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The vibrational spectrum (86aL700 cm* region) of the J-625 intermediate, formed within 2800 fs (3.5

ps decay time to K-590) in the room-temperature bacteriorhodopsin (BR) photocycle, is measured via
picosecond time-resolved coherent anti-Stokes Raman spectroscopy (PTR/CARS). An examination of the
excitation conditions and BR photocycle kinetics, as well as the vibrational CARS data, convincingly
demonstrates that these PTR/CARS spectra can be quantitatively analyzed in terms of primarily BR-570 and
J-625 by using third-order nonlinear susceptibiljtf?)j relationships. The resultant background-free (Lorentzian

line shapes) CARS spectrum contains 24 distinct vibrational features which provide the most complete structural
characterization of J-625 yet reported. Comparisons of the J-625 vibrational spectrum with those of ground-
state BR-570 and the K-590 intermediate show that J-625 maintains some structural similarities with BR-570

while it has a significantly different structure than that of K-590. Specifically, J-625 has (i) draafl-
retinal configuration, (ii) increased electron density in threCstretching modes as manifested by increased
C=C stretching frequencies relative to those in both BR-570 and K-590, (iii) significant delocalized hydrogen
out-of-plane motion not observed in any other BR species, (iv) decreas€iHgin-plane wagging motion,

and (v) a Schiff-base bonding environment similar to that of BR-570 and distinctively different from that in
K-590. Comparisons between the PTR/CARS spectra of J-625 and T5.12, an intermediate found in the
photoreaction of the artificial BR pigment, BR5.12, containing a five-membered ring spanningithe C
C,=Cy4 bonds (thereby blocking &=Ci4 isomerization), support the conclusion that the J-625 structure
reflects the reaction coordinates in the BR photocycle that precegeOs isomerization. Since these PTR/
CARS data show J-625 to have an @#ins retinal, Gz=Cy4 isomerization cannot be the primary reaction
coordinate described in numerous models for the BR photocycle. Thea#ito 13-Cis isomerization must
occur as J-625 transforms into K-590, and other changes in the retinal structural and/orpetieih
interactions must comprise the primary reaction coordinates that preggd€isomerization. These results
require that significant changes in the mechanistic model describing the room-temperature BR photocycle be
considered.

Introduction surrounding the retinal. These initial stages have been identified
and kinetically characterized largely by femto/picosecond

The exceptionally high efficiency with which the room- (Jransient absorption (FTA/PTA) spectroscdpy,data which

temperature bacteriorhodopsin (BR) photocycle stores absorbe rovide little. if anv. direct structural information
light energy has motivated numerous studies of its underlying P o Y, o .
molecular mechanisf? Of special importance has been an [N the widely accepted molecular mechanism describing the
elucidation of the time-dependent changes in the retinal chro- early femto/picosecond events, the 1-460 intermediate is thought
mophoric structure and the corresponding interactions of the t0 representan excited electronic state while the electronic state
retinal with the protein environment. Independently, the BR Properties (excited or gri)sund) of J-625 remain unclear. The
photocycle has long been considered as a useful model for thetransient absor_pt|on ddta3used to establish the presence and
irreversible rhodopsin (Rh) photoreaction which sustains visual Kintic properties of both 1-460 and J-625 show that 1-460
processes in vertebrates and many invertebfaidschanistic ~ Precedes J-625 which subsequently decays to K-590 (Figure
information derived from the BR photocycle has often been 1)- The absorption spectrum of I-460 is exceptionally broad with
transferred by analogy to an understanding of the Rh photore-Signals appearing from 460 to 860 nm, while absorption
action. spectrum of J-625 appears between 600 and 808 %irh.

A significant amount of spectroscopic and kinetic data _ The central mechanistic roles proposed for both 1-460 and
describing the BR photocycle has been reported from transientJ-625 in the BR photocycle require detailed characterizations
absorption measuremerits® Vibrational spectra, measured at  Of the retinal structures and the reting@rotein interactions in
either room or low (i.e., frozen samples) temperatures, from each species. While the kinetic properties identifying I-460 and
intermediates comprising the latter part of the BR photocycle J-625 are derived from FTA/PTA studies, the vibrational data
beginning with K-590 have also been reportéé The molec- needed to determine structures are not generally available and,
ular processes comprising the initial stages of the BR photocycleindeed, are exceptionally difficult to obtain experimentally.
preceding the formation of K-590, however, have not been fully Time-resolved infrared absorption data have been reported for
characterized, especially with respect to structural changes ina few selected band§out vibrational spectra in which normal

either the retinal chromophore or the protein binding pocket modes can be identified are not available. For example, to
measure vibrational Raman scattering during the short lifetimes

*To whom correspondence should be addressed. of 1-460 (200-500 fs) and J-625 (3.5 ps) requires correspond-
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of emission during the initial 500 fs of the BR photocycle,
however, does not support this conclusiéA? Independently,
calculations involving the mixing of the lowest ener, and
1A states suggest thati£=Ci4 bond isomerization occurs in
BR only when these two electronic states mix strongly via the
torsional motion of the G=Cy4 bond?!
0.0 ) R The proposal that the primary reaction coordinate involves
400 500 600 700 800 C157=C14 bond isomerization also has been examined in artificial
Wavlength (nm) BR pigments containing a structurally modified retinal designed

to selectively restrict €C=C bond motior#?23 Femtosecond
: absorption spectroscopy from such an artificial BR pigment in
(I CCT (o, and ) B which Ci7=Ci4 bond isomerization cannot occur (BR5.12)
, — ! : demonstrates that an intermediate (T5.12) analogous to J-625
: ACT (o,) in the native BR photocycle appears, thereby suggesting that
the primary reaction coordinate(s) is nosEC,4 bond isomer-
izationZ2 This conclusion is supported by atomic force measure-
ments of structural changes in the BR photocyéle.

Recentab initio calculations* for a protonated Schiff base
with three G=C bonds emphasize the importance ofC/C=
40 50 C bond stretching and twisting as preliminary motion prior to
C=C isomerizatior?* These calculated results are consistent
in the important contributions of the charge environment near
the retinal as controlled by the adjacent amino aétdBhus,
although it is clear that 5=C;4 bond isomerization is a critical
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Figure 1. (A) Absorption cross-section of native BR-570 (solid line)
and its intermediate K-590 (dashed line). The general spectral region
in which the absorption maxima of the intermediates 1-460 and J-625

are shown as|*|". The CARS experimental wavelengths f and part of the overall BR photocycle, itis e_vident that the primary
ws, together with the respective CARS signal, also are shown. (8) ~ Molecular events remain to be determined.

(1) Schematic representatives of the cross-correlation time (G@T, The PTR/CARS methods used here represent a compromise
ps fwhm), defined by the probe laser pulses and ws, and the between the laser pulse resolution needed to separately monitor

autocorrelation time (ACT>-3 ps fwhm) of the pump laser pulse,.
(2) Schematic representatives of the transient populations for J-625
(solid line) and K-590 (dashegtot line) are shown. The dotted line

[-460, J-625, and K-590 in time, the resonance enhancements
required to generate high S/N vibrational data, and the spectral

represents the third-order cross-correlation functid#{J while the resolution (bandwidth) which preserves useful vibrational mode
shaded area shows the overlap of the K-590 population present duringinformation. The PTR/CARS measurements are made within
the time interval defined byl;2s[] the cross-correlation time (CCT) of 6.5 ps during which period

. . L . the transient population could contain contributions from the
ingly short laser pulses which generate vibrational features with ;\+armediates 1-460. J-625. and K-590 in addition to that from

exceptionally broad spectral bandwidths containing relatively ground-state BR-570. A quantitative analysis of the kinetic,

little vibrational mode information. While subpicosecond laser absorption, and vibrational data, however, shows that both the
pulses are extremely useful for transient absorption spectroscopy;_460 and K-590 contributions to the PTR/CARS spectrum at

laser pulses<2 ps are not particularly useful for direct T are minimal, thereby making it feasible to analyze the PTR/
measurements_of V|_brat|_onal (|nclud_|ng CARS)1 spectra since cARS data in terms of J-625 and BR-570 in order to derive
the corresponding vibrational banplmdths?ﬁ cnmd) are large the CARS spectrum of J-625 alone.
enough to obscure much of the information provided by the
vibrational degre_es of freedom. For gxa_mple, arecent resonar_‘?%xperimental Section
Raman study using 1 ps pulsed excitation has reported specific
vibrational modes assignable to 1-460, but with bandwidths of ~ A. Materials. The BR samples, obtained from a cell line of
~60 cnr1.16 Halobacterium salinariunand purified according to established
Even in the absence of vibrational data, there has beenprocedures? are buffered at pH= 7 in a water solution (17
extensive discussion of the roles of 1-460 and J-625 in the °C) and have an optical density adjusted to 2. PTR/CARS data
structural transformations (retinal and chromophore) that com- are recorded from a flowing BR sample created in a nozzle.
prise the early stages of the BR photocyt$e’ Of particular B. Instrumentation. The instrumentation and experimental
interest has been whethen£C,4 isomerization, or some  procedures used to record PTR/CARS spectra are discussed in
related twisting/distortion of the =Cy4 bond, is present in  detail elsewher@?” and therefore only a brief description is
J-625 or only when K-590 appears (vibrational spectra show presented here. The 1053-nm output (30-ps pulse at 76-MHz
that K-590 contains a 18is retinal?). The structural charac-  repetition rates) of a cw, mode-locked Nd:YLF laser (Coherent,
terization of J-625 directly from its vibrational spectroscopy is Antares 76) is used to generate second harmonic radiation from
the focus of the work described in this paper. Special attention LBO (527 nm) by nonlinear optics. The 527-nm radiation is
is given to determining the retinal configuration found in J-625 used to pump three, independently controlled dye lasers (Coher-
in order to establish when&=Cy, isomerization occurs. ent, model 700). Each dye laser is equipped with a cavity
Essentially all current mechanistic models describing the BR dumper (Coherent, models 7210 and 7220), three of which are
photocycle at room temperature include isomerization around synchronized to the 76-MHz signal of the Nd:YLF mode locker.
the Gs=Cy4 bond (alltransto 13<is) as the primary reaction  The entire laser system is operated at a 400-kHz repetition rate
coordinate>1819 Early models suggested that£&Cy4 bond in order to match the flow properties of the liquid BR sample
isomerization (forming a 90 twisted retinal) occurs within the  jet. The velocity of the BR sample in the 40fh square nozzle
excited electronic state of BR-570 upon the 200 fs decay of the is adjusted to 12 m/s (laminar flow) to ensure a complete
Franck-Condon states populated by absorptiiThe absence  replacement of the sample volume between the arrival of sets
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of laser pulses. Critical to this adjustment is the beam waist of third-order susceptibility. Since analyses of both the BR

the pump beam (20m) and the 400-kHz repetition rate of the photocycle kinetics (Figure 1) and the PTR/CARS spectrum at

dye lasers. 0 ps (Figures 2 and 3) demonstrate that the contribution of K-590
PTR/CARS signals are generated simultaneously from two iS negligible (<5%), the CARS spectra presented here can be

separate sample compartments, reference and BR. The referencenalyzed in terms of BR-570 and J-625.

compartment is a capillary containing a static water sample  The CARS signal is essentially a sum of three terms:

placed next to the nozzle through which the BR sample flows.

This parallel configuration permits the simultaneous measure- 7= ngr) + %(e?;) + X\(/?)

ment of the nonresonant background from witand the PTR/

CARS signal from BR, thereby minimizing the effects of an _ @3 3 3 3 3 3
9 y g y - Xgr)fw + Xgr)fo + Xfer)l + X(er)Z + X\(/r)l + X\(/r)Z

variability in the spectral intensity of the laser pulses or in the
flow dynamics of the BR sample. The two sets of probe laser 5
pulses required for these measurements are produced byNherex‘m) represents nonresonant CARE&, from the water
amplitude division of the dye laser output by using a pellicle andx{, from the opsin) ang/) and 4 respectively repre-
beam splitter. Each pair of probe laser pulses is focused sent electronic and vibrational resonances from the two different
separately into the reference and sample compartments using8R species (in this case, index 1 denotes BR-570 and index 2
the same microscope objective=£ 5 cm). The signals from  denotes J-625). The background-free CARS spectra are calcu-
both compartments are collimated and focused onto the entrancdated by using the parameters obtained from the nonlinear fit
slit of a triple monochromator (Spex, Triplemate). The wave- to the CARS signal followed by a recalculation of the function
length-dispersed PTR/CARS signals are focused onto two (eq 1 in ref 27).
separate, parallel stripes of a liquid nitrogen cooled, CCD
multichannel array (Princeton Instruments LN/CCD-1024-F/1 Results
UV). The spectral resolution of these CARS measurement,
determined primarily by the bandwidth of tag laser?” is <2
cm L,

The BR photocycle is initiated via picosecond pulsed excita-
tion (570 nm, <3 ps laser pulse, 3 nJ/pulse). The excitation
conditions are selected to minimize any secondary photochem-

istry ilnvolvri]ng BR gggtocyclzlntfrg)ediatéoé.'l'he probe Ilase:j depending on the time delay and the reaction kinetics describing
wavelengthsq, = 663 nm andos = 695-750 nm) are selected ¢ time_dependent concentrations of 1-460, J-625, and K-590

to be on the low-energy (red) side of both the absorption band (Fi

. - ) gure 1B). For example, the PTR/CARS spectrum at a 50-ps
for BR-570 (570-nm maximum with a 50-nm bandwidth) and delay contains signals from only BR-570 and K-590, but no
the photocycle intermediates under examination here (i.e., J-625,. o hiribution from J-625. Even though the, and ws probe

Figure 1). Since the spectral region in which the CARS signal wavelen :
. gths strongly overlap the J-625 absorption spectrum,
(@a= w1+ (w1 — wg)) appears (542577 nm) is about 90 Nm 4" 5 1ation is zero at 50 ps. Thus, bath and ws probe

to the r.ed of the one-photon absorption maximum of BR-570, wavelengths and timing must be considered simultaneously. The
the major resonance enhancement can be attributed to the Oner'apidity with which the relative J-625 and K-590 populations
photon transition aiz. o _ change within the CCT (BR-570 concentration remains largely
The temporal synchronization of the laser pulses, monitored ynchanged following excitation) dictates that their respective
throughout each PTR/CARS experiment with an autocorrelator contributions can be separated only by a quantitative analysis
(FR-103XL, Femtochrome Research, Inc.), is characterized by of the timing used to record PTR/CARS data. These timing
a CCT for the two probe laser pulses-e8 ps. The temporal  parameters are independent of the wavelength considerations,
pulse widths forw; and ws are 5.5 and 7 ps, respectively ,ide supra
(assuming Gaussian pulse envelopes). The timing jitter between  The time evolution of the vibrational features originating from
the excitation pulseuf;) and the two probe pulses{ andws) the reactive mixture of BR-570, J-625, and K-590 can be
is measured to be2 ps. The picosecond timing sequences and monitored directly from PTR/CARS spectra recorded at selected
delays among the three dye laser pulses are selected by thregme delays. These PTR/CARS spectra are presented in Figures

A. Resonance Enhancement and TimingThe w; and ws
probe wavelengths are selected primarily to resonantly enhance
the CARS signal from J-625. The extensive spectral overlap of
the BR-570 and K-590 absorption spectra (Figure 1), however,
ensures that resonantly enhanced CARS signals from BR-570
and K-590 also could appear in a given PTR/CARS spectrum,

separate, but correlated optical delay lidés. 3 and 4 for the 8061300 cm! and 1206-1750 cnr? regions,
Procedurally, PTR/CARS spectra from BR samples are respectively. The excitation wavelengths (i.e., resonance en-
recorded for specific time delays betweep and @i/ws). In hancement) and relative timing between thg w1, and ws

this examination of J-625, PTR/CARS spectra are recorded atpulses used to record these PTR/CARS data are selected to
—10 ps (i.e., @1/ws) arriving at the sample 10 gsefore wy) distinguish the separate contributions of BR-570, J-625, and
and during the CCT. To obtain the quantitative comparisons of K-590 and, thereby, to simplify thg® analysis.
vibrational data from BR-570, J-625, and K-590, PTR/CARS The overall timing accuracy betweeyb and thew; and ws
spectra are recorded from all three BR species under the samgyrobe pulses can be established by comparing the ground state
experimental conditions (e.g., excitation wavelengths). BR-570 and the-10 ps PTR/CARS spectra. Since these two
C. Analysis. The third-order, nonlinear susceptibility(®) vibrational spectra are identical, it can be determined that the
properties of the sample that produce the CARS signal obey absolute timing accuracy in these PTR/CARS<i8 ps. This
energy and phase-matching conditions that are described inresult is consistent with the measured CCT and autocorrelation
detail elsewheré? The resultant CARS signal is generated times (ACT) used to measure tha andws pulse widths (5.5
primarily during the time interval defined by the temporal width and 7 ps, respectively) and with the velocity of the BR sample
of the third-order, cross-correlation function defined by the laser jet and focus volume of the laser beams within it which are
pulse widths (Figure 1). This function describes the relative selected to ensure a complete replacement of the sample volume
intensity of the CARS signal by modeling the modulus of the between sets of pump and CARS laser pulses. The ACT values



J-625 Intermediate Vibrational Spectrum J. Phys. Chem. A, Vol. 104, No. 18, 2000133

‘n
5
E &
o -~
£ ; : . b
&) - o
[~
T
&
800 900 1000 1100 1200 1300 1400 1500 1600 1700

Raman Shift (ecm™ ) Raman Shift (cm™ )

Figure 2. (A) PTR/CARS spectrum in the 800 ctto 1300 cnT! region for the reaction mixture containing BR-570 and J-6238% relative
concentration) taken at O ps after 3 ps, 570 nm excitation of BR-570y i function is shown as a solid line overlapping the PTR/CARS data

(O). The corresponding vibrational spectrum of J-625, derived fromy{hdit removing the nonresonant background and using Lorentzian line

shape functions, is shown at the bottom (solid line). The large, bre@®( cnt') band feature in the J-625 spectrum can be schematically
approximated by two bands centered at 919 and 984 ¢dashed line, bottom). Following the extraction of the 919 and 984! deatures, a

second J-625 spectrum (dashed line, center) is obtained. (B) PTR/CARS spectrum in the 1268 £n00 cn1! region of the reaction mixture
containing BR-570 and J-625-88% relative concentration) taken at 0 ps after 3 ps, 570-nm excitation of BR-57¢/Tfiefunction is shown

as a solid line overlapping the PTR/CARS da®).(The corresponding vibrational spectrum of J-625, derived fromythdit removing the
nonresonant background and using Lorentzian line shape functions, is shown at the bottom. Some sections of the J-625 vibrational spectrum are
presented at an expandex) scale.

independently establish the timing jitter betweep wi, and spectrum of BR-570¢; = 663 nm andvs = 700—747 nm) is

ws pulses at<2 ps. presented in Figures 3 and 4 for the analysis of PTR/CARS
1. J-625 PopulationThe optimum temporal conditions for  data.
measuring the vibrational spectrum of J-625, givedips time 3. Relatve K-590 contribution during CCTAn accurate

resolution and<2 ps jitter, can be determined from an analysis vibrational spectrum of J-625 can be obtained from the 0-ps

of their respective time-dependent populations based on kinetic(cCT) PTR/CARS data only after the contribution of K-590 is
parameters. Both J-625 and K-590 are known from transient quantitatively determined. This can be achieved in several

absorption spectroscopy to be formed W.ithin the initia] 10 ps (ifferent ways:
of the BR photocycle: (i) J-625 forms with an500 fs time
constant and decays to K-590 with ar3.5 ps time con-
stant>712and (i) K-590 decays with a 500 ps time constarit’,
Thus, J-625 is not present in any time-resolved spectroscopic
signal (including PTR/CARS data) recorded at time delays " . .
Io?\ger ghan 5 pgs while the concer)nration of K-590 becom)és sion (0.67)2 For the experimental parameters used heie(
significant on the same time scale. The optimum time to observe SUPTd, 38% of BR-570 is optically converted into the photo-
J-625 by PTR/ICARS (under these experimental conditions), CYCle by 570-nm excitation (3 nJ/pulse) which yields a 25%
therefore, is at 0-ps delay (during CCT) when the J-625 (38%X 0.67) relative K-590 concentration. This is in agreement
concentration is approaching a maximum and the K-590 With the resuits of PTA measuremers.
concentration is not yet substantial. b. The time interval over which a CARS signal is generated
2. BR-570 ContributionTo accurately determine the BR- is determined by the third-order, cross-correlation function
570 contribution to PTR/CARS spectra, a CARS spectrum of describing the nonlinear scattering:fls[} which has a shorter
BR-570 recorded under with the same degree of resonanceduration than the CCT defined by the andws probe pulses
enhancement as that used for the PTR/CARS measurement mugfFigure 1). Thus, in addition to their respective populations and
be used. Thev; andws probe wavelengths used to record the absorption coefficients, thifh?l{function must be quantita-
previously reported CARS spectrum of ground-state BRE570 tively considered when determining the relative contributions
differ from those used here, and therefore a new PR/CARS of K-590 and J-625 to the measured CARS signal.

a. The relative K-590 population can be calculated from the
laser power and wavelengths used to excite BR-570, the CCT
and jitter times, the formation and decay kinetics of J-625 and
K-590, and the quantum efficiency of the J-625/K-590 conver-



4134 J. Phys. Chem. A, Vol. 104, No. 18, 2000

2 T T T T

1122 4444 |

_|BR-570

2]
<
o
=

Rel. CARS Intensity

900

It ) 1 . 1 )
1000 1100 1200
Raman Shift (cm™)
Figure 3. Background-free (Lorentzian line shape) vibrational spectra
of BR-570 (top, this work), J-625 (center, this work), and K-590

(bottom)}2 in the 806-1300 cn1? region. The wavenumber positions
of selected bands are also presented.
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Figure 4. Background-free (Lorentzian line shape) vibrational spectra
of BR-570 (top, this work), J-625 (center, this work), and K-590
(bottom}?in the 1200-1700 cnt? region. The wavenumber positions
of selected bands are also presented.
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smaller degree of resonance enhancement) and/or the reduction
in K-590 population caused by photoinduced back-reactions
originating from K-596! are considered.

Thus, the PTR/CARS(CCT) data can be analyzed in terms
of BR-570 and J-625 only. The?) fits to the PTR/CARS(CCT)
spectrum (top) together with the resultant (background-free,
Lorentizan line shape) spectra (bottom) assignable only to J-625
are shown in Figure 2. The origin positions of significant
vibrational features are also presented.

Support for the conclusion that K-590 contributes little to
the PTR/CARS(CCT) spectrum is found in a vibrational analysis
of the J-625 CARS spectrum relative to the CARS spectrum
assigned previously to K-590. These spectra together with the
CARS spectrum of BR-570 are presented in Figures 3 and 4 to
facilitate comparisons.

(i) The distinctive set of K-590 bands appearing in the@
stretching (fingerprint) region which have been used to identify
the 13eis retinal configuratiot?3233are absent in the PTR/
CARS (CCT) spectrum. On the contrary, the fingerprint band
pattern observed is distinctly a@Hlans retinal although their
individual frequencies are-25 cm ! lower than those observed
for BR-570%* There is no indication of a 18is band pattern
as found in the PTR/CARS data from K-580.

(i) The 1220-cnT? band in K-590 is not found in the PTR/
CARS (CCT) data, thereby showing the absence of K-590.

(i) The absolute frequency positions of the strong=C
stretching bands have consistently been measured to be different
for BR-570 (1526 cm?') and K-590 (1524 cm!).’2 Thus, a
2-cnT! decrease in €C stretching frequency signals the
formation of K-590. The 1524 cm(K-590) band is completely
absent in the PTR/CARS(CCT) spectrum. Rather, a stroag C
C stretching band appears at 1532¢érand has a shoulder at
1519 cnt! (Figure 2). The 6-cmt increase in &C stretching
frequency clearly cannot be assigned to K-590.

(iv) Although the 1013-cm! band from K-590 is not present
in the PTR/CARS (CCT) spectrum, a small 1000-énband
does appear (Figure 2). The 1008-¢drband from BR-570 also
changes significantly (i.e., decreases in frequency to 1000 cm
and in relative intensity by a factor of 3).

(v) The strong HOOP bands in the K-590 (957 ¢nand
939 cnrl) spectrum are not present in the PTR/CARS (CCT)
data (Figure 2). Rather, a strong, broad HOOP vibrational feature
is present in the PTR/CARS (CCT) spectrum and is not found
in either the BR-570 and K-590 vibrational spectra.

Thus, both the kinetic and vibrational analyses lead to the
conclusion that the contribution made by K-590 to the PTR/
CARS(CCT) spectrum is extremely small. The PTR/CARS-
(CCT) spectrum obtained by the extraction of the BR-570
contribution (following they® fitting process), therefore, can
be assigned to J-625 alone (Figure 2).

B. CARS Spectrum of J-625.1. C=C Stretching and Schiff
Base Region (15001650 cntl). The dominate 1532-cnt
feature has a relatively broad bandwidth (30 ¢éngfwhm))
which contains a shoulder at 1519 thnAlthough qualitatively

Schematic representations of the J-625 and K-590 populationssimilar to the 1526-cm' band observed in BR-578,353¢the

relative to the temporal profiles of the, pump pulse and the
wi/ws CCT are shown in Figure 1B. When the schematic
representation of thd,?Jfunction (Figure 1B) is compared
with the K-590 population, it is evident that the K-590
contribution to the overall PTR/CARS spectrum is smab{o).
This value corresponds well with both the calculated and
experimental PTA resultgjde supra This <5% contribution
would be further reduced if either or both the lower absorption
coefficient atw, (Figure 1) of K-590 relative to J-625 (i.e.,

1532-cn1? feature in J-625 represents an unusual frequency
increase in the €C stretching mode. Given the large red-shift
(relative to that of BR-570) of the J-625 absorption band, the
increased €C stretching frequency is opposite to that predicted
by am-electron delocalization modét3” The C=C stretching
frequencies assigned to other BR intermediates (e.g., K-590)
appear to follow this model.

The other, less intense bands at 1580, 1601, and 1638 cm
are essentially the same as those in BR-570 and J-625. The
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absence of change in the 1638-cm band suggests that the Schiffsymmetric and antisymmetric components that separate by
base bonding in BR-570 and J-625 are essentially the same. twisting of the polyene chain. These two components appear
2. C—C Stretching (10561300 cntl). Three prominent  as a single band at 1526 ciin BR-5701%3°By analogy with
bands, at 1167, 1197, and 1209 dimappear in the spectral  the calculated 1533-cmiband in BR-576 the 1532-cm* band
region assigned to modes primarily involving-C stretching in J-625 can be assigned to the antisymmetric combination of
character (some €H in-plane rocking modes also). This band the G=C;oand G;=C;i, stretching modes. The appearance of
pattern is similar to that found for BR-570 (1171, 1202, and the 1532-cm? band indicates that twisting along the polyene
1213 cnt?),30 although in J-625 all three band frequencies chain activates the antisymmetric modes with respect to Raman
decrease. Their relative intensities also differ. scattering. The small 1519-cth band, therefore, can be
3. HOOP Region (8081000 cntY). (a) The HOOP region  associated with the antisymmetric combination of the=Cg
is dominated by a large, broad (200-chwide) feature which ~ and Gz=Ci4 modes which contributes only slightly to the 1526-
underlies narrow vibrational bands at 830, 860, 887, 950, 919, cm ! band observed in the BR-570 spectrum.
and 984 cm? (Figure 2). Although HOOP vibrations assignable In the K-590 CARS spectrud?,the primary G=C stretching
to twists/distortions around the=€&C and C-C polyene bonds  band appears at 1524 cfnwhich is 8 cnt! lower than the
are found in the vibrational spectra of most BR intermediates, analogous J-625 band (Figure 4). In addition, the band narrows
nothing analogous to this 200-cfwvibrational feature has been  and has only a small shoulder at 1555¢mThe 1580-cmt
reported previously. The PTR/CARS (CCT) data cannot be fit and 1601-cm! bands, assigned in BR-570 to thgs€Cy4 and
well in a x® analysis without this 200-cm feature. C;=Cg stretching modes, remain at the same frequencies in
(b) The prominent 1008-cnt band (assigned to the in-plane  J-625, but have diminished intensities. These changes in the
CHs-rocking mode) observed in the BR-570 spectrum is not K-590 spectrum (relative to J-625) reflect a more, though not
present, although a small band at 1000 érdoes appear. completely, relaxed (i.e., planar) polyene chain which has
(c) The relationships between these six, relatively narrow assumed a different (18s) retinal configuration.
HOOP bands and the analogous BR-570 and K-590 bands are 2. C—C Stretching Regiorihe general pattern of vibrational
important to establish. These relationships can be evaluated morgyands in the fingerprint region of J-625 is the same as that found
easily if the broad 200-cmt HOOP feature is artificially i the BR-570 spectrur?;3¢38thereby suggesting that the retinal
removed by calculating a quantitative fit to two broad bands remains largely in an alirans configuration. This conclusion
centered at 919 cnt and 984 cm* (shown as dashed lines in s supported by the observation that the corresponding fingerprint
Figure 2). Once the 200-cthfeature is schematically removed, pattern of bands in the K-590 spectrum is completely different,
a CARS spectrum (presented in the middle of Figure 2) thus reflecting a 13is retinal configuratiod23940 These
containing clearly defined bands at 830, 860, 887, 950, 919, vibrational data show that J-625 has a primarilytedisretinal
984, and 1000 cm' is obtained. All of these bands are configuration, thereby demonstrating that€Cu. isomerization
assignable to J-625. occurs as J-625 transforms into K-590 and not before.

The frequencies of the three-C stretching bands in J-625
(at 1166, 1197, and 1209 ci) decrease relative to the

A. Vibrational Assignments in the J-625 Spectrum. respective BR-570 bands (at 1171, 1202, and 1213 crBased
Comparisons of the CARS spectra of BR-570, J-625, and K-590 on the respective assignments of these BR-570 bands to the
show that time-dependent differences in the respective vibra- Cio—Ci1, Ci4—Cis, and G—Cy stretching mode; the J-625
tional bands are found in essentially all spectral regions. Such bands are assigned to the analogous modes. Thus, the decreases
comparisons provide a basis for assigning vibrational modes toOf these frequencies, together with the frequency increases
specific bands in the J-625 spectrum. To facilitate these Observed in the J-625-€C stretching bands/de suprg, show
comparisons, the background-free, Lorentzian CARS spectrathat electron delocalization along the polyene chain changes
(obtained byy® analysis) of BR-570, J-625, and K-590 are significantly when J-625 is formed from BR-570, thereby
presented together in Figures 3 and 4. resulting in a general increase of the=C bond order and a

1. G=C Stretching and Schiff Base Regiomke vibrational decrease in the €C bond order.
band patterns in the=€C stretching and Schiff base region for The frequencies of the lower intensity bands at 1274%m
BR-570 and J-625 are similar (Figure 4). The Schiff base mode 1324 cn1?, and 1349 cm! do not change when J-625 appears.
in J-625 appears at the same position (1638%mas in BR- The absence of changes in the 1254 ¢rband frequency in
570 which indicates that the=€NH linkage between the retinal ~ J-625, assigned in BR-570 to th@£C3 stretching modé?
chromophore and lysine of the protein is the same. is of special interest since its frequency does decrease to 1220

The frequency of the most intense BR-570 band at 1526,cm c¢m! in K-59012 This frequency decrease is attributed to
assigned primarily to the symmetric combination of the=C twisting of the polyene chain during the early%00 ps) lifetime
Ci0 and G,=Cy;, stretching modes with a small contribution of K-59081240The absence of such a frequency change in J-625,
from C;=Cg and G3=Cy4 stretching mode%}3” increases in together with the frequency changes assigned to the=Ci4
J-625 to 1532 cmt with a shoulder at 1519 cmd. The stretching modew(de suprg, demonstrates that the retinal in
frequency of the analogous band in K-590 decreases to 1524J-625 does not significantly twist/distort around the-6C,;s=
cm™! and has an intensity which is 10 times smaller than Ci4 bonds.

Discussion

respective bands in BR-570 and J-625 (Figuré?4).

3. C—CHj3 Rocking.The intense 1008-cnt band appearing

The less intense BR-570 bands, appearing as shoulders ain the BR-570 spectrum (assigned primarily to symmetric, in-

1580 cnt! and 1601 cm! and assigned to the;&=Cy4 and
C7=Cg stretching modes with small contributions from the=C

plane C-CHjs rocking modes located atgGnd G3®") is not
observed in the J-625 spectrum, but rather, a low intensity 1000-

Cs stretching modé’ appear at the same positions in the J-625 cm™! band is present (Figure 2). In K-590, neither the 1008-

spectrum.
The vibrational assignments of the 1532-¢rand 1519-cm?!

cm~1 nor 1000-cm? band appears, but rather a strong band at
1013 cntlis found (Figure 3). These shifting band frequencies

bands in J-625 can be derived from a consideration of the and varying intensities suggest that these methyl groups (C
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CigH3 and G3—CyoH3) have changing degrees of in-plane
flexibility as BR-570 transforms into J-625 and subsequently
into K-590. Changing in-plane motions may be associated with
the interactions (e.g., steric hindrance) between these methyl
groups and specific amino acids comprising the retinal binding
pocket. Thus, the freely moving methyl group(s) found in BR-
570 become transiently restricted in J-625 before becoming free
again in K-590.

The restricted (e.g., blocked) in-plane methyl rocking motion
in J-625 may be associated with strain introduced into the retinal
by the twisting of the polyene chainifle suprg. The PTR/
CARS spectrum of J-625 clearly shows significant out-of-plane,
retinal distortion that is distinct from that found in K-590 (Figure
2). The HOOP motion observed in the K-590 formed within
picoseconds of BR excitation relaxes within a nanoseébfid??

Vibrational mode assignments reported previously for BR-
570*4:37:3%syggest that the in-planey€C;9H3 rocking mode is
primarily responsible for the 1008-crhband in BR-570 which
changes dramatically upon J-625 formation. This assignment
is supported by the observation that the weak 1048drand,
assigned to the out-of-plane;€C;¢H3 rocking mode in BR-
570, decreases to 1041 chin J-625. The changes in the=C
C and C-C stretching frequenciegifle infra) independently
suggest that £-C;gH3 is more flexible than the {3—CyoH3
and, therefore, that the 1008-cfrband is primarily due to the
former. The asymmetric deformations of the methyl groups,
appearing at 1456 cnd in BR-570, at 1459 cmt in J-625, and
at 1450 cm! in K-590, are assigned primarily to;6&-CxoHs
due to its relative rigidity?’

4. HOOP RegionThe relatively strong intensities and broad
band nature of the 919 crh (Av ~31 cnt?) and 984 cm?

(Av ~25 cn1l) HOOP bands in the CARS spectrum of J-625
(dashed line in Figure 2) clearly indicate that the polyene chain
contains a significant amount of out-of-plane motion and may
have a twisted/distorted retinal structure. The extremely broad
(200 cn11) nature of the overall feature is highly unusual having

no analogous feature reported previously for a BR species. Sucht
breadth suggests that a large amount of delocalized, out-of-plane

motion is present which is not assignable to specific normal
modes, but which is rather distributed widely throughout the
retinal structure. The disappearance of this broad feature whe
K-590 is formed signals a localization of the out-of-plane motion
into well-defined normal modes which persist throughout the
remainder of the BR photocycle.

The 984-cm! band, which has a low intensity counterpart
at 982 cm! in BR-570, can be assigned to theHCand GH
wagging modes. The 919-cth band, though having no
counterpart in BR-570, can be tentatively assigned to the
harmonic vibrations of several out-of-plane motions. Its presence
indicates that nonlocalized hydrogen out-of-plane wagging
occurs. Other bands at 860, 887, and 950%oan be associated
with the analogous BR-570 bands at 850, 883, and 959'cm
respectively.

B. Structure of J-625. When compared with CARS spectra
of BR-570 and K-590, the PTR/CARS vibrational spectrum of

n

Atkinson et al.

Rel. CARS Intensity

0 ps ]
(J-625)

50 ps Ground state
(K-590)  (BR-570)

\@
AN
fe]
-~

N

Rﬁ”)'w

Ye} n

—

1 L I3 ! NI | 1

1460 1480 1500 1520 1540
Raman Shift (cm™ )

Figure 5. Picosecond resonance CARS spectrum of native BR-570
(ground state) and PTR/CARS spectra recorded at 0 ps (J-625) and 50
ps (K-590) time delays in the 146A570 cm! region (horizontal
dashed line is nonresonant CARS background signal from water). These
CARS spectra show the time evolution of the 1527 tband assigned

to BR-570, the 1532 cnt band assigned to J-625, and the 1524 ¢tm
band assigned to K-590 over the 80 ps interval of the BR photocycle.
The 0-ps data mainly contain mixtures of intermediate J-625 and ground
state BR-570 while the 50-ps data mainly contain mixtures of
intermediate K-590 and ground state BR-570.

o

1560

itself 34 The appearance afc—c larger than the 1526-crivalue
assigned to BR-570, however, is unexpected in view of the
widely accepted model relating absorption maximum with-
c*78(i.e., the red-shifted absorption maximum of J-625 relative
0 BR-570 (and K-590) would predietc=c < 1526 (<1524)
cm™Y). Its actual position at 1532 crh, therefore, reflects a
change in ther-electron delocalization properties of the retinal
that distinguishes J-625 from BR-570 and K-590. A largec

¢ value, however, does agree with an earlier repositedc =
1575 cn1? obtained by 1-ps excitation of BR which is assigned
to 1-460 and not J-62% The transient formation of J-625 can
be viewed in terms ofvc—c as shown in Figure 5 where the
CARS data from BR-570, J-625, and K-590 are presented
together with the positions of their respectiwe—c values.

2. n-Electron DelocalizationThe changes abc—c andwc-c
observed between BR-570, J-625, and K-590 independently
reflect asymmetric shifts in the-electron delocalization among
the polyene bonds. The major changeuip—c (1526 to 1532
cm™1) indicates increaseg-electron density in the &=C;, and
Co=Cyp stretching modes (assigned from resonance Raman
spectrd®). Analogously, the decreased¢SCi1, C14—Cis, and
Cs—Cy stretching frequencies (respectively at 1188, 1196, and

J-625 presented here provides new insight into the changes in1206 cnt! in K-590) reflect decreased-electron density in

structure andr-electron delocalization underlying the femto/

these bonds. The absence of changes in the Ciz and Gz=

picosecond molecular events that comprise the room-temperatureCy4 stretching frequencies (at 1254 and 1580 &rm J-625)

BR photocycle.
1. C=C Stretching FrequencyAs the strongest feature in

indicates that ther-electron density remains the same in these
bonds. Thus, relative to BR-570, the overatelectron delo-

the Raman spectra of BR species, the frequency position of thecalization within retinal shifts toward the center of the polyene

C=C stretching bandpc=c (assigned to several modes), has
been used repeatedly to charactetizelectron delocalization
within the retinal chromophore as well as the retinal structure

chain (i.e., around theds-Co—=C,0—C;17=C;, bonds) when J-625
is formed even though the retinal configuration remains all-
trans
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The changes imc=c and wc-c between J-625 and K-590, could also halt this twisting/distortion. The disappearance of
reflecting the next stage of the BR photocycle, also indicate a the Gg—CHs; rocking/amino acid interaction may also signal
shift in the r-electron delocalization within the polyene chain the increased flexibility in the 5=C4 bond that is a prereg-

which accompanies the dllansto 13-<isretinal isomerization. uisite for Gs=Ci4 transto cis isomerization and the formation
The major wc—c decrease (1532 to 1524 c#) indicates of K-590. This mechanism would also affect the transfer of
decreasedr-electron density in the G=C;» and G=Cjo energy stored in the torsional strain of polyene chain into retinal
stretching modes, while the increases of the—Ci1, Ci4— isomerization.

Cis, and G—G, stretching frequencies (respectively at 1188,  The appearance of the intense 1013-¢rband in K-590
1196, and 1206 cnt in K-590) reflect increasedr-electron (Figure 3) demonstrates that a relatively relaxed polyene chain

density in these bonds. The absence of changes intheCus can be obtained which includes a freely movings-€CHs
and Gz=Cy4 stretching frequencies (at 1254 and 1580 &in rocking mode without interactions with the amino acid binding
J-625) indicates that ther-electron density in these bonds pocket.

remains the same. Thus, relative to J-625, the overalectron 6. Hydrogen Out-of-Plane (Hoop) MotiorSince HOOP
delocalization within retinal shifts away from the center of the wagging modes are expected to have little or no intensity in
polyene chain (i.e., toward theg€Cq=C10—C11 and G4~Cis the CARS spectrum of a planar retinal chromophore, the

bonds) when K-590 is formed. Theseelectron density changes  appearance of intense, broad band HOOP features in the J-625
are accompanied by the dfans to 13<is isomerization of ~ PTR/CARS spectrum (Figure 3) supports the existence of
retinal. significant torsional motion within the polyene chain and a
3. Retinal ConfigurationPTR/CARS data from the €C nonplanar retinal structure in J-625. Previous studies of reso-
stretching region demonstrate that while the retinal configura- nance Raman intensities have shown that bands assignable to
tions in J-625 and K-590 are completely different, those of J-625 out-of-plane motions have enhanced intensities when the
and BR-570 are similar. Comparisons of CARS spectra (Figure chromophore is torsionally distort&é3”
3) show that the general-€C stretching band patterns are the  One of the most distinctive aspects of the J-625 vibrational
same for BR-570 and J-625 while both differ significantly from spectrum is the large, broad spectral feature in the-88%0
that found for K-590 (assigned as & retinal234. Although cm~1 region assignable to HOOP motions and uniquely observed
the C-C stretching frequencies decrease as J-625 is formedin J-625 (Figure 3). The HOOP features appearing in the
from BR-570 (Figure 3), the afians retinal band pattern  vibrational spectra of other BR species (ground state and
remains the same (relative band intensities do change, Figureintermediates) can have significant intensities, but all have
3). Even the presence of significant delocalized, out-of-plane relatively narrow bandwidths which can be assigned to specific,
motion in J-625 ¢ide suprg does not appear to alter the all-  |ocalizednormal vibrational mode®:34By contrast, this broad
transretinal backbone of J-625. By contrast, the C stretching 200-cnt! J-625 feature appears to represent another type of
band patterns of J-625 and K-590 are completely different vibrational degree of freedom involvindelocalizedHOOP
(Figure 3). Thus, these €C stretching band data show that motions in the retinal chromophore that are not readily described

thetransto cis isomerization around the;g=Cy4 bond in BR by a specific normal vibrational mode. Such delocalized HOOP

occurs only during the J-625 to K-590 transformation. motion appears throughout the retinal and is time dependent
4. Schiff Base Bonding.he observation that the 1638-cin since, as the photocycle proceeds, it becomes localized within

and 1349-cm? bands (assigned to the=@ stretching and NH well-defined normal modes as manifested by the appearance

in-plane rocking modes, respectively) do not change upon the of narrow, less intense vibrational bands (e.g., in K-590).
formation of J-625 indicates that the Schiff base bonding These broad features can be approximated by two adjacent
environment (including the role of water molecules bound at bands (centered at 919 and 984 ¢jnwhich can be schemati-
C=NH and/or any retinal protein interactions) remains es- cally removed from the PTR/CARS spectrum to produce a
sentially the same in BR-570 and J-625. Since no band vibrational CARS spectrum comparable to others measured for
assignable to the €N stretching mode has been reported for BR intermediates (Figure 2). Like the 850050-cnT? feature,
K-590, there is a dramatic change in the Schiff base bonding these specific smaller HOOP bands are not present in the K-590
as J-625 transforms into K-590. These observations support thePTR/CARS spectrum (Figure 3).
conclusion that &=C;4 isomerization does not occur between The short time scale on which this 200-chfeature appears
BR-570 and J-625, but rather between J-625 and K-590. (<500 fs) and disappears (not found in K-590 at 3.5 ps, Figure
5. Methyl In-Plane Rocking MotioiThe changes of the,g- 3) suggests that it results from the reorientation of the retinal
CHjs rocking motion when J-625 appears indicates that there associated with the energy deposited by the initial optical
exists a transient interaction between the;@btking mode of absorption in BR-570. Since mechanistically J-625 is formed
the retinal and the surrounding amino acid(s) comprising the sequentially from 1-460 which is created following the popula-
binding pocket (i.e., tryptophan 182 of heli#4: Although the tion of the Franck-Condon states by optical absorption (i.e.,
precise driving force that initiates the @kbcking/amino acid H49), the delocalized HOOP vibrations observed in J-625 may
interaction remains to be determined, it may be associated with be caused by the rapick600 fs) deposition of excited electronic
the polyene chain twisting/distortion reflected in the changes State energy into a group of related reaction coordinates (i.e.,
in T-electron delocalization around thg-8Cq=C10—C11=Ci2 HOOP modes) which favor the eventuak€Ci4 isomerization.
bonds ¢ide suprd. Such twisting/distortion could be anticipated The subsequent localization of HOOP energy in K-590 suggests
to displace the G—CHs bond away from the retinal toward that such delocalized vibrational motions cannot be sustained
the amino acids comprising the binding pocket, thereby altering/ for long (<3.5 ps). Proteirrretinal interactions appear to control
blocking the Ge—CHs rocking motion and decreasing the the localization of such vibrational energy.
intensity of the 1008-cmt band of BR-570 (Figure 3). If the The broad line shape may also reflect a short vibrational
C19—CHj3 bond displacement is associated with the twisting/ dephasing time for a more specific set of the HOOP modes
distortion of the polyene chain around the-C=C;0—C;1= that favor Gz=Ca4 isomerization. The identification of HOOP
Ci2 bonds ¢ide suprg, then the retinal/amino acid interaction modes as reaction coordinates is consistent with theoretical
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Figure 6. Comparison of the general band patterns and positions for the J-625 and T5.12 intermediates (dashed lines) relative to their respective
ground state species BR-570 and BR5.12 (solid lines). The band positions for the BR-570 and J-625 (numerical values underlinedfin the C
stretching (A) and €C stretching (B) regions and for the BR5.12 and T5.12 (numerical values underlined) ir-tBesiEetching (C) and €C

stretching (D) regions are presented.

modeld”48in which coupling between the excitédy and'B, motion reflecting a torsionally strained, nonplanar polyene chain.
electronic states is a precondition fogs&C;4 isomerization. Mechanistically, it is shown that isomerization around the=€
Since such broadening is not observed in the other vibrational C,4 bond occurs as J-625 forms K-590 and not before, although
modes in the J-625 spectrum, HOOP modes may be the retinaldistortion at or near the 4=Ci4 bond is present in J-625. This
coordinates which facilitate the electronic state coupling in the mechanism reflects the conversion of potential energy stored
primary reaction mechanism of BR. in the torsional strain of the polyene chain found in J-625 and
Collectively, these PTR/CARS data show that J-625 has it precededransto cis (C15=Ci4) isomerization.
completely different HOOP vibrations than either BR-570 or Mechanistically, these PTR/CARS results show tha=€C
K-590 and that J-625 reflects (i) a reorganization of the Cj4bond isomerization has not yet occurred in J-625, but rather
m-electron density among=€C and C-C stretching modes, (i)  occurs as J-625 transforms into K-590. Although no conclusion
an alltranslike retinal configuration, (iii) a Schiff base bonding  can be reached directly from these PTR/CARS data concerning
similar to that in BR-570, (iii) a site-specific, transientis€ whether J-625 is an excited or ground electronic state species,
CHg/amino acid interaction which restricts the methyl rocking the alltrans nature of the retinal in J-625 remains unaffected.
motion, and (iv) a large degree of delocalized out-of-plane The most convincing evidence supporting a ground state
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