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ABSTRACT. Exposure of purple membrane froRmlobacterium halobiumo sublytic concentrations of

Triton X-100 results in significant changes in the bacteriorhodopsin (BR) photocycle (Mukhopadhyay et
al., 1994). Infrared spectra of purple membrane samples exposed briefly to Triton indicate that this change
in protein function accompanies the preferential release of purple membrane glycolipids and squalenes,
an association of Triton with purple membrane, and a perturbation of specific lipid headgroup interactions
within the membrane. Specifically, the bilayer alterations induced by Triton entail a disruption of lipid
headgroup hydrogen bonding in addition to protein conformational changes involving a |6gsirim

and oyi-helical structures in BR. We propose that the purple membrane glycolipids and squalenes are
critical for the normal functioning of the BR photocycle and that perturbations of these lipids cause the
profound photocycle changes induced by exposure to Triton. Lipid reconstitution studies demonstrated
that although several of the infrared spectral parameters characteristic of the structural changes induced
by Triton were reversed, the photocycle characteristics of BR in native purple membrane were not regained.
The observed changes in the vibrational spectra induced by lipid-mediated bilayer perturbations suggest
a useful approach for clarifying structuréunction relationships of intrinsic membrane proteins exhibiting
transmembrane helices.

Integral membrane proteins are critical to a wide variety  Lipids constitute 25% of the purple membrane from
of cellular activities, such as cytochrome oxidase in mediat- Halobacterium cutirubrum,which is closely related to
ing electron transport (Winkler et al., 1995) and the activation Halobacterium halobiumand comprise approximately 60%
of intracellular signals by transmembrane receptors coupledphospholipid, 30% glycolipid, and 10% neutral lipids,
to G proteins (Simon et al., 1991). In these and many other primarily squalenes (Kates, 1988). The polar lipids are
membrane activities, the mechanisms by which protein unique in that their phosphatidy! or triglycosyl headgroups
behavior is modulated by the surrounding lipid matrix are are attached by ether linkages to two phytanyl chains,
unclear. Bacteriorhodopsin (BR)a heptahelical, integral ~ Moieties consisting of saturated palmityl chains with branched
transmembrane protein which functions as a proton pump Methyl groups every four carbons (Kates, 1993). Phytanyl
in the purple membrane (PM) ¢falobacterium halobium, chaln lipids result in larger headgroup spacings than I|p|ds
has provided a tractable system for exploring the effects of W'_th saturated,. unbra_ncheq alkyl chains, such as d'Pa"
lipid perturbations on the function of an integral membrane m|toylphqsph§1t|dylchollne (Lmdsey etal, 1979). The major
protein (Oesterhelt & Stoeckenius, 1971; Henderson et al., phosphollplo_l in purple membrane is a methyl ester de“"?‘“"e
1990). Since the BR photocycle is composed of many of phosphatidylglycerophosphate (I_DGP) with phosphatidyl-
intermediates, the precise nature of the relaxation pathwayglycerosulfate (PGS) and phosphatidylglycerol (PG) appear-

depends Upon a variety of factors. including incident liaht ing as minor membrane components. The glycolipids are
depends up variely » INcluding inct 'gn predominantly composed of glycolipid sulfate (GLS) with
intensity, pH, temperature, and pressure, as well as lipid

. . " some triglycosyl diether forming during the lipid purification
enV|ror_1ment (Rothschild, 1992; Ebrey, 1993; Tokaji, 1995). process (Kates et al., 1982). Although the exact percentages
In particular, the dependence of the decay pathway on theqt aach ipid constituent vary from species to species of the
lipid components of the membrane bilayer and the intensity Halobacteriumgenus and within each strain, approximately
of the incident light has been related to both the functional 1q lipid molecules are associated with each BR monomer
cooperativity between BR monomers within each trimer unit (Glaeser et al., 1985). Furthermore, the glycolipids are
and the heterogeneity of the bilayer lipids [for a general |ocated on the extracellular surface, as typically observed in
discussion, see Shrager et al. (1995)]. cell membranes (Henderson et al., 1978). Based upon these
observations, a model for the purple membrane lipid bilayer

* Laboratory of Chemical Physics which describes the distribution of lipids between the

s Laboratory of Cell Biology. ' cytoplasmic and exterior sides of the bilayer has been

€ Abstract published irAdvance ACS Abstractdvlarch 15, 1996. proposed (Jonas et al., 1990).

1 Abbreviations: BR, bacteriorhodopsin; FWHH, full width at half- ; . ;
height; GLS, glycolipid sulfate; PM, purple membrane; PG, phosphati- Studies on thg effects of lipid pgrturpatlon on purplg
dylglycerol; PGP, phosphatidylglycerophosphate; PGS, phosphatidyl- Membrane function have focused primarily on changes in

glycerosulfate. the BR photocycle. A decrease in the photocycle’s M
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intermediate lifetime is observed when either ethanol (Fukuda 2 3
& Kouyama, 1992b) or anesthetics (Nishimura et al., 1985; l' T
Henry et al., 1988) are added to the membrane; in contrast,
the lifetime is increased either by exposure to Tween-20
(Fukuda et al., 1990) or by reconstitution of monomeric BR
into detergent micelles (Milder et al., 1991). Triton X-100,

a common surfactant used to solubilize integral membrane
proteins, also causes an increase in the lifetime of the M
intermediate (Drachev et al., 1986). Exposure of purple
membrane to mild Triton solutions induces a number of
alterations in the BR photocycle, including a loss in the
ability to modify the proportion of fast and slow M P A
intermediates (Mand M, respectively) through intensity ) S S Y i 1 - !
variations of the incident light, the elimination of the decay 8500 3000 1800 1600 1400 1200 1000

path of M through O, and the production of new, longer- Wavenumber (cm)

lived M intermediates without the loss of the BR trimer Fure1: Infrared spectra in the 366@800 and 18061000 cnr!
structure (Mukhopadhyay et al., 1994). regions of a native purple membrane film dried from a 4.1 mgL

; ; ; . aqueous suspension at 30 (solid line) and a thin film of Triton
In view of the considerable integral membrane protein X-100 pressed between two BaRindows (dashed line). The

effects that originate from mild bilayer lipid perturbations, asterisk denotes the vibrational mode at 1512 cim Triton used
we used infrared spectroscopic techniques to detail theto quantify the amount of Triton in CH@Extracted lipid fractions.

structural alterations within the lipid bilayer and the trans-

membrane protein of purple membrane dispersions from bothspectra in Figure 3, however, were obtained from films dried
limited and extended Triton exposures. We also indicate at 40 °C. Infrared spectra were obtained at a spectral
the relative sensitivities of specific lipid classes to Triton resolution of 0.5 cm! on a Bomem DA3.02 Fourier
treatment with respect to membrane extraction. By empha- transform spectrometer evacuated to 2 torr and equipped with
sizing the structural reorganizations induced by exposure ofa mercury cadmium telluride (MCT) detector. Difference
surfactant solutions to purple membrane assemblies, wespectra were normalized to the intensity of the amide | modes
demonstrate the direct effects of specific lipid bilayer from 1720-1600 cntl. Mole percentages of the purple
perturbations on subtle conformational rearrangements ofmembrane lipids were determined from the ratio of the

o
n
T
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o

intrinsic membrane proteins. integrated intensity of a distinct lipid marker baredg, 1260
cmt for GLS and 1512 cmt for Triton) to the integrated
EXPERIMENTAL PROCEDURES intensity of the carborhydrogen (C-H) stretching mode

region (3106-2800 cnTY). Visible absorption measurements
were obtained on an Aviv 14DS UWis absorption
spectrometer.

Experiments were performed with the ET1001 strain of
Halobacterium halobium Purple membrane suspensions
(8.2 mg mLY) were incubated at room temperature with an
equal volume of 0.020.10% Triton X-100 for~2 min to RESULTS AND DISCUSSION
24 h and were then centrifuged at 200900 a Beckman
TL-100 ultracentrifuge at 4C for either 7 or 20 min. The Infrared Spectrum of Nate Purple Membrane.The
infrared spectra and chemical analyses of samples incubatednfrared spectra of partially dried purple membrane suspen-
with Triton for 5 min at room temperature and centrifuged sions and of lipid extracts were examined to determine the
for either 7 or 20 min were identical, indicating that litle changes occurring in membrane structure and in BR con-
change in lipid composition and BR structure occurs after formation upon exposure to Triton. Figure 1 displays the
the first 7 min of centrifugation. Lipid extraction of the pellet infrared spectrum of a thin film cast from an aqueous native
and supernatant fractions was performed as described bypurple membrane suspension with the infrared spectrum of
Kates et al. (1982). Delipidation of BR was performed by a thin film of Triton X-100 which was used for the lipid
the method of Huang et al. (1980). For reconstitution studies, perturbation studies. The infrared spectral assignments for
purple membrane samples which had been exposed to Tritorpurple membrane, summarized in Table 1, are based upon
were immediately centrifuged and washed to remove any previously published infrared spectra of native purple
residual Triton or extracted lipids. Lipids that had been membrane and related molecular systems (Rothschild &
previously extracted from native purple membrane were Clark, 1979; Braiman & Rothschild, 1988; Colthup et al.,
sonicated and then incubated with the Triton-exposed purple1990).
membrane for 24 h, centrifuged, and finally washed. For The spectral region above 2800 c¢hin Figure 1 is
spectroscopic analysis, reference samples of phytanic acidcomprised of carborhydrogen (G-H), oxygen-hydrogen
squalene, glucose 6-sulfate, and galactose 6-sulfate werqO—H), and nitroger-hydrogen (N-H) stretching modes.

obtained from the Sigma Chemical Co. The feature at 3303 cm, corresponding to the BR amide
Infrared spectra of the extracted lipids were obtained from A mode, is composed primarily of NH stretching modes
dried films cast from CHGl solutions onto Baj-or NaCl (Dwivedi & Krimm, 1984). The broad feature centered at

windows (Wilmad Glass). Films of purple membrane were 3062 cnt?! corresponds to the BR amide B mode (Rothschild
typically obtained by drying 3@L of an aqueous purple & Clark, 1979) and C-H stretching modes of aromatic rings
membrane suspension (with an absorbance of 1.2 units ain the Phe, Trp, and Tyr residues of BR. The bands in the
568 nm) onto a Bafwindow at 30°C to remove bulk water ~ C—H stretching mode region from 3000 to 2800 ¢rarise
without changing the purple membrane surface structure; theprimarily from the lipid phytanyl chains since the most
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Table 1: Vibrational Spectra and Assignments of Native Purple
Membrane in the 36061000 cn1! Spectral Regioh

frequency
(cm™) assignment
3303 amide A
3062 amide B and aromatic CH stretch: Tyr, Trp, Phe
2957 CH asym stretch
2927 CH asym stretch
2901 aliphatic CH stretch
2870 CH sym stretch
2854 CH sym stretch
2844 CHsym stretch: PG, Ser, Asp, Glu
1739 C=0 stretch: Asp-96, Asp-115
1659 amide |
1544 amide Il (Especies oty -helices)
1518 amide Il (A species af;-helices) and Tyr
1464
1456 CH; deformation, CHasym deformation
1446
1424 CHdeformation: Gly, Asp, GIn, Glu
1390 (COO) sym stretch: Asp-8Rsp-212Glu
1382 CH sym deformation: phytanyl chains, Leu, Val
1380 CH sym deformation
1367 CH sym deformation: phytanyl chains, Leu, Val
1299
1260 amide IlI
1229 (PQ)~ asym stretch
1202 GLS sulfate stretch
1170 CHrock + CH deformation: phyt, Leu, Val
1152 CHrock: phyt, lle, Ala
1126
1093 CC stretch- CHzrock: BR
1062 GC-0O—C asym stretch: PGP, GLS

a2 Vibrational modes observed in purple membrane films dried at 30

°C. P Vibrational mode observed in purple membrane dried at@0

intense bands centered at 2957 éntasymmetric methyl
stretching modes;,{CHj3]), 2927 cn1! (asymmetric meth-
ylene stretching modes,{CHy]), and 2870 cm' (symmetric

methyl stretching modesCHs]) correspond in frequency
and intensity to the most intense features observed in thecm™.

Barnett et al.

The region below 1800 cnd in Figure 1 is comprised of
skeletal stretching and bending vibrations. The infrared
spectral region near 1740 cfnhas been used extensively
in studying the proton transport pathway during the BR
photocycle (Braiman et al., 1991; Sasaki et al., 1994); the
weak band appearing at 1739 chcorresponds to the
carbonyl (G=0) stretching modes of the protonated car-
boxylic groups in Glu and the two protonated Asp residues
in BRsgs (i.e., Asp-96 and Asp-115). More recent work has
focused on the use of site-directed BR mutants to study the
formation and decay of intermediates which have a very short
lifetime in native purple membrane (Sonar et al., 1993; He
et al., 1993).

The secondary structure of BR is composed primarily of
oy- andoy-helices with smaller regions consisting@®theet
and S-turn structures, as well as random coils (Vogel &
Gatner, 1987; Tuzi et al., 1994; Torres & Padrd995).
Each of these structures exhibits amide | vibrational modes
which appear between 1710 and 1630 éniKrimm &
Bandekar, 1986), and contribute to the broad, intense feature
at 1659 cm? shown in Figure 1. They-helical structure,
which results in an abnormally high amide 1 infrared
frequency compared ta-helices, consists of A, f£and k&
symmetry species, the former two of which are infrared
active and typically appear in the infrared spectrum of purple
membrane (Krimm & Dwivedi, 1982; Dwivedi & Krimm,
1984). The band appearing at 1544 ¢€ngorresponds to
the & species of they,-helical amide I mode in BR, while
the weaker amide Il A species overlaps with Tyr ring modes
forming the shoulder at 1518 crh (Rothschild & Clark,
1979; Dwivedi & Krimm, 1984).

The spectral region below 1500 ctis comprised
primarily of modes arising from amino acid residues in BR
as well as stretching and bending modes of the purple
membrane lipids. The broad feature centered at 1456 cm
is comprised of overlapping bands at 1464, 1456, and 1446
These modes arise from methylene deformation

infrared spectra of phytanic acid and of lipids extracted from (6[CH;]) and asymmetric methyl deformatio®.JCHz])
native purple membrane (spectra not shown). Two other modes. The symmetric methyl deformatiédg CHs]) modes
weaker features, observed as shoulders of the 287G cm of branched methyl groups (present primarily on the phytanyl
band, appear at 2854 and 2844 ¢émThe 2854 cm! mode
corresponds to symmetric methylene stretching modespresent on the phytanyl lipid chains as well as Leu and Val
(vdCH2]) of carbons with no functional groupsd., —C—

CH,—C-) (Hill & Levin, 1979; Senak & Mendelsohn,

lipid chains) appear at 1380 ci in isopropyl groups,

residues in BR, this mode is split into two bands appearing
at 1383 and 1367 cm (McMurry & Thornton, 1952;

1993), present on the lipid phytanyl chains and on certain Colthup, 1980), as seen in Figure 1. A weak shoulder of
BR amino acid residue®(g, Leu, Met, Glu, Lys, and Arg).
This mode also corresponds to symmetric methyl stretching assigned to the symmetric COGtretching mode of Asp-

modes ¢{CHp3]) attached directly to a N, O, or S atom (Hill

the 1380/1383 crmt feature appearing at 1390 chhas been

85 and Asp-212, the unprotonated Asp residues in the ground

& Meakins, 1958; Colthup et al., 1990). This structure is state BRgs (Fahmy et al., 1993), although this mode had
present on Met residues in BR and principally as part of the been previously assigned to a feature at 1417cfRoth-
PGP headgroup since the terminal phosphatidyl region of schild & Clark, 1979; Gerwert et al., 1989). The feature

the headgroup is composed of@methyl ester (Fredrickson

appearing at 1424 cmi is assigned to the methylene

et al., 1989; Tsujimoto et al., 1989; Kates et al., 1993). The deformation §[CH;]) mode on carbons with OH, SH, and
2854 cnt! mode is as intense as the 2870 ¢émmode in
PGP purified from native purple membrane (spectrum not BR).

shown). The feature near 2844 chrorresponds to sym-

metric methylene stretching modegCH_]) on carbons with
OH, SH, or NH functional groups (as, for example, in the 1229 cni!is well characterized as the asymmetric phosphate
phospholipid headgroups as well as in Ser, Gly, and Cys stretching ¢.{PO.]") mode of the hydrogen-bonded phos-
residues in BR) (Wright, 1959; Colthup et al., 1990). The pholipid headgroups (Mendelsohn & Mantsch, 1986). The
shoulder of the asymmetric methylene stretching modes atphosphate symmetric stretching mode overlaps withOC
2900 cnt! is assigned to the €H stretching vibration
involving trisubstituted carbon atoms.

NH. groups (in, for example, Ser, Gly, and Cys residues in

Lipid headgroup vibrational modes appear in the 1300
1200 cm? spectral region. The broad feature appearing at

and G-C stretching modes in the 1160060 cn1? spectral
region. The bands appearing at 1170 and 1152'cane
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assigned to Ckrocking modes of both protein and lipid. 0.04 -
Isopropyl groups, present on both the phytanyl lipid chains
as well as in Leu and Val residues in BR, typically have

0% Triton

infrared absorbance bands near 1170 and 1150 dire to 2 0.03 O oA Jron
a mixing of methyl rocking and isopropyl-€H deformation S .075% Triton
modes (Lin-Vien et al., 1991; Sullivan et al., 1993). £ 002 0.10% Triton
However, the rocking modes of the mid-chain methyl groups, §

primarily in the lipid phytanyl chains, have been assigned < 401

near 1150 cm! as well, so the 1152 cm band most likely
represents features from both mid-chain methyl rocking
modes and mixed rockingdeformation modes in isopropyl 0.00. 5 1300 1250 1200 1150
groups.

The structural changes which occur upon perturbation of
the purple membrane lipid environment are determined from FiGURe 2: Infrared spectra in the 1350150 cnT? region of lipids
variations in the spectral parameters reflecting the infrared extracted from purple membrane pellets after exposure (from top

- . . 0 bottom) to 0, 0.01, 0.03, 0.075, and 0.10% Triton for 5 min.
band assignments. To determine the changes which OCCU'tSampIes were prepared as a film dried from a G##0lution. The

upon exposure of purple membrane to Triton, infrared spectrajecrease in the 1260 critransition is indicative of GLS release
were measured for dried purple membrane films and for lipid (cf. Table 2).

isolated from purple membrane both before and after

Wavenumber (cm™)

exposure to Triton. Table 2: Determination of Triton and Glycolipid Sulfate in Purple
Infrared Spectra of Purple Membrane Supernatant and Membrane
Bilayer Lipid Fractions. Purple membrane suspensions are  Triton Triton in PMP GLS in PM vad[PO2] )¢
typically centrifuged to isolate intact purple membrane (%) (mol %) (mol %) (cm™)
trimers from the Triton solution. Surfactant-induced per- ¢ 0.0 45 1229
turbations in lipid composition may be elucidated from the t=5min
infrared spectra of lipids extracted from the supernatant 0.01 1.1 3.8 1233
fraction (representative of the composition of lipids released  0.02 2.8 3.0 1232
from purple membrane after exposure to Triton) and the 003 e > e
spectra of lipids extracted from intact purple membrane 75 321 117 1239
trimers (representative of the lipid composition within the  0.100 32.3 1.10 1238
purple membrane bilayer after exposure to Triton). The t=24h
infrared spectra of lipids extracted from intact purple  0.01 4.1 35 1234
membrane bilayers were compared to spectra obtained from 0.02 6.4 2.1 1234
the lipids extracted from native purple membrane (before 8'82 gg'g i'gg iggi
Triton exposure) in order to determine changes in the purple g g75 31.2 128 1237
membrane lipid composition after exposure. Films of the  0.100 30.8 1.31 1237
supernatant and pelleted lipids for spectroscopic analysis™ a concentration of Triton for exposure of purple membrane sample.

were cast from CHGIsolutions. b mol % of Triton and GLS expressed as a percentage of the total purple
Infrared spectra of the lipids in the supernatant and bilayer membrane lipids released after exposure to Triton as determined from
fractions were obtained for samples which were exposed to the ratio of the integrated band intensities of the modes at 1512 (Triton)

. . o and 1260 (GLS) cm' to the integrated band intensity of the-@&
Triton solutions of 0.01, 0.02, 0.03, 0.05, 0.075, and 0.10% stretching region (31062800 cml). © Frequency of the PO asym-

Triton. The spectra of lipids present in the supernatant metric stretching mode of the phospholipid headgroups as a function
fraction indicated that a relatively small fraction of purple of Triton exposure.

membrane lipids were released upon exposure to a very mild
Triton solution at room temperature (0.01%, 5 min, spectrum moiety (Kates & Deroo, 1973); the assignment was verified
not shown). Based upon the integrated relative band from the spectra of model carbohydrates similar to G&.§ (
intensities, the composition of the released lipids was glucose 6-sulfate and galactose 6-sulfate). This vibrational
different from their proportion in native purple membrane. mode was not observed in the infrared spectra of dried purple
At concentrations above 0.01% Triton, the supernatant membrane films ¢f. Figure 1), indicating that the sulfate
fraction was composed primarily of Triton, and little group is hydrogen bonded with other lipid headgroups, with
information on released lipids could be determined from the BR, or with water bound to the surface, causing it to appear
infrared spectra. Direct analysis of the released lipids by at approximately the same frequency as the asymmetric
chemical methods is provided by Dracheva et al. (1996). stretching mode of the hydrogen-bonded phospholipid head-
The infrared spectra obtained from the purple membrane groups at 1229 cnt. Figure 2 illustrates the progressive
bilayer lipid fractions show two major changes after exposure release of GLS from purple membrane with treatments of 0,
to Triton; namely, an increasing degree of GLS being 0.01, 0.03, 0.075, and 0.10% Triton for 5 min, while Table
released from purple membrane, in addition to Triton 2 lists the relative percentages of GLS, based upon the
association with purple membrane. Relative infrared band integrated relative band intensities, in the lipids of native
intensities were used to monitor these effects, as shown inpurple membrane under different conditions of Triton
Figure 2. The degree of GLS release is noted by the decreas@xposure. Although there was extensive removal of GLS, a
in the mode at 1260 cm. This mode appeared at 1265 fraction of GLS remains very difficult to extract, as observed
cmtin GLS extracts fronHalobacterium cutirubrumand previously in purple membrane heavily delipidated by either
was assigned to a stretching mode of the anionic sulfate Tween-20 (Fukuda et al., 1990) or deoxycholate (Glaeser et
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al., 1985). This effect was also observed by chemical x
analysis of Triton-exposed purple membrane (Dracheva et = "
al., 1996). R = 8
The association of Triton with purple membrane, as 010 = E E
observed previously at sublytic and marginally lytic con- g { POBE
centrations (Gorizaz-Maras et al., 1990; Uruga et al., 1990), 2 poslT. - T
may be determined from the infrared spectra of the lipids 5 : ! 5 1
extracted from intact purple membrane trimers using the 1512 £ a@@&F - |
cm! feature of Triton (noted by an asterisk in Figure 1), a ? :
. . . . . O godF
medium intensity, sharp band assigned to a coupling of =f
aromatic ring C-C stretching and €H deformation modes Zud
in Triton (Matsuura et al., 1991). There are other more v
intense spectral features in the infrared spectra of Triton due 000 L L i
to the oligomeric poly(oxyethylene) chain, especially near T RN} 120 1909 1000
1100 cmt (Yoshihara et al., 1964); however, the sharp 1512 Wavenumber {ocm™")

.Cm ' feature was chosen since there is no Slgmf'.cant FiGurRe 3: Infrared spectra in the 146@.000 cn1! region for native
interference from any modes of the purple membrane lipids purple membrane (top) and a purple membrane sample exposed to
(cf. Figure 1). The data for Triton association with purple 0.05% Triton for 5 min (bottom). Samples were prepared as films
membrane, shown in Table 2, indicate that at low concentra- dried from agueous suspensions at°@0
tions and short exposure times of Triton, the degree of
surfactant association was minimal (there was one PM- This is atypical frequency for the symmetric stretching mode
associated Triton per three BR trimers after 5 min with a of alkyl-substituted sulfate groups (Lin-Vien et al., 1991)
0.01% Triton exposure), but with harsher and more extendedwhich form in GLS upon heating to 4 and appears as a
exposures, a greater degree of association was noticedweaker band in films dried at 38C. This feature repro-
These observations correlate well with earlier observations ducibly appears in the infrared spectra of films cast at 40
that Triton can affect the bacteriorhodopsin photocycle in °C, and is weak or not observed in films cast at’80 The
detergent-solubilized micelles (Milder et al., 1991). intensity of this mode decreased by approximately 40% after
Spectra of Partially Dried Purple Membrane Films. exposure to Triton, which corresponds roughly to the quantity
Infrared studies of partially dried purple membrane films Of GLS released under the conditions of Triton exposure used
provide a method for observing changes in BR and the lipid for Figure 3 (36%, Table 2). No protein or neutral lipid
matrix. Spectra were obtained from Triton-exposed samples, vibration can account for this transition. Neither PGP nor
as dried purple membrane films, for observing changes in PGS can be attributed to these features since the band at
BR conformation and lipid composition within intact purple 1229 cn* arises from the purple membrane phospholipid.
membrane bilayers. These spectra were compared directly A new band appears at 1091 chafter exposure to Triton
to spectra obtained from native purple membrane, in additionand is characteristic of the Triton association observed in
to being examined as difference spectra. Although infrared the spectra of the lipids extracted from purple membrane
spectral changes could be expected as a result of moleculapellets. This feature, assigned to the asymmetric stretching
reorientation effects arising from the mild exposure of the mode of the GO—C groups in the hydrophilic poly-
films to Triton, we do not consider this likely since the Triton (oxyethylene) chain of Triton (Colthup et al., 1990), is the
concentrations used in this study are known not to disrupt most intense mode of Triton below 1800 ¢ This band
the bacteriorhodopsin trimer structure within the purple was easily observed in the infrared spectra of purple
membrane (Mukhopadhyay et al.,, 1994). Additionally, membrane upon exposure to Triton concentrations greater
bacteriorhodopsin solubilization induced by greater concen- than 0.03%.
trations of Triton than used in this study occurs primarily at  Difference Spectra of Purple Membrane Filni3Sifference
the edges of each purple membrane sheet (Viguera et al.spectra between native and Triton-treated purple membrane

1994). samples emphasize the changes occurring in the bilayer
Figure 3 shows infrared spectra in the 1400 cnt? structure. Changes in lipid composition and BR conforma-
region for native purple membrane and for purple membrane tion were observed upon brief exposure of purple membrane

exposed to 0.05% Triton for 5 min in films cast at 20. to mild Triton solutions. Figure 4 displays the difference

The feature at 1229 cm is characteristic of hydrogen- spectrum between purple membrane and a sample treated
bonded phospholipid asymmetric POstretching modes.  with 0.05% Triton for 24 h. Positive bands depict vibrational
Upon exposure to Triton, the frequency of this mode modes present in native purple membrane which are dimin-
increases from 1229 to 1234 cfp consistent with partial  ished in the Triton-treated samples; negative features rep-
dehydration of the membrane surface (Flach et al., 1993; resent modes which are more intense in the Triton-exposed
Lopez-Garca et al., 1993) or some other disruption of lipid purple membrane. The release of lipids after 24 h is
headgroup hydrogen bonding. Table 2 lists the frequency indicated by bands (with their assignment to lipid modes) at
of this mode for different conditions of Triton exposure. The 2928 ¢.{CH.]), 2872 @J{CHj]), 1464 O[CH,], 6.{CH3]),
frequency of this vibration increases about 4 &under very 1378 O[CHj3]), 1225 (ro{PO;] "), 1205 (lipid headgroupf.
mild Triton treatment (0.0£0.03% Triton) and another-34 Figure 3), 1179 (isopropyl CHrock + CH deformation),
cm~t upon harsher treatmenrtt 0.05% Triton), indicatinga  and 1064 (glycolipid and phospholipid headgroup modes)
greater disruption of lipid headgroup hydrogen bonding. cm™, as well as the broad region from 1200 to 1000 &m
The mode appearing at 1203 chshows a marked arising from the release of glycolipid. The mode at 2966
decrease in intensity after exposure to Tritoh Figure 3). cm! does not correspond to any protein vibrational mode
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0 I trace). The changes in the lipid headgroup region are similar

0.015 - Tw = 8 in both spectra with greater changes in protein conformation

000 s <« 23 observed after 24 h (Figure 5, bottom trace), as evidenced

000l R |‘|'§ g gn - ? by the greater intensity of the infrared difference bands from
8 71 % U 1710 to 1500 crm.

0.005 | |

Conformational Changes in BRBased upon normal
coordinate analyses, the abnormally high infrared frequency
of the BR amide | vibrational mode was assigned to
transmembraney-helices by Krimm and Dwivedi (1982)
and confirmed empirically by Cladera et al. (1992). This
assignment was subsequently confirmed by circular dichro-

e , , , , ism (Gibson & Cassim, 1989) and NMR (Tuzi et al., 1994)
3000 2850 1800 1600 1400 1200 1000 studies. Anay-structure has the same rise per residue and

Wavenumber (cm'1) residues per turn ag-helices, but the plane of the peptide

Ficure 4: Infrared difference spectrum in the 3162800 and group has a greater tilt in the-helices (Dwivedi & Krimm,

1800-1000 cnr? regions between native purple membrane and a 1984). Since the NH bonds point more toward the helical
purple membrane sample treated with 0.05% Triton for 24 h. axis in theay-helix, weaker, bent hydrogen bond structures
Positive bands depict vibrational modes present in native purple form with the carbonyl groups; the resulting stronger@
membrane which are diminished in the Triton-treated samples; . ’ . -
negative features represent modes which are more intense in thebond acqords a hlgher'frequency for' the amide | t.ran3|t|0n
Triton-exposed purple membrane. in oy-helices. Conversion of they-helical structure in BR

to ay-helices (which occurs upon delipidation of BR) results
in a decrease of the amide | frequency from 1659 to 1653
cm ! and a decrease in the intensity of the amide 1l mode,

relative to the amide | mode.

Figures 4 and 5 illustrate many of the protein conforma-
tional changes which occur after exposure to Triton. With
a very brief exposure to Triton (7 min centrifugation
immediately after exposure), there is a significant loss of
intensity in the feature centered at 1693 ¢r(Figure 5, top
trace), a characteristic amide | frequencyffeturn structures
0.2 in BR (Krimm & Bandekar, 1986; Cladera et al., 1992).
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gé Since these secondary structures must be present in the BR
0.01 T . . ; N- and C-termini, or in the interhelical loops (Tuzi et al.,
1800 1600 1400 1200 1000 1994), the spectra suggest that Triton has a demonstrable
Wavenumber (cm™) effect on the BR surface structure, as well as an ability to

Ficure 5: Infrared difference spectra in the 1800000 cnt? dehydrate the membra}ne phOSp.hO.“pld headgranfpﬁlgure
region between native purple membrane and purple membrane3)- There is also an increase in intensity for the modes at
centrifuged immediately after Triton addition (top) and after 24 h 1658 and 1542 crmi (Figure 4), which correspond to the E
Triton exposure as in Figure 4 (bottom). Positive bands depict species of the amide | and Il modes, respectively, obthe

vibrational modes present in native purple membrane which are pgjices in BR (Dwivedi & Krimm, 1984). This symmetry
diminished in the Triton-treated samples; negative features represent C larized in the ol ' fth : b
modes which are more intense in the Triton-exposed purple Species IS polarized In the plane of theé membrane, perpen-

membrane. dicular to theo-helical axis (Dwivedi & Krimm, 1984). The
A species of the amide | mode, which appears at 1667:cm

and is 9 cm? higher in frequency than the asymmetric and whose transition moment is directed out of the membrane
methyl stretching modes of the phytanyl lipid chains. This plane (Dwivedi & Krimm, 1984; Earnest et al., 1990), is
band most likely corresponds to the asymmetric stretching not appreciably affected by this brief exposure to Triton.
mode of the methyl groups in squalene (present as ap-Previous studies of infrared difference spectra during the BR
proximately 10% of the purple membrane lipids; Kates, photocycle at-13°C (where BR pumps protons) and-a83
1988), shifted higher in frequency by the double bonds in °C (where BR does not pump protons) have correlated
squalene and observed in the infrared spectrum of squalenehanges in the ratio of the two amide | bands near 1670 and
(spectrum not shown). This is consistent with the finding 1658 cm! with distinct structural changes which occur
of squalene release by Triton treatment of purple membraneduring the photocycle (Ormos, 1991; Ormos et al., 1992;
(Dracheva et al., 1996). Perkins et al., 1992; Hessling et al., 1993; Vonck et al., 1994).

Triton-induced protein conformational changes are also Other studies have observed infrared bands in the $675
evident in Figure 4, particularly bands in the amide | region 1660 cn1? region during the BR photocycle in difference
at 1695 cm! and in the region near 1674 ctp as well as spectra between BR and the M intermediate (Braiman et al.,
features in the amide | and amide Il spectral regions near1991; Ludlam et al., 1995), indicative of BR structural
1658 and 1542 crt, respectively. There is also a change changes that occur during the photocycle. Therefore, the
in the amide Ill mode at 1260 crh Figure 5 compares the observed increase in thg Epecies of they-helical amide
difference spectrum between purple membrane and a samplenodes probably reflects structural alterations which are
exposed briefly to 0.05% Triton with immediate centrifuga- related to the BR photocycle changes observed independently
tion (top trace), to that of Triton exposure for 24 h (bottom (Mukhopadhyay et al., 1994).
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The infrared difference spectra also illustrate that although ates, and the loss of the;Mecay pathway through the O
significant protein changes occur rapidly, other, more intermediate, as observed by Mukhopadhyay et al. (1994).
extensive structural changes occur after an extended exposur®ur present study also demonstrates a disruption of lipid
to Triton (cf. Figures 4 and 5). After 24 h, there was a greater headgroup hydrogen bonding at the purple membrane surface
loss ing-turn structure, noticeable in the loss in intensity of (cf. Figure 3) as well as BR conformational changes arising
the amide Il mode at 1563 crhin addition to the broad  from these alterations in lipid constitutioof( Figures 4 and
amide | mode centered at 1695 chiFigure 4); the increases  5). These results clearly indicate the important role that the
in intensity in the E species of the amide | and Il modes lipid environment and, in particular, the glycolipids and
become more substantial. An intensity increase also at 1652squalenes play in BR function.
cmt (cf. Figure 5) results in a slight decrease in the  Perturbation of BR and/or the lipid environment within
frequency of the amide | mode toward typical frequencies each protein trimer aggregate has been shown to affect the
calculated fory-helices (Krimm & Bandekar, 1986). These BR photocycle. In particular, Citb binding at the BR-
data suggest that extended Triton exposures convert soméipid interface inside each trimer is accompanied by a
fraction of theay-helical structure tay-helices. For this decrease in the M intermediate decay time (Nakagawa et
conversion, the protein backbone dihedral angles would only al., 1994). However, no description of the lipid distribution
have to change fron® = —57.4, vy = —47.5 to ¢ = inside or outside of each trimer has been made. Most of
—70.5, v = —35.8 (Dwivedi & Krimm, 1984). Compatri- the purple membrane lipids are in contact with at least one
son of the relative intensities of the difference spectra in BR (Glaeser et al., 1985), with the glycolipids being present
Figure 5 with the original (unsubtracted) data indicates that exclusively on the extracellular surface (Henderson et al.,
approximately 6% of the protein conformation is perturbed 1978; Jonas et al., 1990). The majority of the lipids on the
upon initial exposure to Triton and approximately 10% of exterior surface of each trimer must be composed of PGP
BR conformation is perturbed upon prolonged (24 h) and PGS, since they are the only lipids necessary for the
exposure to 0.05% Triton. growth of purple membrane sheets (Sternberg et al., 1992).

In summary, the protein conformational changes which Based upon models for lipid distribution proposed earlier
occurred upon brief exposure to Triton are 2-fold. First, a (Glaeser et al., 1985; Jonas et al., 1990), the glycolipids (
significant degree of3-turn structure was lost, indicating GLS) are more prevalent within each BR trimer compared
disruption in the interhelical regions. Simultaneously, there with the lipid composition between trimers. Since perturba-
was an increase in intensity in protein skeletal modes which tions of the interior of each trimer can affect the BR
have been shown to be polarized perpendicular to the photocycle (Nakagawa et al., 1994), and since the glycolipids,
o-helical axis (Dwivedi & Krimm, 1984; Earnest et al., which are more prevalent within each trimer, are predomi-
1990). With prolonged exposure, these changes were morenantly affected by purple membrane exposure to Triton, it
extensive and lead to a lossdt-helical character with an s likely that the lipid environmennsideeach BR trimer is
increase iny-helical structure. critical to normal BR function, and it is the perturbation of

Role of Specific Purple Membrane Lipids in BR Function. this environment that leads to profound photocycle changes
BR photocycle changes can be induced by changes in theobserved upon exposure to sublytic concentrations of Triton.
purple membrane lipid environment. Addition of small Lipid Reconstitution StudiesReconstitution of BR into
molecules €.g, alcohols or anesthetics) shortens the lifetime purple membrane lipids has been used to study the thermo-
of the M intermediate (Nishimura et al., 1985; Henry et al., dynamics of BR refolding (Popot et al., 1987). We
1988; Fukuda & Kouyama, 1992b), while exposure to performed preliminary studies on the reconstitution of these
surfactants€.g, Tween-20 or Triton X-100) lengthens the lipids into Triton-exposed purple membrane in an attempt
M intermediate lifetime (Fukuda et al., 1990) and generates to reverse the changes induced by Triteng( long-lived
new, longer-lived M intermediates (Mukhopadhyay et al.,, M intermediates, loss of the Miecay pathway through the
1994). From these observations, roles for the purple O intermediate, loss af;-helical and3-turn structure in BR,
membrane lipids in the BR photocycle have been proposedand disruption of lipid headgroup hydrogen bonding at the
(Milder et al., 1991; Fukuda & Kouyama, 1992a; Mukho- purple membrane surface). Reconstitution was performed
padhyay et al., 1994). with 0.5, 1.0, 2.0, 4.0, and 10.0 mol equiv/BR of purple

Partial retinal isomerization, a blue shift in the absorbance membrane lipids where 1.0 mol equiv/BR is defined as the
maximum, and some bleaching are observed when purplequantity of lipids associated with each BRe[, 10 lipid
membrane is exposed to marginally lytic concentrations of molecules as defined by Glaeser et al. (1985)].

Triton (GonZ#az-Maras et al., 1990). Fukuda et al. (1990) The effect of lipid reconstitution on Triton-exposed purple
mentioned a greater degree of glycolipid release in studiesmembrane is clarified by comparing the infrared spectra of
with Tween-20, but they did not measure the effect of purple membrane films before and after reconstitution.
Tween-20 on the squalenes. Our results on sublytic Triton Figure 6 shows the infrared absorption spectra in the 710
exposures, combined with the conclusions from the chemical 1400 cn1?! spectral regions for native purple membrane,
analyses (Dracheva et al., 1996), indicate that while 0.10% purple membrane briefly exposed to Triton (0.10% Triton
Triton solutions immediately released approximately 7% of followed immediately by 20 min centrifugation), and purple
the phospholipids, a significantly greater fraction of the membrane exposed to Triton after reconstitution with 1.0
glycolipids and squalenes (which are present in near stoi- and 10.0 mol equiv/BR of lipid, all normalized to the amide
chiometric amounts to BR) was released. It is these changed peak height. After exposure to Triton, there was a 4.4tm
in the purple membrane lipid environment that most likely decrease in the full width at half-height (FWHH) of the amide
are responsible for the changes in the BR photocycle, namely,l mode, a slight decrease in intensity of the amide 1l mode,
the loss of sensitivity to incident light levels in the mediation and a decrease in intensity of the broad band absorbing near
of the M/M; ratio, the generation of long-lived M intermedi- 1460 cn1®. The latter feature corresponds primarily to the



Lipid-Induced Conformational Changes of BR Biochemistry, Vol. 35, No. 14, 1996565

—=a— Native PM
-- &-- PM exposed to Triton

Table 3: Infrared Spectral Parameters for Reconstitution of Purple
Membrane

03r ~--a-- PM recon. w/1 mol-eq/BR lipid
° -=#—- PM recon. w/10 mol-eq/BR lipid lipid integrated intensity ratio full width at half-
e additiorr CH/amide ¢ amide I/amide B¢  height amided
@
2 gsl native® 0.83t£0.03 1.14+0.01 48.4+ 2.3
2 T 0.64 1.12 44.0
2 0.5 0.77 1.10 43.2
o 1.0 0.78 1.11 43.4
e 2.0 0.98 1.11 43.4
3 or 4.0 1.10 1.16 423
g 10.0 1.93 1.33 39.2
§ 1.8 0.82 1.14 43.7
) aQuantity of lipid added in mole equivalents per BRC—H
0050 1700 1600 1500 1400 stretching region: 31062800 cnt!. ¢ Amide | region: 1726-1600
4 cm. 9 Amide Il region: 1606-1480 cnt?. ¢ Values for native purple
Wavenumber (cm™) membrane with error limits.Sample exposed to Triton but not
FIGURE 6: Infrared absorbance spectra from 1710 to 1400%ah reconstituted with purple membrane lipidsSample dialyzed after

native purple membrane (solid line), Triton-exposed purple mem- réconstitution.
brane (dashed line), and Triton exposed purple membrane recon-

stituted with 1.0 (dotted line) and 10.0 mol equiv/BR of purple . ; . : -
membrane lipids (dastdot line). All spectra are normalized to in the region below 1500 cm (composed primarily of lipid

the height of the amide | mode. vibrational modes), indicating that the reinsertion of lipids
into the bilayer was approximately stoichiometric with the
0.03 purple membrane lipid concentration. However, the differ-

ence spectrum has slightly greater intensity in the symmetric
methylene stretching’{ CH,]) band at 2857 cmt, and the
lipid modes at 29531,{CHg]), 2926 ¢{CH-]), and 2868
(vdCHj3]) cm™* are shifted 4 cnr? from their frequencies

in the spectrum of the purple membrane total lipids.

Most of the changes in the infrared spectrum upon lipid
reconstitution were related to the lipids although some
changes in BR structure were observefdKigure 7). Many
of the important spectral parameters for reconstituted purple

Absorbance

N , , , , membrane samples, representative of structural features in
3000 2850 1800 1600 1400 1200 1000 purple membrane, are shown in Table 3. The ratio of the
Wavenumber (cm'1) integrated intensity of the €H stretching region (composed

) primarily of lipid modes) to the integrated intensity of the
FicuRe 7: Infrared difference spectrum from 3100 to 2800 €m  5mide | mode is an indication of the amount of lipid present
and from 1800 to 1000 cm of purple membrane exposed briefly . . .
to 0.10% Triton subtracted from purple membrane reconstituted !N the purple membrane bilayer, providing a measure of the
with 1.0 mol equiv of purple membrane lipids after brief exposure degree of lipid reconstitution into the purple membrane
to Triton (top) and infrared absorbance spectrum of purple bilayer. The loss of lipid immediately after exposure to
membrane total lipids (bottom, film cast from CHGlolution). Triton was evident since this ratio decreased from 0.83 to
0.64. This ratio increased to near 0.77 with the addition of

0adCHs) andd(CH,) modes of the purple membrane lipids 5 and 1.0 mol equiv/BR of lipid and became greater as
and can be taken as an approximate measure of the lipidihe quantity of lipids used for reconstitution increases. The
concentration within the bilayer. Reconstitution with 1.0 mol sample reconstituted with 10.0 mol equiv/BR, which showed
equiv/BR increased the lipid concentration to near the level 5 ratio 2.5 times greater than in native purple membrane,
in native purple membrane (as determined from the intensity gemonstrated extensive lipid reconstitution into the bilayer.
of the modes at 1460 cr); the spectra show a further  ynfortunately, it was not possible to determine the exact
decrease in the FWHH of the amide | mode and a slight patyre of this reinsertion nor where in the bilayer these lipids
decrease in intensity of the amide Il mode. Upon reconstitu- einsert. However, it is clear that the lipids added during
tion with 10.0 mol equiv/BR, the FWHH of the amide | mode  yeconstitution affect protein structure since BR did undergo
became narrower with a greater decrease in intensity of theggme structural changes in the amide | and Il regions (720
amide 1l mode and a significant increase in thg¢CHs) and 1500 cnt’; Figure 7, top trace).
0(CHz) modes indicating extensive lipid reconstitution. The protein conformational changes resulting from recon-

To identify the conformational changes due primarily to stitution were examined by studying the integrated intensity
reconstitution, difference spectra were recorded by subtract-ratios of the amide I region (172a.600 cm?) to the amide
ing the infrared spectrum of a purple membrane sample Il region (1606-1480 cn?) in Table 3; the peak height
exposed briefly to Triton from the spectrum of the same intensity ratio of the amide | and Il modes generally showed
sample after reconstitution. The infrared difference spectrumthe same pattern as the integrated intensity ratios. Upon
from the sample reconstituted with 1.0 mol equiv/BR of lipid exposure to Triton, there was an immediate decrease in this
is shown in Figure 7 (top trace) with the infrared absorbance ratio (reflective of an increased intensity of the amide 1l mode
spectrum of the total lipids extracted from purple membrane relative to the amide | mode), and reconstitution with 1.0
(CHCI; extract, bottom trace). The two spectra are quite mol equiv/BR further lowers this ratio. These alterations
similar in the C-H stretching region (31062800 cn1?) and appear to be reflective of changes in both the amide | and
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amide Il intensities as the FWHH of the amide | mode which was not recovered (and which was made worse by
decreases upon exposure to Triton and decreases further uporeconstitution) was the FWHH of the amide | mode. This
reconstitution. Accompanying this decrease, the height of may be an important indication of a loss in conformational
the amide 1l mode decreases with a slight decrease in theflexibility in the transmembraney,-helices of BR after
FWHH. For all samples reconstituted with less than 4.0 mol exposure to Triton which was not recovered upon reconstitu-
equiv/BR of lipid, this ratio was approximately 4% lower tion with purple membrane lipids. Infrared and electron
than in native purple membrane. Reconstitution with excess diffraction studies indicate changes occur in BR conformation
lipid (e.g, 10.0 mol equiv/BR) resulted in the least intense during the photocycle (Dencher et al., 1989; Ormos, 1991);
amide Il mode and a slight increase in the frequency of the the loss of conformational flexibility could result in changes
amide | mode (from 1659 cm in native purple membrane in the intermediate decay times and in the decay pathway
to 1661 cnmt in purple membrane reconstituted with 10.0 during the photocycle.
mol equiv/BR of lipid). These changes were observed to a
lesser extent in the samples reconstituted with 4.0 mol equiv/ CONCLUSIONS
BR of lipid, suggesting that in native purple membrane the N
abnormally high intensity of the amide 1l mode (relative to ~ The spectral data presented here demonstrate the critical
the amide | mode) and the abnormally high frequency of role of the'purple membrane lipid gnwronment in med|at|ng
the amide | mode (1659 ¢ are not directly related. A conformational changes in BR, an mtegrgl membrane proteln.
recent study revealed that the relative dichroic ratios of the Exposure of purple membrane to sublytic concentrations of
amide | and amide Il modes may indicate the type.gfelix the surfactant T_nton X-100, wh|_ch leaves the BR protein
in membrane proteins, and that the dichroic ratio of these trimer structure intact, resulted in several effectsl, namely,
modes is highly dependent arhelix length (Reisdorf & preferential release .of.purple membrane glycolipids and
Krimm, 1995). Thus, the relative intensities of the amide | Sdualenes, an association of Triton with purple membrane,
and Il modes may prove important for assessing protein perturbatlt_)ns of specific hgaglgroup interactions, and protein
conformational changes, especially for integral membrane conformational changes within the purple membrane. These
systems. changes induced a disruption of lipid headgroup hydrogen

The FWHH of the amide | mode provides another bonding at the purple membrane surface, a losg-tom
description of BR conformation. This parameter decreased @ndeu-helical structure in BR, and, as shown in other work,
by approximately 9% after exposure to Triton. Part of this Pronounced changes in the BR photocycle (Mukhopadhyay
decrease was due to the loss of protein conformations that€t al-, 1994). The data indicate that the purple membrane
absorb at high frequency in the amide | regiery( -turns glycolipids and squalenes appear to be crucial to the kinetics
and oy -helices), but there also appears to be a decreasec®f the BR photocycle. Although preliminary reconstitution
FWHH in the remaining features which make up the amide Studies have shown that it is possible to reverse some of the
| envelope, suggesting a decrease in the conformationalinfrared spectral parameters characteristic of structural
flexibility of the transmembrane helices. Reconstitution with changes induced by Triton exposure, no reversal of the
up to 2.0 mol equiv/BR resulted in a further narrowing of Photocycle kinetics has been attained at this point. From
the amide | mode. The samples reconstituted with 4.0 andSPectral data, itis clear that the lipids play an important role
10.0 mol equiv/BR of lipid showed progressively smaller in mediating purple membrane structure and function and
FWHH values: the FWHH of the amide | mode for the that bacteriorhodopsin provides an easily controlled system
sample reconstituted with 10 mol equiv/BR was 20% forinvestigating the effects of lipid perturbations on integral
narrower than the amide | mode in native purple membrane. Mémbrane protein reorganizations.

Spectra of samples reconstituted with 1.0 mol equiv/BR
of lipid, followed by dialysis against buffer for 18 h to ACKNOWLEDGMENT
remove any lipid or detergent loosely associated with the
purple membrane bilayer, indicated partial recovery of native
purple membrane structure. The values for the parameter,
relating the degree of lipid reconstitution (the ratio of the
integrated intensity of the €H stretching region to the
integrated intensity of the amide | region) and the ratio of
the integrated intensities of the amide | and Il modes are
approximately the same value as in purple membrane.graiman, M. S., & Rothschild, K. J. (1988)nnu. Re. Biophys.
However, there was no increase in the FWHH of the amide  Biophys. Chem17, 541-570.
| mode. Braiman, M. S., BouscheO., & Rothschild, K. J. (1991Proc.

Despite the reversals in most of the spectral parameters_ _ Natl- Acad. Sci. U.S.A. 8&2388-2392. _ _
related to protein conformation, there were no observable C1ad€ra, J., Salse M., & Padf, E. (1992)Biochemistry 31

. o . 12363-12368.
changes in the BR photocycle kinetics after the reconstitution Colthup, N. B. (1980)Appl. Spectrosc34, 1-6.

performed by incubating Triton-treated purple membrane colthup, N. B., Daly, L. H., & Wiberley, S. E. (199®ytroduction

with a mixture of lipids. This provides some insight into to Infrared & Raman Spectroscopfcademic Press Inc., Boston.

the important structural features of BR, and how they are Dencher, N. A., Dresselhaus, D., Zaccai, G., &&uG. (1989)

reflected by the infrared spectrum of purple membrane. _ Proc. Natl. Acad. Sci. U.S.A. 86876-7879. .

Changes in the parameters relating the degree of lipid Drachey, L. A., Kaulen, A. D., Skulachev, V. P., & Zorina, V. V.
N - . - (1986) FEBS Lett 209 316—320.

reconstitution and the ratio of the amide | to amide Il pacheva, S, Bose, S., & Hendler, R. W. (LOFEBS Lett.(in
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