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Changes in Retinal Position during the Bacteriorhodopsin Photocycle: A
Resonance Energy-Transfer Study’
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ABSTRACT: Distances from fluorescent lipid probes to the retinal chromophore of bacteriorhodopsin in-
corporated into asolectin vesicles have been measured with resonance energy transfer. Steady-state
fluorescence is used to find the distance of closest approach from fluorescent lipid probes to ground-state
retinal. Phase modulation of resonance energy transfer is used to find distances for retinal in bacterio-
rhodopsin’s M intermediates. This latter technique uses an actinic light source to drive the photocycle while
absorbance of a photocycle intermediate and fluorescence due to energy transfer to that intermediate are
monitored with phase-sensitive detection. The photocycle intermediate concentration is varied by changing
the frequency of modulation of the actinic light. Previous measurements of distances to the M intermediates
using this technique [Hasselbacher, C. A., Preuss, D. K., & Dewey, T. G. (1986) Biochemistry 25, 668-676]
are extended by use of several different fluorescent probes allowing labeling of either the bilayer surfaces
or the interior. This provides a more detailed mapping of retinal’s position. Analysis of the phase modulation
data is improved in several ways to obtain accurate distances for the M intermediates. These distances are
compared to ground-state distances. Results show that retinal is buried more deeply in the protein when
bacteriorhodopsin is in its ground state than in either M state. There is also a significant change in retinal
location between the slow-decaying and fast-decaying M intermediates. These large changes in retinal’s
position during the photocycle demonstrate the flexibility of monomeric bacteriorhodopsin.

Bacteriorhodopsin is a membrane-bound protein synthesized
by the archaebacterium Halobacterium halobium. It actively

*This research was supported in part by NSF Grant DMB-8315263.

0006-2960/86,/0425-6236$01.50/0

transports protons across the bacterial membrane and main-
tains the proton gradient required for metabolic processes
during oxygen deprivation. The proton pumping process is
initiated by the absorption of light by bacteriorhodopsin’s

© 1986 American Chemical Society
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FIGURE 1: Schematic representation of structures and probable orientations of fluorescent lipid donors in the asolectin bilayer: (A) PyS-PE;
(B) PyHA; (C) 2-AP; (D) 16-AP; (E) OANS; (F) Dil. A possible orientation of retinal in bR is also shown (G) (King & Schoenborn, 1982).
The positions of the phospholipids of a dipalmitoylphosphatidylcholine bilayer (G) are included for comparison (distance between phosphate

groups, 50.3 A) (Stamatoff et al., 1979).

retinal chromophore. To elucidate the molecular mechanism
of proton pumping, changes in the location and orientation
of retinal during the photocycle must be determined. In this
study, resonance energy transfer is used to determine the
location of the retinal of bacteriorhodopsin in the ground state
and in the M intermediate photocycle states. The distance
of closest approach of fluorescent lipid donors at the surface
or in the interior of the membrane to the retinal is determined.

A new phase modulation technique (Hasselbacher et al.,
1986) is used to measure distances to the retinal in the M
intermediate state. The utility of the phase modulation of
resonance energy-transfer technique for measuring structural
changes in photocycle states was demonstrated in our previous
work. In this work we extend our measurements to a wider
variety of probes. In these experiments the main source of
error in the distances is due to assumptions made concerning
the orientation of the transition dipoles of the donors and the
acceptors. We provide a more detailed analysis of this as-
sumption. In separate experiments, resonance energy transfer
to the ground-state retinal was measured with conventional
steady-state fluorescence. With fluorescent probes with
spectral properties that permit energy transfer to both states,
a direct comparison can be made of distances in the ground
state and in the two M states. Our results show that the retinal
is located in a significantly different position in each of these
three states.

MATERIALS AND METHODS
Chemicals. N-(1-Pyrenesulfonyl)dipalmitoyl-L-a-phos-

phatidylethanolamine (PyS-PE),! 1-pyrenehexadecanoic acid,
2-(9-anthroyloxy)palmitic acid, 16-(9-anthroyloxy)palmitic

! Abbreviations: bR, bacteriorhodopsin; PyS-PE, N-(l-pyrene-
sulfonyl)dipalmitoyl-L-a-phosphatidylethanolamine; PyHA, 1-pyrene-
hexadecanoic acid; Dil, 1,1’-dioctadecyl-3,3,3",3’-tetramethylindocarbo-
cyanine perchlorate; 2-AP, 2-(9-anthroyloxy)palmitic acid; 16-AP, 16-
(9-anthroyloxy)palmitic acid; DPH, 1,6-diphenyl-1,3,5-hexatriene;
OANS, 2-(octadecylamino)naphthalene-6-sulfonic acid; Tricine, N-
[tris(hydroxymethyl)methyl]glycine; EDTA, ethylenediaminetetraacetic
acid; DPPC, dipalmitoylphosphatidylcholine.

acid, 2-(N-octadecylamino)naphthalene-6-sulfonic acid,
1,1’-dioctadecyl-3,3,3",3’-tetramethylindocarbocyanine per-
chlorate, and 1,6-diphenyl-1,3,5-hexatriene were purchased
form Molecular Probes. Asolectin (soybean phospholipid) was
obtained from Associated Concentrates. N-Octyl-3-D-gluco-
pyranoside (octylglucoside) was from Sigma. Solvents were
spectral grade and all chemicals were reagent grade. All
solutions were made from distilled, deionized water.

Purple Membrane and Reconstituted Vesicles. H. halobium
S-9 was grown in defined media (Lanyi & MacDonald, 1979).
Purple membrane was purified with a sucrose step gradient
(Becher & Cassim, 1975). Bacteriorhodopsin was reconsti-
tuted into asolectin vesicles with an octyl glucoside dilution
technique (Racker et al., 1979), as previously modified
(Hasselbacher et al., 1986). Vesicles have been characterized
with respect to protein/lipid ratio and bR orientation. These
previous results indicated that the vesicles in a given sample
are uniformly distributed with respect to size and protein
content and that the bR is oriented essentially 100% “inside
out” relative to the in vivo orientation (Hasselbacher et al.,
1986).

A variety of fluorescent labels were used to determine
distances from defined locations in the lipid bilayer. These
probes and their probable orientations in the bilayer are il-
lustrated in Figure 1. For samples in which the probe labeled
both the inner and outer vesicle surfaces, the probe was dis-
solved with asolectin in a suitable solvent and the solvent
evaporated under nitrogen. The sample was then sonicated.
For labeling of the outer vesicle surface only, the probe was
dissolved in an organic solvent and added while stirring to the
bR-reconstituted vesicles. Total added solvent never exceeded
1% of the total sample volume. Measurements were made
when the probe fluorescence stabilized, indicating maximal
dye was incorporated into the vesicles. This incorporation was
always complete within 1 h. Cu?* quenching of surface-labeled
probe fluorescence was used as described previously to de-
termine whether a given probe will readily migrate from the
outer surface to the inner surface of the bilayer (Hasselbacher
et al., 1986).
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Table I: Energy Transfer Parameters

fluorescent

llpld pl’ObC )‘ex QD 1013.](25) IO]AJ(M) F (de> d K? Ro(gs)a (A) Ro(M)b (A) Ro(M)C (A)
OANS* 308 0.20 1.14 8.9 0.135 0.581 22 0.884 39.3 395 377
OANS¢ 25 1.03 393 40.5 37.7
2-AP¢ 365 0.41 1.67 6.3 0.214 0.731 18 0.902 47.2 422 40.1
16-AP 365 0.55 1.58 6.2 0.101 0.503 0 0.573 49.1 41.0 42.0
Pys-PE¢ 353 0.47 1.22 7.7 0.058 0.379 21 0.661 45.8 424 42.5
PyHA 340 0.32 0.99 8.0 0.040 0.318 0 0.556 41.6 389 40.1
DPH 365 0.79
Dil 540 0.21 4.12 48.9
Dil® 0.12 4.18 44.8

“Calculated with k* = 2/;. ®Calculated with «? values listed in the table. ‘Two vesicle surfaces labeled. ?One vesicle surface labeled. ¢DPPC

vesicles, 38 °C; from Hasselbacher et al. (1984).

For energy transfer to the ground state, the surface density
of bR was varied by preparing samples with different protein
to lipid ratios. For the M intermediate-state measurements,
the surface density was varied by changing the frequency of
modulation of the actinic light. In both cases the surface
density was calculated by assuming a surface area of 875 A2
for a bR molecule (Henderson & Unwin, 1975) and a surface
area of 68 A? per lipid (Huang & Mason, 1978). With these
values, the surface densities were determined as described
previously (Hasselbacher et al., 1984, 1986). The bR con-
centration was obtained with an extinction coefficient of 62700
M cm™ at 568 nm (Rehorek & Heyn, 1976). The M in-
termediate concentration was determined from the phase-
modulated amplitudes of the absorbance signals by using the
difference in the extinction coefficient between the M state
and the ground state. A value of 36000 M~! cm™ was used
(Becher et al., 1978). The concentration of asolectin was
determined by weight by assuming a molecular weight of 740
(Cerione et al., 1983).

Spectroscopic Measurements. Determination of Quantum
Yield and Emission Anisotropy for Fluorescent Probes.
Quantum yields for 2-AP, 16-AP, PyHA, OANS, Dil, and
PyS-PE in asolectin vesicles were determined by the method
of Chen (1967). DPH in cyclohexane was used as a standard
with a quantum yield of 0.78 (Berlman, 1965). Absorbances
were measured on a Varian Cary 219 spectrophotometer with
all samples balanced against vesicle blanks to eliminate light
scattering contributions. Corrected fluorescence spectra were
obtained with a Spex Fluorolog 2 spectrofluorometer with an
excitation bandwidth of 1.8 nm and an emission bandwidth
of 2.25 nm. The measured quantum yields are presented in
Table I. Wavelength-dependent polarization of fluorescent
emission was measured with a Perkin-Elmer MPF-3L spec-
trophotometer equipped with Perkin-Elmer 063-0568 polar-
izers. The molar ratio of lipid to fluorophore was 200:1 in all
these experiments. The emission anisotropy was corrected for
instrument polarization (Chen & Bowman, 1965; Azumi &
McGleen, 1962) and is given in Table 1.

Distance Measurements. The distance of closest approach
was measured from fluorescent lipid probes to the ground-state
retinal by measuring the ratio of the steady-state fluorescence
intensities of donors in vesicles in the presence and absence
of bR. This ratio was determined over a range of protein
surface densities and was analyzed with the theory of Wolber
& Hudson (1979). Reported distances represent an average
of the points at all surface densities. For 2-AP and 16-AP,
the excitation wavelength was 365 nm and 100 X 1 s readings
of the fluorescent emission at 459 nm were averaged. In
separate experiments, Dil quenching was observed from the
outer vesicle surface and from both surfaces. The Dil exci-
tation wavelength was 540 nm and the emission was monitored
at 575 nm. Occasionally, Dil samples showed excimer peaks.

These were not included in our measurements.

Energy transfer to the M intermediate states was measured
with the phase-lifetime spectrometer described previously
(Hasselbacher et al., 1986). The M intermediate was mon-
itored by the absorbance at 402 nm. The degree of quenching
due to resonance energy transfer was determined from the
modulated fluorescent amplitudes. The fluorescent excitation
wavelengths were 365 nm for 2-AP and 16-AP, 353 nm for
PyS-PE, 340 nm for PyHA, and 308 nm for OANS. The
spectral bandwidth of the probe beam was 8 nm. The mea-
sured absorbances in the phase-lifetime spectrophotometer
were normalized to those measured on a Varian Cary 219 by
using Ditric neutral density filters as standards. Fluorescence
signals were corrected for inner filter effects due to the
modulated absorption of the excitation light by the photocycle.
This correction was calculated by making use of previously
derived equations (Brand & Wiltholt, 1967)

AFIF =
Fo[2.303(4 + AA) /(1 - 10°4+59) = 23034 /(1 - 1074)]
(1)

where AFr is the modulated fluorescence due to inner filter
effects, F is the total fluorescence (DC signal) observed, 4
is the total absorbance at the excitation wavelength, and A4
is the modulated absorbance at the excitation wavelength.
AFir is then subtracted from the observed, modulated fluor-
escent signal. This correction was made at each frequency
of the modulated actinic light.

The characteristic Foerster distance, Ry, for each of the
donor-acceptor pairs used was determined with eq 2, where
n is the refractive index of the medium, «? is a geometric factor

Ry = (9.79 X 10% A)(Jk?Qpn 41/ )

characterizing the relative orientations of the transition dipoles
of the donor and acceptor, Qp is the quantum yield of the
donor, and J is an overlap integral determined from the donor’s
emission and acceptos’s absorbance spectra. The values of J
determined for both the retinal ground-state acceptor and the
M intermediate-state acceptor are given in Table I. For these
determinations the absorbance spectra of monomeric,
ground-state bR in asolectin vesicles were measured. These
were compared to results with DMPC vesicles when bR is
aggregated (10 °C) and monomeric (30 °C). Above the phase
transition the absorbance shows little temperature dependence.
The maximum of the monomeric absorbance spectrum is
shifted to lower wavelengths compared to the aggregate
spectrum. It has an absorbance maximum at 550 nm with
an extinction coefficient of 58000 M~ c¢cm™. The retinal
absorbance spectrum for the M intermediate obtained pre-
viously (Becher et al., 1978) was used for J determinations
for the photocycle state. The refractive index was taken to
be that of hexane, which is 1.38 (CRC Handbook of Chemistry
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FIGURE 2: Quenching of lipid probe fluorescence by bR incorporated
into asolectin vesicles. Fluorescence in the presence of retinal acceptor
divided by fluorescence in the absence of acceptor (Qpa/Qp) is plotted
vs. surface density of acceptor, (ayg). Fluorescent probes used are
16-AP (@), 2-AP labeling both vesicle surfaces (0), and Dil labeling
outer vesicle surface (A). Theoretical curves (solid lines for 16-AP
and 2-AP and dashed line for Dil) are obtained with the theory of
Wolber and Hudson (1979) and average values for L. The curve
representing quenching of Dil fluorescence for Dil labeling both vesicle
surfaces (—+-) is shown for comparison (Hasselbacher et al., 1985).

and Physics, 1981). This value was used because energy
transfer occurs predominantly through the lipid membrane in
these experiments. R, is not a sensitive function of the re-
fractive index and using the water value of 1.33 results in a
1% difference in the distances measured. The major source
of error is due to uncertainties in the orientation factor. All
other parameters may be determined or estimated, giving an
accuracy in the distance measurement of approximately 1%.
The value of «? was taken to be 2/,, which corresponds to the
case of rapid rotational averaging of the donor and acceptor
orientations. The error inherent in this assumption is analyzed
in detail in the following section for energy transfer to the M
state.

RESULTS

In this work the efficiency of resonance energy transfer is
measured between donors and acceptors located in different
planes. The complicated situation of multiple donors and
multiple dcceptors in two dimensions has been analyzed by
a number of theoretical approaches (Shaklai et al., 1977; Estep
& Thompson, 1979; Wolber & Hudson, 1979; Dewey &
Hammes, 1980; Snyder & Friere, 1982). Resonance energy
transfer to ground-state bR was analyzed with the approach
to Wolber and Hudson (1979). Quenching of fluorescence
vs. surface density of bR is shown in Figure 2 for fluorescent
probe in the center of the bilayer (16-AP), on both bilayer
surfaces (2-AP), and on one bilayer surface (Dil). Because
asolectin is above its phase transition temperature in these
experiments (22 °C), bR is monomeric. The dashed line in
Figure 2 represents quenching of Dil fluorescence by mo-
nomeric bR when both membrane surfaces are labeled in
DPPC vesicles at 38 °C (Hasselbacher et al., 1984). Dil
labeled on the outer surface showed no significant internali-
zation after 24 h. It has been previously established that the
time constant for transfer of Dil from one side of the mem-
brane to the other is comparable to that of phospholipids and
is quite slow (Fahey & Webb, 1978). Therefore, this probe
allowed the measurement of the distance from the outer vesicle
surface to the ground-state retinal. In contrast, 2-AP equil-
ibrated rapidly between the bilayer surfaces as indicated by

VOL. 25, NO. 20, 1986 6239

Table 1I: Distances from Fluorescent Lipid Probes to Retinal

fluorescent L&) LA)
distance measd lipid probe  (calcd «?) =1/

to ground-state retinal  2-AP“ 29.0 £ 3.3
16-AP 177 £ 3.2

Dil® 320+28

Dil*¢ 28.0 = 1.0

to slow-decaying M PyHA 149+£02 15602
intermediate 16-AP 13.2 £ 0.1 13.8 £ 0.1
2-APp¢ 23119 214+18 23606
OANS? 273£02 24701

OANS? 23303 21.8=%0.3

to fast-decaying M PyHA 157£10 164£10
intermediate 16-AP 133207 13906
2-AP? 24970 23.1x64

PyS-PE° 26348 264%49

OANS? 27.1+02 24403

OANS“ 25628 23.8%25

“Both vesicle surfaces labeled with fluorescent probe. Distances
represent a sum of contributions in accord with eq 19. ®Outer vesicle
surface only labeled with fluorescent probe. °DPPC vesicles, 38 °C;
from Hasselbacher et al. (1984). “Error for ground-state values is
standard deviation of data points. Error for M intermediate values
calculated from standard deviation of m; and m,.

Cu?* quenching. Values of the distance of closest approach,
L, are shown in Table II for all of the donors.

The M intermediate experiments provide a simpler situation
because of the extremely low surface density of acceptor. In
the reconstituted system there are approximately 100 bR
molecules per vesicle. During the phase modulation experi-
ment approximately 0.1% of the bR populates the M state.
It is therefore unlikely that a significant number of vesicles
simultaneously contain two M state proteins. It is also unlikely
that significant energy transfer occurs between vesicles. This
is due to the extremely low concentration of vesicles in the
samples. This concentration is estimated to be on the order
of 10 nM. The resulting average distance between vesicles
is too large for significant energy transfer. Therefore, the M
intermediate experiments represents a situation where multiple
donors transfer energy to a single acceptor. The efficiency
of energy transfer, E, is related to a sum over the N donors
that involves the distances of separation of the ith donor from
the acceptor, R; (Sklar et al., 1977; Haigh et al., 1979)

N
E/(1 -E)=Qpa/0Op = E(RO/R:')G 3)

where Op, and Qp are the quantum yield of the donor in the
presence and absence of acceptor, respectively, and are ex-
perimentally measured parameters. With the assumption of
a uniform distribution of identical donors, the summation may
be converted to an integral. This gives

E/01-B) =P “(Rg/R)® dP = xRS /4L (4)

where Py is the probability of finding an acceptor in a given
vesicle and is given by n,/ny, the ratio of the number of
acceptors to the number of vesicles. P is the probability of
finding the donor-acceptor pair separated by a distance R on
a given vesicle and dP = 2x R dR/Sy, where Sy is the surface
area of a vesicle. o, is the surface density of acceptor. L is
the distance of closest approach of a donor to an acceptor.

The major error that occurs in measuring distances by
resonance energy transfer is due to uncertainties in the ori-
entation factor, k2. Because of this, an extensive literature has
developed for estimating limits on this value from fluorescence
emission anisotropies (cf., Dale et al., 1979). In most work
on membrane systems, > has been assumed to equal 2/;. This
is the correct value when the donor’s and acceptor’s orienta-
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FIGURE 3: Schematic of relationship between donor emission transition moment (D) and acceptor absorbance transition moment (A) used
for k2 calculations presented in the text. 2 is a function of 4 for donors and acceptors in separated planes (Davenport et al., 1985). Donors
are fluorescent lipid probes; acceptor is retinal in one of the M intermediates of bacteriorhodopsin. d is the difference in position between
donor and acceptor along a line perpendicular to the membrane. R is the separation distancc between donor and acceptor, which becomes
a minimum distance at L, the distance of closest approach. Rotation of chromophores occurs about the projections of the donor emission and
acceptor absorbance transition moments, D* and A*, respectively. Rotation of the acceptor, retinal, is shown in the text to be restricted to

rotation of the entire protein.

tions are dynamically averaged during the fluorescent lifetime
of the donor. A detailed error anaysis of the orientation factor
for membrane systems has recently been presented (Davenport
et al, 1985). Our experiments involving the M intermediate
provide a simpler situation because it represents energy transfer
from multiple donors to a single acceptor. We have adapted
the analysis of Davenport et al. (1985) to this case and obtain
exact analytic expressions. These expressions allow one to
accurately account for orientation effects provided the emission
anisotropy of the donor and acceptor are known. Because the
M intermediate state is not fluorescence, this information could
not be obtained directly for the acceptor. Instead we estimate
the M state retinal emission anisotropy by using the extreme
case of the retinal being immobilized in the protein. This
provides a limiting value for «? and allows an estimate of the
error in the distance measurement.

Figure 3 shows the donor—acceptor geometry that is con-
sidered for the «? analysis. The positions of donor emission
and acceptor absorbance transition moments are oriented with
radial symmetry about axes-parallel to the bilayer normal and
are dynamically averaged. The orientation factor is a function
of the angle, 6, formed between the membrane normal and the
line joining the donor and acceptor in the transverse plane of
the membrane. For this donor-acceptor distribution, «? is
expressed as (Davenport et al., 1985)

k¥(8) = (1 — 3 cos B)(dp*)(ds*) + %B(1 - (dp*)) +

/(1 = (da*)) + cos 6¢dp*)(1 — (dp*)) + (da*)(1 - (dp*))
(5)

The axial depolarization factors for donor and acceptor are
(dp*) and (d,*), respectively. The axial depolarization factor
for the donor was calculated from the experimentally deter-
mined emission anisotropy value, r,, using

(dp*) = (r=/0.4)!/? (6)

Because (d,*) could not be determined, it was estimated for
a limiting case. The extreme case is considered in which the
M state retinal is immobilized in the protein as in the case for
ground-state retinal (Kouyama et al., 1985; Razi Nagqvi et al.,
1973; Sherman et al., 1976; Korenstein & Hess, 1978). In
this situation the major contribution to the rotational an-
isotropy of the chromophore is due to the rotation of the entire
protein in the membrane. Time-resolved absorption anisotropy
measurements of rotation of bR monomers (Cherry et al.,
1977) show a decay from a limiting initial value above 0.1 to
a value of 0.037 in less then 0.5 ms. Because the M inter-

mediate lifetimes are much longer than this decay, the retinal
orientation is averaged by rotation of the entire protein. The
situation where rotation of the entire macromolecule is in-
cluded in the orientation factor has been analyzed by Stritt-
mater and co-workers (Koppel et al., 1979). With this
analysis, (d4*) was calculated by

(da*) = ¥(cos? 8,) - 1, @)
where
(cos? B, ) = Yy(sin? B,"(sin? 8,+)) + (cos? B,(cos? G,.))
(8)

cos? §,, characterizing reorientations of the chromophore
relative to the macromolecule, was determined with (Fleming
et al., 1979)

cos? B, = [1 + 2(EA /0.4)1/2] /3 9)

where EA is the absorbance anisotropy of bR in the purple
membrane. EA has a value of 0.395 % 0.005 (Kouyama et
al.,, 1981). The fundamental emission anisotropy is 0.4. In
the same manner, cos’ 6,”, characterizing rotation of the entire
macromolecule in the bilayer, is expressed as

cos? 65, = [1 + 2(0.037/0.4)1/2] /3 (10)

using the absorbance anisotropy value of 0.037 (Cherry et al.,
1977). From eq 8, (d,*) was determined to be 0.312.

The effect of the § dependence of % on the energy-transfer
efficiency was determined by substituting eq 5 into the ex-
pression for Ry (eq 2). With the relationship d/R = cos 6,
the angular dependence is converted into a radial dependence.
This was then included in the calculation of the energy-transfer
efficiency using

E/(1-E)= 2mA£m(R06/R6)R dR  (11)

Integration then yields
E/(1 - E) = 2mao(R'0)*[(d*({dp™)(1 = (da")) + (ds¥) X
(1 = (dp")) - 6(dp*)(da*))] /6L® + (2 = (dp*) = (dp*) +
3(dp*)(da*)) /12L* + (9(dp*)(dp*)d*) /8LF] (12)
where
(Ro)(k?) = Ro® (13)
The vertical distance between donor and acceptor in the bi-
layer, d, is estimated with Figure 1. In this figure, the
fluorescent lipid probes used in these experiments are drawn

to scale in their most probable membrane locations (see
Discussion). Because the two terms of eq 12 in which d
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FIGURE 4: Plot of efficiency of energy transfer from surface-labeling
fluorescent lipid probes, Pys-PE (O) and 2-AP (@), to the M inter-
mediates vs M intermediate surface density in asolectin vesicles. The
fitted curves were obtained from bilinear regression, eq 25.

appears have opposite signs when all values of donor and
acceptor axial depolarization factors are used, the results are
not very sensitive to the particular values of d chosen. For
fluorescent probes in the bilayer center (16-AP, PyHA), a
change in 4 from 0 to 5 A results in a change in L of less than
1%. Values of 4 used in these calculations are shown in Table
I. With eq 12, the distance of closest approach is determined.
«* values were calculated with these distances and eq 4.
Calculated values for «? are listed in Table I. Characteristic
Foerster distances obtained with these calculated «* values are
compared in Table I to those obtained by assuming rapid
relative rotation of donor and acceptor (x* = 2/;). The change
in Ry, on the average, is less than 4% when rapid rotation is
assumed.

Efficiencies of energy transfer vs. total M intermediate
surface density are shown in Figures 4 and 5 for fluorescent
probes labeling the membrane surface and interior, respec-
tively. These plots are clearly nonlinear, indicating that the
two M intermediates have different locations. Distances from
fluorescent donors to the two M intermediates were determined
by a bilinear fit (Hasselbacher et al., 1986)

E(w)/(1 = E(w)) = moy(w) + meoy(w)  (14)

assuming «* = 2/, m, = TRS(2LAY, and m = w(Ry)S2LM)™.
om;s and oy ¢ are surface densities of the slow- and fast-de-
caying M intermediates respectively. Surface densities for each
intermediate were calculated with fitted decay lifetimes and
surface density amplitudes obtained from the nonlinear
least-squares fit of the absorbance data as described below.
The calculated surface densities were then used in a bilinear
least-squares fit of eq 14 to obtain slopes m; and m;. The
distances, L, and L, calculated from these slopes are shown
in Table II for k* = 2/; or using the «* analysis in eq 12.

In order to determine the extent of resonance energy transfer
to each M intermediate, it is necessary to know the surface
density for each intermediate. This may be determined from
an analysis of the absorbance amplitude dispersion curve. The
chopped actinic light represents a periodic square-wave driving
force for the photocycle. The amplitude response, 4(w), for
such a driving force is given by (Hasselbacher et al., 1986)

A(w) = ZA; tanh (v /207)) 15

where 7; is the relaxation time of the ith mode, w is the
chopping frequency, and A; is the amplitude of the ith re-
laxation process. An ideal amplifier would respond according
to eq 15. Unfortunately, most amplifiers do not respond
equally over the entire harmonic range. An analysis has been
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FIGURE 5: Plot of efficiency of energy transfer from fluorescent probes

labeling the bilayer interior, PyHa (O) and 16-AP (@), to the M

intermediates vs. M intermediate surface density in asolectin vesicles.
The fitted curves were obtained as in Figure 4.

performed that corrects the response function, 4(w), for the
harmonic sensitivity of the amplifier (T. G. Dewey, unpub-
lished results). This Fourier analysis gives

A(w) = LX[H(n)A; sin (n((7/2) + ¢1) = ¢x)1/[n(1 +
i) (16)

where H(n) is a function that describes the harmonic sensitivity
of the amplifier, and tan ¢,; = nwr,. For our amplifier, the
PAR 5204, n is always odd and H(n) = 1/n. The absorbance
amplitude dispersion curves were analyzed with a nonlinear
least-squares fit to eq 16. In order to fit the data, / must equal
2. This is consistent with the two M intermediate states seen
by most works using either phase or flash techniques. The
summation in eq 16 was truncated at n = 50. Terms beyond
this harmonic contribute less than 0.1% over the frequency
range of our measured amplitudes. This analysis gives results
that are similar to our previous analysis, which used eq 15
(Hasselbacher et al., 1986). The major difference is that our
fitted amplitudes show the fast intermediate making less of
a contribution to the overall amplitude. The amplitude ratios
with this new analysis are now in agreement with those ob-
served by Krupinsky and Hammes (1986) for a similar re-
constituted system. Typical values for bR in asolectin vesicles
are 7y = 54.9 ms, 7, = 2.1 ms, and 4,/(4; + A4,) = 0.048.

A correction was introduced to account for resonance energy
transfer to ground-state bR. This energy transfer will be
detected with the phase—lifetime spectrometer because the
signal will be modulated due to ground-state bR depletion
during the photocycle. Thus

E/(l - E) = (Rg(M)ﬂ'O'M)/4LM4 + (Rg(gs)ra(gs))/4L?gs) =
(Ranymom) /4Lgpg (17)

Assuming oy, the modulated M intermediate surface density,
is equal to —o (4 gives

1/L{ = 1/Léq + [Ropr/Roml®(1/LiR) (18)

The distance of closest approach to the M intermediates was
found from the observed L values by using eq 18. Lyg is the
experimentally determined distance from ground-state retinal
to 16-AP (for distances to the center of the bilayer), 2-AP (for
distances to both bilayer surfaces), and Dil (for distances to
the outer surface only) shown in Table II. Values of L for
the M intermediates appearing in Table II are corrected with
eq 18.
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FIGURE 6: Schematic representation of distances found from retinal
to fluorescent lipid probes labeling both bilayer surfaces for bacter-
iorhodopsin in the ground state (bR,,), slow-decaying M intermediate
(Ms), and fast-decaying M intermediate (Mg). Distances are mea-
sured from (a) Dil, (b) 2-AP, (¢) PyS-PE, (d) OANS. Distances
represent a sum of contributions as given by eq 19. Distances shown
are not to scale.
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FIGURE 7: Schematic representation of distances found from retinal
to fluorescent lipid probes labelmg one bilayer surface or the bilayer
interior for bacteriorhodopsin in the ground state (bR,,), the slow-
cycling M intermediate (Mg), and the fast-cycling M intermediate.
Distances are measured from (a) Dil, (d) OANS, (e) 16-AP, and
(f) PyHA. Distances shown are not to scale.

The distance from the inner bilayer surface to retinal was
calculated from distances measured from both bilayer surfaces
and from the outer bilayer surface using eq 19 (Hasselbacher
et ai., 1986)

L™ (two surfaces) =
L (outer surface) + L™ (inner surface) (19)

These distances are displayed in Figure 7 for ground-state
retinal and for the slow- and fast-decaying M intermediates.

DISCUSSION

Fluorescent membrane probes were used to determine dis-
tances from fixed locations in the lipid bilayer to retinal in the
ground state and the M intermediate states of bacterio-
rhodopsin. To interpret the distances measured in this work,
the position of the fluorescent lipid probes in the bilayer must
be established. The n-(9-anthroyloxy) fatty acids have been
characterized with respect to transverse location of the chro-
mophore in the membrane using nuclear magnetic resonance
and fluorescence quenching techniques (Podo & Blasie, 1977;
Thulborn & Sawyer, 1978; Haigh et al., 1979). Haigh and
co-workers investigated a series of n-(9-anthroyloxy) fatty acids
(n=2,6,7, and 12) by resonance energy transfer. Their
results indicated that 2-AP is situated approximately 2 A from
the lipid—water interface. Extension of the distances found
for these probes to the case of 16-AP yields a distance of 21
A from the bilayer surface. Location of this probe near the
center of the bilayer has also been established with fluorescence
polarization (Frehland et al., 1982). The location of pyr-
enebutyric and pyrenedecanoic acid in DPPC vesicles has been
established with fluorescence quenching (Kano et al., 1980;
Correll et al., 1978). These probes orient in membranes with
the carboxylate group near the hydrophilic surface and the
chromophore buried in the hydrophobic interior. These results
would suggest that PyHA will also be located near the center
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of the membrane. The chromophore of PyS-PE is considered
to be near the lipid-water interface (Waggoner & Stryer,
1970). Kido and co-workers (1980) suggest that the PyS-PE
chromophore is located in a more hydrophilic region of the
lipid~water interface than the glycerol moiety of the phos-
pholipids. Because the size, shape, and amphipathic character
of Dil closely resembles that of phospholipids, the polar,
fluorescent head group of this probe is located near the lip-
id—water interface (Fahey & Webb. 1978). The charged
sulfonate group on OANS would most likely cause the chro-
mophore to reside at the lipid-water interface. The probable
positions of these fluorescent donors in the lipid bilayer are
illustrated in Figure 1. The positions of DPPC molecules in
a 50-A membrane (Stamatoff et al., 1979) are included for
comparison.

The distances measured with the various fluorescent probes
are given in the schematic illustrations of Figures 6 and 7.
These results are presented in tabular form in Table II. The
spectral overlap of the anthroyloxy probes’ fluorescent emission
with the absorbance of the retinal of bR in both the M state
and the ground state made it possible to measure a set of
distances with a single probe. Thus, ambiquities due to com-
paring probes of different size and shape are avoided. The
drawback of using such probes is that measurement of the
resonance energy transfer to the M states will also reflect the
loss of transfer efficiency due to depletion of the ground state.
However, if the ground-state distance is determined inde-
pendently as is done in this work, this effect can be corrected
in a straightforward fashion with eq 18. Distances to the M
intermediates were determined with the limiting value for «?
calculated from eq 12. These distances were compared (Table
II) with those obtained by assuming rapid rotational averaging
(¥ = %/;). Distances obtained in the M states using the
limiting, calculated «* values appear more consistent when
comparing different probes. However, for all probes the
difference in distances measured with the limiting value or the
2/4 value for «? is small. This indicates that the error in the
measured distances due to uncertainty in «° is at most 5%. This
detailed analysis could not be used in the case of resonance
energy transfer to the ground-state retinal because of the high
surface densities used in those experiments. Nevertheless,
given the emission anistropies of the probes, an uncertainty
of 10% would be expected in these experiments based on
previous theoretical results (Dale et al., 1979).

The magnitudes of these distance changes indicate that
bacteriorhodopsin undergoes a significant structural change
during its photocycle. Measurements with DI and 16-AP
indicate that retinal in ground-state bR is located approxi-
mately halfway through a bilayer and in the radial center of
the protein (effective monomer radius, 17 A (Henderson &
Unwin, 1975)). The measurements to the slow-decaying in-
termediate indicate that the retinal in this state is also near
the bilayer center but is radially shifted closer to the periphery
of the protein. This 3-5-A change could be the result of either
retinal configurational or apoprotein conformational changes.
Retinal in the fast-decaying intermediate does not appear to
be positioned symmetrically in the protein. The distance from
the inner bilayer surface is significantly greater than that from
the outer bilayer surface. Results from the labeling of both
surfaces are consistent with these changes in position but tend
not to be as dramatic. This is because the average distance
from both surfaces is not as sensitive a parameter as the
distance from one surface. The measured distances are shown
in Figures 6 and 7 on an idealized, cylindrical model of bac-
teriorhodopsin. This model is not meant to represent the true
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situation but rather serves as a schematic to display the data.

These results reveal the dynamic nature of bacteriorhodopsin
structure during the photocycle. Since the M intermediates
are formed on a relatively slow time scale, the protein has time
to react to the electronic charge distribution of the retinal in
the M state. Conformational adjustments can be made on this
time scale that could minimize the energy of the retinal-protein
interaction. In this view, the protein can be seen as “relaxing”
into the most stable conformation in order to accommodate
the retinal. This process may not occur with the fast photo-
cycle intermediates because protein conformational processes
may be too slow to react during the lifetime of the interme-
diate. Future work will concentrate on measurements of
distances to the retinal in halorhodopsin. This retinal-protein
has a quite different function than bacteriorhodopsin. The
conformational dynamics of halorhodopsin’s photocycle will
offer a valueable comparison to the present results on bac-
teriorhodopsin.

Registry No. Retinal, 116-31-4.
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