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Abstract: Time-resolved resonance Raman microchip flow experiments are performed to obtain the
vibrational spectrum of the chromophore in rhodopsin’s BSI intermediate and to probe structural changes
in the bathorhodopsin-to-BSI and BSI-to-lumirhodopsin transitions. Kinetic Raman spectra from 250 ns to
3 µs identify the key vibrational features of BSI. BSI exhibits relatively intense HOOP modes at 886 and
945 cm-1 that are assigned to C14H and C11HdC12H Au wags, respectively. This result suggests that in the
bathorhodopsin-to-BSI transition the highly strained all-trans chromophore has relaxed in the C10-C11d

C12-C13 region, but is still distorted near C14. The low frequency of the 11,12 Au HOOP mode in BSI
compared with that of lumirhodopsin and metarhodopsin I indicates weaker coupling between the 11H and
12H wags due to residual distortion of the BSI chromophore near C11dC12. The CdNH+ stretching mode
in BSI at 1653 cm-1 exhibits a normal deuteriation induced downshift of 23 cm-1, implying that there is no
significant structural rearrangement of the Schiff base counterion region in the transition of bathorhodopsin
to BSI. However, a dramatic Schiff base environment change occurs in the BSI-to-lumirhodopsin transition,
because the 1638 cm-1 CdNH+ stretching mode in lumirhodopsin is unusually low and shifts only 7 cm-1

in D2O, suggesting that it has essentially no H-bonding acceptor. With these data we can for the first time
compare and discuss the room temperature resonance Raman vibrational structure of all the key
intermediates in visual excitation.

Introduction

Visual transduction in vertebrates is triggered by photon
absorption in the visual pigment rhodopsin. Rhodopsin is a seven
R-helical G protein-coupled receptor composed of 348 amino
acids and an 11-cis retinal chromophore bound to Lys296 by a
protonated Schiff base linkage.1 The primary event in vision,
the 11-cis-to-all-trans isomerization of retinal, is complete within
200 fs,2,3 has a quantum yield of 0.65,4 and produces a photo-
product that stores 146 kJ/mol (60%) of the incident photon
energy. The primary photointermediate called photorhodopsin3,5

has been shown by time-resolved Raman to be a hot and
conformationally distorted form of the trans chromophore.6

Photorhodopsin relaxes to bathorhodopsin (Batho), which then

converts at room temperature through the blue-shifted inter-
mediate (BSI), lumirhodopsin (Lumi), and metarhodopsin I
(Meta I) leading to the deprotonation of the retinal Schiff base
in metarhodopsin II (Meta II) and receptor activation.7

Understanding the structure and dynamics of rhodopsin’s
photointermediates is the key to the molecular mechanism of
receptor activation. Early resonance Raman as well as FTIR
experiments8-11 on Batho trapped at low temperature revealed
unusually intense hydrogen out-of-plane (HOOP) wagging
vibrations of the chromophore in the 850-920 cm-1 region due
to the 10, 11, 12, and 14 hydrogens. These data indicated that
the C11dC12 trans chromophore structure in Batho is confor-
mationally distorted and structurally perturbed near the C11d
C12 positions. This structural perturbation in Batho is probably
related mechanistically to its red-shifted absorption spectrum
and its surprisingly efficient energy storage,9,12-14 which is
thought to provide the driving force for protein activation.
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Batho relaxes to a blue-shifted intermediate (BSI), which then
decays irreversibly to Lumi.15 Since BSI is entropically favored,
and lies higher in enthalpy than Batho by about 12 kJ/mol,15 it
is difficult to study BSI by low-temperature trapping techniques.
To date a number of absorption and FTIR as well as site-directed
mutagenesis experiments have been performed on pigment
analogues to explore the structure and interactions of the BSI
chromophore and protein.16-19 However, the characterization
of the native chromophore structure of BSI has not yet been
accomplished. We were thus interested in obtaining time-
resolved resonance Raman spectra of BSI at physiologically
relevant temperatures to investigate how the chromophore
structure changes in the transition from Batho-to-BSI and BSI-
to-Lumi. This work should help to reveal how the energy stored
in the Batho chromophore is used to drive protein conforma-
tional change.

We recently developed a Raman microchip flow technique
and showed that it could be used to obtain high-quality, time-
resolved Raman spectra of the Lumi and Meta I intermediates
at room temperature on the micro- to millisecond time scale.20

This technique is based on the use of microfabricated flow
channels together with a Raman microprobe to excite and detect
the scattering. These transient Raman spectra indicated that the
structural relaxation of the chromophore-protein complex in
the Batho-to-Lumi transition drives the Schiff base group out
of its hydrogen-bonded environment near Glu113, while in the
Lumi to Meta I transition, a fully planar chromophore with a
normal Schiff base environment but presumably a different
hydrogen-bond acceptor is formed. These experiments further
demonstrated that the time-resolved resonance Raman microchip
flow technique provides a very useful and convenient tool for
getting detailed structural information about short-lived transient
intermediates at room temperature.

Here we have performed time-resolved resonance Raman
microchip flow experiments with higher 250 ns time resolution
to obtain vibrational spectra of the native BSI intermediate.
Kinetic measurements as well as the Raman spectrum of BSI
in D2O buffer allow us to characterize the vibrational structure
and structural changes upon formation of BSI from Batho as
well as its decay. These data provide new information on how
the unique highly energetic conformational and structural
perturbations of the chromophore in Batho relax as visual
transduction proceeds.

Experimental Section

Preparation of Rhodopsin and Pigment Regeneration.Rhodopsin
was isolated from 100 bovine retinas (J. A. Lawson, Lincoln, NE) by
sucrose flotation followed by sucrose density gradient centrifugation
as described previously.9 The yield was typically 12-15 nmol of

rhodopsin per retina. The isolated rod outer segments (ROS) were lysed
in water and solubilized in 15 mL of 5% Ammonyx-LO (Exciton,
Dayton, OH). The resulting rhodopsin solution was further purified by
hydroxylapatite column chromatography.21 The final samples (150 mM
phosphate buffer, pH 7, 7-11 mM NH2OH) had an absorbance of 2.0-
2.5 OD/cm at 500 nm and 280/500 nm ratios of 1.76-1.90.

To prepare rhodopsin regenerated with isotopic retinal derivatives,
ROS are first bleached by ambient light in the presence of 20 mM
hydroxylamine. The bleached sample is pelleted and washed with
phosphate buffer three times to remove excess hydroxylamine and
retinal. The regeneration is performed by adding a 1.5-fold molar excess
of 14D-11-cis retinal and incubating for approximately 15 h at room
temperature until no additional growth is observed in the absorption at
500 nm. The regenerated sample is solubilized in Ammonyx-LO
detergent and purified as described above.

Transient Resonance Raman Spectroscopy.Transient resonance
Raman spectra were obtained by using a time-resolved Raman micro-
chip apparatus as described previously (Figure 1).20 Briefly, a beam
splitter (50/50) was first used to make the probe and pump beams nearly
collinear. A 250 mm focal length cylindrical lens then focused the 531
nm pump beam and the 458 nm probe to the microprobe image plane.
The line image of the beam was subsequently focused on the flowing
sample by a 40× NA 0.6 objective lens to form∼3 × 100 µm spots
for both the probe and pump beams. Adjusting the beam splitter position
with a translation stage gives the desired spatial separation between
the two beams. The spatial separation was determined by measuring
the center-to-center distance between the two beam image lines on the
entrance slit of the spectrograph with a periscope viewer.

The microchips were fabricated from glass substrates using photo-
lithography, wet chemical etching, and thermal bonding methods.22,23

The advantage of this microfabricated system is that very small amounts
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Figure 1. Time-resolved resonance Raman microchip flow apparatus. The
two cylindrically focused laser beams (3× 100 µm) are displaced along
the flow direction to establish the time resolution. To obtain a resonance
Raman spectrum of BSI, the two laser beams were separated by∼0.7 µm
and a flow rate of 280 cm/s gave a pump-probe time delay of∼250 ns.
The expanded chip view shows just the bottom etched wafer that makes up
the bonded 2-layer glass sandwich structure. The beam paths indicated are
not drawn to scale.
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of sample are needed because the flow cross section can be made very
close to the imaged laser beam size. For example, only 10 mL of sample
was needed for the pump-plus-probe spectrum and only 2 mL was
required for the probe-only spectrum. The channel dimensions of the
chip used in our experiments are∼ 42 µm deep× 142 µm wide.

The laser powers and flow rates were chosen to give the desired
time delays and photoalteration parametersF.24 BSI coexists with Batho
in an equilibrium mixture and decays with a 290 ns lifetime at 5°C.15

To detect transient Raman scattering from BSI, the overlapping pump
and probe beams are separated by∼0.7µm, providing a delay time of
∼250 ns (flow speed of 280 cm/s). The 531 nm pump (2.5 mW) and
458 nm probe (450µW) were selected to produce photoalteration
parameters of 3 for rhodopsin and 0.3 for BSI, respectively.

Backscattered Raman light was collected by the objective and
focused on the entrance slit of the subtractive dispersion, double
spectrograph.25 Typically the optical density (OD) of the sample is
around 2.0-2.5/cm at 500 nm giving an OD of∼0.01 in the channel.
It was necessary to record ten∼1 min exposures for each experimental
configuration. Cosmic ray spikes were removed from each spectrum
before summation. Raman spectra were detected with a cooled back-
illuminated CCD detector (LN/CCD-1100/PB, Princeton Instruments)
controlled by a ST-133 controller. All spectra were corrected for the
wavelength dependence of the spectrometer efficiency by using a white
lamp. The fluorescence background was removed by subtracting a
bleached rhodopsin spectrum. The known cyclohexane Raman peaks
were used to calibrate the spectra. The reported frequencies are accurate
to (2 cm-1, and the resolution of the spectra is 6 cm-1.

Computational Methods. The structural model of rhodopsin and
its intermediates was built using Insight II. The energy minimization
was done with Discover (Molecular Simulations, San Diego). The
intermediate structures were determined by modifying the 3-D X-ray
structure26 and incorporating experimentally determined27,28 retinal
backbone distances and protonated Schiff base to E113 distances. CD29

and binding studies30 with retinal analogues have argued for a negative
C12-C13 twist while theory31 supports a positive twist angle. In the
absence of a definitive conclusion, we have set the C12-C13 twist angle
in rhodopsin to be-140° and consistently employed negative twist
angles for the other intermediates although additional work on this
question is clearly needed. In Batho, the twist angles of C10-C11, C12-
C13, and C14-C15 were set to-20°, -20°, and-56°, respectively, based
on Raman studies.8 The distance (4.3 Å) between the carbon atom of
E113 and the Schiff base proton in Batho was set to be the same as
that in rhodopsin because they have nearly the same protonated Schiff
base environment immediately after cis-trans isomerization.32 In BSI,
the retinal assumes a more relaxed conformation as indicated by
significantly reduced HOOP mode intensities. We thus assumed
significant relaxations of the C10-C11 (-9°) and C12-C13 (-10°) bonds.
Because the new intense HOOP mode at 886 cm-1 in BSI is assigned
to the C14H wag, the twist angle of C14-C15 is only reduced to-46°.
Raman intensities of the HOOP modes are somewhat weaker in Lumi
so the twist angles of C10-C11, C12-C13, and C14-C15 were reduced

to -4°, -2°, and-9°, respectively. The distances from the PSB proton
to the carbon atom of E113 in BSI and Lumi are 3.8 and 4.0 Å,
respectively. Since previous NMR and FTIR studies predicted that the
interaction between the counterion and the Schiff base would be
mediated by water molecules,33,34two water molecules were added near
E113 and the Schiff base in rhodopsin, Batho, as well as BSI, which
are not present in X-ray structure.26

Results

The photobleaching scheme of rhodopsin at room temperature
is described as follows:

wherek1
f andk1

r are 4.44× 106 s-1, k2 is 3.4× 106 s-1, and
k3 is 1.0× 105 s-1 at 5 °C.15 This kinetic scheme was solved
numerically to estimate the concentrations under our illumination
conditions, and the results are presented in Figure 2. BSI has a
relatively low concentration because it is in equilibrium with
Batho. Therefore, the transient Raman spectra will consist of
scattering from a mixture of Batho, BSI, and Lumi. Raman
intensity is proportional to the concentration of each species
times the relative Raman cross section. The latter quantity is
roughly proportional to the square of the extinction coefficient.
For BSI experiments, the probe excitation wavelength is selected
to be 458 nm, which is distant from the Batho absorption band
(λmax ) 531 nm). The contribution of Batho to the transient
spectrum at 250 ns can thus be neglected. Assuming that the
relative Raman cross sections of BSI and Lumi at 458 nm
are the same,15 one predicts that at 250 ns 58% of the scatter-
ing will come from Lumi and 42% from BSI. The BSI life-
time increases with decreasing temperature15 so the sample
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Figure 2. Temporal evolution of the relative concentrations of Rho, Batho,
BSI, and Lumi, wherek1

f ) k1
r ) 4.44× 106 s-1, k2 ) 3.4× 106 s-1, and

k3 ) 1.0× 105 s-1 at 5°C (ref 15). The photoisomerization rate was given
by k ) 1.31 × 105 exp(-6.6t2), which describes the time-dependent
photoisomerization of rhodopsin in a volume element of the sample as it
passes through the Gaussian profile laser beam (ref 24). The 531 nm light
intensity at the 3× 100 µm beam waist is 2.2× 1021 photons cm-2 s-1.
The flow rate and transit time are 280 cm/s and 1.1µs, respectively.
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reservoir was cooled with ice to∼1 °C to produce the highest
possible concentration of BSI. When the sample was pumped
through the microfabricated channel to the microprobe image
plane, the temperature warmed to∼7 °C.

Figure 3 presents the results of time-resolved resonance
Raman microchip flow experiments on the BSI intermediate.
First, a probe-only Raman spectrum of rhodopsin was obtained
using 458 nm excitation (Figure 3B). The pump-plus-probe
spectrum with a 250 ns time delay in Figure 3A exhibits new
bands at 886 and 947 cm-1, suggesting it contains scattering
from BSI. Subtraction of the probe-only spectrum (0.86) from
the pump-plus-probe spectrum to minimize the positive or
negative 971, 1238, and 1267 cm-1 intensities of rhodopsin
gives a difference spectrum (Figure 3C). No HOOP bands at
853, 876, and 921 cm-1, characteristic of the chromophore
structure of Batho, could be identified in this Raman spectrum.
The difference spectrum is thus dominated by scattering from
the Lumi and BSI intermediates. To get a pure BSI Raman
spectrum, we carried out a time-resolved resonance Raman
experiment with a time delay of 3µs and the same pump and
probe configuration (spatial separation of 8µm and flow speed
of 250 cm/s), which yields a Lumi spectrum (Figure 3D). This
spectrum was identical to our previously reported Lumi Raman
spectrum.20 The pure BSI spectrum was obtained by subtracting
the Lumi spectrum from the transient Raman spectrum with a
250 ns time delay, using the characteristic 1638 cm-1 Schiff
base band of Lumi as a marker band for the Lumi contribution.
Subtraction of the Lumi spectrum from this transient spectrum
(factor 0.5) to minimize the 1638 cm-1 band yields a spectrum
in the BSI intermediate (Figure 3E). The uncertainty in this

subtraction parameter is∼8%; undersubtraction leaves a notice-
able band at 1638 cm-1 due to Lumi while oversubtraction
leaves a clear derivative feature.

Figure 4 presents transient Raman spectra of BSI and Lumi
mixtures for time delays from 250 ns to 3µs to explore the
temporal dependence of the BSI features. The spectrum with a
∼250 ns time delay (Figure 4A) is characterized by a new
HOOP band at 886 cm-1 and two Schiff base lines at 1638 and
1653 cm-1. It is clear from Figure 4 that the intensity of the
lines at 886 cm-1 in the HOOP region and 1653 cm-1 in the
Schiff base region are initially large, then drop appreciably in
the 700 ns spectrum and disappear in the 3µs spectrum, while
the 1638 cm-1 band increases significantly from 250 ns to 3
µs. Furthermore, the 1552 cm-1 ethylenic band in the 250 ns
spectrum downshifts to 1548 cm-1 in the 3 µs spectrum,
implying that two different intermediates contribute to the
spectra. Since the Lumi formation time is∼1 µs, the spectrum
in Figure 4C is expected to be dominated by scattering from
the Lumi intermediate. The spectrum in Figure 4C is also
identical to the Lumi spectrum with a 16µs time delay obtained
by using probe and pump wavelengths of 514.5 and 488 nm,
respectively.20 As a result, the new HOOP band at 886 cm-1

and the 1653 cm-1 Schiff base band in Figure 4A are assigned
to the BSI intermediate.

In the BSI Raman spectrum (Figure 3E), the ethylenic mode
is a strong band at 1552 cm-1, which is consistent with the
correlation of the ethylenic frequencies of retinals with their
absorption maxima.35,36 In the fingerprint region, five bands at
1159, 1196, 1212, 1245, and 1278 cm-1 are observed. Interest-
ingly, the fingerprint vibrational pattern of BSI is identical with

Figure 3. Raman microchip flow spectra of rhodopsin’s BSI intermedi-
ate: (A) pump-plus-probe spectrum, (B) probe-only spectrum, (C) transient
spectrum obtained by subtracting 86% of the probe-only spectrum from
the pump-plus-probe spectrum, (D) the Lumi spectrum with a 3µs time
delay, and (E) the BSI spectrum obtained by subtracting the indicated
fraction of the Lumi spectrum from the transient spectrum. The optimum
subtraction coefficient was determined to be 0.5( 8%. The pump wave-
length was 531 nm (2.5 mW) and the probe was 458 nm (450µW). The
250 ns time delay was provided by a 280 cm/s flow rate and the 0.7µm
displacement between the 3× 100 µm pump and probe beams.

Figure 4. Kinetic Raman spectra of the BSI and Lumi intermediates at
the indicated time delays (7°C). All spectra were obtained by subtracting
the optimized fraction of the probe-only spectrum from the corresponding
pump-plus-probe spectrum. The insert in spectrum A presents the 600-
900 cm-1 region of the Raman spectrum of the 14D derivative of BSI at
250 ns time delay. The 700 ns time delay was provided by a separation of
2 µm and a flow speed of 260 cm/s. The 3µs time delay was provided by
a separation of 8µm and a 250 cm/s flow speed. The pump and probe
excitation wavelengths were 531 and 458 nm, respectively.
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that of Batho9 as well as that of theall-trans retinal protonated
Schiff base (PSB).37 By analogy to the vibrational assignment
work on Batho and theall-trans PSB, the band at 1159 cm-1

in BSI is assigned to the C10-C11 stretch, which is the same as
that of theall-trans PSB and∼7 cm-1 below that of Batho.
The 1196 cm-1 band is due to the C14-C15 stretch, the 1212
cm-1 band is assigned to the C8-C9 stretch, and the 1246 cm-1

band is assigned to the C12-C13 stretch. The band at 1278 cm-1

corresponds to the 11H+ 12H rock.
BSI exhibits a new intense HOOP band at 886 cm-1 that

was not observed in the Lumi and Meta I intermediates as well
as two lines at 945 and 1009 cm-1, which also appear in Lumi
and Meta I.20,38 The HOOP modes of the ethylenic protons
across the 11d12 double bond ofall-trans retinal derivatives
form Au and Bg local symmetry combinations found near 960
and 830 cm-1, respectively, while the 10H and 14H wags are
found around 880 cm-1.39,40 The 945 and 1009 cm-1 modes
are assigned to the 11H and 12H Au wag and methyl rocking
vibration modes, respectively, based on frequency correspon-
dence.39,41 However, the frequency of the Au HOOP mode in
BSI is 6 cm-1 lower than that of Lumi and 12 cm-1 below that
of Meta I. The unambiguous assignment of the 886 cm-1 band
was accomplished by isotopic labeling. The 886 cm-1 mode is
assigned as an isolated 14H wag, since it shifts to 737 cm-1 in
14D BSI (Figure 4A), with the expected H/D frequency ratio
of 1.20.8

Figure 5 presents the transient Raman spectrum of BSI with
a 250 ns time delay in D2O buffer. The insert compares the
Schiff base region of BSI in H2O with that in D2O. The 1653

cm-1 Raman band in the Schiff base region of BSI in H2O shifts
to 1630 cm-1 after the protein is suspended in D2O buffer. We
conclude that the Schiff base group in BSI is protonated due to
the coupling of the CdN stretch with the N-H rocking
vibration. The Schiff base CdN mode at 1653 cm-1 in the BSI
spectrum is similar to that of rhodopsin and Batho, but the D2O-
induced shift for BSI (∼23 cm-1) is smaller than that for
rhodopsin and Batho. This shift is identical with that of Meta I
as well as that of theall-trans PSB. In Figure 5, we also note
that the new HOOP band at 886 cm-1 shifts up 3 cm-1 in D2O,
whereas the frequencies of the HOOP modes at 945 and 1009
cm-1 are unaffected by N-deuteriation. This sensitivity of the
886 cm-1 HOOP band shows that there is a coupling of this
HOOP mode with 15 NH coordinate. A similar result was
observed inall-trans bacteriorhodopsin, where the C14H wag
frequency shifts from 882 cm-1 in H2O to 886 cm-1 in D2O.42

This observation provides additional support for the C14-H wag
assignment.

Discussion

Time-resolved resonance Raman spectroscopy is valuable
because it provides vibrational structural data on transient
photoactive molecules in their native protein binding pocket
environment.43,44 Here we have performed time-resolved reso-
nance Raman microchip flow experiments and obtained transient
Raman spectra of the retinal chromophore in the BSI intermedi-
ate of rhodopsin. We will now compare these vibrational data
with rhodopsin’s other intermediates such as Batho, Lumi, and
Meta I to elucidate the chromophore structural changes and
interactions with the protein during the transitions from Batho-
to-BSI and BSI-to-Lumi.

Structure of BSI. Figure 6 presents a summary comparison
of the resonance Raman spectra of rhodopsin and its photo-
intermediates. Figure 7 presents a correlation diagram of the
HOOP, fingerprint, ethylenic, and CdNH as well as CdND
modes for rhodopsin’s intermediates and theall-trans retinal
protonated Schiff base (PSB). The resonance Raman spectrum
of Batho exhibits unusually intense hydrogen out-of-plane
wagging vibrations at 853,∼872, and 921 cm-1 that are not
observed in the spectrum of rhodopsin, Lumi, and Meta I. In
addition, the C11H and C12H wags in Batho are unusually
decoupled. The isolated band at 921 cm-1 in Batho is assigned
as the 11H wag, and the 12H wag is placed between 850 and
∼870 cm-1.45 Local perturbation near C12-H is postulated as
the cause of the low intrinsic C12H wag frequency. The more
normal coupled C11HdC12H HOOP frequency at 945 cm-1 in
BSI shows that the transition from Batho to BSI involves a
relaxation of the chromophore from a strained all-trans confor-
mation and the elimination of the structural perturbation that
uncouples the 11H and 12H wags. The C10H wag intensity is
significantly reduced in BSI, Lumi, and Meta I. This gives
further evidence of a chromophore structural relaxation in the
Batho-to-BSI transition. However, a relatively intense HOOP
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Figure 5. Transient resonance Raman spectrum of BSI with a 250 ns time
delay in D2O buffer. The insert compares the Schiff base region of the
Raman spectra of BSI in H2O and D2O.
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band at 886 cm-1 is observed in BSI, which is assigned to the
C14H wag. The 853 cm-1 C14H wag is also quite intense in
Batho,8 but its intensity goes away in Lumi. Therefore, we
conclude that the structure of BSI is still locally twisted near
C14.

The frequencies of the 11,12-Au HOOP mode in BSI, Lumi,
and Meta I are 19, 13, and 7 cm-1, respectively, lower than
that ofall-trans retinal PSB (964 cm-1). Thus, the coupling of
the 11H and 12 H wags is significantly decreased in BSI but
only somewhat decreased in Lumi and Meta I. This observation

supports the idea that Lumi has a more relaxed chromophore
structure and that this relaxation is complete in Meta I.20,27,46-48

The unusually low frequency of the 11,12 Au HOOP mode and
the weaker coupling of the C11H and C12H wags suggests that
this region is significantly conformationally distorted in BSI,49

but this perturbation is not as great as that found in Batho.
Comparison of the fingerprint modes also provides informa-

tion on structural changes during the transition from Batho to
BSI. The 1166 cm-1 C10-C11 stretch of Batho is 7 cm-1 higher
than that in theall-trans retinal PSB, while this mode drops 7
cm-1 to the PSB frequency in BSI. However, the C10-C11

stretching modes of Lumi and Meta I are 4 and 6 cm-1,
respectively, lower than that ofall-trans retinal PSB (Figure
7). This result suggests that the formation of BSI does not
require a significant conformation distortion around the C10-
C11 bond, consistent with its weak C10H wag intensity. Similarly,
the 1210 cm-1 C14-C15 stretch of Batho is 6 cm-1 above its
PSB value while in BSI it is 2 cm-1 above the PSB value. On
the other hand, the C12-C13 and C8-C9 stretching modes are
very similar to each other in Batho, BSI, Lumi, and Meta I.

Schiff Base Environment of BSI. The CdN stretching
vibration of the Schiff base provides a sensitive probe of
chromophore-protein interactions.45,50,51 As summarized in
Figure 7, the CdN stretching mode in BSI is observed at 1653
cm-1, which is identical with that of rhodopsin and Batho.
However, the shift induced by deuteriation is decreased from
∼30 cm-1 in rhodopsin and Batho to 23 cm-1 in BSI. The
reduced isotope shift indicates that the coupling of the CdN
stretch with the N-H bending vibration in BSI is reduced
somewhat, implying there is a modest change of the protonated
Schiff base environment upon formation of BSI from Batho.
However, there is no large protein relaxation in the Batho-to-
BSI transition. Kinetic studies of the artificial pigmentcis-5,
6-dihydroisorhodopsin15 also suggested that the rate of the
Batho-to-BSI transition is limited by the relaxation of the
strainedall-trans retinal chromophore within a tight protein
environment. However, it is interesting that in Lumi the CdN
stretching mode is unusually low compared to BSI and all the
other intermediates; the weaker coupling of the CdN stretch
with the N-H bending vibration leads to only a 7 cm-1 D2O
induced shift. The dramatically weakened Schiff base hydrogen
bonding, suggesting that there is essentially no H-bond acceptor
in Lumi, recovers to theall-trans PSB value with the transition
to Meta I.20 The unusual Schiff base environment formed in
Lumi demonstrates that the transition of BSI to Lumi involves
a conformational change of the chromophore and the residues
in the vicinity of the chromophore that dramatically alters the
Schiff base hydrogen bonding. Consistent with this observation,
kinetic absorption measurements17 and FTIR data on artificial
chromophore analogues11,16suggested that BSI formation does
not involve large protein structural changes while the formation
of Lumi is primarily determined by protein changes.

Protein Response.Since the protein provides a well-defined
and specific “solvent cage” around the chromophore, the
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Figure 6. Room-temperature time-resolved resonance Raman spectra of
rhodopsin and its intermediates. The rhodopsin spectrum was obtained with
458 nm excitation. The Batho spectrum with 20 ps time delay at room
temperature is reproduced with permision from Kim et al. (ref 6). The Lumi
and Meta I spectra are from our previous study (ref 20).

Figure 7. Correlation diagram of the HOOP, fingerprint, ethylenic, and
Schiff base mode frequencies observed in rhodopsin, bathorhodopsin,
lumirhodopsin, metarhodopsin I, and theall-trans retinal protonated Schiff
base (PSB). The frequencies of theall-transPSB were obtained from spectra
in methanol solution (ref 37), which provide a common reference for the
protein binding pocket induced effect.
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chromophore vibrational structure can be used as a probe of
the protein binding pocket environment and its structural
changes. The protein response to the 200 fs isomerization
reaction in rhodopsin consists of first a local impulsive structural
rearrangement that is driven by chromophore isomerization6

followed by a diffusive motion that allows for more global
energy redistribution within the chromophore-protein complex.
Picosecond transient resonance Raman studies on photorhodop-
sin and bathorhodopsin suggested that a localized region of the
highly specific protein binding pocket responds impulsively to
ultrafast isomerization of the chromophore thereby permitting
the isomerization reaction to occur efficiently in a tight and
specific binding pocket in only 200 fs.6 It is reasonable to expect
that such an inertial protein response is localized primarily in
the region near C11dC12 where the largest chemical shift
differences upon isomerization were observed.52 However, other
more delocalized protein degrees of freedom remain relatively
static on the same time scale in order to efficiently store energy.
For example, the CdN stretch frequencies and the ND shifts
of rhodopsin and Batho are identical, indicating that the
interaction between the Schiff base and the Glu113 counterion
environment remains unchanged during the transition from
rhodopsin to Batho.

The transient BSI Raman data suggest that, except for the
C14 region, the highly strained all-trans chromophore in Batho
has relaxed. Additionally, a slight change of Schiff base
environment appears in the Batho-to-BSI transition. This
suggests that the delocalized protein response due to collective
conformational motions53 is slower than BSI formation. A large
time-scale separation between chromophore and binding pocket
motion has been suggested by time-resolved CARS studies,54

because the Batho vibrational spectrum is unaltered out to 100
ns after Batho formation. Therefore, the BSI-to-Lumi transition
is likely to be the stage where the stored photon energy is
transferred from the strained chromophore to the more broadly
distributed protein modes, producing a more relaxed Lumi
intermediate as well as the driving force to move the Schiff
base group out of its hydrogen-bonded environment near
Glu113.

Conclusions

We have obtained time-resolved resonance Raman spectra
of the native BSI intermediate of rhodopsin. By combining these
data with time-resolved resonance Raman spectra of the other
intermediates we can compare the vibrational structure changes
for all of rhodopsin’s photointermediates for the first time
(Figures 6 and 7). Furthermore, a molecular model of the retinal-
binding pocket for rhodopsin’s intermediates is presented in
Figure 8 to begin exploring how the chromophore structural
changes interact with the protein. Batho, the first thermally
relaxed intermediate after photoisomerization of rhodopsin, has
a highly strained all-trans chromophore structure; the-20° twist
angles at C10-C11 and C12-C13 and the-56° twist at C14-C15

are consistent with the resonance enhancement of Batho HOOP
modes. In the model, W265 moves toward C12 in the rhodopsin-
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Figure 8. Graphics model of the retinal binding site in rhodopsin illustrating
the structural changes in the primary photoactivation. (A) The 11-cis
rhodopsin structure: The C12-C13 twist angle of-140° dictates that the
13-Me group extends out of the page. The distance of the PSB proton to
the carbon atom of E113 is 4.3 Å (ref 28). (B) Batho structure: The twist
angles of C10-C11and C12-C13 are-20°, and the twist angle of C14-C15

is -56°. The carbon atom of E113 is located 4.3 Å away from the PSB
proton. (C) BSI structure: The twist angles of C10-C11, C12-C13, and C14-
C15 are-9°, -10°, and-46°, respectively. (D) Lumi structure: The twist
angles of C10-C11, C12-C13, and C14-C15 are -4°, -2°, and -9°,
respectively. The distances of the PSB proton to the carbon atom of E113
in BSI and Lumi are 3.8 and 4.0 Å, respectively.
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Batho transition (5.5f 4.7 Å), while E181 moves away from
C12 (4.6 f 4.9 Å). W265 may thus be one of the residues
responsible for the perturbation near C11dC12 in Batho. Further,
W265 is the closest residue to the C13-methyl group (3.4 Å) in
rhodopsin. This unique environment due to the proximity of
W265 to the retinal chromophore implies that steric interaction
between the C13-methyl group and W265 could play an
important role in driving the initial isomerization dynamics.
Femtosecond absorption experiments show that removal of the
13-methyl group slows down the isomerization to 400 fs and
lowers the quantum yield to 0.47.55,56 Cis-trans isomeriza-
tion also moves the C13-methyl group closer to E181 in Batho
(6.2f 3.0 Å). However, experimentally the rhodopsin-to-Batho
transition does not alter the Schiff base environment. Therefore,
the structural water forming a hydrogen bond from the PSB to
E113 is still present in Batho. The Batho-to-BSI transition leads
to a relaxation of the chromophore from a strained all-trans
conformation and the elimination of much of the structural

perturbation except for a twist near C14. As a result, the distance
between W265 and C12 increases only 0.1 Å in the transition
of Batho to BSI, and the twist angle of C14-C15 in BSI relaxes
to -46° (Figure 8C). The BSI-to-Lumi transition involves
formation of a more relaxed all-trans chromophore structure as
well as significant protein alteration. In the model, water is no
longer hydrogen bonded to the PSB causing the unusual Lumi
Schiff base properties (Figure 8D). The change in the Schiff
base environment in Lumi also causes its polyene chain to move
away from helix VI, closer to helix III, thereby moving the C13-
methyl group closer to E181 (3.1f 3.0 Å). We have suggested
that this movement reverts in the formation of Meta I20 and
that a fully relaxed chromophore with a normal Schiff base
environment but a different hydrogen-bond acceptor is formed.
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