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the interaction of profilin with PIPz (Goldschmidt-Clermont 
et al., 1991). Such modulation of the PI-MAP2 interactions 
may constitute a link by which extracellular factors influence 
the microtubule cytoskeleton. 
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Bacteriorhodopsin Can Be Refolded from Two Independently Stable 
Transmembrane Helices and the Complementary Five-Helix Fragment? 
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ABSTRACT: This paper describes experimental tests of the hypothesis that bacteriorhodopsin (BR) can fold 
by the association of independently stable transmembrane helices. Peptides containing the first and second 
helical segments of BR were chemically synthesized. These two peptides and the complementary five-helix 
fragment of BR were reconstituted in three separate populations of native-lipid vesicles which were then 
mixed and fused to allow the fragments to interact. After addition of retinal, absorption spectroscopy of 
the reconstituted BR and X-ray diffraction of two-dimensional crystals of this material showed that the 
native structure of BR was regenerated. ,The first two helices of BR can therefore be considered as independent 
folding domains, and covalent connections in the loops connecting the helices to each other and to the rest 
of the molecule are not essential-for &e appropriate association of the helices.. 

Redict ing the folded structure of a protein on the basis of 
its amino acid sequence is a major goal of modern biology. 
Achieving this goal with membrane proteins may prove to be 
easier than with water-soluble proteins because of the con- 
straints on secondary structure imposed by the hydrophobic 
environment of the membrane. Although /3 structure is present 
in some instances (Weiss et al., 1990; 1991), in the majority 
of integral membrane proteins the membrane-spanning regions 
appear to be a-helical (Popot & de Vitry, 1990). These 
segments are localized in the membrane because of the hy- 
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drophobicity of their amino acid side chains, and they are 
helical because of the strong energetic favorability of backbone 
hydrogen bonding in the nonpolar environment (Engelman et 
al., 1986). 

Bacteriorhodopsin (BR)' is an integral membrane protein 
that is composed of seven transmembrane helices connected 
by short extramembranous loops (Henderson et al., 1990). It 
has been hypothesized that the secondary structure of the 

Abbreviations: BR, bacteriorhodopsin; BSA, bovine serum albumin; 
KB, 30 mM potassium phosphate, 150 mM KC1,0.025% NaN,, pH 6; 
KB/5,6 mM potassium phosphate, 30 mM KCI, 0.005% NaN,, pH 6; 
SDS, sodium dodecyl sulfate; SDS buffer, 50 mM sodium phosphate, 5% 
SDS, 0.025% NaN,, pH 6, 7, or 8; UV-CD, ultraviolet circular di- 
chroism. 
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Refolding of BR from Independent Helices 

helices does not depend on the tertiary structure of BR and 
that the structure of the protein therefore can be thought of 
as arising from the side-to-side association of independently 
stable helices (Popot & Engelman, 1990). To test this hy- 
pothesis, BR has previously been regenerated from two frag- 
ments containing two and five helices each (Popot et al., 1987). 
These fragments were incorporated independently into separate 
populations of lipid vesicles, in which their secondary structures 
were determined to be largely helical. They were then allowed 
to interact by mixing the two populations and fusing the 
vesicles, under which conditions the fragments associated to 
reform the native structure of BR. To date, however, this kind 
of experiment has not been performed under conditions that 
stringently test the idea that each helix acts as an independ- 
ently stable folding domain, separately adopting its secondary 
structure, and then associating with the remaining helices to 
form the tertiary structure of the protein. 

In this paper, we show that BR can be reformed from 
peptides containing the first helix, the second helix, and the 
remaining five helices, which have been independently refolded 
in lipid bilayers, and then allowed to interact with each other. 
Each of the fragments was reconstituted separately into ves- 
icles. Other workers have shown that the five-helix fragment 
(Popot et al., 1987) and each of the single-helix fragments 
(Hunt et al., 1991) are largely helical when independently 
reconstituted in vesicles. The vesicles were then mixed and 
fused to allow the fragments to interact with each other in the 
same bilayer, and retinal was added, resulting in the regen- 
eration of the native BR absorption spectrum. Further, the 
reconstituted protein could be induced to form the crystal 
lattice characteristic of native BR in purple membrane, and 
X-ray diffraction demonstrates that the structure of the re- 
constituted molecule is similar to that of the native molecule. 
These results are discussed in the context of previous studies 
of BR folding, and they contribute the most direct evidence 
yet obtained that individual helices in a polytopic membrane 
protein can act as separate folding domains. 

NOMENCLATURE 
A new nomenclature will be used which is designed to show 

in a clear way which helices are present in a sample and 
whether any covalent connections between the helices have 
been cut. The helices are lettered according to Engelman et 
al. (1980). A dot (a) between two letters indicates that no 
covalent bond connects those two helices, either because the 
sample has been cleaved chemically or proteolytically or be- 
cause the sample has been reconstituted from synthetic pep- 
tides corresponding to individual helices. If the sample contains 
retinal, the name of the sample will be prefmed with the letter 
R. Subscripts indicate the state of the sample: S indicates 
a sample in the form of membrane sheets as obtained from 
Halobacterium halobium; V indicates a sample reconstituted 
into lipid vesicles; 0 indicates a sample dissolved in organic 
solvents; D indicates a sample solubilized in detergent; and 
M indicates a sample in mixed micelles (detergent plus lipid). 
If the sample is being referred to in an abstract sense, no 
subscripted letter will be used. Some examples: 

R(ABCDEFG)s purple membrane 
(ABCDEFG)V bleached BR that has been reconstituted into 

vesicles 
(AB), the fragment containing the first two helices, 

solubilized in detergent 
R(ASB.CDEFG)~ BR reconstituted in vesicles from fragments 

containing the first helix, the second helix, and 
the last five helices, with retinal added 

The phrase “reconstituted” will be used to refer to samples in 
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which BR or fragments of BR have been incorporated into 
vesicles. The phrase “regenerated” will be used to refer to 
samples which have regained the native chromophore of BR 
after addition of retinal to bleached material. 

MATERIALS AND METHODS 
Materials. All aqueous solutions were made using water 

purified by a Milli-Q water system (Millipore). Baker PCS 
reagent-grade 90% formic acid was used. Ethanol (200 proof) 
was from Quantum Chemical Corporation. all-trans-Retinal, 
ethanolamine, and TLCK-treated chymotrypsin were from 
Sigma. Retinal was dissolved in ethanol just before use, and 
the concentration was determined from the absorbance at 380 
nm using an extinction coefficient of 42 800 cm-l M-’. Sodium 
taurocholate was from Calbiochem. Electrophoresis-purity 
SDS was from Bio-Rad Laboratories. 

Buflers. SDS buffer: 50 mM sodium phosphate; 5% SDS; 
0.025% sodium azide; adjusted with HCl or NaOH to desired 
pH (either 8,7, or 6). KB: 30 mM potassium phosphate; 0.15 
M KCl; 0.025% sodium azide; pH 6.0. KB/5: same as KB, 
but diluted 5-fold. 

Scintillation Counting. Typically, aliquots of 5, 10, 15, and 
20 pL were counted, and linear regression was used to de- 
termine the number of counts per minute per microliter. 
Seven-milliliter glass vials were used containing 6.5 mL of 
Packard Opti-fluor liquid scintillation counter cocktail. After 
the addition of aliquots to the vials, the samples were stored 
in the dark for 8 h to allow chemiluminescence to decay. Then, 
the samples were counted with a Packard 2000CA Tri-carb 
liquid scintillation analyzer. 

Amino Acid Analysis. Quantitative amino acid analysis was 
performed by M. Crawford of the Protein and Nucleic Acid 
Chemistry Facility of the Yale University School of Medicine 
as described in Popot et al. (1987). A known quantity of 
norleucine was added to each sample and was used to calibrate 
the quantitation of each amino acid. Usually, three or four 
aliquots of the same sample were analyzed and linear re- 
gression was used to determine the protein concentration. 

Preparation of Purple Membranes. H.  halobium was grown 
and purple membranes were purified as described in Popot et 
al. (1987). For ease of protein concentration determination, 
radioactively labeled purple membranes were also prepared 
by adding [3H]leucine to defined growth medium as described 
in Popot et al. (1987). The labeled membranes were mixed 
with unlabeled membranes to give a specific activity of about 
10-20 cpm/nmol of leucine. The specific activity was de- 
termined by scintillation counting and quantitative amino acid 
analysis. The protein concentration of samples made from the 
labeled material could then be easily measured by scintillation 
counting. 

Preparation of (CDEFG). (CDEFG) was prepared essen- 
tially by using the methods described in Popot et al. (1987), 
which in turn are based on the methods given in Liao et al. 
(1984). This procedure also produces (AB), which was not 
used for the experiments described in this paper. The formic 
acid was neutralized with ethanolamine instead of ammonium 
hydroxide. Typical protein concentrations in SDS buffer were 
0.1-0.5 mg/mL. 

Preparation of Peptides ( A )  and (B).  (A) and (B) were 
synthesized using the solid-phase method and were purified 
by reversed-phase HPLC by J. Elliott of the Protein and 
Nucleic Acid Chemistry Facility of the Yale University School 
of Medicine. After purification, analytical HPLC showed one 
main peak with only very small contaminating peaks, amino 
acid analysis showed the expected numbers of each type of 
residue, and mass spectrometry showed the expected molecular 



6146 Biochemistry, Vol. 31, No. 26, 1992 

weights. The N-terminus of (A) was acetylated; the N-ter- 
minus of (B) was not. The C-termini of both peptides were 
amidated. 

The lyophilized peptides were dissolved in organic solvents 
and then transferred to SDS buffer solution as follows: About 
O S  mL of formic acid/mg of peptide was added to the dry 
peptide, and the solution was vortexed for 1-2 min. A total 
of 3.5 volumes of ethanol were added followed by 20 mg of 
SDS/mg of peptide. The solution was vortexed for about 5 
min until the SDS had all dissolved. The solution was cooled 
on ice, and the pH was brought to about 7 (as measured by 
pH paper) by adding dropwise with mixing a volume of eth- 
anolamine approximately equal to the volume of formic acid. 
The solution was transferred to Spectra/Por-6 (Spectrum 
Medical Industries) dialysis tubing and was dialyzed at room 
temperature against SDS buffer at pH 8. After a few hours, 
the dialysate was replaced with fresh buffer at pH 8. After 
12 h, the buffer was again replaced. Twelve hours later, the 
buffer was replaced with fresh buffer at pH 7, and 12 h later 
with fresh buffer at pH 6. After another 12 h, the peptide 
solution was removed from the bag. The concentration was 
determined by the Pierce BCA method, using y-globulin and 
BSA as standards. 

Preparation of H. halobium Lipids. Lipids were prepared 
as described in Popot et al. (1987). Thin-layer chromatog- 
raphy as described in Popot et al. (1987) showed no variation 
in lipid content between preparations. 

Co-reconstitutions. Reconstitutions with all three fragments 
mixed together were performed essentially as described in 
Popot et al. (1987). Retinal was added at a 1-51 retinal to 
(CDEFG) molar ratio. In some cases, taurocholate was added 
at a 1:l taurocholate to protein mass ratio in order to increase 
the recovery of protein in the reconstitution process. 

Reconstitution by Vesicle Fusion. (A), (B), and (CDEFG) 
were independently reconstituted in native lipid vesicles at a 
2: 1 lipid to protein mass ratio with a 1 : 1 taurocholate to protein 
mass ratio using the procedure described above. The three 
populations of vesicles were then mixed so as to give a 2:2:1 
molar ratio of (A) to (B) to (CDEFG). The vesicles were 
fused using the freeze/thaw method: The sample was frozen 
by submersion in liquid nitrogen. It was allowed to thaw in 
ice water, and it was then sonicated using a Heat Systems- 
Ultrasonics, Inc. sonifier equipped with a microtip probe at 
a power level between 4 and 7. The tube was submerged in 
room temperature water, and six bursts of 10 s each separated 
by 1.5 min of cooling were used. The entire freeze/thaw/ 
sonication procedure was performed three times. Retinal was 
added either before or after fusion. 

Measurement of Chromophore Regeneration. The extent 
of chromophore regeneration was determined by absorption 
spectroscopy using 1-cm-path length semimicro self-masking 
cuvettes (Hellma) in a Perkin Elmer Lambda 6 UV/vis 
spectrophotometer. The reference cuvette contained buffer. 
Samples were sonicated with a microtip probe sonicator, using 
six 10-s bursts separated by 1.5 min of cooling. The sample 
tube was submerged in room temperature water throughout. 
The sonication reduced light scattering by reducing the size 
of the vesicles. Nevertheless, some light scattering was always 
present in the spectra, so a straight line drawn tangential to 
the tails of the peak was used as a baseline. The peak height 
was taken to be the distance from the line to the point in the 
peak farthest from the line. This method actually underes- 
timates the peak height because the flat baseline is only an 
approximation; however, this method has been used consist- 
ently for all samples, and was used in previous work to de- 
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termine extinction coefficients for similar samples. The ex- 
tinction coefficient was assumed to be 45 000 M-' cm-', the 
same as determined for R(AB.CDEFG), (Popot et al., 1987). 
The concentration of regenerated BR was then divided by the 
concentration of (CDEFG) as determined by scintillation 
counting to give the extent of regeneration. 

Preparation of Samples for X-ray Diffraction. Between 
0.5 and 1 mg of protein, either in sheets or reconstituted into 
vesicles, was spun down in an SW60 rotor at 60K rpm 
(37oooOg at raVJ for 70 min, usually from KB. The pellet was 
resuspended in KB/5 and was spun down again, the super- 
natant was carefully removed with a drawn-out Pasteur pipet, 
and the inside of the tube was dried with a tissue. One to two 
microliters of KB/5 was added back to the pellet, which was 
homogenized with a stir bar (1 X 2 mm) for about 5 min. The 
consistency of the sample was as thick as possible, but without 
any lumps. The tube was then spun briefly in a table-top 
centrifuge to coalesce the sample. Approximately 2 pL of the 
sample was deposited on a piece of clear, biaxially oriented 
polystyrene 0.0012 in thick (Kama Corporation), using care 
not to allow any bubbles to form. If a larger sample was 
desired, another 2 pL was added to the spot. The sample was 
allowed to equilibrate overnight in a sealed box containing a 
saturated solution of CaC12, which produces a relative humidity 
of about 30-3576 (Spencer, 1926). Sometimes a saturated 
solution of KzS04 was used instead to produce a relative hu- 
midity of about 97%. The result was a dry disk of membranes 
about 1.5-2 mm in diameter and about 0 .142  mm thick. The 
sample was stored in the sealed box when not being used for 
measurements. 

Collection of X-ray Patterns. The X-ray source was an 
Elliott GX6 rotating anode X-ray generator producing copper 
K, X-rays, operating at 45 kV and 50 mA, employing a 0.2 
X 2 mm focal spot. The take-off angle was approximately 
6S0, giving a 0.2 X 0.2 mm beam source. The diffraction 
patterns were collected using a Searle toroidal X-ray dif- 
fraction camera made by Baird & Tatlock, in which a gold- 
plated ellipsoidal mirror focuses the X-ray beam. The sam- 
ple-to-film distance was 7.3 cm. 

The camera was sealed and flushed with helium bubbled 
through a saturated solution of CaCl, for 20 min prior to 
beginning the exposure and throughout the exposure. This 
serves the dual purpose of maintaining the sample at 30-3596 
relative humidity and minimizing air scattering of X-rays. 
Exposure times were typically 30-45 min. At the conclusion 
of the exposure, the position of the X-ray beam was recorded 
on the film by attenuating the beam with aluminum and then 
briefly exposing the film with the beam stop displaced from 
the path of the beam. 

Patterns were recorded on Kodak DEF 5 direct exposure 
diagnostic film. The film was developed in Kodak GBX de- 
veloper following the manufacturer's instructions. After 
drying, films were digitized using an Optronics International 
Inc. Photoscan System P-1000 film scanner, at a 50 X 50 pm 
pixel size. The films were then radially averaged using a 
FORTRAN program running on a VAX 8800 computer (Digital 
Equipment Corporation). The center of the pattern was lo- 
cated using the position of the beam spot recorded on the film. 

RFSULTS 
If BR is composed of independently stable helices that as- 

sociate to form the tertiary structure, and if therefore the loops 
between the helices are not required for folding, then it might 
be possible to reconstitute BR from individual helices. To test 
this hypothesis, two peptides were chemically synthesized, one 
containing the helix A sequence, and the other the helix B 
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FIGURE 1: The sequence of BR, showing the secondary structure determined by Henderson et al. (1990). The boxed-in regions are helical. 
The shaded areas show the approximate location of the hydrophobic region of the membrane. The beginning and ending points of (A) and 
(B) are indicated. Other fragments described in the text are also shown. 

sequence. These helices are the two helices of the (AB) 
fragment. Thus, a reconstitution of BR from (A) + (B) + 
(CDEFG) + R is conceptually analogous to a reconstitution 
from (AB) + (CDEFG) + R. However, the reconstitution 
using (A) and (B) is a direct test of whether these two indi- 
vidual peptides are separately capable of folding and associ- 
ating with (CDEFG) to form the complete BR structure. 

As synthesized, (A) extends from residue 6 to 42, and (B) 
extends from 36 to 71 (see Figure 1, which shows the entire 
sequence of BR). (A) and (B) overlap by 7 residues, the 
overlap being entirely within the polar region of the sequence 
between the first and second helices. (A) ends within the 
second helix in the Henderson et al. (1990) structure, but 
before the beginning of the hydrophobic and therefore mem- 
brane-spanning region of that helix. (B) ends at the chymo- 
tryptic cleavage site used to make (AB) and (CDEGF). The 
overlap between (A) and (B) was included so as to give each 
of these extremely hydrophobic peptides a significant number 
of polar residues so as to promote solubility in mixed organ- 
ic/aqueous solvent systems and in aqueous detergent solutions. 

Co-reconstitution. Reconstitutions were performed using 
the SDS precipitation method of Popot et al. (1987). Unlike 
R(ABCDEFG),, which begins to turn purple in less than 30 
min after precipitation of the SDS, R(A.B*CDEFG), took 
about 12 h before a purple color became apparent. Regen- 
eration of the chromophore was complete after about 2 days. 
When (CDEFG) was reconstituted with only (A) or only (B), 
and retinal was added, no purple chromophore recovery was 
observed, showing that both helices are required to reform the 
native structure of BR. 

The concentration of protein in a reconstituted sample was 
determined by scintillation counting. Since only (CDEFG) 
was labeled with tritium, it was assumed that the recovery of 
(A) and (B) was proportional to the recovery of (CDEFG). 
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FIGURE 2: The absorption spectrum of R(A*BCDEFG),. The peaks 
of bound and free retinal are indicated. 

This is probably a reasonable assumption because Popot et al. 
(1987) found that in reconstitutions of (AB) plus (CDEFG), 
the two fragments were recovered equally. When no tauro- 
cholate was used in the reconstitution, the recovery of protein 
varied from about 50% to about 9096, with samples of larger 
volumes giving higher recoveries. With taurocholate, the 
recovery was typically 90-1 0096, regardless of sample volume. 

The spectrum of free retinal has an absorption maximum 
at about 380 nm. When retinal is attached to a lysine by a 
Schiff base, the absorbance peak is shifted to about 450 nm. 
When retinal binds to native BR, the peak is further shifted 
to about 560 nm. This spectral shift is a sensitive assay for 
the native structure of BR. Figure 2 shows the spectrum of 
R(AmBCDEFG),. Because retinal is added in excess relative 
to (CDEFG), some free retinal is present in the sample. The 
peaks for both free and bound retinal can be seen in the 
spectrum. The height of the bound retinal peak above the 
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a stack of membranes that are well ordered parallel to the 
substrate but that are rotationally randomized about the 
normal to the membrane plane. Each membrane layer in the 
stack contains a two-dimensional crystal of BR. When the 
X-ray beam is passed through the sample perpendicular to the 
plane of the membranes, each crystal produces a hexagonal 
array of reflections. These reflections are averaged into 
concentric circles because of the rotational disorder of the 
membranes. A Fourier transform calculated using the ap- 
propriately processed integrated intensities of these X-ray 
reflections plus phases obtained from electron microscopy 
would give a projection of the electron density of BR into the 
plane of the membrane [see, for example, Engelman and 
Zaccai (1 980) and Koch et al. (1 99 l)] . 

R(A*B.CDEFG), was reconstituted with a 2:2:1 molar ratio 
of (A) to (B) to (CDEFG) and a 1:l mass ratio of lipid to 
protein. The material was dried down on a flat substrate at 
a controlled relative humidity of 35% (saturated calcium 
chloride). Figure 3 shows a diffraction pattern of crystallized 
R(A.BCDEFG),, with a pattern of R(ABCDEFG), shown 
for comparison. Figure 4 shows radial averages of diffraction 
patterns of intact BR and of BR reconstituted from fragments. 
Comparison of the pattern of R(A*B*CDEFG), with that of 
R(AB.CDEFG), or R(ABCDEFG), shows that all of the 
reflections are present at their correct locations and that their 
relative intensities are approximately correct. The unit cell 
dimension is 62.2 f 0.6 A. The crystallization was repeated 
several times, and it gave substantially the same results each 
time. R(A-B.CDEFG), dried at 97% relative humidity gave 
a weaker pattern (not shown) than material dried at 35% 
relative humidity. Also, the strength of the pattern obtained 
from a sample dried at 97% relative humidity could be im- 
proved by transferring the sample to 35% relative humidity. 
The relatively low signal-to-noise ratio is presumably due to 
the presence of denatured material that does not crystallize. 
In an attempt to drive the protein molecules closer together 
in the hope of increasing the amount of crystalline material, 
samples were made at lower lipid to protein mass ratios of 
0.75:l and 0.51. These samples did not regenerate as well, 
and the intensity of the lattice was lower. Because (AB. 
CDEFG), does not crystallize in the absence of retinal (Popot 
et al., 1987), and because (CDEFG) reconstituted with only 
(A) or only (B) did not bind retinal (see above), crystallization 
of (A-CDEFG), or (BCDEFG), was not attempted. 

Despite the relatively low level of crystallization, it is clear 
that R(A*B.CDEFG), is capable of crystallizing in the same 
way as R(ABCDEFG),. It is also clear from the resulting 
diffraction pattern that the structure of R(A-B-CDEFG), is 
very similar to that of R(ABCDEFG),. All of the reflections, 
extending out to the (7,l) reflection, are in the same locations 
with an error of less than 1% in S, showing that the material 
crystallizes in the same lattice. The relative sizes of the peaks 
are roughly the same by inspection, showing that the structure 
is similar to a resolution of about 7 A. 
DISCUSSION 

Previous studies on the folding of BR have shown that BR 
can be regenerated from fragments containing two or more 
helices each. By reconstituting BR from (AB), (CDEFG), 
and retinal in mixed micelles containing lipids and detergents, 
Huang et al. (1981) showed that two pieces of BR can asso- 
ciate and refold properly after being denatured, separated, and 
mixed together again. Liao et al. (1984) and Sigrist et al. 
(1988) have obtained similar results with (ABCDE) and (FG). 
Liao et al. (1983) found that (AB), and (CDEFG)M each 
contain as great a percentage of helix as (ABCDEFG),, 

baseline was used as the absorbance. The maximum was in 
the range of 560-570 nm. Typical regeneration levels were 
in the range of 2650% relative to the amount of (CDEFG) 
present in the sample. 

For most reconstitutions, (A)D and (B)D were added at a 
2-fold molar excess compared to (CDEFG)D. Lower ratios 
gave less regeneration, while higher ratios did not increase the 
regeneration when fresh (A), and (B)D were used. When (A), 
and (B), were stored in SDS buffer for long periods of time, 
the extent of regeneration decreased. The same has also been 
found to be true for (AB)D and (CDEFG)D (Liao et al., 1983; 
Popot et al., 1987). 

The regeneration of R(A-BCDEFG), was dependent on the 
lipid to protein ratio. The optimum mass ratio was 1 : 1 or 2: 1. 
Reducing the ratio to 0.75:l or 0.5:l caused the level of re- 
generation to drop by about two-thirds. When the reconsti- 
tution was done at a 1O:l lipid to protein ratio, the absorbance 
maximum was at 455 nm instead of the usual 560-570 nm. 
Apparently the fragments were associating and binding retinal, 
but the environment of the retinal was not native. The retinal 
had approximately the absorbance maximum expected if it 
were connected to the protein by a protonated Schiff base but 
were not otherwise interacting with charged groups in the 
protein (Honig & Ebrey, 1982). Adding lipid to a sample 
which had already regenerated caused the retinal to dissociate 
from the protein. A spectrum was taken of a regenerated 
sample at a 0.51 lipid to protein ratio. Then sonicated pure 
lipid vesicles were added to the sample so as to raise the lipid 
to protein ratio to 10:l. Before the vesicles were fused the 
spectrum was found to be unchanged, but after the vesicles 
were fused by the freeze/thaw method, the peak at 560 nm 
had dropped by about 50% and a free retinal peak at 380 nm 
had appeared. When the lipid to protein ratio was raised to 
1OO:l by adding more lipid vesicles and fusing them, the BR 
chromophore was completely lost. In a sample that consists 
entirely of 100% regenerated BR, a 1:l mass ratio of lipid to 
protein would correspond to approximately a 30:l molar ratio. 

Reconstitution by Vesicle Fusion. (A), (B), and (CDEFG) 
were independently reconstituted in native lipid vesicles at a 
2:l lipid to protein mass ratio with a 1:l taurocholate to protein 
mass ratio. Thii lipid to protein ratio was used because vesicle 
fusion becomes more efficient as the lipid to protein ratio is 
raised. However, the ratio could not be much higher since at 
a 1O:l ratio BR reconstituted from the three fragments mixed 
together did not regenerate the native spectrum (see previous 
section). The three populations of vesicles were then fused 
so as to yield a 2:2:1 molar ratio of (A) to (B) to (CDEFG). 
Retinal was added either before or after fusion. The extent 
of chromophore regeneration was comparable to that obtained 
when (A), (B), and (CDEFG) were reconstituted together. 

Use of X-ray Diffraction to Compare Reconstituted Bac- 
teriorhodopsin to Native Bacteriorhodopsin. One way to test 
whether reconstituted BR has a structure similar to that of 
native BR is by X-ray diffraction. Purple membrane occurs 
naturally as a two-dimensional crystal of BR with a small 
amount of lipid (the lipid to protein mass ratio is 1:3). R- 
(ABCDEFG), and R(ABCDEFG), can also be induced to 
crystallize by drying down the vesicles on a flat substrate 
(Popot et al., 1987). X-ray diffraction of the membranes 
produces a characteristic diffraction pattern, with strong, sharp 
reflections to about 6.5 A and weaker reflections to at least 
3.5 A (Henderson, 1975). To obtain such a pattern, a sample 
is pelleted, and the pellet is then homogenized and transferred 
to a flat substrate transparent to X-rays on which it is allowed 
to dry slowly at a controlled relative humidity. The result is 
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FIGURE 3: X-ray diffraction patterns of (a) R(ABCDEFG), and (b) R(A-BCDEFG),. 

showing that the fragments need not associate in order to adopt 
their native secondary structure. 

In order to determine whether all seven helices of BR are 
required for regeneration, Liao et al. (1984) cleaved (AB) into 
single helices using formic acid. A 1:l:l molar ratio of (A) 
to (B) to (CDEFG) in mixed micelles only regenerated the 
chromophore to a level of 5-10%. Liao et al. concluded that 
cleaving (AB) has a profound effect on the ability of BR to 
regenerate, but still considered it theoretically possible that 
(BCDEFG) might be capable of binding retinal to reform the 
native chromophore . 

Popot et al. (1987) extended the studies of (AB) and 
(CDEFG) and regeneration of BR from those fragments by 
reconstituting them independently into vesicles. Each fragment 
showed a UV-CD spectrum quite similar to that of R- 
(ABCDEFG),, indicating that the fragments fold individually 
into highly helical structures in lipid bilayers. Neither frag- 
ment alone bound retinal. When the vesicles containing the 
two fragments were mixed and fused so that the fragments 
were free to interact and retinal was added, the native chro- 
mophore of BR was regenerated. The UV-CD spectrum of 
the associated fragments with or without retinal was virtually 
indistinguishable from that of R(ABCDEFG),. When these 
vesicles were dried down on a smooth substrate, and the dried 
sample was placed in an X-ray camera, it was found that 
R(AB.CDEFG), formed a two-dimensional crystal lattice 
identical to that of R(ABCDEFG), [see also Popot et al. 
(1 986)]. 

Gilles-Gonzalez et al. (1991) have shown by preparing 
deletion mutants of BR that significant portions of the loops 
connecting the second to the third helices and the fifth to the 
sixth helices can be eliminated without abolishing the protein’s 
ability to fold properly. 

The idea that the helices of BR are independently stable 
has been tested in the present study by examining the structure 
of BR reconstituted from two individual helices plus a fivehelix 
fragment, reconstituted together or each reconstituted sepa- 
rately and then allowed to interact. The fact that hydro- 
phobicity analyses such as that described by Engelman et al. 
(1986) are able to locate membrane-spanning cy-helices within 
the sequences of proteins without considering interhelix in- 
teractions or the structure of the extramembranous parts of 
the proteins leads to the hypothesis that the cy-helices may be 
independently stable (Popot & Engelman, 1990). Interhelix 
interactions and extramembranous structure may be important 
in determining the exact arrangements of helices in a protein 
and may contribute to the stability of the protein but may not 
be needed to specify the secondary structure within the 
membrane. According to this hypothesis, in the case of 
globular membrane proteins (those that span the membrane 
several times and have a significant fraction of their mass 
within the membrane), the energetics leading to the stable 
structure of a protein can be thought of as consisting of two 
components: (a) the formation of membrane-spanning a- 
helices, dictated by the low dielectric constant of the lipid 
environment, each of which would be stable on its own; and 
(b) the energies that drive the helices together in their ap- 
propriate tertiary arrangement, including interhelix interac- 
tions, the lipophobic and packing effects, and the constraints 
imposed by the structure of the extramembranous portions of 
the protein. The association of the helices to form the tertiary 
structure probably does not significantly alter the secondary 
structure, since the prediction routines correctly find the 
secondary structure without considering tertiary effects. This 
two-stage model for the formation of membrane protein 
structure is reviewed by Popot and Engelman (1990). 
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troscopy and X-ray diffraction, R(A-BCDEFG), is very sim- 
ilar in structure to R(ABCDEFG),. Although the ability of 
R(A.BCDEFG), to pump protons was not assayed in this 
study, Khorana et al. (1988) and Marti et al. (1991) have 
found that all examples of genetically mutated versions of BR 
that can regenerate the native chromophore can also pump 
protons. Kataoka et al. (1992) have shown that R(A*B. 
CDEFG), undergoes a photocycle, indicating that it is prob- 
ably functional. 

Although the covalent connections in the two loops studied 
are not essential for the folding of BR, they do contribute to 
the protein's stability. At a lipid to protein ratio of lO:l, retinal 
did not interact properly with the protein. At a 1OO:l ratio, 
retinal did not bind at all. Apparently the protein must be 
at a fairly high concentration in order for the three fragments 
to remain associated. When the protein is diluted by raising 
the lipid to protein ratio, the fragments dissolve in the lipid 
and the chromophore is lost. The fact that a three-fragment 
reconstitution takes significantly longer than a two-fragment 
reconstitution to regenerate the native chromophore presum- 
ably is due to the need for three molecules to associate, perhaps 
in a particular order. 

In a few other cases, the extramembranous portions of 
membrane proteins have been shown not to be essential for 
the association of transmembrane helices. When rhodopsin 
is cleaved into three fragments using a water-soluble protease, 
the fragments remain associated and retain their native sec- 
ondary structure (Litman, 1979); this may however be due 
to interactions between the extramembranous portions of the 
protein. The dimerization of glycophorin A depends only on 
the transmembrane region of the protein (Furthmayr & 
Marchesi, 1976; Bormann et al., 1989). This dimerization 
depends on the sequence of the transmembrane region, since 
conservative amino acid substitutions on one face of the helix 
disrupt dimerization, while similar substitutions on the opposite 
face have no effect (Lemmon et al., 1992). Kurosaki et al. 
(1991) showed that a substitution of isoleucine for leucine at 
one position within the membrane-spanning portion of one 
subunit of an IgG Fc receptor interferes with the ability of 
the subunits to associate to form the complete receptor. Some 
synthetic peptides that are just long enough to span a mem- 
brane in the form of a-helices are able to associate within a 
membrane and form ion channels (Lear et al., 1988; Oiki et 
al., 1988). 

If the extramembranous loops are not essential for the as- 
sociation of helices in a membrane protein, it is interesting to 
speculate about what other factors might be involved. Helices 
may tend to be driven together by what Jahnig (1983) calls 
the lipophobic effect. A helix inserted into a membrane above 
the phasetransition temperature of the lipid will order the fatty 
acyl chains near it, and therefore helices may associate in order 
to minimize the surface area of protein exposed to lipid, much 
as the hydrophobic effect causes the nonpolar residues of a 
water-soluble protein to associate in the center of the protein 
in order to minimize the surface area of nonpolar residues 
exposed to water. Engelman and Steitz (1984) and Popot and 
Engelman (1990) point out that the rough surface of a helix 
contains many cavities that can be filled well when helices pack 
together with each other, but not as well when helices pack 
with lipids, which are comparatively straight. The free energy 
cost of leaving a cavity unfilled is high because of the un- 
satisfied van der Waals interactions and the presence of 
vacuum in the cavity. Rees et al. (1989), Komiya et al. (1988), 
and Yeates et al. (1987) compared the membrane-spanning 
sequences of photosynthetic reaction centers from different 
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FIGURE 4: Radial averages of X-ray diffraction patterns from 
dried-down samples. (a) Purple membrane, with the indices of the 
reflections indicated. The positions of reflections (3,3), (6,0), and 
(4,4), which have intensities of zero, have also been indicated. (b) 
R(A.BCDEFG),, with R(ABCDEFG), shown for comparison. The 
radial average of a R(A.BCDEFG), sample that did not crystallize 
has been used as a background and subtracted from the R(A-B- 
CDEFG), pattern in order to increase the signal-to-noise ratio in the 
figure. The vertical positions of the patterns have been arbitrarily 
shifted for clearer presentation. 

The results presented in this paper provide direct experi- 
mental evidence to support the idea that BR is composed of 
independently stable helices that can associate in a lipid bilayer 
to form the structure of the molecule. Previous work has 
shown that a two-helix fragment and a fivehelix fragment can 
associate properly, but this is the first time BR has been 
reassembled from fragments corresponding to individual helices 
that have been refolded in bilayers and then allowed to interact. 
The first two individual helices are able to fold and associate 
with the (CDEFG) fragment, even though no covalent bonds 
connect the three pieces together. This is true even when the 
fragments are reconstituted into three separate populations 
of vesicles and are then brought together by vesicle fusion. The 
three fragments independently adopt structures in the mem- 
branes which allow them to associate properly to reform BR. 
Popot et al. (1987) have shown by UV-CD that (CDEFG) 
adopts its native secondary structure when reconstituted in 
vesicles, and Hunt et al. (1991) have shown by UV-CD and 
Fourier transform infrared spectroscopy studies that (A) and 
(B) each forms helices when reconstituted independently into 
lipid vesicles and that the helices are perpendicular to the 
membrane. The covalent connections in the loops connecting 
the individual helices are not needed to specify the correct 
structure of the helices, nor are they necessary for the proper 
association of the helices. On the basis of absorption spec- 
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species and found that the residues that point toward the 
interfaces between the helices tend to be conserved, while those 
that point toward the lipids tend not to be conserved. The 
result is a periodicity in the positions of conserved residues in 
the sequences, with the conserved residues mostly on one face 
of each helix. They concluded that the packing in the center 
of the membrane-spanning portion of the molecule is quite 
specific, while the packing between helices and lipids is not 
specific. Water-soluble proteins show a similar pattern, with 
conserved residues in the center where packing is tight, and 
more sequence variability at the exterior. Yeates et al. (1987) 
found that the packing of residues at the interfaces of the 
helices of the reaction center is as tight as in the centers of 
water-soluble proteins. Helices may also associate in order 
to form hydrogen bonds or salt bridges in the interior of a 
protein, although Yeates et al. found no salt bridges and very 
few hydrogen bonds between the helices of the reaction center. 
Although covalent connections in the loops are not required 
for the association of at least some of the helices of BR, the 
secondary and tertiary structures of the loops may still play 
a role in the arrangement of the helices. However, the work 
of Gilles-Gonzales et al. (1991), in which the loops connecting 
helix B to helm C and helix E to helix F were shortened, shows 
that in these two cases, the structures of the loops are not 
important. 

We have shown that peptides containing helix A and helix 
B of BR can associate with a peptide containing the remaining 
five helices, C through G, and with retinal, to form the native 
structure of BR. The fact that the peptides can be recon- 
stituted separately in membrane bilayers and then allowed to 
interact supports the idea that single helices can be regarded 
as folding domains. For at least two of the helices of BR, 
covalent connections in the loops are not essential for the 
association of the helices. 
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