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Photochemical hole burning has been observed at 1.5 K in bacteriorhodopsin (bR) and bovine rhodopsin at wavelengths spanning 
their lowest energy electronic absorption bands. Hole widths were -2500 cm-' full width at half-maximum (fwhm) in 
bacteriorhodopsin and -2400 cm-' fwhm in rhodopsin. The positions of the hole minima were insensitive to bum wavelength, 
indicating that minimal site selection occurs at 1.5 K. Simulations of the hole spectra were performed by using the vibronic 
and line width parameters derived from previous resonance Raman and absorption measurements. Experimental difference 
absorption spectra were analyzed by fitting them to a sum of the calculated hole spectrum plus the thermalized photoproduct 
spectrum. These simulated spectra satisfactorily reproduce the burn-wavelength dependence, vibronic features, and widths 
of the observed holes. The calculations also yield the magnitudes of the homogeneous and inhomogeneous line widths at 
1.5 K. In bacteriorhodopsin and rhodopsin, the inhomogeneous line widths deduced from resonance Raman experiments 
decrease from 1100 and 1800 cm-' fwhm, respectively, at room temperature to 470 and 700 cm-' fwhm at 1.5 K. This observation 
can be explained by a decrease in the fluctuations in chromophore-protein interactions which leads to a narrowing of the 
distribution of chromophore transition energies. Extremely broad homogeneous line widths of 1300 cm-' fwhm were determined 
for rhodopsin and bR at 1.5 K. The absence of a detectable narrow component in spectra burned and probed with 2-cm-' 
resolution agrees with previous kinetic measurements indicating that rhodopsin and bacteriorhodopsin isomerize on the 
excited-state surface in -200-500 fs. The observation that the holes are broad and diffuse is consistent with the -25-fs 
optical relaxation times predicted from resonance Raman intensity analyses. 

Introduction 
Rhodopsins are a class of pigments that mediate light-to-energy 

and light-to-information transduction. The visual pigment, rho- 
dopsin, is responsible for scotopic or night vision. It is a 41 000 
Da intrinsic membrane protein containing an 1 1 -cis-retinal 
prosthetic group bound to lysine-296 via a protonated Schiff base 
linkage.' Bacteriorhodopsin (bR) functions as a light-driven 
proton pump in the purple membrane of the bacterium Halo- 
bacterium h a l ~ b i u m . ~ . ~  It is a 26 OOO Da intrinsic membrane 
protein containing an all-trans-retinal chromophore attached to 
lysine-216. The primary photochemical event in both bacterio- 
rhodopsin and rhodopsin is a rapid isomerization of the retinal 
prosthetic group. Understanding the dynamics and structural 
changes associated with the excited-state chromophore isomeri- 
zation in these pigments is a problem of fundamental importance. 

Absorption of a photon by the light-adapted form of bacter- 
iorhodopsin is followed by a rapid isomerization of the all- 
trans-retinal chromophore to 13-cis (Figure 1). Analysis of 
resonance Raman cross sections provided evidence that the ho- 
mogeneous line width in bacteriorhodopsin is large and accounts 
for a considerable fraction of the absorption spectral width and 
diffu~eness.~,~ The large homogeneous line width suggests that 
the excited-state dynamics may occur on a subpicosecond 
timescale. Femtosecond absorption studies have shown that a t  
room temperature the chromophore torsionally distorts in the 
excited state in -200 fs and then forms the J intermediate in 
-500 fs.6,' Subsequent relaxation to K occurs in approximately 
3 PS.~-" Picosecond and low-temperature resonance Raman 

(1 )  Birge, R. R. Biochim. Biophys. Acta 1990, 1016, 293. 
(2) Mathies, R. A.; Lin, S. W.; Ames, J. B.; Pollard, W. T. Annu. Rev. 

Biophys. Chem. 1991, 20, 491. 
(3) Khorana, H. G. J .  Biol. Chem. 1988, 263,7439. 
(4) Myers, A. B.; Mathies, R. A. In Biological Applications of Raman 

Spectroscopy: Vol. I-Resonance Raman Spectra of Polyenes and Aromatics; 
Spiro, T. G.,  Ed.; Wiley: New York, 1987; p 1. 

(5) Myers, A. B.; Hams, R. A.; Mathies, R. A. J .  Chem. Phys. 1983,79, 
603. 

(6) Mathies, R. A.; Brito Cruz, C. H.; Pollard, W. T.; Shank, C .  V. Science 
1988, 240, 777. 

(7) Dobler, J.; Zinth, W.; Kaiser, W.; Oesterhelt, D. Chem. Phys. Lett. 
1988, 144, 215. 

spectroscopy have demonstrated that the K photoproduct is a 
13-cis 
In rhodopsin, the absorption of a photon triggers photoisom- 

erization of the 1 1-cis-retinal chromophore to a twisted all-trans 
intermediate called bathorhodopsin.'b20 The photochemical 
bleaching scheme of rhodopsin is shown in Figure 2. Picosecond 

and Raman23 studies indicate that the cis-trans 
isomerization occurs in <6 ps, while modeling of fluorescence 
quantum yield dataz4 suggests a 0.24.6-ps time scale for the 
reaction a t  room temperature. A recent room-temperature rea- 
onance Raman intensity study suggests that excited-state isom- 
erization to a 90° geometry may occur within 200 fseZ5 INDO 
calculations predict that 2 ps is a reasonable time for the a p  
prance of ground-state bathorhodopsin.% Thw studies indicate 
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and green photosynthetic reaction centers, antenna 
c~mplexes , '~ -~~ phy~ocyanin,~~ phy~oerythrin,'~ and synthetic 
model complexes.40 A related site-selection technique, fluores- 
cence line-narrowing spectroscopy, has also been used to study 
several heme  protein^.^^,^^ 

In this paper, we report photochemical holebuming studies of 
bovine rhodopsin and bacteriorhodopsin at 1.5 K. Simulations 
of the hole spectra using line width and vibronic parameters derived 
from resonance Raman e x p e r i m e n t ~ ~ * ~ ~ ~ ~  constitute a stringent 
check on the magnitude of these parameters and enable us to l a m  
more about the origin and temperature dependence of broadening 
mechanisms in the absorption spectra of the retinal pigments. The 
observation of broad holes lacking narrow zero-phonon features4' 
in both bacteriorhodopsin and rhodopsin is consistent with the large 
homogeneous contributions to the absorption bandwidth and fast 
excited-state dynamics predicted from resonance Raman and 
transient absorption measurements. In addition, we have found 
that the inhomogeneous line widths of both pigments are ap- 
proximately 2.5 times smaller at liquid helium temperature than 
at room temperature. This result suggests that the distribution 
of protein-chromophore interactions responsible for wavelength 
regulation decreases significantly as the temperature is lowered. 

Material and Methods 
Repmation of pigments. Bacteriorhodopsin was isolated from 

an overproducing strain of H.  halobium (ET1001) using proce- 
dures from ref 44. Further purification on sucrose gradients was 
required to remove carotenoids, which absorb in the 450-600-nm 
region and overlap with the lowest energy absorption band of bR. 
The purple membrane fragments were then suspended in a 
HEPES buffer/glycerol mixture (final concentration 50% glycerol 
v/v, 12 mM HEPES, 162 mM NaCl, pH 7.0) shortly before the 
experiment. The final sample concentration was 320 pM, esti- 
mated from the extinction coefficient of emax = 62 700 M-I cm-l. 

Rhodopsin was isolated from bovine retinas as described pre- 
viou~ly,"~ concentrated in Amicon membrane cones, and then 
diluted with glycerol (final concentration 50% glycerol v/v, 50 
mM phosphate, <0.5% Ammonyx-LO, <5 mM NH,OH.HCl, 
pH 6.8-7.0). The final sample concentration was 400 pM, cal- 
culated using an extinction coefficient of c,, = 40000 M-' cm-'. 

Isorhodopsin was prepared by regenerating bovine opsin with 
9-cis-retinal according to established procedures.45 Briefly, bovine 
rod outer segments were prepared as above, bleached in the light 
with hydroxylamine, and washed. The rod outer segments were 
incubated at room temperature for 1.5 h after adding a 3-fold 
excess of 9-cis retinal in - 10 ~ L L  of ethanol. The resulting iso- 
rhodopsin was column purified as described above. 

Hole-Burning Spectroscopy. For holebuming experiments on 
bR, samples were placed in an ice bath and light-adapted by 

Figure 1. Proton-pumping photocycle of bacteriorhodopsin. Subscripts 
denote absorption maxima. BR* and I,, are excited-state transients. 
The conversion of K to L is blocked below -140 "C, resulting in a 
photostationary steady-state composed of bRS6* and K. 
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Figure 2. Bleaching scheme of rhodopsin. Numbers in parentheses are 
absorption maxima at  liquid helium temperatures. Conversion of ba- 
thorhodopsin to lumirhodopsin is blocked below -140 'C resulting in a 
photostationary steady-state composed of 1 1-cis-rhodopsin, 9-cis-iso- 
rhodopsin, and all-trans-bathorhodopsin. 

that the excited-state isomerization dynamics are extremely fast; 
hence, the homogeneous component of the overall absorption width 
is expected to be large.27 

In both bR and rhodopsin, the initial excited-state photoisom- 
erization reaction proceeds with no apparent change at cryogenic 
temperatures. However, a t  such low temperatures subsequent 
activated reactions are blocked, effectively trapping the primary 
intermediate. This observation suggests that photochemical 
hole-burning spectroscopy can be used as a probe of the excit- 
ed-state dynamics of these pigments at low temperature. A recent 
photochemical hole-burning study of bacteriorhodopsin and its 
low-temperature photoproduct estimated that the homogeneous 
line width is -400 cm-' half width at half-maximum (hwhm) 
from the 800 cm-I hwhm hole width; however, contributions to 
the hole width from vibronic progressions were neglected.,* 
Photochemical and nonphotochemical hole-buming s@troscopies 
have been used previously to characterize the excited states of 
many chromophoreprotein complexes, including ba~ter iaP~-~I  
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Hole Burning in Rhodopsins 

exposure to room light for 5-15 min. The bR was then loaded 
into a sample cell composed of two glass slides separated by a 
300-400-pm spacer and placed in the dark for 5 min to allow the 
intermediates in the photocycle to relax to ground-state bR prior 
to cooling. The samples were cooled to 77 K by immersion into 
liquid N2 over a period of 15-30 s, producing clear glasses with 
minimal cracks. Residual liquid N2 was then removed under 
suction, and the 4He immersion dewar (Janis) was immediately 
filled with liquid He. The samples were protected from extraneous 
light during the entire cooling process to prevent undesired pho- 
tochemistry. The temperature was measured (accuracy of f0.05 
K) by monitoring the vapor pressure above the liquid He using 
a calibrated manometer (Validyne Engineering Corp.). For 
hole-buming experiments on rhodopsin, the procedure was similar, 
except the light-adaptation procedure was omitted. 

Photochemical hole-burning difference spectra were obtained 
in the following manner. The transmission was probed using light, 
chopped at 400 Hz, from a tungsten-halogen bulb that was passed 
through a 3/4-m double monochromator and detected with either 
a photomultiplier tube (Hamamatsu R928) operated at low 
cathode voltage or a Si avalanche photodiode (RCA C30956E). 
A fraction of the probe beam was split off before the sample to 
monitor lamp fluctuations, and the signal/reference intensity was 
measured using lock-in detection. The spectral resolution was 
-7 cm-] for low-resolution spectra and -2 cm-’ for high-reso- 
lution spectra, and the probe beam power was less than 30 
nW/cm2 at the sample. To ensure that the probe beam was not 
causing spectral changes, successive transmission scans were 
subtracted and compared at each burn wavelength prior to irra- 
diation of the sample with the burn laser. No evidence of pho- 
tochemistry by the probe beam was observed within the detection 
limits of -0.2% relative transmission change. Holeburning of 
the same sample at different wavelengths was performed by 
moving a tightly fitting, double-sided mask to a fresh (unburned) 
region of the sample. The transmission spectrum of each of these 
regions before hole burning a t  the new wavelength was found to 
be identical to the spectrum of the sample prior to any holeburning, 
confirming that only unmasked portions of the sample were ex- 
posed to the burn light. Each difference absorption spectrum 
(containing contributions from the hole and photoproduct spectra) 
was obtained using the transmission spectrum of the sample before 
[To(X)] and after [ Tb(X)] burning: 

&(A) = -log [ T b ( X ) / T O ( X ) I  (1) 

The absorption spectrum of the sample was obtained in a similar 
fashion using the preburn transmission spectrum and a frozen 
glycerol/buffer blank as reference. All spectra shown are the 
average of 2 or 3 scans. Bum wavelengths of 457.9,476.5,488.0, 
and 514.5 nm were produced with an Ar ion laser (Lexel Model 
95). Burn wavelengths of 572.0 and 604.4 nm were obtained from 
an Ar ion laser pumped cw dye laser (Coherent CR-599-21) 
containing rhodamine 6G; 543.5-nm light was obtained from a 
green He-Ne laser. Laser line widths were all <1 cm-’. The bR 
and rhodopsin hole-burning experiments were each repeated on 
two different sample preparations, and the results were repro- 
ducible to within the noise of the measurements. 

The dependence of the hole depth on burn time is shown in 
Figure 3. A plot of the maximum hole depth vs irradiation time 
(not shown) indicated that the absorption change is linearly de- 
pendent on fluence at short (<lo0 s) burn times. At longer bum 
times, formation of the photostationary steady State leads to 
saturation and minimal increase in the hole depth with burn time. 
To minimize reconversion of the primary photoproducts to the 
parent species or to secondary photoproducts, and still have 
sufficient signal-to-noise to detect any significant narrow features 
in the spectrum, the bum power and time were chosen to produce 
absorbance changes of 2-5% at the hole minima. For both of the 
pigments at all wavelengths, this corresponded to irradiation with 
a 10 rW/cm2, spatially homogeneous burn beam for approxi- 
mately 30 s. 

Photoproduct Spectra. At low temperature, the thermal decay 
of the photoproducts in bR and rhodopsin is blocked (Figures 1 
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Figure 3. Fluence dependence of the experimental difference spectra in 
bacteriorhodopsin (A) and rhodopsin (B). Bacteriorhodopsin was irra- 
diated at 572.0 nm and rhodopsin at 514.5 nm with 10 pW/cm2 for total 
burn times of 10,40, 70, 130, 180, and 480 s. 

and 2). The presence of this trap leads to complications due to 
the overlap of the photoproduct and hole spectra. This overlap 
is negligible in most photochemical hole-burning experiments 
because the photoproduct absorption spectrum is usually far re- 
moved in wavelength from the narrow hole spectrum. The overlap 
is extensive for bR and rhodopsin, however, because the very broad 
photoproduct spectrum is relatively close in wavelength to the very 
broad hole spectrum. The experimental difference spectrum 
M(X) is thus the sum of the hole spectrum H(X) and the pho- 
toproduct absorption spectrum P(X), weighted by the concen- 
trations and extinction coefficients of the ground-state and pho- 
toproduct species. The P(X) were obtained experimentally by 
irradiating bR or rhodopsin with broad-band blue light at 1.5 K 
until a photostationary state was produced. The compositions of 
the photostationary-state mixtures are known, allowing us to obtain 
the absorption spectra of the primary photoproducts by difference 
methods.46 Irradiation of bacteriorhodopsin with blue light a t  
77 K yields a photostationary state composed of bR (72%) and 
K (28%).47,48 (The 77 K composition was used for bR because 
the values at 1.5 K are not known.) At liquid helium temperatures, 
irradiation of rhodopsin with blue light produces a photostationary 
state composed of rhodopsin (29%), bathorhodopsin (56%), and 
isorhodopsin ( 15%).16349 The samples were irradiated a t  1.5 K 
with 100 mW/cm2 of light with 380 d X d 480 nm for bR and 
340 d A < 520 nm for rhodopsin until no further absorbance 
change could be detected (typically 30 min). Subtracting 72% 
of the prebleach bR absorption spectrum from the spectrum after 
bleaching yields the K spectrum shown in Figure 4A. Subtracting 
29% of the prebleach rhodopsin spectrum and 15% of an iso- 
rhodopsin spectrum (scaled to an absorbance 1.12 times that of 
rhodopsin) from the spectrum obtained after irradiation yields 
the bathorhodopsin spectrum shown in Figure 4B. Scaling of the 
isorhodopsin spectrum is necessary to account for the difference 
in extinction coefficients of rhodopsin and isorhodopsin at 1.5 K.50 
The 1.5 K absorption spectrum of isorhodopsin in a 50% (v/v) 
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TABLE I: Vibronic Freauencies and Displacements for Rhodopsin 
and Bacteriorbod~psin'~~~~~ 

bacteriorhodopsin rhodopsin 
mode, mode, 
cm-I A(1.5 K)' A(298 K) cm-' A(l.5 K)" A(298 K) 

187 0.77 0.85 98 72 (0.75)b 80 (0.82)b 
266 
284 
402 
452 
497 
529 
557 
830 
843 
882 
959 

1008 
1170 
1201 
1215 
1253 
1273 
1304 
1321 
1333 
1349 
1379 
1448 
1457 
1527 
1580 
1600 
1640 

0.41 0.46 
0.21 0.23 
0.26 0.29 
0.16 0.18 
0.13 0.14 
0.1 1 0.12 
0.16 0.18 
0.14 0.16 
0.12 0.13 
0.17 0.19 
0.14 0.15 
0.38 0.42 
0.38 0.42 
0.34 0.38 
0.25 0.28 
0.15 0.17 
0.18 0.20 
0.13 0.14 
0.15 0.17 
0.07 0.08 
0.18 0.20 
0.08 0.09 
0.12 0.13 
0.12 0.13 
0.63 0.70 
0.14 0.15 
0.12 0.13 
0.19 0.21 

135 
249 
262 
336 
46 1 
809 
824 
859 
970 
999 

1018 
1189 
1215 
1238 
1268 
1318 
1359 
1389 
1432 
1442 
1549 
1581 
1609 
1659 

207 (1.54)b 
160 (0.63)b 
213 (0.81)b 
117 (0.35)* 
102 (0.22)b 

0.13 
0.15 
0.13 
0.46 
0.13 
0.29 
0.13 
0.32 
0.37 
0.35 
0.20 
0.18 
0.17 
0.22 
0.23 
0.80 
0.20 
0.27 
0.25 

225 (1.67)b 
174 (0.70)b 
231 (0.88)b 
127 (0.38)b 
11 1 (0.24)b 

0.14 
0.16 
0.14 
0.50 
0.14 
0.32 
0.14 
0.35 
0.40 
0.38 
0.22 
0.20 
0.18 
0.24 
0.25 
0.87 
0.22 
0.29 
0.27 

" A( 1.5 K) = C X A(300 K) where C is the linear scaling parameter 
and is given in Table 11. bFor these lines, the calculation was per- 
formed using the linear excited-state model.25 The excited-state slope 
fl /h is given in cm-l and the number in parentheses gives the equiva- 
lent harmonic surface displacement calculated using Aw = @ / h .  

glycerol/buffer glass (final concentration 50 mM phosphate, 
<OS% Ammonyx-LO, <5 mM NH20H.HCI, pH 6.8-7.0) was 
obtained as described above for rhodopsin. 

The absorption spectra of the photoproducts obtained from this 
decomposition procedure are in agreement with previously p u b  
lished results. The absorption maxima of K (& = 625 nm) and 
bathorhodopsin (&,,= = 540 nm) in this study are close to earlier 
measurements of K (A,,, = 628 nm) and bathorhodopsin (A,,, 
= 548 nm) absorption s p e ~ t r a . ' ~ ? ~ ~  The slight blue shift of rho- 
dopsin's photoproduct spectrum may be due to the different 
glycerol concentrations and buffer conditions used in the two 
studies. 

S i t i o n  of Absorption Spectra. To simulate the holeburning 
spectra we first calculated the absorption spectrum of bR or 
rhodopsin using the vibronic and line width parameters derived 
from resonance Raman measurements. The intensities of the 
rwnance Raman lines for a molecule depend on many of the same 
parameters as the absorption spectrum and provide a sensitive 

TABLE II: Lie Shape Parameters for Rhodopsin and Bacteriorhodopsin 
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Figure 4. (A) Absorption spectra of bR568 and K at 1.5 K for 320 pM 
bacteriorhodopsin in a 50% v/v glycerol/HEPES buffer glass. Sub- 
traction of 72% of the bR absorption spectrum from the bR + K spec- 
trum yields a pure K spectrum. (B) Absorption spectra of rhodopsin, 
isorhodopsin, and bathorhodopsin at  1.5 K for 400 pM rhodopsin in a 
50% v/v glycerol/phosphate buffer glass. Subtraction of 29% of the 
rhodopsin absorption spectrum and 15% of the isorhodopsin absorption 
spectrum from the rho + batho + is0 spectrum yields a pure batho- 
rhodopsin spectrum. Dashed lines are the calculated low-temperature 
absorption spectra of bRw and rhodopsin using the parameters of Tables 
I and I1 in eq 1. Discrepancies between the experimental and calculated 
absorption spectra on the high-energy side are due to scattering in bac- 
teriorhodopsin and a higher electronic state in rhodopsin. 

means for determining the relative contributions of homogeneous 
and inhomogeneous broadening to the spectral band shape! The 
magnitudes of the homogeneous and inhomogeneous broadening 
as well as the changes in geometry A along specific normal co- 
ordinates accompanying electronic excitation have been determined 
experimentally from self-consistent fits of room-temperature 
absorption and absolute resonance. Raman cross-section excitation 
profile data for bR and r h o d ~ p s i n . ~ ~ ~ ~ ~ ~  The results of these 
analyses are summarized in Tables I and 11. The ground-state 
absorption spectra of bR and rhodopsin were calculated using a 
timedependent wave packet propagation tezhnique that has been 
described previo~s ly .~-~-*~ In the Condon approximation, the 
absorption cross section is given by: 

4d@EL 
l7A = EPilmexp-[(Eo - (Eo))2/2e2] dE, X 

6h2cnW i 0 

where the summation is over initial vibrational states i, li) is the 
initial multimode ground-state vibrational wave function evaluated 
at time t = 0, li(t)) = e-(iHf/h)[i)  is this vibrational wave function 
propagated on the excited-state surface and His the excited-state 

homogeneous line inhomogeneous line 
widthC fwhm, cm-' widthd fwhm, cm-I A scaling parameter (C) 

1.5 K 298 K 1.5 K 298 K 1.5 K 298 K 
bacteriorhodopsin" 1300 1300 470 1100 0.90 1 .o 
rhodopsinb 1300 340 700 1800 0.92 1 .o 

OThe other parameters in the simulation for bacteriorhodopsin are transition length M = 2.52 A, refractive index n = 1.33, zero-zero energy Bo 
= 17000 cm-I, and homogeneous Lorentzian line width rl = 50 cm-' from ref 4. The dominant homogeneous broadening was modeled by a 50-cm-' 
mode with a linear dissociative excited-state potential surface having a slope 6 of 775 cm-l. This gives rise to a Gaussian homogeneous decay in the 
time domain exp[-(r,2t2/h2)] where rr2 = l(w2/16) + (f12/4)) and w is the ground-state frequency in cm-1.435 bFor the rhodopsin simulation, the 
parameters are M = 2.079 A, n = 1.33, and Eo = 18500 cm-I from ref 25. A Gaussian homogeneous decay function of the form exp[-(r,2t2/h2)] 
with rg = 100 cm-' was employed at room temperature and r8 = 400 cm-l at 1.5 K. CThe Gaussian homogeneous line widths re in eq 2 are related 
to the frequency domain fwhm values given in this table by Fourier transforming the Gaussian time decays yielding fwhm = [2(ln [2(ln 2)'/2r,]/ 
( rch) .  dThe standard deviations 0 of the Gaussian inhomogeneous line widths in eq 2 are related to the fwhm values given in this table by fwhm = 
2(2 In 2)'120. 
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vibrational Hamiltonian, ci is the initial vibrational energy, Eo is 
the variable zero-zero transition energy, and (Eo) its average, 
EL is the energy of the incident photon, M is the transition dipole 
length (in A), Pi is the fractional population of initial state i ,  n 
is the refractive index of the solvent, 0 is the inhomogeneous 
broadening standard deviation, and W = 9 ( 2 ~ ) ' / ~  is the nor- 
malization constant for the inhomogeneous distribution function. 

Two different homogeneous contributions to the absorption line 
shape are indicated in eq 2. First, the explicit Franck-Condon 
activity is expressed in the ( i l i ( t ) )  term. At early times ( i l i ( t ) )  
decreases due to the motion of the multimode vibrational wave 
packet l i ( t ) )  away from the Franck-Condon geometry on the 
excited-state potential surface. Physically, the multimode overlap 
( i l i ( t ) )  depends on the displacement A in equilibrium nuclear 
coordinatess1 between the ground and excited electronic states 
along the various normal coordinates; the initial decay of the 
overlap becomes more rapid as the displacement increases. For 
most molecules, ( i l i ( t ) )  is periodic, giving rise to the familiar 
vibronic structure in the absorption spectrum. In systems like bR 
and rhodopsin that undergo rapid photochemistry, the long-time 
recurrences of particularly the low-frequency modes are suppressed 
and the decay of ( i l i ( t ) )  is dissipative. For a linear excited-state 
potential, the decay of ( i l i ( t ) )  is nearly Gaussian in time.4.s The 
Fourier transform of this time decay leads to a Gaussian homo- 
geneous spectrum in the frequency domain. Details of the methods 
for the evaluation of (4 i ( t ) )  have been described previously." The 
second homogeneous contribution to the absorption spxtrum is 
C( r ) ,  which is a phenomenological homogeneous decay function. 
Unimolecular stochastic decay processes are often well-described 
by an exponential time decay, L(t) = exp[-(I',r/h)], leading to 
a Lorentzian homogeneous line shapes2 with a fwhm of Aubomo 
= (r1/rh). For rhodopsin and bR, previous resonance Raman 
measurements indicated that a Gaussian decay, G(t) = exp- 
[-(I'gt/h)2], was necessary in order to account for both the ab- 
solute Raman cross sections and the absorption line It 
is important to note that the overall homogeneous line shape 
contains contributions from (ili(t)), which can be rapid and 
dissociative for a reactive excited-state potential surface, and from 
the phenomenological Gaussian decay, which can be attributed 
to vibronic dephasing, ultrafast electronic relaxation, or modes 
with large A's and low frequencies that are not observed in the 
resonance Raman spectrum.25 

The expression for the absorption cross section is a convolution 
of the single-molecule absorption spectrum, given by the inte- 
gration over time in eq 2, with an inhomogeneous site distribution 
function, given by the integration over Eo in eq 2. The inho- 
mogeneous broadening is modeled by a Gaussian distribution of 
(0,O) energies with a standard deviation4 0. 
Simulation of Hole-Burniag Spectrr. The single-molecule a b  

sorption spectra for bR and rhodopsin were calculated as in eq 
2 using the vibronic and line width parameters given in Tables 
I and 11. Simulated hole spectra were generated by Yburningn 
the absorption at each site [discrete (0,O) transition energy]. The 
effect of burning is to decrease the absorption of the single- 
molecule spectrum at each site n by depleting the population with 
that transition energy by an amount proportional to its absorbance 
at the bum wavelength. The postburn, single-site absorption for 
site n is then 

Ab,, = AOJI exp(-7kn) (3) 
where 7 is the burn time, A, ,  is the preburn absorption of site 
n, and k, is the rate of bleaching of site n. The rate of photo- 
bleaching is 
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where 4 is the isomerization quantum yield, u,(X) is the magnitude 

(51) A is the displacement in dimensionless normal coordinates; the 
transformation to Cartesian coordinates x is A = x(w/h) '12 ,  where p is the 
reduced mass of the oscillator and o its frequency. 

(52) r l / h  is equivalent to 1/T2 in the exponential decay L(r) = exp[r/ 
Tz] .  The fwhm r l / d  corresponds to the familiar relation A v h o  = l/rT2. 
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Figme 5. Experimental (-) and calculated (- - -) difference spectra for 
rhodopsin. The spectra were obtained by irradiating the sample with 10 
rW/cm* of (A) 457.9, (9) 488.0, (C) 514.5, and (D) 543.5-nm light for 
30 s at the positions indicated by the vertical arrows. Simulations of the 
difference spectra were performed as described in the text using the 
parameters in Tables I and 11. 
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Eigure 6. Experimental (-) and calculated (- - -) difference spectra for 
bacteriorhodopsin. The spectra were obtained by irradiating the sample 
with 10 pW/cm2 of (A) 476.5, (9) 514.5, (C) 572.0, and (D) 604.4-nm 
light for 30 s at the positions indicated by the vertical arrows. Simula- 
tions of the difference spectra were performed as described in the text 
using the parameters in Tables I and 11. 

of the absorption cross section, and Ib(X) is the intensity of the 
burn beam. The calculated hole spectrum H,,,(X) is then the 
difference between the calculated burned and unburned absorption 
spectra. This approach to simulating the hole spectra is similar 
to the method described by Friedrich et alas3 The experimental 
difference absorption spectrum M(X) was fit to a sum of the 
calculated hole spectrum HmIc(X) and the experimental photo- 
product spectrum P(X) using a linear least-squares fit of the 
equation 

( 5 )  
where (I and b are the fitting parameters. This model assumes 
that the only species present in the difference spectra are the 
residual parent and primary photoproduct. The presence of an 
isoabsorptive point in the difference spectra of bR and rhodopsin, 
as shown in Figure 3, is consistent with the presence of only two 
interconvertible species. In addition, for the small burns used in 
these experiments, in which only 2-5% of the molecules are 
photoaltered, the fraction of photoproduct molecules that rei- 
somerizes is only 0.04-0.3%. We note that the above analysis is 
rigorously correct only if the line shapes of the photoproducts 

W X )  = 4aP(X)  + ffcaIc(X)l 

(53) Friedrich, J.; Swalen, J. D.; Haarer, D. J .  Chem. Phys. 1980,73,705. 
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produced by broad-band and narrow-band irradiation of the parent 
compounds are identicals4 and if the photochemical quantum yield 
is wavelength-independent. 

ReSults 
The experimental hole spectra for rhodopsin and bacterio- 

rhodopsin are shown in Figures 5 and 6 for a variety of burn 
wavelengths spanning their absorption bands. Hole widths are 
-2400 cm-l full-width at half-maximum (FWHM) in rhodopsin 
and -2500 cm-' FWHM in bacteriorhodopsin. The positions 
of the hole minima in rhodopsin change by only -270 cm-l for 
a range of burn wavelengths from 457.9 to 543.5 nm (a range 
of 3440 cm-I). In bacteriorhodopsin, the hole position changes 
by - 120 cm-' for burn wavelengths from 476.5 to 604.4 nm (a 
range of 4441 cm-I). The difference spectra of bacteriorhodopsin 
also exhibit partially resolved vibronic structure with an ap- 
proximately 1500-cm-' spacing between features, corresponding 
to the 1527-cm-l C=C ethylenic stretch. No vibronic features 
are evident in the hole spectra of rhodopsin, although the Raman 
cross section of the ethylenic stretch at 1549 cm-I in rhodopsin 
is similar to that of the 1527-cm-I band in bR. 

Initial calculations of the absorption and hole spectra using the 
room-temperature resonance Raman parameters resulted in sim- 
ulated difference spectra which did not reproduce the experimental 
spectra. The simulated hole positions were too dependent on the 
burn wavelength, and the calculated hole spectra for rhodopsin 
exhibited vibronic structure which was not observed in the ex- 
perimental spectra. Because of these discrepancies, it was nec- 
essary to adjust the overall scaling of the A's and the line-width 
parameters r and 8 to simultaneously reproduce the experimental 
1.5 K absorption and difference spectra. (The vibrational fre- 
quencies and the relative magnitudes of the A's were not changed 
from their room-temperature values.) These three parameters 
can be optimized separately because they affect the absorption 
and hole spectra differently. The A scaling factor C affects the 
width of the absorption spectrum, r contributes to the diffuseness 
of the hole and absorption spectra, and 8 determines the sensitivity 
of the hole spectrum to burn wavelength and contributes to the 
diffuseness of the absorption spectrum. For each set of r, 8, and 
C values, the absorption spectrum and the hole spectra at all four 
experimental burn wavelengths were calculated. The calculated 
hole spectra were combined with the experimental photoproduct 
spectrum and fit to the experimental difference spectra. The x2 
from the fits to the difference spectra were added to the scaled 
xz for the fit to the parent absorption spectrum to give a total x2. 
Iteration of this process for a wide range of r, 8, and C values 
yielded optimized parameters consistent with all experimental hole 
and absorption spectra. x2 generally increased by -10% for 
changes of -250-300 cm-l in the fwhm of the homogeneous and 
inhomogeneous line widths. The quality of the fits is significantly 
decreased for changes of 150-200 cm-' in these parameters. We 
therefore assign them an error of f200 cm-'. The simulated 
absorption and difference absorption spectra shown in Figures 4-6 
fit the experimental data quite well. The calculated absorption 
spectra correctly reproduce the vibronic features and band shape 
in bacteriorhodopsin and rhodopsin. The hole spectra simulations 
also correctly reproduce the vibronic features in bacteriorhodopsin, 
the absence of vibronic features in rhodopsin, and the weak 
burn-wavelength dependence of the hole spectra in both pigments. 
The largest errors in the fits are on the short-wavelength edges 
of all the spectra. These discrepancies are likely due to spectral 
overlap with higher lying excited states which have not been 
considered in the simulations. Wavelength-dependent scattering 
may also contribute to the increased absorption on the blue side 

The Journal of Physical Chemistry, Vol. 96, No. 2, 1992 Loppnow et al. 

(54) There is evidence from experiments on mixed crystals that photo- 
product ('antihole") spectra can be significantly narrower than equilibrium 
ground-state spectra. [Olson, R. W.; Lee, H. W. H.; Patterson, F. G.; Fayer, 
M. D.; Shelby, R. M.; Bumm, D. P.; Macfarlane, R. M. J .  Chem. Phys. 1982, 
77,22831. In the present experiments, such site selection was not observed. 
The broad-band bleach spectra and the difference spectra obtained under 
hole-burning conditions were found to be nearly indistinguishable in the 
regions of the photoproduct absorptions, which was taken as justification for 
the decomposition method described by eq 5. 
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Figure 7. High-resolution difference absorption spectra of (A) bacter- 
iorhodopsin and (B) rhodopsin. Bacteriorhodopsin was irradiated with 
10 pW/cmz at 604.4 nm and rhodopsin was irradiated with 10 pW/cm2 
at 543.5 nm. The three curyes show AA after burning for 0,30, and 300 
s. A linear background has been subtracted from each spectrum to 
facilitate display and the arrows indicate the burn wavelengths. 

of the experimental absorption spectra. 
The final low-temperature parameters are compared with the 

room-temperature values in Table 11. To account for the burn- 
wavelength independence of the holes, the inhomogeneous line 
width in bacteriorhodopsin was decreased from 1100 cm-' at 298 
K to 470 cm-' fwhm at 1.5 K. In rhodopsin the inhomogeneous 
width was decreased from 1800 cm-' at 298 K to 700 cm-' at 1.5 
K. It was necessary to increase the homogeneous line width of 
rhodopsin from 340 cm-' at 298 K to 1300 cm-' fwhm at 1.5 K. 
At room temperature, thermal excitation of the low-frequency 
modes contributes members to the ensemble average that exhibit 
faster decay of their torsional ( i l i ( t ) ) .  If this were a dominant 
contribution to the homogeneous line shape, then cooling the 
sample should result in increased resolution and a narrower hole 
because the torsional degrees of freedom are no longer thermally 
excited. It is striking that the hole shape in rhodopsin does not 
sharpen at low temperature, and this is mirrored by the large 
homogeneous line width necessary to model the 1.5 K data (Table 
11). One possibility is that the dominant homogeneous decay 
mechanism changes between room temperature and 1.5 K. This 
explanation is inconsistent with the temperature independence of 
the primary photochemistry. A second more likely possibility is 
that the 13OO-cm-I homogeneous Gaussian decay process is active 
at both temperatures and the effect of the thermally excited low 
frequency modes does not in fact dominate the room-temperature 
homogeneous line shape. This suggests that the previous analysis 
of the resonance Raman inten~i t ies~~ should be redone using the 
more physical model for the Gaussian decay that is introduced 
below. It is also possible that the homogeneous line width deduced 
from our analysis may be affected if the A and o for the coupled 
modes change appreciably between room temperature and 1.5 K, 
since room-temperature A's and w's were used in the analysis of 
the low-temperature absorption and hole-burning spectra. No 
analogous increase in I' was required to fit the bR data. Finally, 
the A scaling factor C was decreased by - 10% from room to low 
temperature for both pigments. This is within the experimental 
error reported for the room-temperature measurement and is not 
considered to be physically significant!-5*25 

Narrow zero-phonon holes with widths in the range 0.001 to 
1 .O cm-' and which are centered at the bum wavelength have been 
observed at  low temperature for a large number of molecules in 
crystalline, polymer, and protein matrices (see refs 55-57 for 

( 5 5 )  Small, G. J. In Spectroscopy and Excitation Dynamics of Condensed 
Molecular Systems; Agranovich, V. M., Hochstrasser, R. M., Eds.; North 
Holland: Amsterdam, Netherlands, 1983; p 515. 

( 5 6 )  Friedrich, J.; Haarer, D. Angew. Chem., Int. Ed. Engl. 1984,23, 113. 
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reviews). We probed for narrow holes in bacteriorhodopsin and 
rhodopsin by carefully measuring difference absorption spectra 
in a 100-cm-I region on either side of the burn wavelength with 
2-cm-l spectral resolution. Although this resolution would be too 
poor for the accurate measurement of hole widths in most systems, 
it does not pose a problem in these experiments. Since the ex- 
cited-state lifetimes in bR and rhodopsin are both 6 6  ps, the 
minimum hole width permitted by the uncertainty principle is 
approximately 2 cm-' or greater. The results are shown in Figure 
7 for bR burned at 604.4 nm and for rhodopsin burned at 543.5 
nm. No narrow holes were observed in the difference spectra of 
either pigment within the detection limits of 0.2% relative ab- 
sorbance change. Burning at longer wavelengths in bR or rho- 
dopsin would be a useful experiment; however, this is not possible 
because of complications resulting from the large spectral con- 
tributions from  photoproduct^.^^ 

Discussion 
Excited-State Dynamics in Rhodopsins The observation of very 

broad photochemical holes lacking narrow features at the burn 
wavelength in bacteriorhodopsin and rhodopsin is consistent with 
previous resonance Raman intensity and transient absorption 
measurements which indicate that there is an extremely rapid 
photoisomerization in these pigments. Analysis of the resonance 
Raman intensities of bacteriorhodopsin demonstrated that the large 
absorption band width and diffuseness arise from progressions in 
many vibrational modes, each of which is broadened by a - 1300 
cm-' FWHM homogeneous line width! In bacteriorhodopsin, 
the large homogeneous line width is presumed to arise from 
geometric distortions along dissociative torsional coordinates and 
concomitant electronic structure alterations. Consistent with the 
resonance Raman intensity analysis, femtosecond absorption 
experiments on bacteriorhodopsin provided evidence for torsional 
departure from the Franck-Condon region on a 200-fs time scale? 
These torsional degrees of freedom were directly observed in the 
resonance Raman spectrum of rhodopsin, and analysis of their 
intensities suggested that torsional departure from the Franck- 
Condon region occurs in tens of femto~econds.~~ Thus far, no 
direct, time-resolved measurement of the cis-trans isomerization 
in rhodopsin has been reported. The large homogeneous line 
widths for rhodopsin and bacteriorhodopsin derived from the 
resonance Raman intensity analysis coupled with strong 
Franck-Condon activity in many modes suggest that photo- 
chemical holes in these molecules should be very broad. Our 
observation and satisfactory modeling of the 2400-2500-cm-' 
fwhm hole widths in bacteriorhodopsin and rhodopsin confirms 
the line width parameters indicated in the resonance Raman 
intensity and femtosecond absorption studies and are consistent 
with a 200-500-fs time scale for the isomerization of the retinal 
chromophore. We emphasize that the overall hole width is not 
simply related to the isomerization time for bR or rhodopsin. It 
is the absence of detectable narrow zero-phonon holes in the 
difference spectra that is inconsistent with electronic lifetimes that 
are longer than -200-500 fs (vide infra). 
Zero-Phonon Hole Intensity. For a two-level system, the ho- 

mogeneous line width I' of an electronic transition is related to 
the total dephasing time T2 of the excited-state levelsg as: 

r (cm-I) = l /(?rcT2) = [1/(2?rcT,)] + [ l / ( r c T , * ) ]  (6) 

where TI is the excited state lifetime, T2* is the pure dephasing 
time, c is the speed of light, and r is the homogeneous line width 
(fwhm) in cm-I. In the limit that the zero-phonon hole width is 

(57) Volker, S. Annu. Rev. Phys. Chem. 1989, 40, 499. 
(58) In photochemical holeburning studies of the primary electron donor 

in photosynthetic reaction centers, it has been empirically and theoretically 
demonstrated that the amplitude of the zero-phonon hole relative to the 
phonon sideband hole increases as the bum wavelength is tuned to the red edge 
of the absorption spectrum (see refs 64 and 75). In proportion to the ab- 
sorption spectra, our red-most burn wavelengths in bR and rhodopsin are as 
far on the low-energy side of the band as the burn wavelengths which yielded 
narrow zero-phonon holes in reaction centers. 

(59) Sargent, M., 111; Scully, M. 0.; Lamb, W. E., Jr. Loser Physics; 
Addison-Wesley: Reading, MA, 1974. 
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negligible compared to the inhomogeneous width, the hole width 
is simply twice the homogeneous line width.6O Extremely broad 
hole widths may thus result from ultrafast excited-state dynamics. 
For systems like bR and rhodopsin, the two-level system ap- 
proximation is not valid because the vibronic progressions in the 
many modes which are coupled to the electronic transition will 
also contribute to the hole line shape. In this case the single- 
molecule absorption spectrum, and by extension the hole width, 
is not simply related to the total dephasing rate of the excited state, 
but rather is determined by the contour of Franck-Condon profiles 
for all of the coupled phonon and vibrational modes, each of which 
is broadened by an amount proportional to its total dephasing rate. 
Normally, both a narrow zero-phonon hole and a broader phonon 
sideband are observed in hole-burning spectra; the observation 
of a single broad feature in the rhodopsin and bacteriorhodopsin 
hole burning precludes such an obvious assignment. 

Below we present a calculation of the expected relative inte- 
grated intensity of the zero-phonon component of the hole and 
the component due to vibronic progressions using the known 
vibronic displacements for these molecules (Table I). Our goal 
is to explore whether there might be a narrow zero-phonon hole 
in rhodopsin or bR whose amplitude is too small to be observed. 

The factors which determine the relative areas under the 
zero-phonon line, I,, and the phonon sideband, I in absorption 
spectra have been quantitatively described in tRk context of a 
simple configuration coordinate mode1.61*62 If the ground and 
excited-state surfaces are considered harmonic, and Duschinsky 
rotations and frequency changes are neglected, then the intensity 
of each vibronic band in a molecule can be expressed as the 
appropriate product of the individual Franck-Condon factors for 
all of the modes in the molecule. The 0 Franck-Condon factor 
for each mode i is given by exp (-Si) where 

where Si is the Huang-Rhys facto#' and 4 was defined previously. 
The intensity of the pure 0-0 transitions, in which there is no 
vibrational or phonon excitation in any mode accompanying 
electronic excitation, is thus exp(-StOuI) where Statal = E$,. At 
zero temperature, the Debye-Waller factor a is given by62963 

(8) 

In the context of holeburning, model calculations have predicted 
that the zero-phonon hole and phonon sideband hole intensities 
are related by a 'hole-burning" Debye-Waller factor of approx- 
imately e~p(-2S,,,~).~~ For bR, the total S calculated from eq 
7 and the A's in Table I is 1.06, implying that the zero-phonon 
hole will comprise approximately 12% of the total hole intensity. 
If the electronic T2 for the excited state of bR were 500 fs or 
longer, then the amplitude of the zero-phonon hole (with width 
620  cm-' fwhm) would be larger than that of the -2500 cm-I 
fwhm sideband hole. The much stronger coupling in rhodopsin 
(Statal = 2.96) leads to a predicted zero-phonon hole with 0.2% 
of the total hole intensity. The amplitude of a 20-cm-' zero-phonon 
hole in this case would be approximately 20% of the maximum 
amplitude of the vibronic sideband hole, clearly observable given 
the signal-to-noise ratio of our data. We conclude from this 
analysis that the homogeneous line widths in these systems must 
be considerably greater than 20 cm-I. The absence of any ob- 
servable narrow feature at the burn wavelength in any of the 

Si = Y2A? (7) 

a = 4 / U Z  + Ip) = exP(-S,otaI) 

de Vries, H.; Wiersma, D. A. J.  Chem. Phys. 1980, 72, 1851. 
Huang, K.; Rhys, A. Proc. R.  Soc. 1950, A204,406. 
Wee, M. H. L. In Phonons; Stevenson, R. W. H., Ed.; Plenum: New 

York, 1966. 
(63) Fitchen, D. B.; Silsbee, R. H.; Fulton, T. A.; Wolf, E. L. Phys. Rev. 

Lett. 1963, 1 1 ,  275. 
(64) (a) Hayes, J.  M.; Small, G. J. J .  Phys. Chem. 1986, 90, 4928. (b) 

Hayes, J.  M.; Gillie, J. K.; Tang, D.; Small, G. J. Biochim. Biophys. Acta 
1988, 932, 287. This analysis indicated that the relative magnitude of the 
zerephonon hole is exp(-2S) only when the burn wavelength is in the vicinity 
of the maximum of the inhomogeneous distribution function. The zerephonon 
hole increases in intensity relative to the broad sideband hole as the burn 
wavelength is shifted to the red. In the present experiments, the burn 
wavelengths bracketed the peak of the inhomogeneous distribution for bR and 
rhodopsin, so the exp(-2S) approximation is valid. 
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holeburning spectra strongly supports the extremely rapid optical 
relaxation times predicted for bR and rhodopsin from the analysis 
of resonance Raman intensities. Based on these two independent 
measurements, we conclude that the possibility of narrow ho- 
mogeneous line widths in these systems can be confidently rejected. 

Several factors may contribute to the breadth of the observed 
holes and the inability to observe zero-phonon holes. First, there 
may be very low frequency, strongly coupled modes that were not 
observed in the resonance Raman experiments. The effect of such 
modes would be to decrease the expected zero-phonon hole in- 
tensity. However, for the signal-to-noise ratio of the holeburning 
data in Figures 5-7, the total Huang-Rhys factors in bR and 
rhodopsin would have to be greater than about 4.2 in order for 
a 20-cm-l fwhm zero-phonon hole to remain unob~erved.~~ 
Furthermore, if such low-frequency modes were dominant they 
would result in a strongly temperaturedependent line width with 
a much reduced value at 1.5 K. If anything, the opposite behavior 
is observed. Second, site intemnversion occurring on the time 
scale of holeburning experiments (many minutes) also contributes 
to the homogeneous line width measured in holeburning experi- 
ments;66 however, these broadening effects due to *spectral 
diffusion” are typically fractions of a wavenumber at  1.5 K, an 
amount which is negligible compared to the widths of the holes 
observed in the present study. In addition, the fact that narrow 
(less than 1 cm-l fwhm) zero-phonon lines are observed in many 
protein-chromophore c o m p l e x e ~ ~ * ~  suggests that site intercon- 
version rates are not anomalously fast in protein matrices. It is 
unlikely then that the extremely broad holes observed in bR and 
rhodopsin can be attributed to extremely rapid site interconversion 
rates. Finally, the large homogeneous line widths in bR and 
rhodopsin should further obscure possible structure in the hole 
spectra. The calculated difference spectra shown in Figures 5 and 
6 represent the synthesis of all of these effects. 

Physical Interpretation of the Homogeneous Width. For a 
complete understanding of the photophysical dynamics of rho- 
dopsins, we must elucidate the physical origin of the phenome- 
nological Gaussian decay process G(t) .  One possibility is that 
this decay is due to a number of low-frequency torsional modes 
that are highly displaced and whose ground-state vibrational 
frequencies are too low to be observed in the Raman experiment. 
This explanation is appealing for these vibrationally complex 
systems, but it suffers from one critical flaw. As illustrated for 
rhodopsin, such low-frequency modes must be thermally excited 
at room temperature and their contribution to the absorption line 
shape must decrease dramatically as the temperature is reduced. 
In contrast to this prediction, the m r a f l  homogeneous line shapes 
in rhodopsin and bR are nearly temperature independent, and no 
significant sharpening occurs at 1.5 K. Thus, the broadening must 
come from some other temperature-independent mechanism. This 
broadening cannot arise from vibronic activity in displaced 
high-frequency modes because this effect has already been ex- 
plicitly accounted for. An appealing explanation is that the rapidly 
decaying G(r) is due to a change in electronic character as the 
chromophore undergoes torsional deformation. States with A8 
and B, character are known to lie very close to one another in 
rhodopsins,6’ and calculations by Dormans et a1.68 for simple 
polyene protonated Schiff bases have indicated that torsional 
distorsion can dramatically alter the mixing between these elec- 
tronic configurations. The rapid phenomenological Gaussian decay 
of 1300 cm-’ in both rhodopsin and bR could correspond to a rapid 
mixing of “AB character” into the initial “B,” state as the chro- 
mophore torsionally distorts. The Gaussian decay arises because 
the initial torsional displacement depends quadratically on time.4~~ 
In this case, the Condon approximation used to derive eq 2 is no 
longer valid, and the transition moment M cannot be removed 
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from the wavepacket overlap integral. Rather, this integral should 
be written (ilM(Q) exp[-iHr/h]M(Q)li) where the coordinate 
dependence of the transition moment is now explicit. In our 
analysis, the Gaussian G(t) is simply a convenient way of par- 
ameterizing the role of M(Q).  The large coordinate dependence 
of the electronic transition moment is another way to describe the 
vibronic dephasing of the wave packet discussed by Mathies et 
al. as one approaches a Landau-Zener electronic surface crossing? 
This picture is analogous to that recently used to explain the 
Gaussian homogeneous line shapes found in pericyclic photo- 
chemical  rearrangement^.^^ A strong coordinate dependence to 
the transition moment may also be revealed by looking for torsional 
modes which exhibit B-term e~~hancement.~ 

Temperature Depenaence of Inbomogewous Broadening. By 
comparing the previously measured room-temperature vibronic 
and line shape parameters for rhodopsin and bacteriorhodopsin 
with the results of the present 1.5 K hole-burning study, we have 
quantitatively evaluated the temperature dependence of these 
parameters. For both pigments, the inhomogeneous line width 
at low temperature is smaller than at room temperature (Table 
11). A model of inhomogeneous broadening in visual pigments 
attributes the differences in site energy to fluctuations in the 
protein-chromophore interactions responsible for wavelength 
regulation.70 There is a significant temperature dependence to 
the spectral sensitivity curves of the toad suggesting that 
these fluctuations are temperaturedependent. If the width of the 
inhomogeneous distribution is determined by the extent of these 
fluctuations, then it should be temperature dependent as well. 
Spectroscopic data on a wide variety of compounds72 also suggests 
that the inhomogeneous line width is determined by the distribution 
of available (Le. thermally accessible) guest-host geometries. The 
geometries which can be sampled depend on the motion of the 
guest and host. When the temperature is reduced the distribution 
of geometries is narrowed and the inhomogeneous width should 
be r e d u d ,  as observed. Interpreting the temperature dependence 
of the inhomogeneous line width in terms of dynamics may be 
complicated by two factors. First, the relevant timescale for 
resonance Raman scattering is much faster than that for hole 
burning. Therefore, those components of spectral diffusion which 
are slow relative to T2 may appear as inhomogeneous broadening 
in a resonance Raman experiment and as homogeneous broadening 
in a €toleburning experiment. Second, the rate of spectral diffusion 
may be temperature dependent. Thus motions which contribute 
to the inhomogeneous line width measured in a low-temperature 
resonance Raman measurement may appear as homogeneous 
broadening in the same measurement at high temperature. 
Resonance Raman cross-section measurements on bR and rho- 
dopsin at low temperature may provide further information on 
these questions. However, these complications do not affect the 
basic conclusion that the inhomogeneous line widths of bR and 
rhodopsin are much larger at room temperature than at low 
temperature. 

ReWmMpto Reriolls Work. While this work was in progres, 
an independent study of photochemical hole burning in bacter- 
iorhodopsin was reported by Lee et aLZ8 Their results are both 
quantitatively and qualitatively merent from those presented here. 
The hole widths in the earlier study were - 1600 cm-I fwhm, but 
no vibronic features were observed. Also, the expected photo- 
product absorption47 was absent in their difference spectra. Fwre 
3 in the present work illustrates that burning with 110 mW/cm2 
for 5 min (the fluence used in ref 28) should produce a photo- 
stationary steady state with a prominent photoproduct absorption. 
Finally, Lee et al. conclude from a line-shape analysis of the 
bacteriorhodopsin hole at one burn wavelength that the inho- 
mogeneous line width at low temperature is similar to that at room 
temperature. We have shown that there is a significant  owing 
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of the inhomogeneous line width as the temperature is lowered. 
The 5 order of magnitude greater burn fluences used by Lee et 
al. may account for these differences. 

Comparison with Photochemical Holes in Photosynthetic Re- 
action Centers. There are many similarities between the results 
reported here and previous hole-burning experiments on photo- 
synthetic reaction centers (RCS).*'~' In the latter experiments, 
MITOW band width excitation in the lowest energy absorption band 
of the primary electron donor P at 1.5 K in RCs from the bacteria 
Rb. sphaeroides and Rps. viridis resulted in the hole spectra with 
widths of 400-500 cm-I, or approximately 80-100% of the ab- 
sorption bandwidth. No narrow features at the burn wavelength 
were observed in the initial experiments. As in the present ex- 
periments, the broad holes were only weakly dependent on burn 
wavelength. Two different initial interpretations of these results 
were presented.29 It was noted that if the hole width were pri- 
marily determined by lifetime broadening, then a decay time of 
-20-200 fs for the initially excited state is p r e d i ~ t e d . ~ ~ , ~ ~  An 
alternative proposal, that the zero-phonon hole is suppressed and 
the hole is broad and diffuse due to changes in the equilibrium 
nuclear coordinates along one or more modes coupled to the 
electronic transition, was also con~idered.~~ Subsequent theoretical 
models related to the second proposal above considered the effects 
of strong coupling of low-frequency vibrations or phonons to the 
electronic excitation of P.62973 Recently, narrow zero-phonon holes 
of extremely small relative amplitude have been observed when 
the burn wavelength is tuned to the low-energy edge of the ab- 
sorption spectrum of the primary donor?' The width of these holes 
(- 10 cm-' fwhm) is, within the signal-to-noise, equal to the width 
expected for an electronic lifetime of - 1 ps, the low-temperature 
time constant for the initial electron-transfer reaction measured 
by transient ab~orpt ion .~~ In recent experiments these results 
have been confirmed.75 It was also found that the zero-phonon 
hole width decreases to approximately 1 cm-' fwhm in mutant 
reaction centers in which the initial electron-transfer rate slows 
to approximately 10 ps.75 Taken together, these results strongly 
suggest that the zero-phonon hole widths are determined by the 
excited-state lifetime in these RCs. In addition, the electronic 
dynamics can be separated from the vibrational dynamics in the 
RC by observation of the zero-phonon hole. In bR and rhodopsin 
the relative contributions of these two components of the dynamics 
to the homogeneous line width cannot be separated because the 
zero-phonon hole is so broad that it is not experimentally resolved 
from the vibronic sideband component of the hole. 

There are many interesting parallels between the primary 
photochemistry in reaction centers and the systems studied here. 
The vibronic coupling is unusually strong in these systems. 
Analysis of the absorption and hole line shapes in the RC suggested 
that the total Huang-Rhys factor for the P absorption band is 
large, -3.7,31375 and similar in magnitude to the coupling in 
rhodopsin, where the total S = 2.96. The observation of intense 
zero-phonon holes in a variety of large aromatic molecules indicates 
that such strong coupling is not present in most systems. The 
physical origin of the strong coupling in rhodopsin and RCs is 
still uncertain. The large nuclear displacements upon photoex- 
citation arise from a dramatic redistribution of electrons in the 
excited state which is correlated in these systems with a large 
change in the polarity between the ground and excited states. Both 
retina167*76 and the primary donor in RCs77-79 have large changes 
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in permanent dipole moment between their ground and lowest 
excited electronic singlet state. We are presently exploring the 
quantitative relationship between difference dipole moments and 
hole widths in synthetic model systems using a combination of 
hole-burning and Stark spectroscopies.80 Another interesting 
possibility is that the strong coupling has functional consequences 
in these systems. In rhodopsin, resonance Raman studiesz5 suggest 
that some of the coordinate displacements that occur upon elec- 
tronic excitation are along the same torsional degrees of freedom 
involved in isomerization. In the reaction center, the analogous 
question is whether the modes that are coupled to the absorption 
transition serve as promoting or accepting modes for the initial 
electron transfer. In other words, is the state that is formed upon 
absorption of a photon distorted along the reaction coordinate for 
electron transfer? Currently there is little mode-specific infor- 
mation available on the P band;7s however, a recurring consid- 
eration is the role of strongly coupled low-frequency mod- 
e ~ . ~ ~ , ~ ~ * ~ ~ , ~ ~ , ~ ~  As they have for the bR and rhodopsin systems, 
resonance Raman measurements on the P band may provide 
further insight into this aspect of the problem, and initial ex- 
periments in this direction have recently appeared.81,82 Finally, 
the possibility of coupling between the initially excited electronic 
state and a nearby state as discussed above for rhodopsins has 
also been considered in the context of R C S . ~ ~  

Conclusions 
Photochemical hole burning of bacteriorhodopsin and bovine 

rhodopsin has been performed at wavelengths throughout their 
lowest energy absorption bands. The observed broad holes were 
simulated using a wave packet propagation technique and the 
vibronic and line width parameters determined from previous 
analyses of resonance Raman intensities. The observation of 
-2500-cm-' hole widths with no evidence for narrow zero-phonon 
features in the two pigments is consistent with very rapid vibronic 
relaxation on a 10-100-fs time scale in these two systems, even 
at low temperature. The decrease in the inhomogeneous line width 
of bacteriorhodopsin and rhodopsin at low temperature from 1100 
to 470 cm-' and from 1800 to 700 cm-' fwhm, respectively, can 
be explained in terms of decreased fluctuations in protein-chro- 
mophore interactions. This study illustrates how photochemical 
holeburning and resonance Raman spectroscopies can be combined 
to obtain a detailed description of the sources of line broadening 
in these molecules. This combination of techniques should be 
generally applicable for investigating other strongy coupled mo- 
lecular systems. 

Note Added in Proof. A direct measurement of the cis-trans 
isomerization time in rhodopsin was recently reported.83 Con- 
sistent with the picture presented here, these 35-fs pump, 10-fs 
probe experiments demonstrate that the primary isomerization 
in vision is essentially complete in only 200 fs. 
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