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ABSTRACT A resonance Raman microscope has been
developed to study the structure of the retinal prosthetic group
in the visual pigments ofindividual photoreceptor cells. Raman
vibrational spectra are obtained by focusing the probe laser on
intact photoreceptors frozen on a 77 K cold stage. To elucidate
the mechanism of wavelength regulation in blue visual pig-
ments, we have used this apparatus to study the structure of the
chromophore in the 440-nm absorbing pigment found in
"green rods" of the toad (Bufo marinus). The 9-cis isorhodop-
sin form of the green rod pigment exhibits a 1662-cm-'
C=NH+ Schiff base stretching mode that shifts to 1636 cm-'
in deuterium-substituted H20. This demonstrates that the
Schiff base linkage to the protein is protonated. Protonation of
the Schiff base is sufficient to explain the 440-nm absorption
maximum of this pigment without invoking any additional
protein-chromophore interactions. The absence of additional
perturbations is supported by the observation that the ethylenic
band and the perturbation-sensitive C-10-C-11 and C-14-
C-15 stretching modes have the same frequency as those of the
9-cis protonated retinal Schiff base in solution. Our demon-
stration that a blue visual pigment contains an unperturbed
protonated Schiff base provides experimental evidence that the
protein charge perturbation responsible for the opsin shift in
the 500-nm absorbing pigments is removed in the opsins of blue
pigments, as suggested by the sequence data.

Vertebrate visual pigments contain an 11-cis retinal chro-
mophore (structure 1) bound via a Schiff base linkage to a
specific lysine of the 41,000-dalton apoprotein, opsin. Upon
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binding to the opsin, protein-chromophore interactions in-
duce an "opsin shift" in the absorption maximum. The
absorption maximum ranges from 440 to 580 nm for different
opsins, making color vision possible (1). One obvious mech-
anism for altering the chromophore absorption maximum is
protonation of the retinal Schiff base, which shifts the
absorption from 370 to 440 nm. Other possible mechanisms
include interaction of the chromophore with charged amino
acid residues, modulation of the strength of the hydrogen-
bonding interaction between the protonated Schiff base
moiety and its counterion, and protein-induced changes in
chromophore conformation (2).

The mechanisms of the opsin shift in bovine rhodopsin and
in bacteriorhodopsin have been extensively characterized.
Chemical analogue studies first argued that the 440- to
500-nm opsin shift of the protonated retinal Schiff base
absorption in bovine rod visual pigments was due to inter-
action with a negatively charged amino acid residue near C-13
(3, 4). This idea has been supported by recent solid-state
NMR studies of Smith et al. (5) and Lugtenburg et al. (6). In
contrast, ='3500 cm-1 of the 5100-cm-1 opsin shift in bacte-
riorhodopsin arises from a decreased hydrogen-bonding in-
teraction between the protonated Schiff base and its protein
counterion (7-9). The additional 1600 cm-1 arises from
isomerization to a 6-s-trans conformation (10, 11) and exter-
nal charge interactions near C-5 (12, 13).
The factors that dictate the absorption maximum of blue-

absorbing visual pigments are unknown. Since the retinal
Schiff base absorbs at 370 nm and its protonated form absorbs
at 440 nm, a blue-absorbing pigment could contain an
unprotonated Schiff base that has its absorption red-shifted
by additional interactions with the protein or it may simply
contain an unperturbed protonated Schiff base. The study of
the opsin shift mechanism in blue-absorbing visual pigments
has been hampered by the difficulty of isolating these
pigments in quantity and obtaining their spectra. In 1987,
Barry and Mathies (14) obtained Raman spectra of the
430-nm bullfrog rod pigment through biochemical isolation
and solubiization. Later work examined the solubilized
UV-absorbing pigment of the owlfly (15). However, the
quality of these data is insufficient to unambiguously char-
acterize the structure ofthe chromophore and the mechanism
of its opsin shift.
These problems can be circumvented by using a laser

microprobe to obtain resonance Raman spectra of individual
photoreceptor cells (14, 16, 17). In the Raman microprobe,
the laser beam illuminates a 5- to 10-,um spot on the sample
and the scattered light is analyzed to record the Raman
spectrum (18, 19). To study biological samples that are
thermally and photochemically unstable, it is necessary to
work at low temperature. Therefore, we have developed a 77
K cold stage for our microscope and used it to examine
chromophore structure in individual, intact photoreceptors in
a variety of species (14, 16, 17). In this paper, we have
obtained resonance Raman spectra of the pigment in intact,
individual "green rod" (Ama,, = 440 nm) photoreceptors from
the giant marine toad (Bufo marinus) and determined the
structural factors that dictate the absorption maximum of this
blue-absorbing visual pigment. Comparison with resonance
Raman data of the bovine 500-nm pigment provides a unique
opportunity to examine the mechanism of wavelength regu-
lation in color vision.
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MATERIALS AND METHODS

The design and operation of the Raman microscope have
been described (14, 16, 17). Briefly, the photoreceptors are
frozen on a specially designed 77 K cold stage (20, 31) and the
4-gm (diameter) probing laser beam i. focused onto the
10-gm (diameter) outer segment by the microscope objective
(Fig. 1). Raman-scattered light is collected by the objective
and dispersed onto a multichannel detector. The spectro-
graph dispersion and multichannel detector size limit the
spectral range to =700 cm-'. Spectra were calibrated by
using an iron hollow-cathode lamp (+2 cm-'). A buffer and
fluorescence background has been subtracted from each
spectrum.
The 77 K cold stage consists ofa sapphire window mounted

on a brass tip that is cooled internally with flowing liquid
nitrogen (20, 31). The entire assembly is enclosed in a vacuum
chamber fitted with optical windows above and below the
sapphire window. The sample-objective (2 mm) and sample-
condenser (6 mm) distances maximize thermal isolation
without interfering with the operation of the microscope.

Fully dark-adapted retinas from the giant marine toad
(Bufo marinus) were removed and placed in Ringer's buffer
(100 mM NaCl/2.5 mM KCl/1.0 mM MgCl2/5.0 mM Na-
HCO3/10mM NaH2PO4, pH 7.4). Deuteration of the pigment
was accomplished with deuterated Ringer's buffer. The
retina was transferred to a drop of Ringer's buffer on the
sapphire window ofthe cold stage, where it was gently teased
to remove the photoreceptors and then removed. The sample
was covered with a coverslip, and the cold stage was purged
with dry, nitrogen gas. After the sample was frozen, the
dewar was evacuated and the tip was cooled to 77 K. All
procedures were carried out under dim red lights.

At 77 K, laser irradiation produces a steady-state mixture
of 11-cis rhodopsin, 9-cis isorhodopsin, and their common
all-trans photoproduct, bathorhodopsin. In each case, we
have chosen irradiation conditions to give relatively pure
spectra of the 9-cis form of these pigments. The 9-cis form
was studied because there are no irradiation conditions that
produce pure spectra of the 11-cis form at low temperatures
(21). Raman spectra ofthe 9-cis form ofthe green rod pigment
were obtained by exciting to the red of the absorption
maximum. Scattering from the 9-cis form of the green rod
pigment predominates with 514.5-nm excitation since both
bathorhodopsin and rhodopsin are preferentially pumped to
the bluer-absorbing isorhodopsin (21). Spectra of the 9-cis
form of the toad red rod pigment (Amax = 502 nm) were
obtained by pumping at 568 nm to convert the sample to
isorhodopsin and probing at 488 nm.
The 9-cis protonated Schiffbase was made by reacting 1 mg

of 9-cis retinal with a 10-fold excess of n-butylamine in dry
ethanol for 30 min. The solvent was evaporated and the
resulting Schiff base was redissolved in methanol. The
solution was titrated with acidified methanol, concentrated,
and placed in a glass capillary cell. Raman spectra were
excited with 25 mW of 676-nm light and detected on a
photon-counting spectrometer.

RESULTS
Raman spectra of the green rod pigment in H20 and deute-
rium-substituted H20 (D20) are presented in Fig. 2. The
Raman line at 1662 cm-' is at the expected position for a
protonated Schiff base C=NH+ stretch. The shift of this line
to 1636 cm-1 in D20 demonstrates that the blue-absorbing
pigment is protonated. Exchange of a proton for a deuteron
is expected to shift the C=NH stretch down by -25 cm-1

FIG. 1. Raman microscope and liquid nitrogen cold stage. A Zeiss Universal microscope is coupled to a modified Spex 1400 double
spectrometer equipped with a cooled, intensified vidicon detector. Long working-length Zeiss LD-epiplan objectives [16x, numerical aperture
(n.a.) = 0.3 or 40X, n.a. = 0.6] focus the laser beam on the photoreceptors and collect the Raman scattering.

1516 Biophysics: Loppnow et al.



Proc. Natl. Acad. Sci. USA 86 (1989) 1517

C~~~~~~~~~~~j~~ ~ ~ C

E B) Gre Ro D20:

I1100 1200 1300 1400 1500 1600 1700

Energy(cmOK)
FIG. 2. Resonance Raman microscope spectra of the 9-cis

isorhodopsin form of the toad green rod pigment in H20 and D20
taken with 4.5 mW of 514.5-nm excitation at 77K. Asterisks indicate
lines due to residual carotenoid or bathorhodopsin. Spectra are the
sum of four 4-mmn integrations on each of three or four cells.

because of the increased mass. However, this shift is more
correctly explained as being due to the removal of coupling
between the N-H rock and the Schiff base stretch (22, 23).
The residual intensity at 1659 cm-1 in the D20 spectrum is not
completely understood. The relative intensity of this line did
not change with D20 incubation times from 7 to 15 min.
Therefore, incomplete H -~D exchange is unlikely. Further-
more, red rods in the same field of view were fully exchanged
with D20, ruling out the possibility of H20 contamination.
The 1659 cm-1 feature may be due to the strong amide I band
of the opsin protein (24), which is insensitive to deuteration.

Fig. 3 compares Raman spectra of the 9-cis retinal n-
butylamine protonated Schiff base in methanol (Amax = 440
nm), the toad green rod pigment (440 nm), the toad red rod
pigment (502 nm), and the bovine isorhodopsin pigment (500
nm). The normal modes in the 1100- to 1300-cm-1 fingerprint
region of the 9-cis protonated Schiff base and bovine isorho-
dopsin spectra have been assigned through detailed isotopic
labeling (25). This work showed that certain modes of the
9-cis retinal chromophore exhibit characteristic shifts upon
binding to form the 500-nm pigment. The 1142-cm-1 C-10-
C-il stretch shifts 12 cm-1 to 1154 cm-1, the 1190-cm-1
C-14-C-15 stretch shifts 16 cm-1 to 1206 cm-1, and the
ethylenic band shifts from 1566 to 1548 cm-1. However,
neither the C=NH stretching frequency nor the D20 shift of
this mode appears to vary in a systematic way with the
absorption maximum. The 1662 cm'1 Schiff base frequency
in the green rod pigment does suggest that the hydrogen-
bonding interaction between the Schiff base moiety and its
counterion may be somewhat stronger than that in the red rod
and bovine rod pigments. The frequency shifts of the C-C
and C=C stretching modes in the bovine pigment are
correlated with the presence of a charged residue that
perturbs the chromophore near C-13 and shifts the absorption
maximum from 440 to 500 nm (3-6). Since the resonance
Raman spectra and absorption maxima of the 9-cis forms of
the bovine and toad red rod pigments are nearly identical, we
conclude that the opsin shift of the red rod pigment is also
caused by a charge near C-13. In contrast, the frequencies of
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FIG. 3. Comparison of the resonance Raman spectra of the
n-butylamine 9-cis retinal protonated Schiff base (PSB) in methanol
(A), the toad green rod 9-cis pigment (B), the toad red rod 9-cis pigment
(C), and the bovine 9-cis pigment from Palings et al. (25) excited at 568
nm (D). The Schiff base frequencies in D20 are indicated in paren-
theses. The spectrum inC was obtained with a 7.5-mW, 568-nm pump
beam and a 4.5-mW, 488-nm probe beam. A methanol spectrum has
been subtracted from the spectrum in A. Asterisks indicate lines due
to residual carotenoid or bathorhodopsin.

the C-10b-C-, C-14--15, and C=C modes in the green rod
pigment are very close to those of the 9-cis protonated Schiff
base in solution. This indicates that there are no additional
protein perturbations acting on the chromophore in the green
rod pigment. Although we do not have data on the 11-cis form
of the green rod pigment, we make the reasonable assumption
that it similarly exhibits no protein perturbations other than
Schiff base protonation. Thus, the absorption maximum of
this blue-absorbing pigment is determined by simple proto-
nation of the Schiff base linkage to the protein that shifts the
absorption maximum from =370 to 440 nm.

DISCUSSION
Now that the factors that dictate the absorption maximum of
blue visual pigments have been defined, the mechanism of
wavelength regulation in visual pigments can be discussed in
more detail. All known visual pigments have protonated
Schiff base chromophores. With no other perturbations,
these pigments are expected to absorb near the Amax of the
protonated Schiff base in solution(t440 nm) as found here
for the toad green rod. Protein perturbations, most likely
charged carboxylate residues, then shift the absorption
maximum from 440 to 500 nm in the red rod and bovine
pigments (3-6). This perturbation may be a second negatively
charged residue in addition to the Schiff base counterion (4),
or it may arise from one of the oxygens of the Schiff base
anion (26).
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FIG. 4. Comparison of the human blue, green, and red cone opsin
amino acid sequences after Nathans et al. (29). Charged residues are
indicated by filled circles. There is no difference in the number or
position of charged intramembrane residues in the red and green
opsins. However, two negatively charged residues are lost in the
second helix on going from the red/green pigment to the blue
pigment.

The recent elucidation of the amino acid sequences of
several opsins suggests possible candidates for the protein
perturbations that are responsible for the opsin shift in visual
pigments (Fig. 4, refs. 27-30, 32). Nathans et al. (29, 30) have
shown that the negatively charged amino acid residues (Asp-
99 and Glu-102) in the human green cone pigment (Amax = 530
nm) are changed to two neutral residues (Gly-80 and Leu-83)
in the human blue cone pigment (Amax = 420 nm). They
suggested that the removal of these charged residues may be
responsible for the difference in opsin shifts ofgreen and blue
pigments. Based on the assumption that the toad and human
pigment sequences are analogous, our demonstration that a
blue pigment contains an unperturbed protonated Schiff base
with a relatively strong counterion interaction provides
experimental support for this hypothesis. When the opsins of
the human green and red (Ama, = 560 nm) cone pigments are
compared, however, no change in the position or number of
charged intramembrane residues is found (Fig. 4). This
suggests that some mechanism other than alteration of
charged amino acid perturbations is responsible for the
additional opsin shift in the red cone pigment. Possibilities
include changes in the hydrogen-bonding environment near
the protonated Schiff base, changes in dipolar residues at
other locations in the binding pocket (32), and protein-
induced conformational changes of the retinal chromophore
as observed in bacteriorhodopsin (7-11). Further Raman
microprobe experiments on cone pigments should allow us to
examine these possibilities.
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