
Direct Observation of the Pemtosecond Excited-State 
cis-tram Isomerization in Bacteriorhodopsin 

Pemtosecond optical measurement techniques have been used to study the primary 
photoprocesses in the light-driven transmembrane proton pump bacteriorhodopsin. 
Light-adapted bacteriorhodopsin was excited with a 60-femtosecond pump pulse at 
618 nanometers, and the transient absorption spectra from 560 to 710 nanometers 
were recorded from -50 to 1000 femtoseconds by means of 6-femtosecond probe 
pulses. By 60 femtoseconds, a broad transient hole appeared in the absorption 
spectrum whose amplitude remained constant for about 200 femtoseconds. Stimulated 
emission in the 660- to 710-nanometer region and excited-state absorption in the 560- 
to 580-nanometer region appeared promptly and then shifted and decayed from 0 to 
-150 femtoseconds. These spectral features provide a direct observation of the 13- 
wans to 13-ck torsional isomerization of the retinal chromophore on the excited-state 
potential surface. Absorption due to the primary ground-state photoproduct J appears 
with a time constant of -500 femtoseconds. 

F EMTOSECOND OPTICAL MEASURE- 

ment techniques with a time resolu- 
tion of -6 fs (1,2) provide a means 

of directly observing the temporal evolution 
of chemical reactions (3). These pulses were 
first used to study energy redistribution 
among vibronic levels of molecules in solu- 
tion with a dynamic hole-burning technique 
(4). The primary events in important photo- 
biological systems can also be studied with 
these techniques. This report describes the 
use of femtosecond optical absorption to 
directly observe the excited-state trans -+ c?j 
photoisomerization of the retinal prosthetic 
group within the energy-transducing pro- 
tein bacteriorhodopsin (BR). 

This protein, found in the purple mem- 
brane of Halobacterium halobium, is respon- 
sible for light-driven transmembrane proton 
pumping (5 ) .  A variety of experiments have 
argued that the initial photochemistry in- 
volves a 13-trans to 13-cis isomerization of 
the bound all-tram retinal protonated Schiff 
base chromophore (6, 7 )  (structure 1). 

There is considerable interest in determining 
the molecular mechanism of this photo- 
isomerization. Early picosecond optical 
studies suggested that the conversion of 
BR568 (Amax = 568 nm) to what was then 

thought to be the primary photoproduct K 
occurred in 11 ps (8). Shortly after this 
work, Ippen et al. (9) measured the forma- 
tion of a photoproduct within l ps. Later 
experiments, using pulses from 120 to 600 
fs in duration, demonstrated that a precur- 
sor to K (called J) forms in -500 fs and 
relaxes to K on a 3-ps time scale (10-13). 

To temporally resolve the excitation and 
subsequent photoisomerization of the 
BR568 chromophore it is necessary to study 
this transformation with 6-fs optical pulses. 
Because the spectral width of a transform- 
limited 6-fs pulse is extremely broad (useful 
measurement range -3700 cm-I), these 
pulses present the unique opportunity to 
observe the full spectral response of the 
system on this rapid time scale. These pulses 
are also faster than the ground-state recov- 
ery time, allowing us to perform dynamic 
hole-burning experiments to investigate de- 
phasing and energy relaxation. The deterrni- 
nation of the dynamics of these processes is 
especially important because fluorescence 
quantum yield studies (14), theoretical cal- 
culations (15), and resonance Raman inten- 
sity analyses (1 6, 17) have indicated that the 
time scales for torsional isomerization and 
excited-state relaxation in rhodopsins are 
extremely fast. 

The experimental apparatus used to per- 
form femtosecond time-resolved spectrosco- 
py on BR is similar to that used for conven- 
tional pump-probe experiments except that 
the probe pulse is approximately 6 fs in 
duration (1) and has a significantly broader 
bandwidth than the 60-fs pump pulse. The 

pump and probe pulses are derived from the 
same amplified 60-fs optical pulse having an 
energy of 1 p,J and a center wavelength of 
618 nm. The 6-fs probe pulse is formed by 
passing a portion of the initial pulse through 
a 12-mm length of optical fiber and then 
through a grating-pair compressor with 
prism compensation to accurately adjust the 
time position of the frequency components. 
The shortened probe pulse then passes 
through the excited sample to the spectrom- 
eter and diode array detector. Care is taken 
to compensate for group velocity dispersion 
in the optical path of the probe. The experi- 
ments are performed at a repetition rate of 8 
kHz. 

The light-adapted purple membrane sus- 
pension (optical density 0.37 for the 300- 
pm path length) was pumped through a 
nozzle at a sufficient velocity to ensure com- 
plete replacement of the sample between 
each pair of laser shots. The data were 
collected by means of a differential measur- 
ing technique. The pump beam was periodi- 
cally blocked by a shutter at a frequency of 
10 Hz, and transmittance spectra were accu- 
mulated according to the phase of the 
chopped pump beam. The time delay for the 
spectra was determined by an optical delay 
line controlled by a motor-driven translation 
stage. The integration time for a single 
spectrum was typically 30 s. 

The differential probe transmittance for 
pump-probe time delays between -54 and 
998 fs includes four distinct contributions 
(Fig. 1). The dominant feature is the broad 
hole that forms between 560 and 630 nm 
and reflects the bleaching of the BR568 
absorption band. Competing with this at 
short times, however, are a band of in- 
creased transmittance to the red of 650 nm 
and a strong band of increased absorption to 
the blue of 580 nm. The former'we attribute 
to stimulated emission from the excited elec- 
tronic state and the latter to excited-state 
absorption from S1 to S, (see Fig. 2). Both 
features have largely disappeared by 100 to 
150 fs, which therefore represents the "re- 
laxation time" of the optically prepared state 
(18). The excited-state absorption band at 
580 nm blue-shifts to <560 nm between 
-28 and 98 fs. Although some of this 
spectral evolution must be due to its overlap 
with the growing hole band, the latter is 
largely complete at 58 fs. A compelling 
interpretation is that this blue shift results 
from the excited-state torsional distortion of 
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the retinal chromophore before its radia- 
tionless return to the ground state. Finally, 
the appearance of a red absorption band 
between 222 and 998 fs results from the 
formation of the ground-state photoproduct 
J. 

The development of the hole spectrum 
between 560 and 630 nm deserves further 
comment. At early times (-54 to -28 fs) 
the bleach has the width and approximate 
position of the pump pulse. Later, another 
sharp feature forms near 590 nm and evolves 
into the broad, featureless band seen after 58 
fs. This short-time behavior, observed in 
other experiments, has recently been ex- 
plained as a manifestation of coherent cou- 
pling between the pump and probe pulses 
(19). Only after these pulses are temporally 
separated ( 2 5 8  fs) does the observed spec- 
trum reflect the homogeneous line shape 
(16) of the bleached absorption band. Inter- 
ference from the absorption of the excited 
state and of the primary photoproduct make 
it difficult to directly measure the homoge- 
neous line shape in this experiment. A more 
detailed analysis of the hole spectra based on 
the theory of (19) and the characterization 
of the BR568 S1 state obtained from reso- 
nance Rarnan intensities (16) is necessary 
(20) + 

The data in Fig. 1 reveal the details of the 
time course of the double-bond isomeriza- 
tion in BR. First, the stimulated emission 
signal appears promptly and relaxes back to 
baseline by -100 fs followed by the appear- 
ance of the J absorption from 200 to 1000 
fs. The time constant for the appearance of 
J is -500 fs, consistent with earlier measure- 

ments (9-13). The appearance of the J ab- 
sorption signal and the synchronous filling 
in of the hole at 568 nrn after the loss of the 
stimulated emission signal argues against the 
interpretation of J as an excited-state tran- 
sient (21). Furthermore, the 0.5-ps decay of 
the excited-state absorption (11) indicates 
that the disappearance of the stimulated 
emission signal is too fast to be due to 
electronic decay. The rapid attenuation of 
the stimulated emission signal is best attrib- 
uted to the -100-fs torsional distortion of 
the retinal chromophore on the excited-state 
potential surface, which shifts the emission 
to higher wavelengths (Fig. 2). From 100 to 
200 fs no emission signal is seen, suggesting 
that the chromophore has relaxed to a "90" 
twisted" geometry in the excited state, 
which has weak radiative coupling with the 
ground-state surface in the spectral region 
observed. 

The 580 -+ <560 nm blue shift of the 
excited-state absorption features from -28 
to 98 fs is also consistent with the idea that 
this is the time scale for excited-state tor- 
sional relaxation. As the chromophore dis- 
torts on the photochemically active surface, 
excited-state absorption to torsionally flatter 
surfaces will shift to the blue. This is entirely 
consistent with the observation of a strong 
excited-state absorption band at 460 nm in 
the 0.5-ps spectrum of Sharkov et  al. (11). 
The amplitude of the bleach, as indicated by 
the depth of the hole at -580 nm, is nearly 
constant from 28 to 220 fs, whereas the 
stimulated emission and excited-state ab- 
sorption signals evolve strongly from 0 to 
150 fs. This supports the idea that the 
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Fig. 1. Transient absorption spectra of light-adapted bacteriorhodopsin (BR568) at different delay times. 
The pump pulse at 618 nm (dashed line) had a duration of 60 fs, and the delayed probe pulses were 6 fs 
in duration. The pump pulse produced a bleach of -1%, and the signals were linear to a tenfold 
reduction in either the pump or the probe power. 

Reaction coordinate 

Fig. 2. Schematic ground- and excited-state po- 
tential surfaces for the double bond 13- 
trans + 13-cis isomerization in BR. The vertical 
arrows indicate the initial absorption, stimulated 
emission, and excited-state to excited-state ab- 
sorption processes. 

optical excitation is largely complete by the 
28-fs spectrum and that the temporal evolu- 
tion of the spectra from 28 to 150 fs pro- 
vides a direct observation of the excited-state 
photoisomerization process in BR. 

The broad hole (-1000 cm-') observed 
in the BR568 absorption at times 2 2 8  fs 
supports the interpretation of the excited- 
state optical properties of rhodopsins de- 
rived from resonance Raman intensities (16, 
17) and provides a means for the direct 
connection between time-domain and fre- 
quency-domain analyses of the homoge- 
neous line shape in BRS6& The electronic 
excitation in BR56* produces very large 
changes in the geometry of the retinal chro- 
mophore that drive it rapidly and perma- 
nently away from the Franck-Condon ge- 
ometry. This gives rise to a homogeneous 
line shape built up from extensive Franck- 
Condon progressions in multiple modes, 
each of which has a broad intrinsic homoge- 
neous line width (16, 17). We believe that 
this line width is due to "vibronic dephas- 
ing" caused by large changes in both the 
electronic and the vibrational properties as 
the chromophore torsionally distorts. The 
molecule is excited to an essentially dissocia- 
tive potential surface and, after a rapid initial 
distortion, experiences dephasing and 
strong radiationless coupling to the ground 
state, which prevent it from returning to the 
Franck-Condon region. The absence of os- 
cillations in the stimulated emission signal 
indicates the critically damped nature of the 
torsional isomerization. 

Note added in proq5 This work was first 
reported at the Second European Confer- 
ence on the Spectroscopy of Biological Mol- 
ecules, Freiburg, Federal Republic of Ger- 
many, 6 to 10 September 1987. Also, recent 
experiments on BR with 120-fs time resolu- 
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tion support the interpretation of the 
dynamics presented here (22). 
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The Nature of the Interior of Uranus Based on 
Studies of Planetary Ices at High Dynamic Pressure 

Data from the Voyager I1 spacecraft showed that Uranus has a large magnetic field 
with geometry similar to an offset tilted dipole. To interpret the origin of the magnetic 
field, measurements were made of electrical conductivity and equation-of-state data of 
the planetary "ices" ammonia, methane, and "synthetic Uranusy' at shock pressures 
and temperatures up to 75 gigapascals and 5000 K. These pressures and temperatures 
correspond to conditions at the depths at which the surface magnetic field is generated. 
Above 40 gigapascals the conductivities of synthetic Uranus, water, and ammonia 
plateau at about 20 (ohm-cm)-', providing an upper limit for the electrical conductiv- 
ity used in kinematic or dynamo calculations. The nature of materials at the extreme 
conditions in the interior is discussed. 

T HE VOYAGER I1 SPACECRAFT DATA 

showed that Uranus has a strong 
magnetic field, which can be de- 

scribed approximately by a dipole of mo- 
ment 0.23 G R:, where Ru is the planetary 
radius (25,600 krn). The dipole is centered 
at 0.3 Rrr and its axis is tilted 60" from the - 
axis of rotation. The maximum value at the 
surface is 1.1 G ( I ) ,  twice the value for 
Earth, and the minimum surface value is 0.1 
G. These unexpected and unusual Voyager 
data emphasize the need for laboratory mea- 
surements of planetary materials at interior 
conditions in order to derive planetary mod- 
els consistent with the observational data. 
We report new shock-wave electrical con- 
ductivity and equation-of-state (EOS) data 

for planetary "ices" and for a liquid with an 
atomic composition representative of a mix- 
ture of the "ices." Our electrical conductivitv 

i 

data provide density and temperature de- 
pendences up to 75 GPa (0.75 Mbar) and 
5000 K and provide an upper bound that 
can be used in kinematic and dynamo calcu- 
lations to explain the magnetic field. Labo- 
ratory data and theory also allow us to 
hypothesize on the nature of the interior. , L 

The composition of Uranus is estimated 
from the mass, radius, rotational rate, and 
gravitational field (2, 3). The combined 
magnetic-field and radio-emission data 
yieied an improved measurement of the 
rotation rate of 17.24 hours (4). This result 
led to improved values of the densitv mo- 
ments, wkich are derived from the giavita- 
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a middle "ice" layer composed mostly of 
H20 ,  CH4, and NH3; and an inner rocky 
core (2). The "ices" are actually in the fluid 
phase over a substantial portion of these 
proposed thermodynamic conditions. 

After Voyager 11, Kirk and Stevenson 
proposed that the magnetic field and the 
density moments derived from improved 
values of the rotation rate and gravitational 
moments are consistent with a greater de- 
gree of material mixing (5 )  than in the pre- 
Voyager models. One model consists of an 
outer gas-ice-rock region, which is mostly 
an H20-H2 mixture, and an inner rocky 
core. The boundary is at 0.3 RU and 300 
GPa and 6000 K. The magnetic field is 
produced primarily in an H20-rich region 
near 0.7 Ru at 50 to 100 GPa, based on a 
kinematic model that considers equatorial 
zonal jet flow and uses the electrical conduc- 
tivity of water extrapolated from Holzapfel's 
(6) fit to static and shock data up to 10 GPa 
and 1300 K. The Voyager I1 data were used 
by Gudkova et al. (7) and they also found 
more mixing. Their three-layer model has an 
outer Hz-He-ice region, a middle ice-rock 
layer, and an inner rocky core. The outer- 
middle boundary at 0.71 R u  is at 30 GPa 
and 2700 K and the middle-core boundary 
at 0.14 RU is at 600 GPa and 6800 K. Their 
two-layer model is ice-rock for radii less than 
0.72 RU at 25 GPa and 2600 K, with Hz- 
He-rock-ice being the remainder. The vari- 
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Fig. 1. Electrical conductivity versus shock pres- 
sure for planetary fluids. Solid symbols are the 
present work. Open squares are from (16). Solid 
curve is smooth curve through the data of (9) and 
(12). At 40 GPa, temperatures in these fluids are 
2600 K in water, 2800 K in synthetic Uranus, 
3100 K in ammonia, and 4100 K in methane. 
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