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Time-Resolved Long-Lived Infrared Emission from Bacteriorhodopsin

during its Photocycle

Jianping Wang and Mostafa A. EI-Sayed

Laser Dynamics Laboratory, School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, Georgia 30332-0400 USA

ABSTRACT The infrared emission observed below 2000 cm™ " upon exciting retinal in bacteriorhodopsin (bR) is found to
have a rise time in the submicrosecond time regime and to relax with two exponential components on the submillisecond to
millisecond time scale. These time scales, together with the assignment of this emission to hot vibrations from the all-trans
retinal (in bR) and the 13-cis retinal (in the K intermediate), support the recent assignment of the J-intermediate as an
electronically excited species (Atkinson et al., J. Phys. Chem. A. 104:4130-4139, 2000) rather than a vibrationally hot K
intermediate. A discussion of these time scales of the observed infrared emission is given in terms of the competition between
radiative and nonradiative relaxation processes of the vibrational states involved.

INTRODUCTION

Bacteriorhodopsin (bR), a protein that is present in the purple
membrane (PM) of Halobacterium salinarium, functions as a
light-driven proton pump (Stoeckenius and Lozier, 1974;
Birge, 1981; Mathies et al., 1991; El-Sayed, 1992; Rothschild,
1992; Ebrey, 1993; Lanyi, 1993, 1999; Atkinson et al., 2000).
BR has a single polypeptide chain that contains 248 amino acid
residues and which is arranged in seven trans-membrane a-he-
lices (Henderson, 1979). The three-dimensional structure of bR
has become clear at high resolution by using cryoelectron
microscopy (Henderson et al., 1990) and recently by using
x-ray crystallography (Pebay-Peyroula et al., 1997; Essen et
al., 1998; Luecke et al., 1998, 1999).

The retinal chromophore that is covalently bound to Lys,,
through a protonated Schiff base (PSB) undergoes the photo-
isomerization from all-trans to 13-cis with a quantum effi-
ciency of ~0.6 (Govindjee et al., 1990; Rohr et al., 1992;
Logunov et al., 1996), which is much higher than the frans-cis
photoisomerization efficiency (0.15) of free retinal in methanol
(Freedman and Becker, 1986). A cyclic thermal reaction is
triggered upon the retinal photoisomerization in bR that in-
volves a series of photointermediates, J, K, L, M;, M,, N, and
O, with lifetimes ranging from a half picosecond to tens of
milliseconds,

hv 500fs 3ps
bRses — bR 5o —> Jo2s —> Ksop

Tus 60 s
—> Lsso = M4 < Moy

—H+
ms

—> N5y = Ogg9 = bRsgs.
_H+

Submitted July 10, 2001 and accepted for publication May 8, 2002.

Dr. Wang’s present address is Department of Chemistry, University of
Pennsylvania, Philadelphia, PA 19104.

Address reprint requests to Mostafa A. El-Sayed, Laser Dynamics Labo-
ratory, School of Chemistry and Biochemistry, Georgia Institute of Tech-
nology, Atlanta, GA 30332-0400. Tel: 404-894-0292; Fax: 404-894-0294;
Email: Mostafa.El-Sayed@chemistry.gatech.edu.

© 2002 by the Biophysical Society

0006-3495/02/09/1589/06  $2.00

The visible stimulated emission from bR has been well
studied (Sharkov et al., 1985; Birge et al., 1987; Mathies et
al., 1991; Haran et al., 1996; Ye et al., 1999a,1999b), by
using ultrafast optical spectroscopy. A broad stimulated
emission band at 640—700 nm (or even to 900 nm), and an
intense excited state absorption band at ~460 nm have been
found to appear concurrently within 30 fs (Mathies et al.,
1991). The rise of the stimulated emission has been dem-
onstrated to be structured, multistaged and wavelength de-
pendent (Ye et al., 1999b). In addition, the decay time of the
excited state absorption has been found to be wavelength
dependent due to the contribution of the faster decay of
stimulated emission. The stimulated emission has a lifetime
of 2.5-4 ps, whereas the excited state absorption decay is
biexponential (Nuss et al., 1985; Sharkov et al., 1985;
Petrich et al., 1987; Mathies et al., 1988; Pollard et al.,
1989; Song et al., 1993; Logunov et al., 1996) with a
lifetime of 0.5 ps for the large component and of 3—5 ps for
the small component.

The photoinduced protein conformational change and
retinal configurational change of bR during photocycle have
been extensively studied by using low-temperature Fourier
transform infrared difference spectroscopy and time-re-
solved Fourier transform infrared spectroscopy in the mid-
infrared (IR) region (Siebert et al., 1982; Maeda et al., 1992;
Weidlich and Siebert, 1993; Wolfgang et al., 1996; Di-
oumaev and Braiman, 1997; Rédig et al., 1999). Very
recently, the spectrally resolved IR emission of bR has
been reported (Terpugov and Degtyareva, 2001): under
steady-state photoexcitation, the majority of the observed
emission peaks in the mid-IR region have been attributed
to the retinal chromophore in the ground state and in the
K intermediate. However, no emission kinetics have been
reported. In the present study, we examined the time-
resolved emission in the mid-IR region for bR under
pulsed visible laser excitation. The observed results are
discussed in terms of the change of the retinal configu-
ration and the change of its amino acid environments
during the photocycle.
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EXPERIMENTAL
Sample

BR was isolated from the H. salinarium strain ET1001
according to a general procedure (Stoeckenius and Lozier,
1974), and suspended in H,O at pH 7. Samples suspended
in D,O were prepared by 6—7 times of centrifugation in
D,0 to replace H,O without further pH adjustment. Retinal-
removed bR, bacterioopsin (bO) was prepared by suspend-
ing hydroxylamine at pH 8 under yellow light irradiation,
according to a previous paper (Wu et al., 1991). Excess
hydroxylamine and bR were separated from bO by a few
times centrifugation with deionized water. Concentrated
sample suspension was fabricated into a pellet between two
CaF, windows with maximum optical density of ~1.0 in the
visible absorption spectrum for bR and 0.5 in the protein
amide bands for bO. The sample temperature was controlled
at 25°C by using a water/glycerol bathed thermostat (RTE-
100, Neslab Instruments Ltd., Newington, NH) and was
probed specifically near the sample by a thermal diode
probe (Fisher Scientific, Pittsburgh, PA).

Time-resolved emission measurement

The samples were optically excited at 532 nm by using a
nanosecond Nd:YAG pulsed laser (Quantum-Ray DCR-3,
Spectra Physics, Mountain View, CA), with pulse width of
10 ns and laser energy of 4—6 mJ/pulse at a repetition rate
of 10 Hz. A Mercury-Cadmium-Telluride (MCT) detector
(Kolmar Technologies, Conyers, GA) with an effective re-
sponse time of 20 ns equipped with a Magna-IR 860 Fourier
transform infrared spectrometer (Nicolet, Madison, WI)
(Wang and El-Sayed, 2001) was used to record the emission
from bR. This MCT detector gives a linear response with
respect to the incident infrared light intensity. The IR emis-
sion was recorded by using the ac-coupled output channel of
the MCT detector, in combination with three different ger-
manium-based IR band-pass filters in the ranges of 4000—
2000, 3200—600, and 2000—600 cm ™~ '. The emission spec-
tral region was further confined to >1000 cm™ ' by using
CaF, windows on which bR samples were made into pellet.
Averaged emission data were recorded directly by using a
500 MHz oscilloscope (Lecroy 9350A, Chestnut Ridge,
NY) with selected temporal resolutions of 20 ns, 100 ns, or
10 ws. Transient signals were averaged at least over 500
laser shots to improve the signal-to-noise ratio. Kinetics
data were further smoothed and analyzed by using Origin
(Microcal Software Inc., Northampton, MA).

RESULTS

Figure 1 shows the formation and relaxation of IR emission
from native bR at pH 7. Emission was recorded as an
averaged signal in the spectral region of 2000—1000 cm ™'
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FIGURE 1 IR emission from native bR at pH 7 in the spectral region of
2000-1000 cm ™', after pulsed laser excitation at 532 nm: () Emission
formation within the 450-ns time domain. (b) Emission relaxation in the
0-10-ms time domain.

It is found that the observed emission shows an apparent
rise time constant of ~22 ns (Fig. 1 a), which is comparable
to the MCT detector response time. The relaxation of emis-
sion can be fitted to a biexponential function with lifetimes
and relative amplitudes of 120 us (79%) and 3 ms (21%), as
shown in Fig. 1 b. To assign the origin of the observed IR
emission, different IR band-pass filters have been used in
our measurement. This is illustrated in Fig. 2, in which three
emission kinetics curves in the first 170-us time domain
have been shown by using three different IR band-pass
filters in the spectral regions of 3200—1000, 2000—1000,
and 4000—2000 cm !, respectively. As can been seen, al-
most no emission signal was observed in the 4000—2000
cm~ ! spectral region, and the majority of the IR emission is
observed only in the spectral region below 2000 cm .
Emission intensities in Fig. 2 are shown in arbitrary unit, no
normalization was carried out to compensate the difference
in the transmittance among these filters (the difference is
within 15-20% in their transmitted spectral region). The
difference in the emission intensity between the spectral
regions of 3200-1000 c¢cm™ ! (curve a) and 2000—1000
ecm~ ! (curve b) is solely due to the difference in the trans-
mittance between these two filters (the former has slightly
higher transmittance), because there is no signal at >2000
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FIGURE 2 Comparison of the IR emission from native bR in H,O in
three different spectral regions: (@) 3200-1000 ¢cm™'; (b) 2000—1000
em ™' and (c) 40002000 cm™'. The emission signal difference in the
intensity and in the spectral region clearly shows that the IR emission is
observed dominantly in the spectral region between 2000 and 1000 ¢cm ™'
(see text for detail).

cm™ '. In addition, we found that no IR emission from bO
was observed at all in the entire mid-IR region, including
below 2000 cm ™! (data not shown). Because it is known
that the photocycle no longer exists and bR loses it bioac-
tivity after the retinal is removed, this result indicates that
the observed IR emission signal from bR is associated with
the retinal, the protein and its photocycle. No emission
observed in bO also excludes the possibility that the emis-
sion from bR is related with any black-body radiation that is
associated with a few degrees bulk heating of the sample as
a result of laser, as one of the reviewers pointed out during
the reviewing process of this paper. However, one has to
point out that bO does not absorb visible light (532 nm) as
well as bR does.

Deuterium effects on the observed bR emission have also
been investigated in the present study. Figure 3 shows the
emission kinetics within the 170-us time domain for native
bR suspended in H,O (curve a) and D,O (curve b), in the
spectral region of 3200—1000 cm ™~ '. The result indicates no
significant difference in the emission relaxation between
H,0- and D,O-suspended bR, which indicates that the
observed emission does not result from vibration involving
exchangeable hydrogen (e.g., O-H, N-H or H,0).

The quantum yield of the observed IR emission has been
estimated as follows. The incident laser energy /), is 4
mlJ/pulse, with a focusing area of 0.5 cm? on the sample.
The overall resulted IR emission from bR (within the 2000—
1000 cm ™~ ! spectral range) was evaluated by integrating the
response of the MCT detector over time (up to 10 ms),
giving the noncalibrated integrated emission response R,y.
The response function of the MCT detector was calibrated
by modulating the IR beam (static IR beam from a standard
commercial globar IR source). The beam has been confined
to the 2000—1000 cm ' spectral range by using the same
band IR pass filter, with the similar focusing area on the
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FIGURE 3 A comparison of the IR emission relaxation within the
170-pus time domain: (a) native bR in H,O at pH 7 and (b) native bR in
D,0 at pH 7. Emission spectra were collected within the spectral region of
3200-1000 cm ™! after laser excitation at 532 nm. The result indicates there
is no significant difference between the emission signal from H,O- and
D,O-suspended bR. This suggests that the bR emission is not due to
vibrations involving exchangeable hydrogen.

sample as the incident laser. An electronic chopper was used
at 100 Hz to create a transient IR pulse on the MCT IR
detector, to mimic the integrated transient IR emission
(Rig)- The calibrated emission intensity from bR (/,z) can
be obtained by using

RbR
= X —=.
h = I % (1)

This is based on the fact that the response of the MCT
detector is linear with the incident IR light intensity. Here,
I 1y is the modulated IR beam intensity (/;z = 0.15 mJ/pulse)
to give the emission Rz. Thus the quantum efficiency (P)
of the observed IR emission from bR is obtained by using

lor
P = T 2)

By using Eq. 2, a quantum efficiency of ® ~ 6 X 10 ¢ is
estimated as the lower limit for native bR at neutral pH.

DISCUSSION

The recent CW spectroscopic report (Terpugov and Degt-
yareva, 2001) assigned the emission to originate from reti-
nal in bR (i.e., all-zrans retinal), from the K-intermediate
(13-cis retinal), and from some amino acids. It is well
established that 40% of the excited all-frans bR is de-
excited via internal conversion process, i.e., by populating
hot vibrational levels of its ground electronic state. The IR
emission from bR could then result from the radiative
relaxation of some of these 40% of the electronically ex-
cited all-trans retinal molecules. The other 60% isomerize
to the 13-cis retinal and to form hot vibrational levels of the
13-cis form. This could give an emission signal in the
mid-IR region as it relaxes to the K intermediate. In fact, it
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FIGURE 4 The mechanistic diagram of the observed IR emission from
bR. A photostationary between all-frans and 13-cis and their overlap in the
visible spectral region allow the formation of K*, the electronically excited
K, from which the majority of the IR emission takes place.

was previously thought that J-intermediate has the 13-cis
form of retinal and is the hot vibrationally excited K (Schul-
ten and Tavan, 1978; Fodor et al., 1988; Dencher et al.,
1989; Haupts et al., 1997). If indeed the excited vibrational
levels of K formed from the electronically excited all-trans
retinal are responsible for the observed IR emission, the
emission decay time should correspond to the decay of J and
the rise of the K-formation (i.e., 3 ps). Because the observed
decay of the IR emission is on the micro- to millisecond
time scale, the assignment of J being hot vibrational K
cannot be correct. This argument supports the recent assign-
ment by Atkinson and coworkers (Ye et al., 1999a; Ujj et
al., 2000; Atkinson et al., 2000) that J is in the form of the
electronically excited all-trans retinal (and not 13-cis).

It is known that the electronic excited state of all-trans
retinal in bR and 13-cis in K establish a photostationary
mixture in the presence of exciting radiation. The K formed
in this manner would absorb the pump laser radiation to
form its excited electronic state. Internal conversion from
this state could lead to hot vibrational levels of K and thus
give the observed IR emission. We believe that this mech-
anism is dominant in accounting for the origin of the IR
emission (Fig. 4). This conclusion is based on the observed
lifetime of the emission. If a reasonable amount of the IR
emission is due to K formed nonradiatively during the
photocycle, the IR emission would have a component with
its lifetime corresponding to that of K, which is ~1-2 us.
This lifetime is determined by the rate of the K—L transition.
Because the observed IR emission is found to have lifetime
longer than 100 us (120 ws and 3 ms), it cannot be attrib-
uted to the K formed during the photocycle. This discussion
is based on the assumption that K formed during the pho-
tocycle and that formed from the internal conversion of its
excited electronic state have quite different vibration pop-
ulations and thus different modes of vibration relaxation. In
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other words, we need to distinguish between two types of
hot vibration of K. If it comes from bR during the photo-
cycle, it has a lifetime as long as 1 ws but not longer
(lifetime of K during the photocycle). However, if this K
absorbs a photon to form electronically excited K*, its
internal conversion will not necessarily lead to the L pho-
tointermediate (in fact some of the K will reisomerize back
to the all-trans form). Thus its lifetime is not determined by
the bR photocycle.

The mechanism we are proposing for the IR emission
from K is supported by the observation that the IR emission
intensity is sensitive to the exciting wavelength (Terpugov
and Degtyareva, 2001). In that study, it is shown that,
among many IR emission bands spectrally observed, two
bands at 1528 cm ™' (due to bR) and 1516 cm ™' (due to the
K intermediate) can be used to identify the origin of the
emission. It was shown that their relative intensities are
dependent on the excitation wavelength: 400—750-nm ex-
citation gives higher band intensity at 1528 cm ™', whereas
>550-nm excitation only gives higher band intensity at
1516 cm™'. This is more or less in line with the linear
absorption spectrum of bR (A,,,x ~ 568 nm) and K (A, ~
590 nm). We believe that changing the amount of the
overlap between the exciting wavelength and the absorption
spectrum of K could change the amount of the emission
from the K intermediate in two ways. First, it can change the
composition of K and bR in the photostationary mixture.
Second, it can change the value of the absorption coefficient
and thus the amount of radiatively excited K and thus the
density of the hot vibrational level in the K-ground elec-
tronic state.

The proposed mechanism for K emission suggests that its
intensity should depend on the square of the laser power.
Unfortunately, to observe the IR emission, pulse energies of
the several hundreds wJ are needed. It is possible that, at
these power levels, saturation sets in, preventing us from
detecting the quadratic dependence.

The IR emission resulting from the amino acids is due to
their excited-state vibrational levels. These can be popu-
lated either by vibration—vibration energy transfer from the
excited retinal modes, or from the retinal isomerization
process. During the retinal isomerization process, the pro-
tein—retinal configuration suffers a large change. As a result
of the Frank—Condon factors in the nonradiative process, it
is possible that a number of the bonds of the amino acids
that are strongly coupled to the all-frans retinal are left
vibrationally excited after the retinal isomerization process.
It is also possible that the few water molecules near retinal
change their configuration and their assembly with the
amino acids. This could result in vibrational excitation of
not only these water molecules but also their associated
amino acids. Because these effects are indirect, the amount
of energy converted into their vibration modes is expected
to be smaller than that left in the retinal system.
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The next question is regarding the observed rise and
decay times. The electronic-to-vibrational energy conver-
sion in both electronically excited all-trans or 13-cis retinal
occurs on the pico- to subnanosecond time scale. The ob-
served rise time is the time at which the decaying molecules
reach vibrational energy levels where the radiative process
(occurs on the ms time scale) begins to compete with the
nonradiative processes. The latter can occur as fast as pico-
seconds and as slow as seconds (e.g., for N,), depending on
the density of the vibrational state and the anharmonicity
factors. Both of these parameters decrease as the vibra-
tionally hot molecules relax from higher to lower energy
states. Thus, during the cascade processes involved in the
relaxation of the vibrational levels of the retinal (and the
amino acids), radiative processes become competitive and
begin to emit in the mid-IR region. The two decay compo-
nents on the us to ms time scale shown in Fig. 1 most likely
result from the statistical distributions of the vibrations that
have larger anharmonicity factors (which relax on the us
time scale) and those that are more harmonic with high
radiative probability and decay on the ms time scale. The
large numbers of IR emission peaks observed spectrally
(Terpugov and Degtyareva, 2001) could result from transi-
tion between excited vibrational levels having different
anharmonicity factors and of different vibrational modes of
all-trans and 13-cis retinal (and some of the amino acids). In
contrast, it is possible that the short-lived large component
is due to emission from the vibrationally excited retinal
moiety whereas the weak millisecond component is from
emission of excited amino acids (e.g., carbonyl groups).
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