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Abstract: The vibrational degrees of freedom of the only photophysical intermediate formed during the
photoreaction of an artificial rhodopsin (Rh) containing a retinal with a seven-membered ring blockirgy 11-
isomerization (Rh7.10) is measured via picosecond time-resolved coherent anti-Stokes Raman spectroscopy
(PTR/CARS). PTR/CARS spectra are recorded with time delays ranging from O (8-ps cross correlation time)
to 50 ps following the 3-ps, 500-nm excitation of Rh7.10. For time delays between 0 and 15 ps, an intermediate
(P7.10) with a vibrational structure distinct from that of the ground electronic state Rh7.10 is observed. Although
the formation time of P7.10 cannot be resolved from these PTR/CARS data, it is estimated 1oplsqi.e.,

slower than the 200-fs process proposed for native Rh). P7.10 completely reforms Rh7.10 with a decay time
estimated to be-5—6 ps from the increasing intensities (via amplitudes from third-order, nonlinear susceptibility
(%) analysis) in three major PTR/CARS features (at 955, 1235, and 155%).criihe structural changes
occurring as P7.10 is formed can be derived from vibrational mode assignments in the PTR/CARS spectra
such as the 955-cm band assigned as the H&-C;,H hydrogen-out-of-plane (HOOP) mode (shifts to 946
cm%, increases intensity, and broadens its width in P7.10) and the 1551 4wand assigned as the=<C
stretching mode (shifts to 1546 ciin P7.10). These PTR/CARS data show that incorporation of an 11-ene,
seven-membered ring into the retinal chromophore permits some flexibility for torsional motion around the
C11=C12 bond and within the seven-membered ring, but does not allow considerable out-of-plane motion near
the Schiff base or thg-ionone ring. The® analysis of these PTR/CARS data demonstrates that a series of
structurally-distinct retinals having slightly differen§£=C;, torsional, out-of-plane motion appear (collectively
P7.10). The amplitudes and shifts in frequency of the PTR/CARS vibrational features change on a time scale
comparable to that of vibrational relaxation in native Rh. The structural variations observed within P7.10 are
located at/near the;&=C;, bond (reactive in native R, but nonreactive in R7.10) and the degreeraglectron

energy delocalization throughout the retinal changes. This latter phenomenon is reflected in the different
electronic phase facto®() found in they® analysis of the PTR/CARS data. The relationship(s) of the P7.10
structure to that of the G=C, reaction coordinates in native Rh is discussed.

Introduction thought to coherently propagate along the polyene chain starting
at the protonated Schiff base and dissipating into ground-state

The visual process in most vertebrates, and in some NVET™ \ibrational mode&. The ultrafast (200 fs), 1tis to all-trans

tebrates, is based on the light activation of rhodopsin (Rh) which isomerization of the retinal chromophiie regarded as a key

converts absorbed optical energy into an electrical (synaptic molecular step for energy storage/transduction in native Rh and
nerve) response via activating the G-protein transducin at the. P 9y 9

surface of the transmembrane Rh proteifthese transduction IS as_souated \.N'th a 60-crh torsional mod_e observed within
processes include the hyperpolarization of the rod outer segmenlthe first few picoseconds aﬁef laser excitatforRecently, a
(ROS). Extensive research has been conducted to elucidate th@oqel has bgen proposed which assumes that t_he 2_00-f_s, 11-
molecular processes by which Rh converts the initial optical Cisisomerization process competes successfully with vibrational
information (absorbed light) available from even a single photon dephasing. . . )
into the distinct structural/conformational species that form an  1he ultrafast (femto/picosecond) Rh photochemistry associ-
activated Rh state. ated with vision has been examined extensively by transient
Specifically, after formation of the FranelCondon (FC) absorptiof*®” and fluorescence’* measurements. Such
excited electronic state by optical absorption in Rh, energy is transient absorption/fluorescence experiments have also been
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conducted on (i) altrans and 13eis-retinal with protonated
Schiff bases (PSBj123in solution, (i) structurally-modified,
1l-cisretinals containing an 11-ene carbocyclic 8/9-ring en-
compassing the fgto Cy3 bonds? and (iii) Rh regenerated with
five- to eight-membered rings spanningy@hrough Gs (i.e.,
Rh5.10, Rh7.10, and Rh8.10 where for example Rh5.10 denotes
Rh containing a five-membered ring starting ato)®1417
Another recent study examines steric interactions of the excited-
state isomerization via 13-demethyl rhodopsin and 10-methyl-
13-demethyl rhodopsit® Other studies report the photochemi-
cal quantum yields associated with these speéi€s2° Further
investigations attempt to elucidate the energy storage/transduc-
tion mechanism via nanosecond transient absorption spectros-
copy on other artificial Rh pigmerfs24 or studies on artificial
retinals?>:26 Figure 1. Retinal structures of (top) the Ekisretinal in native RRT

An at least partial understanding of the ultrafast, cidl- and (bottom) the 1tis+etinal containing a seven-membered ring
isomerization process has emerged from these studies that linkridging the Go to Cys (i.e., locked 1lsis-structure) in the artificial
the structural changes underlying isomerization with the inherent Rh pigment, Rh7.10.
retinal geometry and the interactions (e.g., steric and/or elec- CARS) to examine the bathorhodopsin (b&Hoand lu-
trostatic) between retinal and the apoprotein (opsin). Specifi- mirhodopsin (lurff™) intermediate@?2835 Nonlinear, third-
cally, the steric hindrance between the hydrogenge@d the  ,4er susceptibility (@) analyses of these high-quality (S/N)
methyl group at G is considered the prime candidate for the  caRg data lead to band frequency measurements in Batho
driving force in the 1leis to 114rans isomerizatior? Cou- of + 2 cm L. Recent experimental improvements in the PTR/
lombic interactions between charges on the retinal and the cARg techniques have directly reduced the uncertainties found
protein (e.g., involving the counterion Glu-113) may also play i, the earliest work and provide a unique set of parameters
a role in the ultrafast, 1tis isomerization. (band origin positions, amplitudes, and bandwidths) describing

No vibrational data on the primary structural event(s) the vibrational degrees of freedom of ®Rhand bath8"
underlying 11eis isomerization in vision have been available throughout the 7081700 cn? range.
until recently. The initial work encompasses a significant  |n this study, attention is given to measuring the vibrational
number of the vibrational degrees of freedom in the room- gegrees of freedom associated with an artificial Rh pigment
temperature Rh (RH) photoreaction and utilizes picosecond optained by regeneration of opsin with a seven-membered ring
time-resolved coherent anti-Stokes Raman Scattering (PTR/b|Ock|ng thecis geometry via a carbon side chain extending
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from Cypto Ci3 (Rh7.10) (Figure 1). In Rh7.10, isomerization
around G;=Cj, is blocked and no enzymatic activity is
reportect®30 Since the absorption maxima and circular dichro-
ism extrema measured for Rh7.10 at 490 nxa ¢ 16.9)/488

nm and 330 nmAe + 14.3f! are similar to those measured
for native Rh at 500 nm and 337 niA{ + 9.8)/480 nm Ae +

2.8), the environments of the respective protein-binding pockets
are also considered to be similar. A photoproduct with a red-
shifted absorption maximum (580 nm) is observed following
the 21-ps, 532-nm excitation of Rh7.10 (a 44-ps lifetime for
the intermediate is reported) The 580-nm species may have
properties, including its vibrational structure, analogous to those
of the initial photoproduct (photd) proposed to appear in the
native RIRT photoreaction. The PTR/CARS data reported here
(measured following 3-ps, 500-nm excitation of Rh7.10) confirm
the presence of a species with a red-shifted absorption spectrum
via changes in the electronic phase fact®} énd the frequency
decrease~+5 cni 1) of the G=C stretching band. This species
is designated P7.10. Thg? fit parameter derived for P7.10
from the PTR/CARS data yields a value fér corresponding

to a 526-525-nm absorption maximum. The 56825-nm
absorption maximum assignable to P7.10 yields a smaller red
shift (relative to Rh7.10) than that derived from picosecond
transient absorption (PTA) measuremént3he red shift in
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absorption derived from PTR/CARS data, however, is compa-
rable to that found for batftd via PTA data?® The major PTR/
CARS feature assignable to P7.10 is the 955-EROOP band
which, relative to the analogous Rh7.10 bands, decrease
position by>8 cnt ! and increases in bandwidth by more than
a factor of 3. The measured characteristics of the 955lcm
feature suggest a significant twisting of the retinal backbone

J. Am. Chem. Soc., Vol. 120, No. 15, 13p8L

only a brief description is provided here. A mode-locked Nd:YLF laser
(Coherent, Antares 76 YLF) generates 30-ps pulses at 1054 nm which
are used to generate second and third harmonic (Coherent 7950 THG)

Joutputs from BBO (527 nm) and LBO (351 nm) crystals. The 527-

and 351-nm radiation is used to pump three, independently controlled
dye lasers (Coherent, model 700). Each dye laser is equipped with a
cavity dumper (Coherent, models 7210 and 7220), all three of which
are synchronized to the 76-MHz repetition rate of the Nd:YLF mode

structure when P7.10 is formed. Essentially no spectral changeSocker. Typically, the laser system is operated at a 400-kHz repetition

appear in the fingerprint region, indicating that the-C=C
backbone retinal structure, including that associated with the
11<is geometry, remains unchanged during the formation and
decay of P7.10. By contrast, the observation of a substantial
shift of the 955-cm?! band in the PTR/CARS measurements
indicates significant motion in the seven-membered ring part
(including the G;=C;, bond) of the retinal.

Experimental Section

1. Preparation of the Structurally-Modified Pigment. Bovine
ROSs are prepared from bovine retinas obtained within 24 h of their
availability (W. Lawson Co., Lincoln, NE). Isolation of ROS is
performed at £C under low intensity, redX680 nm) light following
a standard procedufg. Sucrose solutions are prepared with isotonic
buffer (buffer A: 10 mM Tris, pH 8.0, 60 mM KCI, 30 mM NacCl, 2
mM MgCl;, 1 mM dithiothreitol (DTT)). Retinas (typically 200) are
gently shaken for 1 min in 160 mL of a 35% (w/v) sucrose solution
and then centrifuged for 10 min at 3490 The resultant pellets are
resuspended in a 35% (w/v) sucrose solution (160 mL) and centrifuged

rate to match the experimental conditions selected to form the liquid
sample jet. Specifically, the velocity in the 4@@1, square glass nozzle
is adjusted to> 12 m/s to ensure a complete replacement of the sample
volume between sets of pump and CARS laser pulses. Such volume
replacement is determined by the beam waist of the pump beam (20
um) and the 400-kHz laser repetition rates. A sample geometry of
two, parallel liquid jet nozzles is chosen so that the nonresonant
background signal (water) is measured simultaneously with the CARS
signal from the Rh7.10 sample. This is achieved by projecting the
beams of the reference and sample jets onto two, vertically-separated,
parallel stripes of the liquid-nitrogen-cooled, CCD array (Princeton
Instruments LN/CCD-1024-F/1UV) attached to a triple monochromator
(Spex triplemate) selected to wavelength disperse the CARS signals.

Procedurally, the PR/CARS spectrum from Rh7.10 is recorded under
conditions where the sample concentration remains constant. A PTR/
CARS spectrum from the optically-excited Rh7.10 sample is subse-
quently recorded. This procedure is repeated in alternating order to
ensure that the long-term decrease in Rh7.10 concentration does not
disproportionately affect the results.

Rh7.10 is excited with a 500-nm, 3-ps) laser pulse (2.5 mW or

asecond time. The two supernatant solutions are combined and diluted’-> NJ/pulse), thereby starting the Rh7.10 photoreaction. Two probe

with buffer A to obtain a 26% (w/v) sucrose solution. After centrifuga-
tion at 2700@ for 30 min, the crude ROS pellets are resuspended gently
in a 26% (w/v) sucrose solution and placed on &36%, discontinuous
gradient. Centrifugation in a swinging-bucket rotor (SW 28) at 23 000
rpm for 4 h produces a thin layer of purified ROS which is resuspended
with a pipet and washed twice with buffer A.

The purified ROS is resuspended in buffer B (buffer B: 10 mM
HEPES, pH 7.0, 5@M DTPA, 0.1 mM PMSF, 1 mM DTT) with 100
mM hydroxylamine to obtain a concentration of 0.5 OD ROS/mL, a
solution which is bleached under room lightr f8 h in an icebath.
Hydroxylamine is removed by washing with buffer B five times. The
opsin is subsequently resuspended in 150 mL of buffer B in preparation
for the Rh binding step.

The structurally-modified retinal (Figure 1, Ret7) is synthesized by
methods described previously. The Ret7 preparation includes puri-
fication by HPLC in order to obtain one isomer having ancistretinal
geometry (as confirmed by NOE experiments). The opsin suspension
(prepared separatelyjde suprg is combined under controlled light
conditions in an approximately 1.5 molar ratio with Ret7 which is
dissolved in ethanol. The mixed solution is incubatedt at 20°C
and subsequently for 24 h at€ to produce the artificial Rh pigment,
Rh7.10. The mixture is washed five times with buffer B and
resuspended in about 50 mL of buffer B for PTR/CARS measurements.
The total amount of Rh7.10 sample can be estimated from ultraviolet/
visible absorption spectra to be about 150 OD. Unlike BR, no light or
dark adaptation of Rh has been reported. The Rh7.10 pigment obtaine
by reconstitution, therefore, contains only one isomer ¢isdretinal)
and is stable in normal light conditiods.

A typical sample volume required to record one PTR/CARS spectrum
is 25-30 mL. To improve the S/N, two PTR/CARS spectra from
consecutive measurements are summed. Since no Rh7.10 sampl

two PTR/CARS spectra, the band amplitudes and line shapes can b
guantitatively added.

2. PTR/CARS Experiment. Since detailed descriptions of the laser
instrumentation, experimental procedure, andy/feanalysis methodol-
ogy underlying these PTR/CARS measurements are given elsetitiere,

(32) Ujj, L.; Volodin, B. L.; Popp, A.; Delaney, J. K.; Atkinson, G. H.
Chem. Phys1994,182 291.
(33) Ujj, L.; Popp, A.; Atkinson, G. HChem. Phys1994,188 221.

&

degradation is observed over the several minutes required to record

lasers,w; (600 nm, 2.5 nJ) ands (640 or 653 nm, 4.5 nJ), are used
to generate CARS signals at 565 nm (HOOP and fingerprint regions)
and 555 nm (fingerprint and=€C regions), respectively. An 8-ps cross
correlation time (CCT) is measured for tle and ws pulses. The
bandwidth of the Stokes lasewd) is ~700 cnt?, and the spectral
resolution of the CCD array (i.e., distance between two, wavelength-
dispersed data points) is0.5 cnT. The overall spectral resolution is
limited by the bandwidth of they; laser pulse and is estimated to be
<2 cnrl. The upper limit on the error with which a band position
can be determined is1 cnt ! for Rh7.10 spectra throughout the 700
1700-cn7* range.

Three, independently-operated optical delay lines are used to
determine the timing sequence with which the three, picosecond dye
laser pulses arrive at the liquid sample jet. Time delays between the
pump pulse ;) and the two probe pulses{ andws) can be controlled
over the 0.1-ps to 1-ns range via optical delay. In order to generate
CARS signals, the phase-matching geometry ofkhesctors for the
w1 andws laser beams are selected quantitatively by the beam steering
optics.

The relative percentage of the Rh7.10 sample optically excited is
estimated to be as high as 33% (derived from the intensity decrease in
the 955-, 1235-, and 1551-cfbands assigned to Rh7.10). Tyé
analysis of these Rh7.10 spectra requires normalization to the non-
resonant background CARS signal. The measured instrumental re-
sponse encompasses the spectral characteristics of all optical compo-

ents used in the CARS experiments including the Stokes laser

andwidth ¢-20 nm, FWHM) which is sensitive to the stability of the
Nd:YLF laser output. Both the nonresonant background and the spectral
response can be readily determined by (i) simultaneously recording
CARS spectra from the flowing jet sample and the reference at the
beginning of each experiment and (ii) recording the spectra from the
h7.10 sample and the water reference simultaneously throughout a
complete set of picosecond resonant CARS (PR/CARS) and PTR/CARS

Cneasurements. The temporal overlap of theandws laser pulses is

determined via autocorrelation measurements. The respective CCT
traces are monitored on an oscilloscope to establisht®ps error.
Thex® function used to fit each set of CARS data is performed using

(34) Ujj, L.; Jager, F.; Popp, A.; Atkinson, G. HChem. Phys. 212996,
421-436.

(35) Ujj, L.; Jager, F.; Atkinson, G. HBiophys. J.1998 74, 1492
1501.
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Figure 2. (Top) PR/CARS spectrum (76400 cnt!) of Rh7.10 Figure 3. PTR/CARS data (8501050 cnT?) recorded at 0- (8-ps
displayed together with the PTR/CARS spectrum indicating the presence CCT), 3-, 5-, 7-, 10-, and 20-ps time delays (following 3-ps, 500 nm
of the P7.10 intermediate recorded 3 ps after the 3-ps, 500-nm excitationexcitation of Rh7.10) showing the time-dependent intensity changes
of Rh7.10. The respectivg®-fit functions are plotted as solid lines on  assigned to the prominent 955-chband. PR/CARS data from Rh7.10
top of the CARS data. (Bottom) Respective CARS spectra for Rh7.10 alone are also presented for comparisons.
(solid line) and P7.10 (dotted line) without thg® background
susceptibility and with Lorentzian line shape functions are presented. Rh7.10 Lorentzian spectra are normalized to each other. The
Only selected band positions are shown. The band positions of all correct ratio of concentrations is estimated to¥ak5 in favor
significant features in these spectra are presented in Table 1. The mospf P7.10. A similar band amplitude relationship is observed
prominent P7.;0 vibrational bands are marked with an asterisk over fqr c=C stretching modes in native bafi@® The respective
the HOOP region. band positions can be regarded as accurate to within t.cm
The PTR/CARS results presented here confirm the absence
of an Rh7.10 photochemical reaction and the presence of the
photophysical intermediate P7.10 although with a significantly
different lifetime than that reported earl¥® These are, of
course, the first vibrational spectra available for Rh7.10 and
P7.10. The effect of optical perturbation on a protein sample
The seven-membered ring retinal (Figure 1, ref 7) has been such as Rh7.10 by the probe pulses (600 nm, 2.5 nJ-628—
shown by ultraviolet/visible absorption and circular dichroism 668 nm, 4.5 nJ) can be determined by methods similar to those
spectra to occupy the same binding site in Rh7.10 asid1- ysed in the detailed studies of the BR photocyéf¥. Specif-
retinal does in native RK!>3! The PR/CARS spectrum of cally, the upper limit for the probe laser perturbation<i§%
Rh7.10 shown in Figure 2 supports this conclusiafe infra of the total signal if 50% of the reactive mixture is comprised
The x® fitting function is plotted over these data as a solid of P7.10. The irreversible degradation of the Rh7.10 sample
line, and the model function (after removing the interference after completing a set of measurements (=20 individual
with the background susceptibility) based on Lorentzian line CARS spectra) is<5% and comparable to analogous measure-
shapes is displayed at the bottom of Figure 2. ments on BR-5764
Transient absorption data suggest that Rh7.10, unlike native The most significant changes in the vibrational spectra of
Rh, does not form any photochemical products that comprise aRh7.10 and P7.10 are found in the 955=¢nband which is
photoreaction, but rather produces an apparent photophysicameasured by PTR/CARS data at time delays from 0 ps (8-ps
intermediate having a red-shifted absorption spectrum and aCCT) to 20 ps. The amplitudes of negative band intensities,
lifetime of <50 ps®'5 The PTR/CARS data presented here which approximately represent the degree of optical bleaching
show that 20 ps after optical excitation, essentially a®8%) in Rh7.10, are indicated for each time delay by horizontal arrows
of the Rh7.10 has been reformed. PTR/CARS measurementgFigure 3). The largest spectral change appears on the low-
at 50-ps and 1-ns delays reveal spectra that are identical to theenergy shoulder of the 955-cthband in the 3-ps PTR/CARS
PR/CARS spectrum of Rh7.10 (i.e., without optical excitation). spectrum. The/® fits to the PTR/CARS spectra recorded at
No secondary photochemistry is detected in these PTR/CARSO-, 5-, 7-, 10-, and 20-ps delays monitor reaction mixtures with
data. varying Rh7.10 and P7.10 concentrations and show that there
The vibrational spectrum of the P7.10 over the Q@00 exists acontinuouschange in the positions of the features
cm~1 region can be derived from PTR/CARS data recorded from corresponding to the 955-cthband assigned to Rh7.10. The
the reactive mixture created by 3-ps, 500-nm excitation (e.g., largest change in band position (Figures 2 and 3) indicates the
the sample contains33% P7.10 for data presented in Figure presence of a 936-cth band assignable to P7.10 (0-ps delay
2). The solid line in Figure 2 (bottom) is the Lorentzian fitto data). The corresponding bandwidths and &ealues also
the Rh7.10 spectrum while the dotted line is the analogous fit are observed to undergo continuous change as a function of
to the P7.10 spectrum. To facilitate comparisons, the amplitudesdelay time. These results are derived $69-fit functions that
of the 955- and 946-cnt bands in the respective P7.10 and are in excellent agreement with the PTR/CARS data. The value

an Origin 4.1 program (Microcal Software Inc., NorthamtptfA).
The x? error function, derived from a Levenberylarquardt ap-
proximation, is minimized as part of thg? fitting procedure.

Results
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Figure 4. PR/CARS spectrum (116700 cnt?) of Rh7.10 displayed Figure 5. Respective CARS spectra for Rh7.10 (solid line) and P7.10
together with the PTR/CARS spectrum indicating the presence of the (dotted line) without they® background susceptibility and with
P7.10 intermediate recorded 7 ps after the 3-ps, 500-nm excitation of Lorentzian line shape functions. Only selected band positions are shown.
Rh7.10. The respectivg®-fit functions are plotted as solid lines on ~ The band positions of all significant features in these spectra are

top of the CARS data. presented in Table 1.
Table 1. Parameters<@x Band Origin PositionsI'x Bandwidth
(HWHM), and A, Amplitudes) Derived fromy® Fits to PR/CARS 1.0
Data (706-1700 cn1t) Assigned to Rh7.10 (Figures-5)?
Quem™)  Tk(cm™?) A Qem™)  Tk(cm™?) A
704 5 0.066 1293 4.5 0.21 2 084
779 4 0.029 1307 5 0.13 £
795 4 0.020 1322 4 0.03 ]
804 25 0.024 1330 4 0.08 ©w
858 11 0.021 1342 45 013 % 067
872 4 0.013 1360 10 0.062 <
955 45 0.46 1382 9 0.060 E
964 7 0.041 1414 12 0.057 A 044
1026 8 0.034 1441 10 0.073 g
1070 15 0.027 1464 6 0.11
1103 15 0.009 1480 8 0.014
1142 4 0.056 1529 6 0.043 0.2 i
1165 4.5 0.071 1551 8 1.0 "--'-'- -—0ps
1187 5 0.057 1580 8 0.049 -— Rh7.10
1212 25 0.093 1596 8 0.18
1235 7 0.37 1627 6 0.040 0.0 —L . :
1262 6 0.039 1659 12 0.10 1450 1500 1550 1600 1650
1273 9 0.049 Raman Shift [ cm™ |
aThe values for the PR/CARS amplitude&) are normalized to ~ Figure 6. PTR/CARS data (14501650 cm") recorded at 0- (8-ps
the amplitude of the 1551-cmi band. CCT), 3-, 5-, 7-, 10-, and 20-ps time delays (following 3-ps, 500 nm

excitation of Rh7.10) showing the time-dependent intensity changes
of ©, determined by the electronic absorption properties, is assigned to the prominent 1551-chband.
measured as 47 10° for Rh7.10 and~130° £ 20° for P7.10
(i.e., maximum change at 3-ps delay). band assigned to Rh7.10. The correspondjytg fitting
PR/CARS data from Rh7.10 and PTR/CARS spectra of P7.10 parameters are presented in Table 1.
recorded 7 ps after 3-ps, 500-nm excitation are presented in The most evident changes in these vibrational spectra involve
Figure 4 for the G-C stretching region (11661700 cnt?l). The the frequency decrease of the=C stretching band from 1551
%@ fits, displayed as solid lines over these CARS data, are in to 1546 cnm! (Figure 4) which is accompanied by the maximum
excellent agreement with the CARS signal. The corresponding shift of ® values from 53 + 10° (Rh7.10) to 125 + 20°
«® fitting parameters are presented in Table 1. The respective(P7.10). Together with the results from the HOOP/fingerprint
@ functions, without nonresonant backgrounds and with region, a shift of 7283° in ® for P7.10 is estimated. As a
Lorentzian band shapes, are also displayed in Figure 5. source of comparison, the 30-nm shift observed during the native
PTR/CARS data for the €C stretching region for time  RMRT to bath&T transformation corresponds to a change in the
delays from 0 to 20 ps are shown in Figure 6. The degree of ® value of ~100°.22 The PTR/CARS results fo® suggest
optical conversion of Rh7.10 into P7.10 is indicated by the that the formation of P7.10 involves a smallet25 nm) red
respective intensity levels. The 7-ps spectrum reveals a largeshift in the absorption maximum than the 80-nm shift reported
spectral change on the low-energy shoulder of the 1551tcm previously from transient absorption data identifying the 580-
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nm specieg!®> As for the HOOP/fingerprint region, @ontinu- native RIT photoreactiorf® cannot occur in Rh7.10. In view

ous shift of the G=C stretching band position and of tit of these PTR/CARS resultgifle infra), transitory twisting of

value has to be considered in order to fit & susceptibility the G—C11=C;12—Ci3 bonds within the 1Xkis-retinal previ-

for all time delays measured in the respective PTR/CARS data. ously proposet!® appears to occur. Thus, the HOOP motions
observed in P7.10, and therefore the assignment of the 955-

Discussion cm~!band, can be associated with the H#€C;,H (A,) HOOP

mode.

Twisting elsewhere in the Rh7.10 retinal, of course, is not
prevented. On the basis of the PTR/CARS data presented here
(i.e., four new, low-intensity HOOP bands at 721, 803, 847,
and 886 crm?), it is evident that the formation of P7.10 involves
significant HOOP motion relative to that found in Rh7.10. The
major indicator of HOOP motion is the shift of the vibrational
band at 955 cmt! to 936 cnt?! (Figures 2 and 7).

Of the three potential HOOP mode assignments for the
observed 955-crt band in Rh7.10 (i.e., HE=CgH, HC,;=CyH,
and HGs=NH (Figure 1)), all can be considered as describing
the twisting of P7.10 and have the requisiteCtransstructure.
A detailed analysis of the Rh7.10 retinal geometry, including

proteins. The second issue analyzes the time-dependent CAR ata from recently recorded vibrational Raman spectra of other
data in terms of specific vibrational modes. The third issue h pigments containing artificial retinals (i.e., selective isotopic
. : bstitution and ring structures), only supports the assignment

encompasses an elucidation of those dynamical and structuraP¥ 1 ' 1
properties of P7.10 that can be related directly to the photo and of the 955":”’7 banq to the H@l C1_2H HOQP mode;
batho intermediates found in the Rhphotoreaction. b. Assignments in the Fingerprint Region. The most

1. Vibrational Structures of Rh7.10 and P7.10. a. prominent band appearing in the fingerprint region (containing
Assignments in the HOOP Region. The appearance of the primarily ClZ—C stretching modes along the polyene chain) is at
955-cn1'! band as a strong feature in the HOOP region of the 1232 CIMT™ (l)ther bands are observed at 1142, 1164, 1187,
P7.10 spectrum demonstrates the importance of the out-of-planeand 1212 cm”. These are to be compared with the PR/CARS

vibrational motions and the presence of a highly twisted P7.10 spectrum of nativer?'T which contains bands.at 1191, 12,15’
retinal structure. This is the major vibrational difference _1238,_z_and 1268 cm, the latter thre_e of Wh.'Ch have high
between the structures of Rh7.10 and P7.10. The precisemtensmes. The absence of the 1268-érhand in Rh7.10 can

vibrational mode assignment of the 955-Cnvand requires an be attributed to the incqrporqtion of ? seveq-memt)Tered ring
understanding of related assignments in nativ8'Rh spannlnglthe G—Cas region (Figure 1f In native RI¥', the

In native RIT, the HG;=CyH (A2) HOOP mode appears 1268-cn* band has been assigned to the,tteCy2H in-plane
at 970 ¢! and is thought to have an especially high intensity (A1) wag. This assignment indicates that the modified geometry

L . . of the seven-membered ring retinal prevents in-plane motion
due to the steric interactions of the+#£-CHs group with the
hydrogen at G (C1o—H).3-38 In general, HOOP modasans of the hydrogens at £and G,. There also appears a band at

> . 1235 cnt?! (c.f. 1238 cnt! in native RIRT) of comparable
to a C=C bond couple strongly to each other, thereby generating intensity which can be assigned as the-€Cys stretching mode
both in-phase (f) and out-of-phase (@ normal modes that y 9 13 9

. . Ithough the &—C;s stretching mode makes significant
have been assigned to bands appearingd®0 and~830 cnT?, afthough .
respectively‘%&Sgg Some specificiﬁ? in such assignments can be contributions?”#.%2 The G—Cs and Ga—Cys stretching modes

found in native RAT since the CH groups at Gand G divide are expected to be relatively unaffected by the incorporation of

the hydrogen-wagging motion into three categories: ¢iy8 the seven-membered ring in Rh7.10, and thus, each can be
and Cé—Hg (i) C gEHgC “H. and Gy—H ang(iii) C H assigned to modes analogous to those found in natié (k.

’ 10T LT z T 14T the 1212- and 1187-cm bands, respectively).
Ci5—H, and N—H.

The similarity of their respective Raman spectra strongly . The most important result to be derived from the vibrational

suggests that not only do both naive Rh and Rh7.10 containg 3R 81 W EREE FUTE oG GO T T
an lleisretinal (ide supra) but that the remaining, more )

detailed vibrational assignments in native RRthave valid of the seven-membered fing nor any of t_he retinal modes
analogues in Rh7.10. Of the structural differences between encompassed by it. Specifically, the formation of P7.10 does

native RIRT and Rh7.10, the most important is the rigidity of not involve isomerization arounch&-C1=Cyo—Cy3bonds. The

e o . . ; g only noticeable changes in the fingerprint region appear on the
:jhuieqdobftlrllecs:lezvecrﬁ?nz?:g;rgvdn:wgt?lzeiglulr:s_lr)e tinal intro low-energy side of the 1142- and 1212-chibands. Although

. o . . not quantitatively analyzed, such changes suggest that, in
Structurally, the isomerization of 1dis retinal around the d y y g 99

— ) . addition to the twist of the HG=C;,H bond, small amplitude
C1:=Cs2 bond, found to be of fundamental importance in the . yiong appear within the seven-membered ring retinal.

(36) Mathies, R. A.; Smith, S. O.; Palings, |. Determination of retinal c. Assignments in the Schiff Base (G—C1s=N) Region.
chromophore structure in rhodopsins Biological Applications of Raman Structural changes in thei&-C;5=N region are known to play
gﬁg;ttg’rsgo%sgg%g - G., Eds.; John Wiley & Sons: New York, 1987, jmportant roles in the native RR photoreaction, even though

(37) Paiings, I.; Pardoen, J. A; van den Berg, E. M. M.; Winkel, c.: the retinal is sterically fixed at both the Schiff base linkage and
Lugtenburg, J.; Mathies, R. ABiochemistry1l987,26, 2544.

(38) Palings, I.; van den Berg, E. M. M.; Lugtenburg, J.; Mathies, R. A. (40) Wald, G.Sciencel968,162, 230.

Biochemistry1989,28, 1498. (41) Zhou, Y.; Ujj, L.; Lou, J.; Jger, F.; Nakanishi, K.; Atkinson, G.

(39) Eyring, G.; Curry, B.; Broek, A.; Lugtenburg, J.; Mathies, R. H. J. Phys. Chemsubmitted for publication.

Biochemistry1982,21, 384. (42) Ganter, U. M.; Gdner, W.; Siebert, FBiochemistry1988,27, 7480.

Three issues central to an understanding of the molecular
mechanisms underlying the photoreactions of both Rh7.10 and
native RIRT can be addressed from the vibrational Raman
spectroscopy of Rh7.10 and its P7.10 intermediate: (i) the
accurate identification of structural changes in the retinal that
occur as P.710 is formed from Rh7.10, (ii) the time-dependent
properties of the P7.10 structure as viewed in terms of its
vibrational degrees of freedom, and (iii) the relationship(s) of
the structural changes involved in P7.10 formation and the
molecular mechanism underlying energy/storage in nativé Rh
(vision). The first issue involves the band assignments to
specific vibrational retinal modes and relies on analogous results
from the vibrational spectroscopy of other retinal-containing
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Figure 7. (A) Time evolution of the amplitudesA() of the 955-cm* (HOOP;O data) and 1235-cm (C—C stretching;O data) CARS bands
assigned to Rh7.10. Tha values are derived from thg® fits to PTR/CARS spectra recorded in the ZaB100-cnT* region. Single exponential,
kinetic fits to these data lead to time constants of 0.9 ps (bleach) and 5.0 ps (recovery) for the 9%@achand 1.5 ps (bleach) and 6.0 ps
(recovery) for the 1235 cmt band. Schematic representations of the pumyp &énd pump/probe, CCT (- - -) laser profiles are shown. To minimize
the effects of these laser profiles, oy values in the 520 ps interval are used to calculate these time constants. Time evolution of the origin
position of the 955-cm* HOOP bands@uoor, x data) assigned to P7.10 (band origin position scale shown on far left). Thess values are
taken from the PTR/CARS spectra recorded in the-7BI60-cn1! region. A single exponential, kinetic fit to the$&oop data leads to time
constants of 5 ps for the increase from 936 to 955%r{B) Time evolution of the amplitudegy) of the 1235-cm? (C—C stretching© data) and
1551-cntt (C=C stretchingd data) CARS bands assigned to Rh7.10. Fagalues are derived from thg® fits to PTR/CARS spectra recorded

in the 1100-1700-cn1? region, and the vertical scale is the same as that shown in (A). Single exponential kinetic fits to these data lead to time
constants of 1.0 ps (bleach) and 5.9 ps (recovery) for the 123%-band and 1.1 ps (bleach) and 6.2 ps (recovery) for the 1551 band.
Schematic representations of the purmp)(@nd pump/probe, CCT (- - -) laser profiles are shown. To minimize the effects of these laser profiles,
only A values in the 520 ps interval are used to calculate the time constants.

at theB-ionone ring?3-4> The retinal in Rh7.10 is also fixed at comparison of excitation conditions based on the photon flux
the Schiff base linkage and tifeionone ring, but in addition, density* (£ = oNi/A, whereo is the absorption cross section
motion throughout the {g—C1:=C;,—C;3 region is restricted andNpi/A is the number of photons per excitation area) shows
by the seven-membered ring. Since only minor spectral changesthat approximately the same average number of photons per
are observed in the fingerprint region (Figures 2 and 4), there molecule (0.2 versus 0.3) is used in the two types of experi-
is no evidence suggesting that the4€C;s=N modes are  ments, thus eliminating power-dependent effects. On the basis
involved in the enhancement of out-of-plane, torsional motion of the uncertainties in the earlier kinetic and spectral measure-

that is eVi-dent in the P7.10 retinal. The intensity increase ments, a conclusion on whether the same Species is observed
observed in the 1659-cth leN band may be due to a in both studies cannot yet be reached.

different electronic configuration of the excited state of P7.10.

2. Kinetics Associated with Rh7.10 and P7.10. a. Tran-
sient Absorption and PTR/CARS Species.Although both are
identified as intermediates formed by optical excitation of the
same artificial Rh pigment, Rh7.10, the relationship between
the 580-nm, 44-ps lifetime species observed by transient
absorptioAand P7.10 observed via PTR/CARS remains unclear
since each has significantly different kinetic and absorption
properties.

Given the 25-ps time resolution of earlier transient absorption

b. Formation and Decay Times. The transformations
between Rh7.10 and P7.10 can be quantitatively characterized
in terms of the intensity changes in the 955-, 1235-, and 1551-
cm~! PTR/CARS bands assigned to Rh7.10 and the change in
maximum positions of the 936- and 955-chbands assigned
to P7.10. The time-dependent band intensities and positions
are based respectively on tiAg and Qi values derived from
the @ fit to each PTR/CARS spectrum. Tk andQ values
are presented as a function of reaction time in Figuré/ (

measurements, the rise time of the 580-nm intermediate couldVaIueS for the 1235-cnt band are independently measured in

not be resolved, although a decay time of 44 ps has beentWO' Sep.arat.e spectrgl .reglons, F'g}”es 2 and 5).
reportec® Essentially no fluorescence from this intermediate ~ The kinetics describing the optical bleach (decrease) and
is reportec®!®> The PTR/CARS spectra reported here are recovery times for the Rh7.10 population are obtained from these
recorded with sufficient time resolution (3-ps pulse, 8-ps CCT) data using separate, single exponential functions. The bleaching
to confidently determine that P7.10 decays<if0 ps, but can function is convoluted with the 8-ps (Gaussian) cross correlation
be used only to estimate a formation time-el ps. These  function describing the two probe laser pulses. The bleaching
apparent differences in kinetic properties can be attributed to and recovery times found for all three PTR/CARS bands from
the different experimental time resolution (25 ps versus 3 ps). Rh7.10 are in excellent agreement (bleach of 1.1 ps/ recovery
The differences in absorption maxima (580%wersus 525 of 6.2 ps for 1551-cm! band; bleach of 0.9 ps/recovery of 5.0
nm [this work]), however, are more difficult to reconcile. A ps for 955 cm? band; and bleach of 1.0 ps ¥&/C—C) and

TOK s e O e o T 1.5 ps (HOOP/E-C)/recovery of 5.9 ps (EC/C—C) and 6.0

@er, F.; Jger, S.; Kratle, O.; Friedman, N.; Sheves, M.; Hofmann, ~ 1

K. P.; Siebert, FBiochemistry1994, 33, 7389. ps (HOOP/E-C) for 1235 cm™ band). N
(44) Nakanishi, K.; Zhang, H. Z,; Lerro, K. A; Takekuma, S.; Yama- A single exponential analysis of the time-dependent positions

moto, T.; Lien, T. H.; Sastry, L.; Baek, D.-J.; Moquin-Pattey, C.; Boehm, of the 936-955-cnT! bands shows that the P7.10 population

M. F.; et al.Biophys. Chem1995,56, 13. . . .
(45) Yan, B.; Takahashi, T.; McCain, D. A.; Rao, V. J.; Nakanishi, K.; decreases with a 3.5-ps time constant (Figure 7A). Although

Spudich, J. LBiophys. J.1990,57, 477. the C=C stretching (15461551 cn1?) bands also shift (Table
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Table 2. Parameters® Band Origin Positions an® Electronic Phase Factors) Derived frgi? Fits for the G=C Stretching and

HC,,=C;,H HOOP Modes Assigned to Either Rh7.10 or P%.10

pP7.10
x® parameters Rh7.10 0 ps 3ps 5ps 7 ps 10 ps 15 ps 20 ps
Q (C=C) (cm?Y) 1551 1551 1550 1548 1546 1547 1547 1549
O (C=C) (deg) 53 56 68 95 125 95 89 69
Q (HOOP) (cnTY) 955 936 947 947/952 952 953 953.5 955
© (HOOP) (deg) 47 61 116 128 129 118 105 110

@ The values assigned to P7.10 are presented for seven different time delays as measured by PTR/CARS.

2), the 955-cm! band is the only PTR/CARS feature assigned
to P7.10 that is strong enough to merit kinetic analysis.

positions of the 955-cm HOOP and 1551-crmi C=C bands
which is accompanied by a continuous chang® ivalues. The

The excellent agreement between the kinetic parameterscorrelation between® values and the frequencies of the
assigned to Rh7.10 indicate that it is reformed from P7.10 as aHC,;=C;2H HOOP and &=C stretching modes indicates that
vibrationally-equilibrated species. The difference between the the continuousstructural changes in P7.10 over the initial 20
3.5-ps decay of P7.10 and the 6-ps reformation of Rh7.10, ps are accompanied by an analogoosatinuouschange in the
however, indicates that there is more than one molecular P7.10 absorption maximum.

pathway leading to Rh7.10 following optical excitation. Since

Collectively, the constancy of the Schiff base environment,

the Rh7.10 population is completely restored within 20 ps, the the red-shifted absorption maxima (v values), and the
second pathway must have a lifetime comparable to that of the changes in HOOP and=€C band positions can be interpreted

P7.10 to Rh7.10 pathway, i.es,10 ps. A reasonable candidate
is relaxation from the excited electronic state of Rh7.10

in terms of a twisting at G=C;, which does not significantly
alter the distance between the retinal and either the Glu-113

populated by absorption. Independent of these kinetic differ- counterion or the Schiff base nitrogen.

ences, the concentration parameters derived froppthanalysis

3. Implications for the Energy Storage/Transduction

indicate that a part of the Rh7.10 population is not present in Mechanism in RhRT. This analysis of these PTR/CARS data

the PTR/CARS signals recorded at 0, 3, and 5 ps, suggestingsuggests that the formation of P7.10 following the optical
that some of the Rh7.10 pOpUlaUOﬂ is not converted into P7.10 excitation of Rh7.10 involves primar”y motion a|0ng the

during this initial ~5-ps interval. These data, therefore, can

C1:=C;2 (cis—trans) reaction coordinate found to be active in

be viewed as establishing that the quantum yield for formation native RIRT. The dynamic analysis reveals continuous evolution

of P7.10 following optical excitation of Rh7.10 is less than unity.
c. Time Evolution of the P7.10 Vibrational Structure.

of twisted, out-of-plane structures that are primarily restricted
to torsional motion around the 1&=Ci»> bond. This result

Interest in the time-dependent vibrational structure of P7.10 supports the conclusion that the &is+to all-transisomerization
obtains for two reasons: (i) the dynamics associated with the in RHRT is an essential reaction coordinate in vision and the

mechanism by which P7.10 is formed and (ii) determining its
relationship to the transient structures of the pRband bath8"
intermediates in the native Rhphotoreaction.

primary structural pathway leading to stable, ground-stat€ Rh
intermediates (e.g., batRp.
The excellent correlation between the continuous evolution

Based on vibrational spectra, it is reasonable to conclude thatef apsorption maxima and frequency of the nonreactise=Ci»
the seven-membered ring retinal in Rh7.10 adopts a geometrycoordinate in P7.10 indicates that thelectron delocalization

similar to that of 11eis-retinal in native RAT (i.e., 6s-cis, 15-

anti) as well as an analogous orientation in the binding pocket,

vide supra Differences may occur, however, in the ordering

of alternating twisting along the conjugated retinal chain. For
example, the out-of-plane distortions around the=€C,, bond

in native R are likely shifted within the seven-membered

ring section, and the retinal,&-C1;=C1,—Cj3 bond lengths

in Rh7.10 may be stretched in order to accommodate the seven-

membered ring (Figure 1).

The distinct time evolution of the P7.10 structure can be
elucidated from an examination of the band positidR} &4nd
© values for the prominent CARS features (Table 2). The
monotonic changes in th& and © values observed as a
function of reaction time (820 ps in Table 2) strongly suggest
that the P7.10 structure evolvesntinuouslythroughout the
initial 20 ps.

It is important to recall that the relationship betwe®rand

changes within the retinal structure as P7.10 forms and decays.
Thus, the time scales for electronic and vibrational relaxation
within Rh7.10 and P7.10 appear, to within an order of
magnitude, to be about the same.

The broadening of the 93@55-cnT?! features (G=C.
HOOP mode) observed for P7.10 may also be associated directly
with the continuous out-of-plane motion.

The current model describing energy storage/transduction in
RMRT, based on femtosecond time-resolved, differential absorp-
tion data (570 and 630 nm), reveals a 200-fs process which has
been interpreted as a coherent vibrational motion along the
C1:7=C;, reaction coordinaté* This reaction coordinate has
been associated with a 60-chtorsional motion within the
retinal polyene structure. Analogous studies showdlsdirans
isomerization in ®is-Rh*8 slows to 600 fs and in 13-demethyl-
11<cis-rhodopsif® slows to 400 fs. These femtosecond processes
also can be detected via excited-state lifetime measurements:

the absorption band maximum for a given species derives from g ¢5 tor 11¢is-Rh and 100 fs for %is-Rh1! It has been

the ¥® function used to model the CARS ddf&’ Each®
value presented here is derived from an exceljgfitfit for
features within a spectral region (e.g., 7AB100 cnT?).

The data presented in Table 2 show that betweeBM®ps

delays there exists a continuous change in the frequency

(46) Oudar, J.-L.; Shen, Y. RRhys. Re. A 1980,22, 1141.
(47) Mukamel, SPrinciples of Nonlinear Optical Spectroscq@xford
University Press, Inc.: New York, 1995.

concluded that the same vibrational coherent relaxation underlies
the initial steps in these respective Rh pigments, namely, the
formation of phot8T with its red-shifted absorption maximum.

(48) Schoenlein, R. W.; Peteanu, L. A.; Wang, Q.; Mathies, R. A.; Shank,
C. V. J. Phys. Chem1993,97, 12087.

(49) Wang, Q.; Kochendter, G. G.; Schoenlein, R. W.; Verdegem, P.
J. E.; Lugtenburg, J.; Mathies, R. A.; Shank, C.V Phys. Chem1996,
100, 17388.
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Thus, this model suggests that nonstationary, excited vibrationalstructure found in P7.10 from PTR/CARS data has relevance

states play important roles in all of the respective isomerization to the unknown vibrational structure of phBto Although it

dynamics. It must be noted, however, that only transient is clear that isomerization around thg:€C;, bond is ac-

absorption data containing no direct information on vibrational companied or preceded by thel-ps, red-shifted absorption

structure have been used as a basis for these interpretations. used to identify photd', there is no evidence to support the
A different type of dynamics appears to be present in Rh7.10. earlier conclusion that isomerization of theg€C11=C1—Ci3

The increase if® values, corresponding to red-shifted absorp- moietycauseghe observed red-shifted absorptforthe PTR/

tion maxima, does not result in @s/transisomerization nor CARS data presented here demonstrate that a red shift in

the formation of a new, stable photoproduct (e.g., bB&thoor absorption can occur independently off€C;, isomerization,

a change in the distance between the protonated Schiff baseand therefore, these PTR/CARS results do not support the

nitrogen and the Glu-113 counterion. All of these phenomena characterization of phof3 as necessarily involving motion in

have been suggested as the molecular change underlying theéhe G ;—C;;=C;,—Cy3 bonds, including G=C;, isomerization.
red-shifted absorption observed in other Rh pigments and,

thereby, used to distinguish and identify the molecular properties Concluding Remarks
of intermediates such as phBfo While some or all of these
properties may pertain to phétbin the RIRT photoreaction The PTR/CARS methodology is successfully applied to an
(as well as in other Rh pigments), it is evident from these PTR/ artificial Rh pigment obtained by the regeneration of opsin with
CARS data on Rh7.10 and P7.10 (where none of these processes chemically-modified retinal containing a seven-membered ring
occur) that a red-shifted absorption maximum does not neces-spanning Gy to Cyi2 (Rh7.10) in which the isomerization around
sarily signify the presence of a phéfospecies. Rather, red-  the G;=Cy, bond is blocked (Figure 1). Optical excitation of
shifted, transient absorption may only reflect the energy Rh7.10 generates withis1 ps a single intermediate (P7.10)
difference between the electronically excited- and ground-state which has a retinal structure distinct from that of Rh7.10. Solely
wavepacket as it accelerates out of the FC region of the potentialon the basis of the analysis of vibrational degrees of freedom
surface along the reaction coordinate. The maximum red shift (j.e. PTR/CARS data), P7.10 can be viewed (i) as the only
is reached for the maximum distortion of the reaction coordinate product formed by optical excitation of Rh7.10, (ii) as decaying
(e.g., at~90° torsion around a classical=€&C isomerization  completely back to Rh7.10 with a time constant of about 6 ps
reaction coordinate) and the associated change-@ectron  (>989 reformed after 20 ps), and (iii) as representing a series
delocalization within the retinal. Torsional motion around of intermediates having distinct, but well-defined structures
C1:=Cy2 in Rh7.10 represents such a case. |If the torsional jnyolving different degrees of the out-of-plane motion around
distortion cannot proceed beyond a certain point in the reaction he G ,=C,, retinal bond. These PTR/CARS data indicate that
coordinate, however, isomerization cannot be completed (i.e., the seven-membered, 11-ene ring is flexible enough to permit
a stable intermediate such as batho is not formed). significant motion either within the ring itself or along the

The molecular mechanism underlying the formation of P7.10 C,=C,, reaction coordinate or both, but thab 11-<is to all-
from Rh7.10 (derived from PTR/CARS data) is consistent with .5« isomerization occurs in R7.10.
that proposed for the R photoreaction. By eliminating the
200-fs, G=Ci2 isomerization reaction coordinate, the Rh7.10/
P7.10 photoreaction provides an opportunity to determine if
other reaction coordinates exist within retinal. There is no
evidence, however, to suggest that a reaction coordinate in
Rh7.10 leads to a stable intermediate such as Bathat there
are reasons to conclude that “photo-like” properties are found
in P7.10, namely, rapid (fs/ps), red-shifted absorptioiolg
suprg.

Since the transient, red-shift absorption mimics that of
photdT, it is interesting to consider whether the vibrational JA972560C
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