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ABSTRACT The molecular processes comprising the room temperature bacteriorhodopsin (BR) photocycle are examined through
the properties of the photo-induced reverse reaction, K-590 + hv -- BR-570 (K -- BR). Two sequential pumping pulses, each of
1 0-ns duration, are used, respectively, to initiate the photocycle via the forward BR-570 + hv -- K-590 (BR -- K) reaction (532 nm)
and to photolytically interrupt the thermal BR photocycle after a 20-ns delay via K -+ BR (620-700 nm). The ground-state BR-570
population, monitored by 633-nm absorption 200 pus after the photocycle begins, provides a quantitative measure of the efficiency
with which K -* BR interrupts the photocycle to reform BR-570. The quantum yield (I) for K -- BR is found to be 1.6 + 0.1 times
larger than that for BR -- K which, when compared to a 'F of 0.64 for BR -* K, suggests that 'D for K -- BR is = 1.0. The significance
of such a high efficiency K -- BR reaction with respect to mechanistic descriptions of the BR photocycle is discussed.

INTRODUCTION

The photochemical reactions of bacteriorhodopsin (BR),
the trans-membrane protein in Halobacterium halobium,
have been examined extensively for a variety of reasons.
Many studies have sought to elucidate the molecular
processes that underlie its biochemical function in
bacteria, while others have focused on relationships
between the BR photocycle and the rhodopsin photo-
chemistry involved in vision (1-3). Recently, films of BR
have been shown to have optical properties (e.g., photo-
chromism, light-induced dichroism, and birefringence)
that can be used for fast optical processing and hologra-
phy extending over a wide time range (10-12 to 103 s)
(4,5).
The molecular and spectroscopic properties of the BR

photocycle are of central interest in all of these studies
(2, 3). The BR photocycle encompasses a series of
consecutive reactions involving specific isomeric and
conformational forms of the retinal chromophore and
the corresponding protein environments that, together,
efficiently transform absorbed light into chemical energy
(2, 3). With optical pumping of < 5 ps duration, prima-
rily one excited electronic state (BR*, lifetime of 500 fs)
is populated (6). The remainder of the photocycle
proceeds on ground-state potential surfaces (i.e., ther-
mally) (2) and is comprised of at least six intermediates:
BR-570 + hv -- BR* -* J-625 -k K-590 -* L-550 --

M-412 - N-550 -. 0-610 -* BR-570, where the num-
bers indicate wavelengths (nm) of absorption maxima
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(2, 7). The presence of other intermediates, including a
KL species formed between K-590 and L-550 (8-10),
and more than one photocycle each with its own interme-
diates connected by a specific kinetic mechanism has
been suggested (11, 12), but in this work the photocycle
presented above is used.
The mechanism(s) involving the primary BR photocy-

cle intermediates (J-625 and K-590) is of particular
interest because their properties appear to be represen-
tative of many molecular systems that control light
energy transformation in living organisms (3). The
storage of the - 11.6 kcal/mol of energy needed to drive
the trans-membrane proton pumping in BR, and thereby
ATP synthesis in the bacterium, is associated particu-
larly with K-590 (13). Since the absorption spectra of
BR-570 and K-590 are strongly overlapped and since an
optically-induced back reaction, K-590 + hv -* BR-570
(denoted here as K -* BR), occurs with high efficiency
(14, 15), optical excitation of the BR photocycle is
complicated by the formation of photo-stationary mix-
tures of several species (e.g., BR-570, J-625, K-590, and
their associated excited electronic states).
The forward reaction mechanism at room tempera-

ture has been studied extensively, but the reverse reac-
tion(s) by which light can interrupt the 20-ms thermal
photocycle to reform BR-570 has been studied only
under special experimental conditions. Low tempera-
ture (77K), solid BR samples have been examined
because at least one intermediate can be thermally
stabilized (16-22). For example at - 10K, where K-590
is thought to be trapped, the efficiency of K -- BR
conversion is reported to be = 100% when excitation
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wavelengths > 650 nm are used (17) (quantum yield, F,

of 0.7 [18, 19]). The K -- BR conversion occurs in <30

ps at both 13K (21) and 6.5K (22). Delays of a few
seconds between the optical initiation of the forward
and reverse reactions do not critically affect the 10K
results because K-590 is considered stable at this temper-
ature. Since the protein is also frozen in these samples, it
is not clear how low temperature results relate to the
room temperature photocycle. The K -+ BR reaction

also has been studied previously in room temperature
BR samples (14, 15), but only with high pump energies
that create a photostationary mixture of BR-570 and
photocycle intermediates. The photostationary mixture
created by single-pulsed excitation permits the kinetic
analysis to be simplified (14, 15), but does not provide
the experimental opportunity to independently investi-
gate the dependence of the K -* BR efficiency on either

the power or wavelength of the laser radiation used to
excite K-590. These studies have determined (K-BR/
(IBR-K for a specific photostationary mixture (14, 15).
The photoinduced M -* BR reaction also has been

examined at room temperature with time-resolved (10
ns) resonance Raman spectroscopy (23). With 10-ns
excitation, the M -* BR reaction is accessible both

spectroscopically (absorption spectra of BR-570 and
M-412 are well separated) and temporally (J -- K in

< 10 ps, K- Lin m2 ,us, andM -*BR in 20ms [2]).
The M-412 intermediate, therefore, can be experimen-
tally observed independent of the other photocycle
intermediates even though 10-ns excitation creates a

photostationary distribution of species (2). In this re-

spect, the M -* BR and K -- BR reactions are

significantly different because the BR-570 and K-590
absorption spectra are strongly overlapped, making it
difficult to extract kinetic information from single-laser
data (24, 25). In general, therefore, the molecular dynam-
ics of the room temperature K -- BR reaction are

neither well understood or quantitatively modelled.
The biophysical importance of elucidating the pri-

mary photocycle events (both forward and reverse reac-
tions) in room temperature BR has been widely dis-
cussed (1-3). A similar interest exists for optical
processing applications of BR films where room temper-
ature operation would be advantageous. The efficiencies
of the BR -* K and K -+ BR reactions are especially
important because both photostability and high contrast
"read" mechanisms may rely on quantitatively control-
ling the relative concentrations of the initial intermedi-
ates. Given the available understanding of BR -* K, it is

evident that the K -* BR reaction needs to be examined

in more detail at room temperature where data can be
related directly to the biophysical membrane and to the
experimental conditions sought for optical processing.

In this paper, the photoinduced K -- BR reaction is

investigated at room temperature with a double-pump
experimental configuration using two pulsed (10 ns) dye
lasers. Tunable radiation in the 620-700 nm region,
delayed 20 ns after the photocycle is initiated by 532-nm
excitation, is used to optically interrupt the BR photocy-
cle by reforming BR-570 from K-590. The relative
amount of ground-state BR-570 is measured subsequen-
tially at a 200-p,s delay (after 532 nm excitation) by the
absorbance at 633 nm. The double-pump experiments
permit the power and wavelength dependencies underly-
ing the K -k BR reaction together with the overall

conversion efficiency to be studied throughout the 620-
700-nm region. The properties of the excited electronic
state of K-590 (K*), the protein environment(s) that
facilitate the reformation of BR-570, and the signifi-
cance of the relative efficiencies of the BR -k K and K

BR reactions are discussed.

EXPERIMENTAL

Materials and instrumentation
The BR purple membrane is prepared using published procedures
(26) from strain R-1 and is examined as a sample in a water suspension
(pH 6.6) placed in a 1-mm thick quartz cell (sample OD = 0.62 at 570
nm).
The laser instrumentation (Fig. 1) is comprised of a pulsed

Q-switched Nd:YAG laser (Quanta-Ray DCR-2) and a dye laser
(Quanta Ray PDL-1). The 100 mJ frequency doubled output from the
Nd:YAG (10-ns pulse) is used to pump the dye laser (oscillator and
amplifier) operating with either a DCM or LDS698 dye mixture. The
dye laser outputs cover the 610-740-nm spectral range with maximum
pulse energies of 20 mJ. Approximately 7.5 mJ/cm2 of the 532 nm
output (measured at sample after passing PR2 and P; Fig. 1) is used to

SPD

FIGURE 1 Schematic representation of experimental instrumenta-
tion. The excitation pulses are produced by either the Nd:YAG laser
(532 nm) or the dye laser (620-700 nm) which is pumped at 532 nm.
Transient absorption measurements are made at 633 nm using a low
energy He-Ne laser. Abbreviated symbols are: ND, neutral density
filter; SPD, silicon photodiode; S, BR sample; P, polarizer; PR,
polarization rotator; BS, beam splitter; SHG, second harmonic gener-
ating crystal for 1.06 pLm to 532 nm.
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initiate the BR photocycle and thereby to form K-590. The energy of
the polarized pump radiation is varied by adjusting a polarization
rotator (PR2) located before the 532-nm beam reaches the sample
(Fig. 1). Polarizer (P) serves to retain the same (vertical) polarization
of the exciting radiation. The second excitation of the BR sample,
which photolytically induces K -- BR, occurs = 20 ns after the 532-nm

initiation of the photocycle and is achieved with the tunable dye laser
output after it passes through an optical delay line. The pulse sequence
used in these experiments together with the molecular mechanism
describing the early stages of the BR photocycle are presented in Fig.
2.
The effectiveness of the optical interruption (K -- BR) is deter-

mined by monitoring the amount of BR-570 through its 633-nm
absorbance 200 p.s into the photocycle (Fig. 2). A probe beam from a

cw He-Ne laser (633 nm) measures the transient absorbance with an

intensity of 0.5 mW/cm2 which is reduced by a neutral density filter
(ND; Fig. 1) to be itself nonperturbing with respect to the photocycle.
All three laser beams have the same (vertical) polarization and are

spatially overlapped within the plane of sample with beam cross-

sections of: 4 mm2 (532 nm), 1 mm2 (dye laser), and 0.5 mm2 (633 nm).
The 633-nm intensity is monitored with a silicon photodiode biased
with 90 V DC. Apertures are used to provide uniform illumination of
the sample and to protect the diode from excessive scattered light. The
photodiode output is amplified (Tektronix TM 503 with DC offset;
Beaverton, OR) and read with an oscilloscope (Tektronix 475 A)
operating with a 1-p,s temporal resolution. All measurements are

made with the Nd:YAG laser operating in a single pulse, Q-switched
mode. The energy of each dye laser pulse is determined with a

spectrally-nonselective energy meter (Scientech model 365; Boulder,
CO).
The transient absorption spectrum of K-590 is measured with the

dye laser radiation (delayed by 20 ns) as a probe. The intensity of this
probe beam is reduced to a value that converts <3% of BR-570 into
photocycle intermediates. For the measurement of spectra, two
matched photodiodes are used: one (SPD2) measuring the energy of
the transmitted dye laser beam, and the second (SPD3) measuring the
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BR-570 + hv BR* J-625 - K-590 L-550
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Procedure
The relative efficiencies of the BR -+ K and K -* BR reactions are

reflected in the percentage of BR-570 that is converted into photocycle
intermediates after the sequential excitation at 532 nm and 620-700
nm (Fig. 2). Clearly, the transient concentrations of BR-570 and K-590
can be monitored to determine this value, but as long as the probe
beam is photolytically nonperturbing, other photocycle intermediates
also can be used. For example, transient absorption at 633 nm,
monitors several different photocycle intermediates and/or popula-
tions depending on when, after excitation, the signal is measured (i.e.,
at increasingly longer delays: BR-570 (and vibrationally-excited BR,
BR'), K-590, L-550, and 0-610). Thus, different parts of the 633-nm
transient absorption signal can be used to determine the percentage of
BR-570 converted into photocycle intermediates. As in previous
studies of the quantum efficiency of BR photochemistry (27-29), the
633-nm absorption signal at a 200-p.s delay is used to monitor BR-570
because the other intermediates do not absorb significantly (<3%)
under these conditions. The quantitative relationships between the
relative efficiencies of BR -b K and K -* BR and the excitation

conditions (i.e., powers of the two pump lasers) can be used to
determine the relative efficiencies of the two reactions vide infra.

In the measurements presented here, the relative changes observed
in the 633-nm transient absorption data are not affected (within =5%)
by differences in the pumping conditions. This independence is found
for both single pulse pumping (532-nm excitation only or 620-700-nm
dye laser excitation only) and two-pulse sequential pumping with
different pulse energies ratios (532-nm pulse followed at a 20-ns delay
by 620-700-nm pulse). The kinetics observed are independent of the
pumping used and, therefore, the 633-nm single (absorbance changes)
at 200-p.s delay remains proportional to the concentration of BR-570.
A 200-p.s time delay, monitoring the L-550 -- M-412 reaction (Fig. 2),

is selected in order to optimize the observed signal to noise ratio.
Since the absorption spectra of BR-570 and K-590 are strongly

overlapped (2), the specific wavelength of nanosecond laser excitation
strongly influences the photostationary mixture of the two species
created. With the maximum of K-590 absorption shifted to the red by
20-30 nm relative to that of BR-570 (2), laser excitation in the green

(< 560 nm) is more effective in maximizing the concentration of K-590,
while excitation in the red (> 620 nm) is more effective for initiating
the K -. BR reaction. To determine the relative importance of the

forward and reverse reactions underlying this photostationary mixture,
data are obtained for a range of dye laser wavelengths (at 20 ns delay)
both with and without 532-nm excitation. The energy density of the
532-nm pulse is chosen to be near the saturation value (0.3 mJ/mm2)
and remains constant for these measurements.

It should be noted that with a 15 pulse/s laser repetition rate and a

static sample, = 10% of the BR-570 excited accumulates in a long lived
(= 2 min) intermediate that has not been identified. To avoid
accumulating this intermediate, a repetition rate of 2 pulses/min is
used by reducing the Q-switching rate for the Nd:YAG laser while
permitting the flashlamp pumping rate of the crystal to remain at 15
pulses/s (to ensure thermal stability and thereby maintaining good
pulse energy reproducibility).

RESULTS AND DISCUSSION

Although the BR -* K and K -- BR reactions are known

to dominate the early stages of the photocycle (Fig. 2), it

Bipyia ounlV m6 Jue19

FIGURE 2 Laser pulse sequence for double excitation and 633 nm
monitoring in the room temperature BR photocycle. The photocycle
species involved in the initiation of the forward reaction and the
photolytic interruption (K -. BR) also are shown together with
approximate rates and the quantum efficiencies involving BR*.
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remains to be established whether other competing
photolytically-induced reactions are present. This issue
can be examined by measuring the 633-nm absorbance
(Apr) as a function of the dye laser (620-700 nm)
pumping energy both with and without 532-nm pump-
ing. The experimental results (Fig. 3) show that with
only dye laser excitation in the red (e.g., 650 nm),
633-nm absorbance decreases until it becomes saturated
in the region between 5 and 20 mJ/mm2. This saturation
reflects the concentration of photocycle intermediates
reaching a maximum and corresponds to the conditions
under which the largest percentage of BR-570 is con-

verted into photocycle intermediates. By contrast, Apr
increases as the dye laser (650 nm) pulse energy in-
creases when it follows 532-nm pumping by a 20-ns delay
(Fig. 3). The two curves approach each other to within
5% when the red dye laser energy is - 10-20 mJ/mm2.
Thus, >95% of the BR-570 excited to BR* decays to
produced K-590 (i.e., via BR -* K) and >95% of the

K-590 excited to K* decays to reform BR-570 (i.e., via
K -+ BR) vide supra. The 5% uncertainty represents the

experimental error of the measurement, which is diffi-
cult to reduce because higher red dye laser energies
result in the rapid degradation (i.e., irreversible bleach-
ing) of the BR sample. These results demonstrate,
therefore, that within 20 ns of optical initiation, high
efficiency cycling between BR-570 and K-590 can be
photoinduced. Qualitatively, this induced photocycling
reflects the strongly overlapped absorption spectra of
BR-570 and K-590, which ensures that both species
undergo light-induced conversion to the other when
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0

E (mJ/mm2)

either 532- or 620-700-nm excitation is used. The
specific excitation conditions, therefore, significantly
alter the concentrations of BR-570 and K-590.
A quantitative analysis of BR -+ K and K -- BR

begins by considering only the photolytic effects of
620-700-nm excitation (the effect of 532-nm excitation
appears as a constant). The concentrations of the two
species after optical excitation are of primary interest in
this part of the analysis. When nBR(t) and nK(t) denote
the normalized concentrations of BR-570 and K-590,
respectively, the light-induced changes are given by:

dt [-nBR(t)0aBR + nK(t)aK] h

dnK(t) I(t)
dt = -nK(t)atK + nBR(t)agBR h

(1)

xBR and aK are the efficiencies (=o(X)(D, where u is the
absorption cross-section, (D is the quantum yield for each
photoinduced reaction, and the excitation intensity is
I(t)). Since no other photoinduced reactions are present
(vide supra),

(2)nBR(t) + nK(t) = 1,

and only nK(t) needs to be considered:

dnK(t) I1(t)
dt = [-nK(t)aK + [1 - nK(t)]asRI ]-

(3)

Of specific interest is the value nK, the concentration of
K-590 following the photolytic pulse of energy density,
E. An analytic solution to expression 3 is:

anBR aBR

nK = - BR

+ INK e-E(aBR+aK)/hw
(aBR + aK) L (tBR + aLK)] (4)

where the initial concentration of K-590 before the
photolytic pulse is treated by introducing NK. The value
of nK obtained from expression 4 represents that part of
K-590 which is not optically converted back to BR-570,
but which rather proceeds through the thermal photocy-
cle.
Even when the energy density of the red pulse

(620-700 nm) is not known, the ratio between aBR and
aK can be calculated from expression 4 if two different
NK values are used. One NK value (namely 0) can be
obtained from the single laser data, but determination of
a second value requires a double-pump laser experiment
in which nK (= -&pr/Apr) is determined from changes
in the 633-nm absorbance (&lpr) measured 200 ,us after
excitation (Figs. 2 and 3). The value ofnK corresponds to
the depletion of ground-state BR-570. no represents the
case NK = 0. The results from the double-pulse experi-

.t l. Phtl_i .neruto of Bat.ohdpiPhtc,l .16._33 ..

FIGURE 3 Dependence of 633 nm probe absorbance (Apr) on the
energy density of the pulsed (10 ns) 650-nm excitation. Data are
recorded with (open squares) and without (filled circles) 532-nm
pumping (see Fig. 2). The 650-nm dye laser beam is slightly focused to
provide variable energy densities of up to 20 mJ/mm2.

Bazhenov et al. Photolytic Interruption of Bacteriorhodopsin Photocycle 1 633



ments are used to determine nK. The NK is given by
(AprO - Aprl)/Apro , where the subscripts 0 and 1 denote,
respectively, the absence and presence of 532-nm excita-
tion. The NK value found for the 532-nm excitation used
here corresponds to 30-40% ground-state BR-570 deple-
tion. Background absorption and scattering losses limit
the accuracy with which the NK value can be determined.
To minimize possible saturation effects, aBR and AK

are evaluated in the limit of low energy (E) 620-700 nm
excitation. Experimentally, the dye laser power is re-
duced until pr, the change in absorbance, is - 3% of
(Apro - Apri) caused by 532-nm excitation. Under these
low energy conditions, it is feasible to describe the
measured absorbance changes normalized to E:

D _ Aprl- Aprl2 NK -nK
12E(AprI - Apro) ENK

Apr2 AprO n°
E(Aprl - Apro) ENK

12

1-,
C:2

0

620 640 660 680 700

Wavelength (nm)

20

(5)

The first expression in Eq. 5 is for two laser excitation
(subscript 12 denotes 532- followed by 620-700-nm
excitation) and the second is for one laser excitation
(subscript 2 denotes 620-700-nm excitation only) (Fig. 4).
The value of (Aprl - Apro) is taken from 532-nm data.

Expression 4 is linearized to obtain:

nK NK[1
E(OtBR + OK)] EOtBR

nK=NK 1
w hw+ (6)

or with substitution:

atBR ~K

BR= = D2NK (7)
hKio noE--nD-Nn

aK
= D12 + D2(1 NK) = ENK K (8)

To improve the accuracy of the NK determination,
absorption spectra of BR-570 and K-590 are measured.
Low energy (0.05 mJ/mm2) dye laser pulses delayed 20
ns after 532-nm excitation are used to probe absorbance
changes in the sample as a function of wavelength.
These time-resolved absorbance measurements monitor
the BR-570 and K-590 mixture, ABR+K (Fig. 5). The
absorbance of ground-state BR-570, ABR, is measured
directly from the sample without excitation (Fig. 5). The
absorbance of K-590 alone can be calculated because:

AK = ABR + (ABR+K ABR)
NK(

If it is assumed that both (DBR .K and ODKBR are not
functions of wavelength in the 620-700-nm region, then
the spectral dependence in the AK versus probe wave-

_E

\

_/

Wavelength (nm)

FIGURE 4 (Top) Normalized 633-nm probe laser absorbance (D
represents both D12 and D2, see text) changes measured for double-
pulse excitation (532 nm followed at 20-ns delay by dye laser
excitation; open squares) and for dye laser excitation only (filled
circles). (Bottom) Calculated spectral dependence of the efficiencies
for the BR -- K (filled circles, a represents (aBR/hw) and K -* BR
(open squares, a represents (aK/hw) reactions using expressions 7 and
8.

length and the aK versus excitation wavelength plots
should quantitatively agree. Since these two plots de-
pend on NK differently, the NK values used in expres-
sions 6 and 7 can be varied to obtain the best agreement.
Comparisons of spectral dependence are readily made
in terms of aoK/AK. The spectral shapes of the AK(X) and
QK(X) plots are found to be the same (+ 15%) for an
NK = 0.36 + 0.02. The resultant a(X) andA (X) depen-
dencies calculated using expressions 5-7 for BR-570 and
K-590 are presented in Figs. 4 and 5, respectively.
With a photolytically-interrupted BR photocycle of

BR570 + hv -> BR* J625 - K590 + hv -- K* -> BR570,
the maximum achievable efficiency ofK -- BR with high
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FIGURE 5 Absorption spectra measured for BR-570 (low power,
probe dye laser beam only; filled circles) and for BR-570 together with
K-590 (low power, probe dye laser appearing 20 ns after 532-nm
excitation; crosses). Absorption spectrum calculated for K-590 alone
from difference of [BR-570 + K-590] minus [BR-570 only] data (open
squares).A represents ABR, AK, and ABR+K (see expression 7 in text).

0 640 660 680 700

Wavelength (nm)

FIGURE 6 Spectral dependence of the percentage of K-590 optically
converted back to BR-570 (q). The experimental data are shown as

filled squares and the values calculated from the spectral dependence
of the efficiency (expression 8) are shown as open squares.

energy, 10-ns excitation is given by:

(NK-nK) aBR

NK =NK(CtBR + AK)

700-nm excitation is used,

(10)

The spectral dependence based on this predicted Xq
value can be compared with experimental measure-

ments performed with the maximum energy density
available in an unfocused beam from the dye laser
operated near the center of the tuning curve (z10
mJ/mm2). The calculated and measured curves are close
to one another in the center of the dye laser tuning range

(Fig. 6), but differences appear at the edges of the
tuning range where the dye laser energy is not high
enough to produce the same photostationary mixture.
The maximum efficiency for K -+ BR is obtained with a

685-nm excitation wavelength and an = 8-mJ/mm2 en-

ergy density (i95% of the K-590 formed by 532 nm

excitation is returned to BR-570; Fig. 6). Larger K -+ BR

conversion efficiencies may be achievable for dye laser
wavelengths farther in the red, but significant laser
energies beyond 700 nm are not available from the laser
system used.
The data presented here make it feasible to calculate

the relative efficiencies of BR -> K and K -* BR reac-

tions from a comparison of a/A values. This ratio of
efficiencies is equivalent to the ratio of quantum yields
for the two reactions if sufficiently low energy 620-

OK-BBR aK 33nBR a KABR
BR-K OBRK633nm BRAK

(11)

The ratio of quantum yields ((>K-BR/(DBR-K) is found to
be 1.6 + 0.1.
The quantum yield ratio provides some insight into

the room temperature K -* BR mechanism. With (BR-K
at room temperature being 0.64, as reported recently
(15, 27), this ratio shows (DK-BR to be = 1.0. The DBR-K iS
measured for low energy excitation (15, 27), which
corresponds to the low energy excitation conditions used
here to determine the a/A ratio. A DK-BR value = 1.0 is
consistent with 0.96 and 0.93 values reported recently
(15, 28). It should be noted, however, that a variety of
values for (BR-K at room temperature have been re-

ported (0.25-0.7) (15, 18, 19, 27-30). The value for (K-BR
of 0.7 at 77K has been reported (18, 19), but it is not
obvious that this value is relevant to the room tempera-
ture measurements.
These data also provide information on whether the

common excited state (CES) model is part of the
molecular mechanism(s) describing BR -* K and

K -> BR. Earlier studies of low (77 K) temperature BR

samples alternatively included and excluded a CES for
the BR -- K and K -- BR reactions based on whether

the respective quantum yields reported added to unity or

Photolytic Interruption of Bacteriorhodopsin Photocycle 1635
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not (19, 20). Although these results may not directly
relate to the room temperature mechanisms considered
here, they do emphasize the importance the absolute
quantum yields have played in determining the molecu-
lar mechanisms in the BR photocycle. The role of a CES
in the room temperature BR photocycle also has been
questioned previously (3, 31).
The CES considered most widely is BR*, which forms

J-625, and subsequently K-590, with a quantum yield of
.0.64 (15, 27) and, therefore, BR' with a quantum yield
of ~0.36 (Fig. 2). If BR* is a CES for BR -- K and
K BR, it must be concluded that the yield of BR-570
(BR') from K* can not exceed the quantum yield of
BR-570 (BR') from BR* (i.e., 0.36). This conclusion is
correct at low excitation energies (such as used in the
experiments described here), where the CES -+ BR-570
quantum yield determines the overall conversion effi-
ciency of both the forward and reverse reactions (i.e.,
repetitive excitation at high excitation energies is ab-
sent). Thus, a 4K-BR of - 1.0 is not consistent with a
CES mechanism for the primary events in the room
temperature BR photocycle.

Finally, there are two mechanistic issues involving
BR -- K and K -* BR which require additional study.
First, it is important to note that (K-BR is measured here
to be = 1.0, only 20 ns after the photocycle begins while
(BR-K, to which it is compared (15, 27), is assigned to
the initial processes occurring earlier (10 ps) in the
photocycle. It remains to be demonstrated whether
(K-BR is constant over the initial 20-ns interval or
whether it varies as a result of molecular changes that
occur during the initial 20 ns of the photocycle. It is
likely that the molecular coordinates along which the
forward BR -- K reaction proceeds are not the same as
those for the reverse K -) BR reaction. The differences
could be in either the retinal chromophore or the
protein or both. If differences in DK-BR exist, the
experiments analogous to those described here need to
be performed on artificial BR pigments obtained by
either systematically replacing the all-trans retinal of the
native membrane with chemically- and/or isotopically-
modified retinals or selectively altering the amino acid
sequence of the protein via site-directed mutagenesis.
Such molecular changes have already been shown to
significantly alter photocycle properties while providing
new insight into the molecular mechanisms involved
(32-34). Second, the 10-ns excitation pulse used to
initiate the photocycle will effectively populate both
BR* and K* (Fig. 2) and, thereby, will access reactive
channels other than BR -+ K and K -- BR. The data in
Fig. 3 suggest that additional reactions are unlikely to
affect these results, but this point requires reexamina-
tion with shorter (ps) pulsed excitation in which the
population of K* is minimized.

CONCLUDING REMARKS

Photolytic interruption of BR photocycle from K-590 is
shown to proceed with efficiencies of >95% using
nanosecond excitation of several mJ/mm2 in the red
(680-700 nm). Higher K -- BR efficiencies may be
found at longer excitation wavelengths, but it is clear
that larger pulse energy densities lead to rapid sample
degradation. The quantum yield of the K -- BR reaction
is found to be 1.6 + 0.1 times larger than that of the
BR -* K reaction. When compared with the BR -- K
quantum yield of - 0.64 (15, 27), this ratio indicates that
the K -- BR quantum yield is 1.0. These results are
not consistent with a mechanistic model in which the
BR -* K and K -+ BR reactions share a CES. Transient
absorption spectra of K-590 recorded in the 620-700-nm
spectral region with a 20-ns delay are reported. Investi-
gations using picosecond time resolution of photolytic
interruptions in native and artificial BR photocycles are
underway to more clearly characterize the K -* BR
reaction mechanism.
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