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ABSTRACT The primary processes of the photochemical cycle of light-adapted bacteriorhodopsin (BR) were studied by
various experimental techniques with a time resolution of 5 x 107"* 5. The following results were obtained. (a) After
optical excitation the first excited singlet state S, of bacteriorhodopsin is observed via its fluorescence and absorption
properties. The population of the excited singlet state decays with a lifetime 7, of ~0.7 ps (430 = 50 fs) (52). (b) With
the same time constant the first ground-state intermediate J builds up. Its absorption spectrum is red-shifted relative to
the spectrum of BR by ~30 nm. (¢) The second photoproduct K, which appears with a time constant of 7, = 5 ps shows a
red-shift of 20 nm, relative to the peak of BR. Its absorption remains constant for the observation time of 300 ps.
(d) Upon suspending bacteriorhodopsin in D,0 and deuterating the retinal Schiff base at its nitrogen (lysine 216), the
same photoproducts J and K are observed. The relaxation time constants 7, and 7, remain unchanged upon deuteration

within the experimental accuracy of 20%.

INTRODUCTION

Photosynthesis in halobacteria is based on bacteriorhodop-
sin’s (BR) action as a light driven proton pump. The
biochemistry, the biophysics, and the photochemistry of
BR have been subject of intensive investigation (1).

In the cell membrane of Halobacterium halobium, BR
forms a two-dimensional hexagonal lattice (the purple
membrane), where three BR molecules are close enough to
form excitonically coupled trimers. BR contains 248 amino
acids and one chromophore, the retinal molecule, which is
bound to lysine 216 via a protonated Schiff base. Retinal in
BR occurs in two configurations: the light-adapted state is
an all-trans configuration and has trans (or anti) configu-
ration at the C—N (15, 16) double bond (2). This state is
active in proton pumping. Upon extended incubation in the
dark part of the molecules convert into a 13-cis, 15-cis (or
syn) configuration (3), which is inactive in proton pump-
ing.

Light absorption substantially changes the optical prop-
erties of bacteriorhodopsin, indicating a series of reactions
of the retinal chromophore within the protein matrix.
Excitation of the light-adapted BR starts an optical cycle
(photocycle) with several intermediates named J, K, L, M,
and O. They are characterized by their different absorp-
tion properties (4, 5). The cycle is completed within 10 ms
at room temperature, returning the system to its initial
form. The first intermediates store sufficient energy to
mediate the active proton transport and to drive the system
back to its initial state. The absorption changes during the
photocycle are caused by configurational changes of the
retinal chromophore and by deprotonation and subsequent
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reprotonation of the nitrogen atom at the Schiff base (1).
Light-adapted BR contains the retinal in the all-trans
form, whereas the early photoproduct K formed within
several picoseconds and stable for ~1.5 us was reported to
contain the isomerized 13-cis retinal (6-8). Picosecond
studies of BR containing a modified retinal (9, 12-phenyl-
retinal) strongly suggest isomerization of the native BR in
the very early steps (9). On the other hand, the deprotona-
tion of the Schiff base appears to be a much slower process.
In the state K the Schiff base is still protonated (10). Only
50 ms after excitation, during the formation of the inter-
mediate M, the Schiff base loses its proton (11).

Of special interest are the very first events of the
photocycle, where—during the formation of the interme-
diate J and K—the optical energy is stored in the BR
molecules. Several publications have addressed the pri-
mary events (12-20). Time resolved fluorescence and
absorption techniques have been employed. Unfortunately,
the results were not unambiguous. (a) The fluorescence
lifetime of BR was measured to be 15 ps (13) or <2 ps
(20). (b) The formation time of state K was said to be 1 ps
(18) and 11 ps (16). (¢) Upon deuteration of the Schiff
base an isotope effect of 1.6 for the rise time of the
intermediate K was reported (16). The latter is difficult to
reconcile with the fact that the Schiff base is protonated in
BR as well as in the intermediates J and K.

In view of this situation we performed experiments
searching for a consistent picture of the early events of the
photocycle in bacteriorhodopsin. We report on time-
resolved picosecond investigations of the emission and
absorption properties of BR. The laser excitation/detec-
tion system used allowed excitation by single pulses with
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low repetition rate and at low intensities. This avoids
possible excitation of BR into higher lying states and rules
out interference of photoproducts. The time resolution of
0.5 ps was sufficient to study the first excitated singlet
state of BR and the first two intermediates J and K. Our
experimental results provide a first complete and consis-
tent description of the primary photochemical events in
BR.

GLOSSARY

A absorbance
AA absorbance change induced by the exciting
pulse
BR Bacteriorhodopsin in the purple membrane

BRX,, excited BR, the excitation energy is localized
on one monomer of the BR trimer
BR,, BR in the excited singlet state S,

D dichroitic ratio
d-BR Bacteriorhodopsin in D,O; a hydrogen at the
Schiff base is exchanged by deuterium
E™  energy density of incoming probe pulse
E%'  energy density of outgoing probe pulse
h Planck’s constant
I light intensity after absorbance
I, incident light intensity
AI/I, relative change of transmitted light intensity
I, intensity of excitation pulse
o intensity of probing (interrogating) pulse
J first ground-state intermediate in the photo-
cycle of BR
K second ground-state intermediate in the pho-
tocycle of BR
cross-correlation function between exciting
and probing pulses
2 path length of the sample
L intermediate in the photocycle of BR
M intermediate in the photocycle of BR
N; number densities of BR, S, J, and K (for i =
BR, S,,J,K)
calculated transmission change for the probe
pulse induced by the state i (for i = BR, S, J,
K)
O intermediate in the photocycle of BR
S, ground state
S, first excited state
t time
tp, delay time between the exciting and probing
pulse
duration (FWHM) of picosecond light pulse
T transmission
T. width (FWHM) of cross-correlation trace
A wavelength
Aex €xcitation wavelength
A, probing (interrogating) wavelength
n quantum yield of the photocycle in BR
ng fluorescence quantum yield
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n, efficiency for the formation of J
o; absorption cross section (for i = BR, S, J,
K)
ogr absorption cross section of BR at the probing
wavelength
gr absorption cross section of BR at the excita-
tion wavelength
A,y =0;— o,
Ak =0k — o
14 lifetime of fluorescence
7, lifetime of S,
7, rise time of J
7, decay time of J, rise time of K
T.g radiation lifetime
v frequency of light pulse

MATERIAL PREPARATION

The purple membrane fragments were isolated from Halobacterium
halobium strain S9 according to the method described in reference 21.
The purified membranes were suspended in 0.01 M potassium phosphate
buffer (pH 7) to an optical density of 8 at 570 nm.

The membrane fragments were measured in optical cells with a path
length of 1 mm yielding an absorbance 4(570 nm) = —¢g T/I, = 0.8.
The experiments were carried out at room temperature (7 = 23°C). All
measurements were made with light-adapted samples prepared by stan-
dard illumination of the suspension (30 min, 150 W, A = 450 nm). In
picoseconds experiments, a light exposure of 3 s between two laser shots
kept the sample in the light-adapted state. Before and after each
picosecond experiment, the absorption spectrum of the sample was
recorded. Spectral changes indicating denaturation of the BR suspension
were not observed under our experimental conditions.

The deuterated samples were prepared by suspending the purified
membrane fragments in D,0. After illuminating the sample (1 h, 900 W
Xe-lamp, A = 450 nm) the membrane fragments were isolated by
centrifugation and subsequently resuspended in D,O. This treatment was
repeated twice. The optical density at 570 nm was finally adjusted to 8.

EXPERIMENTAL

Several optical techniques were applied in our investigations. Time
resolved absorption changes were measured with a set-up shown in Fig. 1.
Single picosecond light pulses (tp ~ 4 ps) were generated by a mode-
locked Nd-glass laser system of low repetition rate (0.25 Hz). The single
pulses were divided by a beam splitter BS into two parts. The excitation
pulse (beam 1) was first frequency converted (FC-I in Fig. 1) to the
second harmonic wavelength of 527 nm and then transformed by
transient stimulated Raman scattering to 540 nm. The interrogating
probing pulse (beam 2) was delayed by an optical delay line and
frequency shifted by three different frequency converters depending on
the specific experiments (FC-II in Fig. 1). (@) A combination of coherent
and stimulated Raman scattering gave pulses with a superior time
resolution of 0.3 ps (22). This method was used at the probing
wavelengths A, = 555 nm and A, = 640 nm. (b) A traveling wave
frequency converter €23) generated the probing pulses of A, > 555 nm.
(c) A picosecond light continuum was generated in beam 2, and various
frequency components were selected by interference filters with a band-
width of 10 nm.

The frequency shifted probing pulses were subdivided into two parts
that both traveled through the sample. One pulse monitored excited
molecules, while the other pulse served as a reference. The diameter of the
exciting beam was larger than that of the probing beam to keep the
excitation constant over the probed area. The two probing beams
transmitted through the sample were imaged onto the photo-diodes of a
difference detector. The difference detection system of high precision
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FIGURE 1 Scheme of the experimental set-up for the measurement of
time-dependent absorption changes. Single picosecond light pulses from a
mode-locked Nd-glass laser system are split into exciting (1) and probing
(2) pulses by a first beam splitter BS. Both pulses are frequency tuned by
different frequency converters, FC-I and FC-II. A difference detection
system measures the transmission change of the probing pulse as a
function of the time delay #;, between exciting and probing pulse. The
exciting pulse (1) ends at a beam stop.

allowed to measure small transmission changes (24). Variations of the
transmitted light energy induced by the exciting pulses of AI/I = 5 x
10™* could be measured. Changes of the sample transmission were
recorded as a function of the time delay between the excitation and the
probing process. The interrogating pulses (/) were weaker than the
exciting pulses (I,) by a factor of at least 20: /,/I, = 20. The probing
pulses were polarized parallel to the exciting pulses.

Time resolution and time zero were deduced after each measurement
from the cross-correlation trace between exciting and probing pulses
measured in a nonlinear crystal. In the general practice of nonlinear
optics, time resolution is understood as the shortest time constant of a
dynamic process that can be measured with a given experimental system.
Time resolution depends strongly on the experimental conditions such as:
(a) Duration of the light pulses, (b) steepness of the wings of the light
pulses, (¢) temporal correlation between exciting and probing pulses, (d)
precision of data acquisition and (e) signal-to-noise ratio. If the time
constants to be measured are shorter than the halfwidth of the cross-
correlation function, it is obvious that deconvolution procedures have to be
used to deduce the molecular time constants. A demonstration of the time
resolution of the experimental set-up used in our experiments is given in
reference 22. These results demonstrate the capability of our equipment
to measure time constants down to 0.3 ps. The experimental conditions of
reference 22 were very similar to the conditions in the experiments
reported here.

Time resolved fluorescence studies were made using the frequency
doubled picosecond pulses of the Nd-glass laser system for excitation of
the sample (A, = 527 nm) and a streak camera to record the fluorescence
emission. The time dependence of the fluorescence (A = 570 nm) was
corrected for nonlinearities of the camera.

The stationary fluorescence spectrum was measured with an argon ion
laser (A = 514 nm) as excitation source at an intensity level in the sample
of 10~ W/cm? A monochromator/photomultiplier combination was
used to record the spectrum with a spectral bandwidth of AX = 3 nm.
Fluorescence was corrected for reabsorption of the sample and for the
spectral sensitivity of the detection system.

Special care had to be taken when the fluorescence of BR was
measured. Since the fluorescence is very weak, several tests were
performed to assure that the fluorescence of BR was indeed observed.
Fluorescence from intermediates in the photocycle was excluded by
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measuring at low excitation levels (increasing the excitation by a factor of
10 did not change the fluorescence spectrum). Fluorescence from impuri-
ties could be ruled out by the following experiment. A membrane
suspension in which BR was converted to the apoprotein bacterioopsin
(25) was measured and no fluorescence emission of this sample was
found. The fluorescence quantum yield n;, was determined by comparing
the BR fluorescence emission with that of the dye oxazine-1 in ethanol (5,
= 0.11) (26).

RESULTS

Fluorescence Spectrum

Fig. 2 shows the absorption and the fluorescence spectrum
of light-adapted BR, both being similar to previously
published spectra (27). The absorption band is very broad
and extends from the near ultraviolet (UV) to the maxi-
mum in the visible ~570 nm. The fluorescence band is also
broad and featureless. It peaks ~730 nm and extends to the
near infrared. The fluorescence of BR shows two interest-
ing features: (@) The fluorescence emission is strongly
red-shifted. A Stokes shift of ~4,800 cm™' is found. (b)
The fluorescence quantum yield 7y, is very low, 7, = (1
0.5) x 107* This finding suggests that the fluorescing
excited singlet state of BR has a very short lifetime. One
estimates from the absorption band of BR a radiative
lifetime of 7,4 = 7 ns (28), which leads to an excited
singlet-state lifetime 7, ~ 5y X 7,4 = 0.7 ps.

Degree of Excitation

Most of the previous time resolved experiments of the
primary steps of the photocycle of BR were carried out at
high intensities. To show the influence of strong irradiation
on the properties of BR, we measured the transmission of a
BR sample with picosecond light pulses (¢, = 4 ps, A = 527
nm) as a function of the light intensity. At low intensities
the transmission is constant. For intensities above 10°
w /cm2 the transmission increases substantially, which
results from the excitation of BR. Up to intensities of 1.5 x
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FIGURE 2 Absorption and fluorescence spectra of light-adapted bacte-
riorhodopsin. A fluorescence quantum yield of 7, = 1 x 107* was

measured. The various wavelengths of the probe pulses used in Figs. 46
are marked by arrows.
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10'© W/cm? a reversible bleaching is observed, i.e., the
transmission of the sample returns to its initial value within
the pulse separation of 4 s. At higher intensities an
irreversible destruction of the sample occurs.

For this reason, in our excite and probe experiments a
weak excitation of I, = 170 MW /cm?® was used. At this
intensity ~10% of the BR molecules absorb one photon per
pulse. This light energy, when applied to the BR sample
within 4 ps, approximately corresponds to the physiological
condition of sun light falling onto the same sample within
the turnover time of BR, i.e., 10 ms. In other words, the
same number of BR molecules start a photocycle when
excited with the laser beam as are cycling under constant
illumination by sun light.

Transient Absorbance Changes of BR on
the Picosecond Time Scale

Essential information on the dynamical properties of BR
may be deduced from the time dependent absorbance
change AA4. The BR sample was excited at A = 540 nm
with single pulses of 3 ps duration. Probing pulses mea-
sured the transmission of the sample as a function of the
time delay between excitation and probing at seven wave-
lengths (see arrows in Fig. 2). In Figs. 3, 4, 5, and 7
experimental data are shown as full or open circles. They
represent mean values over 15 individual measurements;
the curves in these figures are calculated using the model of
Fig. 8.

Fig. 3 shows the experimental results for a probing
wavelength of N, = 555 nm, which is close to the peak of
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FIGURE 3 Absorbance changes induced by pulses at A, = 540 nm and
monitored by pulses at A, = 555 nm. The rapid absorbance decreases ~?,
= 0 reflects the depopulation of the ground state S,. At 7, = 2 ps the
formation of the intermediate photoproduct K with a time constant of 7, =
5 + 1 ps is observed (Fig. 3 a). After tp, > 15 ps the absorbance change
remains constant for the experimental time of 300 ps (Fig. 3 b).
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the BR absorption band. The absorbance change induced
by the exciting pulse A4 = A (tp) — A(—x) is plotted vs.
the delay time #. The absorbance decreases rapidly during
the excitation indicating a depopulation of the ground state
and the population of the excited singlet state .S; of BR.
The absorbance decrease reaches its maximum at ¢, = 2
ps. At later delay times the absorbance recovers to some
extent with a time constant of 5 ps. Delaying the probe
pulse by >15 ps reveals a constant absorbance change A4,
which remains during the total observation time of 300 ps
(Fig. 3 b). From this measurement it becomes evident that
after excitation of BR a long-lived photoproduct with
reduced absorbance at A,, = 555 nm is built up with a time
constant of 5 ps. We call this state K, and mention that this
term was introduced by Lozier et al. on the basis of
nanosecond experiments. The questions whether the spe-
cies K we are observing in our picosecond experiments is
identical to the species in the nanosecond range remains
open.

More information on K is obtained from the measure-
ments on the long-wavelength side of the BR band (see Fig.
4). A rapid increase of the absorbance is found during and
after excitation. The rise of absorbance varies with the
wavelength (see Fig. 4 a—c). Part of the absorbance
increase relaxes with the same time constant of S ps as
found at A, = 555 nm. For later delay times, 15 ps > tp >
300 ps, the enhanced absorbance persists. The curves of
Fig. 4 indicate that the long-lived state K is formed with a
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FIGURE 4 Time resolved transmission measurements after excitation
with A, = 540 nm. Probe pulses are at A, = 623, 640, and 675 nm. Note
that ~fp, = 5 ps the absorption of the photoproduct K appears.
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time constant of 5 ps. The different shapes of the curves
around time zero in Fig. 4 give a first indication that K is
not formed directly from the excited singlet state S, of BR
but is preceeded by a short-lived photoproduct, which we
call J according to reference 29.

A clear demonstration of the excited singlet state S, of
BR and of the intermediate J is obtained from the transient
absorbance data shown in Fig. 5. The absorbance changes
at \,, = 492, 575, and 592 nm exhibit a rather complicated
time dependence. Rapid absorbance changes occur, peak-
ing close to ¢, = 0. The transient bleaching at 575 and 592
nm and the transient increase of absorption at 492 nm
decay with time constants shorter than 2 ps. At later times
the long-lived absorbance change due to K (see Fig. 3 b) is
found.

The rapid absorbance change around time zero is related
to the excited state of BR populated during the optical
excitation. The increased absorption around 492 nm indi-
cates that the excited state has an absorption cross section
opr,, larger than the absorption cross section of ogg at 492

-nm. AT X\, = 575 and 592 nm, however, the cross sections
of the ground state are larger than that of the excited state
(see Fig. 10). From the excited singlet state .S, the interme-
diate J is formed. The change of the signal curves in Fig. 5
around ¢, ~2 ps indicates that J is formed with a time
constant 7, < 1 ps.

The experimental data presented up to now indicate that
the system passes through at least three different states
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FIGURE 5 Time resolved absorption measurements for probing wave-
lengths A, = 492, 575, and 592 nm. The fast absorbance changes are
caused by the excited singlet state S, of BR. At \,, = 492 nm excess
absorbance, i.e., excited-state absorption is observed. The calculated
curves suggest an excited-state lifetime of ~0.7 ps.
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within the first picoseconds. The excited singlet state S, of
BR is populated first; it has a lifetime of 7, < 1 ps. Within 1
ps an intermediate, J, is formed that decays with a time
constant of 5 ps into the long-lived photoproduct K.

Transient Difference Spectra

The spectroscopic properties of the intermediates J and K
may be deduced from the absorbance change measured as
a function of wavelength at certain fixed delay times. In
Fig. 6 the full circles represent the difference spectrum of
BR and X taken at t, = 100 ps. At this late time the
difference spectrum is solely related to the state K. In the
spectral range of the BR absorption band around A = 570
nm the absorbance decreases, i.e., BR molecules are
transformed to the intermediates K. The higher absorb-
ance ~610 nm indicates that the absorption of the state K
is red-shifted, relative to the absorption of light-adapted
BR. The difference spectrum taken at t, = 5 ps (open
circles in Fig. 6) reflects contributions from both, K and J.
Comparison with the data at ¢, = 100 ps gives information
on the spectral properties of the intermediate J. J has an
absorption spectrum similar to that of K, but is more
red-shifted. For a quantitative determination of the
absorption spectra J and K, the excitation density and the
relative efficiency 7, for the formation of the intermediates
J and X after excitation of BR must be known. They are
presented in the Discussion below.

We also measured the absorbance increase A4 of K (A =
670 nm, tp, = 100 ps) as a function of the angle between the
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FIGURE 6 Difference spectra of light-adapted bacteriorhodopsin mea-
sured at delay times £, = 5 ps (circles, dashed line) and 7, = 100 ps (full
points, solid line) after excitation at A, = 540 nm. The curve at 5 ps
provides information on both intermediates J and K, whereas the curve at
tp = 100 ps solely reflects the absorption properties of K.
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polarization of the exciting and probing pulses. The dichro-
itic ratio was found to be A4 /AAL = 2.6 + 0.5. Its
significance for the direction of the transition moment of
BR and KX are discussed later.

Evidence for the Short Lifetime of the
Excited Singlet State

More information on the population and the lifetime of the
excited singlet state of BR after absorption of light is
obtained by the following two experiments: (a) The fluo-
rescence emission (A = 570 nm) was measured with a
streak camera after excitation with pulses of 4 ps duration.
The fluorescence trace was found to follow the time
evolution of the exciting laser pulse. Taking into account
the time resolution of the streak camera one deduces a
lifetime of the fluorescence state of 7 = 2 ps. (b) UV
emission ~300 nm was found in BR after two-step excita-
tion in the visible. From the first excited singlet state S,
generated by a first pulse P1 absorption of light from a
second pulse P2 leads to higher singlet states from which
the UV emission results. One can deduce the lifetime of the
first excited singlet state by recording the yield of the UV
emission as a function of the time delay between P1 and
P2. Experimentally, we used pulses of 3 ps duration and at
A = 540 nm and A, = 620 nm. The fluorescence yield at
300 nm =< A; < 400 nm was measured. The observed curve
followed within the experimental accuracy the cross-
correlation trace between the two pulses P1 and P2. This
result provides the second argument that the intermediate
state S| has a lifetime shorter than r < 2 ps. This time
resolution is limited by the small signal-to-background
ratio of the UV emission.

The result of the two experiments described above give
the following important information: (a) The first excited
singlet state S, of BR has a lifetime of <2 ps and the
findings of the section entitled Transient Absorbance
Changes of BR on the Picosecond Time Scale reduce the
range of lifetimes to <1 ps. (b) The short fluorescence
lifetimes reported here rule out the possibility that the
intermediates J and K fluoresce at A < 850 nm. Thus, J
and K are very likely photoproducts in their electronic
ground states.

Dynamical Properties of Bacteriorhodopsin
Suspended in D,O

Previous reports have suggested that proton transport takes
place during the early steps of the photocycle (16). In these
experiments native BR was suspended in D,O and strongly
illuminated; as a result the hydrogen at the retinal Schiff
base was exchanged by deuterium. Using this same proce-
dure we prepared samples for the study of time resolved
absorbance changes in deuterated BR. The exchange of the
hydrogen at the Schiff base was controlled by resonance
Raman scattering (pumping source Ar*-ion laser, A = 514
nm, intensity / = 0.1 W/cm?). Peaks at 1,621 cm~' (BR in
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D,0) and at 1,642 cm~' (BR in H,0) were found. They
have been assigned to the C—N stretching vibration of the
deuterated and protonated retinal Schiff base, respectively
(30-32). Our deuterated sample exhibits only the band at
1,621 cm™'. From these data it can be estimated that at
least 90% of the Schiff base hydrogens are replaced by
deuterium.

The measurements of the transient absorbance changes
described in the Transient Absorbance Changes of BR on
the Picosecond Time Scale section were repeated with the
deuterated samples, but no indication of a deuterium effect
was found. The transient absorbance curves of deuterated
and native BR are identical. As an example, the results at
three probing wavelengths \,, = 492, 575, and 675 nm are
depicted in Fig. 7. The measured absorbance changes of
d-BR (full points) should be compared with those of native
BR (open circles).

We conclude from these results that the first events in
the photocycle are not affected by deuteration, because the
relevant time constants that are the lifetime of the S, state
and the build-up time of K differ in the deuterated and
native BR samples only within the experimental error of
20%.

DISCUSSION

In this section we present a model for the first events of the
photocycle of BR that accounts quantitatively for the
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FIGURE 7 Absorbance changes of probing pulses at X, = 492, 575, and
675 nm using deuterated BR samples (full points) and native bacteriorho-
dopsin (open circles). Excitation wavelength was A, = 540 nm. Within
the experimental error the same transient absorption changes for BR in
H,0 and BR in D,0 were observed.
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experimental data presented above. The dynamics of the
model are described by rate equations. Quantitative infor-
mation of the absorption spectra of the first excited singlet
state of BR and of the intermediates J and K are elicited by
fitting calculated curves to the data points of Figs. 3-5.
Next, the influence of the trimeric nature of BR on its
photophysics is discussed. Finally, the observed interme-
diates are related to molecular processes of retinal in the
protein matrix.

Model of the Early Events of
Bacteriorhodopsin

In the previous sections we presented a series of observa-
tions that point to very rapid processes during and immedi-
ately following optical excitation of BR. The most simple
model that is compatible with out results is schematically
depicted in Fig. 8. The mathematical treatment of the
model is given below.

Light-adapted BR of number density Ny is first optic-
ally excited to a vibronic level of the first excited singlet
state BRg,. We designate the absorption cross section of
BR at the excitation and probing wavelength with &gz and
apg, respectively. The lifetime 7, of the excited state BRg; is
very short (<1 ps). Several observables originate from
BRg,: the short visible fluorescence, the excited-state
absorption with cross section ogg, (Which leads to UV
fluorescence) and the formation of the first photoproduct J
with an efficiency of formation #,. The second photopro-
duct K is subsequently formed with a time constant 7,; it is
stable at least for the time of our observation of 300 ps. The
exciting pulse has a low intensity /.(¢) at frequency ».
Thus, only small values of Ng, (N5, << Npgg occur. The
two-step absorption to higher singlet states does not change
Ny, significantly and may be neglected for the calculation
of Ng,; but agg, has to be considered when the transmission
of the probing pulses is calculated. The time dependence of
the number density of the four states BR, S, J, and K is
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FIGURE 8 Level scheme for the first intermediates describing the
transient properties of bacteriorhodopsin on the picosecond time scale.
Important species are BR ground state, BR excited singlet state (BRg,),
ground-state intermediate J, ground-state intermediate K, with their
corresponding absorption cross sections agg, org,, 05, 0. The relaxation
time of BRyg; is 7,, that of state J is 7,.
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governed by the following rate equations:

aN, ) 1 -
B _ TRy N+ S (1)
ot hv T
dN,, Opr 1
ot = hv Iex(t)NBR - - sl (2)
oN 1
o 2 Na = — N, 3)
t T| T
Nk 1
ZX__N 4
bl l/ 4)

Experimentally, we determine the momentary number
densities NV; by the energy transmission 7 of the probe
pulses I, of finite pulse duration.

-/ I';‘,"(t)dt/ S e - E3yES,

i.e., the transmission is the ratio of the time averaged
intensities (1, I;,). The observed signal /V; corresponds to
the convolution of N; with I ,:

1 ree
E" f_ o N I ~ tp)de

fori = BR,S,,J,K, (5)

Ny(tp) =

where E » denotes the energy density of the incoming probe
pulse (the time integral over the probe pulse intensity). In
our investigations we measured weak absorption changes
AA for various delay times at various wavelengths of the
probing pulses (A,). In the general case, four species
contribute to the absorption changes A4 at any wavelength
A\ BR, its excited singlet state BRg, and the photopro-
ducts J and K.

AA(tp) = {UBR[NBRUD) - NBR(—W)] + UBR.INsl(tD)
+ UJNJ(tD) + oxNg(tp)12,  (6)

where £ is the optical path length of the sample. The cross
sections o; (i = BR, S, J, K) are strongly wavelength
dependent. The set of Eqs. 1-6 may be simplified by two
approximations that are well justified for the weak excita-
tion in our experiments. (a) Small changes in the ground-
state population, i.e., |Ngr(tp) — Npr(—)| << Npg (—=)
are produced and (b) conservation of number densities
Npr(—) = Ngr(?) + Ng(t) + Ny(t) + Ng(2) is guaran-
teed. Under these conditions the four differential Eqs. 1-4
are reduced to three. With an appropriate transformation
it is possible to rewrite Eq. 6 in the form

3
AA(tp) = Y _a; M; (1p)2 @)
j=1
with the parameters
TN
a, = OpRr,, — Opr — (o5 — oBR)
T — M
+ L (ox — opr) (8)
T, — T
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Ty

a = (0, — o) 9
T, — T
ay = 1,(cx — opr) (10)
and with
oMV ('_°°) [ -1
My(to) = = [P k() exp( - "),

forj=1,2,3 (11)

where K(#) stands for the cross-correlation function
between exciting and probing pulses. The maximal number
of 3 for j reflects the minimal number of differential
equations necessary for the description of the model. The
relaxation times 7,, 7,, and 7, are those of BRg,, J, and K.
The transformation made here has the advantage that Eq.
7 together with Eqs. 8—11 are very convenient to describe
the experimental data. The functions M; are readily evalu-
ated. They contain, besides the measured cross-correlation
function K(t), the time constants 7, which could be directly
deduced from Figs. 3-5.

The a’s in Eq. 7 are obtained by adapting the calculated
curves to the experimental data points in Figs. 3-5. The
evaluation of the experimental data yielded 7, < 1 ps, 7, =
5 ps, and 7; >> 300 ps (i.e., 73 >> 7}, 7,). The solid lines in
Figs. 4-6 represent the best fit using Eqgs. 7-11, where 7, =
0.7 ps, 7, = 5 ps, and 73 = . To test the precision of the
time constants we changed 7, from 0.7 to 1.2 ps. This
resulted in a considerable decrease of the quality of the fit
measured as an increase of the mean deviation by a factor
of 20. With the help of the a’s the absorption cross sections
o; of the three states BRg,, J, and K are determined.
Repeating this procedure at the various wavelengths, the
absorption spectrum of BRy;, is deduced. Spectra of photo-
products J and K are obtained from the measured differ-
ence spectra of Fig. 6 by using the above mentioned time
constants 7, — 7; and the quantum efficiency 7,.

In the rate equations and in the equations of the
coefficients a; (Eqs. 8—10) the efficiency n, for the forma-
tion of the state J enters. Unfortunately, there exists
considerable uncertainty in the literature on the efficiency
7 of the photocycle of BR. Some papers report values of n =
0.3 (33-37), whereas higher efficiencies of n = 0.6 have
been found by other authors (38). On account of this
uncertainty we made the calculations for the absorption
spectra for the two values of 7;.

The absorption spectra of the two intermediates J and K
are depicted in Fig. 9 together with the absorption band of
BR. The spectra are obtained applying Eq. 7 to the
experimental data of Figs. 3—6. Different band shapes are
found when the values of , = 0.3 and n, = 0.6 are used for
the calculated spectra of Figs. 9 a and b, respectively. For
both values of 5, the absorption spectra of the interme-
diates J and K are red-shifted relative to BR. The bands of
K peak at 605 or 590 nm for ; = 0.3 or n, = 0.6,
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FIGURE 9 Absorption spectra of bacteriorhodopsin and of the photopro-
ducts J and K. The spectra are calculated using the model of Fig. 8 and
the transient absorption spectra of Fig. 6. A primary quantum yield for
the formation of J of n, = 0.3 and 5, = 0.6 was assumed for the calculation
of the spectra in Fig. 9 a and b, respectively.

respectively. J-bands have their maxima at the wave-
lengths 615 (5, = 0.3) and 600 nm (5, = 0.6).

We favor the results obtained with n, = 0.6 for three
reasons: (a) New experiments, where the formation of the
intermediate M was carefully investigated, suggest n, =
0.6 (39). (b) The extinction coefficient of the J interme-
diate comes out to be unreasonably small at short wave-
lengths, if n, = 0.3 is assumed (see Fig. 9 a). (¢) The
intermediate K on the picosecond time scale is likely to be
identical with the previously described K state on the
nanosecond time scale; i.e., the peak of the K band at 590
nm in Fig. 9 b (n, = 0.6) agrees well with the K interme-
diate on the nanosecond time scale (4).

We now turn to the discussion of the absorption cross-
section of the first excited singlet state ogg . As pointed out
above, a significant excited-state absorption occurs only at
very early times (at ¢, around zero). The analysis for opg,
is simplified, since in this early time domain the formation
of the K intermediate is negligible, i.e., Ny = 0. Inspection
of Eqs. 7-12 shows that opr, = opr + @, + @, + a; is
independent of 7;.

In Fig. 10 the cross section of the excited state opg,, is
plotted vs. wavelength. The data are deduced from the
absorption changes documented in Figs 3-5. The absorp-
tion band of the ground state S, of BR is redrawn in Fig. 10
for convenient comparison of the ground and the excited
state, opg, and opg,, respectively. According to the data of
Fig. 10 the values of opr, are strongly dependent on the
wavelength. At short wavelengths the excited-state absorp-
tion even exceeds the absorption from the ground state.

Our experimental data using the model of Fig. 8 (i.e.,
with the Egs. 7-11) allow us to estimate a lower limit for
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FIGURE 10 Absorption spectrum of the ground state of BR and of the
first excited singlet state BRg, (broken line). Strong excited-state absorp-
tion occurs at the short wavelength side. The bars indicate the precision of
the spectra taking into account experimental uncertainties.

the lifetime of the excited singlet state, 7,. One learns from
Fig. 6 that Ao, = (6, — o) and Aok = (o4 — ogg) are close
to zero at the crossing wavelength of 592 nm. For this
wavelength and for a half-width T, of the cross correlation,
T.>> 7, T, = 4.5 ps, Egs. 7-11 simply to give

AAsy; (tp = 0) = y(oprg,, — oar)T1/ T (12)

¥ = 5.9 x 10" cm™' is a parameter containing various
quantities that were determined experimentally. Taking
the experimental value of AA(tp = 0) from Fig. 5 ¢ and
considering opg,, = 0 (at 592 nm) one estimates the lower
limit of the relaxation time 7, to be 7, = 0.4 ps.
Summarizing this section one may state: the experimen-
tal data of Figs. 3—6 are fully consistent with the model of
Fig. 8 as demonstrated by the fact that the data points
match the calculated curves. Furthermore, the absorption
spectra of the short-lived excited singlet state BRg, and of
the two photoproducts J and K can be predicted. The data
suggest a lower limit for lifetime of the excited state of 7, =
0.4 ps. In our experiments we worked with pulses of 3 ps
duration. The time resolution is ~0.3 ps, which determined
the accuracy of the value of 7,. The present data suggest 7,
= 0.7 = 0.3 ps. Experiments with a time resolution of 0.05
ps are now in progress. They yielded 7, values of 430 + 50
fs (52), which is the lower limit of the range given above.

Trimeric Structure of Bacteriorhodopsin

Up to now we have considered BR as individual protein
units. However, in the purple membranes investigated here
three BR molecules are arranged around a threefold axis to
form a trimer, which in turn builds up a hexagonal
two-dimensional lattice (1). The absorption bands of the
trimers and monomers are similar (40). Evidence for the
existence of trimers comes from the circular dichroism.
These measurements support an excitonic coupling within
the trimer with a binding energy of ~200 cm™' (41, 42).
The coupling leads to a delocalization of the excitation
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energy over the three BR molecules of the trimer. After
absorption of light by the trimer the excitation is delocal-
ized for a very short time and quickly trapped into the
excited S, state of one BR molecule. From this state the
photoproducts J and subsequently K are produced.

The delocalization of the excitation energy in the trimer
influences the dichroitic ratio A4y/AA, for the interme-
diate K. Detailed considerations show that the dichroitic
ratio of the product state depends on the arrangement of
the BR molecules in the trimer, the excitation wavelength,
the angle between the transition moments of the BR
monomer and the intermediate K, and rotational motions.
An arrangement of all three transitions moments of the
trimer within one and the same plane leads to A4y/AA4, =
3. A smaller dichroitic ratio, e.g., the measured value of 2.6
+ 0.5, may be obtained when the transition moments are
not co-planar or when an angle exists between the transi-
tion moments of the monomeric BR and of the product
state K. Rotational motion of the purple membrane frag-
ments can be excluded on our time scale of 100 ps.

A Molecular Model of the Primary Events

Three molecular processes could occur in the picosecond
time range after light absorption: (@) changes in the retinal
configuration/conformation, (b) changes in the protein
conformation, and (¢) changes in protonation states. The
latter process can be disregarded on the basis of our results
that no deuterium effect was observed. This clearly indi-
cates that proton movements to and from the retinal Schiff
base are not involved in events occurring during the first
few picoseconds, but are only of importance for later steps
in the photocycle.

The scheme of the primary processes in BR (Fig. 11) is
derived from our measurements and calculations fitting
the experimental data and serves as a model for the
interpretation of the molecular events accompanying the
spectroscopic changes. Parts of the energy surfaces are
shown schematically vs. a reaction coordinate that con-
nects the BR trimer, the excited BR monomer, and the

N

= %8R
>
L3
c
w
\
BR B8R0 J K
Reaction Coordinate
FIGURE 11 Scheme of the energy surfaces of bacteriorhodopsin vs. the

reaction coordinate.
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photoproducts J and K. Several important transitions are
indicated by arrows. The model presented here agrees with
the one published in reference 29, with respect to the fact
that J is the first ground state intermediate.

The incident light is first absorbed by the BR trimers
and trapped very rapidly in the excited state of one
monomer subunit, BR*,,. The excited state is located at
lower energy than the primary excited levels, as evidenced
by the large Stokes shift of the fluorescence spectrum. The
lifetime of BR*_, is very short, ~0.7 ps (430 + 50 fs) (52).
The excited retinal then returns either to the original
ground state or to J with a probability ,, MNDO calcula-
tions have shown that two reaction channels are open from
the excited state to the ground state of the intermediate J
(43, 44). Scheme I, a trans to 13-cis isomerization, Scheme
II a trans to 13-cis, 14s-cis isomerization. The trans to
13-cis isomerization has been demonstrated experimen-
tally in three independent experiments. First, configura-
tionally blocked retinal analog structures such as Scheme I
and Scheme I1

X CHO
(a)
7
D S e XN )
CHO

are able to reconstitute analog bacteriorhodopsins when
mixed with bacterioopsin, but are photochemically and
catalytically inactive (45). Second, a conformationally
blocked retinal analog structure (Scheme III).

which is unable to adopt a planar 13-cis configuration, only
reconstitutes a bacteriorhodopsin analog with its all-trans
isomer, which is a protonated Schiff base (46). When this
bacteriorhodopsin analog absorbs light, an excited state is
reached, which has a lifetime of 10 ps and a 12-fold
enhanced fluorescence quantum yield compared with BR
(9). No photochemical product could be found and as a
conclusion it was postulated that the primary photochemi-
cal reaction involves rotations around the C,; bond. Third,
product K was shown by resonance Raman spectroscopy to
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be very likely a 13-cis configuration of retinal, possibly in a
slightly distorted form (7). Whether the primary reaction
to product J involves a concomitant rotation around the C,,
bond, can so far only be postulated on the basis of two
arguments. The concomitant rotation around the 13-14
and the 14-15 bond causes less motion of the molecular
frame work in retinal, and less disturbance of the protein
cavity (44) than a 13-14 bond rotation alone. Fig. 12
shows this two-bond rotation. In all four states (a—d) the
retinal moiety is fixed to a rigid polypeptide backbone via
the lysine 216 oligomethylene chain and the backbone is
not allowed to change its position in any of its parts. State a
is the ground state geometry, in b the carbon atom 14 has
reached a position that roughly corresponds to an sp;
hybridization state and to the energy minimum of the
excited state in Fig. 11. From this state rehybridization
either leads back to the original ground state with the
probability 1 — 7, or the rotations are brought to complete-
ness with 5, (Fig. 12 ¢). The change of the configuration of
the retinal has profound consequences by changes in the
sterical and electronic interaction of retinal and the pro-
tein. The distance of the positively charged nitrogen and its
counterions presumably increases (seen by the red-shifted
absorption maximum of J) and the retinal moiety exerts a
strong pull on the polypeptide chain via the lysine meth-
ylene groups. It is interesting to note that the rotation of
some of these methylene groups in the molecular model
relaxes somewhat the steric strain (Fig. 12 d), which might
be reflected by the transition from J to K.

Another explanation for the spectral changes assigned to
the transition from state J into state K would be the
following: Upon transition from the excited electronic state
to the ground state a considerable amount of energy is lost
in the retinal that heats the molecule. The increased
temperature may cause changes in the absorption spec-
trum that decays with the cooling of the molecules. Experi-
mentally, such processes are found to occur on the picosec-
ond time scale (47). When this interpretation holds, the
intermediates J and K differ only by the temperature of the
chromophore in the sample.

With the transition into the ground state intermediates
energy is stored via the change in the electronic and steric
interactions compared to BR prior to excitation. This
energy amounts to ~15 kcal/mol (48) and is used to drive
the photocycle to completion as well as to deliver part of
this energy to the proton to be translocated during the
catalytic cycle. The fact that this energy of 15 kcal/mol
has to be compared with 11.5 kcal/mol for a rotation
around the 13-14 double bond (49) provides the second
argument for a concomitant 13—-14, 14-15 bond rotation
upon excitation. This reaction would only be thermo-
reversible at the expense of 42 kcal and, therefore, be a
configuration that allows the storage of the 15 kcal/mol
observed experimentally (49).

Recently, resonance Raman spectra of BR and K were
obtained that aimed for the identification of single-bond
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FIGURE 12 Molecular interpretation of the primary events in BR with a space-filling atomic model (according to [44]) (a) ground state; (b)
excited state (S,) with carbon 14 rotated by 90°; (¢) primary photoproduct J; (d) relaxation of the oligomethylene chain of lysine 216 leading

to intermediate K.

stretching modes. Interpretations of these spectra based on
model calculations claimed that no 14 s-cis bond rotation is
involved in K-formation (50). Improved model calculations
based on the complete retinal molecule, however, are
consistent with a 14 s-cis rotation (51). Only further
experimental and theoretical investigations will finally
answer this important question.

In conclusion, the data presented here allow a consistent
description of the primary events of the photocycle of
bacteriorhodopsin: absorption of a photon promotes bacte-
riorhodopsin onto the potential surface of the first excited
electronic state. Here, the state BRg; is reached. The rapid
transition into the first ground-state intermediate occurs
with 0.7 = 3 ps (430 = 50 fs) (52). A slower secondary
process leads with 5 ps to the intermediate K stable for the
first nanosecond. Several features of this picture agree with
published values while others do not.

Note added in proof: While this manuscript was
in press two papers appeared confirming our results.
Sharkov et al. (1985. Biochim. Biophys. Acta. 808:94—
102.) also investigated the primary events and published a
rise time for J of 0.7 ps. Femtosecond experiments of our
groups yielded a rise time for J of 430 + 50 fs.

Received for publication 27 March 1985 and in final form 16 October
1985.
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