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ABSTRACT Both the solution and the oriented film absorption and circular dichroic spectra of the bacteriorhodopsin
(bR;e) and M, intermediate of the purple membrane photocycle were compared over the wavelength region 800-183
nm to assess structural changes during this photocycle. The main findings are (a) loss of the excitonic interaction among
the chromophoric retinal transitions indicating disordering of the retinal orientations in the membrane and distortions of
the membrane hexagonal crystal lattice, (b) structural change of the chromophoric retinal, (¢) changes in the key
interactions between the retinal and specific groups in the local environment of the apoprotein, (d) significant changes
of the tertiary structure of the bR with negligible secondary structure involvement, and (e) a net tilting of the rodlike
segments of the bR polypeptides away from the membrane normal. These findings are in accord with large scale global
structural changes of the membrane during the photocycle and with structural metastability of the bR molecules. An
important implication of these changes is the possibility of transmembrane retinal-regulated pulsating channels during
the photocycle. The significance of this possibility in respect to models for the proton translocation function of this

membrane is discussed.

INTRODUCTION

One outstanding problem in bioenergetics is how protons
are transported across hydrophobic bilayers of membranes.
Over the last decade research on this problem has increas-
ingly been focused on the purple membrane, PM, of the
Halobacterium halobium because of the relative simplic-
ity of its structure and function (for comprehensive reviews
see references 1 to 6). The PM is a specialized membrane
domain of the plasma membrane of the bacterium. It
contains a single protein species, bacteriorhodopsin (bR),
which constitutes ~75% of the membrane’s dry weight
with the remainder being lipids. BR is a chromoprotein to
which retinal is bound by a protonated Schiff-base link-
age.
The bR consists of a single polypeptide chain of 248
amino acids with a molecular weight of 26,534 daltons.
The primary structure of the protein has been determined
(7, 8). The secondary structure of the protein is highly
a-helical but may contain appreciable amounts of 3-
pleated sheet (9). The tertiary structure of the protein can
be approximated by the polypeptide folded back and forth
on itself, forming seven rodlike structural segments
oriented nearly perpendicular to the membrane plane. The
protein molecules are packed as cyclic trimers forming a
hexagonal crystal lattice resulting in a highly rigid and
ordered membrane structure (10).
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Upon illumination, the chromophoric retinals of the bRs
undergo a photocycle resulting in the formation of several
transient photointermediates that have been characterized
by their different absorption spectra. There have been
attempts to correlate this photoprocess with the light-
induced vectorial translocation of protons across the PM,
which is essential to the anaerobic ATP synthesis process
of the halobacterium. The relatively long-lived interme-
diate termed M,;, has been of particular interest in this
regard since the Schiff-base linkage between the retinal
and the apoprotein is deprotonated and reprotonated dur-
ing its formation and decay, respectively (11). Further-
more, there may be a change of the retinal from the
all-trans to 13-cis configuration during this process (12).
Although numerous studies of this photocycle have been
reported, most research has been focused on the role of the
retinal. The nature and the extent of the structural change
of the apoprotein during this process still remains poorly
understood in spite of its apparent importance to the
mechanism of proton translocation. In fact, it has been
assumed that large scale conformational changes of the
protein are a priori unlikely because of the crystallinity of
the membrane structure and the apparent absence of large
changes in the retinal orientations during the photocycle
4).

To rectify this lack of information concerning the pro-
tein action during the photocycle, the comparative absorp-
tion and circular dichroic, CD, spectra of the light-adapted
form, bR, and the M,,, photointermediate of the PM in
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solution and oriented in a film were studied over the
wavelength range of 800 to 183 nm. The spectra were
analyzed according to methods developed by this labora-
tory over the last decade (13-16). Results are in accord
with large scale global structural changes of the PM during
the bR, to M,,, transformation in the photocycle and with
inherent structural metastability of bR molecules. Impor-
tant findings are the loss of the excitonic coupling among
the chromophoric retinals of the PM and the net tilting of
the polypeptide segments of the protein. An important
implication of these findings is the possibility of formation
of retinal-regulated pulsating channels during the photocy-
cle. Furthermore, it is shown that these results are more
consistent with regulated channel or deformation wave
models for proton transport in membranes than with the
current popular semiconductor or ice models.

MATERIALS AND METHODS

The PM was isolated from the Halobacterium halobium S9 mutant
according to the procedures of Becher and Cassim (17). Absorption and
CD spectra were recorded with a Cary 118C spectrophotometer with far
ultraviolet (UV) modification and a scattered transmission accessory and
a Cary 60 spectropolarimeter with 6003 CD attachment, respectively
(Varian Associates, Inc., [nstrument Group, Palo Alto, CA), as pre-
viously described in detail (13). The cryostats used for low-temperature
spectral measurements were specially designed quartz optical cell Dewars
based on the cold finger principle (Kontes-Martin, Evanston, IL). The
temperature was maintained at —70°C with a dry ice-ethanol bath.

[n the solution studies, the PM was completely transformed into the
M,,, species in 2 5.1 M NaCl solution titrated to pH 10 with 0.1 M
NaOH and then mixed with two parts of spectral grade glycerol (18).
However, for far UV studies to avoid excessive absorbances it was
necessary to lower the NaCl concentrations to 0.33 M. The membrane
protein concentration was also adjusted so that the concentration ratio of
protein to NaCl remained unchanged. Conversion was achieved by
exposing the solution to light focused from a 500-W DAY-DAK projector
lamp (GTE Products Corp., Winchester, KY) and filtered through 3.2
cm of CuSQ, solution and a yellow Corning 500-nm high-pass glass filter
(Corning Glass Works, Corning Science Products, Corning, NY) while
slowly lowering the temperature of the solution to —70°C and maintain-
ing it at this temperature. The M,,, species formed was stable at this
temperature for long periods of time. It was found that the intensity of the
measuring light of the Cary 60 spectropolarimeter (Varian Associates,
Inc.) was of sufficient strength to cause photoselection by markedly back
converting the My, to the bR species during normal recording of the
PM CD spectra. Repeated recordings created a steady state mixture of
the two optical species in the cell. Photoselection was avoided by
measuring the ellipticity point by point. After each single wavelength
measurement the PM was exposed to the spectropolarimeter light at 560
nm for 10 min with the slits maximally open to correct for any back
converting of the M,,, species. This procedure was only necessary in the
visible region. Photoselection was not observed during near or far UV
recardings. Nor was it observed during absorption measurements with the
Cary 118 C spectrophotometer (Varian Associates, Inc.) at any wave-
length indicating that the measuring light of this instrument is not of
sufficient strength to cause any observable photoselection.

For oriented PM studies, well-oriented PM films were formed by
layering 1 cc of PM solution (ODsg = 0.5-1.8), which was previously
filtered, degassed, and adjusted to pH 9.0 with 0.1 M NaOH, onto optical
quality flats of Suprasil-S quartz (Precision Cells, Inc., Hicksville, NY).
The PM solution was then slowly dried at low humidity in a desiccator
with a beaker of saturated LiCl, solution. After formation, the film was
incubated at high humidity in a desiccator with a beaker of saturated
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K,SO, solution for at least 24 h. During spectral measurements, care was
taken to maintain the film in a hydrated state by sealing the film in a
specialty designed optical cell. The quality of the films was maintained
according to our previously published criteria (15).

Maximum transformation from bR s to M,;, was achieved in films by
illuminating a hydrated film for 15 min at ambient temperature with the
filtered 500-W DAY-DAK projector light (GTE Products Corp.). Then
the temperature of the film was slowly decreased to —70°C and
maintained at this temperature for another 15 min while continually
illuminating the film. A maximum conversion of ~80% was achieved by
this method and could be maintained for long lengths of time at —70°C.
However, maximum transformation was possible only with fresh mem-
brane preparations. Similar conversions were also achieved for thinner
films (0.01-0.02 absorbance) by illuminating directly with the measuring
light of the Cary 60 spectropolarimeter (Varian Associates, Inc.) with the
monochromator set at 560 nm and the slits maximally opened. No
photoselection was observed in oriented films in any wavelength region at
the recording speeds used.

Linear dichroism was measured as previously described in detail (19).
For homogenous orientations of the chromphoric retinal the appropriate
relationship used for determining the out-of-plane angle ¢ of the retinal
is

A 1
D=1+ (2tan’ ¢ — 1)sin’e,
AV n

where D is the dichroic ratio, Ay and Ay are the absorbance of
horizontally and vertically polarized light, respectively, n is the index of
refraction of the PM, ¢ is the angle of the transition dipole moment of the
retinal with respect to the membrane plane, and a is the angle between the
plane of the optical flat and the incident light. In the present study, « was
set at 25° and n was assumed to be 1.53 for the visible wavelengths. For
heterogenous orientations of the retinal the relationship becomes

> sin? ¢,
D=-1+5|24—0o

Z cos’ ¢,

— 1}sin?ea.

RESULTS AND DISCUSSIONS

Visible Spectra

In Fig. 1 the visible absorption spectrum of a PM solution
of the stabilized M,,, photointermediate is compared with
that of the light-adapted species, bRy, under the same
conditions. As previously shown, transformation to the
M,,, species results in a shift of the wavelength maximum
from 568 to 412 nm with a decrease in extinction. Further-
more, spectral fine structure is evident in the band of the
M,,, species in sharp contrast to that of the bR, species
(20). The appearance of the fine structure in the spectrum
of the M,,, species may be attributable to spectral contri-
butions from the vibrational structure of the retinal, which
become more resolved during the species transformation
due to a change in the retinal from a more twisted
configuration to a more planar one. Although similar fine
structure is present in the spectra of PM with reduced
retinal, retro-retinal, it has been shown that it is not very
probable that the retinal of M, has a retro-structure (21).
Another explanation is that M,,, is not a single optical
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FIGURE 1

Comparative solution absorption spectra of the bR ;e species (—) and My, species (---) of the purple membrane in the vistble

and near UV regions in a 5.1 M NaCl solution titrated to pH 10 and then mixed with two parts of glycerol. Optical pathlength was | mm and
the membrane protein concentration was 79.4 uM. Temperature was —70°C.

species but a mixture of several species with slightly
different absorption spectra and that the observed spec-
trum is a resultant of these spectra.

The solution CD spectra of the two species under the
same conditions used for the absorption studies is com-
pared in Fig. 2. It is apparent that the CD band patterns of
the two species are very different. The nonconservative
biphasic bands of the bR ;.3 species centered ~568 nm have
been replaced by a relatively large positive band with fine
structure, which seems to be a reflection of the absorption
band of the M,,, species shown in Fig. 1. There is also a
relatively very small negative band at ~450 nm. The
absence of measurable optical activity in the M, CD
spectrum at wavelengths >500 nm indicates complete
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FIGURE 2 Comparative solution circular dichroic spectra of the bR,
species (—) and M,,, species (---) of the purple membrane in the visible
region under the same conditions used for the absorption spectra of Fig. 1.
A portion of the spectrum of M, species was measured point by point as
indicated by data points with error bars to prevent photoselection.

species conversion. The small extinction at 568 nm remain-
ing in the M, , absorption spectrum is probably due to
residual carotenoids in the PM that are not optically
active.

Currently, two short communications have appeared on
the solution CD of the M, species with conflicting results
(22, 23). In neither study was there a complete species
conversion as indicated by the published spectra. Further-
more, it is apparent that the spectra of both these studies
were distorted by artifacts due to photoselection, to prob-
lems associated with photoreactions induced by the mea-
suring light, and to poor spectral resolution due to the
recording procedures used. Although the negative CD
band was resolved in the spectrum of Heyn et al. (22),
distortions resulted in conservative amplitudes. On the
other hand, Yoshida et al. (23) failed to observe the
negative band. Also, neither group succeeded in resolving
the fine structure of the CD band. In the present study,
photoselection was circumvented without the loss of spec-
tral resolution by using point-by-point measurements. The
resolution of the fine structural details of the absorption
band in the CD band is an indication of the accuracy of the
present determination of this band. Since the transitions
responsible for the absorption and CD bands are the same,
the origins of the fine structure of the CD band should be
the same as ones discussed for the absorption band.

The interpretation of the bRy biphasic CD bands is
crucial to the analysis of the CD bands of the My, in
respect to the structural changes resulting from the species
transformation. It has been shown that the shapes of these
biphasic bands can be explained most simply in terms of
excitonic interactions among the retinals (13, 15, 16, 24).
Considering the geometric organization of the retinal
molecules in the PM, excitonic interactions should give rise
to conservative biphasic CD bands with a crossover wave-
length at the absorption maximum of the chromophoric
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retinal. The observed nonconservative profile is the resul-
tant of these excitonic bands and a monomeric Gaussian
band. The monomeric band arises from the induced asym-
metry of the retinal in the environment of the apoprotein
and is centered at the same wavelength as the absorption
band. The sign of this monomeric band varies with
different conditions. Therefore, the overall shape of the
nonconservative biphasic bands is due to the sign of this
monomeric band. The predominant negative lobe of the
bR biphasic band in Fig. 2 is due to the fact that the
monomeric band is negative in glycerol (25). This is in
contrast to the predominant positive lobe usually observed
in aqueous solutions at neutral pH in which the monomeric
band is positive (15). Recently there has been evidence that
the excitonic interactions among the retinals must be of the
weak-coupling type rather than strong-coupling type as
first assumed (26). This will significantly effect the energy
transfer time by this process but not the overall contribu-
tions to the CD spectra. Furthermore, weak-coupling
excitonic interactions are expected to result in a rate of
excitonic energy transfer that is much slower than that of
the photocycle.

The profile of the M,;, CD spectrum shown in Fig. 2
does not seem to be in accord with significant excitonic
contributions to the optical activity of this species. How-
ever, excitonic contributions to the spectrum cannot be
completely ruled out based only on this spectrum. Applica-
tion of the formalism of the exciton theory to the molecular
geometry of the PM indicates that if the plane of the PM is
oriented perpendicular to the incident light, symmetry
considerations require that all excitonic contributions to
the CD spectrum must vanish (15). Such an orientation of
the PM is achieved during film spectral studies. Therefore,
if there is significant excitonic contributions to the spectra,
the shapes of the film CD bands should be distinctly
different from the solution ones. However, the differences
in absorption bands should be minimal since the in-plane

excitonic transitions are almost completely allowed at the
expense of the out-of-plane excitonic transition due to the
orientation the chromophoric retinal (15). The film
absorption and CD spectra in which the spectra of the My,
species are compared with those of the bRy species are
shown in Figs. 3 and 4, respectively. The maximum species
conversion that was possible in films was 80%. To facilitate
comparisons of the two spectra, the spectrum of My,
extrapolated to complete conversion is also shown. It is
clear that the shapes of the M,,, film absorption and CD
bands are similar to those of the solution bands. Further-
more, the spectral fine structure present in the solution
spectra is also present in the film spectra of the My,
photointermediate. This is in sharp contrast to the spectra
of the bR, in which only the shapes of the absorption
bands are nearly the same. The shapes of the CD bands are
drastically different. Therefore, in view of these results the
excitonic contribution to the spectra of the PM must vanish
as a consequence of the bR, to My, species transforma-
tion.

Since it is clear that the small negative CD band of M,,
at ~450 nm cannot be assigned to excitonic contributions
and has no counterpart in the bR spectra, one possible
explanation may be that this band is due to a low-energy
n-r* transition of the chromophore. If the retinal-lysine
Schiff-base linkage is unprotonated, a nonbonding orbital
of the Schiff-base nitrogen is possible. It has been sug-
gested that bR, transformation to My, involves deproton-
ation of the retinal-lysine Schiff-base linkage (11). Based
on symmetry considerations, the n-w* transition is electric-
dipole forbidden. However, rotatory strength can be gener-
ated by a mixing of electronic states by the asymmetric
charge environment of the apoprotein. This CD band may
provide an independent probe of the protonation state of
the chromophoric Schiff-base nitrogen.

This apparent loss of excitonic contributions to the CD
spectrum must be a reflection of a global change in the PM
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FIGURE 3 Comparative film absorption spectra of the bR species (—), My species at 80% conversion (---), and M,,, species
extrapolated to complete conversion (- - -) of the purple membrane in the visible and near UV regions. Temperature was —70°C.
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FIGURE 4 Comparative film circular dichroic spectra of the bRy
species (—), M, species at 80% conversion (---), and M,,, species
extrapolated to complete conversion (- - -) of the purple membrane in the
visible region. Temperature was —70°C.

structure in view of the strong dependency of this phenom-
enon on molecular geometry. These changes may be in the
chromophoric position or in the order of the chromophoric
positions in the membrane crystal lattice or both., The
rotatory strength due to excitonic interactions is dependent
on the in-plane and out-of-plane orientations of the chro-
mophoric transition dipole moments (27). For certain
orientations of the transition dipole moments, the rotatory
strengths of the excitonic transitions will be zero. For
example, in terms of the angular orientations of the
transition dipole moments, this will occur when the
moments are confined to the PM plane. Since the out-
of-plane orientation angles of the retinals are ~20° to 24°
in the bR species, this would indicate a drastic change in
the retinal positions during the transformation to the M,,,
species (2). However, based on the results of linear dichroic
measurements by the flash photolysis method during the
photocycle of the PM, it has been suggested that there are
no large changes in the chromophoric transition dipole
moments orientations during the bR 4 to M,;, transforma-
tion (28).

To determine if the out-of-plane orientation angle of the
transition dipole moment of the retinal also remained
basically unaltered during the bR to My, transforma-
tion under the conditions used for the absorption and CD
spectral measurements shown in Figs. 3 and 4, the dichroic
ratios were determined from linear dichroic measure-
ments. The orientation angles of the transition dipole
moments of the retinals were calculated from the dichroic
ratios as previously explained in detail (18). For the bR
species at 568 nm and the M,,, species at 412 nm, values of
20.9° + 0.6° and 21.3° = 0.6°, respectively, were obtained.
It is apparent that there has been no observable change in
the chromophoric orientation during the species transfor-
mation. The only other option left is that the loss of

excitonic contributions is due to a loss of the regularity of
the chromophoric positions. This is not necessarily indica-
tive of a total loss of the membrane crystal lattice. Excitons
are collective excitations that are very intricately depen-
dent on the order of the system in which they are propa-
gated. Loss of this order due to changes ranging from
complete lattice destruction to subtle lattice distortions, in
which randomization is greater than those imposed by
vibronic motions and lattice vibrations, will prevent cou-
pling of the chromophoric transition dipole moments (29).
Under these conditions no delocalization of excitations is
possible. Therefore, in view of the randomization of the
protein orientations in the membrane, during the photocy-
cle it is apparent that the membrane structure is more rigid
in the bR ¢, species than in the M,,, species. This correlates
with the results of the time-resolved x-ray diffraction
studies of Stamatoff et al. (30) and Frankel and Forsyth
(31) that indicated reversible lattice alterations during the
photocycle and the electron spin resonance spectral studies
of Tokutomi et al. (32) that indicated a transient fluidiza-
tion of the membrane hydrophobic region during the
photocycle. Furthermore, this increase in fluidity of the
PM during the photocycle minimizes the role of the native
membrane crystallinity in the photoinduced proton trans-
location function of the membrane. This may provide the
answer to why the photochemistry of the PM seems to be
essentially monomerlike during the photocycle (33) and
why the monomeric bRs seem to be effective proton pumps
in artificial lipid vesicles in the absence of the crystalline
structure of the PM (34).

Randomization of the chromophoric positions can be in
the in-plane or the out-of-plane orientations of the chromo-
phore. However, most likely the randomization is in both
since there is no a priori reason for differentiating between
those orientations. In fact, if randomization is due to a
large scale conformation change of the protein molecules,
both orientation modes should be affected. Since the
chromophoric out-of-plane angles are nearly the same for
the two species as determined by linear dichroism, this
limits the heterogeneity of the angle that is possible. For
example, if a randomization of the chromophoric positions
results in a dispersion in the value of this angle from a
nondispersed value of 20° to dispersed values of 10° to 30°
in intervals of 0.1°, a simple calculation (based on the
relationship given in the Materials and Methods section)
shows that the average value of this angle determined by
linear dichroism would then be 20.7°. This is well within
the experimental uncertainty of the linear dichroic meas-
urements. Therefore, it is apparent that significant
randomization in the orientations of the retinals is possible,
which would not result in detectable changes in the linear
dichroism of the PM.

Near Ultraviolet Spectra

The near UV spectra of PM is mainly due to the =-x*
transition of the three aromatic amino acids, phenylala-
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nine, tryptophan, and tryosine. Therefore, spectral changes
in this region are indicative of changes in the interactions
of the local protein environments with the side chains of
these aromatic amino acids and changes in the interactions
between these groups. Since ~13% of the amino acids of
the bR polypeptide chains are aromatic and the primary
structure of the protein indicates that they are fairly
uniformly distributed along the chain, the near-UV spectra
of PM reflect features of the secondary, tertiary, and
quaternary structure of the membrane protein (7, 8).
There are also contributions from the higher energy m-n*
transitions of the chromophoric retinal. The near-UV
absorption spectra comparing the spectra of the bR and
M., species of the PM in solution and in oriented film are
shown in Figs. 1 and 3, respectively. The experimental
conditions used for these studies were identical to the ones
used for the visible spectral studies. In both spectra species
transformation results in small absorbance changes in this
spectral region. Due to the relative insensitivity of absorb-
ance, as compared with CD, to protein conformational
changes, information concerning such changes abstracted
from absorption spectra are uncertain and limited in scope.
CD spectra provide a more effective means for obtaining
such information. The solution CD spectra of the two
species, under the same conditions used for the absorption
spectral studies, are compared in Fig. 5. Species transfor-
mation resulted in dynamic changes of the ellipticities
throughout the entire spectral region as previously
reported (22, 23). Furthermore, there has been a fourfold
increase in the ellipticity of the weak negative band located
at ~285 nm. In addition, a new strong negative band has
become apparent at ~295 nm. The spectral changes in the
wavelength region 250 to 270 nm are basically the same as
previously observed during the bleaching of the PM in the
presence of hydroxylamine and during the irreversible
denaturing of the PM at pH >12 (14, 16). However, in the
region 270 to 300 nm, where the changes due to bleaching
and high pH denaturing of the PM are minimal, the
changes due to species transformation are maximal. These
large changes in the near-UV CD are in contrast to the
extremely small changes observed during the dark-light
adaptation of the PM and the reversible pH perturbation
of the PM in the pH range 2 to 12, which were attributed to
localized conformational changes of the protein (13, 16).
Furthermore, note that these large changes are in sharp
contrast to the lack of detectable changes during the
bleaching of the rhodopsin containing bovine rod outer
segment membranes (35).

The changes due to species transformation in the 270 to
300-nm region seem to be due to the creation of very
specific molecular interactions during the M,,, formation.
Additional details concerning the PM structural changes
responsible for these spectral changes can be obtained from
oriented CD spectral studies. The film CD spectra of the
two species are compared under the same conditions in Fig.
6. It is evident that species transformation results in
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FIGURE 5 Comparative solution circular dichroic spectra of the bRy,
species (—) and My, species (---) of the purple membrane in the near
UV region under the same conditions used for the absorption spectra of
Fig. 1. Temperature was —70°C.

significant changes in the orientations of the aromatic
amino acids in the PM. Since the aromatic amino acid
wm-* transitions responsible for the near-UV film spectra
are polarized in the planes of the aromatic rings of the
amino acids, the film spectra reflect the orientations of
these rings relative to the membrane plane. The prominent
band present at 285 nm in the M, solution spectrum is not
present in the film spectrum. This indicates that the planes
of the rings of the amino acids that are responsible for this
band are oriented nearly perpendicular to the membrane
plane. Tryptophans are most likely involved in view of the
wavelength of the band maximum and the relatively strong
oscillatory strength of tryptophanyl transitions. This is in
contrast to the bR results in which the evidence is in
accord with the aromatic rings of the tryptophans lying
nearly in the plane of the membrane (15). The strong
rotatory strength of this band is suggestive of a strong 7-r*
electric-electric dipole coupling. The band apparent at 295
nm in solution is also present in the film spectrum. In view
of this and the band position, this band may be attributed
to the chromophoric retinal. Free retinal, because of its
planar symmetry, is not optically active. The nonexcitonic
optical activity of the bR, chromophoric retinal was
attributed to the one-electron mechanism by which
induced optical activity results from the mixing of wave
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FIGURE 6 Comparative film circular dichroic spectra of the bRg,
species (—), M,,, species at 80% conversion (---), and M,,, species
extrapolated to complete conversions ( - - <) of the purple membrane in the
near UV region. Temperature was —70°C.

functions of the electrically allowed 7-7* transition of the
retinal at 568 nm and the magnetically allowed w-=*
transition of the retinal at 317 nm by an assymmetric
charge distribution of the protein (16). In this case, wave
functions of the electrically allowed =-7* transition of the
retinal at 412 nm and a possible magnetically allowed -7*
transition of the retinal at 295 nm would be mixed. This
would result in equal and opposite rotatory strength at each
frequency. However, the possibility that this band can also
be attributed to a coupled-oscillator mechanism by which
optical activity is induced from an interaction between the
m-m* transition of the chromophoric retinal at 412 nm and
a m-7* transition of a tryptophanyl aromatic ring at 295
nm cannot be ruled out. In protein CD spectra, tryptopha-
nyl ellipticities are usually indicated by well-resolved peaks
at 290-295 nm. However, in view of the 117-nm wave-
length difference between these bands the former mecha-
nism is more likely.

A comparison of Figs. 5 and 6 shows that the film and
solution spectra of M,,, are quite different. This result is in
contrast to that previously observed in a spectral study of
the bR bleaching process in which the two spectra were
nearly identical (15). Furthermore, the study indicated
that the anisotropism of bRj,; membrane structure with
respect to the orientations of the aromatic rings of certain
amino acid residues to the membrane plane is lost during
the bleaching process. However, it is evident from the
present study that during the bR s to M, transformation,

Elipticity (degree x1,000)

)
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Y

this structural anisotropism is not lost but altered. A
prominent feature of this alteration is the alignment of the
planes of some aromatic rings perpendicular to the mem-
brane plane. This alignment so far seems unique to the
M,, PM structure. It may play a role in the photoinduced
vectorial translocation of protons by the membrane in a
direction perpendicular to the membrane plane.

Far Ultraviolet Spectra

The far-UV spectrum of the PM is due to the n-r* and
m-n* transitions of the amide bonds of the protein. Because
of this, the CD spectrum in this spectral range serves as a
sensitive monitor of the secondary structure of the mem-
brane protein. The solution CD of the PM in the bR
form is shown in Fig. 7. The conditions used were the same
as the ones in the other spectral ranges except the mem-
brane protein and salt concentrations were lowered to
avoid excessive absorption during CD measurements.
However, the concentration ratio of membrane to salt was
maintained at the same value as used for the previous
measurements. Species transformation resulted in no
observable differences in the spectra throughout the entire
spectral accessible range 250 to 187 nm. This is indicative
of the lack of the significant variance in the net secondary
structure of the protein during species transformation. No
change was noted during the bleaching of the bRy (14).
However, irreversible denaturing of the PM at a pH >12
resulted in significant far-UV spectral changes indicating
secondary structural changes (16).
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FIGURE 7 Comparative far-UV spectra of bR s in solution (- --), bRy
in film (—), and M,,, at 80% conversion in film (---). The spectrum of
M,,, in solution was identical to that of the bR, in solution. Experimen-
tal conditions for solution studies: 0.33 M NaCl solution titrated to pH 10
and then mixed with two parts of glycerol; a membrane protein concentra-
tion of 5.2 uM and optica! pathlength of 0.16 mm (the concentration ratio
of protein to NaCl concentration was same as that used in Fig. 1).
Temperature was —70°C.
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A comparison of the far-UV CD film spectra of the
bR and My, species is also shown in Fig. 7. The M,
spectrum is for 80% conversion only. Clearly, there are
distinctive spectral changes, albeit small, resulting from
the species transformation in the film spectra. The cross-
over wavelength of the M,,, spectrum is blue shifted
relative to that of the bR spectrum by ~1.5 nm. Also,
there are differences in the ellipticities of the bands.
Similar spectral changes have been previously noted dur-
ing the bleaching and high pH denaturing of the PM
(15, 16). These spectral changes are completely reversible
for the species transformation and the bleaching cases but
not for the high pH denaturing case. In contrast, no
changes have been observed in both the solution and the
film spectra during dark-light adaptation of the PM and
pH perturbation of the PM in the pH range 2 to 12
(13, 16).

Although these spectral changes are small, nevertheless,
their analysis may be potentially very important to the
elucidation of the proton translocation mechanism of the
PM. Cassim and co-workers (15, 16, 24) have previously
given a detailed analysis of these changes based on the
current spectral theories of polypeptides. A short summary
of this analysis is presented again (for details see reference
24 and references cited therein). The far-UV CD of a
a-helical proteins consist of three bands: (a) a band at
191-193 nm with a net positive rotational strength and
corresponding to absorption polarized perpendicular to the
helix axis, (b) another band at 208-209 nm with a net
negative rotational strength and corresponding to absorp-
tion polarized paraliel to the helix axis, (¢) and a final band
at 222-225 nm with a net negative rotational strength and
corresponding to absorption polarized perpendicular to the
helix axis. If the protein is oriented so that the helix axis of
the protein lies along the direction of the incident light, no
absorption polarized parallel to the helix axis is possible.
Under these conditions the CD should only consist of the
191-193 nm positive band and the 222-225 nm negative
band. Furthermore, the crossover wavelength should dras-
tically red shift relative to the value in the unoriented
spectrum. A comparison of the bRy solution and film
spectra in Fig. 7 demonstrates these predictable differ-
ences in the spectra. The reasons for the ratio of the
intensity of the positive and negative band being greater in
the film than in the solution spectra has been previously
explained and are not essential to the present analysis (15).
If the protein helix axes are tilted with respect to the
direction of the light propogation, absorption polarized
parallel to the helix axis is now possible. Its magnitude will
depend on the tilt angle and is maximum at an angle of 90°.
The film spectrum will now contain a contribution from
the 208-209 nm negative CD band resulting in a blue shift
of the crossover wavelength with the extent of the shift
depending on the magnitude of the contribution. A shift of
the crossover wavelength must result in some change in the
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ellipticities of the bands also. Therefore, the observed
changes in the film spectra are most likely due to signifi-
cant net tilting of the polypeptide segments during the
species transformation. Two other possibilities for such
spectral changes, significant changes in the light scattering
by the films, and/or mosaic spread from nonuniform
stacking of the membrane planes can be ruled out since
only results from identical films were compared. Further-
more, no change in film absorbance was observed during
species transformation in a transport region such as 800
nm.

The spectrum of proteins oriented randomly with
respect to the incident light is an average of the spectra
from molecules oriented with the incident light along and
perpendicular to the helical axis of the proteins. The
perpendicular orientation contributes twice as much as the
parallel. Furthermore, when all the protein polypeptide
segments are oriented parallel to the direction of light
propagation, the ellipticity of the 208-nm CD band should
be zero and maximum when they are oriented perpendicu-
lar to this direction. Therefore, the maximum ellipticity of
the 208-nm CD band should be 1.5 times greater when the
segments are perpendicularly oriented than when they are
randomly oriented. Randomization of the polypeptide seg-
ment orientation to the incident light can be achieved in
films by treating bR, films with acetone and subse-
quently evaporating the acetone with dry nitrogen. No
significant change in the protein secondary structure
results from this treatment based on solution CD studies.
The spectrum of a typical bR film before and after
treatment is compared in Fig. 8. The treated film spectrum
resembles a reasonable solution spectrum of bRy with a
similar crossover wavelength. Using this spectrum it is
possible to make an estimate of the magnitude of the tilt of
the polypeptide segments during species transformation
from the wavelength shift shown in Fig. 7. Assuming all
the polypeptide segments are a-helical, the maximum
ellipticity, (8),5 for the 208-nm band at any tilt angle « is
given by ()5 = (8)%s sin® a, where ()3 is the maximum
ellipicity when « is 90° (that is when segments are oriented
parallel to the membrane plane). (8)3 can be approxi-
mated as 1.5 times the maximum ellipticity of the 208-nm
band of the acetone treated bR film spectrum (assuming
complete randomization of the polypeptide segments).
Therefore, assuming that the half-band width of the
208-nm band is independent of tilt angle, the 208-nm band
for any angle a can be generated and added to the bR,
spectrum (Fig. 7) until a crossover wavelength identical to
the one observed in the spectrum of M,,, (after extrapolat-
ing to complete conversion) is achieved. Our calculations
indicated an angle of 15° will achieve this. Furthermore,
angles <5° resulted in crossover wavelenth changes outside
the instrumentation resolving power. Therefore, a conser-
vative estimate of the tilt angle per helical segment is that
it lies somewhere between 5 and 15°.
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FIGURE 8 Comparative far-UV film spectra of bR, untreated (—)
and treated (---) with acetone. Temperature was —70°C.

Recently, Bagley et al. (36) have concluded from Fou-
rier-transform infrared difference spectroscopic studies
based on 30% species transformation that the helical
segments are tilted slightly towards and not away from the
membrane normal in the bR to M,,, transformation.
One possible reason for this discrepancy may be due to
confusion concerning the nature of the secondary structure
of the bR. Estimates of the protein helical content have
varied from 45 to 80% depending on the method employed
(9, 10, 13). Recently Jap et al. (9) have suggested the
possibility of substantial S-sheet in the secondary structure
of bR. This possibility will not seriously alter our analysis
since the far-UV CD of 3-structured proteins is expected to
be much less sensitive to protein orientations than that for
a-helical proteins. The far-UV CD of 3-structured proteins
consists of a positive band at ~195 nm, which is the
resultant of two close lying bands corresponding to absorp-
tion polarized perpendicular and parallel to the chain
direction and a negative band at ~217 nm corresponding to
absorption polarized perpendicular to the chain direction
(37). If the protein chain directions are oriented parallel to
the incident light, no major change is expected in the
spectrum except minor changes in the relative intensities of
the bands. Therefore, if the chain directions are tilted with
respect to the incident light in this case, there should be no
significant changes in the film spectrum. On the other
hand, the presence of substantial 8-sheet in the PM will
completely alter the analysis of oriented infrared absorp-
tion spectra. The contributions of 8-sheet structure to the
relative absorbances of the amide 1 and amide II bands of

the protein are opposite to those of a-helical structure in
similarly oriented spectra. Therefore, a possible alternate
analysis of the data of Bagley et al. (36) is that the protein
contains both «-helical and B-sheet segments that are
tilting away from the membrane normal with the contribu-
tions of the B-sheet segments dominating during the bR
to M,,, transformation. Because of the intersegmental
hydrogen bonding of the (-sheet segments, they are
expected to tilt more readily in concert than the a-helical
ones.

The tilting of the polypeptide segments away from the
membrane normal should result in a large scale unfolding
of the tertiary structure of the protein. This is consistent
with the large changes observed in the near-UV spectra. In
view of the hexagonal symmetry of the PM, the unfolding
of the protein structure can be correlated with a rotary
displacement of the polypeptide segments in all in-plane
directions within the membrane crystal lattice resuting in a
change of the inclination angle of the segments. In addi-
tion, unfolding of the protein structure should change the
hydrodynamic characteristics of the protein from a con-
pact one to a less compact one causing an increase in the
hydrodynamic size and a change in the protein shape and
surface properties. This should lead to distortions of the
membrane crystal lattice and randomization of the retinal
in-plane and out-of-plane orientations as suggested by the
analysis of the visible spectra. Clearly, the structural
alterations suggested by analysis of the spectra from each
of the spectral regions are consistent. They are in accord
with large scale global structural changes of the protein
during the photocycle. This apparent amplification of the
relatively small conformational distortion of the chromo-
phoric retinal into the relatively large global conforma-
tional distortion of the apoprotein may be understood in
terms of the inherent metastability of the protein structure.
In view of the amino acid sequence and the tertiary
structure of the apoprotein, several polar residues may be
buried in the hydrophobic interior of the membrane bilayer
(7, 8). This molecular geometric arrangement would be
highly unstable and strained, somewhat analogous to a
wound up spring. A small distortion energy input into this
system could result in large distortion energy output.

The nature and extent of these proposed structural
changes are not unique. Similar changes have been
observed previously in a number of protein systems (for
example, see reference 38). An excellent example is the
global structural changes induced in the hemoglobin mole-
cule by oxygen binding. A subtle local structural distortion
resulting from the binding of oxygen to the heme group of
one of the subunits of the hemoglobin molecule is amplified
to a large scale global structural change of the entire
protein molecule due to the inherent metastability of the
protein structure. Furthermore, it is of interest that in this
case, as in many others, evidence is in accord with signifi-
cant tertiary and quaternary structural changes of the
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proteins with negligible secondary structure involvement
similar to that observed here for the bacteriorhodopsin
during the species transformation of the PM.

CONCLUSIONS

The evidence presented in the preceding section is clearly
supportive of large scale global structural changes in the
purple membrane during the photocycle resulting in the
net tilting of the protein polypeptide segments away from
the membrane normal. An important consequence of this
tilting phenomenon is the possibility of pulsating channels
during the photocycle. Previously we suggested that the
apparent net tilting of polypeptide segments of the mem-
brane protein during the bleaching process of the PM may
result in formation of transmembrane channels perpendic-
ular to the membrane plane. Since no transmembrane
channels exist in the native PM, this would explain why the
bleached PM is permeable to protons in contrast to the
native PM, which blocks their free diffusion (24). Further-
more, this possibility would be in accord with the observa-
tions that the bleaching of the PM with hydroxylamine and
the reduction of the PM with polar agents cannot be
achieved in the dark (2). In view of the similarity of
spectral changes during the bleaching and the bR to
M,,, species transformation of the PM, retinal-regulated
channel formation resulting from either process should be
equally plausible.

Most importantly, these findings and their consequences
bear directly on the fundamental question of how protons
are translocated across a hydrophobic membrane bilayer
when no apparent channels or pores are present. Based on
the highly a-helical nature of transmembrane proteins and
their unique orientations in membranes, solid-state pro-
tonic semiconductor models have been proposed for mem-
brane proton transport in general and have been applied to
the case of the PM (2-4). The essential feature of these
models is continuous ordered chains of hydrogen bonds
formed from the protein side groups that can serve as
proton pathways similar to proton conduction in ice (39).
Such extensive intramolecular hydrogen bonding should
impart rigidity and conformational stability to the mem-
brane proteins in view of the energy required to form or
break such bonds. In contrast, the present study demon-
strates the structural metastability of the bR.

A model more consistent with these findings should
couple the large scale global structure changes of the PM
with the proton translocation process of the membrane.
One may visualize the tilting of the rodlike segments of the
protein polypeptides during the photocycle to result in a
physical pulsating transmembrane channel regulated by
the retinal similar to one suggested by Unwin and Zam-
pighi (40) for the gap junction membrane. Protons could
be conducted vectorially through such channels in a num-
ber of ways, for example, by means of specific aqueous
phase ionizable groups transiently situated along the chan-
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nel. Since transitory aqueous channels would be more
kinetic in nature than static, they would not span the entire
membrane at any time and thus would avoid the problem
of dielectric breakdown inherent in static aqueous chan-
nels. On the other hand, perhaps a more realistic view of a
pulsating channel considering the time scale involved
would be a moving deformation traversing the membrane
rather than a physical channel. Therefore, transformation
between the structural states of the membrane during the
photocycle may give rise to outward and inward deforma-
tion waves, which would be the driving force for the proton
translocation. Net vectorial translocation of the protons
can be accounted for by evoking two pathways in the
membrane, differentially resistive to proton movement,
coupled to this driving force. Variable stoichiometry would
present no problems for this deformation model. Further-
more, this model provides a more universal mechanism for
transmembrane transport than the semiconductor models,
which are useful at best for transporting protons. Regu-
lated channel mechanisms of this kind based on metastable
transmembrane proteins can also be attractive means of
transporting a variety of transportable materials by helical
transmembrane proteins in general.

Received for publication 14 November 1983 and in final form 29
November 1984.
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