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ABSTRACT. Time-resolved resonance Raman microchip flow experiments have been performed on the
lumirhodopsin (Lumi) and metarhodopsin | (Meta I) photointermediates of rhodopsin at room temperature
to elucidate the structure of the chromophore in each species as well as changes in-photeitophore
interactions. Transient Raman spectra of Lumi and Meta | with delay timesed 46d 1 ms, respectively,

are obtained by using a microprobe system to focus displaced pump and probe laser beams in a
microfabricated flow channel and to detect the scattering. The fingerprint modes of both species are very
similar and characteristic of an all-trans chromophore. Lumi exhibits a relatively normal hydrogen-out-
of-plane (HOOP) doublet at 951/959 ctnwhile Meta | has a single HOOP band at 957 énirhese

results suggest that the transitions from bathorhodopsin to Lumi and Meta | involve a relaxation of the
chromophore to a more planar all-trans conformation and the elimination of the structural perturbation
that uncouples the 11H and 12H wags in bathorhodopsin. Surprisingly, the protonated Schiffi¥ise C
stretching mode in Lumi (1638 cm) is unusually low compared to those in rhodopsin and bathorhodopsin,
and the G=ND stretching mode shifts down by only 7 cfin DO buffer. This indicates that the Schiff

base hydrogen bonding is dramatically weakened in the bathorhodopsin to Lumi transition. However, the
C=N stretching mode in Meta | is found at 1654 chand exhibits a normal deuteration-induced downshift

of 24 cn?, identical to that of the all-trans protonated Schiff base. The structural relaxation of the
chromophore-protein complex in the bathorhodopsin to Lumi transition thus appears to drive the Schiff
base group out of its hydrogen-bonded environment near Glu113, and the hydrogen bonding recovers to
a normal solvated PSB value but presumably a different hydrogen bond acceptor with the formation of
Meta I.

Rhodopsin, the major protein in the disk membranes of rhodopsin chromophore is complete in only 200 2s §).
retinal rod cells, is a sevem-helix transmembrane receptor The photorhodopsin product, which is thought to contain a
containing an 1kisretinal prosthetic group bound to Lys296 hot and/or conformationally distorted form of the trans
(). When rhodopsin absorbs a photon, its ci¢retinal chromophore J), relaxes to bathorhodopsin 5 ps (7).
protonated Schiff base (PSB)hromophore rapidly isomer-  The chromophore structure in bathorhodopsin has been
izes to photorhodopsirg) followed by relaxation to batho-  studied in great detail because bathorhodopsin is the first
rhodopsin, both of which contain a distorted all-trans intermediate that can be trapped by cooling to 77 K.
chromophore3). Bathorhodopsin thermally decays through Resonance Raman experiments on bathorhodopsin reveal
a series of forms called the blue-shifted intermediate (BSI), unusually intense hydrogen-out-of-plane (HOOP) wagging
lumirhodopsin (Lumi), metarhodopsin | (Meta ), and meta- vibrations in the 856920 cm* region, which indicate that
rhodopsin 1l (Meta 1) as shown in Figure #)( The Meta the chromophore is distorted and strongly perturbed near C
Il intermediate catalyzes the activation of the G-protein (8, 9). Surprisingly, these characteristic vibrations are also
transducin, which couples the optical excitation signal to an observed in the 2 ps time-resolved resonance Raman
enzymatic cascade and the generation of an optic nervespectrum of bathorhodopsin at room temperat@)e This
impulse 6). observation demonstrates that the basic structural features

Spectroscopic work has provided a good understandingof this high-energy intermediate are the same when it is
of the molecular mechanism of the early events in the visual trapped kinetically or thermally. Systematic resonance Raman
excitation process. Femtosecond time-resolved absorptionstudies on rhodopsin and bathorhodopsin based on isotopi-
experiments revealed that the e€tsans isomerization of the  cally labeled derivatives suggest that electronic and confor-
mational distortion is the most likely cause of the significant
"' This work was supported by a grant from the NIH (EY02051). ~ energy storage in the primary photoproduct (146 kJ/mol) that
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intermediate; Lumi, lumirhodopsin; Meta I, metarhodopsin I; Meta I, ; ; : : .
metarhodopsin II; HOOP, hydrogen-out-of-plane; CARS, coherent anti- The later intermediates in the rhodopsin bleaching process

Stokes Raman spectroscopy; ROS, rod outer segments; PEEK, poly-Nave also been extensively characterized. BSI is entropically
etheretherketone; CCD, charge-coupled device; Batho, bathorhodopsinfavored and thus is not trapped at low temperatures, but
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Rhodopsin (500 nm) We present here a new Raman microchip flow technique

that permits the facile study of rhodopsin’s microsecond to

hv l 200 fs millisecond photointermediates. It is based on the combina-
tion of our Raman microprobe system with rapid-flow

. techniques. The Raman microprobe system was first devel-
Photorhodopsin (570 nm) oped in 1982 23) and was used to obtain Raman spectra of
single visual pigment cells as well as in vitro samples of
> ps expressed pigment&4—28). Rapid-flow methods29) have
been used to obtain time-resolved spectra of photolytic

Bathorhodopsin (529 nm) intermediates for many years using multiple-beam techniques
(30). A drawback of these flow approaches is the large
iT 120 ns amount of pigment needed when working at a high flow rate.
A solution to this problem is suggested by the recent
BSI (477 nm) development of microfabricated lab-on-a-chip syste&i3 (
that permit the production of precisely tailored and complex
150 ns layouts of microchannel$2, 33). We were thereby encour-
aged to make microchannel flow systems for time-resolved
Lumirhodopsin (492 nm) resonance Raman studies where the cross section of the flow
channel is made very small and matched to the confocal
l 10 s profile of the laser beam in the micro-probe system.
We have used the Raman microchip flow method to obtain
Metal (478 nm) high-quality transient Raman spectra of the Lumi and Meta
| species at room temperature. Two displaced laser beams
Tl 1 ms initiate the rhodopsin photochemistry and measure the Raman
spectrum of the intermediate. The flow rates and spatial
Meta II (380 nm) separation between the pump and probe beams are chosen
to give the desired time delay ranging from several hundred
i 30 nanoseconds to several milliseconds. High-quality Raman
S . .
spectra of Lumi and Meta | are obtained that allow us to

clarify vibrational mode assignments. Furthermore, the
Raman spectra of Lumi and Meta | in,O buffer are used
FicUrRe 1: Rhodopsin photobleaching sequence. to elucidate how the hydrogen bonding of the Schiff base
changes as the activating protein conformational changes
evidence suggests that the formation of BSI triggers someoccur. The structure of the chromophore in the Lumi and
protein conformational changd %, 13). The decay of the =~ Meta | intermediates and their structural changes are dis-
Lumi, Meta |, and Meta Il intermediates has been studied cyssed on the basis of these data.
with kinetic absorption spectroscopd, (L4). The rate of the
Lumi to Meta | transformation exhibits a strong temperature MATERIALS AND METHODS
and pH dependencd); FTIR data {5—17) together with _ _ ) )
NMR (18, 19) as well as linear dichroism measuremeB@) ( Preparation of RhodopsirRhodopsin was isolated from
showed that the chromophore in the Lumi and Meta | species 100 bovine retinas (J. A. Lawson, Lincoln, NE) by sucrose
has relaxed relative to its more strained all-trans form in flotation followed by sucrose density gradient centrifugation
bathorhodopsin4). as described previousl). The yield was typically 1215
Thermal trapping methods are ||m|ted to Studying inter- nmol Of rhOdOpSin pel’ retina. The iSOIated I’Od outer Segments
mediates with successively higher thermal barriers, and can(ROS) were lysed in water and solubilized in 15 mL of 5%
thus miss transitions dominated by significant entropy Ammonyx-LO (Exciton, Dayton, OH). The resulting rhodop-
changes. It is thus desirable to study the structure of rho-Sin solution was further purified with a hydroxylapatite
dopsin’s intermediates under room-temperature conditionscolumn @4). The final samples [150 mM phosphate buffer
that are physiologically relevant. Resonance Raman vibra-(PH 7) and 711 mM NHOH] had an absorbance of
tional spectra of the metarhodopsin intermediates were first 2.0-2.5 OD/cm at 500 nm, and 280 nm/500 nm ratios were
obtained by stabilization at either high (Meta ) or low (Meta 1.76-1.90.
1) pH (21). Time-resolved CARS (coherent anti-Stokes  Time-Resaled Resonance Raman Spectroscapgnsient
Raman spectroscopy) spectra of Lumi at room temperatureRaman spectra were obtained using a two-beam, pump
have also been reported?). However, the characterization probe configuration employing a Raman microprobe for
of the linkage between the chromophore and the protein in detection and a microchip flow system (see Figure 2). A
the Lumi and Meta | species was not revealed in these CARSdetailed description of the Raman microprobe apparatus and
studies, and complete high-quality vibrational spectra of two-beam system for low-temperature, steady-state experi-
Lumi and Meta | are not yet available. The development of ments was reported previous®5). Briefly, a beam splitter
convenient methods for routinely obtaining time-resolved (50/50) was first used to make the probe and pump beams
resonance Raman spectra of intermediates on the milliseconchear collinear. The pump and probe beams were then focused
to microsecond time scale would facilitate vibrational with a 250 mm cylindrical lens at the microscope focal plane.
structural studies of BSI, Lumi, and Meta I. The line image of the beam was subsequently focused on

opsin + all - trans - retinal
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respectively, for the pump-plus-probe spectra and only 1 mL
was needed for the probe-only spectra.

The laser powers and flow rates were chosen to give the
desired time delays and photoalteration paramete(29).
The transient Raman spectrum of Lumi was obtained using

and

Spectrograph

/ a 514.5 nm probe beam (5@V) and a near collinear 488
Probe beam BS L | nm pump beam (2.5 mW), with photoalteration parameters
: Beam splitter of 0.3 and 2.5-3, respectively. The Meta | spectrum was
' -« Objective obtained with a 476.5 nm probe beam (300/) and a 2
o mW, 531 nm pump. Lumi is formed several microseconds
Pump beam ®) - Microchip after the decay of BSI, and its lifetime is on the order of

tens of microsecondd). In our experiment, the Lumi Raman
scattering was obtained with a delay time of 4% (spatial
separation of 18&m and flow rate of 113 cm/s). For the
Meta | spectrum, the desired time delay offl ms was
provided by a 12 cm/s flow rate and ar120um separation.

The microchip flow system was also found to be advanta-
geous for data collection because it provided more reproduc-
ible background subtractions as well as better imaging and
collection of the scattered light. The Raman signal was

Ficure 2: Time-resolved resonance Raman microchip apparatus. : 50m
The two cylindrically focused beams are displaced along the flow collected from a um x 100um area approximately

direction. The beam separation and flow velocity determine the 9€€P- lepically, the optical density of the sample-i2.0—
time delay. The pump beam was focused to-d6xm x 100xm 2.5 cntt at 500 nm, giving an OD 0f0.01 in the channel.
spot, and the probe beam wagi® x 100um. The expanded chip It was necessary to record teril min exposures for each

view shows just the bottom etched wafer that makes up the bo”dedexperimental configuration. Cosmic ray spikes were removed
two-layer glass sandwich. from each spectrum before summation. The subtractive
dispersion Spex 1400 double spectrograph was equipped with
500 nm blazed, 600 and 1200 grooves/mm gratings. Raman
spectra were detected with a nitrogen-cooled CCD detector
(LN/CCD-1152, Princeton Instruments) controlled by an ST-
€130 controller. The detector consists of a 115298 pixel
array with a 26 mmx 6.7 mm photosensitive area that
detected Raman signals over a 1400 €&mange. The

the sample by a 40 NA 0.6 objective lens to form an5

um x 100um spot for the probe and an5—10um x 100

um spot for the pump. Backscattered Raman light was
collected by the same objective and focused at the entranc
slit of the subtractive dispersion, double spectrogregH). (

An aperture was used to limit the slit height so that scat-

tering originatir_lg from the channel walls was blocked. The fluorescence background was removed by subtracting a
spatial separation between the two beams was controlled bybleached thodopsin spectrum. The known cyclohexanone

adjusting the beam splitter position with a translation stage. Raman bands were used to calibrate the spectra. The
The beam image size and its alignment with respect to thesensitivity of the detection system as a function of wave-

entrance slit of the spectrometer were determined by viewingIength was corrected using a white light spectrum. The
the fluorescence from a slide coated with rhodamine-6G. The reported frequencies are accurate withi@l cnm%, and the

sample was pumped once through the chip microchannglresoIution of the spectra is 6 cf
by applying nitrogen gas pressure to the sample reservoir
(20-130 psi). The sample reservoir was cooled with ice to RegyLTS

4 °C.

The microchips were fabricated on glass substrates using Figure 3 presents the results of a time-resolved Raman
photolithography, wet chemical etching, and thermal bonding microchip flow experiment with a 16s time delay that was
methods 81). A glass wafer was coated with photoresist and designed to obtain a spectrum of the Lumi intermediate. The
then exposed through a Cr mask to define the channel patternpump wavelength is 488 nm, and the probe wavelength is
After development of the photoresist, the channel pattern was514.5 nm, which lies on the red side of the Lumi absorption
etched in the substrate with hydrofluoric acid. The remaining band. The probe-only Raman spectrum presented in Figure
photoresist was removed; the etched wafer reservoirs were3B is unambiguously dominated by rhodopsin scattering. The
drilled at either end of the channel, and then the double- most intense peak at 1546 chis due to ethylenic &C
layer sandwich was formed by thermal bonding to a second stretching. The fingerprint modes at 1188, 1215, 1237, and
wafer. PEEK (polyetheretherketone) polymer flexible tubing 1268 cm! are assigned to the;&-Cys, Cg—Co, and Go—
(256 um inside diameter, 1.0 mm outside diameter) is fitted C,3 stretches, and the 11H- 12H rock combination,
into the drilled holes and sealed with epoxy to introduce respectively 86). The peaks located between 950 and 1020
solution into the micro-flow cell. The advantage of this cm™ are hydrogen-out-of-plane (HOOP) wagging and
microfabricated system is that very small amounts of sample C—CHjs rocking modes. The pump-plus-probe spectrum in
are needed because the flow cross section can be made verlgigure 3A exhibits new peaks at 951, 1155, and 1205'¢m
close to the imaged laser beam size. The channel dimensionindicating that it contains a mixture of scattering from
of the chip used in our experiments arel2 um deepx rhodopsin and a new intermediate species. Indicated amounts
142 um wide. Thus, for the Lumi and Meta | experiments of the probe-only spectrum were subtracted from the pump-
reported here, only 4 and 1 mL of sample were required, plus-probe spectrum to identify the optimal subtraction
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FIGURE 3: Time-resolved (1@s delay) resonance Raman microchip - Figyre 4: Time-resolved (1 ms delay) resonance Raman microchip
spectra of lumirhodopsin: (A) pump-plus-probe spectrum and (B) spectra of metarhodopsin I: (A) pump-plus-probe spectrum and
probe-only spectrum. Spectra—€ are lumirhodopsin spectra  (B) probe-only spectrum. Spectra-E are metarhodopsin | spectra

obtained by subtracting the indicated fractions of the probe-only gptained by subtracting the indicated fractions of the probe-only
spectrum from the pump-plus-probe spectrum. The optimum gpectrum from the pump-plus-probe spectrum. The optimum
subtraction coefficient was determined to be 0.58. The pump gyptraction coefficient was determined to be 0.23. The pump and
wavelength was 488 nm, and the probe wavelength was 514.5 nm.prope excitation wavelengths were 531 and 476.5 nm, respectively.

800

A typical Lumi spectrum required only 5 mL of sample.

A typical Meta | spectrum required only 2 mL of sample.

parameter for generating a pure Raman spectrum of Lumi. respectively. The assignment of thes€C;s, Cs—Co, and
A subtraction parameter of 0.58 was determined to be optimal ¢ ,—c,, stretching modes to 1205, 1214, and 1238 &m

(Figure 3D) because it minimizes positive features from the
prominent 970, 1237, and 1268 ctbands of rhodopsin
without introducing spurious derivative band shapes or

negative peaks. The calculated photoalteration parameter of
the pump beam (3.5) was in qualitative agreement with the

subtraction parameter and the fact th#4% of the sample
was bleached.

In the Lumi spectrum, the strong band at 1548 ¢ris
assigned to the ethylenic mode. This ethylenic band is
consistent with the 492 nm absorption band maximum for
Lumi (4), based on the correlation of the ethylenic frequen-
cies of retinals with their absorption maxim&7f. An
ethylenic mode at 1548 crhwas also observed in the Lumi
CARS spectrumZ?). In the fingerprint region, five bands
at 1155, 1205, 1214 (sh), 1242, and 1289 tare observed.
The vibrational pattern in the fingerprint region of Lumi is
similar to that of the all-trans retinal protonated Schiff base
(37) and bathorhodopsing]. The PSB modes have been

assigned with isotopically labeled chromophores and retinal

analogues®&). On the basis of this comparison, the line at
1155 cm! in Lumi corresponds to the 1g-Ci; stretch,
which is 4 cnt! lower than the corresponding mode of the
all-trans retinal PSB, and 11 crhbelow the Go—Cy; stretch

in bathorhodopsing). The 1205 cm! line corresponds to
the G4—C;s stretch and the shoulder at 1214 ¢nto the
Cg—Cy stretch, and the 1242 crhis assigned to the &—
Cy3 stretch. The 1289 cni line is assigned to the 11H
12H rock combination mode. The frequency shifts between
Lumi and the all-trans retinal PSB for thg-€Co, C10—Ci3,
C1o—Ci3, and G4—Cys stretches are 114, 5, and 13 cmt,

respectively, in the FTIR difference spectra of Lurhib)
also supports our results.

In the region between 850 and 1020 ¢pthe hydrogen-
out-of-plane (HOOP) wagging vibrations are expected for
the retinal chromophore. For Lumi, only a new doublet at
951/959 cm! was detected, fairly consistent with the
observation of a doublet at 940/947 chin the Lumi FTIR
spectrum 15). Ohkita and co-workers reported a broad band
at ~947 cnttin the Lumi FTIR spectrum and assigned this
band to the 11H and 12H AOOP vibration mode based
on specifically deuterated retinal derivativé3)( A 944 cmt
band was also found in a recent CARS study of LUg)(
The doublet is close to the frequency of the HOOP mode
measured in the all-trans retinal PSB~a965-980 cn1?
(37). In addition, the intense line at 1008 chis assigned

to a methyl rocking vibrational mode based on its traditional
frequency 88).

Figure 4 presents results of time-resolved resonance
Raman microchip flow experiments with a time delay-df
ms to obtain a spectrum of Meta I. First, a probe-only Raman
spectrum of rhodopsin was obtained using 476.5 nm excita-
tion (Figure 4B). Adding a 531 nm pump beam (Figure 4A)
significantly reduces the intensities of bands due to the
rhodopsin species. Subtraction of the probe-only spectrum
(x0.23) from the pump-plus-probe spectrum to minimize
positive or negative 971, 1237, and 1267 énbands of
rhodopsin yields the difference spectrum (Figure 4D). The
~82% experimental sample bleach is consistent with the
subtraction parameter of 0.23.
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Ficure 5: Time-resolved resonance Raman microchip spectra of Ficure 6: Schiff base regions of the Raman spectra of lumirhodop-

lumirhodopsin in (A) HO and (B) O and of metarhodopsin | in
(C) H,0 and (D) BO.

The Meta | spectrum is characterized by its distinctive
1552 cm! ethylenic mode, which is-6 cmi! higher than
that of rhodopsin, in agreement with the previous Meta |
spectra 21). The Meta | fingerprint modes are identical to
those of Lumi. By analogy to the work of Lumi, the band at
1153 cnt is assigned to the {—Cy; stretch, the band at
1204 cm?! is assigned to the G—Cis stretch, and the
shoulder at 1216 cri is the G—Cg stretch. The 1240 cm
band is assigned as thg£C,3 vibrational stretch. There
are minor differences in the fingerprint region between our
results and previous dat21). Doukas et al. observed that
the Go—Cy;1 and G4—Cys modes were located at 1159 and
1189 cn1?, respectively. This discrepancy probably results

from the 5% rhodopsin and or isorhodopsin, which coexisted

in their experimentsa1). The major HOOP peak in the Meta
| spectrum appears at 957 cin corresponding to an in-

sin in (A) H,O and (B) BO and of metarhodopsin | in (C) @

and (D) DO. Lorentzian fits to the bands are indicated by the
dashed lines. The indicated frequencies are those of the band
components.

Table 1: Schiff Base Frequencies for Rhodopsin and Its
Photoproducts

C=NH C=ND shift (cnt)
pigment RR IR RR IR® RR IR
rhodopsin 1656 1659 1625 1639 31 30
Batho 16541657 1659 16261162% 1639 28231 30
Lumi 1638 1635 1631 1631 7 4
Meta | 1654, 1657 1652 1630 1630 24 22
all-trans PSB 1654 1656 163F 1633 23 23

aFrom ref8. ® From ref9. ¢ From ref15. 4 From ref21. € From ref
38. f From ref46.

low temperatures39) gave a similar result, and Doukas et
al. assigned the 1657 crhband in the Meta | Raman

phase combination mode of the 11H and 12H wags. The SPectrum to the €NH stretch £1). The band at 1635 cm

1009 cnr feature is assigned to the methyl rocking vibration adjacent to the €NH band in Figure 6C is assigned to a
mode, based on correspondence to the all-trans retinal Psg0calized C=C stretching which is analogous to the 1633
mode at 1012 cnt (8). These assignments are consistent CM © Mode observed in the spectra of rhodopsin and
with the earlier Meta | Raman spectru®f as well as its ~ iSorhodopsin & 26). The C=NH and C=ND stretching
FTIR spectra {5-17). frequencies of rhodopsin, Lumi, and Meta | are compared

Figure 5 presents time-resolved resonance Raman microWith previous data as well as those of bathorhodopsin in
chip spectra of Lumi and Meta | in 4 and DO. An Table 1. Note that the Schiff base=®! stretch at 1654 cmt

expanded view of the Schiff base region of the Lumi and in the Meta | spectrum is similar to that of rhodopsin and

Meta | spectra in KD and QO will be found in Figure 6.
The Lumi Raman band at 1638 cinshifts down to 1631
cm 1 after dialysis in a RO buffer (Figure 6A,B). This band

bathorhodopsin. However, the=\ stretching frequency in
Lumi is unusually low compared to that of rhodopsin. Also,
the D,O-induced shift for Meta |24 cnrl) is somewhat

is thus due to a protonated Schiff base linkage between theSmaller than that for rhodopsin, while the shift for Lumi is
chromophore and the protein which shifts down because theunusually small 7 cni™).

stretching mode is coupled to the- rocking vibration.

These observations are consistent with the difference FTIRDISCUSSION
studies in which the €NH stretch at 1635 cnt exhibits a
deuteration-induced downshift of 4 cin(15). For Meta I,

the protonated Schiff baseline at 1654 ¢nshifts down to
1630 cm?®, overlapping the 1635 cmd mode, after the
protein is suspended in,D buffer. Meta | FTIR studies at

The structure of the chromophore in the Lumi and Meta
| intermediates in the rhodopsin photoreaction cascade is a
key element in understanding how the chromophore interacts
with the protein as the activating protein conformational
changes occur. The vibrational features in the skeletal
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fingerprint region of the Lumi Raman spectrum are nearly

identical to those of the all-trans retinal PSB, indicating that 16607

the skeletal structure of chromophore in Lumi is all-trans. -
This is consistent with circular dichroism (CD) measure- 1650+ ;
ments, where the strong negative CD signal of bathorhodop- "=
sin changes to a weak negative signal in Lumi, indicating a = ™, CoNHL

. . I 1640
conformational change of the €C;3 portion toward a = e

relaxed trans structurd@). However, the @-Cg stretching
band in Lumi at 1214 cmt is 11 cnm® higher than in the 1630 P =
all-trans retinal PSB, suggesting that its electronic structure
is more delocalizedd). Inspection of the fingerprint region . . o Vet
of the Meta | spectrum does not reveal any major differences i . . .

between Lumi and Meta |. The similarity of the fingerprint FIGURE 7. Frequencies of the"8NH and G=ND stretching modes _

. 3 iy ortr gerp of rhodopsin, bathorhodopsin, lumirhodopsin, and metarhodopsin
regions of the Lumi and Meta | species indicates that the |. The error bars indicate that the frequencies in our microchip
transition from Lumi to Meta | does not significantly alter experiments are accurate withinl cnm? for rhodopsin andt2
the all-trans chromophore skeletal structure. cm* for lumirhodopsin and metarhodopsin I.

The HOOP vibrations of the retinal prosthetic group . ) . )
provide a probe of the conformational distortion of the about charge interactions and hydrogen bondmg of the Schiff
chromophore. Selective deuteration of the retinal chro- base groupd7, 45-47). The frequency shift of the €N
mophore was used by Eyring et al. to assign the 854, 876, stretching band upon deuteratl_on of the Schiff base nitrogen
and 921 cm® modes of bathorhodopsin to the 8, CiH, depends on the strength of its hydrogen bond with the
and G;H HOOP wags, respectivel@). The G;H and GH environment, while the frequency of the=BID stretching
wags are unusually decoupled in bathorhodopsin, which is Mode, which is primarily a function of electrostatic interac-
thought to result from the presence of a strong perturbation ions between the Schiff base and its counterion, reports on
near G,H. The unusually strong intensities of these modes the C=N bond order 26, 37). The correlation between the
indicate a twisted high-energy chromophore struct@ré@). deuteration sh|1_°t and the hydrogen bo_ndlng strength results
In the Lumi spectrum, a new doublet HOOP band at 951/ from the coupling of the &N stretching mode with the
959 cnr! is observed. Although the definite assignment of N—H rocking mode. Deuteration of the nitrogen reduces this
this band has not yet been made, the 11H and 12H@OP  coupling as a result of the decreasedDirocking frequency.
vibration mode should be a major contributor to this doublet, A decreased level of hydrogen-bonding interaction with an
and the 7H and 8H AHOOP may also contribute. The environmental I—_|-bond acceptor will lower the-¥ rock
relatively normal HOOP doublet frequency and intensity in frequency, causing a lower Schiff base stretch and a reduced
Lumi suggest that the transition from bathorhodopsin to Lumi deuteration-induced shif80).
involves a relaxation of the chromophore to an unstrained As summarized in Table 1 and Figure 7, thesi stretch
all-trans conformation and the elimination of the structural frequencies of rhodopsin and bathorhodopsin are identical,
perturbation that uncouples the 11H and 12H wags in and the ND shifts 0f~30 cnt? differ by only 5 cn? (8),
bathorhodopsin. This conclusion is consistent with the implying that the Schiff base group remains in nearly the
previous studies of Lumi by CARS2D), low-temperature ~ same electrostatic and hydrogen-bonding environment im-
FTIR (15, 17), and time-resolved U¥vis absorption 13, mediately after cistrans isomerization. Because rhodopsin
41) as well as NMR 18). Compared to that for Lumi, the  and Lumi exhibit similar absorption maxima, the Schiff base
major HOOP band in the Meta | spectrum appears at 957 vibrational properties might be expected to be simi28)(
cm ! and is assigned to an in-phase combination mode of However, the &N stretch in Lumi is observed at 1638 ci
the 11H and 12H wags. This peak is close to the frequency 18 cntT* below that of rhodopsin. The unusually low
of the HOOP mode of the all-trans retinal PSB7) frequency of the &N stretching mode in Lumi provides
Therefore, Meta | has a more normal all-trans retinal Structural evidence that the interactions between the protein
conformation, in line with previous Ramag1) and NMR and the PSB group in Lumi are very different. Furthermore,
results (9). This is further supported by th&#C NMR the Schiff base stretching mode in Lumi shifts down by only
chemical shift data, which probe the electronic structure of 7 cm* when Lumi is suspended in D buffer. This
the chromophore in Meta K@). difference is predominantly due to the weaker coupling of

The respective ethylenic Raman frequencies of Lumi and the C=N stretch with the N-H bending vibration in Lumi.
Meta | show the expected linear correlation with the visual We conclude that the bathorhodopsin to Lumi process
pigment absorption maxim&7), which in turn is a measure  dramatically weakens the Schiff base hydrogen bonding. Our
of the extent of charge delocalization in the electronic ground conclusion of weakened Schiff base hydrogen bonding in
state. The ethylenic frequencies increase from 1533égm  Lumi is in agreement with the FTIR studiey).
bathorhodopsini(hax = 532 nm) to 1546 cmt in rhodopsin In contrast, there is a significant frequency increase of the
(Amax= 498 nm), 1548 cmt in Lumi (Amax= 492 nm), and  C=N stretching mode (from 1638 to 1654 cihin Meta I.
1551 cmt in Meta | (lmax = 478 nm). This is consistent  The shift induced by deuteration (see Table 1) is also
with the idea that the absorption maximum is correlated with increased from~7 cnt ™t in Lumi to ~24 cnt?! in Meta .
the extent of charge delocalization in the chromophore The G=N frequency in Meta | and its shift in £ buffer
ground state43, 44). are identical to those of the all-trans PSB. This shows that

The protonated Schiff base=N stretch frequency and the weakened Schiff base hydrogen bonding in Lumi recovers
its frequency shift in RO provide important information  to the all-trans PSB value with the transition to Meta | (Figure
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7). Also, the equivalence of the Schiff base stretching
frequency of Lumi and Meta | in D argues that their €

N bond orders are similar. Thus, formation of the Meta |
intermediate primarily involves a significant change in the
hydrogen-bonding interaction between the Schiff base group
and its protein environment. The Schiff base counterion in
bovine rhodopsin is known to be Glul125 48—50).
Although the chromophore in bathorhodopsin is conforma-
tionally distorted, the Schiff base environment is similar to
that in rhodopsin. Therefore, the protonated Schiff base
counterion is likely to remain Glu113, together with one or
more water molecules hydrogen bonded to Glull3, as
evidenced by FTIR measurementsl) Because of the
dramatic weakening of the Schiff base hydrogen bonding
upon formation of Lumi from bathorhodopsin (Figure 7), it
appears that there is essentially no H-bond acceptor in Lumi.
This observation also implies that water is no longer
hydrogen bonded to the PSB in Lumi. Thus, in Lumi the
hydrogen-bonding environment is undergoing a transition
from the native pocket in rhodopsin to a presumably more
open solvent accessible environment in Meta |I.

In summary, we have obtained high-quality transient
Raman spectra of lumirhodopsin and metarhodopsin | using
the new Raman microchip flow technique. When the Raman
spectra of Lumi and Meta | are compared, the HOOP and
fingerprint bands of the two intermediates are very similar.
Thus, the chromophore appears to remain in a relaxed all-
trans configuration and conformation in the transition from
Lumi to Meta |. However, the protonated Schiff basesl@
stretching modes of these two species are indicative of very
different Schiff base environments. The transition from
bathorhodopsin to Lumi thus involves chromophore relax-
ation and dramatic changes in the Schiff base region, while
in the Lumi to Meta | transition, a fully relaxed chromophore
with a normal Schiff base environment but a different
hydrogen-bond acceptor is finally formed. Our experiments

demonstrate that time-resolved resonance Raman spectros-

copy using a Raman microprobe and the microchip flow
technique provides a powerful and convenient tool for
obtaining detailed structural information about microsecond
to millisecond transient intermediates at room temperature.
Our microchip flow technique could of course also be used
to study photochemical kinetics. Future work will focus on
the chromophore structure of the BSI intermediate to explore
when the characteristic HOOP modes of bathorhodopsin
disappear and when the unusual Schiff base environment in
Lumi is formed.
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