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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 prototypicathelical integral membrane protein. Seven polypeptides were
synthesized, corresponding to each of the seven transmemdrhakces in BR, and the structure of

each individual polypeptide was characterized in reconstituted phospholipid vesicles. Five of the seven
polypeptides form stable transmembraizbelices 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 hyperstabfesheet 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 transmembuoahelical 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. (1B8&)hemistry 361517715192.] Our
observations suggest that the foldingoehelical 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 stabiliglioél

integral membrane proteins, a goal that could facilitate attempts to overexpress and/or refold them.

According to the Anfinsen paradigm, all of the information chaperone systems are involved in the folding of integral
necessary for the folding of a protein is contained in its linear membrane proteins (IMP’S)i.e. proteins that reside in the
sequence of amino acids (Anfinsen, 1973). Thirty-five years heterogeneous chemical microenvironment of the phospho-
of research support the validity of this inference with respect lipid bilayer, detailed knowledge in this area remains in a
to the folding of water-soluble proteins in that they all seem comparatively primitive state. The spontaneous refolding
to be capable of folding to the native state on their own of IMP’s has been demonstrated in principle (Huang et al.,
(Fersht, 1993; Dobson, 1994, Ptitsyn, 1995). However, the 1981; Popot et al., 1987; Surrey & Jahnig, 1992; Klein-
efficiency of this process can be poor, especially in the schmidt & Tamm, 1996), although for a very small number
crowded molecular environment inside living cells, and of proteins, and there are a few well-characterized examples
research during the last ten years has established that a largestablishing the participation of specific molecular chaper-
class of molecular chaperone proteins has evolved to controlones in the folding and/or assembly of some individual IMP’s
and assist the folding of water-soluble protdimsivo (Hartl, (Kumamoto, 1991; Baker et al., 1994; Ora & Helenius,
1996; Ellis, 1994; Georgopoulos & Welch, 1993). Although 1995). However, the generality of these results remains to
it is generally assumed that these same basic principles ande established. And, given the small number of systems that
have been characterized phenomenologically, very limited
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opathy algorithms identify putative TMr-helices in the grade. 2,2,2-Trifluoroethanol and ethanol were purchased
primary sequence of an IMP by scanning it for regions that from Lancaster Synthesis (Windham, NH) and Aaper Alco-
are long enough and hydrophobic enough to span a phos-hol and Chemical Company (Shelbyville, KY), respectively.
pholipid bilayer in ana-helical conformation (von Heijne, Buffers Dilute phosphate buffer (DPB) contained 20 mM
1980; Kyte & Doolittle, 1982; Engelman et al., 1986); these NaCl, 5 mM NaHPQ, pH 6.15. SDS buffer contained 5%
algorithms are believed to be quite reliable and have provenSDS (w/v), 30 mM NaHP@ 0.025% Nal, pH 8.0.

to be correct for the small set af-helical IMP’s where Potassium buffer (KB) contained 150 mM KCI, 30 mM
structure has been characterized at high resolution (EngelmarKHPO,, 0.025% Nal, pH 6.0.

et al., 1986). One hydropathy algorithm estimates the free Peptide Synthesis and PurificatioThe BR peptides were
energy of transferring each 20-residue segment of the proteinsynthesized usingtBOC chemistry by James Elliot at the
from water into a phospholipid bilayer in aa-helical W. M. Keck Foundation Biotechnology Resource Laboratory
conformation (Engelman et al., 1986). The magnitude of at Yale University; they were purified by reversed phase
the free energy of insertion estimated in this way is very chromatography on a C18 phase using a water/acetonitrile/
large, with valuess —15 kcal/mol calculated for the experi- TFA gradient. The peptides comprise the following residues
mentally observed structures. Because this estimate is madén the sequence of mature bacteriorhodopsin (see also Figure
for a single, isolated TM-helix, it suggests that these helices 1): BR-A = gly-6 through phe-42; BR-B- asp-36 through
should be thermodynamically stable in the TM configuration, phe-71; BR-D= val-101 through phe-135; BR-E thr-128
even in the absence of any other structural interactions. Onthrough glu-166; BR-F= ala-160 through glu-204; and
this basis, the folding of polytopic-helical IMP’s {.e. BR-G = ser-193 through ala-233. Both the amino and
proteins with more than one TM-helix) could proceed by  carboxy termini of all of the peptides are free(unblocked),

a simple, two-step pathway in which all of the individual except for the carboxy terminus of the BR-A peptide which
o-helices are stably inserted into the phospholipid bilayer is amidated. A second BR-B peptide was synthesized and
in the first step followed by their association within the plane characterized containing an identical sequence but an acety-
of the bilayer to form the final tertiary structure in a second, lated amino terminus and an amidated carboxy terminus. The
mechanistically independent step (Popot & Engelman, 1990). biochemical and spectroscopic properties of this second

If this two-step model were correct in detall, the folding BR-B peptide are very similar to that of the peptide with
of polytopic a-helical IMP’s would be expected to proceed the free termini with two exceptions: The blocked peptide
efficiently bothin vivo andin vitro. Moreover, these proteins  shows substantially lower solubility in the hydro-organic
would be expected to be conformationally robust once solvent used for purification of the peptide, and it also shows
inserted into a phospholipid bilayer because transient unfold-a lower content of the surface-associafedheet structure
ing fluctuations would simply return the protein to the than the peptide with the free termini when reconstituted into
intermediate state comprising the individually stable TM vesicles at an equivalent lipid-to-protein ratio.
o-helices. However, both of these expectations stand in  Phospholipid Preparation The polar lipid fraction from
contrast to the common biochemical experience with poly- Halobacterium salinariun{Halo-lipids) was isolated using
topic a-helical IMP’s because most of them do not efficiently the methods of Kates et al. (1982) as modified by Popot et
re-fold to the native state once denatured and many of themal. (1987). A stock ofHalo-lipids containing a tracé‘C-
exhibit limited stabilityin vitro, even when reconstituted into  label was prepared as described in Hunt et al. (1997) and
naturally occurring phospholipid bilayers (Helenius & Si- dissolved in SDS buffer; dissolution was promoted by bath
mons, 1975; Kuhlbrandt, 1988, 1992). sonication at 45C.

As an initial step toward characterizing the mechanistic =~ Peptide Solubilization The BR peptides were transferred
basis of this discrepancy, we decided to test whether syntheticto SDS buffer by dialysis (Liao et al., 1984; Huang et al.,
peptides corresponding to the individualhelices from a 1981; Popot et al., 1987) after solubilizing them in one of
polytopic IMP are stable in the TM configuration in isolation two different organic solvent systems. Peptide samples
from the remainder of the tertiary structure of the protein. solubilized in the two different solvent systems were
We chose to use the prototypical IMP bacteriorhodopsin (BR) reconstituted and studied independently; for all six BR
for this study because its structure is known at high resolution peptides, identical conformational properties were observed
(Henderson et al., 1990; Grigorieff et al., 1996) and it is for samples prepared in both ways.
one of the few polytopiax-helical IMP’s that have been One solvent system comprised a mixture of formic acid,
successfully re-folded to the native stable statevitro ethanol, and ethanolamine. In this case, the lyophilized
(Huang et al., 1981; Popot et al., 1987). In this paper, we peptide was dissolved at 2 mg/mL in 90% formic acid. This
show that, while four of the seven Ti-helices from BR solution was diluted with 2 vol of ethanol and then
are stable in the TM configuration on their own, two of them neutralized by the addition of 1 vol of ethanolamine. To
are not. [The seventh helix spontaneously equilibrates dissipate the evolved heat, the ethanolamine was added
between a fully water-soluble stable state, a peripherally dropwise while the formic acid solution was held in an ice/
membrane-bound state, and a Tbthelical state; the  water bath. Finally, solid SDS was added at a concentration
properties of the synthetic peptide corresponding to this helix of 5% (w/v) prior to the initiation of dialysis against SDS
are described in the accompanying paper by Hunt et al. buffer. The second solvent system comprised a mixture of
(1997).] These results represent an exploration of the water and 2,2,2-trifluoroethanol (TFE). In this case, the
conformational and thermodynamic constraints on the folding lyophilized peptide was dispersed at 2 mg/mL in TFE; this
of BR. solution was diluted with 1 vol of purified water, and solid

SDS was added at a concentration of 5% (w/v) prior to the
EXPERIMENTAL PROCEDURES initiation of dialysis against SDS buffer. Dialysis was

Materials Formic acid (90%) was purchased from J. T. performed in Spectrapor 6 dialysis tubing (1000 molecular

Baker (Phillipsburg, NJ) in polymer characterization solvent weight cutoff). The volume of the dialysis buffer was at
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Ficure 1: Sequences of the synthetic peptides corresponding to the individual transmensbraliees 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 limitshefitke 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 defiaitiveque) 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.
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least 200 times that of the hydro-organic mixture, and the the BR-F peptide; and 2.8:1 for the BR-G peptide. Ad-
buffer was changed twice during a total period of42 h ditional samples of the BR-B and BR-F peptides at a lipid-
in dialysis. The buffer had a pH of 8.0 for the initial round to-protein weight ratio of approximately 5:1 were produced
of dialysis and a pH of 6.0 for the subsequent two rounds. by cosedimentation of protein containing vesicles and pure
Except for the BR-G peptide, which does not contain any lipid vesicles. The pellet was frozen and thawed four times
tyrosine or tryptophan residues, the concentration of the prior to resuspension for structural studies. [The molar ratio
peptides in the SDS buffer was inferred from the absorbanceof phospholipid-to-protein in the vesicles can be calculated
of the solutions at 280 nm in conjunction with the useaof  based on an average molecular weight of 990 g/mol for the
priori extinction coefficients (Cantor & Schimmel, 1980). Halo-lipids; Kates et al. (1982).] All of the vesicles
For the BR-G peptide, the concentration was determined by containing each BR peptide displayed fundamentally equiva-
the use of the bicinchoninic acid assay (Pierce Chemicals,lent biochemical and spectroscopic properties irrespective
Rockford, IL); this assay was also used to confirm the peptide of the lipid-to-protein ratio, except for the samples of the
concentration in many of the other samples. The two BR-D peptide at lipid-to-protein weight ratios lower than or
concentration estimates agreed within 15% for all of the equal to 2.6:1, which showed a mixture afhelix and
peptides except BR-D, which appeared to have an anoma-3-sheet structure with no well-defined orientation relative
lously high extinction coefficient. to the lipid bilayer (as determined by polarized FTIR
All of the peptides except the BR-E peptide dissolved spectroscopy).
immediately in 95% formic acid and also dissolved rapidly =~ CD SpectroscopyPeptide-containing vesicles in sucrose
and completely in 50% aqueous TFE, suggesting that theysolution were diluted at least 1:1 with pure water and
are fully soluble in these solvent systems. The solutions collected by sedimentation for at least 45 min in an A95
containing the BR-E peptide, on the other hand, remained rotor in a Beckman Airfuge running at maximum speed. The
turbid until after the addition of SDS; these solutions cleared supernatant was removed using a drawn-out Pasteur pipet,
slowly over the course of approximage? h following the and the pellet was resuspended in DPB/2. DPB diluted
addition of SDS. The BR-E peptide did not seem to be 1:1 with water) by homogenizing it using a Microman M-50
soluble even in neat TFA, once again in contrast to the positive-displacement micropipet (Rainin, Woburn, MA).
behavior of the other five BR peptides. Following resuspension, the vesicles were treated 6 times
Peptide ReconstitutionThe polypeptides were mixed with  with a 10 s burst from a microtip probe sonicator at
Halo-lipids in SDS buffer at a 5:1 weight ratio of lipid-to- maximum power; CD spectra of these samples were mea-
protein, and reconstitution was accomplished using the sured at 25C within 2 h of thetime of sonication (although
potassium precipitation technique of Popot et al. (1987) with the spectra were reasonably stable over the course of several
the addition of 0.5 mM MgGlto all of the buffers; in brief, days). Peptide samples in SDS buffer were diluted 1:9 with
this technique involves collection of the potassium dodecyl pure water prior to CD measurements. The protein concen-
sulfate precipitate by low-speed centrifugation followed by tration in all of the CD samples was determined by
extensive dialysis of the vesicles in the supernatant againstquantitative amino acid analysis and ranged fromg0nL
KB. Following reconstitution, the vesicles were collected to 120ug/mL. Spectra were acquired and processed using
by sedimentation in a Ti55 rotor (Beckman Instruments, Palo the same methods described in Hunt et al. (1997) except that
Alto, CA) at 50 000 rpm and 4C for 16 h and then purified  samples were measured in a 1.00 mm path length cuvette
by equilibrium density gradient centrifugation on a 5% to (Hellma Cells, Jamaica, NY) in the wavelength range from
40% (w/v) linear sucrose gradient with a 60% (w/v) sucrose 290 to 185 nm.
cushion. The gradients contained 200 mM NaCl, 25 mM  The secondary structure content was evaluated using the
MES, 0.025% Nah| pH 6.15, and were run at*€ in either regularized least-squares algorithm implemented in the
an SW60Ti rotor (17 h) or an SW28 rotor (41 h). The program CONTIN (Provencher & Glockner, 1981). For
positions of the vesicles were identified visually on the basis most of the spectra, solutions were chosen with approxi-
of their turbidity, and they were removed from the gradients mately 5 effective degrees of freedom in order to minimize
by piercing the side of the tube with a needle and withdraw- overfitting (Johnson, 1990; Provencher & Glockner, 1981).
ing the solution with a syringe. Many of the vesicle However, some of the spectra were not fit adequately by
preparations exhibited more than one density class on thesuch solutions, and, in these cases, solutions were chosen
sucrose gradient, and in these cases, the vesicles in each clasgith a higher number of effective degrees of freedom such
were harvested and characterized separately. The reconstithat the standard deviation of the fitg. the discrepancy
tuted vesicles were stored in sucrose—&t0 °C pending between the observed and predicted spectra) was roughly
analysis. consistent for all of the spectra.
Except for the BR-G samples, the peptide concentration Preparation of Macroscopically-Ordered Protein/Phos-
in the vesicles was determined by solubilizing a small aliquot pholipid Multilayers Vesicles were sedimented out of the
in 1% SDS and measuring the absorbance of the resultingsucrose stock solution as described above for the CD
solution at 280 nm. The concentration of the BR-G peptide measurements and then washed by resuspending them in
was determined by quantitative amino acid analysis, and thiswater and pelleting them a second time using the same
method was used to confirm the peptide concentration in protocol. The second pellet was resuspended in approxi-
most of the other samples. The phospholipid concentration mately 0.7 mL of DPB/150i(. DPB diluted 1:149 with
was determined by scintillation counting using the tréfi€e water), sonicated as described above, and then filtered
radiolabel. The observed weight ratios of lipid-to-protein through a 0.22 mm polycarbonate syringe filter (CoStar,
in the vesicle preparations were as follows: 4.4:1 for the Cambridge, MA). The filtered samples were stored-20
BR-A peptide; 1.6:1 and 1.9:1 for the BR-B peptide; 1.4:1 °C pending deposition on AgCl windows using isopotential
2.4:1, 2.6:1, 6.9:1, and 9.7:1 for the BR-D peptide; 4.8:1 spin-dry centrifugation (Clark et al., 1980) as described in
and 5.6:1 for the BR-E peptide; 1.0:1, 1.6:1 and 13:1 for Hunt et al. (1997). The samples contained approximately
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225 ug of protein and between 45Ag and 2 mg of from the hydratedss deuterated samples; these calculations
phospholipid, depending on the protein sample. were performed using the program LabCalc (Galactic

Polarized FTIR SpectroscopyPolarized FTIR spectra Industrigs, Nashua, NH). The level qf excha_nge in the total
were measured and processed as described in Hunt et a|_[_)opulat|on was evaluated based on integration 01_c the peaks
(1997). The order parameters for the vibrational transition in the absolute absorbance spectra collected with perpen-
dipole moments that are reported in Table 1 are derived from dicular polarization of the beam relative to the optical plane
analysis of complete tilt-series data from each multilamellar Of incidence, while the level of exchange in the oriented
film (Rothschild & Clark, 1979a; Earnest et al., 19086). The Population was evaluated based on integration of the peaks
dichroic ratios of the corresponding absorbances werein the dichroism spectra. The spectra to be compared were
measured at 4 different angles of incidence (0, 37, 45, angnormalized based on the intensity of t'he I|p|o! peaks'm the
52° inclination of the surface normal of the sample relative absolute absorbance spectra; trapezoid-rule integration was
to the incident beam), and the resulting dichroism plots used @Pplied to the lipid CHsymmetric deformation absorbance
to perform linear regression analysis are presented in Figurecentered at 1380 crhand/or the lipid CH symmetric stretch
S1 in the Supporting Information. The effectinehelix tilt absorbance centered at 2830 ¢rCasal & Mantsch, 1984;
was calculated based on the observed dichroism of the amide>enak et al., 1991) following application of a linear base-
Il absorbance using the approach of Rothschild and Clark line correction locally to each peak. The magnitude of the
(1979a) and Earnest et al. (1986); these calculations assumediferred linear scale factor was typically less than 5% and
a value of 1.55 for the refractive index of multilayers, an aIV\_/ays Ies.s than 15%,_ and its value was verified on the basis
order parameter of 1.0 for the mosaicity of the multilayers, Of interactive subtraction of the spectra so as to cancel out
a mean helix length of 22 residues, and values of 74 andthe intensity of the lipid absorbances.

45.5 for the angle of inclination of the amide Il transition Prior to integration of the amide Il absorbance, a linear
dipole moment relative to the axis of arhelix or §-strand, baseline correction was applied to each spectrum using the
respectively. The assumed orientation of the amide Il automated algorithm described in Hunt et al. (1997). The
transition dipole moment is derived from experimental inherent baseline ambiguity in an infrared spectrum gives
measurements in the case of tidelix (Fraser & MacRae,  rise to an uncertainty in the absolute absorbance level which
1973; Nevskaya & Chirgadze, 1976) but from calculations in turn produces a significant uncertainty in quantitating the
based on ideal secondary structure geometry in the case ofevel of amide exchange, even when a consistent baseline
the g-strand (Chirgadze & Nevskaya, 1976); an equivalent correction is applied to the pre- and post- exchange spectra.
calculation applied to an idealizedhelix agrees very well ~ Therefore, the level of amide exchange in the samples was
with the experimentally measured value of the parameter. evaluated using three different baseline correction protocols
The reported range of effectiystrand tilt is derived based  in which different pairs of flanking frequencies were adjusted
on the assumption that the strands comprise4@residues  to have zero absorbance: 1780 and 900%1780 and 1300

in each monomer of the BR-G peptide. cmt, or 1580 and 1490 cmd. The narrowest interval

Amide Exchange ExperimentsAfter recording FTIR ~ SPanned just the region of the amide Il peak itself, and
spectra from the hydrated film, it was transferred to a dry baseline correction in this interval yielded the lowest estimate

box (.e.an environment maintained at less than 10% relative Of protection {.e. the highest estimate of exchange). Table
humidity using a continuous dry-air purge) where it was 1 shows the two extreme estimates of protection derived in

dehydrated by storage at room temperature for a minimum this way. Note that this ambiguity does not affect quanti-
of 72 h. After recording FTIR spectra from the dry film in  tation of t_he gxchange level in the dichroism spectra b(_ecaL_Jse
order to confirm dehydration, &L of D,O was added the bgselme is g(_anefally conS|§tent between spectra differing
directly to its surface. The sample was tilted until the liquid ©nly in the polarization of the incident beam.

had wet the entire surface of the film and then incubated in  Protease Protection Experiment¥esicles were collected
the dry environment for 1530 min in order to allow most  out of the sucrose stock solution as described for the CD
of the excess BD to evaporate. While some bulkO was experiments and resuspended at a protein concentration of
still visible on the surface of the film, it was transferred to 1 mg/mL in a buffer containing 125 mM NaCl, 62.5 mM

a sealed chamber maintained at a relative humidity of 98% Tris, pH 8. These solutions were diluted 8.8 the final

(in D2O) by a saturated solution of,RO, in D,O. After all reaction mixture. After addition of proteinase K to a working
of the bulk D,O had evaporated from the surface of the film concentration of 5Qig/mL, the samples were subjected to
(approximate} 4 h after the addition of the fD), the sample  five rounds of freezethaw (using liquid nitrogen) im-
was loaded into a compression mount inside the dry box mediately prior to incubation at 3T for either 2.5 h or 5
and then mounted in the spectrometer. Polarized FTIR h. A concentrated stock solution of the protease at 2.5 mg/
spectra of the sample were measured continuously for themL was stored frozen in 1 mM CagLand diluted further
next 15-40 h. The level of deuteration in all samples was immediately prior to use. CHAPS was used at a final
monitored by the relative intensity of the-D »s O—H concentration of 2% (w/v) in a subset of the samples. The
stretching absorbances in the spectra. For all of th®-D  reactions were stopped by adding phenylmethylsulfonyl
containing samples presented in this paper, the area ratio ofluoride (PMSF) to a final concentration of 2 mM (using a
the O-D absorbance to the €H absorbance was a stock solution at 20 mM in isopropyl alcohol); following a
minimum of 4:1; because the extinction coefficient of the 10 min incubation at room temperature, the samples were

O—D mode is substantially lower than that of the-8 frozen in liquid nitrogen and lyophilized.
very high. phase chromatography in a tetrahydrofuran (THF) gradient

The amide exchange level in the samples was quantitatedsystem. This solvent was chosen because it produces nearly
using simple trapezoid-rule integration of the amide Il peaks quantitative recovery of large hydrophobic polypeptides
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A Biophysical Study of IMP Folding

(Hunt, 1993). A 4.6 mm internal diametex 75 mm
micropellicular (Kalghatgi & Horvth, 1987) HyTach C18
column (Glycotech, Hamden, CT) was run at®Dusing 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 SpectrometryMass 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 & MclLafferty, 1994). All of the

Biochemistry, Vol. 36, No. 49, 19975163

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,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

column fractions showing significant absorbance at 215 nm pased on the use of the hydropathy algorithm of Goldman,

were scanned in a mass range startingna 2000 and
extending up to a value ofvz at least 500 greater than the

Engelman, and Steitz (Engelman et al., 1986). In Figure 1,
the extent of thea-helices eventually deduced from the

atomic weight of the pristine polypeptide; usually, tWo gjectron density map of Henderson et al. (1990) is indicated
independent scans were requwed to cover the entire Massgy the rectangular boxes superimposed on the polypeptide
range. Most of the column fractions were also scanned in sequences. We were successful in identifying the ap-

the mass range fronm/z 800 to m/z 2000. For each  roximate locations of all sevem-helices using the hydr-
spectrum, the data from an appropriate series of scans wergynathy algorithm alone.

averaged and deconvolved using standard techniques.
The deconvolved mass spectra of the column fractions
from vesicles incubated in the absence of protease showe
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 thevz range from 900 to 1500 in the later

In preparation for structural studies, the synthetic polypep-
ides were dissolved in the detergent sodium dodecyl sulfate
SDS) and then reconstituted into phospholipid vesicles using

a polar lipid extract fronH. 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
column fractions. In addition to the protonated peptide ion regenerate }h(_é native structure of BR following denaturation
; ) " of the protein in SDS (Popot et al., 1986). The reconstituted
mass species were frequently observed+6, +28, and . " : ; .
vesicles were purified by sucrose density gradient centrifuga-

+38 atomic mass units (plus linear combinations of these tion prior to characterization. We found that six of the seven
increments); these species were interpreted as the mono- P :

oxygenated peptide, the monoformylated peptide, and thepolypeptides are stably and irreversibly associated with the

potassium salt of the peptide, respectively. We believe that phospholipid vesicles foIIovv_ing_reconstitution hear n_eutra_l
methionine side chains represent the most likely sites for PH; the structural characterization of these polypeptides is

L reported in this paper. The seventh polypeptide, that
oxidation. The mass spectra of the proteolyzed samples were orresponding to the BR-C helix, spontaneously equilibrates

analyzed by comparing the masses of the observed ions(t;etween a soluble form and a membrane-associated form in
against a matrix filled with the masses of all possible peptide S i .
pH-dependent fashion; the structural properties of this

subfragments. The masses of the potassium salts of all oft ' X . )

the subfragments were also considered, as were the massé%OIypept'de are described in the accompanying paper.

of the various covalent derivatives of the subfragments when ~CD Spectroscopy of Vesicles in Solutidfigure 2 shows
the corresponding derivatives were observed in the masshormalized circular dichroism (CD) spectra of the BR-A,
spectrum of the unproteolyzed peptide. The discrepanciesBR-B, BR-F, and BR-G peptides either dissolved in SDS

between observed and calculatedz values were usually buffer or reconstituted intélalo-lipid vesicles. (The CD
within 2 and always withint3. spectra of the BR-D and BR-E peptides are shown in Figure

S1 in the Supporting Information for this paper.) The
RESULTS samples in SDS buffer represent the material used for
Peptide Design and Reconstitution into Vesicl@®®lypep- reconstitution. Quantitative analysis of the secondary struc-
tides corresponding to each of the seven transmembrandure content in the CD spectra of all six peptides was
o-helices in the native tertiary structure of BR were performed using the program CONTIN (Provencher &
chemically synthesized. We designed each polypeptide toGlockner, 1981) and is summarized in Table 1. Except for
include the entire transmembrane helix (Grigorieff et al., BR-G, all of the peptides show predominantiyhelical
1996) plus some portion of the flanking sequences (Figure secondary structure in both environments (Johnson et al.,
1). On the basis of our initial experiences with polypeptides 1988; Johnson, 1990). The spectra of the BR-A, BR-B, BR-
corresponding to the A and B helices of BR, we concluded D, and BR-E peptides iialo-lipid vesicles exhibit all of
that the charge density at the termini of the hydrophobic the qualitative spectral characteristics expected for a strongly
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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 peptithgadipid vesicles. Purélalo-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.

o-helical sample: double minima at 222 and 208 nm and a and Table 1), with its CD spectrum displaying a single
ratio of the magnitude of the molar ellipticity at 195 222 minimum at 218 nm (Johnson, 1988). The persistence of

nm greater than or equal to 2.5:1 (Johnson, 1988). Further-the -structure in SDS buffer is remarkable because SDS
more, the magnitude of the mean residue ellipticity at 222 generally inducesx-helical conformation in proteins and

nm observed in these spectra as well as curve fitting analysispeptides. To test the thermodynamic stability of this

are consistent with the presence ofahelix of at least 20 structure, we heated both samples of the BR-G peptide to
residues in length in each of the four polypeptides. For 100°C for 5 min and then re-collected their CD spectra after
reference, the CD spectrum of the BR-A peptide is very allowing the samples to re-equilibrate atZ5. The spectra
similar in both its shape and its normalized magnitude to were essentially identical before and after heating (data not
that of intact BR reconstituted into small unilamellar phos- shown), indicating that thg-sheet structure either is stable

pholipid vesicles (Mao & Wallace, 1984). at high temperature or re-forms spontaneously upon cooling.
Quantitative analysis of the spectrum of the BR-F peptide A sample of the BR-G peptide iHlalo-lipid vesicles was
in Halo-lipid vesicles indicates a lower-helix content i e. also titrated to extremes of acidic and basic pH (gH

50% vs 58%—80%) and a significantly highgl-sheet content  and pH> 9); the spectra acquired under these conditions
(i.e. 37% vs 5%—26%) compared to the BR-A, BR-B, BR- were essentially identical to those acquired near neutral pH
D, and BR-E peptides. The qualitative features of the BR-F (data not shown).

spectrum also suggest a lowerhelix content, especially Polarized FTIR Spectroscopy of Macroscopically-Ordered
the weak maximum at 195 nm-@4 000 deg criidecimol) Protein/Phospholipid Multilayers Figure 3 shows polarized
and the low ratio of the magnitude of the molar ellipticity at Fourier transform infrared (FTIR) spectra of macroscopically
195 vs 222 nm of less than 2:1. The BR-F peptide is also oriented protein/phospholipid multilayers made from vesicles
the only one (other than BR-G) to show a lowthelix containing the BR-A, BR-B, BR-E, BR-F, and BR-G
content inHalo-lipid vesicles than in SDS. peptides as well as from pukalo-lipid vesicles. Summary

The BR-G peptide shows predominanthsheet secondary  data derived from equivalent experiments on all six BR

structure both in SDS and iHalo-lipid vesicles (Figure 2 peptides are collected in Table 1. (The corresponding



A Biophysical Study of IMP Folding

Biochemistry, Vol. 36, No. 49, 199715165

2.50

4
2,001
3
@ ¥ 1504
@ 3
£l i j
[~ =
2 8
3 2
« <« 100+
14
0.50+
¥ + + + + + + } * 0.00 f t 4 + + v + +
1850 1750 1650 1550 1450 1350 1250 150 1050 950 1850 1750 1650 1550 1450 1350 1250 1150 1050 950
Wavenumbers ( em’! ) Wavenumbers ( em? )
3.00
125+
250+
1.00
2.001
g 0751+ g
] 2 150}
2 2
2 ~
< 0501 <
1.00 1
025+
0.50
0.00 y + + + + } f + + 0.00 f } + f + } + 4 ;
1850 1750 1650 1550 1450 1350 1250 1150 1050 950 1850 1750 1650 1550 1450 1350 1250 1150 1050 950
‘Wavenumbers ( em! ) ‘Wavenumbers ( em?! )
250 3
o e
BR-E Halo-lipid
2.00

150+

7 ]

Absorbance

Absorbance

0501

AN

1750 1650 1550

0.00
1850

—

1650

4 ' ' } + y 0 y + v + v 7
1550 1450 1350 1250 1150 1050 950 1850 1450 1350 1250 1150 1050 950

‘Wavenumbers (cm'l)

Ficure 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 4ZFrelative 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)
guantitating 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.
spectrum from a sample of the BR-D peptide is shown in formed in which the plane of the individual constituent
Figure S2 in the Supporting Information, while dichroism bilayers is oriented parallel to the macroscopic sample plane
plots, which quantitate the variation in the observed dichroic (Zaccéiet al., 1979; Bldt et al., 1979; Popot et al., 1986).
ratio of a set of protein and lipid absorbances as a function In general, the introduction of proteins or peptides into the
of the sample tilt angle, are presented for all of the bilayers does not affect either the structure or orientation of
multilamellar samples in Figure S3 in the Supporting the multilamellar phase (Nabedryk et al., 1988; Nabedryk
Information.) & Breton, 1981; Engelman et al., 1986). In particular,

Polarized FTIR allows characterization of the orientation control experiments have been performed in which intact
of the protein secondary structure relative to the plane of BR was reconstituted intblalo-lipid vesicles which were
the phospholipid bilayer (Rothschild & Clark, 1979a; Na- then deposited as protein/phospholipid multilayers (Earnest,
bedryk et al., 1988; Kleffel et al., 1985). Specifically, when 1987; Hunt, 1993). These experiments establish that protein-
phospholipid vesicles are equilibrated at high relative humid- containing bilayers still form well-ordered multilayers, and
ity in the absence of bulk water, a multilamellar phase is they have also been used to calibrate the magnitude of the

1750

‘Wavenumbers ( em? )
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spectroscopic signal expected for well-oriented and stableal., 1990). On the basis of the sign of the dichroism, the

transmembraneo-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 ofa-helical secondary structure oriented perpen-

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.,

dicular to the plane of the membrane, displaying positive 1985; Challou et al., 1994). Given this orientation, it is very
dichroism in the protein amide | absorbance at approximately likely that thef-sheet structure is associated with the surface

1657 cm? (primarily a carbonyl stretching mode) and

of the membrane rather than the hydrophobic core. In a

negative dichroism in the protein amide Il absorbance at series of BR-B samples with varying lipid-to-protein ratios,

approximately 1546 cmt (a coupled N-H rocking and G-N

the magnitude of thg-sheet signal in the dichroism spectrum

stretching mode). Because of the absence of overlappingincreases in proportion to the concentration of the peptide
spectral features, the amide Il absorbance provides the mosin the bilayer (data not shown), suggesting thatghsheet

reliable quantitation of the protein backbone orientation
(Rothschild & Clark, 1979a; Earnest et al., 1986). The
magnitude of the amide Il dichroism for the BR-A peptide
is identical to that observed for intact BR, indicating that
essentially all of the peptide molecules must faxrhelices
with a transbilayer orientation.

Although the spectra of the BR-B, BR-D, and BR-E

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 thapthgucture
includes a sequence near at least one terminus of the BR-B

peptides display the same qualitative features as the spectrunpeptide, and we speculate that it is likely to involve the

of the BR-A peptide, the magnitude of the amide Il dichroism

C-terminal octapeptide on the basis of the highropensity

is lower in these samples (Table 1). The observed dichroismfor this sequence in ChetFasman analysis (Fasman &
is consistent with all of the peptide molecules forming stable Chou, 1978). This region of the BR-B peptide forms part

transmembranet-helices tilted away from the membrane
normal by either approximately 3@or the BR-B and BR-D
peptides or approximately 45or the BR-E peptide. From

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

the FTIR spectra alone, we cannot exclude the possibility of any kind. The broad envelope of the amide | peak in the
that the samples comprise a mixture of populations with absolute absorbance spectra of this peptide indicates a

different conformational properties.g. one population
comprising untilted transbilayen-helices plus another
population comprising eitheo-helices lying flat on the

mixture of a-helical structure absorbing at approximately
1655 cn1? plus a substantial fraction @-sheet structure
absorbing at approximately 1635 cih This observation is

surface of the membrane or disordered structures withoutconsistent with the results from CD spectroscopy showing a
any net peptide bond orientation. However, even if there qualitatively lowera-helix content and highei-sheet content

are multiple conformational populations, a significant fraction

in the vesicles containing this peptide compared to the

of the peptide molecules must have a transmembranevesicles containing the BR-A, BR-B, BR-D, and BR-E
orientation in these samples. Furthermore, at least for thepeptides. We conclude that there is little tendency for the
BR-E peptide, protease protection experiments suggest thasynthetic peptide corresponding to the F helix to adopt a
all of the individual peptide molecules have the same transbilayera-helical conformation in thédalo-lipid mul-
conformational properties (see below), indicating that there tilayers under the same conditions that produce transbilayer
is either a homogeneous population or a dynamic equilibrium a-helices in the others. The spectra shown in Figure 3 were
between the various populations. In contrast to all of the obtained from samples containing approximately a 13:1

other a-helices in the native structure of BR, there are

clusters of aromatic residues at both tips of the BR-E helix;

weight ratio of lipid-to-protein; samples containing a 1:1
weight ratio of lipid-to-protein showed essentially identical

for both of these distal regions to interact simultaneously spectroscopic and biochemical properties (data not shown).

with the hydrophobic core of the bilayer, the axis of the
o-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

In contrast, the dichroism spectrum of the BR-G peptide
shows evidence of a strongly orient¢gdsheet structure
(Figure 3). The intense amide | peak at 1628 &im the
absolute absorbance spectra of this peptide indicates that it

the other peptide-containing multilayers (see below), and contains predominantly3-type secondary structure; the

perturbation of the lipid orientation could potentially weaken
the protein dichroism of an untilted-helix. However, the
quantitative reliability of the lipid dichroism is limited

associated shoulder at 1690 thsuggests that thg-sheet
has an antiparallel structure (Krimm & Bandekar, 1986;
Chirgadze & Nevskaya, 1976; Nabedryk et al., 1988; Kleffel

because of its very weak magnitude, so that we believe thatet al., 1985). Once again, the results of FTIR spectroscopy

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 | absorbance profile in
addition to the strongr-helical peak at 1662 cm. The
presence of the positive shoulder at 1635 tand the very
weak negative feature at 1695 chare consistent with the
presence of a small amount of antiparajtesheet in this
sample (Krimm & Bandekar, 1986; Chirgadze & Nevskaya,

of multilayers are consistent with the conclusions drawn from
CD spectroscopy of vesicles in solution. The negative peak
at 1624 cm? in the amide | region of the dichroism spectrum
indicates that the carbonyl bonds in {hesheet are directed
more or less parallel to the plane of the bilayer, while the
positive peak at 1541 crin the amide Il 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
etal., 1988). Quantitative analysis of the amide Il dichroism

1976; Nabedryk et al., 1988; Kleffel et al., 1985; Earnest et indicates that thg8-strands of the peptide can be tilted at
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most 3T from the normal to the plane of the membrane even and data derived from equivalent experiments on all six BR
if every residue is incorporated in tjffesheet (Table 1). Such  peptides are summarized in Table 1. (The corresponding
an orientation is consistent with the formation of a trans- FTIR spectra for samples of the BR-D and BR-E peptides
membranes-sheet structure. In any event, the intense are shown in Figure S4 in the Supporting Information for
dichroism of the amide absorbances requires that the strandshis paper.) Amide exchanged. H/D or *H/?H exchange)

of the B-sheet must either penetrate into the core of the experiments are used in structural studies of proteins to
membranes or extend upward from the surface of the characterize the dynamics of the polypeptide backbone (Sami

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 purdalo-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 cfrcompared to the adjacent
ether stretching absorbance at approximately 1145'cm
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 highl
dichroic and the most intense phospholipid feature that can
be quantitated accurately. Compared to the piato-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 a-helical BR peptides all display relatively normal
amide | vibrational frequencies near 1656 ¢ncompared
to the anomalously high amide | frequency of intact BR in
purple membrane at1662 cm! (Rothschild & Clark,

& 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). Itis 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 Il absorbance from approximately

540 cn1! to approximately 1440 cmt but only a minor
decrease in the frequency of the amide | absorbance on the
order of 1 cnT.

Polarized FTIR spectra of the multilamellar films were
monitored continuously starting—6 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 D, except for the spectra of the sample
containing the BR-F peptide, which were acquired after only
4 h of continuous exposure to,D. With the possible
exception of the BR-D sample, the overall level o
exchange observed after-8 h of exposure is equivalent to
that observed after 2637 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

1979b). This observation suggests that the anomalouspeptide compared to the other five BR peptides reinforces

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 differestte-
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,

the conclusion that this peptide does not adopt a stable
transbilayera-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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Ficure 4: Amide exchange experiments on the individual BR helices in phospholipid multilayers. Spectra are shown for the samples in

the presence of ¥ (solid lines) and after an extended period of exposure;@® (@otted lines). The film containing the BR-F peptide was

exposed to PO continuously for 5 h, while the other films were exposed t®Rontinuously 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 differendes spartke|

minus perpendicular, multiplied by a factor of 3. All of the spectra were acquired at an angle of incidené¢grelatbse 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.

Table 1). Therefore, the orientadthelices in the BR-A, estimated population of protected oriented protons is less
BR-B, BR-D, and BR-E peptides and the orienfggheet than 100% for all of the peptides). However, there are
in the BR-G peptide are all strongly resistant to H/D potential inaccuracies in the integration of the dichroism
exchange, even after continuous exposure to deuteratedspectra due to the low magnitude of the protein absorbance
solvent for time periods in excess of 16 h. These observa-coupled with a small degree of uncertainty in the procedure
tions indicate that the bulk of the amide exchange observedused to scale the spectra before and aftg® Bxchange.
in the absolute absorbance spectra of the BR peptides deriveThese effects are more severe and render the quantitation
from regions of the polypeptide backbones that are not well- less reliable for samples with a high lipid-to-protein ratio,
oriented relative to the phospholipid bilayer. A secondary such as the samples of the BR-D peptide. In any event, it
structural element that is stably integrated in the phospholipid would be premature to conclude that there is exchange of
bilayer on the time scale of this experiment would be the oriented secondary structure unless the appearance of
expected to retain a fully protonated polypeptide backbone dichroism at the position of deuterated amide bonds (ap-
(Zhang et al., 1992; Earnest et al., 1990; Holloway & proximately 1440 cm!) can be correlated with the disap-
Buchheit, 1990). Resistance to amide exchange does nopearance of dichroism at the position of protonated amide
prove that the secondary structural elements are integratechonds (approximately 1540 cy). The only sample which
into the phospholipid bilayer becaueehelices or-sheets  unambiguously shows dichroism at the position of deuterated
in a peripheral conformation could also be resistant to amide bonds is that of the BR-B peptide (Figure 4), which
exchange, depending on their degree of thermodynamicis the sample with the lowest lipid-to-protein ratio and also
stability (Englander & Mayne, 1992; Roder, 1989; Miranker the highest degree of apparent exchange of its oriented
etal., 1996). However, the observed dichroism of the BR- secondary structure (Table 1). The shoulder on the amide
A, BR-B, BR-D, BR-E, and BR-G peptides in conjunction || peak at 1525 cm! in the dichroism spectrum of the
with their resistance to amide exchange support the hypoth-protonated BR-B sample completely disappears upon expo-
esis that the individual peptides form stable, transbilayer sure to BO. This shoulder probably derives from the minor
structures. component of3-sheet structure that is oriented parallel to
The guantitative analysis of the dichroism spectra (Table the membrane surface; the relatively rapid amide exchange
1) suggests that there might be some degree of amideobserved for this structure is consistent with a peripheral
exchange of the oriented protein secondary structigdlfe location relative to the phospholipid bilayer as hypothesized
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Ficure 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 puf@lo-lipid vesicle control). The first three columns show reversed phase HPLC traces for the
vesicles incubated for 2.5 h at 3T 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.

above. However, the magnitude of the principal amide Il Molecular Protease Protection Experiments on Vesicles
dichroism peak associated with the orientedhelix in the in Solution The results of protease protection experiments
BR-B sample is also reduced after exposure tgOD  conducted on the vesicles containing the BR fragments are
suggesting that some of this secondary structure has alseshown in Figure 5 (and summarized in Table 1 as well as
experienced amide exchange during the experiment. the schematic diagram in Figure 1). Proteinase K was used
This effect could arise either from full exchange of the for these experiments because it is a nonspecific endo-
backbone protons on some fraction of peptide molecules orproteasei.e. its cleavage rate is largely independent of the
from partial exchange of a fraction of the backbone protons Polypeptide sequence (Whittaker et al., 1994). Furthermore,
on all of the peptide molecules. Full exchange would prior to incubation at 37C, several freezethaw cycles were
certainly require ejection of the helix from the membrane, performed in order to give the protease equal access to both
while partial exchange could occur by local conformational the external volume and the lumen of the vesicles. Therefore,
fluctuations involving the helix termini, for instance breathing in order to be protected from proteolytic digestion in these
motions of the final turn of the helix. In order to distinguish €xperiments, peptide bonds must be chemically sequestered
between these possibilities, an equivalent sample of the BR-Beither within the protective barrier of the phospholipid bilayer
peptide was monitored over the course of several weeks,or in some kind of stable protein structure (Dumont et al.,
during which it was continuously exposed tgd@ Follow- 1985; Audigier et al., 1987; Rietveld et al., 1986; Anderson
ing a similar reduction in the intensity of the oriented amide et al., 1982). These experiments provide a useful comple-
Il absorbance during the first several hours of exposure to ment to the amide exchange experiments because they
D,0, the intensity of this band remained stable during the provide information on the conformational stability of the
remainder of the time period (data not shown), leading us peptide molecules in the vesicles free in solution rather than
to conclude that the exchange of the orientedhelical after deposition as protein/phospholipid multilayers. The
structure in the BR-B peptide probably arises from breathing results of the protease digestion reactions were analyzed
motions of the helix termini. initially by reversed phase chromatography, and the material
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eluted from the column was subsequently analyzed by fastintensity of the peptide-derived peak(s) compared to the
atom bombardment mass spectrometry (FAB-MS). This phospholipid-derived and protease-derived peaks. Second,
technique determines of the mass of the protected peptideexamination of the chromatograms reveals that some of the
fragments within approximatelyt2 atomic mass units, peptides give rise to multiple chromatographic peaks, even
allowing the exact site of the protease attack to be inferred in the absence of added protease. The control sample of
in most cases. Control reactions were conducted in whichthe BR-G peptide produces three peaks, while the control
the vesicles were incubated in the absence of proteinase Ksamples of the BR-A, BR-D, and BR-E peptides produce
and additional reactions were conducted in which the vesiclestwo peaks. Mass spectra of all three BR-G peaks look
were solubilized in the nonionic detergent CHAPS prior the identical (Table 1), indicating that the different species must
initiation of the proteolysis reaction. represent different conformations or different oligomeric
Two points deserve clarification relative to the interpreta- states of the same polypeptide. Intact bacteriorhodopsin
tion of the chromatograms in Figure 5. First, because of produces two peaks when run on the same column in this
the different lipid-to-protein ratios in the samples as well as solvent system, with the second peak representing a non-
variations in the extinction coefficients of the peptides at covalent oligomer (Hunt, 1993). The mass spectra of the
215 nm, the traces show substantial variations in the relative second peak in the control samples of BR-D indicate the
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presence of a 29-residue fragment, presumably derived from25—28 residues in length (Grigorieff et al., 1996), with the
a low level of spontaneous proteolysis in these vesicles. Inregular secondary structure comprising—25% residues.
the case of the control samples of the BR-A and BR-E Thus, the protease protection conferred by the bilayer extends
peptides, the initial peak in the chromatogram unambiguously beyond the ends of the stable tertiary structure in the native
contains the pristine polypeptide, but we had difficulty protein molecule. Moreover, even in the flanking sequences,
identifying the polypeptide species in the second peak using cleavage is observed only at a limited number of the potential
mass spectrometry. We believe that the second peaksites, indicating some source of sequence specificity in the
probably comprises non-covalent oligomers of the pristine proteolytic reaction. Because this specificity is unlikely to
polypeptide but cannot exclude the possibility that it also derive from the substrate specificity of the protease, the
includes some spontaneously proteolyzed species. restricted pattern of cleavage is likely to reflect either
The results of the protease protection experiments parallelstructural specificity in the tight association of the flanking
those of the amide exchange experiments, showing that thesequences with the headgroup region of the phospholipid
BR-A, BR-B, BR-D, BR-E, and BR-G peptides are all bilayer and/or conformational destabilization of the trans-
strongly protected from digestion by proteinase K. The F bilayera-helix following cleavage at specific combinations
peptide, on the other hand, is quantitatively digested evenof individual sites.
at the earliest time point that was measured (2.5 h). Figure The fact that we do not observe any proteolysis product
5 shows data obtained using vesicles containing the BR-Fsmaller than 23 residues in length for any of the peptides
peptide at a 1:1 weight ratio of lipid-to-protein; identical suggests that the membrane-spanning region of the peptides
results were obtained with vesicles containing a 13:1 weight is digested by the protease in an all-or-none fashion. For
ratio of lipid-to-protein (data not shown). These data support example, while the BR-B and BR-D peptides are partially
the conclusion from the amide exchange experiment that theprotected from proteolysis in association with the phospho-
BR-F peptide does not form any stable secondary structurelipid vesicles, quantitation of the peak areas in the corre-
in association with théfalo-lipid vesicles under the condi-  sponding chromatograms shows that more of the peptide
tions explored in these experiments. bonds in these molecules have been digested than can be
Although the other five peptides all show substantial accounted for by the proteolytic removal of their termini.
resistance to proteolysis, the magnitude of the resistanceOur failure to detect smaller peptide fragments in these
varies considerably (Figure 5). For instance, the BR-A samples suggests that some fraction of the peptide molecules
peptide is almost completely resistant to proteolysis during have been completely degraded by the protease. Because
a 2.5 h incubation, while the BR-B peptide is approximately the protected peptide fragments observed in high yield are
50% digested during the same time period. The BR-G longer than the corresponding transmembrane helices, it
peptide shows an intermediate level of protease resistanceseems likely that reduction of the length of the flanking
Partial protease protection could reflect the slow degradation sequences below a critical limit destabilizes the transmem-
of a single, uniform peptide population, or it could reflect brane conformation of the peptide (Dumont et al., 1985),
the existence of more than one conformational state in thewhich would render the peptide sensitive to proteolysis by
peptide population. Longer digestions of both the BR-B and pushing its conformational equilibrium toward peripherally
BR-G peptides show continuing proteolysis at approximately membrane-bound and therefore protease-sensitive conforma-
the same rate (data not shown), suggesting that a uniformtions (.g. conformations similar to that observed for the
population is being digested at a slow rate. The relative rate pristine BR-F peptide in our experiments). In this context,
of proteolysis of the peptides is different in the presence of it is noteworthy that the transmembrane helix with the
the nonionic detergent CHAPS than in the intact vesicles. shortest flanking sequence exhibits the greatest degree of
For example, the BR-A peptide is quantitatively digested in protease sensitivity. Compared to the helix observed in the
the presence of the detergent even though it is the mostnative structure of BR, the BR-B peptide contains an amino-
strongly protected peptide in the lipid bilayer. The BR-B terminal flanking sequence only two residues in length,
peptide, on the other hand, is substantially protected in the substantially shorter than that at either terminus of any of
presence of the detergent, even though it is susceptible tothe othero-helical peptides (Figure 1). In addition to
slow proteolysis in the lipid bilayer. Presumably these showing the highest rate of digestion by proteinase K of any
differences reflect the relative stability of the peptide of these peptides, BR-B is the only peptide showing any
secondary structure in the different amphiphilic environ- detectable amide exchange of the orientelakelical second-
ments. ary structure, providing experimental evidence that there is
Figure 1 shows the locations of the proteolytic cleavage some degree of conformational instability in the transmem-
sites in the individual BR peptides as identified in a detailed brane region of this.-helix.
analysis of the mass spectrometry data (Table 1). While the The mass spectra of the BR-G vesicles following exposure
termini of all of the protected peptides are actively digested to proteinase K show that the major proteolysis product of
by the protease in these experiments, a very limited spectrumthis peptide is 37 residues in lengtke. four residues shorter
of proteolysis products is observed. Focusing attention first than the pristine polypeptide. Both this fragment and the
on thea-helical polypeptides, we note that there is virtually pristine polypeptide are strongly resistant to proteolysis. Such
no pristine polypeptide remaining in the BR-A and BR-E resistance would be expected if the peptide were stably
vesicles following exposure to proteinase K; these peptidesintegrated into the phospholipid bilayer but could also be
are almost quantitatively converted to species 35 and 32attributable to the formation of a very stable structure in an
residues in length, respectively (Figure 5 and Table 1). The aqueous environment. As indicated in Figure 1 and Table
principal proteolysis products of the BR-B and BR-D pep- 1, a variety of smaller proteolytic fragments are also observed
tides are 32 and 33 residues in length, respectively. Includingfor the BR-G peptide, although at yields substantially lower
the capping structures at the helix termini, the correspondingthan that of the 37-residue fragment. Combining the
o-helices observed in the native structure of BR are only observed locations of the low-frequency cleavage sites with
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the results of ChodFasman analysis (Fasman & Chou,

1978), we believe that the segments from gly-5 to leu-9, glu- can be interpreted as a qualitative study of the relative
to form S-strands.

DISCUSSION

our experiments, the results that we present in this paper
12 to asp-20, and leu-29 to arg-33 are reasonable candidatethermodynamic stability of the membrane-associated con-

formations of the bacteriorhodopsin peptides (Figure 6A).

a-helical conformation is more stable than any peripherally

On this basis, we would conclude that a transmembrane
Assuming that the synthetic peptides have reached ther-membrane-bound conformation for the BR-A, BR-B, BR-
modynamic equilibrium in thedalo-lipid vesicles used in

D, and BR-E peptides [and for the BR-C peptide at pi8,

Hunt et al.

A

FiIGUrRE 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
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as shown in Hunt et al. (1997)]. In contrast, we would of BR are capable of forming stable transbilagehelices
conclude that a peripherally membrane-bound conformationin isolation from the remainder of the tertiary structure of
(Jacobs & White, 1989; White & Wimley, 1996) is more BR. Thus, the folding of the amino terminus of this
stable than a transmembranéhelical conformation for the  polytopic integral membrane protein could proceed by a
BR-F peptide. The enigmatic observation of a hyperstable simple mechanism in which individually stable transmem-
f-sheet conformation for the BR-G peptide would indicate branea-helices are inserted into the bilayer in the first stage
that this conformation is more stable than any other of the folding pathway (Popot & Engelman, 1990). The
membrane-associated conformation of the peptide, but theresults reported in Hunt et al. (1997) also show that the
resulting dominance of this conformation in the peptide C-helix of BR is capable of inserting into the phospholipid
population prevents us from assessing the relative stability bilayer spontaneously. If the other four helices at the amino
of the transmembrare-helical and peripherally membrane- terminus of BR share this property, the folding of this portion
bound conformations of this peptide (Figure 6A). of the protein molecule would be expected to proceed
While it is difficult to verify the assumption that the spontaneously and efficiently.
synthetic BR peptides have reached thermodynamic equi- However, the two C-terminal-helices in BR do not form
librium in the reconstituted vesicles, the ¥SDS reconstitu- stable transbilayer helices in our assays, suggesting that the
tion protocol that we employed in preparing our samples folding of the carboxy terminus of BR may be more
makes it unlikely that we would have failed to observe a complicated. Because the F and G helices of BR are
transbilayera-helix if a peptide were stable in this confor- covalently linked in the protein molecule and the carboxy
mation. Following K'-mediated precipitation of the SDS, terminus of the G helix is cytoplasmic, topological contraints
a relatively high concentration of detergent remains in the would force the F and G helices to insert in tandem (unless
phospholipid bilayers (Popot et al., 1987); this residual the entire protein is first secreted to the periplasm). In this
detergent is removed from the bilayers gradually during a context, it is likely that the F and G helices of BR interact
subsequent dialysis step. Due to the high detergent contentwith one another during insertion into the membrane,
the permeability barrier of the bilayer should be negligible potentially by forming a stable-helical hairpin (Engelman
at the outset of the dialysis period and then gradually increase& Steitz, 1981). Therefore, we investigated whether there
to normal levels (Popot et al., 1987). We expect the peptideswas any evidence of an interaction between the correspond-
to have ample opportunity to adopt their equilibrium ing peptides in phospholipid vesicles. Samples were pro-
conformation during this dialysis period. More importantly, duced both by reconstituting the peptides in tandem and by
there is direct experimental evidence that this kind of fusing the vesicles containing the individual peptides. There
conformational equilibration takes place. Starting with intact was no evidence of altered conformational properties in any
BR dispersed in SDS where there should be no significant of these experiments, and, in particular, there was never any
interaction between the different helices, the-8DS sign of transmembrane-helical structure in polarized FTIR
reconstitution protocol leads to efficient regeneration of spectra of multilayers containing the polypeptides corre-
native BR (Popot et al., 1987). Thus, in the context of the sponding to both the F and G helices of BR (data not shown).
intact protein, the individual helices are clearly capable of Animportant issue to be addressed in future work is whether
achieving their equilibrium conformation relative to the a covalent link between F and G would cause them to exhibit
phospholipid bilayer during the course of the"™&DS different conformational properties.
reconstitution protocol. We conclude that it is likely that In spite of this complication, the qualitatively different
the most stable bilayer-associated peptide conformation isconformational properties exhibited by the isolatetelices
observed in our samples. from the aminows carboxy termini of BR suggest that the
Although our results provide insight into the relative free- folding of the carboxy terminus may involve a somewhat
energy of different conformational states, it is important to more elaborate mechanism than that envisioned by the two-
note that we cannot quantitate these differences usingstage model of integral membrane protein folding. One
experiments of the type presented in this paper. We havepossibility is that the F and G helices interact with other
shown that the BR-G peptide forms a stable membrane-regions of the protein molecule prior to their insertion into
associategh-sheet structure as assayed by amide exchangethe membrane. (Conceivably, the cleaved N-terminal signal
and protease protection experiments. Although we believe sequence of BR could even participate in facilitating these
that we could have detected a 10% population of transhilayerinteractions, but such participation cannot be an obligate step
helices in the BR-G samples, we could not have detected ain the assembly pathway because mature BR can refold to
1% population. Thus, the transbilayethelical conforma- the native state in the absence of its signal sequence.)
tion of the BR-G peptide could lie within 3 kcal/mol of the Alternatively, the F and G helices could insert into the
B-sheet conformation, and we would not have been able to membrane following the formation of a binding site within
detect it in our experiments. Similar considerations apply the membrane by the five amino-termiredhelices of BR
to our observations with the BR-F peptide. While our (Popot et al.,, 1987; Booth et al., 1995, 1996). This
experiments suggest that a peripheral conformation lackingmechanism would be consistent with the observation that
stable secondary structure is the lowest energy conformationthere is a rate-limiting protein conformational change that
of this peptide inHalo-lipid membranes, we have not precedes retinal binding during the regeneration of photo-
quantitated the relative free energy of the transbilayer active BR from two chymotryptic fragments.
o-helical conformation of the peptide and can only say that Whatever the detailed explanation for this behavior, it is
it is likely to be at least 1.5 kcal/mol higher in free energy possible that a similar pattern holds for the relative trans-
than the observed conformation. membrane stability of the N-termina$ C-terminala-helices
Combining the results presented in this paper with those in other polytopic IMP’s. Observations with the lactose
presented in Hunt et al. (1997), we have shown that the five permease fronk. coli indicate that it is possible to stably
N-terminala-helices observed in the native tertiary structure expressin vivo N-terminal fragments but not C-terminal
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fragments containing a subset of the transmembuanelices

in the intact protein molecule (Sahin-Toth et al., 1996). These
observations would be consistent with the N-terminal but
not C-terminala-helices integrating stably into the bilayer
on their own. Potentially, efficient foldingn vivo depends

Hunt et al.

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 formatiorfestructure

by all of the BR peptides, especially the BR-D, BR-F, and

on rapid and stable membrane integration of the segmentsBR-G peptides, but the efficient formation of a staBisheet
that are synthesized first so that they can serve as a foldingstructure is observed only for the BR-G peptide, indicating

template for the distal segments; in this case, evolution would
select for a C-terminal location far-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
o-helices, we can ask why the BR-F peptide fails to form
such a structure while other peptides with similar overall
hydrophobicity do ¢.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

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 hyperstablg-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-associatgétsheet exhibiting strong protease

o-helix on three successive turns. These residues form anresistance or of some kind of unusual lipoprotein aggregate.

aromatic box around the retinal chromophore in the native
structure of BR (Rothschild et al., 1989; Grigorieff et al.,
1996). Itis possible that steric crowding of these side chains
could destabilize the-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 transbilayehelix;

the experiments described in this paper provide a number
of convenient assays which could be applied to such
investigations.

On the other hand, the BR-G peptide does exhibit all of the
biochemical and spectroscopic properties anticipated for a
transmembranes-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 the 8-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-
spanningS-barrel structure on its own, and an extended

The observation that the BR-G peptide forms a stable 3-sheet is believed to be unstable in a transmembrane

pB-sheet structure is enigmatic. Several lines of evidence
indicate that it is extremely unlikely that this segment of the
polypeptide chain adoptsfsheet conformation in the native
tertiary structure of BR (Glaeser et al., 1991). First, the high-
resolution electron density map of BR shows well-defined
o-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 evidenc@edtructure
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 of 8-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 transmembrane-helices {.e. tyr, val, ile, trp, phe, and
leu) have a higher propensity to fofrstrands than-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 ai-helix formation in SDS micelles has
shown thato-helical propensity in a hydrophobic environ-

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 proteingivo (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 chaperonesIMP’s. Specifically, it could be possible to improve the
that are optimized for the folding of integral membrane folding properties and the overall thermodynamic stability
proteins and whose existence has yet to be elucidated.  of the intact protein by improving the thermodynamic
For example, the stable off-pathwarsheet structure  stability of the individual constituenti-helices in the
formed by the BR-G peptide would represent a major transmembrane conformation (Figure 6B). In this case, the
obstacle to either the folding or degradation of newly assays used in this paper could be applied to evaluate the
synthesized BR (Kelly, 1996). It would be sensible for cells thermodynamic effect of individual mutations on model
to employ a molecular chaperone either to prevent the peptides. More importantly, once the general principles
formation of this structure or to disaggregate it once formed. determining the stability of isolategthelices are established
Turning attention to the conformational problem posed by in more detail, it would be possible to apply the technique
the BR-F helix, a hydrophobic polypeptide that fails to adopt to any IMP with a known sequence, even at the earliest stages
any stable structure is likely to have a strong propensity to of an expression project and prior to the availability of any
aggregate. We were surprised that the BR-F peptide did notbiochemical material.
exhibit any detectable tendency to aggregate in our samples,
and this observation suggests that the phospholipid bilayerACKNOWLEDGMENT
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