximum at 195 nm (∼24 000 deg cm2/decimol)
and the low ratio of the magnitude of the molar ellipticity at
195 Vs 222 nm of less than 2:1. The BR-F peptide is also
the only one (other than BR-G) to show a lowerR-helix
content inHalo-lipid vesicles than in SDS.
The BR-G peptide shows predominantlyâ-sheet secondary

structure both in SDS and inHalo-lipid vesicles (Figure 2

and Table 1), with its CD spectrum displaying a single
minimum at 218 nm (Johnson, 1988). The persistence of
the â-structure in SDS buffer is remarkable because SDS
generally inducesR-helical conformation in proteins and
peptides. To test the thermodynamic stability of this
structure, we heated both samples of the BR-G peptide to
100°C for 5 min and then re-collected their CD spectra after
allowing the samples to re-equilibrate at 25°C. The spectra
were essentially identical before and after heating (data not
shown), indicating that theâ-sheet structure either is stable
at high temperature or re-forms spontaneously upon cooling.
A sample of the BR-G peptide inHalo-lipid vesicles was
also titrated to extremes of acidic and basic pH (pH< 4
and pH> 9); the spectra acquired under these conditions
were essentially identical to those acquired near neutral pH
(data not shown).
Polarized FTIR Spectroscopy of Macroscopically-Ordered

Protein/Phospholipid Multilayers. Figure 3 shows polarized
Fourier transform infrared (FTIR) spectra of macroscopically
oriented protein/phospholipid multilayers made from vesicles
containing the BR-A, BR-B, BR-E, BR-F, and BR-G
peptides as well as from pureHalo-lipid vesicles. Summary
data derived from equivalent experiments on all six BR
peptides are collected in Table 1. (The corresponding

FIGURE 2: CD spectroscopy of the individual BR helices in SDS and in phospholipid bilayers. The dotted lines represent the data for the
peptides in SDS, while the solid lines represent the data for the peptides inHalo-lipid vesicles. PureHalo-lipid vesicles produce a negligible
CD signal at the concentrations used in these experiments (data not shown). The CD spectra of the BR-D and BR-E peptides are shown in
Figure S1 in the Supporting Information for this paper.
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spectrum from a sample of the BR-D peptide is shown in
Figure S2 in the Supporting Information, while dichroism
plots, which quantitate the variation in the observed dichroic
ratio of a set of protein and lipid absorbances as a function
of the sample tilt angle, are presented for all of the
multilamellar samples in Figure S3 in the Supporting
Information.)
Polarized FTIR allows characterization of the orientation

of the protein secondary structure relative to the plane of
the phospholipid bilayer (Rothschild & Clark, 1979a; Na-
bedryk et al., 1988; Kleffel et al., 1985). Specifically, when
phospholipid vesicles are equilibrated at high relative humid-
ity in the absence of bulk water, a multilamellar phase is

formed in which the plane of the individual constituent
bilayers is oriented parallel to the macroscopic sample plane
(Zaccaı¨ et al., 1979; Bu¨ldt et al., 1979; Popot et al., 1986).
In general, the introduction of proteins or peptides into the
bilayers does not affect either the structure or orientation of
the multilamellar phase (Nabedryk et al., 1988; Nabedryk
& Breton, 1981; Engelman et al., 1986). In particular,
control experiments have been performed in which intact
BR was reconstituted intoHalo-lipid vesicles which were
then deposited as protein/phospholipid multilayers (Earnest,
1987; Hunt, 1993). These experiments establish that protein-
containing bilayers still form well-ordered multilayers, and
they have also been used to calibrate the magnitude of the

FIGURE 3: Polarized FTIR spectroscopy of the individual BR helices in macroscopically ordered phospholipid multilayers. The lower
traces in each panel represent the absolute absorbance spectra of the sample acquired with the incident beam polarized either parallel
(dotted line) or perpendicular (solid line) to the optical plane of incidence (Earnest et al., 1986). The upper trace represents the difference
between the spectra acquired with the two polarizations of the incident beam multiplied by a factor of 3. All of the spectra were acquired
at an angle of incidence of 45° (relative to the plane of the sample substrate). The polarized FTIR spectrum of an equivalent sample
containing the BR-D peptide is shown in Figure S2 in the Supporting Information, which also presents dichroism plots (in Figure S3)
quantitating the variation in the dichroic ratio as a function of the angle of incidence for a set of protein and lipid absorbances in each of
the multilamellar samples examined here.
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spectroscopic signal expected for well-oriented and stable
transmembraneR-helices (Rothschild & Clark, 1979a;
Earnest et al., 1986, 1990; Earnest, 1987).
The BR-A, BR-B, BR-D, and BR-E peptides all show

evidence ofR-helical secondary structure oriented perpen-
dicular to the plane of the membrane, displaying positive
dichroism in the protein amide I absorbance at approximately
1657 cm-1 (primarily a carbonyl stretching mode) and
negative dichroism in the protein amide II absorbance at
approximately 1546 cm-1 (a coupled N-H rocking and C-N
stretching mode). Because of the absence of overlapping
spectral features, the amide II absorbance provides the most
reliable quantitation of the protein backbone orientation
(Rothschild & Clark, 1979a; Earnest et al., 1986). The
magnitude of the amide II dichroism for the BR-A peptide
is identical to that observed for intact BR, indicating that
essentially all of the peptide molecules must formR-helices
with a transbilayer orientation.
Although the spectra of the BR-B, BR-D, and BR-E

peptides display the same qualitative features as the spectrum
of the BR-A peptide, the magnitude of the amide II dichroism
is lower in these samples (Table 1). The observed dichroism
is consistent with all of the peptide molecules forming stable
transmembraneR-helices tilted away from the membrane
normal by either approximately 30° for the BR-B and BR-D
peptides or approximately 45° for the BR-E peptide. From
the FTIR spectra alone, we cannot exclude the possibility
that the samples comprise a mixture of populations with
different conformational properties,e.g. one population
comprising untilted transbilayerR-helices plus another
population comprising eitherR-helices lying flat on the
surface of the membrane or disordered structures without
any net peptide bond orientation. However, even if there
are multiple conformational populations, a significant fraction
of the peptide molecules must have a transmembrane
orientation in these samples. Furthermore, at least for the
BR-E peptide, protease protection experiments suggest that
all of the individual peptide molecules have the same
conformational properties (see below), indicating that there
is either a homogeneous population or a dynamic equilibrium
between the various populations. In contrast to all of the
other R-helices in the native structure of BR, there are
clusters of aromatic residues at both tips of the BR-E helix;
for both of these distal regions to interact simultaneously
with the hydrophobic core of the bilayer, the axis of the
R-helix would have to tilt down toward the plane of the
bilayer (Brasseur, 1991). The apparent level of the lipid
dichroism in the BR-E sample is lower than that in most of
the other peptide-containing multilayers (see below), and
perturbation of the lipid orientation could potentially weaken
the protein dichroism of an untiltedR-helix. However, the
quantitative reliability of the lipid dichroism is limited
because of its very weak magnitude, so that we believe that
the larger tilt angle inferred for the BR-E helix probably
reflects a real difference in the net orientation of this helix
in the phospholipid membranes.
The dichroism spectrum of the BR-B peptide (Figure 3)

shows fine structure in its amide I absorbance profile in
addition to the strongR-helical peak at 1662 cm-1. The
presence of the positive shoulder at 1635 cm-1 and the very
weak negative feature at 1695 cm-1 are consistent with the
presence of a small amount of antiparallelâ-sheet in this
sample (Krimm & Bandekar, 1986; Chirgadze & Nevskaya,
1976; Nabedryk et al., 1988; Kleffel et al., 1985; Earnest et

al., 1990). On the basis of the sign of the dichroism, the
strands of this sheet are oriented parallel to the plane of the
membrane while the carbonyl bonds are oriented perpen-
dicular to the plane of the membrane (Fraser & MacRae,
1973; Suzuki, 1967; Nabedryk et al., 1988; Kleffel et al.,
1985; Challou et al., 1994). Given this orientation, it is very
likely that theâ-sheet structure is associated with the surface
of the membrane rather than the hydrophobic core. In a
series of BR-B samples with varying lipid-to-protein ratios,
the magnitude of theâ-sheet signal in the dichroism spectrum
increases in proportion to the concentration of the peptide
in the bilayer (data not shown), suggesting that theâ-sheet
may be formed by inter-peptide interactions. In samples at
a constant lipid-to-protein ratio, a higher content of this
structure is observed when the amino and carboxy termini
of the peptide are unblocked compared to when they are
acetylated and amidated, respectively (see Experimental
Procedures). This observation suggests that theâ-structure
includes a sequence near at least one terminus of the BR-B
peptide, and we speculate that it is likely to involve the
C-terminal octapeptide on the basis of the highâ-propensity
for this sequence in Chou-Fasman analysis (Fasman &
Chou, 1978). This region of the BR-B peptide forms part
of the largest interhelical loop in the native structure of BR.
The dichroism spectrum of the BR-F peptide does not

show any evidence of oriented protein secondary structure
of any kind. The broad envelope of the amide I peak in the
absolute absorbance spectra of this peptide indicates a
mixture of R-helical structure absorbing at approximately
1655 cm-1 plus a substantial fraction ofâ-sheet structure
absorbing at approximately 1635 cm-1. This observation is
consistent with the results from CD spectroscopy showing a
qualitatively lowerR-helix content and higherâ-sheet content
in the vesicles containing this peptide compared to the
vesicles containing the BR-A, BR-B, BR-D, and BR-E
peptides. We conclude that there is little tendency for the
synthetic peptide corresponding to the F helix to adopt a
transbilayerR-helical conformation in theHalo-lipid mul-
tilayers under the same conditions that produce transbilayer
R-helices in the others. The spectra shown in Figure 3 were
obtained from samples containing approximately a 13:1
weight ratio of lipid-to-protein; samples containing a 1:1
weight ratio of lipid-to-protein showed essentially identical
spectroscopic and biochemical properties (data not shown).
In contrast, the dichroism spectrum of the BR-G peptide

shows evidence of a strongly orientedâ-sheet structure
(Figure 3). The intense amide I peak at 1628 cm-1 in the
absolute absorbance spectra of this peptide indicates that it
contains predominantlyâ-type secondary structure; the
associated shoulder at 1690 cm-1 suggests that theâ-sheet
has an antiparallel structure (Krimm & Bandekar, 1986;
Chirgadze & Nevskaya, 1976; Nabedryk et al., 1988; Kleffel
et al., 1985). Once again, the results of FTIR spectroscopy
of multilayers are consistent with the conclusions drawn from
CD spectroscopy of vesicles in solution. The negative peak
at 1624 cm-1 in the amide I region of the dichroism spectrum
indicates that the carbonyl bonds in theâ-sheet are directed
more or less parallel to the plane of the bilayer, while the
positive peak at 1541 cm-1 in the amide II region indicates
that the polypeptide backbone is oriented more or less
perpendicular to the plane of the membrane (Fraser &
MacRae, 1973; Suzuki, 1967; Kleffel et al., 1985; Nabedryk
et al., 1988). Quantitative analysis of the amide II dichroism
indicates that theâ-strands of the peptide can be tilted at
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most 31° from the normal to the plane of the membrane even
if every residue is incorporated in theâ-sheet (Table 1). Such
an orientation is consistent with the formation of a trans-
membraneâ-sheet structure. In any event, the intense
dichroism of the amide absorbances requires that the strands
of the â-sheet must either penetrate into the core of the
membranes or extend upward from the surface of the
membranes in the multilamellar sample.

The dichroism of the phospholipid absorbances is very
similar in the FTIR spectra of all of the protein-containing
multilayers as well as in the pureHalo-lipid multilayers
(Table 1 and Figure S3). X-ray diffraction experiments have
established that this phospholipid preparation forms a well-
behaved multi-bilayer phase at high relative humidity (Popot
et al., 1986). The dichroism of the phospholipid absorbances
provides a direct measure of the structure of the phospholipid
phase in our FTIR samples. The opposite sign of the
dichroism in the phosphate antisymmetric stretching absor-
bance at approximately 1215 cm-1 compared to the adjacent
ether stretching absorbance at approximately 1145 cm-1

provides a stringent control on the orientation of the
phospholipid molecules (as well as on the validity of the
dichroism data). Given the large amount of phospholipid
in some of the films, the optical absorbance in the CH-
stretching region is greater than 2.5 in most of the samples,
so that the phosphate absorbance is also the most highly
dichroic and the most intense phospholipid feature that can
be quantitated accurately. Compared to the pureHalo-lipid
multilayers, the magnitude of the lipid dichroism seems to
be slightly higher in the films containing the BR-A, BR-D,
and BR-F peptides and slightly lower in the films containing
the BR-E and BR-G peptides (Table 1 and Figures 3, S2,
and S3). These differences may derive from inaccuracy in
quantitating a small signal, or they may reflect minor
perturbations in the average orientation of the phospholipid
molecules in the vicinity of the reconstituted polypeptides
(Jordi et al., 1990; Van Zoelen et al., 1978; Batenburg et
al., 1987). However, it is very likely that a multi-bilayer
phase is maintained in all of the samples. The spectra of
the BR-B peptide shown in Figure 3 were collected from a
sample that contained a low 1.4:1 lipid-to-protein weight
ratio. Although the BR-B helix remains well-oriented
relative to the phospholipid bilayers in this sample, the
concentration of phospholipid is too low to allow reliable
quantitation of its weak dichroism signal; the conformational
properties of this peptide were equivalent in samples at higher
lipid-to-protein weight ratios in which the dichroism of the
phospholipid vibrations was observed to be similar to that
in the samples of the other peptides (data not shown).

The R-helical BR peptides all display relatively normal
amide I vibrational frequencies near 1656 cm-1 compared
to the anomalously high amide I frequency of intact BR in
purple membrane at∼1662 cm-1 (Rothschild & Clark,
1979b). This observation suggests that the anomalous
vibrational properties of purple membrane could derive from
helix-helix interactions and potentially from transition dipole
moment coupling (Krimm & Abe, 1972; Nevskaya &
Chirgadze, 1976) between the oscillators in differentR-he-
lices in a tightly-packed parallel/antiparallel array (Hunt,
1993).

Amide Exchange Experiments in Protein/Phospholipid
Multilayers. The results of amide exchange experiments
conducted on the multilamellar films containing the BR-A,
BR-B, BR-F, and BR-G peptides are presented in Figure 4,

and data derived from equivalent experiments on all six BR
peptides are summarized in Table 1. (The corresponding
FTIR spectra for samples of the BR-D and BR-E peptides
are shown in Figure S4 in the Supporting Information for
this paper.) Amide exchange (i.e.H/D or 1H/2H exchange)
experiments are used in structural studies of proteins to
characterize the dynamics of the polypeptide backbone (Sami
& Dempsey, 1988; Osborne & Nabedryk-Viala, 1978; Rath
et al., 1991; Miranker et al., 1991; Prestrelski & Arakawa,
1991; Earnest et al., 1990; Zhang et al., 1992). It is believed
that the rate of exchange of the individual amide protons on
the polypeptide backbone is determined primarily by the
stability of the protein secondary structure involving those
residues (Roder, 1989; Englander & Mayne, 1992; Dempsey
et al., 1991; Miranker et al., 1996). Moreover, in the case
of transmembrane secondary structure, it can be assumed
that the polypeptide backbone cannot undergo amide ex-
change if it is localized in the hydrocarbon core of the
phospholipid bilayer since this would require disruption of
the backbone hydrogen bonding pattern and exposure of the
highly polar peptide bonds in an extremely hydrophobic
environment (Zhang et al., 1992; Earnest et al., 1990;
Holloway & Buchheit, 1990). In FTIR spectroscopy,
backbone H/D exchange produces a major shift in the
frequency of the amide II absorbance from approximately
1540 cm-1 to approximately 1440 cm-1 but only a minor
decrease in the frequency of the amide I absorbance on the
order of 1 cm-1.
Polarized FTIR spectra of the multilamellar films were

monitored continuously starting 4-5 h after the initiation
of the H/D exchange reaction and continuing for at least an
additional 12 h. The spectra shown in Figure 4 were
acquired from samples after a minimum of 16 h of continu-
ous exposure to D2O, except for the spectra of the sample
containing the BR-F peptide, which were acquired after only
4 h of continuous exposure to D2O. With the possible
exception of the BR-D sample, the overall level of D2O
exchange observed after 4-6 h of exposure is equivalent to
that observed after 16-37 h of exposure (Table 1). For all
of the peptides except BR-F, between 42% and 66% of the
amide protons are protected from H/D exchange at the later
time point, corresponding to an average of at least 17
protected residues in each peptide molecule. The protected
residues must be participating in some kind of structural
interaction which prevents their backbone protons from
exchanging with bulk solvent; the most likely explanation
is that they are sequestered in stable protein secondary
structure. In contrast, at most 25% of the amide protons on
the BR-F peptide are protected from H/D exchange after 3
h, corresponding to an average of at most 11 protected
residues in each peptide molecule. This observation suggests
that the extent of stable secondary structure in the BR-F
peptide in association with the phospholipid vesicles is low.
The difference in the amide exchange behavior of the BR-F
peptide compared to the other five BR peptides reinforces
the conclusion that this peptide does not adopt a stable
transbilayerR-helical conformation in phospholipid mem-
branes.
Although the absolute absorbance spectra of the multila-

mellar films indicate that all of the peptides experience a
significant level of H/D exchange of their backbone protons,
the dichroism spectra uniformly show a lower level of
exchange. At least 70% of the oriented backbone protons
are protected in the BR-B peptide and even higher levels
are protected in the other peptides (Figures 4 and S4 and
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Table 1). Therefore, the orientedR-helices in the BR-A,
BR-B, BR-D, and BR-E peptides and the orientedâ-sheet
in the BR-G peptide are all strongly resistant to H/D
exchange, even after continuous exposure to deuterated
solvent for time periods in excess of 16 h. These observa-
tions indicate that the bulk of the amide exchange observed
in the absolute absorbance spectra of the BR peptides derives
from regions of the polypeptide backbones that are not well-
oriented relative to the phospholipid bilayer. A secondary
structural element that is stably integrated in the phospholipid
bilayer on the time scale of this experiment would be
expected to retain a fully protonated polypeptide backbone
(Zhang et al., 1992; Earnest et al., 1990; Holloway &
Buchheit, 1990). Resistance to amide exchange does not
prove that the secondary structural elements are integrated
into the phospholipid bilayer becauseR-helices orâ-sheets
in a peripheral conformation could also be resistant to
exchange, depending on their degree of thermodynamic
stability (Englander & Mayne, 1992; Roder, 1989; Miranker
et al., 1996). However, the observed dichroism of the BR-
A, BR-B, BR-D, BR-E, and BR-G peptides in conjunction
with their resistance to amide exchange support the hypoth-
esis that the individual peptides form stable, transbilayer
structures.
The quantitative analysis of the dichroism spectra (Table

1) suggests that there might be some degree of amide
exchange of the oriented protein secondary structure (i.e. the

estimated population of protected oriented protons is less
than 100% for all of the peptides). However, there are
potential inaccuracies in the integration of the dichroism
spectra due to the low magnitude of the protein absorbance
coupled with a small degree of uncertainty in the procedure
used to scale the spectra before and after D2O exchange.
These effects are more severe and render the quantitation
less reliable for samples with a high lipid-to-protein ratio,
such as the samples of the BR-D peptide. In any event, it
would be premature to conclude that there is exchange of
the oriented secondary structure unless the appearance of
dichroism at the position of deuterated amide bonds (ap-
proximately 1440 cm-1) can be correlated with the disap-
pearance of dichroism at the position of protonated amide
bonds (approximately 1540 cm-1). The only sample which
unambiguously shows dichroism at the position of deuterated
amide bonds is that of the BR-B peptide (Figure 4), which
is the sample with the lowest lipid-to-protein ratio and also
the highest degree of apparent exchange of its oriented
secondary structure (Table 1). The shoulder on the amide
II peak at 1525 cm-1 in the dichroism spectrum of the
protonated BR-B sample completely disappears upon expo-
sure to D2O. This shoulder probably derives from the minor
component ofâ-sheet structure that is oriented parallel to
the membrane surface; the relatively rapid amide exchange
observed for this structure is consistent with a peripheral
location relative to the phospholipid bilayer as hypothesized

FIGURE 4: Amide exchange experiments on the individual BR helices in phospholipid multilayers. Spectra are shown for the samples in
the presence of H2O (solid lines) and after an extended period of exposure to D2O (dotted lines). The film containing the BR-F peptide was
exposed to D2O continuously for 5 h, while the other films were exposed to D2O continuously for at least 17 h. The lower traces in each
panel represent absolute infrared absorbance spectra of the sample acquired with perpendicular polarization of the beam relative to the
optical plane of incidence. The upper traces in each panel represent the corresponding polarized infrared difference spectra,i.e. parallel
minus perpendicular, multiplied by a factor of 3. All of the spectra were acquired at an angle of incidence of 45° (relative to the plane of
the sample substrate). Spectra derived from amide exchange experiments on samples containing the BR-D and BR-E peptides are shown
in Figure S4 in the Supporting Information.
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above. However, the magnitude of the principal amide II
dichroism peak associated with the orientedR-helix in the
BR-B sample is also reduced after exposure to D2O,
suggesting that some of this secondary structure has also
experienced amide exchange during the experiment.

This effect could arise either from full exchange of the
backbone protons on some fraction of peptide molecules or
from partial exchange of a fraction of the backbone protons
on all of the peptide molecules. Full exchange would
certainly require ejection of the helix from the membrane,
while partial exchange could occur by local conformational
fluctuations involving the helix termini, for instance breathing
motions of the final turn of the helix. In order to distinguish
between these possibilities, an equivalent sample of the BR-B
peptide was monitored over the course of several weeks,
during which it was continuously exposed to D2O. Follow-
ing a similar reduction in the intensity of the oriented amide
II absorbance during the first several hours of exposure to
D2O, the intensity of this band remained stable during the
remainder of the time period (data not shown), leading us
to conclude that the exchange of the orientedR-helical
structure in the BR-B peptide probably arises from breathing
motions of the helix termini.

Molecular Protease Protection Experiments on Vesicles
in Solution. The results of protease protection experiments
conducted on the vesicles containing the BR fragments are
shown in Figure 5 (and summarized in Table 1 as well as
the schematic diagram in Figure 1). Proteinase K was used
for these experiments because it is a nonspecific endo-
protease,i.e. its cleavage rate is largely independent of the
polypeptide sequence (Whittaker et al., 1994). Furthermore,
prior to incubation at 37°C, several freeze-thaw cycles were
performed in order to give the protease equal access to both
the external volume and the lumen of the vesicles. Therefore,
in order to be protected from proteolytic digestion in these
experiments, peptide bonds must be chemically sequestered
either within the protective barrier of the phospholipid bilayer
or in some kind of stable protein structure (Dumont et al.,
1985; Audigier et al., 1987; Rietveld et al., 1986; Anderson
et al., 1982). These experiments provide a useful comple-
ment to the amide exchange experiments because they
provide information on the conformational stability of the
peptide molecules in the vesicles free in solution rather than
after deposition as protein/phospholipid multilayers. The
results of the protease digestion reactions were analyzed
initially by reversed phase chromatography, and the material

FIGURE 5: Molecular protease protection experiments on the individual BR helices in reconstituted phospholipid vesicles. Each row shows
data for a single BR peptide (or for the pureHalo-lipid vesicle control). The first three columns show reversed phase HPLC traces for the
vesicles incubated for 2.5 h at 37°C under three conditions: minus proteinase K, plus proteinase K, and plus proteinase K plus CHAPS.
The final two columns show deconvolved mass spectra of the principal peptide peaks from the samples with and without proteinase K
treatment.
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eluted from the column was subsequently analyzed by fast
atom bombardment mass spectrometry (FAB-MS). This
technique determines of the mass of the protected peptide
fragments within approximately(2 atomic mass units,
allowing the exact site of the protease attack to be inferred
in most cases. Control reactions were conducted in which
the vesicles were incubated in the absence of proteinase K,
and additional reactions were conducted in which the vesicles
were solubilized in the nonionic detergent CHAPS prior the
initiation of the proteolysis reaction.
Two points deserve clarification relative to the interpreta-

tion of the chromatograms in Figure 5. First, because of
the different lipid-to-protein ratios in the samples as well as
variations in the extinction coefficients of the peptides at
215 nm, the traces show substantial variations in the relative

intensity of the peptide-derived peak(s) compared to the
phospholipid-derived and protease-derived peaks. Second,
examination of the chromatograms reveals that some of the
peptides give rise to multiple chromatographic peaks, even
in the absence of added protease. The control sample of
the BR-G peptide produces three peaks, while the control
samples of the BR-A, BR-D, and BR-E peptides produce
two peaks. Mass spectra of all three BR-G peaks look
identical (Table 1), indicating that the different species must
represent different conformations or different oligomeric
states of the same polypeptide. Intact bacteriorhodopsin
produces two peaks when run on the same column in this
solvent system, with the second peak representing a non-
covalent oligomer (Hunt, 1993). The mass spectra of the
second peak in the control samples of BR-D indicate the

FIGURE 5: (CONTINUED)
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presence of a 29-residue fragment, presumably derived from
a low level of spontaneous proteolysis in these vesicles. In
the case of the control samples of the BR-A and BR-E
peptides, the initial peak in the chromatogram unambiguously
contains the pristine polypeptide, but we had difficulty
identifying the polypeptide species in the second peak using
mass spectrometry. We believe that the second peak
probably comprises non-covalent oligomers of the pristine
polypeptide but cannot exclude the possibility that it also
includes some spontaneously proteolyzed species.
The results of the protease protection experiments parallel

those of the amide exchange experiments, showing that the
BR-A, BR-B, BR-D, BR-E, and BR-G peptides are all
strongly protected from digestion by proteinase K. The F
peptide, on the other hand, is quantitatively digested even
at the earliest time point that was measured (2.5 h). Figure
5 shows data obtained using vesicles containing the BR-F
peptide at a 1:1 weight ratio of lipid-to-protein; identical
results were obtained with vesicles containing a 13:1 weight
ratio of lipid-to-protein (data not shown). These data support
the conclusion from the amide exchange experiment that the
BR-F peptide does not form any stable secondary structure
in association with theHalo-lipid vesicles under the condi-
tions explored in these experiments.
Although the other five peptides all show substantial

resistance to proteolysis, the magnitude of the resistance
varies considerably (Figure 5). For instance, the BR-A
peptide is almost completely resistant to proteolysis during
a 2.5 h incubation, while the BR-B peptide is approximately
50% digested during the same time period. The BR-G
peptide shows an intermediate level of protease resistance.
Partial protease protection could reflect the slow degradation
of a single, uniform peptide population, or it could reflect
the existence of more than one conformational state in the
peptide population. Longer digestions of both the BR-B and
BR-G peptides show continuing proteolysis at approximately
the same rate (data not shown), suggesting that a uniform
population is being digested at a slow rate. The relative rate
of proteolysis of the peptides is different in the presence of
the nonionic detergent CHAPS than in the intact vesicles.
For example, the BR-A peptide is quantitatively digested in
the presence of the detergent even though it is the most
strongly protected peptide in the lipid bilayer. The BR-B
peptide, on the other hand, is substantially protected in the
presence of the detergent, even though it is susceptible to
slow proteolysis in the lipid bilayer. Presumably these
differences reflect the relative stability of the peptide
secondary structure in the different amphiphilic environ-
ments.
Figure 1 shows the locations of the proteolytic cleavage

sites in the individual BR peptides as identified in a detailed
analysis of the mass spectrometry data (Table 1). While the
termini of all of the protected peptides are actively digested
by the protease in these experiments, a very limited spectrum
of proteolysis products is observed. Focusing attention first
on theR-helical polypeptides, we note that there is virtually
no pristine polypeptide remaining in the BR-A and BR-E
vesicles following exposure to proteinase K; these peptides
are almost quantitatively converted to species 35 and 32
residues in length, respectively (Figure 5 and Table 1). The
principal proteolysis products of the BR-B and BR-D pep-
tides are 32 and 33 residues in length, respectively. Including
the capping structures at the helix termini, the corresponding
R-helices observed in the native structure of BR are only

25-28 residues in length (Grigorieff et al., 1996), with the
regular secondary structure comprising 23-25 residues.
Thus, the protease protection conferred by the bilayer extends
beyond the ends of the stable tertiary structure in the native
protein molecule. Moreover, even in the flanking sequences,
cleavage is observed only at a limited number of the potential
sites, indicating some source of sequence specificity in the
proteolytic reaction. Because this specificity is unlikely to
derive from the substrate specificity of the protease, the
restricted pattern of cleavage is likely to reflect either
structural specificity in the tight association of the flanking
sequences with the headgroup region of the phospholipid
bilayer and/or conformational destabilization of the trans-
bilayerR-helix following cleavage at specific combinations
of individual sites.
The fact that we do not observe any proteolysis product

smaller than 23 residues in length for any of the peptides
suggests that the membrane-spanning region of the peptides
is digested by the protease in an all-or-none fashion. For
example, while the BR-B and BR-D peptides are partially
protected from proteolysis in association with the phospho-
lipid vesicles, quantitation of the peak areas in the corre-
sponding chromatograms shows that more of the peptide
bonds in these molecules have been digested than can be
accounted for by the proteolytic removal of their termini.
Our failure to detect smaller peptide fragments in these
samples suggests that some fraction of the peptide molecules
have been completely degraded by the protease. Because
the protected peptide fragments observed in high yield are
longer than the corresponding transmembrane helices, it
seems likely that reduction of the length of the flanking
sequences below a critical limit destabilizes the transmem-
brane conformation of the peptide (Dumont et al., 1985),
which would render the peptide sensitive to proteolysis by
pushing its conformational equilibrium toward peripherally
membrane-bound and therefore protease-sensitive conforma-
tions (e.g. conformations similar to that observed for the
pristine BR-F peptide in our experiments). In this context,
it is noteworthy that the transmembrane helix with the
shortest flanking sequence exhibits the greatest degree of
protease sensitivity. Compared to the helix observed in the
native structure of BR, the BR-B peptide contains an amino-
terminal flanking sequence only two residues in length,
substantially shorter than that at either terminus of any of
the otherR-helical peptides (Figure 1). In addition to
showing the highest rate of digestion by proteinase K of any
of these peptides, BR-B is the only peptide showing any
detectable amide exchange of the orientedR-helical second-
ary structure, providing experimental evidence that there is
some degree of conformational instability in the transmem-
brane region of thisR-helix.
The mass spectra of the BR-G vesicles following exposure

to proteinase K show that the major proteolysis product of
this peptide is 37 residues in length,i.e. four residues shorter
than the pristine polypeptide. Both this fragment and the
pristine polypeptide are strongly resistant to proteolysis. Such
resistance would be expected if the peptide were stably
integrated into the phospholipid bilayer but could also be
attributable to the formation of a very stable structure in an
aqueous environment. As indicated in Figure 1 and Table
1, a variety of smaller proteolytic fragments are also observed
for the BR-G peptide, although at yields substantially lower
than that of the 37-residue fragment. Combining the
observed locations of the low-frequency cleavage sites with
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the results of Chou-Fasman analysis (Fasman & Chou,
1978), we believe that the segments from gly-5 to leu-9, glu-
12 to asp-20, and leu-29 to arg-33 are reasonable candidates
to form â-strands.

DISCUSSION

Assuming that the synthetic peptides have reached ther-
modynamic equilibrium in theHalo-lipid vesicles used in

our experiments, the results that we present in this paper
can be interpreted as a qualitative study of the relative
thermodynamic stability of the membrane-associated con-
formations of the bacteriorhodopsin peptides (Figure 6A).
On this basis, we would conclude that a transmembrane
R-helical conformation is more stable than any peripherally
membrane-bound conformation for the BR-A, BR-B, BR-
D, and BR-E peptides [and for the BR-C peptide at pH< 6,

FIGURE 6: Schematic summary of qualitative thermodynamic conclusions. (A) Relative thermodynamic stability of the six BR fragments
as deduced from the experiments presented in this paper. (B) Scheme for the thermodynamic re-engineering of integral membrane protein
stability.
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as shown in Hunt et al. (1997)]. In contrast, we would
conclude that a peripherally membrane-bound conformation
(Jacobs & White, 1989; White & Wimley, 1996) is more
stable than a transmembraneR-helical conformation for the
BR-F peptide. The enigmatic observation of a hyperstable
â-sheet conformation for the BR-G peptide would indicate
that this conformation is more stable than any other
membrane-associated conformation of the peptide, but the
resulting dominance of this conformation in the peptide
population prevents us from assessing the relative stability
of the transmembraneR-helical and peripherally membrane-
bound conformations of this peptide (Figure 6A).
While it is difficult to verify the assumption that the

synthetic BR peptides have reached thermodynamic equi-
librium in the reconstituted vesicles, the K+-SDS reconstitu-
tion protocol that we employed in preparing our samples
makes it unlikely that we would have failed to observe a
transbilayerR-helix if a peptide were stable in this confor-
mation. Following K+-mediated precipitation of the SDS,
a relatively high concentration of detergent remains in the
phospholipid bilayers (Popot et al., 1987); this residual
detergent is removed from the bilayers gradually during a
subsequent dialysis step. Due to the high detergent content,
the permeability barrier of the bilayer should be negligible
at the outset of the dialysis period and then gradually increase
to normal levels (Popot et al., 1987). We expect the peptides
to have ample opportunity to adopt their equilibrium
conformation during this dialysis period. More importantly,
there is direct experimental evidence that this kind of
conformational equilibration takes place. Starting with intact
BR dispersed in SDS where there should be no significant
interaction between the different helices, the K+-SDS
reconstitution protocol leads to efficient regeneration of
native BR (Popot et al., 1987). Thus, in the context of the
intact protein, the individual helices are clearly capable of
achieving their equilibrium conformation relative to the
phospholipid bilayer during the course of the K+-SDS
reconstitution protocol. We conclude that it is likely that
the most stable bilayer-associated peptide conformation is
observed in our samples.
Although our results provide insight into the relative free-

energy of different conformational states, it is important to
note that we cannot quantitate these differences using
experiments of the type presented in this paper. We have
shown that the BR-G peptide forms a stable membrane-
associatedâ-sheet structure as assayed by amide exchange
and protease protection experiments. Although we believe
that we could have detected a 10% population of transbilayer
helices in the BR-G samples, we could not have detected a
1% population. Thus, the transbilayerR-helical conforma-
tion of the BR-G peptide could lie within 3 kcal/mol of the
â-sheet conformation, and we would not have been able to
detect it in our experiments. Similar considerations apply
to our observations with the BR-F peptide. While our
experiments suggest that a peripheral conformation lacking
stable secondary structure is the lowest energy conformation
of this peptide inHalo-lipid membranes, we have not
quantitated the relative free energy of the transbilayer
R-helical conformation of the peptide and can only say that
it is likely to be at least 1.5 kcal/mol higher in free energy
than the observed conformation.
Combining the results presented in this paper with those

presented in Hunt et al. (1997), we have shown that the five
N-terminalR-helices observed in the native tertiary structure

of BR are capable of forming stable transbilayerR-helices
in isolation from the remainder of the tertiary structure of
BR. Thus, the folding of the amino terminus of this
polytopic integral membrane protein could proceed by a
simple mechanism in which individually stable transmem-
braneR-helices are inserted into the bilayer in the first stage
of the folding pathway (Popot & Engelman, 1990). The
results reported in Hunt et al. (1997) also show that the
C-helix of BR is capable of inserting into the phospholipid
bilayer spontaneously. If the other four helices at the amino
terminus of BR share this property, the folding of this portion
of the protein molecule would be expected to proceed
spontaneously and efficiently.
However, the two C-terminalR-helices in BR do not form

stable transbilayer helices in our assays, suggesting that the
folding of the carboxy terminus of BR may be more
complicated. Because the F and G helices of BR are
covalently linked in the protein molecule and the carboxy
terminus of the G helix is cytoplasmic, topological contraints
would force the F and G helices to insert in tandem (unless
the entire protein is first secreted to the periplasm). In this
context, it is likely that the F and G helices of BR interact
with one another during insertion into the membrane,
potentially by forming a stableR-helical hairpin (Engelman
& Steitz, 1981). Therefore, we investigated whether there
was any evidence of an interaction between the correspond-
ing peptides in phospholipid vesicles. Samples were pro-
duced both by reconstituting the peptides in tandem and by
fusing the vesicles containing the individual peptides. There
was no evidence of altered conformational properties in any
of these experiments, and, in particular, there was never any
sign of transmembraneR-helical structure in polarized FTIR
spectra of multilayers containing the polypeptides corre-
sponding to both the F and G helices of BR (data not shown).
An important issue to be addressed in future work is whether
a covalent link between F and G would cause them to exhibit
different conformational properties.
In spite of this complication, the qualitatively different

conformational properties exhibited by the isolatedR-helices
from the aminoVs carboxy termini of BR suggest that the
folding of the carboxy terminus may involve a somewhat
more elaborate mechanism than that envisioned by the two-
stage model of integral membrane protein folding. One
possibility is that the F and G helices interact with other
regions of the protein molecule prior to their insertion into
the membrane. (Conceivably, the cleaved N-terminal signal
sequence of BR could even participate in facilitating these
interactions, but such participation cannot be an obligate step
in the assembly pathway because mature BR can refold to
the native state in the absence of its signal sequence.)
Alternatively, the F and G helices could insert into the
membrane following the formation of a binding site within
the membrane by the five amino-terminalR-helices of BR
(Popot et al., 1987; Booth et al., 1995, 1996). This
mechanism would be consistent with the observation that
there is a rate-limiting protein conformational change that
precedes retinal binding during the regeneration of photo-
active BR from two chymotryptic fragments.
Whatever the detailed explanation for this behavior, it is

possible that a similar pattern holds for the relative trans-
membrane stability of the N-terminalVsC-terminalR-helices
in other polytopic IMP’s. Observations with the lactose
permease fromE. coli indicate that it is possible to stably
expressin ViVo N-terminal fragments but not C-terminal
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fragments containing a subset of the transmembraneR-helices
in the intact protein molecule (Sahin-Toth et al., 1996). These
observations would be consistent with the N-terminal but
not C-terminalR-helices integrating stably into the bilayer
on their own. Potentially, efficient foldingin ViVo depends
on rapid and stable membrane integration of the segments
that are synthesized first so that they can serve as a folding
template for the distal segments; in this case, evolution would
select for a C-terminal location forR-helices which have a
lower intrinsic stability in the transmembrane conformation
due to functional constraints (Rothschild et al., 1989).
As an initial attempt to gain insight into the sequence-

dependent contributions to the stability of transbilayer
R-helices, we can ask why the BR-F peptide fails to form
such a structure while other peptides with similar overall
hydrophobicity do (e.g. BR-C and BR-D). One possible
explanation is that the hydrophobic core of this sequence is
shorter than that of any of the other BR peptides (Figure 1).
Another possible explanation concerns the steric bulk on one
side of the F helix. Specifically, two tryptophan residues
and one tyrosine residue all line up on the same face of the
R-helix on three successive turns. These residues form an
aromatic box around the retinal chromophore in the native
structure of BR (Rothschild et al., 1989; Grigorieff et al.,
1996). It is possible that steric crowding of these side chains
could destabilize theR-helical conformation of the polypep-
tide backbone or that insertion of this large steric bulk into
the core of the bilayer could destabilize the transbilayer
configuration of the helix. Further investigations will be
required to establish the correct explanation for the failure
of the BR-F peptide to form a stable transbilayerR-helix;
the experiments described in this paper provide a number
of convenient assays which could be applied to such
investigations.
The observation that the BR-G peptide forms a stable

â-sheet structure is enigmatic. Several lines of evidence
indicate that it is extremely unlikely that this segment of the
polypeptide chain adopts aâ-sheet conformation in the native
tertiary structure of BR (Glaeser et al., 1991). First, the high-
resolution electron density map of BR shows well-defined
R-helical structure in this region of the protein structure
(Grigorieff et al., 1996). Second, polarized FTIR spectros-
copy of intact BR does not show any evidence ofâ-structure
with the kind of orientation relative to the membrane plane
observed in the samples of the BR-G peptide (Earnest et al.,
1990; Earnest, 1987). Finally, polarized FTIR spectroscopy
of a chymotryptic fragment of BR containing helices C
through G, a fragment which is also competent in regenera-
tion of the native structure of BR, shows no evidence of the
type ofâ-structure exhibited by the BR-G peptide (Earnest,
1987). Thus, the sequence corresponding to the G helix in
BR seems to be capable of adopting radically different
conformations in different molecular contexts, and the
isolated peptide seems to adopt a very stable conformation
which is not on the folding pathway of the parental protein
molecule (Hartl, 1996; Kelly, 1996).
Most of the hydrophobic amino acids commonly found

in transmembraneR-helices (i.e. tyr, val, ile, trp, phe, and
leu) have a higher propensity to formâ-strands thanR-helices
according to the scale of Chou and Fasman derived from
the statistical analysis of observed secondary structure in
soluble proteins (Fasman & Chou, 1978). However, an
experimental study ofR-helix formation in SDS micelles has
shown thatR-helical propensity in a hydrophobic environ-

ment scales with the hydrophobicity of the amino acid side-
chain and not according to the structural propensity of the
residue in soluble proteins (Li & Deber, 1994). Thus,
Chou-Fasman analysis predicts the formation ofâ-structure
by all of the BR peptides, especially the BR-D, BR-F, and
BR-G peptides, but the efficient formation of a stableâ-sheet
structure is observed only for the BR-G peptide, indicating
that this conformational preference is a unique property of
the BR-G sequence and not determined simply by the
secondary structural propensity of the constituent amino
acids.
The experiments that we have performed fall short of

establishing a transmembrane structure for the BR-G peptide.
The hyperstableâ-structure adopted by the BR-G peptide is
reminiscent of the amyloid structures formed by the ag-
gregation of some proteins (Kelly, 1996); however, there is
no reason to expect an amyloid aggregate to be efficiently
incorporated in phospholipid membranes or to adopt a well-
defined orientation relative to the plane of the bilayer in those
membranes. Nonetheless, we cannot exclude the possibility
of a surface-associatedâ-sheet exhibiting strong protease
resistance or of some kind of unusual lipoprotein aggregate.
On the other hand, the BR-G peptide does exhibit all of the
biochemical and spectroscopic properties anticipated for a
transmembraneâ-sheet. In addition to showing spectral
features at the appropriate frequencies and with the appropri-
ate orientation relative to the bilayer plane, the peptide bonds
are highly resistant to hydrogen/deuterium exchange and to
digestion by proteases in the aqueous phase. Further
investigations will be required to establish the exact nature
of theâ-sheet structure formed by the BR-G peptide. If the
structure is transmembrane, it is likely that the peptide forms
an oligomer because it is too small to form a membrane-
spanningâ-barrel structure on its own, and an extended
â-sheet is believed to be unstable in a transmembrane
configuration (Engelman & Steitz, 1981). In SDS polyacryl-
amide gel electrophoresis, the peptide shows a mixture of a
species migrating at the monomer molecular weight and large
aggregates (data not shown); however, we do not have any
experimental data on the aggregation state of the BR-G
peptide in phospholipid vesicles. Although the structure
adopted by the BR-G peptide represents an obstacle to the
proper folding of BR, it is possible that this structure could
be used productively in some other biological context given
its extreme stability.
The studies presented in this paper and the accompanying

paper (Hunt et al., 1997) represent an initial step toward
developing an experimentally-based understanding of the
thermodynamics of integral membrane protein structure and
assembly. We believe that these results also provide insight
into potential roles for molecular chaperones in assisting the
assembly of integral membrane proteinsin ViVo (Figure 6B).
Extensive studies on the spontaneous and chaperone-assisted
folding of soluble proteins have made it clear that one of
the major functions of the chaperones is to deal with the
kinetic and thermodynamic problems encountered on the
spontaneous folding pathway (Hubbard & Sander, 1991;
Jackson et al., 1993; Todd et al., 1996; Hartl, 1996). The
conformational properties of the F and G helices represent
obvious thermodynamic problems relative to the assembly
of BR. Cells must be able to surmount conformational
problems of the type presented by these helices in order to
achieve efficient folding and assembly of integral membrane
proteins; it is reasonable to expect that molecular chaperones
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might be involved in this process, possibly even chaperones
that are optimized for the folding of integral membrane
proteins and whose existence has yet to be elucidated.
For example, the stable off-pathwayâ-sheet structure

formed by the BR-G peptide would represent a major
obstacle to either the folding or degradation of newly
synthesized BR (Kelly, 1996). It would be sensible for cells
to employ a molecular chaperone either to prevent the
formation of this structure or to disaggregate it once formed.
Turning attention to the conformational problem posed by
the BR-F helix, a hydrophobic polypeptide that fails to adopt
any stable structure is likely to have a strong propensity to
aggregate. We were surprised that the BR-F peptide did not
exhibit any detectable tendency to aggregate in our samples,
and this observation suggests that the phospholipid bilayer
itself may serve the role of a conformational chaperone for
hydrophobic polypeptides. However, it is not clear whether
this activity would be adequate to safeguard the conforma-
tional integrity of this sequencein ViVo given the immense
spectrum of aggregation-prone species in a cell (Kurada &
O’Tousa, 1995), and it seems possible that a molecular
chaperone could also play a role in protecting helices of this
kind that do not adopt a stable transmembrane conformation
on their own prior to the complete assembly of the trans-
membrane domain.
The peptidyl-prolylcis-trans isomerase NinaA has been

shown to be required for efficient biosynthetic assembly of
rhodopsin inDrosophila melanogasterphotoreceptor cells
(Baker et al., 1994; Schmid, 1995). In this context, it is
possible that the conformational problems with the BR-F and
BR-G helices could derive from an inappropriate proline
isomerization state in the peptides. [The BR-F helix contains
pro-186, which has been implicated in the protein confor-
mational changes that occur during the BR photocycle
(Ludlam et al., 1995)]. However, this explanation seems
somewhat unlikely becauseR-helices are formed using the
thermodynamically favoredtrans isomer of proline (Stein,
1993), and the BR-B and BR-C peptides, which both have
proline residues in their transmembraneR-helices, efficiently
adopt their native conformation in our assays.
If the two-stage model of IMP folding were correct in

detail, R-helical integral membrane proteins would be
expected to fold spontaneously and with great efficiency to
a stable native state bothin Vitro and in ViVo. However, to
date, bacteriorhodopsin is the only polytopicR-helical
integral membrane protein to have been successfully re-
folded from a denatured statein Vitro (Liao et al., 1984;
Huang et al., 1981; Popot et al., 1987; Booth et al., 1996).
Furthermore, IMP’s have proven to be exceedingly difficult
to over-producein ViVo (Grisshammer & Tate, 1995), and
the limited conformational stability of IMP’s is a chronic
and daunting problem in their biochemical manipulation
(Garavito et al., 1996). An important question to be
addressed in future work is whether there is a positive
correlation between the ease of re-folding anR-helical IMP,
its thermodynamic stability in the native state, and the
stability of its constituentR-helices in the transmembrane
conformation. Simple thermodynamic considerations suggest
that such a correlation should exist because the free energy
of the intermediate states along the reaction coordinate of a
complex assembly process should be one determinant of the
free energy of the final state (Figure 6B). If such a
correlation does exist, we can foresee a simple scheme for
the “thermodynamic engineering” of polytopicR-helical

IMP’s. Specifically, it could be possible to improve the
folding properties and the overall thermodynamic stability
of the intact protein by improving the thermodynamic
stability of the individual constituentR-helices in the
transmembrane conformation (Figure 6B). In this case, the
assays used in this paper could be applied to evaluate the
thermodynamic effect of individual mutations on model
peptides. More importantly, once the general principles
determining the stability of isolatedR-helices are established
in more detail, it would be possible to apply the technique
to any IMP with a known sequence, even at the earliest stages
of an expression project and prior to the availability of any
biochemical material.
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