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Sensory rhodopsin I (SR-I) is a retinal-containing
pigment which functions as a phototaxis receptor in
Halobacterium halobium. We have obtained resonance
Raman vibrational spectra of the native membrane-
bound form of SR;sg; and used these data to determine
the structure of its retinal prosthetic group. The simi-
lar frequencies and intensities of the skeletal finger-
print modes in SR4s7, bacteriorhodopsin (BRses), and
halorhodopsin (HRs7s) as well as the position of the
dideuterio rocking mode when SR-I is regenerated
with 12,14-D, retinal (915 cm™!) demonstrate that the
retinal chromophore has an all-trans configuration.
The shift of the C=N stretching mode from 1628 cm™!
in H20 to 1620 cm™ in D:0 demonstrates that the
chromophore in SRss; is bound to the protein by a
protonated Schiff base linkage. The small shift of the
1195 em™! C,,—C,;5 stretching mode in D,O establishes
that the protonated Schiff base bond has an anti con-
figuration. The low value of the Schiff base stretching
frequency together with its small 8 cm™ shift in D,O
indicates that the Schiff base proton is weakly hydro-
gen bonded to its protein counterion. This suggests that
the red shift in the absorption maximum of SR-I (587
nm) compared with HR (578 nm) and BR (568 nm) is
due to a reduction of the electrostatic interaction be-
tween the protonated Schiff base group and its protein
counterion.

Sensory rhodopsin I (SR-I),! halorhodopsin (HR), and bac-
teriorhodopsin (BR) are retinal proteins found in the cyto-
plasmic membrane of the bacterium Halobacterium halobium
(Lanyi, 1986; Spudich and Bogomolni, 1988; Stoeckenius and
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Bogomolni, 1982). Although these proteins have similar mo-
lecular masses (~26,000 daltons) and photocycles, their phys-
iological roles are very different. BR uses light energy to
translocate protons out of the cell, HR is an inwardly directed
light-driven chloride ion pump, and SR-I is a receptor for
bacterial phototaxis. While the structure of the retinal chro-
mophore in all of bacteriorhodopsin’s intermediates (Ames et
al., 1989; Fodor et al., 1988; Mathies et al., 1987) and many of
halorhodopsin’s intermediates are known (Fodor et al., 1987;
Rothschild et al., 1988; Pande et al., 1989; Smith et al., 1984a),
little is known about the chromophore structure in SR-1.

Absorption and phototaxis action spectra have provided
most of the available information about the structure and
function of SR-I. The photocycle begins when the SRss; form
absorbs a photon producing the red-shifted Sgo species (Fig.
1). The decay of Sei0 proceeds through Sge and Siz3 before
returning thermally to SRss; in ~750 ms (Bogomolni and
Spudich, 1987). This cyclic one-photon reaction generates the
photoattractant response. The S;73 intermediate can also be
photochemically driven back to SRss; through S, producing
the photorepellant response (Bogomolni and Spudich, 1984).
Regeneration of SR-1 with dihydroretinal analogues has in-
dicated that the mechanism of the opsin shift is similar to
that in BR (Spudich et al.,, 1986), and regeneration with Cg—
C- locked analogues has shown that SR-I binds the chromo-
phore in the 6-S-trans conformation (Baselt et al., 1989).

To more completely define the structure of the chromo-
phore in SRss; we have obtained resonance Raman spectra of
SR-I in native membranes. Raman spectra of SR-I were
obtained in H,O and D,0O buffer and after regenerating the
pigment with 12,14-D,-labeled retinal. These results show
that the chromophore in SRss7 is bound to the protein by a
protonated Schiff base linkage and that it adopts a 13-trans
and C=N anti configuration. The Schiff base vibrational
properties further suggest that the Schiff base proton is
weakly hydrogen-bonded to its protein counterion. This result
is critical for understanding the factors which dictate the
position of the absorption maximum in this light-sensing
pigment.

MATERIALS AND METHODS

Sensory rhodopsin was isolated from a BR, HR, and retinal defi-
cient strain of H. halobium (Flx5R) (Spudich and Spudich, 1982).
The SR membranes were isolated as previously described (Spudich
and Bogomolni, 1983) and washed by repeated high speed centrifu-
gation (200,000 x g). The samples were regenerated to ~95% comple-
tion with either all-trans retinal or 12,14-D; all-trans retinal (Pardoen
et al., 1986). The membranes were pelleted and resuspended in ~6-7
ml of pH 7.0 buffer (3 M NaCl, 25 mM Tris). Isolation, bleaching, and
regeneration of halorhodopsin was carried out as previously described
(Baselt et al., 1989; Taylor et al., 1983).

To obtain Raman spectra of SRsg7, 6 ml of membrane suspension
were placed in a reservoir and circulated by a peristaltic pump through
a 1.5-mm diameter glass capillary which served as the Raman cell.
The flow speed (40 cm/s) and laser power (<1 milliwatt at 514.5 or
568 nm) were adjusted so that the photoalteration parameter was
kept below 0.1 (Mathies et al., 1976). The recirculation time (~8 s)
was sufficient to ensure recovery of the photolyzed SR. The sample
temperature was maintained at ~18 °C. The Raman spectra of BR
and HR were obtained as previously described (Fodor et al., 1987).

Raman spectra were acquired using a Spex 1401 double monochro-
mator with photon counting detection interfaced to a PDP 11/23
computer. The monochromator step size was 2 cm™" with a dwell time
of 6-10 s, and the spectral bandpass was ~6 cm™. Typically 10-20
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Fi1G. 1. Sensory rhodopsin 1 photocycle adapted from Bo-
gomolni and Spudich (1987). Photolysis of SRss; produces the
red-shifted Se¢ photoproduct which thermally decays back to the
parent SRes; through Ssso and S;;. This process yields the photoat-
tractant response. Secondary photolysis of the long-lived Sy;; inter-
mediate by blue light returns the pigment to SRsss by an alternate
path through S8, which produces the photorepellent response.
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FiG. 2. Resonance Raman spectra of SRggs; in 3 M NaCl, 25
mM Tris buffer at pH 7.0. Spectra were obtained with either 568
nm excitation in H,O (bottom) or with 514.5 nm excitation in D,O
(top). The indicated Schiff base frequencies were determined by
averaging five independent measurements in H,O and four in D-0.

scans were digitally summed. The backgrounds were removed using
a cubic spline fitting routine.

RESULTS

The resonance Raman spectrum of SRgg; in native mem-
branes is presented in Fig. 2. The most prominent feature is
the ethylenic stretch observed at 1519 em™. An approximate
linear correlation exists between the absorption maximum of
retinal compounds and the ethylenic stretching frequency
(Aton et al, 1977). In SRsg;, the 1519 cm™ frequency of the
ethylenic stretch corresponds to an absorption maximum of
~B00 nm which is in reasonable agreement with the measured
absorption maximum of 587 nm.

The line at 1628 cm™ is near the frequency expected for
the C=N stretch of a Schiff base linkage to the protein. This
assignment as well as the protonation state of the Schiff base
can be determined by the sensitivity of this mode to deuter-
ation. When the SR;3; membranes are suspended in DO (Fig.
2, inset) the 1628 ¢cm™ band shifts down to 1620 cm™, and a
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new band appears at 960 cm™. The 1628 cm™ band is assigned
as a protonated Schiff base stretch based on this shift, and
the 960 cm™ band is the N-D rocking mode.

In retinals the C-C skeletal stretching modes in the 1100~
1400 cm™ “fingerprint region” are sensitive indicators of
chromophore geometry (Smith et al., 1987a, 1987b). In Fig. 3,
the resonance Raman spectra of BRygs, HRg7s, and SRss, are
compared. The similarity of the SRss; fingerprint modes to
those of HRs7s and BRges argues that the chromophore in
SRss: is all-trans. By analogy with the all-trans BRsss assign-
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Fic. 3. Comparison of the resonance Raman spectra of
BRses, HRg7s, and SRsa7. The BRsss and HRyog spectra were ob-
tained with 514.5 nm excitation in 3 M NaCl, 10 mMm HEPES buffer
at pH 7.3.
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Fi1G. 4. Resonance Raman spectra of BRgses, HRs7, and
SRss; regenerated with 12,14-D; all-trans retinal (514.6 nm
excitation). Native spectra of each pigment are shown for compari-
son.
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ments (Smith et al., 1987a), the mode at 1166 cm™ is assigned
to the C,o-Cy; stretch, the 1195 ¢cm™ band is the C.-Cis
stretch, and the Cg-~C, stretch is the shoulder at 1206 cm™.
As a further test of the chromophore configuration, BR, HR,
and SR were regenerated with 12,14-D, retinal (Fig. 4). In all-
trans retinal chromophores, the coupled 12,14-D; rocking
mode appears at ~915 cm™ (Smith et al., 1985a). In 13-cis
retinals, the 12,14-D, rocking mode appears near 945 cm™.
The coupled 12,14-D, rocking mode is clearly apparent near
915 cm™ in each pigment. This confirms that both HR47s and
SR:s7 contain 13-¢rans retinal chromophores.

The configuration of the C=N bond in protonated Schiff
base chromophores can be determined by the sensitivity of
the C,,~C;;5 stretching mode to Schiff base deuteration (Smith
et al., 1984b). In C=N syn chromophores, the C,4-C,; stretch
near 1200 em™ and the N-H rocking mode near 1350 cm™
are strongly coupled. Therefore, when the N-H proton is
exchanged for a deuteron the C,,~C,; stretch upshifts by ~50
cm™. In C=N anti chromophores, the coupling between the
C,4-C;5 stretch and the N~H rock is negligible, and Schiff
base deuteration results in no significant shift of the C,;~C;5
stretching frequency. In the inset of Fig. 2 there is only a 3-
cm™ upshift of the C,,~C,s stretching mode in D,0. This
indicates that the C=N configuration in SRsg; is anti.

DISCUSSION

We have obtained the resonance Raman spectrum of SRss;
in native FIx5R membranes. The analysis of the vibrational
spectra shows that the chromophore in SRsg; is an all-trans
C=N anti protonated Schiff base. The C-C single bond fin-
gerprint modes are very similar in BRses, HRs7s, and SRses.
This indicates that they have similar retinal chain structures
and environments in agreement with recent retinal analog
regeneration experiments (Baselt et al, 1989; Lanyi et al,
1988; Spudich et al., 1986). In contrast, the ethylenic fre-
quency is significantly lower in SRsgr (1519 em™) than it is
in BRses (1527 cm™) or HRs7s (1526 em™). This is due to an
increase in the electron delocalization of the chromophore
consistent with the red-shifted absorption maximum of SRss;.

The shift of the chromophore absorption maximum in
BRises, HRs7s, and SRss; compared with the protonated Schiff
base in solution is known as the opsin shift. The opsin sghift
in BR is ~5100 cm™?, in HR it is ~5400 cm™, and in SR-I it
is ~5700 cm™.. In all three pigments, isomerization from a
twisted 6-S-cis conformation in solution to a planar 6-S-trans
structure accounts for at least 1200 cm™ of the opsin shift
(Baselt et al., 1989; Harbison et al., 1985; van der Steen et al.,
1986). In BR, the majority of the residual opsin shift (25006
3900 cm™') has been attributed to a decrease in the electro-
static interaction between the positively charged Schiff base
group and its protein counterion (Lugtenburg et al, 1986;
Spudich et al.,, 1986). The most direct experimental support
for this interpretation is provided by the *N NMR and
vibrational data, which demonstrate that the Schiff base is
weakly hydrogen-bonded to its protein counterion (Baasov et
al., 1987; Lugtenburg et al., 1986; Harbison et al., 1983).

The resonance Raman spectrum of SR-I provides a great
deal of information about its Schiff base hydrogen-bonding
environment. There is an empirical correlation between the
Schiff base stretching frequency (and its D,O shift) and the
strength of the hydrogen bond?. The Schiff base properties

2 Coupling between the N-H rock at ~1350 cm™ and the C=N
stretch pushes the Schiff base normal mode to higher wavenumbers.
Decreasing the strength of the hydrogen bond decreases the magni-
tude of the N-H rock and C=N stretch coupling (Baasov et al., 1987,
Smith et al., 1985b, 1987a; Rodman Gilson et al., 1988). When the
Schiff base proton is exchanged for a deuteron this shifts the N-H
rocking frequency to ~950 cm™, and the corresponding shift of the
Schiff base mode provides a measure of the rock-stretch coupling
strength.
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for BR, HR, and SR are summarized in Table I along with
their opsin shifts. In the protonated Schiff base in solution,
there is a strong electrostatic interaction between the Cl~
anion and the positively charged Schiff base which keeps the
positive charge in the retinyl cation localized. The absorption
maximum is at ~440 nm and is correlated with a high Schiff
base frequency and a large 23-cm™ deuterium shift. In the
red-absorbing pigments, the Schiff base stretch is found at
lower wave numbers, and the deuterium shift is smaller. For
example, the opsin shift is 300 em™ greater in HRg7s than it
is in BRsgs, and this is correlated with a Schiff base frequency
that is 8 cm™ lower and a 4-cm™ decrease in the deuterium
shift. In SRsg7, the opsin shift is 300 cm™ greater than that
in HRg7s, the Schiff base frequency decreases 5 cm™?, and the
deuterium shift decreases by another 4 cm™. The increased
opsin shift in SRse7 is clearly correlated with a weakening of
the hydrogen-bonding interaction between the Schiff base
and its counterion. This strongly suggests that a weakening of
the electrostatic interaction between the Schiff base group and
its protein counterion is responsible for the red shift of the \pax
in SRsg; and that the opsin shift in these pigments is controlled
by this interaction.

The structure of the retinal chromophore in SR-I is pre-
sented in Fig, 2. The Cs~C; S-trans conformation was deduced
from pigment regeneration experiments using 6-S-cis and 6-
S-trans locked analogues (Baselt et al., 1989). Rotation of the
C¢-C; bond to S-trans is expected to contribute at least 1200
cm™ to the opsin shift (van der Steen et al, 1986). The
difference between the opsin shift of the locked 6-S-cis and
6-S-trans analogues provided evidence for a weak interaction
of the chromophore with a protein dipole in the Cs to C;
vicinity, similar to what has been proposed for BR (Harbison
et al, 1985). In BR, the dipolar interaction seems to contribute
about 500 cm™ to the opsin shift (Lugtenburg et al, 1986),
and the magnitude of this interaction in SR-I is probably
similar (Baselt et al., 1989). The dotted line in the structure
of Fig. 2 indicates a weakened hydrogen-bonding interaction
between the Schiff base group and its counterion. Although a
quantitative relationship between the Schiff base vibrational
properties and the counterion environment is not yet avail-
able, it is reasonable to infer that the majority of the opsin
shift in SR-I is due to a weak electrostatic interaction between
the Schiff base and its counterion as has been found in more
detailed studies of BR (Baasov et al., 1987; Lugtenburg et al,,
1986; Spudich et al., 1986). Now that the structure of the
retinal chromophore in SR-I is known, it will be of interest
to study the chromophore and protein structure in SR’s
intermediates to determine how light absorption is coupled to
sensory transduction in this pigment.

Acknowledgements—We thank John and Elena Spudich for pro-
viding the FIx5R mutant of H. halobium.

TABLE 1
Characteristics of the Schiff base mode in BR, HR, and SR
VomN D.O shift Opsin shift
cm™ em™?
PSBe 1654* 28% 0
BRiss 1641°¢ 17¢ 5100¢
HRgs 1633°x 2 13¢+ 2 5400
SRssr 1628°+ 3 8¢+ 4 5700¢

¢ Chloride salt of the N-butylamine protonated Schiff base.
¢ From Smith et al. (1985b).

¢ From Smith et al. (1987a).

¢ From Baselt et al. (1989).

¢ From this work and Fodor et al. (1987).



Resonance Raman of Sensory Rhodopsin

REFERENCES

Ames, J. B., Fodor, S. P. A., Gebhard, R., Raap, J., van den Berg, E.
M. M,, Lugtenburg, J., and Mathies, R. A. (1989) Biochemistry 28,
3681-3687

Aton, B., Doukas, A. G., Callender, R. H., Becher, B., and Ebrey, T.
G. (1977) Biochemistry 16, 2995-2999

Baasov, T., Friedman, N.,and Sheves, M. (1987) Biochemistry 26,
3210-3217

Baselt, D. R., Fodor, S. P. A, van der Steen, R., Lugtenburg, J.,
Bogomolni, R. A., and Mathies, R. A. (1989) Biophys. J. 55, 193~
196

Bogomolni, R. A., and Spudich, J. L. (1987) Biophys. J. 52, 1071~
1075

Fodor, S. P. A., Bogomolni, R. A, and Mathies, R. A. (1987) Biochem-
istry 26, 6775~-6778

Fodor, S. P. A., Ames, J. B., Gebhard, R., van den Berg, E. M. M.,
Stoeckenius, W., Lugtenburg, J., and Mathies, R. A. (1988) Bio-
chemistry 27, 7097-7101

Harbison, G. S., Herzfeld, J., and Griffin, R. G. (1983) Biochemistry
22,1-5

Harbison, G. S., Smith, S. O., Pardoen, J. A., Courtin, J. M. L.,
Lugtenburg, J., Herzfeld, J., Mathies, R. A., and Griffin, R. G.
(1985) Biochemistry 24, 6955-6962

Lanyi, J. (1986) Annu. Rev. Biophys. Biophys. Chem. 15, 11-28

Lanyi, J., Zimanyi, L., Nakanishi, K., Derguini, F., Okabe, M., and
Honig, B. (1988) Biophys. J. 53, 185-191

Lugtenburg, J., Muradin-Szweykowska, M., Heeremans, C., Pardoen,
J. A., Harbison, G. S., Herzfeld, J., Griffin, R. G., Smith, S. O., and
Mathies, R. A. (1986) J. Am. Chem. Soc. 108, 3104-3105

Mathies, R., Oseroff, A. R., and Stryer, L. (1976) Proc. Natl. Acad.
Sci. U. 8. A. 78, 1-5

Mathies, R. A., Smith, S. O., and Palings, I. (1987) in Biological
Applications of Raman Spectroscopy; Vol. 2, Resonance Raman
Spectra of Polyenes and Aromatics (Spiro, T. G., ed) pp. 59-108,
John Wiley & Sons, New York

18283

Pande, C., Lanyi, J. K., and Callender, R. H. (1989) Biophys. J. 56,
425-431

Pardoen, J. A., van den Berg, E. M. M., Winkel, C., and Lugtenburg,
J. (1986) Recl. Trav. Chim. Pays-Bas 1065, 92-98

Rodman Gilson, H. S., Honig, B. H., Croteau, A., Zarrilli, G., and
Nakanishi, K. (1988) Biophys. J. 53, 261-269

Rothschild, K. J., Bousche, O., Braiman, M. S., Hasselbacher, C. A.,
and Spudich, J. L. (1988) Biochemistry 27, 2420-2424

Smith, S. 0., Marvin, M. J., Bogomolni, R. A., and Mathies, R. A.
(1984a) J. Biol. Chem. 259, 12326-12329

Smith, 8. 0., Myers, A. B., Pardoen, J. A., Winkel, C., Mulder, P. P.
J., Lugtenburg, J., and Mathies, R. (1984b) Proc. Natl. Acad. Sci.
U. S. A. 81, 2055-2059

Smith, S. O., Lugtenburg, J., and Mathies, R. A. (1985a) J. Membr.
Biol. 85, 95-109

Smith, S. O., Myers, A. B., Mathies, R. A., Pardoen, J. A., Winkel,
C., van den Berg, E. M. M., and Lugtenburg, J. (1985b) Biophys.
J. 47, 653-664

Smith, 8. O., Braiman, M. S., Myers, A. B., Pardoen, J. A, Courtin,
J. M. L., Winkel, C., Lugtenburg, J., and Mathies, R. A. (1987a) J.
Am. Chem. Soc. 109, 3108-3125

Smith, S. O., Pardoen, J. A., Lugtenburg, J., and Mathies, R. A.
(1987b) J. Phys. Chem. 91, 804-819

Spudich, J. L., and Bogomolni, R. A. (1983) Biophys. J. 43, 243-246

Spudich, J. L., and Bogomolni, R. A. (1984) Nature 312, 509-513

Spudich, J. L., and Bogomolni, R. A. (1988) Annu. Rev. Biophys.
Biophys. Chem. 17, 193-215

Spudich, E. N., and Spudich, J. L. (1982) Proc. Natl. Acad. Sci. U. S.
A. 79, 4308-4312

Spudich, J. L., McCain, D. A., Nakanishi, K., Okabe, M., Shimizu,
N., Rodman, H., Honig, B., and Bogomolni, R. A. (1986) Biophys.
J. 49, 479-483

Stoeckenius, W., and Bogomolni, R. A. (1982) Annu. Rev. Biochem.
51, 587-616

Taylor, M. E., Bogomolni, R. A., and Weber, H. J. (1983) Proc. Natl.
Acad. Sci. U. S. A. 80, 6172-6176

van der Steen, R., Biesheuvel, P. L., Mathies, R. A., and Lugtenburg,
J. (1986) J. Am. Chem. Soc. 108, 6410-6411



