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ABSTRACT. Brief exposure of purple membrane (PM) to dilute Triton X-100 eliminates the actinic light
effect on the relative amounts of fast M {Mind slow M (M) intermediates and alters the character and
kinetics of the photocycle, without destroying the native BR trimers (Mukhopadhyay et al., 1994). Particular
membrane lipids are removed during the Triton treatment, and adding back an extract of membrane lipids
can repair most of the affected photocycle behavior (Dracheva et al., 1996). This paper defines conditions
which are important in the reconstitution procedure, using a group of quantitative parameters which measure
the extents of damage and repair. Circular dichroism in both the UV and visible ranges shows that Triton
can disturb both the secondary structure of BR and its ability to polymerize into trimers. Whereas the
damage to protein conformation could be reversed by lipids alone, the formation of trimers and recovery
of normal photocycle behavior required both lipids and a high salt concentration.

Actinic light controls the nature and operation of the EXPERIMENTAL PROCEDURES
membrane proton pump, bacteriorhodopsin (BR)Halo- i i
bacteria(Drachev et al., 1993; Komrakov & Kaulen, 1995; Treatment of I_3urp_le Membrane (PM) W'th Triton X-100.
Shrager et al., 1995; and references therein). We obtained! WO hundred microliters of 1% aqueous Triton X-100 was

evidence that membrane lipids were intimately involved in added to a suspension of 100 of PM (5 mg BR/ml) and

this control process (Mukhopadhyay et al., 1994) by showing 1700/"L.0f o0 mM pota(\js_s![ugn phOfpfhated(pljoé.Z). The
that 1-2 min exposure to 0.05% Triton X-100 removed the Eusﬁ)((:nnséogl_\_/\i%% |r|r;:ne Ir?trﬁy cen irrl1 ugeTLZ 100'% rat .
actinic light control and destroyed the;ltb O decay path eckma utracentriiuge using a - Foto

while not affecting the native trimer structure of BR. That ;:a?nmmsateze%o%?% sﬁ)llomi/l!]ng tfr?; igimtr'ﬁg \?v;\slzi?CLri‘nuimTh e
the membrane integrity was affected during the brief g speed, bping, '

exposure to detergent was shown by a decrease in Iightpe”et was washed by resuspending in 3 mL efHand

. . recentrifugation two times.
scattering and a blue shift in BR absorbance. In recent o . - . .
studies (Dracheva et al., 1996), we showed tha% of Reconstitution Wlth PM Lipids.PM was isolated using
squalene and glycolipid sulfate and% of the phospholipid procedures described by Oesterhelt and Stoeckenius (1974)

were lost from the membrane during a brief exposure of PM Ei‘znmvc\:glsﬁ(ter?ebriSlgjc?(ar:n(ae}nézlbf‘ll;]hzr(feiﬁzréghocr;)dsg?: g?f'f'gg
to 0.1% Triton X-100 and that the lost BR photocycle P yering step

behavior can be recovered by treating Triton-exposed PM with 4—6 individual centrifugations of the PM in distilled
e S y 9 P water at 4620. Using the ratio of absorbances at 280 and
with isolated PM lipids.

570 nm as a measure of purity of BR, we compared the
In the present paper, we look more closely at the factors quality of BR preparations made by us, using the sucrose
which are important in the reconstitution procedure. In order |ayering procedure, and from samp|es obtained from a group
to define conditions which optimize the recovery of normal of major laboratories in BR research. The ratios for the
photocycle behavior, we have defined a group of parametersjayering procedure ranged from 1.5 to 2.0. The ratios for
which quantify the extents of damage and recovery of BR the simple centrifugation procedure were generally-1L.®8.
photocyle activity. In addition, we have used circular Lipids were extracted from PM according to the method of
dichroism to determine that Triton damages the secondaryBligh and Dyer (1959) as described by Kates (1982) and
structure of BR and is capable of disrupting BR trimers. The suspended to a stock concentration of 4 mg/mL. Forty-two
damage to BR protein conformation could be reversed by microliters was dried under Nat room temperature and
adding back PM lipids alone, but the re-formation of lost suspended in 500L of 50 mM potassium phosphate in 4
BR trimers and recovery of normal photocycle behavior M NaCl at pH 7.2, by sonication for 30 s afG@. A Tekmar
required both PM lipids and a high NaCl concentration. Model TM-50 (watt) high intensity ultrasonic processor was
used with the output control set at 30 and the power monitor
o . . setat 25. The relative concentrations of BR and lipids were
[ bstack publshed ifance ACS Abstactsune 19, 1996, et at the levels normally present in PM (.ex level),
PGP, diphytanylphosphatidyl glycerophosphate (methyl ester); PGS unless otherwise indicated. Normally, BR accounts for 75%
giFligr)]/(t)m)élpggs%?aﬂdgngllyiigsﬁg?éei Psgrgl" gigalr?]ié%ylﬁggjﬂzﬁg- and lipids for 25% of the PM (Kates, 1986). Present in the
Iir):e; PA, f)hosbharl)tigic a)c/:i%; DlghPC,yo%ghytar;ylphbgphaFt)idylchyoline; reconstitution mixture were 500 and 168, respectively,
DPhPS, diphytanylphosphatidylserine; GLS, glycolipid sulfate; sQ, Of BR (determined usingy (570 nm)= 63 000) and lipid.
squalenes. The mixture was held overnight in the dark at room

S0006-2960(96)00738-6
This article not subject to U.S. Copyright. Published 1996 by the American Chemical Society




9246 Biochemistry, Vol. 35, No. 28, 1996 Mukhopadhyay et al.

temperature. The PM was then washed by two centrifuga-
tions in 50 mM phosphate buffer (pH 7.2) at 65 000 rpm at Y
4°Cin a Beckman TLA 100.3 rotor for 6 min. The washing
procedure removes essentially all of the Triton X-100 as
indicated by the ratio of absorbances at 276 my.{ for -0.03
Triton X-100) and 569 nmAnaxfor BR). The ratio is~1.65
for both the native BR and the washed pellet after Triton
treatment, whereas the first supernatant fraction has a ratio
of 69. In the NaCl studies, both lipid sonication and
reconstitution were performed at the indicated NaCl con-
centration. In the pH studies, lipid sonication and reconstitu-
tion were performed at the indicated pH. After final washing,
the PM pellet was suspended in 50 mM potassium phosphate
(pH 7.2) for assay of the photocycle characteristics.
Reconstitution with Non-PM Lipids.DPPC, DphPC,
DPhPS, PA, and PC were purchased from Avanti Polar
Lipids, Inc., Alabaster, AL, and used as described above, in
place of PM lipids where indicated. 0.08
Kinetic Analyses.Rapid sequential spectra were acquired
following an actinic laser flash using a new form of spec-
trophotometer as previously described (Hendler et al., 1994;
Mukhopadhyay et al., 1994). S_pectral deconvolution g_nd Y ————  Triton—treated
analysis were performed using singular value decomposition 002 ff ——  Lipid—reconstituted
(SVD) (Hendler et al., 1994; Hendler & Shrager, 1994). [/
Circular Dichroism. CD spectra were recorded at room L
temperature using a JASCO J-710 spectropolarimeter and a 0 20 40 60 80 100 120 140 180 180 200
cylindrical cell. UV spectra were collected over the range Time (ms)
180-240 nm with 0.1 nm resolution and 10 nm/min scan
rate using a cell with 0.02 cm path length. Visible spectra FIGURE 1: Time courses for changes in single wavelength absor-
were collected over the range of 46000 nm with 1 nm bances obtained after an actinic laser pulse, obtained with native

. . . . PM (solid lines), Triton X-100 treated PM (short dashed lines),
resolution and 50 nm/min scan rate using a cell with 1 ¢m 5,4 *rriton-treated PM after reconstitution with PM lipids (long

412 nm |
(M)

—0.05]

0.02

Delta Absorbance

0.04

path length. dashed lines). The top, middle, and bottom panels show data
obtained at 412, 641, and 569 nm, respectively. These are near to
RESULTS the wavelengths of maximum absorbance for intermediates M, O,

Figure 1 shows kinetics of changes at single wavelengths@d native BR, respectively.

which correspond to the M (412 nm, top panel) and O (641

nm, middle panel) intermediates, and to the ground state (569,. Quantitatve Measurements of the Reconstitution of Func-
nm, bottom panel) in the BR photocycle. Shown in the tional Activity. We have identified 12 quantitative param-

figure are curves for the native (solid lines), Triton-treated eters to characterize the native BR photocycle(s), the degree

(short dashed lines), and reconstituted (long dashed Iines)Of perturbation caused by brief exposure to Triton X-100,

PM preparations. The kinetics for M decay (top panel) in and th_e restoration of normal function obta_me_d_ after
the native preparation consists of a fast,(F~2 ms) and reconstitution with lipids. These parameters are individually

a slow (M, 7 ~6 ms) component (Hendler et al., 1994). The presented in Table 1 and discussed below. The actual
fast comp'onent is absent in the Triton—treated’ PM, and the magnitudes vary somewhat with the intensity of the laser

overall decay is markedly slower. Reconstitution restores light gsgd to actlva.te the photocycle. For unlform|ty,.a.ll'
the native decay characteristics. The kinetics for O decay guantitative comparisons were made from photocycles initi-

middle panel) in the native preparation shows a peakéat ated Wit.h strong actinic light (80 pep ur_1its; Hendler et al.,

gns. Thig reflgrcts the early Ff)orraation of O from Fhe decay 1994, Eisfeld et al., 1993). The first eight parameters are
of M; and the subsequent decay of O back to BR. The obtained in a singular value decomposition (SVD) decon-
absorbance at 641 nm does not decay back to zero becaus olution of the experimental data (Hendler & Shrager, 1994).

the spectrum of BR cuts across this wavelength. The Triton- V& &r€ obtained directly from the raw data. One of these,

treated preparation shows no early peak, but instead a sIO\A}ShSDamOUIm .Of M Jr}termetzr?ateb, wabs deterrpltrrl]ed bOtZ f;omt
steady rise throughout the time course. This is consistent analysis and from the absorbance of the raw data a

with the fact that Triton treatment abolishes the ™ O 412 nm. . )

decay pathway which is responsible for the early peak (1) Turnaer of the M Intermediate For native PM,
(Mukhopadhyay et al., 1994). Reconstitution reestablishes containing 50Q:g of BR, 54 mOD units of M intermediate

the native decay characteristics. The bottom panel showsturned over after a single high intensity actinic laser flash.
the kinetics for recovery of the BR ground state. Native [N the Triton-treated case, there was about a 30% decrease
PM shows a fast and a slow component which correspondi” turnover, which was recovered after reconstitution.

to the fast and slow components of the M intermediates. The (2) Average Time Constantr). As discussed above,
Triton-treated preparation shows a loss of the fast componentnative BR displays two forms of the M intermediate in 50
and an overall slowdown in the photocycle. Reconstitution mM potassium phosphate at pH 7.2. The fastey) (hs a
reestablishes the presence of the fast component. 7 near 2 ms, and the slower Ma t near 6 ms (Hendler et
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Table 1: Triton Damage to, and Reconstitution of, BR Photocycles in Purple Membranes

native Triton-treated reconstituted

1.AmOD M 54+ 2 (9) 394 2 (14) 54+ 1 (11)
2. avt (ms) 4.0+ 0.1 (9) 61+ 2 (14) 5.7+ 0.7 (11)
3. M 7 (ms) 2.5+ 0.1 (9) 5.0+ 0.8 (14) 2.240.1(11)
4. fraction M:

He 0.47+0.01 (9) 0.09+ 0.02 (14) 0.50+ 0.01 (11)

Le 0.78+0.02 (8) x® (14) 0.69+ 0.02 (11)
5. ratioL/H 1.66+ 0.04 (8) 1.36+ 0.04 (11)
6. Mi? peak (nm) 643t 1 (9) 583+ 3 (14) 640+ 3 (11)
7. % Agar (CF. Aga1 + Asz)® 1004+ 0 (9) 304+ 3 (14) 77+ 2 (11)
8. reference peak (nm) 5690 (9) 562+ 1 (14) 571+ 0 (11)
9. AmOD BR 101+ 3 (9) 66+ 2 (14) 96+ 3 (11)
10.AmOD M 53+2(9) 36+ 2 (14) 53+ 1 (11)
11. Qnax (mMs) 5.1+ 0.2 (9) 200+ 0 (14) 5.9+ 0.4 (11)
12. AOmaxtAQOend 1.45+ 0.03 (9) 0.32+ 0.02 (14) 1.22+ 0.03 (11)
13. AOmat AM; 0.424+0.01 (9) 0.08t 0.01 (14) 0.3A 0.01 (11)

2 The fastest species of M present, which is not true®™ery small sig

nal; mole fractio=0.03; not true M ¢ H andL refer to high and low

intensity laser flashes (see Experimental Procedutdd)is is for the fastest species of M present, which may not actually be truashdescribed

in the text.® Percent positive absorbance at 641 nm compared to total

at 641 and 571 nm.

al., 1994). The averageis a weighted combination of these
two species, obtained by multiplying eachby the mole
fraction of the species and summing. The averagenear

4 ms for native PM. Treatment with Triton leads to the loss
of M¢ and the appearance of new much slower forms of M.
The averager, which is then computed as the sum of the
products ofr and mole fraction for all of the species of M
present, rises te-60 ms after the brief exposure of PM to
0.1% Triton. Reconstitution returned the averag® <6
ms.

(3) Mf  (ms) Exposure of PM to Triton decreases the
amount of true M (defined as having a near 2 ms and a
direct decay path to the O intermediate) to zero or near zero.
In the latter case, the fastest form of M remaining has
a 7 significantly above 2 ms. Reconstitution reestablishes
true M.

(4) Mole Fraction of M Following a high intensity actinic
laser flash, the mole fraction of the species withear 2 ms
compared to the total amounts of other forms of M is about
0.5 in native PM. Triton treatment either completely
abolishes M or reduces its mole fraction to near zero.
Reconstitution restores the native mole fraction of M

(5) Ratio (L/H) of Mole Fraction of Mat Low Intensity
Laser Flash (L) Compared to High Intensity (H)The
“cooperative” behavior of native PM (see Shrager et al.,
1995) is manifest by the fact that, following a low intensity
actinic laser flash (2.7 pcp units), the mole fraction of true
M¢ is appreciably greater than that following a high intensity
flash (80 pcp units). For native PM, the ratio of mole
fractions of M formed under the two conditions is near 1.7.
After exposure to Triton, little or no true Ms formed and
the ratio decreases to 1 or less, or becomes meaningless (i.e
no true M is present). The mole fractions of the remaining,
slower forms of M are not influenced by the intensity of the
actinic laser flash. Reconstitution reinstates control of the
mole fraction of M by the intensity of actinic light.

(6) Wavelength Position of Absorption Peak in Difference
Spectrum for M In native PM at neutral pH, Mdecays
directly to the O intermediate with an absorption peak near
641 nm, whereas Moypasses O in returning to BR with an
absorption peak near 571 nm (Hendler et al., 1994; Eisfeld
etal., 1993). In Triton-treated PM, the decay route through
the O intermediate is lost (Mukhopadhyay et al., 1994).

Therefore, in native PM, the wavelength position of the
positive peak in a difference spectrum showing the disap-
pearance of true Ms near 641 nm. In Triton-treated PM,
there is very little true M (see above item 3), and the
wavelength of the positive absorbance in the difference
spectrum shifts downward toward 571 nm. In the briefest
treatment with Triton, the maximum is seen near 585 nm.
Reconstitution moves the positive absorption maximum back
to ~641 nm.

(7) Percent of Absorbance at 641 nm Compared to the
Sum of Absorbances at 571 and 641 nithe decay of M
through the O intermediate at neutral pH is an important
characteristic of the native BR photocycle, and it is highly
correlated with the control of the relative amounts gfavid
Ms generated by the energy of the actinic light. This
parameter provides an additional quantitative measure of the
M; to O decay route. For native PM, near pH 7, the loss of
absorbance at 412 nm (due to the decay @f islcompen-
sated by a peak of absorbance near 641 nm A, for O
intermediate). TheAA at 571 nm is negative because of
the disappearance of N intermediate whose turnover exhibits
art near 2 ms (Hendler et al., 1994). Therefore, for native
PM, the percent oRs4; compared to the total positive A at
571 and 641 nm is 100. Upon exposure to Triton, little or
no O is formed and the extent of the perturbation is
guantitatively reflected by a decrease in the magnitude of
this parameter to~30%. Reconstitution increased the
magnitude of this parameter to 77%.

(8) Wavelength Position for Light-Adapted BR in PMin
native PM, the maximum absorbance for BR is seen at 571
nm, whereas for Triton-treated PM it is blue-shiftecb662
nm. This measurement is the same whether it is made
directly with the PM or whether it is obtained by SVD in
the deduced reference (i.e., background) spectrum. Recon-
stitution reestablished the wavelength position back to that
of the native preparation.

(9) Turnaver of BR AmOD). As mentioned in item 1,
the amount of M turnover is reduced by brief exposure to
Triton X-100. This parameter, based on the magnitude of
absorbance change at 569 nm, shows that there was a
corresponding decrease in the overall turnover of BR.
Reconstitution restored the native turnover level.
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Table 2: Importance of NaCl and pH in Reconstitution

NaCl concentration (M) pH
0 1 2 4 6 7 8

1.AmOD M 34 50 53 53 53 54 50
2. avt (ms) 53 19 4.4 5.0 7.2 5.4 4.7
3. Mt 7 (ms) 3.2 21 21 21 2.3 2.2 2.4
4. fraction M:

H 0.08 0.29 0.50 0.51 0.48 0.51 0.52

L 0.08 0.28 0.63 0.71 0.59 0.63 0.65
5. ratioL/H 0.9 1.00 1.26 1.38 1.23 1.35 1.25
6. M; peak (nm) 594 617 639 641 642 641 642
7. % Asay (Cf. Assr + As7a) 40 67 73 81 78 76 83
8. reference peak (nm) 566 566 569 570 569 569 569
9. AmOD BR 60 93 102 97 95 96 91
10.AmOD M 32 51 57 52 53 53 51
11. Qpax(mMs) 200 200 5.8 5.9 6.0 5.3 6.5
12. AOmadAOend 0.31 0.88 1.20 1.28 121 1.24 1.29
13. AOmat AM; 0.08 0.25 0.39 0.38 0.36 0.37 0.39

aNaCl was added to the standard assay buffer (i.e., 50 mM phosphate, pH Th2)fastest species of M present, which is not true M

(10) Turnaer of M (AmOD). This parameter is the same light to modulate the mole fraction of Mitem 5). The last
as item 1 above, but here it is obtained directly from the column of Table 1 shows that all of the parameters are
absorbance change at 412 nm. It provides a confirmationrestored by reconstitution of the damaged PM with native
of the result obtained by SVD. The results are essentially PM lipids. Although, restoration was quantitatively sub-
the same as seen in item 1. stantial, it was not 100%. This is indicated in item 5 where
(11) Presence of a Transient Peak in Absorbance at 641 the actinic light effect was restored to 1.36 compared to 1.66
nm. M; decays immediately to the O intermediate with a  in the control, and in items 7 and 12 where the relative
near 2 ms, whereas bothslnd O that was formed fromM  amount of M — O pathway restored was somewhat less
decay back to BR with’s near 6 ms (Hendler et al., 1994). than in the native membranes.
Therefore, it is to be expected, and is actually found (Figure  On the Physical Reality of a Distinct{NMembrane Lipid
1), that the absorbance near 641 nm (for the O intermediate)Entity. Table 1 shows the near total quantitative loss of the
shows a peak which separates its early rise duestddday true M species (items 3 and 4). TruesBpecies is defined
from its own subsequent decay to BR (Hendler et al., 1994). as the species witlhh near 2 mswhich decays directly to
When the Mto O decay pathway is lost, this peak does not the O intermediate The table also shows decreases in the
occur, and instead, only a slow gradual rise in absorbanceamounts of BR and M turning over in the Triton-treated
near 641 nm is seen throughout the whole time course. ForPM compared to both the native and reconstituted mem-

native PM this peak is clearly seen a6 ms. In Triton- branes (items 1, 9, and 10). Single-tail StudEtgsts show
treated preparations, the peak is absent. Reconstitutionthat the confidence levels for these differences are greater
restores the peak at6 ms. than 99% in all cases. The fact that reconstitution restored

(12) Ratio of Absorbances at 641 nma6 ms and at M turnover to the native level is supported by two-tail
200 ms. When the native M— O pathway is intact, the  tests which showed 72% and 96% confidence levels for
magnitude of the peak (discussed in item 11) is reflected by items 1 and 10, respectively, that the same population was
the ratio of absorbances at the peak tim® (ms) and atthe  sampled.
end of the 200 ms time course. For native PM, this ratio is  The mole fraction of true Mn native membranes, evoked
~1.4, whereas for Triton-treated preparations it~i8.3. at high laser intensity, was 0.47 (item 4). This represents
Reconstitution restored the ratio to a value~df.2. 0.47 x 54 (item 1)= 25 mOD. After Triton treatment0.09

(13) Ratio of the Change in Absorbance at 641 nm (O of 39 mOD units, or~3 mOD units, of M were formed.
Intermediate) from the Start of the Time Course to the Peak The actual amount of true Nk less because the fastest form
at ~6 ms, to the Total Change in Absorbance at 569 nm (M of M remaining after Triton treatment is used in this
Intermediate) The relative amount of M decaying through calculation, and this is not true iM The total loss of~22
the O intermediate is quantitatively reflected by the amount mOD units of true Mrepresents-40% of total M (i.e., 54
of O formed at~6 ms compared to the total amount of M mOD) in the native membranes. There was a comparable

that was formed. This ratio is0.4 for native PM and-0.08 loss in turnover of~35% of the total BR in the native PM
for Triton-treated preparations. Reconstitution restored the (item 9). It appears that fixed proportions of BR may be
ratio back to near 0.4. physically destined to turn over as either& Ms. Removal

Summary of Quantitate Changes after Triton Treatment of particular lipids from PM by brief treatment with Triton
and Reconstitution.Brief exposure of native PM to 0.1%  X-100 (Dracheva et al., 1996) prevents the turnover of that
Triton X-100 causes the following overall changes in native proportion of BR which was set to form Mand possibly
BR photocycle characteristics. There is a loss of true M some of the BR destined to form M40% is greater than
(items 3, 4, and 13), a marked slowdown in overall M 35%). Adding back PM lipids restored the turnover of the
turnover (item 2), a loss of the > O decay pathway (items  affected BR population.

6, 7, and 1113), a decreased turnover of BR (items 1, 9,  Critical Factors for Successful Reconstitutiolsodium
and 10), a shift in the wavelength of maximum absorbance chloride is required for the reconstitution of functional
in the PM (item 8), and a loss of the ability of actinic laser activity lost by exposure of PM to dilute Triton. Table 2
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Table 3: Importance of BR Concentration on Triton Damage and
Reconstitutioh

Table 4: Importance of Added PM Lipid Concentration in
Reconstitution

Triton-treated, reconstituted,
ug of BR ug of BR
250 500 1000 250 500 1000

1.AmOD M 16 34 7 30 59 102
2. avt (ms) 75 66 54 5.8 6.6 6.5
3. M¢ 7 (ms) 8.0 3.8 3.2 2.4 2.5 2.4
4. fraction M:

H 0.29 0.02 0.07 0.49 0.52 0.51

L XX XX XX 0.70 0.68 0.65
5. ratioH/L 1.43 131 1.28
6. Mf peak (nm) 567 586 592 642 640 638
7. % Asaa (cf. 12 40 44 81 80 69

Ass1+ As71)
8. reference 564 563 564 569 569 571

peak (nm)
9. AmOD BR 27 62 137 56 105 182
10.AmOD M 14 32 75 30 56 103
11. Qnax(ms) 200 200 200 6.0 8.3 6.7
12. AOmadAQOeng  0.35 0.32 0.40 1.27 1.17 1.20
13. AOmad AM¢ 0.08 0.08 0.08 0.38 0.36 0.36

relative lipid conca

1/8x 1/4x  1/2x 1x 2x 3x
1.AmOD M 41 44 44 49 49 53
2. avt (ms) 48 36 8.3 3.7 4.0 3.9
3. M 7 (ms) 2.6 2.1 1.8 1.8 1.8 1.7
4. fraction M:
H 0.092 0.13 0.40 0.47 049 052
L XXC XX© 0.66 0.85 0.68 0.69
5. ratioH/L 1.65 1.80 1.39 1.33
6. M peak (nm) 589 601 642 642 642 641
7. % Asa1 (cf. 42 50 80 89 86 75
Asa1+ As71)
8. reference 564 566 569 569 569 568
peak (nm)
9. AmOD BR 72 80 85 95 93 97
10.AmOD M 40 44 45 50 49 53
11. Qnax(ms) 200 200 3.4 4.0 35 3.6
12. AOmadAOeng 0.39 0.57 1.36 1.43 1.46 1.41
13. AOmat AM¢ 0.10 0.14 0.29 0.37 0.37 0.40

aTriton concentration fixed at 0.1%. Lipid used for reconstitution
fixed at 168ug. ® Not true M. ¢ Signal too small to resolve Mpecies.

aThe 1x level is the amount of lipid normally present in PM
containing 50Qg of BR (i.e., 168g). ® This is for the fastest M species

present, which is not true M° Signal too small to resolve Mpecies.

shows that lipids added to Triton-treated membranes, in the — .
absence of NaCl, do not restore any of the lost native Table 5: PM Lipid Added to Native PM

characteristics. Partial reconstitution is achieved at 1 M NacCl concn added
whereas nearly complete reconstitution is achieved at native 1/ 1x 2%
concentrations greater than 2 M. The same table shows a7~~~ 61 62 3 62
broad pH optimum in the range of pH-&. 2. avz (ms) 39 38 38 39
Higher ratios of Triton to PM appear to cause more loss 3. Mz (ms) 25 23 23 24
of native BR photocycle characteristics, as expected. In 4 fraction M:
; ; . ) i H 0.53 0.52 0.55 0.54
Table 3, this trend is seen in the slowing of M turnover (items | 0.84 0.76 0.71 0.65
2 and 3), the decrease in amount of true (Kem 4), and 5. ratioH/L 1.58 1.46 1.29 1.20
loss of the M— O decay path (items 6 and 7). Reconstitu- 6. E/If peak (nm) 645 645 645 645
tion of the Triton-damaged PM with thexllevel of PM 7. %Aea (Cf. Aear + Agzr) - 99 98 93 90
L. . . . . 8. reference peak (nm) 570 571 571 571
lipids was successful in restoring function in all cases.
. s - 9. AmOD BR 113 109 94 107
The gssenuallty of PM I!p|ds in the reconstitution process 10, Amob M 62 63 53 64
and evidence of a stoichiometric relationship between the 11. Qn.(ms) 5.0 6.2 6.0 6.9
damaged membranes and added lipids are illustrated in Table 12. AOma/AQenq 1.30 1.20 119 119
13. AOmad AM; 0.41 0.45 0.44 0.44

4. Examination of all of the quantitative parameters shows
marked improvement as the lipid concentration was raised
through the 1/&, 1/4x, and 1/Z levels. Improvement in
reconstitution between the M2and 1x levels was less
dramatic. The results with>2 and 3x levels indicate that,
at higher lipid/PM ratios, some damage to the PM occurs.
This was confirmed by adding PM lipids to native PM (Table not at all effective in the reconstitution.
5) The ablllty of actinic ||ght to modulate the relative levels Triton-Induced Damage to Protein Conformation and
of My and M; (item 5) and the magnitude of the peak for O Trimer Structure of BR and Regeries by Addition of Lipids
formation at~6 ms (item 12) appear to be diminished at in the Presence and Absence of NaGligure 2A shows
the higher levels of added lipid. damage to the protein conformational structure of native BR
Lipid Specificity for Successful Reconstitutiomable 6 (solid line) exposed to 0.1% Triton X-100 fer2 min (short
shows that neither a mixture of phospatidylcholines from dashed line) and 30 min (long dashed line). Figure 2B
egg lecithin (PC), nor purified DPPC, nor phosphatidic acid reshows the native ang2 min Triton-treated preparations
(PA) was effective in supporting the reconstitution of normal as references to gauge the extent of repair of damaged protein
photocycle behavior to Triton-treated PM. The structure of structure by addition of PM lipids in the presence of 4 M
these lipids differs from that of PM lipids in (at least) two NaCl (long dashed curve superimposed on solid curve
important ways: (1) the fatty acids are bound to glycerol in (native)) and in the absence of salt (series of unconnected
ester rather than ether linkages, and (2) the fatty acids arepoints below curves for native and lipid salt curves). These
not phytanoic acid. On the other hand, diphytanyl PC, which data demonstrate that a major fraction of the damaged
although not a normal constituent of PM does have two secondary structure is recovered by addition of lipids in the
phytanoic acids bound to glycerol through ether links, did absence of NaCl. In a separate study based on analysis by
support a partial reconstitution of the lost photocycle infrared spectroscopy, it was found that Triton induced a
characteristics. However, the losg M O pathway was not  disruption of lipid head group hydrogen bonding and a loss

aThe 1x level is the amount of lipid normally present in PM
containing 50Qug of BR (i.e., 168uQ).

reestablished (parameter items 6, 7, 11, and 12). It is
interesting that a related phospholipid, diphytanyl PS, was
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Table 6: Lipid Specificity

lipid added
native PC DPPC PA DPhPC DPhPS total PM

1.AmODM 57 35 33 34 39 31 45
2. avt (ms) 3.0 50 46 45 9 48 5.6
3. Mi 7 (ms) 2.0 2.9 2.7 1.8 15 3.2 1.7
4. fraction M:

H 0.53 0.09 0.10 0.11 0.43 0.13 0.51

L 0.83 X XX3 XxX@ 0.65 pos 0.65
5. ratioH/L 1.57 151 1.27
6. M; peak (nm) 645 578 584 586 581 577 641
7. % Asa1 (Cf. Asar+ As7a) 100 33 37 32 41 26 71
8. reference peak (nm) 569 562 563 562 568 562 568
9. AmOD BR 107 64 58 60 71 55 80
10.AmOD M 57 34 32 33 40 30 45
11. Qnax(mMs) 3.8 200 200 200 200 200 4.3
12. AOmafAQend 1.49 0.41 0.41 0.60 0.99 0.43 1.23
13. AOna/ AM¢ 0.41 0.09 0.08 0.12 0.28 0.09 0.36

a Signal too small to resolve Mspecies.

ULTRAVIOLET CD

Ellipticity (mdeg)
Ellipticity (mdeg)

180 200 220 180 200 220 180 200 220 240 400 500 600 400 500 600 400 500 600 700
Wavelength (nm) Wavelength (nm)
Ficure 2: Ultraviolet CD spectra for native (containing 500 of Ficure 3: Visible CD spectra for native (containing 50@ of

BR), Triton-damaged, and lipid-reconstituted PM. The procedures BR), Triton-damaged, and lipid-reconstituted PM. The procedures
for Triton damage and reconstitution are described in the Experi- for Triton damage and reconstitution are described in the Experi-
mental Procedures section. (A) Native PM (solid line), Triton-treated mental Procedures section. (A) Native PM (solid line), Triton-treated
for ~2 min (short dashed line), and for 30 min (long dashed line). for ~2 min (short dashed line), and for 30 min (long dashed line).
(B) Recoveries of lost conformational structure afteR min (B) Recoveries of lost exciton signal afte2 min exposure of PM
exposure of PM to Triton. The solid and the short dashed lines to Triton. The solid and the short dashed lines shown here for
shown here for reference are the same as shown in panel A.reference are the same as shown in panel A. Reconstitution with
Reconstitution with lipids at thex level (i.e., 168g) (long-short lipids at the X level (i.e., 168uQ) (dotted line superimposed on
dashed line superimposed on solid line for native BR). Reconstitu- solid line for native BR). Reconstitution withxl lipids in the

tion with 1x lipids in the absence of the 4 M NaCl normally present absence of the 4 M NaCl normally present (shdong dashed line
(discontinuous points just below the solid and lersfport dashed very close to the Triton-treated case (short dashed line)). (C)
lines). (C) Recoveries of lost conformational structure after 30 min Recoveries of lost exciton signal after 30 min exposure of PM to
exposure of PM to Triton. The solid and the long dashed lines Triton. The solid and the long dashed lines shown here for reference
shown here for reference are the same as shown in panel A.are the same as shown in panel A. Reconstitutions atxth@atted
Reconstitution at thex lipid level (discontinuous points just below  line) and at the & lipid levels (long-short line) are superimposed
the solid line) and at the>3 level (long—short line below the & and located between the two reference lines (for control and Triton-
lipid level line. treated preparations).

in B-turn andqy-helical structures in BR (Barnett et al., shows that the recovery of the native exciton signal (dotted
1996). Figure 2C shows that, in the presence of 4 M NaCl, line compared to top solid line) requires that NaCl be present
nearly all of the native conformation lost during 30 min during reconstitution. Reconstitution in the absence of NaCl
exposure to 0.1% Triton can be recovered. Figure 3A showsresulted in no re-formation of trimer structure (the Triton-
that, at~2 min exposure of PM to 0.1% Triton X-100, there treated and reconstitutedNaCl) curves are superimposed).
was a loss 0f+20% of the exciton signal in the visible range Figure 3C shows that the exciton signal lost after 30 min
(that has been correlated with the BR trimer structure (seetreatment of PM with Triton X-100 (bottom line compared
Mukhopadhyay et al., 1994)). This amount of loss of exciton to top line) is recovered equally well at both the {dotted
signal is greater than that which we reported earlier (Mukho- line) and 3« (middle solid line superimposed on dotted line)
padhyay et al., 1994), but the ratio of Triton to BR in the levels. This correlates with the observation that normal BR
current studies is 4 times greater than was shown to damagephotocycle characteristics were recovered at both tharid

the normal photocycle in the earlier studies. Figure 3B 3x levels (Table 4). The reconstituted exciton signal is
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~90% of the native signal. This is really 100% recovery of Triton-treated PM could be restored by reconstitution of the
the native signal because, at 30 min exposure to 0.1% Triton,treated PM with isolated PM lipids.

10% of the original BR was lost from the membrane and  The goals of the present investigation were to explore the
recovered in the supernatant obtained from pelleting the factors which are important in the reconstitution of normal
Triton-treated membranes. Comparing Figures 2B and 3B photocycle behavior and to correlate the loss and recovery
shows that salt is not required for recovery of lost protein of photocycle characteristics with changes in BR protein
conformational structure of the BR, but is required for conformation and state of aggregation. To accomplish these
recovery of lost trimer structure and lost functionality of the aims, we have identified twelve quantitative parameters to
photocycle as discussed in this paper. measure the extent of damage to the normal BR photocycle
caused by brief exposure to 0.1% Triton X-100, and the
DISCUSSION extent of reversal of these defects by reconstitution with
There is a relatively long history of studies in which native PM lipids. It should be noted that the use of 0.1%
damage to BR structure, properties, and/or function causedTriton in the current studies caused about a 20% loss in trimer
by treatment with detergents has been reported. In many ofstructure compared te3% loss in the earlier studies where
these studies, a regain of lost characteristics was ac-0.05% Triton was used.
complished by replenishing with either native or foreign |t was found that NaCl, in high concentration (above 2
lipids. It is important to distinguish the different kinds of 1y was necessary in order to restore native BR photocycle
earmarks of functionality which have been studied previ- characteristics to Triton-damaged membranes. This observa-
ously. One important activity is the ability to pump protons tion s consistent with the importance of high NaCl in the
when the treated BR is incorporated into liposomes (Lind et re_formation of the hexagonal array previously reported by
al., 1981; Szundi & Stoeckenius, 1988). This functionality, sternberg et al., described above. It was also established
however, requires neither the presence of native PM lipids that the requirement for phospholipids is specific. In native
nor the normal trimer structure of BR (Rigaud et al., 1988). p\ there are~10 lipid molecules per BR monomer. These
Another criterion of BR integrity is the red shift in the jncjude approximately 5 PGP/, each of PG and PGS, 3
absorption maximum caused by deionization, which is lost s, 1 SQ, and-0.2 vitamin MK-8 (Kates, 1986; Dracheva
by delipidation. In addition, the delipidated membranes show gt g, 1996). Phospholipids which lacked the ether-linked
ashift in the [ for the red to blue color transition from4 ~ phytanoic fatty acids were ineffective. Although DPhPC
to ~1.4 (Szundi & Stoeckenius, 1988). Replenishment with (giphytanylphosphatidylcholine) was partially effective, DPhPS
foreign neutral lipids reestablished proton-pumping but did (giphytanylphosphatidylserine) was inneffective.

not raise the K of'the. transition nor Sh.OW thg: shift in color Whereas our earlier studies emphasized the importance
cau_sed b_y_delonlzatlo_n._ Re_cons_tltutlon with an excess of of lipids in the normal turnover and control of the BR
native acidic phospholipids did raise thig pf the transition  ytqcycle by actinic light, the present studies show that BR
to ~4.5 (Lind et al., 1981). . . trimer—lipid interactions are essential for the normal pho-
It has been known for some time that monomers in the 0010~ gpecifically, we have found that lipids added in

presence of native Iipids, prepared 'by exposure of PM 10 y,o"apsence of NaCl can restore a major fraction of protein
Triton X-100, could partially re-form trimers and a hexagonal conformational structure of BR lost by exposure of PM to

Iattice. after removal of the Triton by extensive_ (6 weeks) Triton, but not trimer structure that was lost, nor normal
dialysis (Cherr_y etal, 1978). The fact _that this could be hotocycle characteristics. Although in our earlier studies
accomplished in the absence of any add|t|qns demor_ustrate ore than 97% of the trimer structure remained intact after
that other cellular components are not required for this self- ot it treatment, NaCl was still required for reconstitu-

assembly Process. Another. important step in defining 4o of the normal photocycle. This suggests that NaCl plays
conditions that favor re-formation of the 2D hexagonal array 4, roles. One is to allow added lipid to reach the critical

of BR trimers from monomers obtained by exposure of PM pp ite(s2) for reconstitution, and the other is to repair

to Triton X-100 was that of Sternberg et al. (1992), who damage to both the secondary structure and integrity of the
showed that endogenous polar PM lipids (PGP and PGS)trimergstate of BR. y structu ntegrity

and high NaCl play key roles in the re-formation of the In addition to providing answers to questions about the
hexagonal lattice from BR monomers. The studies reportedo eration and cgntrol o? the BR ho?oc cle. the current
in this paper involve a markedly different kind of disruption per: : ) photocycie, t
in BR photocycle behavior which can be repaired by studies are .O.f mtgrest In demonstr_atlng an act_lve role for
reconstitution with native PM lipids. We have previously membrane lipids n the norma_l function of _emsnumt_egrgl
shown that profound changes occur upon brief exposure Ofmembrane protein. Interest in the domain organization of
PM to dilute 0.05% Triton X-100, even though the trimer lipids and proteins in biological membranes and their possible
structure of thé BR remained intaylct (Mukhopadhyay et al., inte_ractions has heighten(_ad as .evidenced by a recent inter-
1994). Specifically, the treatment removes the ability of high natlonal conference on this subject at NIH (1994jt the .
time of the conference there was no system presented which

energy actinic light to alter the mole fraction of slow M so clearly demonstrated the active role of membrane lipids
intermediate (M to total M, alters the decay path of;Nb ; y aer . ) P
in controlling integral protein function as the case presented

BR, causes the formation of new species of M intermediates, . :
and elicits a great delay in overall M turnover. The in the current studies.
conclusion that the deleterious effects of the Triton treatment
were most likely due to disruption of essential Blpid _ ;F?ga_rtyllr':}lern%tional Cf_n:er ﬁ_cilnj;edgir:gﬁ uonq D'\?Eﬁgwalolrr?;miztsion
interactions was substantiated (Dracheva et al., 1996), wherelt J2 03 LB C =TS o 1994, The proceedings of this

it was shown that particular lipids are removed from PM  conference are published in volume 12 folecular Membrane

during exposure to Triton and that all lost functions of the Biology, 1995.
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In our continuing studies to define the critical features in Hendler, R. W., Dancshazy, Zs., Bose, S., Shrager, R. I., & Tokalji,

the lipid control of BR function, we will try to identify
which specific lipids are important for the recovery of

particular native characteristics of the BR photocycle and  yqk

Zs. (1994)Biochemistry 334604-4610.
Kates, M. (1986) irTechniques of lipidology: isolation, analysis,
and identification of lipids Elsevier Press, Amsterdam, New

whether certain lipid-dependent conformational states of the Kates, M., Kushwaha, S. C., & Sprott, G. D. (1982)Methods in

protein are critical for the normal operation of the BR
photocycle.
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