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Picosecond Time-Resolved Coherent Anti-Stokes Raman Spectroscopy of the Artificial
Bacteriorhodopsin Pigment, BR6.11

Introduction

The purple membrane of the archaebacteridalpbacterium
salinarum contains a single trans-membrane protein, bacterio-
rhodopsin (BR), that stores and utilizes absorbed light energy
to transport protons across the cell membr&rielhe resulting
potential gradient created across the cell membrane drives ATP,
synthesis. The high efficiency of the BR molecular mechanism,
as well as its role as a prototype for other, more complicated
ion transporting proteins, underlies much of the biochemical
interest in BR.

Although many features of the energy storage mechanism
within BR are reasonably well characterizetdthe dynamics
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The picosecond molecular dynamics in an artificial bacteriorhodopsin (BR) pigment, BR6.11, are measured
by picosecond time-resolved coherent anti-Stokes Raman spectroscopy (PTR/CARS) and picosecond transient
absorption (PTA). The BR6.11 pigment contains a structurally modified retinal chromophore with a six-
membered carbon ring bridging the;&Ci,—Ci3 bonds, which both locks the,&=C,, bond in the trans
configuration and prevents rotation about the-€C,3 bond. The changes in the vibrational degrees of freedom

of the retinal attributable to the six-membered carbon ring are found in the picosecond resonance CARS
(PR/CARS) spectrum of ground-state BR6.11. Normal mode assignments for more than forty BR6.11
vibrational features are made through comparisons with the PR/CARS data from native BR-570 (previously
analyzed in terms of the selective isotopic substitution of the retinal). PTR/CARS spectra from two intermediates
(J6.11 and K6.11), observed by PTA to appear during the initial 200 ps of the BR6.11 photocycle, reveal
distinct retinal structures for each. The retinal in J6.11 contains delocalized (i.e., vibrational degrees of freedom
not well described by normal modes and spanning major regions of the retinal), out-of-plane motion, and a
highly twisted all-trans polyene configuration while K6.11 contains a retinal in which vibrational degrees of
freedom have relaxed into well-defined, out-of-plane normal modes and a less twisted (though markedly
nonplanar), 13-cis configuration. These vibrational data show that@, isomerization is not the first
structural change to occur in the BR6.11 photocycle, but rather is the principal structural change during the
J6.11 to K6.11 transformation. The similarity of the retinal structural dynamics in the BR6.11 and native
BR-570 photocycles demonstrates that subpicosecond, torsional motion within the polyene pregedes C
Cu4 isomerization and is critical for initiating the BR photoreactivity underlying their biochemical function.
The structural dynamics comprising the initial 200 ps of the BR6.11 photocycle, as derived from these PTR/
CARS data, are described well by a three-state model in which J6.11 and K6.11 are assigned as excited and
ground electronic states, respectively.

also assume that all-trans to 13-cis isomerization within retinal
occurs prior to the 0.5 ps appearance of the J-625 intermédiate.
Recently! however, picosecond time-resolved coherent anti-
Stokes Raman spectra (PTR/CARS) indicate that J-625 contains
an alltransdike retinal. Specifically, the €C stretching band
(“fingerprint”) pattern, used widely in vibratonal spectroscopy
to identify the retinal configuratiohremains almost unchanged
as J-625 is formed from BR-570 (all-trans), but changes
significantly as K-590 (13-cis) subsequently (3.5 ps) appeéars.
Thus, J-625 is an intermediate in which the retinal structure
has undergone significant changes relative to BR-570 (vide
infra), but Ggz=C,4isomerization is not one of them. The change
from all-trans to 13-cis retinal occurs during the J-625 to K-590

of the initial structural changes in the retinal chromophore are (o «formation.

still to be fully understood. Of particular interest are those
structural changes occurring during the initial femto/picosecond
period of the BR photocycle. Trans to cis isomerization of the
C15=C;4 bond has been widely viewed in earlier models of the
BR photocycle as the primary molecular evéfThese models

The structural properties of the J-625 retinal that distinguish
it from those in BR-570 and K-590 include the following: (i)
increased electron density in the=C bonds (increased=€C
stretching mode frequencies), (ii) significant “delocalized”
hydrogen out-of-plane (HOOP) motion, and (iii) a Schiff-base

*To whom correspondence should be addressed. E-mail: atkinsog@
u.arizona.edu.

bonding environment similar to that of BR-570, but distinctively
different from that in K-590. These vibrational CARS features

T Part of the special issue “Charles S. Parmenter Festschrift”. indicate that J-625 has a highly distorted (twisted) retinal
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Figure 1. (A) Chemical structures of retinal chromophores in BR-
570, BR5.12, BR6.9, and BR6.11 and (B) absorption spectra of BR-
570 (solid line, intensity maximum at 568 nm), BR5.12 (dotted line,
intensity maximum at 578 nm), BR6.9 (dedash line, intensity
maximum at 572 nm), and BR6.11 (dashed line, intensity maximum
at 556 nm). The pumpyy = 663 nm) and probex{s = 700—-750 nm)

wavelengths used to obtain PR/CARS spectra from BR6.11 are shown

at the bottom together with the spectral region (5885 nm) where
the was signal appears.

conformation, an observation that is consistent with earlier time-

resolved resonance Raman res@iifhe third type of difference
also supports the idea that trans to cis retinal isomerization doe
not occur until K-590 is formed, whereby the retinal Schiff base
proton moves to a different position within the protein pocket.
“Delocalized” out-of-plane retinal motion connotes vibrational

energy not well described by normal modes. Appearing as highly

broadened%50 cnt?) vibrational features, delocalized out-of-

plane motion is distributed over major regions of the retinal,
and therefore differs from out-of-plane motion observed as
unbroadened<5 cnm1) bands that are well represented by the

Terentis et al.

retinal, the contributions of these two types of retinal structural
changes can be determined. The six-membered carbon ring in
the retinal of BR6.11 examined here blocks the permanent
isomerization and/or rotation in the £C;,—Ci3 region (Figure

1) but does not directly prevent;&=C,4 isomerization. Thus,

a comparison of the dynamics in BR6.11 with those in the native
BR-570 examines the importance of torsional motions in the
C11=C1,—Cy3 bonds with respect to the BR photocycle.

The BR6.11 photocycle observed by PTA measureménts
contains intermediates analogous to those found in the native
BR photocycle, and an independent study shows that BR6.11
has a similar biochemical functidfi.The important difference
between BR6.11 and BR-570 appears in the decay rates of the
respective J intermediates (i.e., J6:+1K6.11 is 12 p&* and
J-625— K-590 is 3.5 p&1%1). None of these absorption data,
of course, provide direct measurements of the structural proper-
ties of BR6.11 or of the intermediates composing its photocycle.
The vibrational spectrum from BR6.11 and K6.11 have been
recorded using time-resolved RR spectroscopy, but only at
relatively low spectral resolutiot?.

Previous PTR/CARS experiments examined the photoreac-
tions of two different artificial BR pigments, BR5.12and
BR6.%0 (Figure 1). Each of these artificial BR pigments
selectively restricts motion at specific retinal bonds, and
therefore, by viewing the associated dynamics collectively, an
understanding of the changes in retinal structure critical to the

BR photocycle can be obtained.

The retinal in BR5.12 contains a rigid, five-membered carbon
ring spanning the G—C;13=Ci4 bonds that locks the =Ci4
bond in the trans configuration. Consequently, BR5.12 displays
no proton-pumping activity® and its photoreaction contains only
a single, red-shifted photointermediate, T5.12(J5.12), that decays
directly back to the ground state with a time constant of 17
19 ps?222PTR/CARS spectra show the T5.12(J5.12) retinal to

normal mode approximation. The appearance and time-depend@ve () increased out-of-plane (HOOP) motion relative to

ent evolution of these two types of out-of-plane vibrational
motion is a distinguishing characteristic of J-like intermediates.
The PTR/CARS spectrum of K-590 also contains strong

bands corresponding to HOOP and out-of-plane methyl vibra-
tional modes, although these bands are neither as intense o

broad as those in the spectrum of J-625verall, the K-590
PTR/CARS data are consistent with both X-ray crystallographic
dat@~1! and molecular dynamics simulatidAd3 showing the
retinal in K-590 to have a 13-cis configuration but with a

BR5.12, but without the significant band broadening observed
in J-625 and (ii) increased pi-electron density is=C bonds,

but no Gz=C,4isomerization (as expected for this ring-locked
pigment)!® The overall similarity of the &C stretching band
pattern in T5.12(35.12) and J-625 supports the conclusion that
the retinals in both are all-trans-like and that trans-Gis<C14
isomerization occurs only when the J-like intermediates decay
to a K-like intermediaté.

The retinal in BR6.9 contains a six-membered carbon ring

strongly deformed, out-of-plane structure. Simulations suggest SPanning the €=C,o—Cy, bonds (Figure 1). PTA and PTR/

that strong torsions appearing mainly in the & N region of
the K-590 retindP are associated with weakeniigr breaking®

CARS data from BR6.9 reveal two distinct intermediates, J6.9
and K6.9, with lifetimes of 5 ps ana 50 ns, respectiveli?

of H-bonding between the Schiff base of the chromophore and Independently, BR6.9 has been shown to have biochemical

a neighboring water molecule (w402) occupying a bridging
position within the protein binding pocket. This disruption of

activity similar to that in BR-57@> Other than slowing the
formation and decay rates for the intermediates, these data show

the H-bonding network is proposed as a mechanism for the that restricting retinal motion at thes€Cy0—Cy1 bonds does
temporary storage of absorbed photon energy in the K-590 not significantly alter the photocycle mechanism of BR.

intermediate-2

The higher (temporal and spectral) resolution of the PR/CARS

The work presented here seeks to more clearly characterizeand PTR/CARS data from BR6.11 presented here (as compared
the structural changes in the retinal that define the primary to previous time-resolved RR défpare used to examine the
reaction coordinates within the BR photocycle. The relationship role of C;;=C;,—C;3bond torsions and 5=C,4 isomerization.

of these changes in retinal structure tg€C,4 isomerization

Distinct retinal structures are identified from the spectra of

is of special interest. Since out-of-plane retinal motion has beenBR6.11, J6.11, and K6.11. Specifically;£C,4isomerization

shown in BR to be importarft1+12 attention is focused on

occurs in the transition from J6.11 to K6.11 while J6.11 is

examining the femto/picosecond structural events in a series ofcharacterized by the same intense, delocalized HOOP motions

structurally related artificial BR pigments containing aliphatic
carbon rings that selectively isolate motion around specii€C
and G=C bonds (Figure 1). By the selective limitation of out-
of-plane motions and/or €C isomerization throughout the

that are observed in J-625. These experimental CARS results
support the conclusions reached from earlier CARS studies that
strong, delocalized, out-of-plane vibrations of the polyene chain
precede the trans-cis isomerization of thg~€C,4 bond.



Artificial Bacteriorhodopsin Pigment: BR6.11 J. Phys. Chem. A, Vol. 107, No. 49, 20080789

Finally, these CARS results are discussed in terms of a three-
state model used to describe the dynamics controlling the initial
stages of the BR photoreactivity in both BR6.11 and in BR
pigments in general. The consistency between the PTR/CARS
data presented here and a three-state model indicates that J6.11,
and J species in general, be assigned as excited electronic states,
while K6.11, and K species in general, be assigned as ground
electronic states.

Materials

The BR samples are grown from a cell linekbdilobacterium
salinarumand are purified according to established metéds.
The purple membrane typically has an absorbance ratio of 1.5
(protein absorbance (280 nm)/retinal absorbance (570 nm)) and
is used without further purification. The isolated bacterio-opsin
is obtained by removing the all-trans retinal chromophore from
BR-570 by a bleaching procedure: BR-570 is bleached-#8
h by focusing the output of a 500-W projector lamp through a OF T T . r
450-nm cutoff filter onto a light-adapted BR solution containing 800 900 ~ 1000 1100 1200 1300
1 M NH3OHCl, 1 M NaOH aml 1 M NaCl buffered at pH= Raman Shift [cm]
7.0. After bleaching, the sample is centrifuged and washed with Figure 2. (Top) PR/CARS spectrum of BR6.11 in the 800800 cm*
10 mM K.HPQydithiothreitol (DTT) buffer and 5% v/v solution region. The nonresonant CARS signal from water is used to normalize

. . S . the PR/CARS signal to 1.0 (indicated by the horizontal dashed line).
of bovine serum albumin (BSA) to eliminate the hydroxylamine e @).fit function is shown as a solid line overlapping the PR/ICARS

and any residual all-trans retinal. BR6.11 is prepared by gata @). (Bottom) Background-free (Lorentzian line shapes) PR/ICARS
reconstituting the remaining opsin with the structurally modified spectrum of BR6.11 derived from th&-fit. The wavenumber positions
retinal E-11,20-ethanoretinal (Ret6.11). The Ret6.11 is dissolved of selected bands are shown as vertical arrows. it parameters
in ethanol and added to the buffered opsin solutis@% final _and a_c_omplete_ list of band origin p_ositions, bandwidths, and relative
volume of ethanol with a 1:1 molar ratio of opsin to retinal). intensities obtained are presented in Table 1.
The reconstitution of opsin with Ret6.11 is performed in the that is counter-propagated relative to the directions ofdhe
dark at 4°C. andws CARS probe beams, thereby avoiding any residual linear
The reconstituted BR6.11 sample is washed and centrifugedand nonlinear scattering signals that would otherwise be
with BSA to obtain a pellet that is re-suspended in 10 mM K observable. All of the dye lasers are operated at a 400 kHz
HPQO/1 mM DTT buffer to yield approximately 15 mL of a  repetition rate to match the flow properties of the liquid sample
3.5 OD/cm (at 556 nm) sample. All BR6.11 samples are light- jet.2528 The cross-correlation time (CCT) between theand
adapted by exposure to the output from a fluorescent lamp for wey. pulses is 8 ps.
approximately 15 min prior to each PTR/CARS measurement. PR/CARS and PTR/CARS signals are recorded in alternating
It has been shown that following light adaptation the retinal in order to facilitate the direct comparison of the signals from the
BR6.11 adopts an all-trans configurat?R/CARS and PTR/  ground state BR6.11 and from the reactive mixtures of the
CARS data measured from the sample on different days transient intermediates. Picosecond transient absorption (PTA)
following several light adaptation cycles are reproducible, data are recorded during each PTR/CARS experiment to
thereby demonstrating that the light adaptation procedure doesindependently measure the relative concentrations of BR6.11
not cause any significant sample degradation. To avoid any and J6.11 or K6.11 (used in the quantitati/® analysis of the
sample degradation during both CARS and PTA experiments, CARS data) and to accurately determine the 0 ps time point.

Rel. PR/CARS Intensity

the sample temperature is maintained-a0 °C, and excitation The CARS spectra are fitted with a model function described

laser pulse energies are kept to a minimur2Q nJ/pulse). elsewheré® By using the nonlinear fitting procedure, the
vibrational parameters (amplitude, bandwidth, vibrational origin,

Instrumentation and Experimental Procedures relative electronic phases) describing the vibrational modes of

each BR species are determined and a vibrational spectrum

The instrumentation used to record PTR/CARS signals = ax ) ‘
)pontalnlng Lorentzian line shapes is derived.

includes three picosecond dye lasers synchronously pumped b
the second harmonic output of a cw, mode-locked Nd:YAG
laser, an optical system to steer the laser beams, a flowing
sample compartment, and a CCD detection system discussed |. Ground-State BR6.11.A. PR/CARS Spectrum of BR6.11.
in detail elsewheré>26Briefly, light pulses from a narrowband  The vibrational spectrum of ground-state BR6.11 reflects the
(<4 cml, fwhm) dye laser operated at 663 nmf and a initial chromophoric structure from which its photocycle begins,
broadband {700 cn?) dye laser operated in the 70850 nm and therefore, it is the starting point for any vibrational analysis
region s) are phase-matched in a flowing BR6.11 sample, of the retinal structure in photocycle intermediates. The S/N in
generating CARS signals spanning’00 cnt?! (w,9. These the RR data (9061700 cnv! region) for BR6.118 limited the
signals are dispersed onto the surface of a liquid nitrogen cooledobservable features to only the six major bands (at 1589 cm
2D CCD detector (EG&G 256« 1024) operated in the focal 1510 cnr?, 1210 cnr?, 1164 cnvt, 1016 cnT?, and 880 cm?).
plane of a triple-stage monochromator (SPEX Triplemate). The In contrast, PR/CARS spectra from BR6.11 (8400 cnt?
CARS signals from BR6.11 solutions are normalized against region, Figures 2 and 3) contain more than forty distinct
reference signals from solvent (buffer) alone to isolate the vibrational features. PR/CARS data are recorded from the light-
resonant CARS signal from BR6.%1.The photoreaction of = adapted BR6.11 over two spectrally overlapping regions, each
BR6.11 is initiated via a 570 nm optical excitation beamf) spanning 500 cmt. The 663-nm wavelength a#; is selected

Results
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Figure 3. (Top) PR/CARS spectrum of BR6.11 in the 1260700 Figure 4. (Top) Background-free (Lorentzian line shapes) PR/CARS
cm! region. The nonresonant CARS signal from water is used t0 spectrum (8061300 cnt?) of BR-570 and (Bottom) BR6.11. Band
normalize the PR/CARS signal to 1.0 (indicated by the horizontal positions are origin®@y) values derived fromy® fits of the PR/ICARS
dashed line). Thg®-fit function is shown as a solid line overlapping  data (Table 1).

the PR/CARS data®). (Bottom) Background-free (Lorentzian line
shapes) PR/CARS spectrum of BR6.11 derived fromyRefit. The
wavenumber positions of selected bands are shown as vertical arrrows.
The x®-fit parameters and a complete list of band origin positions,
bandwidths, and relative intensities obtained are presented in Table 1.

to occur on the low-energy side of the BR6.11 absorption
spectrum (Figure 1) to minimize any contributions to the CARS
signal from photocycle intermediates. While the absorption
spectrum of BR6.11 is slightly blue-shifted (556 nm peak)
relative to BR-570 and other artificial pigments (e.g., BR6.9 at
572 nn?° and BR5.12 at 578 nif, Figure 1), the excitation
conditions employed are sufficiently similar to those used in
previous studies of other BR pigments to warrant a direct
comparison of the respective PR/CARS spectra, vide infra.
The y®-fitting functions for PR/CARS data of BR6.11 are
used to derive background-free CARS spectra with Lorentzian
line shapes (Figures 2 and 3). Ty@-fitting parameters (band
origins, Q, bandwidthsI'x, and amplitudesAy) utilized for
these PR/CARS data are presented in Table 1. The error in
measuring a given band origin position<® cn 1. The band
origins for BR6.11 derived from RR and for BR-570 from 1200 1300 1400 1500 1600 1700
PR/CARS data are also included in Table 1. The comparison Raman Shift [cm™]

of PR/CARS spectra from BR6.11 (this work) and BR-570 Figure 5. (Top) Background-free (Lorentzian line shapes) PR/ICARS

(Figures 4 and 5) highlights the differences in the retin.al spectrum (12061700 cnt?) of BR-570 and (Bottom) BR6.11. Band
structure and bonding attributable to the introduction of the six- positions are origin@,) values derived from® fits of the PR/ICARS

membered ring bridging the :&=C;,—C;3 bonds. data (Table 1).
B. Vibrational Mode Assignments for BR6.1he normal
mode assignments in BR6.11 are determined from comparisons914 cnt?, and 974 cm? are associated with hydrogen out-of-
with the analogous normal mode assignments for native BR- plane (HOOP) wagging modes in BR6.11 (Figure 4, bott&#).
570. Generally, the six-membered ring can be anticipated to The HOOP bands in BR6.11 are more intense (e.g., relative to
cause only minor perturbations to those BR-570 normal modesthe neighboring 1165 cnt band) than the analogous HOOP
localized near thg-ionone ring and to cause major perturbations bands in the native BR-570 spectrum (Figure 4), an indication
(e.g., create new normal modes) where the six-membered ringof larger out-of-plane distortion in the BR6.11 chromophore.
is directly involved in nuclear displacements (e.g., near the=C The intense band at 1008 ciin BR-570 is assigned
C12—Ci3 bonds). Comparisons with the vibrational spectra (PR/ primarily to in-plane rocking modes involving the{and Go
CARS and RR) from other artificial BR pigments containing methyl groups (& CHs rocking vibrations?%3°The Gg methyl
ring structures (BR63 and BR5.129) are also used to facilitate ~ group is absent in BR6.11 due to the presence of the six-
the vibrational mode assignments. membered ring (Figure 1). Nevertheless, a relatively intense
1. HOOP and & CHjs Rocking Modes. The vibrational bands band appearing at 1018 ci(Figure 4) can be attributed to
at 814 cntl, 837 cnrl, 880 cnt?, 889 cntl (sh), 902 cm?, the single in-plane methyl-rocking mode associated with the

Rel. PR/ICARS Intensity
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TABLE 1: Band Positions (Intensity Maxima for Resonance Raman (RR) and Origins Qy, for CARS Data) in Vibrational
Spectra Recorded from BR6.11 and BR-570, and Bandwidthdy, and Amplitudes, A, for PR/CARS of BR6.11

BR6.1F BR-57¢ J6.1F K6.11°
RR¢ band PRICARS® vibrational mode P(T)RICARS
int. max. (cnt?) Q (cmhh I« (cm™ )b AN assignments Q (cm™hh Q (cm™Y)i Qi (cm™Yyi
814 11 0.02 lysine (HOOP) 830
837 15 0.02 @—, Cg—H (HOOP) 850
880 880 4 0.09 @—, Cio—, Cis—H (HOOP) 883 877 879
889 5 0.02
902 55 0.05 @—H (HOOP) 898 905 904
914 35 0.03 915 920
918
947
Ci1—, Cio—H (HOOP 959
o7d] a1 004 gt ey 062 Jo7e Jo70
1000
1016 1018 6 0.12 CHip rock (sym.) 1008
1029 12.5 0.08 Chiip rock (asym.) 1022 1028 1026
1049 11 0.08 1048
1059 11 0.09 }CH3 oop r°°'{
1077 10 0.05 1081 1076
1098 5 0.02
1122 8 0.06 G—C; stretch 1122 1112
1139 10 0.11 p—ionone ring stretch 1137 1150
1164 1165 7 0.70 5—Cy; stretch 1171 1166 1175
1189 4 0.03 1185 1199
1199 5 0.08 @—Cys stretch 1202 1203 1203
1210 1214 7 0.28 £-Cq stretch 1213 1213 1213
1223 1224
igjé g 88‘21 }Iysme (ip rock{ 1241 1239
1251 6 0.08 1254 1250
1272 11 0.06 @—H (ip rock) 1274 1269 1264
1295 10 0.05 1297
1308 18.5 0.05 &, Cs—H (ip rock) 1306 1303
1311 5 0.007
1322 5 0.09 @—, Cio—, Cis—H (ip rock) 1324 1323 1322
1335 3 0.02 1335 1336
1348 10 0.09 N-H (ip rock) 1349 1345 1352
1355
1368 6.5 0.04 1370 1369
1380 55 0.03 Cklsym. deform. 1382 1380 1380
1398 10 0.04 1400 1393
1413 5 0.02 1416 1413
1421 6 0.05 1430 1426
1435 7 0.03 1439
1450 8 0.02 CHlip deform. 1456 1451 1449
1459 33 0.09
1466 8 0.002 1468 1469
1488 5 0.01 1485
1510 1510 7 1.000 3=Cy, stretch 1526 1508 1512
1545 10 0.09
C15=Cy4 stretch 1580 1574 1576
1589 1593 11 0.06 £-C;g stretch 1601 1586 1586
1618
1647 11 0.05 E-N stretch 1638 1637 1651
1690 3 0.01 1669 1674

2Refs 14, 15° Ref 7.¢ This work.¢ Resonance Raman défa.c PR/ICARS= picosecond resonance coherent anti-Stokes Raman scattering.
fBased on comparisons with assignments of RR data from BR®3aly the predominant local coordinates characterizing each normal mode are
shown (ip= in-plane, oop= out-of-plane and HOOPR- hydrogen out-of-plane}. Picosecond time-resolved CARS (PTR/CARS, J6.11 and K6.11)
or PR/CARS (BR-570)" Derived fromy® fit of PR/CARS data! Relative intensities obtained by normalization to the most intense feature at 1510
cmL. i Derived fromy® fit of PTR/CARS data.

Cy9 methyl group. This assignment is consistent with those made band appears with a relatively larger intensity than the analogous
for the analogous bands in BR5.12 (at 1020 &rfor the Gg bands for the other BR pigments, an indication of a significantly

and Go methyl rocking moded§ and in BR6.9 (at 1017 cnt larger degree of out-of-plane displacement of ther@ethyl in
for the G methyl rocking modej? BR6.11.
The relatively weak 1048 cnt band in BR-570 is assignable The peaks in the 12741456 cn! region of the BR-570
to out-of-plane G and Go methyl rocking mode3®3° By spectrum (Figure 5) are assigned mainly to hydrogen in-plane

analogy with this and similar bands appearing in the spectra rocks (e.g., 1274 cmi, 1306 cnt?, and 1324 cm?) as well as
for BR6.9 (1051 cm?) and BR5.12 (1050 cm), the 1059 cm! in-plane and out-of-plane methyl deformations (e.g., 1382cm
band in the BR6.11 spectrum is assigned to then@thyl out- and 1456 cm?). Overall, the positions and relative intensity
of-plane rocking mode. In the BR6.11 spectrum, however, this pattern in this region of the BR6.11 spectrum (Figure 5) is
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........

significantly different than that observed for BR-570. Of HOOP CH,rock ~ C-C Stretch
particular interest is the 1349 cthband in BR-570 that is = A 3
assigned to the NH (Schiff base hydrogen) in-plane rogks°
The spectral changes seen in this region of the BR6.11 spectrum
recorded in RO are consistent with its 1348 crhband being
assigned to the NH in-plane rocking mode (data not shown).

2. C—C Stretching Modes. The pattern of vibrational bands
in the G-C stretching “fingerprint” region{1120-1220 cn1?)
is slightly different in BR6.11 than in the native BR-570 (Figure
4). The fingerprint bands are assigned to modes involving
predominantly G-C stretching motions that are strongly coupled
to in-plane G-C—H rocking motiong®~31 These G-C stretch-
ing bands are used to identify the isomeric configuration of
retinal as either all-trans or 13-cig831

In the fingerprint region of the BR6.11 spectrum, six peaks Ké.11
are identified at 1122 cm, 1139 cnr?, 1165 cnt?, 1189 cnt 3.5
(weak),~1199 cn1?! (weak shoulder), and 1214 c(Figure f
4). The most intense peak at 1165cnean be assigned to the g
vibrational mode having predominantly1&-C,; stretching
character, with some coupling to the—€;0—Cy; rocking

Rel. CARS Intensity

-—1026

-—1000
<—1150 1175

-—1076
-—1112

motion, by analogy with the intense band appearing at 1171 800 900 1000 1100 1200 1300
cm~1in BR-57027301171 cnttin BR6.%%and 1182 cmt in Raman Shift [ cm™ ]
BR5.1219

. ) Figure 6. (Top) Background-free (Lorentzian line shapes) PR/CARS

The two intense bands at 1202 thand 1213 cm? in BR- spectrum of BR6.11 and PTR/CARS spectra of J6.11 (center, derived
570 are assigned to the strongly coupled-€Z;s and G—Cq from the 0-ps PTR/CARS data) and K6.11 (bottom, derived from the
stretching mode® In BR6.11, the bands at 1214 cfand with 200-ps PTR/CARS data) in the 862300 cnt* region. Band positions
a weak shoulder at1199 cnt! are likely associated with these gfé’g%”tg'g_"?)'luels) d%r]lved frotnx(f) fits of the PR/ CA%_S artld E LR/

: N . ata (Table 1). The spectral regions corresponding to hydrogen

modes. Th? allph_atlc ring in the retinal of BRG'.ll thl.Js greatly out-of-plane (HOOP), methyl-rocking (GHock), and C-C stretching
affects the intensity of these bands, but not their positions. The vibrational modes are indicated at the top of the figure (dotted lines).

reduced intensities may be attributed to the altered coupling

between the &-Co and Gs—Cys stretches, due to the ring  gRrg 11 photocycle, using the simultaneously recorded PTA
bridging the Gy=C12—Cy3 carbons between them. signals to quantitatively determine the absolute time scale as
3. C=C Stretching and Schiff-base Modes. The PR/CARS well as the delay intervals. Attention is focused on the
spectrum of BR6.11 contains one major, intense band at 1510yjprational spectrum of K6.11 that has a relatively long lifetime
cm* and two other bands at 1545 chand 1593 cm*, all of (>1 us). The resultant background-free CARS spectrum of
which are attributed to €C stretching (ethylenic) modes  Kg.11 (800-1700 cnt?), derived from the PTR/CARS spectrum
(Figure 5). Although normal coordinate analyses indicate that recorded at 200 ps, is presented in two spectrally overlapped
the C=C stretches in retinal are strongly coupfédi' the most  regions, each spanning500 cnt! (bottom of Figures 6 and
intense band in BR-570 (at 1526 c# and that of BR6.11 7). The same background-free CARS spectrum of K6.11 is
(1510 cn1?) is assigned predominantly1&=Cy, stretching  optained from each independent PTR/CARS measurement
character. The band at 1647 th(1622 cn*in D;O, datanot  petween 30 and 200 ps (data not shown), all delay times at
shown) in the BR6.11 spectrum is assigned to theNC  which the concentration of K6.11 is seen from the PTA data to
stretching mode associated with the protonated Schiff-basepe almost constant. To facilitate comparisons, the background-
linkage to the Lys216 residue of opsi#?2%3! This is a higher  free CARS spectrum of BR6.11 is presented at the top of Figures
frequency than that found in BR-570 (1638 t¥))?’ BR6.9 6 and 7.
(1640 cnT!)*° and BR5.12 (1631 cnit).*® B. Vibrational Mode Assignments for K6.Ilhe appearance
Il. BR6.11 Photocycle IntermediatesPTA data (not shown) of the same 8001700 cnt! bands in PTR/CARS spectra
measured over the initial 250 ps of the BR6.11 room temperature recorded between 30 and 200 ps delays demonstrates that K6.11
photocycle (570 nm pump and 663 nm probe wavelengths) is an intermediate with well-defined vibrational modes over the
identify two intermediates, J6.11 and K6.11, both of which have entire 360-200 ps time interval. Independently, the differences
previously been reported.A globall fit of the PTA data yields  in the PTR/CARS spectrum assigned to K6.11 and the PR/
a 16+ 4 ps time constant for the decay of J6.11 that agrees CARS spectrum of BR6.11 (Figures 6 and 7) demonstrate that
with previous findings (12= 3 ps)* The lifetime of the K6.11  the respective retinal structures are themselves distinct.
species is> 1 us. 1. HOOP and Chtrocking Modes. The vibrational bands for
Previous PTA measurements of BR6.11 revealed the presencek6.11 appearing at 879 crh, 904 cnt?, 920 cnr?, 947 cnm?,
of two discernible K6.11 species, denoted K6.11/1 and K6.11/ and 970 cm! are assigned to HOOP modes. Of particular note
2, each with a lifetime 0f-100 ps and>5 ns, respectively* is the marked increase in the relative intensity and bandwidth
However, no evidence of 2100 ps K6.11 intermediate is found  of these modes in comparison with the analogously assigned
in the present PTA data. The absence of such an intermediatébands in the BR6.11 spectrum (Figure 6). Both characteristics
is supported by the PTR/CARS data, which reveal no structural indicate that the polyene chain in K6.11 is significantly more
changes beyond30 ps throughout the-8250 ps time interval  twisted and/or distorted out-of-plane than that in BR6.11. The
studied, vide infra. 1018 cm! band, corresponding to in-plane methyl rocking
A. PTR/CARS Spectrum of K6.JATR/CARS spectra are  motion in BR6.11, is similarly more intense and broadened in
recorded at 5 ps intervals throughout the initial 200 ps of the the K6.11 spectrum (1026 crhband). The weak band appear-
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v(C=C) v(C=N) as well as its 1216 ps lifetime, is clearly evident from the
; ' PTA datal* The measurement of the vibrational spectra of J
intermediates, in general, is made difficult by their short lifetime
relative to the~3—5 ps laser pulse widths needed to obtain
vibrational data with spectral bandwidths consistent with
assigning normal modes (i.e., obtaining structural information).
Nevertheless, recording the PTR/CARS spectrum of an inter-
mediate with a lifetime as short as 3 ps (e.g., J-625 in the BR-
570 photocycle) is feasible if the relative concentrations of the
species present during the CCT can be determined. Such data
are obtained from PTA experiments. For example, since PTA
measurements show that the concentrations of both 1-460 and
K-590 are insignificant within a CCT of 6.5 ps, the resultant
PTR/CARS spectra can be quantitatively analyzed in terms of
only J-625 and BR-570. The vibrational spectrum of J-625 alone
can be determined by incorporating the well-established CARS
spectrum of BR-570 into the third-order susceptibility fitting
function for the PTR/CARS dafa.
The same methodology is used to obtain the vibrational CARS
) . i - spectrum of J6.11 in the BR6.11 photocycle (Figures 6 and 7).
1200 1300 1400 1500 1600 1700 The 12-16 ps lifetime of J6.11 makes it experimentally feasible
Raman Shift [ cm”] to record several PTR/CARS spectra having measurable J6.11
Figure 7. (top) Background-free (Lorentzian line shapes) PR/ICARS contributions at different time delays (e.g., from 0 to 10 ps).
spectrum of BR6.11 and PTR/CARS spectrum of J6.11 (center, derived These independently measured vibrational spectra of J6.11 are

from the 0-ps PTR/CARS data) and K6.11 (bottom, derived from the themselves consistent and distinct from those of BR6.11 and
200-ps PTR/CARS data) in the 1260700 cnt? region. Band positions K6.11.

are origin Q) values derived from thg® fits of the PR/CARS and
PTR/CARS data (Table 1).

Rel. CARS Intensity

The most distinctive characteristic of the CARS spectrum
assigned to J6.11 is the large, exceptionally brea200 cnt?)
feature appearing in the low-frequency HOOP and-@tking
regions (8771081 cntl, Figure 6). Such a broad, intense
feature indicates that the retinal has a large degree of out-of-
plane motion that has not organized into specific nuclear motions
well described by normal modes. The disappearance of #09€
cm! broad feature during the J6.11 to K.11 transformation
reflects the time dependent nature of the out-of-plane motion

ing at 1076 cm? in the K6.11 spectrum is assignable to an
out-of-plane methyl rocking mode.

2. C—C Stretching Modes. The general pattern of vibrational
bands in the €C stretching (fingerprint) region of the K6.11
spectrum is substantially different than that found in BR6.11,
with respect to both the relative intensities and band positions

(Figure 6). The most intense band appears at 1175 amd is as it relaxes into HOOP and Ghlocking normal modes. Since

e B R pdhe patie o CC sretcing bands of 6.1 (166 and 1213
P o 9 ; . tmY) closely resembles that observed for BR6.11, but is distinct
same vibrational mode, the 10 chincrease in the frequency

in K6.11 is indicative of qreater for nstant iated from that of K6.11 (Figure 6), it is evident that the retinal has
042 1S catlve of greater force consta (s) associate isomerized in the transformation from J6.11 to K6.11. Signifi-
with these degrees of freedom (i.e., mainly they,€Ciy

stretching mode coupled with 16-H in-plane rock). The cant structural changes in the retinal have occurred as J6.11 is
tretching pied with 16 P : formed, however, such as the out-of-plane twisting/distortion

significantly weaker relative intensity of the band at 1213 ¢m shown by the strong HOOP and G¥bcking bands (Figure 6)

in K6.11 (1214 cm* in BR6.11) indicates further decoupling The intense bands in the=€C stretching regions are als-o

of the G~ Co and G4—Csstretches in K6.11 (vide supra). The - i ¢ "BR6 11 and J6.11, although small displacements

second major €C stretching band, associated with the,€ (1510 ¢t in BR6.11 to 1508 ¢t in J6.11) and significant

Ci5s mode, appears only as a weak shoulder 4203 cntt in . :

the K6.11 spectrum. Collectively, these-C stretching bands broadening in J6.11 are observgd (Figure 7). This similarity.
demonstrate that the incorporation of a six-membered aliphatic suggests that the electron delocalization along the polyene Ch?"”
carbon ring bridging the G=Ci,—Ci3 bonds does not prevent does not change much between BR6.11 and J6.11, a conclusion

L - : .~ . supported by the small shifts~@ cnt) found for all the
the appearance of significant out-of-plane twisting/distortion in b ~ = . .
K6.11, which has a 13-cis retinal configuration (vide infra). gﬁZItTQOSSOI;::g (r:e(l:afil\?s g&gir:)dr?elg Jo6r;3iln(l.%’RlGlf$’bl:nld35,
3. C=C stretching and Schiff-base Modes. The vibrational P g ' '

band patterns in the <€€C stretching and Schiff-base regions
differ significantly between BR6.11 and K6.11. Although the
position of the most intense BR6.11 band at 1510%mssigned The measurement of changes in retinal structure occurring
to the predominantly G=C;, stretching mode, shifts only  within the initial 200 ps of the BR6.11 photocycle, as determined
slightly to 1512 cm? in K6.11, it is accompanied by the from the PR/ICARS and PTR/CARS data presented here (Figures
emergence of another moderately intense band at 1483 cm 2-7), provides an opportunity to expand the primarily kinetic
(Figure 7). The very weak band at 1651 This tentatively models of BR photoreactivity (derived from transient absorption
assigned to the €N stretching mode, 4 cnt higher thanthat  data) to include an understanding of the structural dynamics of
in BR6.11. the retinal chromophore. These initial structural transformations
C. PTR/ICARS Spectrum of J6.1Although the visible involve the J6.11 and K6.11 intermediates and reflect differences
absorption spectra of BR6.11, J6.11, and K6.11 overlap in both retinal configurations and conformations and in the
extensively, the presence of J6.11 in the BR6.11 photocycle, interaction(s) between retinal and the amino acid residues

Discussion
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compising the protein binding pocket. Comparisons of the retinal water molecule (w4023 In artificial pigments (e.g., BR6.11),
dynamics in BR6.11 with those in the photocycles and photo- the hydrogen-bonding is anticipated to be different because the
reactions of native BR-57¢ and other artificial BR pig- orientation of the artificial retinal within the protein pocket is
ment3°20 further expand the understanding of the molecular altered, vide supra. For example, increasing the distance to
events that characterize the photoreactivity of BR in general. Asp85 weakens the Schiff base hydrogen-bond with w402,
A. Structure of BR6.11. PR/CARS data (Figures 4 and 5) increases the coupling between the-MN rock and the &N
show that, in general, the modifications to the retinal caused Stretching modes, and increases thelCstretching frequenc.
by the incorporation of a six-membered carbon ring Spanning Alternatively, the degree of pi-electron delocalization along the
the G1=C;,—Ci3 bonds to form BR6.11 are relatively small. polyene chain can influence the frequency of thelCstretch
Many similar vibrational features are observed in both the (€.9., decreased pi-electron delocalization near the Schiff base
PR/CARS spectra of BR-570 and BR6.11. Because normal increases the €N stretching frequency). Because the=C
coordinate calculations, select& isotopic substitutions and ~ stretching frequency indicates that pi-electron delocalization
bleaching/chromatographic studi&é$2together have identified ~ increases in BR6.11, the increase in the frequency of ts8IC
the C-C stretching band pattern observed from BR-570 as Stretching band is attributable to aweakening of the Schiff base
originating from an all-trans retinal, the overall similarity of ~hydrogen-bonding to Asp85.
the C-C stretching band patterns in BR-570 and BR6.11 (Figure  B. Retinal Structural Dynamics in the BR6.11 Photocycle.
4) specifically supports the conclusion of earlier bleaching/ The molecular mechanism occurring within the initial 200 ps
chromatographic studi€sthat light-adapted BR6.11 also con- of the BR6.11 photocycle can now be characterized in terms of
tains an altrans retinal. Detailed examination of these PR/ both PTA data reflecting changes in the electronic states
CARS spectra, however, reveals several noteworthy differencespopulated and CARS data measuring the changes in vibrational
in the retinal structures of BR6.11 and BR-570: degrees of freedom. While PTA data establish the kinetic
1. The enhanced intensity of the HOOP and@Hs out-of- properties of two distinct intermediates, J6.11 and K6.11, the
plane rocking modes in the BR6.11 spectrum (e.g., 880cm PTR/CARS data presented here (Figures 6 and 7) provide insight
and 1059 cm?, Figure 4) can be attributed to steric interactions into their respective retinal structures relative to that of BR6.11.
of the ring with surrounding amino acid residues in the protein Thus, a dynamical model for the initial 200 ps of the BR6.11
pocket, which cause increased out-of-plane distortion of the Photocycle based on both structurally and kinetically character-
retinal. The most likely retinal/amino acid interactions involve ized intermediates can be constructed. Comparisons of this
Trp182 and Leu93 (the X-ray crystal structure of BR-570 shows dynamical model with those based on analogous CARS data
the G—CHs and Gs—CHs groups to be 3.6 and 3.7 A, from the photoreactions in native BR and other artificial BR
respectively, from the closest heavy atom in Trp182 and Pigments also provide an understanding of the initial reaction
Leu93)33:34 Because these residues are likely contact points coordinates in BR systems in general.
between the retinal and the protein, the replacement of the C J6.11. The absence of significant changes in the-@©
CHz group by the six-membered ring in BR6.11 is expected to stretching band pattern upon J6.11 formation from BR6.11
create the strong interaction (contact?) with Trp182 and Leu93 shows that no &C isomerization has taken place, and therefore,
needed to alter the retinal conformation relative to the protein that intense, delocalized out-of-plane motion in J6.11 occurs
binding pocket. The increased intensity of the-CHs out-of- within an all-trans-like retinal configuration and that=C
plane rocking band observed in the PR/CARS spectrum of isomerization is not a primary reaction coordinate in the
BR6.11 (1059 cml, Figure 4) results from such altered steric formation of J6.11.
interaction (i.e. forcing the G—CHs group out of the plane While the intense, delocalized, out-of plane motions in the
defined by the polyene backbone). HOOP and G-CHj rock regions appearing in the PTR/CARS
2. The significantly lower {16 cnt?) position of the strong spectra from both J-625 and J6.11 (Figure 8) are generally
C=C stretching band (1510 cr#) in BR6.11 (Figure 5) can be  similar, a detailed comparison reveals a noteworthy difference:
associated with increased pi-electron delocalization throughoutthe intensity maximum of the broad, delocalized, out-of-plane
the retinal introduced by the incorporation of the aliphatic carbon feature appears in the 86000 cnt! HOOP region in J-625,
ring, an effect found in other artificial BR pigments (e.g., while the intensity maximum increases into the 160000
BR5.12%and BR6.99). Although the G;=Ci, stretching mode ~ c¢cm~1 CHjs rocking region in J6.11 (Figure 8). The200 cnt?
makes the major contribution to 1510 chband intensity?° difference can be attributed to the restricted motion within the
significant contributions are made by other=C stretching retinal and/or the alteration of the retinal interactions with the
modes and minor contributions are made by severalCC surrounding amino acid residues of the protein. In the first case,
stretches and €H in-plane rocking mode¥®. The ethylenic out-of-plane motion in any of theg€ C;=Cg—Co=C,0—C;1 and
character of the mode, however, dominates and underlies itsCi7=C14s—C15=N bonds left unrestricted in BR6.11 could
sensitivity to the degree of pi-electron delocalization along the contribute to the broad spectral feature observed (Figure 8).
polyene backbone. The perturbation of the ring on the pi-electron Alternatively, having the Ckigroups assume different positions
density originates from its interaction with Trp182 in the protein relative to the nearby Trp182 and Leu93 residues (i.e;;C
binding pocket (vide supra). CHsis absent and {g—CHs is moved in BR6.11) likely changes
3. The higher frequency of the=€N stretching band in  the degree of out-of-plane flexibility within the retinal. In either
BR6.11 (1647 cm!, Figure 5) suggests a change in retinal case, the frequency of the delocalized out-of-plane motion
conformation in the Schiff base region (Figure 1). The strong depends directly on flexibility of specific €C=C polyene
coupling between the<€N stretching mode and the-\H rock bonds, which can be controlled by incorporating a carbon ring
of the Schiff bas® causes the €N bond frequency to be  into a specific retinal location.
greatly influenced by the hydrogen bonding characteristics of  Most significantly, however, the ring bridging tha £Ci,—
the Schiff base, which itself reflects its interactions with the Cj;3bonds of the BR6.11 retinal does not prevent the appearance
surrounding protein. In BR-570, the Schiff base interacts with of an intense, broad, delocalized, out-of-plane feature in J6.11,
Asp85 via a hydrogen-bonding bridge involving at least one even though it shifts its intensity maximum. A comparison of
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Figure 8. (Top) Background-free (Lorentzian line shapes) PTR/CARS
spectrum of J6.11 (derived from the 0-ps PTR/CARS data, this work),
PTR/CARS spectra of J-625 (cenfeand T5.12(J5.12) (Bottom, thick
line)!® and PR/CARS spectrum of BR5.12 (Bottom, thin Iif{éh the
800-1300 cm?! region. The T5.12(J5.12) and BR5.12 spectra are
normalized with respect to the-€C stretching band at 1186 ctin
the T5.12(J5.12) spectrum (1182 thin the BR5.12 spectruifj. Band
positions are origin @) values derived fromy® fits of the PTR/
CARS data (Table 1).

PTR/CARS spectra (Figure 8) from J6.11, J-625, and T5.12-
(J5.12) (Go—C137=Cy4 bonds locked in a 13-trans retinal, Figure
1) reveals a second type of enhanced out-of-plane motion.
Although no intense, broacd200 cn1?) feature appears in
T5.12(J5.12), its HOOP bands (863 thand 973 cml) are
measurably more intense and broader than those in the BR5.1
spectrum (bottom, Figure 8), an observation attributable to the
restricted motion in the G—C;35=Cy4 bonds introduced by the
five-membered ring (Figure 1). Collectively,

800 900 1300

primarily in the Schiff base (G—Ci7=Cis—Ci5=N) region.
This conclusion is consistent with theoretical calculations
indicating that out-of-plane motion eventually localizes in the
Schiff base region of the retinal upon the formation of K-330.

K6.11.The narrowed and decreased intensity of the HOOP
and C-CHjs rocking bands in K6.11 (Figure 6) indicate that
retinal relaxes toward a more planar, less twisted configuration
during its formation from J6.11. An analogous relaxation is
observed in the formation of K-590 from J-625 in the native
BR photocycle.8 The retinal in K6.11, however, remains more
distorted than K-590'%1228(Figure 6), an observation likely
related to steric interactions of the ring in BR6.11 with the
protein pocket that hinders a more planar retinal configuration
from forming. (A similar steric hindrance may also affect the
J6.11 to K6.11 transformation rate, vide infra.)

In contrast to the J6.11 case, a distinctly different@
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increase in the —Cy; band position is assigned specifically
to a 13-cis retinat? When combined with the bleaching/
chromatographic data showing that the BR6.11 photocycle
eventually generates a 13-cis retia?! these spectroscopic
results strongly support the conclusion that K6.11 contains a
13-cis retinal and that {g=Cy4 isomerization occurs during the
transformation from J6.11 to K6.11.

Dynamical Model for the BR6.11 PhotocyclEhe signifi-
cantly slower ratef~ 12—16 ps) for the J to K transformation
in BR6.11 relative to that in BR-570 (3.5 ©$1) directly
reflects the time required for trans to cis isomerization of the
C15=C14 bond. The decreased isomerization rate in BR6.11
arises from the proximity of the ring to the £-C,4 bond, which
increases inertia near the;£Cy4 bond and introduces new
steric interactions between the ring and amino acid residues.
As a consequence, the rate at which torsional motion is
converted into isomerization of the;£-C;4 bond slows.

While trans to cis isomerization of the £-Cy4 bond in retinal
remains a picosecond molecular event critical to the initiation
of the BR photocycle (i.e., trans-membrane proton pumping),
changes in the out-of-plane motions precede=<C,4 isomer-
ization and therefore, comprise the reaction coordinates that
prepare retinal for G=C,4 isomerization. These out-of-plane
degrees of freedom are observed as “primary” reaction coor-
dinates in not only the CARS data presented here for BR6.11,
but for those data observed previously for BR-570 and BR5.12.

Both two-¢ and three-sta# 3¢ dynamical models have been
considered in the description of the initial molecular events in
the BR photocycle. Two-state models incorporate optical
excitation to an excited electronic state that is repulsive along
the G3s=Ci, torsional coordinate, leading directly to4£-Ci4
isomerization following photoexcitatiob® Three-state mod-
els®>38 incorporate a potential energy barrier on the excited
electronic state potential surface (along thg=€C14 torsional

2coordinate) reached by photoexcitation, and therefore, following

photoexcitation, g=C,4 isomerization occurs only after a
barrier crossing. In general, the excited electronic state trajec-

these CARS data : . . - - i
’ S tory(ies) leading to barrier crossing may involve a variety of
suggest that the delocalized out-of-plane motion involves bonds y(ies) g g may y

internal retinal coordinates including that along the/€Ci4
torsional coordinate. Whichever coordinates are involved,
however, they must facilitate the barrier crossing leading to
C15=C,4 isomerization. The CARS data presented here, and
previously!1°2indicate that the out-of-plane motions observed
in J-like intermediates act as the primary reaction coordinates
by which the excited electronic state potential barrier is crossed.
It is well established that out-of-plane motion along a polyene
chain shifts the relative energies and mixes the vibronic
symmetries of excited electronic stafédyoth of which can
facilitate the lowering of energy barriers and create curve
crossings among excited electronic states. Thus, the CARS data
presented here showing that out-of-plane motion (i.e., twisting
of the polyene chain in retinal) is a precursor t€C14 bond
isomerization support a three-state model description of the
primary (<50 ps) events following photoexcitation in BR
pigments.

stretching band pattern appears in the K6.11 spectrum (Figure
6), showing that the retinal configuration has changed during ~ The important role of out-of-plane motion as a precursor to
the J6.11 to K6.11 transformation. Several vibrational mode Ci13=Ci4 isomerization is not in agreement with recently
assignments made in previous BR studies indicate that isomer-published interpretations of a pumprobe (femtosecond),
ization occurs specifically at the;&=Cy4 bond: (i) G1=Ci> infrared absorption studi?.Specifically, the intensity of the 1190
isomerization is prevented by the ring in BR6.11, (=10 cmtinfrared absorption band assigned to the@stretching
isomerization is characterized by a significaleicreasean the mode in K-5903:%28is reported to increase on the femtosecond
C10—Ciys stretching band positiGdwhich contrasts the 10 crh time scale®® Because K-590 is viewed as having a 13-cis retinal,
increasein this band position in K6.11 (Figure 6), and (iiij) an  the increase of the 1190 cthband intensity on a time scale
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comparable to the 500 fs lifetime of J-625 interpreted as University, Israel) for providing the Ret6.11 chromophore and
showing that J-625 also has a 13-cis retinal. This conclusion, for many helpful discussions. We also wish to express our
however, needs to be considered with caution. ®g90 fs appreciation to Dr. Halina Abramczyk (Technical University
pulse-width of the infrared probe laser used in these experi- of Lodz, Poland) for discussions throughout the preparation of
ments$8 generates such a broad@0 cnT?l) spectral bandwidth  this manuscript. This research was supported through grants to
for monitoring absorption changes that it makes it difficult to G.H.A. from the National Institutes of Health and the National
resolve any single vibrational band or mode. Thus, assigning Science Foundation. L.U. and AT gratefully acknowledge
the changes in infrared absorption intensity to a specific retinal financial support from Innovative Lasers Corporation.
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