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ABSTRACT A dual beam pump/probe laser technique has
been used with a 585nm probe wavelength to obtain maximal
resonance enhancement of the Raman lines of bathorhodopsin
in a photostationary steady-state mixture at -160'C. These
studies show that bathorhodopsin has a protonated Schiff base
vibration at 1657 cm-1 which shifts upon deuteration to 1625
cm-l. Within our experimental error (±2 cm-i) these frequen-
cies are identical to those observed in rhodo sin and isorho-
dopsin. These effects show that the strength ofthe C=N bond
and the degree of protonation of the Schiff base nitrogen are
the same in bathorhodopsin, rhodopsin, and isorhodopsin. The
implications of these results for the structure of the retinal
chromophore in bathorhodopsin are discussed. The resonance
Raman spectrum of pure bathorhodopsin has been generated
by accurately subtracting the residual contributions of rho-
dopsin and isorhodopsin from spectra of the low temperature
photostationary mixture. Bathorhodopsin is found to have lines
at 853, 875, 920, 1006, 1166, 1210, 1278, 1323, 1536, and 1657
cm-. Also, by using an intensified vidicon detector, we have
observed Raman scattering from bathorhodopsin at room
temperature by generating a photostationary steady state with
pulsed laser excitation. At room temperature the three charac-
teristic lines of bathorhodopsin are found at 858, 873, and 920
cm-1. The fact that the frequencies of these bathorhodopsin
lines are nearly identical at both temperatures implies that the
retinal conformation in bathorhodopsin formed at -160'C is
the same as that formed at room temperature.

Early studies (1-3) on the mechanism of visual excitation
demonstrated that rhodopsin, the visual pigment in vertebrate
rod cells, contains an 1 1-cis retinal chromophore that is isom-
erized to an all-trans conformation after photon absorption.
This led logically to the conclusion that the primary photo-
chemical event was a cis - trans photoisomerization about the
11,12 double bond. However, recent work has begun to question
this simple model. Picosecond absorption measurements (4)
demonstrated that the first photolytic intermediate, batho-
rhodopsin, is formed in less than 6 psec at room temperature.
It was felt that this time was too short to permit the complete
isomerization of the chromophore. Also, resonance Raman
measurements by Oseroff and Callender (5) showed that ba-
thorhodopsin has intense Raman lines at frequencies (856, 877,
and 920 cm-') that are not found in the Raman spectrum of the
all-trans protonated Schiff base derivative of retinal. They
therefore concluded that the formation of bathorhodopsin
might not involve a simple cis - trans isomerization about the
1 1-cis double bond. Subsequently, it has been proposed (6-8)
that the initial photochemical event that leads to the formation
of bathorhodopsin is a proton translocation. This hypothesis has
been supported by recent picosecond absorption measurements
(8) on the rate of formation of bathorhodopsin. This proton
translocation might proceed to form a carbonium ion, exo-
methylene, or retroretinal structure, as depicted in Fig. 1. A
common feature of these models is that the formation of ba-

thorhodopsin is associated with the reduction of the bond order
of the C=N double bond at the C-15 position and the increase
of the H-N bond order on the Schiff base nitrogen. It must be
noted, however, that the proton translocation hypothesis has
been questioned by several authors (9-11) on the basis of the
interconvertibility of rhodopsin, bathorhodopsin, and isorho-
dopsin (see Fig. 2). More detailed information about the con-
formation of bathorhodopsin is needed in order to resolve this
controversy.
We have chosen resonance Raman spectroscopy to investi-

gate the visual pigment system for two reasons. First, Raman
spectra of these pigments show great sensitivity to the confor-
mational structure of the retinal chromophore (12). Second,
selective resonance enhancement permits the assignment of
particular Raman lines to specific molecules in the photosta-
tionary steady state (5). These experiments have already been
used to examine the conformation and interactions of the retinal
chromophore in rhodopsin, isorhodopsin, and several of their
photolytic intermediates (5, 12-16). One objective of this study
was to obtain a spectrum of bathorhodopsin that would provide
information on the strength of the C=N bond at the C-15 po-
sition and on the degree of protonation of the Schiff base ni-
trogen. In addition, we wanted to compare the scattering of
bathorhodopsin in the conformationally sensitive fingerprint
region (1100-1400 cm'1) with that of model retinal com-
pounds.
The principal technique we used was developed by Oseroff

and Callender (5). They took advantage of the fact that below
-140°C irradiation of rhodopsin produces a photostationary
steady-state mixture containing only rhodopsin, isorhodopsin,
and bathorhodopsin (3) (Fig. 2). As shown by Yoshizawa and
Wald (3), the relative proportions are strongly dependent on
the irradiation wavelength. Qualitatively, irradiation with blue
light (488 nm), which both rhodopsin and isorhodopsin absorb
strongly, will produce a large population of bathorhodopsin,
whereas irradiation with yellow light (585 nm), which batho-
rhodopsin absorbs but the others do not, will deplete the amount
of bathorhodopsin in the steady state. If a sample of rhodopsin
is irradiated at 77 K with a laser beam near the absorption
maximum of bathorhodopsin (543 nm), the Raman scattering
from bathorhodopsin is resonantly enhanced more than that
from rhodopsin and isorhodopsin. However, as discussed above,
the percentage of bathorhodopsin in the photostationary steady
state is small. The amount of bathorhodopsin can be increased
by adding a second coaxial pump laser beam that is maximally
absorbed by rhodopsin and isorhodopsin. The resulting Raman
spectrum is dominated by bathorhodopsin, and it is possible to
subtract the contributions of rhodopsin and isorhodopsin to
produce a "pure" bathorhodopsin spectrum.

Another pertinent question is whether the characteristic lines
of bathorhodopsin at 856, 877, and 920 cm-1 (5) can be ob-
served at room temperature. The fact that these unique vi-

Abbreviations: OMA, optical multichannel analyzer; CW, continuous
wave.
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FIG. 1. Proposed proton translocation models for bathorho-
dopsin. In model A (carbonium ion), a single proton is transferred to
the Schiff base nitrogen. Models B (exomethylene) andC (retroretinal)
involve, in addition, the simultaneous removal of a proton from the
#-ionone ring system.

brations are not seen in the all-trans model compounds suggests
that the chromophore of bathorhodopsin has not attained a

relaxed all-trans conformation. One possible explanation is that
the frozen protein matrix artificially constrains the chromo-
phore. This can be tested by generating a Raman spectrum of
bathorhodopsin at room temperature with high-intensity laser
pulses.

MATERIALS AND METHODS
Frozen bovine retinas were purchased from Hormel and rod
outer segments were isolated by a sucrose flotation method (17).
Ammonyx LO (Onyx Chemical Co., Jersey City, NJ) solubilized
rhodopsin was purified by hydroxylapatite chromatography
(18), concentrated by vacuum dialysis (Schleicher and Schuell),
and diluted 2:1 with glycerol. We prepared deuterated samples
by exchanging the concentrate with 2H20 a'id diluting 2:1 with
deuterium-exchanged glycerol. The final Raman samples had
an absorbance of 2.0 (1 cm) at 500 nm.

The rhodopsin was placed in a glass capillary and mounted
beside an iron/constantan thermocouple in a glass dewar. Cold
nitrogen was blown over the capillary until the temperature
reached -160°C. We obtained Raman spectra of purified
pigments without glycerol in the same dewar by rapidly
freezing Ammonyx LO-solubilized rhodopsin (0.4 mM) in di-
rect contact with a copper block.
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FIG. 2. Partial bleaching sequence of rhodopsin (ll-cis retinal
+ opsin) and isorhodopsin (9-cis retinal + opsin).

The photostationary steady-state concentrations of batho-
rhodopsin, rhodopsin, and isorhodopsin under the Raman
conditions were determined by the method of Oseroff and
Callender (5), except that glycerol glasses were used and the
percentages of rhodopsin and isorhodopsin were calculated by
a least-squares procedure.
Low temperature spectra were obtained with a standard

photon-counting Raman system (13). The monochromator was
calibrated on the Rayleigh line and slit widths were 6 cm-1;
wavenumber assignments are accurate to ±2 cm-1. Data from
identical runs were averaged and smoothed, and fluorescence
backgrounds (7,000-30,000 counts/sec) were subtracted by
using a PDP 8/e minicomputer. The laser beam at 585 nm was
produced by pumping a Coherent 590 dye laser with the all-
lines output of a Spectra Physics 165 argon laser.
Room temperature spectra of the photostationary steady state

were generated with a Chromatix CMX-4 flash lamp-pumped
dye laser. The sample was prepared by sonicating rod outer
segments in 50mM phosphate buffer, pH 7. After centrifuga-
tion at 11,000 X g for 10 min, the supernatant (20 AM) was
made 30 mM in hydroxylamine and pumped at 0.4 ml/min
through a 0.5-mm (inside diameter) capillary. For this series
of Raman measurements a mismatched subtractive dispersion
double monochromator coupled to a dry ice-cooled, intensified
vidicon (PAR 1205A and 1205D) was used. The details of this
spectrometer will be described later (R. Mathies and N.-T. Yu,
unpublished results). The chief advantages of the optical
multichannel analyzer (OMA) detection are the increased
sensitivity and the extreme speed with which spectra can be
generated.

RESULTS

In Fig. 3 we present Raman spectra of photostationary
steady-state mixtures of rhodopsin that have been taken with
a 488-nm probe and a 585-nm pump in protonated and deu-
terated media. The population measurements (Table 1) show
that the principal effect of turning on the yellow pump beam
is to decrease the relative concentration of bathorhodopsin from
55% to 25%. In both the deuterated and protonated media there
was a corresponding drop in the intensity of the C C
stretching band of bathorhodopsin (1536 cm-') compared with
that of the overlapping C C modes of rhodopsin and isorho-
dopsin (1551 cm-1). In the protonated media (spectra A and
B) the C=-NH$D vibration was seen at 1655 cm-1 and it shifted
as expected (5) to 1627 cm-1 upon deuteration (spectra C and
D). The fact that the 1655- and 1627-cm-1 bands did not appear
to change intensity when the pump beam was used to convert
bathorhodopsin back to rhodopsin and isorhodopsin is consistent
with the idea that bathorhodopsin has significant scattering at
1655 (1627) cm-1. However, even with very good data this
conclusion is not valid unless the contributions of rhodopsin and
isorhodopsin to the scattering at 1655 cm-1 can be unambig-
uously eliminated.
The spectra in Fig. 4 are analagous to those in Fig. 3 with the

roles of the pump and probe reversed. With the yellow 585-nm
beam as the probe, the contribution of bathorhodopsin to the
Raman spectra will be much more strongly enhanced than ei-
ther rhodopsin or isorhodopsin. In this way a Raman spectrum
of nearly pure bathorhodopsin should be obtained. In Fig. 4
spectra were taken in the presence (A) and absence (B) of a
488-nm pump beam in a protonated medium. The Raman
spectrum taken with the probe showed only one major pigment
band around 1553 cm-1, the C=C stretch of isorhodopsin.
However, when the coaxial blue pump beam was turned on,
with pump/probe power ratio at 0.6 to 1, the percent compo-
sition of bathorhodopsin rose from 0% to 34% (Table 1), and the
yellow probe produced spectacular resonance enhancement
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FIG. 3. A and B are resonance Raman spectra of a photosta-

tionary steady-state mixture of rhodopsin, isorhodopsin, and bath-
orhodopsin at -160'C. Spectra were taken with a 488-nm probe beam
in the presence (spectrum A) and in the absence (spectrum B) of a
coaxial 585-nm pump beam. The pump/probe power ratio is 2.7 to 1.
Scattering at 1464 cm-' is due to glycerol. C and D are analogous
spectra taken in a deuterated medium.

of the 1535-cm-1 C- C stretching band of bathorhodopsin.
Another resonantly enhanced (bathorhodopsin) line appeared
at 1657 cm-1 in spectrum A when the blue pump was turned
on. This line can be assigned as a C=NHC vibration by the
observation that in the deuterated spectra (C and D) this line
shifted to 1625 cm-1. This shift is exactly the behavior found
in Fig. 3 for mixtures of rhodopsin and isorhodopsin.

Fig. 5 presents the Raman spectrum from 800 to 1700 cm-1
of a frozen solution of protonated rhodopsin in Ammonyx LO
using a 585-nm probe with (spectrum A) and without (spectrum
B) an all-lines blue pump beam. Spectrum A is predominantly
bathorhodopsin with some rhodopsin and isorhodopsin. In order
to get an essentially pure spectrum of bathorhodopsin, we de-
termined the contributions of isorhodopsin and rhodopsin to
spectrum A from the populations in Table 1. The amounts of
the isorhodopsin and rhodopsin spectra that must be subtracted
are given in spectra B and C, respectively (see below). The final
spectrum of bathorhodopsin is given by D. In addition to the
expected lines at 853, 875, 920, and 1536 cm-1, lines that can
be attributed to bathorhodopsin were found at 1006, 1166, 1210,
1278, 1323, 1437, and 1656 cm-1. The only lines whose inten-

Table 1. Photostationary steady-state compositions at -1600C

Pump/
probe

Probe, Pump, power Batho- Rho- Isorho-
nm nm ratio rhodopsin dopsin dopsin

488 55 32 13
488 585 2.7 25 48 27
585 488 0.63 34 43 23
585 All-lines 3.5 45 39 16
585 0 <5 >95

Compositions are accurate to ±5%.

1500 1600 1700 1400 1500 1600 1700
Frequency, cm-'

FIG. 4. A and B are resonance Raman spectra of the photosta-
tionary steady-state at -160'C. Spectra were taken with a 585-nm
probe beam in the presence (spectrum A) and in the absence (spec-
trum B) of a 488-nm pump beam. The pump/probe power ratio is 0.6
to 1. C and D are analogous spectra in a deuterated medium.

sities were sensitive to the subtraction parameters are those at
966, 1224, and 1240 cm-1. The intensity of the important
protonated Schiff base line of bathorhodopsin near 1657 cm-1
in spectrum A (Fig. 4) and spectrum D (Fig. 5) was not signif-
icantly altered even by obvious oversubtractions of rhodopsin
and isorhodopsin.
The amounts of isorhodopsin and rhodopsin that must be

subtracted in Fig. 5 were determined in the following manner.
The fraction of the 585-nm probe spectrum (isorhodopsin) was
determined by scaling the probe-only spectrum by the per-
centage of isorhodopsin (16%) in the all-lines pump plus probe
experiment (see Table 1). A room temperature Raman spec-
trum of pure rhodopsin probed at 600 nm was obtained from
ref. 13. It was scaled to the Raman spectrum of isorhodopsin
through the relative Raman scattering cross sections for the
ethylenic lines of rhodopsin and isorhodopsin at 585 nm (aRl a,
= 1.5 ± 0.1). These relative Raman cross sections were deter-
mined from rapid flow experiments on purified rhodopsin and
isorhodopsin (13) by measurement of the relative intensities of
the ethylenic line for each molecule. The resulting rhodopsin
spectrum was then scaled by the percentage of rhodopsin in the
pump plus probe experiment (39%). The use of a rhodopsin
spectrum obtained at room temperature rather than at -160'C
is qualitatively justified by the observation that room temper-
ature (13) and low temperature (5) spectra of isorhodopsin are
virtually identical.

Fig. 6 displays the Raman spectrum at room temperature of
sonicated rod outer segment membranes with 1-,usec, 2-kW
pulses from a dye laser at 488 nm with OMA detection. When
the laser intensity is sufficiently high, a photostationary steady
state containing rhodopsin, isorhodopsin, and bathorhodopsin
will be generated. This approach has already been used to
produce a photostationary steady state between the BR570 and
K species in the purple membrane from Halobacterium halo-
bium (19). By using the best available estimates of the appro-
priate rate constants, extinction coefficients, and quantum
yields, we calculate that our room temperature pulsed spectra
should have the same relative composition as those generated

20001
counts
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Frequency, cm-'
FIG. 5. A and B are resonance Raman spectra of the photosta-

tionary steady-state at -160'C. Spectra (in Ammonyx LO) were taken
with a 585-nm probe beam in the presence (Spectrum A) and in the
absence (spectrum B) of an all-lines argon ion pump beam. The
pump/probe power ratio is 3.5. C is the rapid-flow resonance Raman
spectrum of rhodopsin taken with a 600-nm probe beam (from ref.
13). D is the resonance Raman spectrum of pure bathorhodopsin
obtained by subtracting the appropriate amounts (see text) of iso-
rhodopsin (spectrum B) and rhodopsin (spectrum C) from spectrum
A.

at low temperature with 488-nm irradiation. Spectrum A
clearly shows the presence of characteristic bathorhodopsin lines
at 858, 873, and 920 cm-1 as well as a slight broadening of the
ethylenic line on the low cm-' side. These features are not
observed in spectrum B obtained under the same conditions
with a 50-mW CW 488-nm probe beam. Even though batho-
rhodopsin decays to lumirhodopsin with a lifetime of 30 nsec
(Fig. 2), no large steady state concentration of lumi will be
maintained in the laser beam. This is because the light-de-
pendent rate constants for converting lumirhodopsin back to
its parent pigments rhodopsin and isorhodopsin (-109 sec'1)
are much larger than the light-independent rate constants for
the decay of bathorhodopsin to lumirhodopsin (3 X 107 sec'1)
(4). In the CW experiment this is not true because the light-
dependent rate constant for reconversion of lumirhodopsin is
much smaller (;104 sec'1).

DISCUSSION
The principal conclusion from this work is that the chromo-
phore of bathorhodopsin is linked to opsin through a protonated
Schiff base. In Fig. 4 the near coincidence of the stretching
frequency of the Schiff base bond of bathorhodopsin (1657
cm-') with that of isorhodopsin (1654-1655 cm-') (5, 13) and
rhodopsin (1657-1660 cm-,) (13, 14) shows that no net change
in the C=NH$ bond order occurs upon going from rho-
dopsin or isorhodopsin to bathorhodopsin. Furthermore, the
fact that the C=NHGC bond of bathorhodopsin has nearly the
same shift upon deuteration (1657 -- 1625 cm'1) as does rho-
dopsin and isorhodopsin (1655 - 1627 cm'1) indicates that the
contribution of the hydrogen (deuterium) to the reduced mass
of the Schiff base vibration is not significantly altered by the
conversion to bathorhodopsin. Hence theN-H bond strength

1200 1400
Frequency, cm-'

FIG. 6. Resonance Raman spectra of sonicated rod outer segment
membranes at room temperature taken with an OMA detection sys-
tem. Spectrum A was taken with 488-nm, 2-kW peak power pulses
(50-mW average power at 20 Hz) which were focused on the sample
with a 50-mm lens. The spectrum is composed of two overlapping
OMA scans that have been joined at about 1325 cm-' (arrow). The
slit width was 100 ,um (7.3 cm-'). Spectrum B was taken under iden-
tical conditions with a 50-mW continuous wave (CW) 488-nm
beam.

does not change when bathorhodopsin is produced. These
conclusions provide critical evidence that can be used to eval-
uate proposed models for the structure of retinal in bathorho-
dopsin.

Fig. 1 presents three examples of valence bond structures that
have been proposed by Fransen et al. (6), van der Meer et al.
(7), and Peters et al. (8) as models for bathorhodopsin. All of
them assume that a proton transfer from opsin to retinal con-
stitutes the initial photochemical event. To the extent that these
simple valence bond structures apply, they predict that the
Schiff base C-NH$ bond order should be dramatically re-
duced and the N-H bond order increased in the conversion
to bathorhodopsin. These predictions are clearly inconsistent
with our Raman results. However, our data do not explicitly
exclude the possibility of proton translocation in the formation
of bathorhodopsin. They simply require that, by the time
ground-state bathorhodopsin is formed, the C=NH$ and
N-H bonds be restored to their original strengths. One possible
mechanism involving the Schiff base proton begins with exci-
tation of rhodopsin to a high vibrational level of its excited
electronic state. Vibrational and conformational relaxation
proceeds in the excited state with a transfer of the Schiff base
proton toward the nitrogen; after radiationless decay to an ex-
cited vibrational level of the ground electronic state, relaxation
again occurs with reverse proton transfer to give ground state
bathorhodopsin. Similar models have been proposed to describe
the double proton transfer in 7-azaindole dimers (20) and in-
tramolecular proton transfer in azole derivatives (21). A second
possibility is that the proton transfer could be caused elsewhere
in the protein by the light-induced charge shift in electronically
excited retinal (22, 23). Such a qualitative model has been
proposed by Lewis (24). Also, Warshel (25) has provided
quantitative calculations justifying simultaneous contributions
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from both retinal and opsin reaction coordinates. Another
possibility is that the initial event is simply a photoisomerization
to a distorted but nearly all-trans conformation of the retinal
chromophore (26). This could of course occur in conjunction
with any of the proton transfer mechanisms considered above
and need not be considered exclusively.
The idea that a retroretinal or analogous structure (Fig. 1)

can be formed while the C=NHQD total bond strength is un-
changed has been considered by several authors (refs. 7,24,25;
A. Warshel, personal communication). If this is true, then our
data on the Schiff base linkage alone cannot be used to criticize
these models. However, no quantitative prediction of the
changes in the carbon-nitrogen bond strength in these cir-
cumstances has been given. Our data show that the Schiff base
vibrational frequency in bathorhodopsin differs from that of
rhodopsin (isorhodopsin) by less than 0.5%. Credibility of such
models will attend the theoretical description of a retrostructure
which preserves the C=N frequency to this accuracy.
The fingerprint regions of visual pigment Raman spectra

(1100-1400 cm-') have been shown to be similar to those of the
corresponding protonated n-butylamine Schiff base retinals
(12). However, the fingerprint region of bathorhodopsin (Fig.
5, spectrum D) does not bear a strong resemblance to either the
1-cis or all-trans protonated Schiff base derivatives of retinal
(12). Moreover, the three characteristic lines of bathorhodopsin
at 853, 875, and 920 cm-1 are not found in the model com-
pounds. Fransen et al. (6) have attempted to explain these lines
in terms of a retrotautomer of the 11-cis chromophore con-
taining an exomethylene double bond (Fig. 1). However, this
model would seem to require a reduction of the C=NH$ bond
order in bathorhodopsin, and we have shown that this does not
occur. It should be noted that Warshel (27) has calculated that
torsional modes of the j3-ionyl ring could also account for these
unique lines. A more positive statement about the conformation
of the chromophore in bathorhodopsin should be possible when
experiments of the type described here are performed on visual
pigment analogues.

In our pulsed laser experiments, we have succeeded in gen-
erating a photostationary steady-state mixture of rhodopsin,
isorhodopsin, and bathorhodopsin at room temperature by using
high light intensities (--5 X 1025 photon/cm2 per sec at 488 nm).
During the laser pulse we observe scattering at 858, 873, and
920 cm-1 that is characteristic of the unique, intense batho-
rhodopsin lines which have been previously observed only at
low temperature. This indicates that these low wavenumber
lines of bathorhodopsin are not the result of a strained chro-
mophore conformation that is trapped at low temperature by
the frozen protein matrix. Therefore, the spectrum of pure
bathorhodopsin that we generated from the low temperature
data should provide a relevant description of the conformation
of retinal in bathorhodopsin when this spectrum is theoretically
analyzed. The mean lifetime of a particular species in this
photostationary steady state can be calculated by using the light
intensity as well as the appropriate extinction coefficients and
quantum yields for the various constituents. Under the condi-
tions of our experiment, the mean lifetime of bathorhodopsin
was 1 nsec. Thus the scattering observed from bathorhodopsin
comes on the average from molecules that have been allowed
to conformationally relax for about 1 nsec. The "time scale" of
the pulsed experiment is not dictated by the pulse duration but
by the light intensity, because the light-dependent rates are so

much larger than the light-independent rates. Doukas et al. (16)
have shown that metarhodopsin I does not exhibit these low
wavenumber lines and looks like an all-trans chromophore.
Therefore, Raman measurements of the conversion of batho-
rhodopsin lumirhodopsin and lumirhodopsin - metarho-
dopsin I should provide evidence concerning the origin of these
unique bathorhodopsin lines.
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