8504 Biochemistry1996, 35, 8504-8510

A Resonance Raman Study of the=N Configurations of Octopus Rhodopsin,
Bathorhodopsin, and Isorhodopsin

L. Huangf H. Dengf G. Weng?* Y. Koutalos? T. Ebrey? M. Groesbeek,J. Lugtenburd,M. Tsudaj and
R. H. Callender®

Department of Physics, City College of City Waisity of New York, New York, New York 10031, Center for Biophysics &
Computational Biology and Department of Cell and Structural Biology,®rsity of lllinois at Urbana-Champaign,
Urbana, Illinois 61801, Department of Chemistry, Weisity of Leiden, 2300 RA Leiden, The Netherlands, and Department of
Life Science, Himeji Institute of Technology, Harima Science Garden City, Hyogo 678-12, Japan

Receied March 14, 1996; Résed Manuscript Receed April 30, 1996

ABSTRACT. The resonance Raman spectra of octopus rhodopsin, bathorhodopsin, and isorhodopsin at 120
K have been obtained as well as those of pigments regenerated with isotopically labeled retinals near the
C14-C15 bond. Deuteration of the Schiff base nitrogen induces relatively large changes in-@e C
stretch region between 1100 and 1300 ¢nincluding a large frequency shift of the C3€15 stretch

mode located at 12061227 cn1? in the three octopus species, as revealed by the Raman spectra of their
14,1513C, derivatives. Such results are different compared to those of the bovine pigments, in which no
significant frequency shift of the C4C15 stretch mode was observed upon Schiff base N deuteration.

In an earlier Raman study of a Schiff base model compound which contained only one single bond adjacent
to two double bonds, we have found that the stretch mode of thi€ €ingle bond at 1232 cr shifts

up by 15 cm! and its intensity is also greatly reduced upon Schiff base N deuteration wherrtNe C
configuration is anti [Deng et al., (1994) Phys Chem 98, 4776-4779]. The same study has also
shown that when the €N configuration is syn, the €C stretch mode should be at about 1150°&m

Since the C14C15 stretch mode frequency is relatively high in the spectra of octopus rhodopsin and
bathorhodopsin=1200 cnt?) and since the normal mode pattern near the Schiff base is similar to the
model, we suggest that the=®l configuration in these two species is anti. The different responses of
the C14-C15 stretch mode to the Schiff base nitrogen deuteration in bovine and octopus pigments are
due to the fact that the coupled C1@15 stretch and the C12ZC13 stretch motions in the model compound

or in bovine rhodopsin are altered in octopus rhodopsin so that the stretch motion of th€ €3 $4ond

is more localized, similar to the-©C stretch motion in the small Schiff base model compound. In clear
contrast with the bovine rhodopsin Raman spectrum, which is very similar to that for tbis-tettinal

Schiff base, the drastically different octopus rhodopsin spectrum indicates large protein perturbations on
the C1E=C12-C13 moiety, either by steric or by electrostatic interactions. Further studies are required
to determine if such spectral differences indicate a difference of the energy conversion mechanisms in the
primary photochemical event of these two pigments.

The visual pigments, called rhodopsins, consist of a the retinal chromophore polyene chain or about the chro-
chromophore, the 1tisisomer of retinal, covalently bound  mophore-protein linkage, steric interactions between the
via a protonated Schiff base to teemino group of a lysine  chromophore and protein binding pocket, and electrostatic
residue in the apoprotein opsin. Upon apsorpnon OfaPhOtoninteractions between the retinal chromophore and protein
by rhodopsin, the chromophore isomerizes from theeisl-  (Birge et al., 1988; Callender et al., 1989; Eyring et al., 1982;
to anall-trans configuration, and its primary photoproduct, Honig et al., 1979; Warshel & Barboy, 1982). Electrostatic
bathorhodopsin, is formed. About two-thirds of the photon's jnteractions certainly play an important role since the
energy is converted to chemical energy in this photoreaction jg,merization of the retinal chromophore around its €C12
in either bovine rhodopsin or oc.top.us .rhodopsw'\ (Cpoper, bond induces a large displacement of the Schiff base
ﬁgjvgihceoofo'et;iit ail., mlegrﬁfsz)a.ccAorr]nIr}itgr?g;n?hgu:jtﬂrzr;nlesl Jusft_ hydrogen, which carries most of the formal positive charge
fici P n plg P y of the retinal protonated Schiff base (RPSB), against the
icient conversion. o . .

In classical t be stored in bathorhodopsi electrostatic field generated by the protein (Honig et al.,
__Ihclassical terms, energy c.an € stored In bathorno OIOSIn1979). This is illustrated in Scheme 1, where the electrostatic
in a variety of different forms: conformational strain about _. S . .

field of the protein is represented simply by a putative
negatively charged residue that serves as a counterion to the
T This work has been supported by grants from the National Institutes Schiff base positive charge. In bovine rhodopsin, this

of l_' ?3'&‘;]5;%}@@&?‘&:'62gﬁg}ﬂdEJeoalggris(t;’eJ E)- counterion has been identified as the carboxylate of Glu-

¥ City College of City University of New York. 113; in octopus rhodopsin, the counterion is not yet
® University of lllinois at UrbanaChampaign. determined. It is known that the active site is more
I University of Leiden. i d th his (i inl . |

o Himeji Institute of Technology. complicated than this (it certainly contains structural water
® Abstract published irAdvance ACS Abstractsune 15, 1996. molecules, for example) and the field at the Schiff base
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involve an isomerization around the=®l bond, from a syn
configuration in rhodopsin to an anti configuration in
bathorhodopsin. In this paper, octopus pigments are regen-
erated with isotopically labeled retinals near the €CA5
bond and studied by Raman spectroscopy. This permits
assignments of marker bands relevant to probing the issue
of the C=N configuration in octopus rhodopsin and its
photoproduct bathorhodopsin. In addition, these studies
determine the conformation of the G213 single bond in
octopus rhodopsin and the nature of the internal coordinates
that make up the observed bands.

MATERIALS AND METHODS

The synthesis and characterization of the 143%- and
12,13%3C,-labeled retinals have been described (Lugtenburg
et al., 1988). Regenerated octopus rhodopsin with labeled
chromophores was prepared as previously described (Deng
etal., 1991a; Koutalos et al., 1989). One resonance Raman
experiment was performed on octopus rhodopsin at@0

with the rapidly flowing sample method as described
previously (Pande et al., 1987), except a cylindrical lens was
used to focus the 5 mW of 457.9 nm probe laser beam in
dorder to minimize the composition of metarhodopsin in the
rhodopsin spectrum, and a stronger 568.2 nm laser light (400
mW instead of 60 mW) was used to irradiate the cooled
esample reservoir to convert the acid metarhodopsin back to
rhodopsin. The modification of the method eliminates most
of the acid metarhodopsin that contributes to the rhodopsin

b) 11-cis to 11-trans isomerization with the C=N anti configuration

position will be made up of contributions from the counter-
ion, any structural water molecules, and other charged an
polar protein residues.

In this paper, the configurations of the chromophore and
the Schiff base bond are determined by obtaining resonanc
Raman spectra of the bound chromophore in octopus
rhodopsin, its photoproduct bathorhodopsin, and the atrtificial . .
pigment isorhodopsin, which is based on thei®eonfig- spectrum published previously (Pande et al., 1987).
uration of the retinal chromophore. As can be seen in Other resonance Raman experiments were performed at
Scheme 1, the distance that the positive charge moves in120 K in a liquid nitrogen cold finger dewar, as previously
the 1leis to 11trans isomerization in the rhodopsin to  described, with the dual-beam purmprobe technique (Deng
bathorhodopsin photoconversion is substantially greater foret al., 1991a; Oseroff & Callender, 1974). The native or
a C=N syn configuration (Scheme 1a) than for &R anti isotopically labeled membranes were centrifuged to a thick
configuration (Scheme 1b). In contrast, the required move- Pellet that was applied to the sample tip of the coldfinger
ment of the Lys residue is relatively small for the syn and then cooled down to 120 K. The photostationary
configuration. In the anti configuration, the required move- Mixtures of rhodopsinifax = 472 nm), isorhodopsin fax
ment of the Lys residue in such a reaction is large, and = 462 nm), and bathorhodopsifnfx = 540 nm) at 120 K
considerable distortion of the retinal chain in bathorhodopsin Were obtained and their Raman spectra taken with the
and/or rhodopsin is expected. Thus, the structure of the “Probe” beam (457.9 nm line from an Arlaser). The
Schiff base &N bond is an important structural factor in composition of the mixture can be changed by simultaneously
understanding energy conversion in visual pigments. irradiating the sample with the second high-intensity “pump”

It has been shown that the=@\ configuration of retinal ~ laser beam. For each sample, three Raman spectra were
as a protonated Schiff base (RPSB) can be determined bytaken: The first was a probe-only spectrum. The second
Raman spectroscopy based on the shift of the -6145 was a pump-probe (575 nm pump from a dye laser)
stretch frequency upon Schiff base N deuteration as well asSPectrum with a pump:probe intensity ratio of 50:1. The
on the shifts of other marker bands (Smith et al., 1984; Deng third was also a pumpprobe (with 553 nm pump) with a
et al., 1994; Palings et al., 1987). In bovine rhodopsin and Pump:probe intensity ratio of 40:1. These three type of
bathorhodopsin, such studies (Palings et al., 1987) havespectra were taken sequentially in a relatively short time
assigned the €N configuration to be anti since there is little ~ Period, and the measurements were repeated many times and
shift (<5 cnt?) and intensity change of the C&15 stretch the data pooled to reduce the systematic error due to drifts
mode upon Schiff base N deuteration. In contrast=eNC  in optical alignment.
syn configuration is expected to result in a largé&Q cnt?) Although each of the three measured Raman spectra
shift of the C14-C15 stretch mode, as has been observed contains all three species (rhodopsin, bathorhodopsin, and
in dark-adapted bacteriorhodopsin (Smith et al., 1984). isorhodopsin), specific marker bands can be assigned to a

In the vibrational spectroscopy of octopus visual pigments, specific species. Based on the knowledge of the character-
large spectral changes are observed in the octopus rhodopsirstic bands of each species, it is possible to determine
C—C stretch mode region upon Schiff base N deuteration, constituent ratios in each spectrum. Previous Raman and
while the changes in octopus bathorhodopsin are relatively FTIR studies have shown that the 887 and 940 chands
minor (see below; Deng et al., 1991b). It is therefore are unique to bathorhodopsin, the 956 and 1325'dmands
possible that, besides the isomerization around the=CHP unique to isorhodopsin, and the 973 ¢nband unigue to
bond, the photoreaction in octopus pigment might also rhodopsin (Bagley et al., 1989; Deng et al., 1991a). Based
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on such information, we can see immediately that the first
spectrum (457.9 nm probe only) is a bathorhodopsin-rich
one (bands in 940 and 887 cfnare intense), while the
second one (weak 457.9 nm protestrong 575 nm pump)
and the third one (weak 457.9 nm protestrong 553 nm
pump) are bathorhodopsin-poor spectra (the bands in 940
and 887 cm? are small). Careful examination shows that
the third spectrum has more isorhodopsin and less rhodopsin
than the second one (as indicated by the larger intensity ratio
of the 956 cm¥/973 cm! bands). Thus, by subtracting a
fraction of the first spectrum from the second one, adjusted
to eliminate the 887 and 940 cfbands, a bathorhodopsin- 1000 1200 1400 1600

free spectrum is obtained. Similarly, by subtracting the first Ficure 1: Raman spectra of octopus rhodopsin (a) obtained by
spectrum from the third one, another bathorhodopsin-free the rapid flowing method at 16C and (b) by the pumpprobe
spectrum is also obtained. Note that although both differencemethod at 120 K.

spectra are bathorhodopsin-free, the rhodopsin:isorhodopsin i i )
ratios of each one are different. The first difference Notfound in the present spectrum. Since it was known that

spectrum, obtained by subtraction of the first “measured” the sample used in the previous study contained about 25%
spectrum from the second “measured” one, has more acid me.tgrhodopsm, which has strong Raman _bands at these
rhodopsin and less isorhodopsin than the other differencetWo positions (Pande et al., 1987), these bands in the previous
spectrum. Thus, by subtracting the second difference "nodopsin spectrum can now be assigned to acid meta-
spectrum from the first one, a pure rhodopsin spectrum is Fhodopsin.

obtained. This spectrum is identical to the spectrum obtained Like bovine rhodopsin, regeneration experiments of the
from the flow experiment at ambient temperature (see Figure apoprotein with retinal isomers suggest that octopus rhodop-
1). Next, by subtracting the first difference spectrum from sin contains an 1tisretinal chromophore (Deng et al.,
the second one, a pure isorhodopsin spectrum is obtained1991a; Koutalos et al., 1989). However, the Raman spec-
This is the first resonance Raman spectrum of octopustrum suggests that the chromophore in octopus rhodopsin

isorhodopsin, and it confirms the FTIR spectrum (Bagley et does not have the same tis-conformation as bovine
al., 1989). rhodopsin. For example, a band near 1270 tmassigned

The pure bathorhodopsin spectrum, obtained by subtractiont© the 11H+12H rock mode (Curry et al., 1985; Eyring et
of the pure rhodopsin and isorhodopsin spectra, obtained al- 1982) in bovine rhodopsin and found in the Raman
described above, from the first (probe only) bathorhodopsin- spectra of 1leis-retinal and its Schiff base derivatives in

rich spectrum, is identical to a previous one obtained by a Selution as well, is missing in octopus rhodopsin. Further-
slightly different method (Deng et al., 1991a,b). more, a band at 997 crh found in the bovine rhodopsin

spectrum apparently shifts up to 1010 ¢nn the octopus
rhodopsin spectrum (as a shoulder to the 1017'dpand,

) o
(a) Octopus Rhodopsin at 293K by Flow Method ﬁ

From the parameters which are used to perform the

subtractions, it is determined that the first 457.9 nm probe- Figure 1). This band has been assigned to the-@113,

only spectrum contains 57% bathorhodopsin, 22% rhodopsin, . o

. : rock mode (Callender et al., 1976; Curry et al., 1985; Eyring
and 21% isorhodopsin; the second spectrum (457.9 nm probe . :
pluse 575 nm pump) contains 22% bathorhodopsin, 40% etal., 1982) and shows a 5 chrdownshift uporiC labeling

thodopsin, and 38% isorhodopsin: and the third (457.9 nm of C13 (Palings et al., 1987), similar to the shift of the 1010

; . cm! band in the octopus rhodopsin 12,8, derivative
probe plus 553 nm pump) contains 22% bathorhodopsin, . ;
28% rhodopsin, and 50% isorhodopsin. The composition (see below, Figure 2e). This rock mode normally appears

of the probe-only spectrum thus determined is consistent with at about 1018 crt in RPSB's, but shifts to 997 cm in
the chemical extraction result (Pande et al., 1987), of 58% bovine rhodopsin. This has been interpreted structurally in

; . ) . terms of an 1leis, 12s-trans configuration of the retinal
0, 0, !
bathorhpdopsm, 22% rhodopsin, an.d 20% |sorhodopsm. Thechromophore and results from the methyl group on the C13
composition of the second one confirms the estimation made

) ... __being in close contact with the hydrogen on C10 (i.e., 10H).
by Deng et al. (1991a). We estimate that these CornpOSItlonSThe relatively higher frequency of this mode in the octopus
are accurate to about 5%.

rhodopsin spectrum suggests that the interaction between
C13-CHs and 10H is weaker relative to bovine rhodopsin,
but the conformation about the 12Q3C single bond is 12-
Rhodopsin.Figure 1 shows the resonance Raman spectras-transas in bovine rhodopsin. A detailed analysis of the
of octopus rhodopsin obtained by the rapid flow method at Raman spectrum of octopus rhodopsin will be published
10 °C (a) and by the pumpprobe method at 120 K (b). It ~ €lsewhere. In this paper, we will concentrate our attention
can be seen that the Raman spectra of the octopus rhodopsitP isotopic effects and concomitant assignments on bands
obtained by the two different methods are very much the having to do with the &N moiety in order to determine
same, with some minor differences in the band positions andthe C=N configuration of the RPSB chromophore in octopus
band width as might be expected from the difference in rhodopsin and bathorhodopsin.
sample temperature. However, the octopus rhodopsin spec- The Raman spectra of octopus (a) rhodopsin and its (b)
trum presented here is significantly different from the ND, (c) 14,1513C,, (d) 14,1513C, ND, and (e) 12, 133C,
spectrum published in a previous study from our lab (Pande derivatives are shown in Figure 2. Only two bands are
et al., 1987). Specifically, bands at 1004 and 1274%m observed in the €C stretch region in the octopus rhodopsin
assigned to the octopus rhodopsin in the earlier study arespectrum between 1100 and 1300 ¢éma very strong band

RESULTS
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(a) Native g 2 14,1513C; derivative, the 1226 cnt band intensity decreases

8 with concomitant intensity increase of the 1245¢rhand.
P A new band at 1208 cmi also appears and so can be
assigned to thé®C14-3C15 stretch mode (Figure 2c).
When the Schiff base nitrogen is deuterated, the intensity of
(b) ND g the 1226 cm! band also decreases with a simultaneous
T intensity increase of the 1245 cfband (Figure 2b).
Deuterium labeling at the C14 position induces a spectral
change similar to that of the deuterated Schiff base, and
deuterium labeling at C15 shifts the entire 1226 étand
to 1237 cm! (data not shown). Since isotopic labeling at
any other position along the retinal chain induces only minor
changes of the 1226 crhband (<3 cni'%; data not shown),
the molecular motions associated with this band are localized
to the C14-C15=N—-C moiety, with stretch motions of
C14-C15 and perhaps also from the lysine-Q.

The sensitivity of the C14C15 stretch mode to Schiff
base nitrogen deuteration has been utilized in the determi-
nation of the Schiff base-€N configuration in a number of
retinal Schiff base containing pigments (Palings et al., 1987;
Smith et al., 1984). In the Raman studies of bacteriorhodop-
sin and its photointermediates, a large shif6Q cnm?) of
the relatively low-frequency C14C15 stretch mode~1170

1000 1200 1400 1600 cm1) is observed in the €N syn configuration upon Schiff
FIGURE 2: Raman spectra of octopus (a) rhodopsin and its (b) ND, base N deuteration, whereas a very small shifs cni™)
(c) 14,1513C,, (d) 14,1513C, ND, and (e) 12,13%C, derivatives. or not shift of the C14C15 stretch mode at relatively high

frequency 1200 cnt?) is observed for the €N anti

at 1226 cm? and a weaker band at 1245 ch{Figure 2a). configuration (Smith et al., 1984). In the Raman studies of
This spectral pattern is unusual compared to the Ramanbovine rhodopsin, bathorhodopsin, and isorhodopsin, no
spectrum of bovine rhodopsin, where four Raman bands aresignificant shifts of the respective CX£15 stretch modes
observed at 1190, 1217, 1240, and 1269 t(Callender et  were observed upon Schiff base N deuteration. It was,
al., 1976; Mathies et al., 1976), or with that of the di%& therefore, concluded that their chromophores contain the
retinal protonated Schiff base (RPSB), which also shows four C=N anti configuration (Palings et al., 1987).
bands in this region that are very similar in positions and  The present Raman results show that the-G145 stretch
intensities to the bovine rhodopsin spectrum (Palings et al., at 1226 cm? in octopus rhodopsin is significantly changed
1987). The stretch motions of the single bonds in highly upon Schiff base N deuteration: either its intensity is reduced
conjugated systems, such as the various isomers of RPSBfrom the native spectrum (Figure 2b) or it shifts to underneath
are normally coupled, and the stretch motion of one single the 1245 cm® band. Such changes are analogous to the
bond contributes to several vibrational modes. Such couplinglarge deuterium effect observed in the Raman studies of the
has been demonstrated by the Raman studies of bovinedark-adapted bacteriorhodopsin, which contains a retinal
rhodopsin by the use 8fC-labeled retinal derivatives. For chromophore with the €N syn configuration (Smith et al.,
example, two bands at 1190 and 1240 érim the Raman 1984). However, the CHC15 stretch frequency of the
spectrum of bovine rhodopsin shift down by 22 and 12t€m  octopus rhodopsin (1226 crf) is much higher than that
respectively, in the 14,15C; derivative. The 1240 cmt expected for a &N syn RPSB €1170 cn1?). Moreover,
Raman band is also sensitive to tH€ labeling at the C13  the C14-C15 stretch mode in octopus rhodopsin is not
position, downshifting by 5 cmt in the 1313C derivative coupled with C12-C13 stretch, unlike the analogous chro-
(Palings et al., 1987). Similar results have been observedmophores previously studied (which may be responsible for
in the Raman studies of the Ils RPSB (Palings et al.,  its comparatively high frequency). Both these observations
1987), suggesting that for a Xls RPSB in solution, as for  suggest that the syranti rule based on the deuterium shift
bovine rhodopsin, the CHAC15 stretch is coupled with the  of the C14-C15 stretch mode developed for “normal”
C12-C13 stretch. RPSB’s may not be applicable to octopus rhodopsin.

In clear contrast, coupling between the €215 and the We have recently carried out extensive normal mode
C12-C13 stretches is absent in octopus rhodopsin. As calculations, based on vibrational measurements of a series
shown in Figure 2ae, large spectral changes are observed of isotopically substituted analogs, of a truncated RPSB
in the C—C fingerprint region of octopus rhodopsin Raman model (Deng et al., 1994). This compound contains all the
spectra when the CHC15 bond is*C labeled (Figure 2c)  elements of a RPSB from the C13 position toward and
or the Schiff base nitrogen is deuterated (Figure 2b,d). including the protonated Schiff base. Since the €CA45
However, no significant shift is observed for the 1226 or stretch mode in octopus rhodopsin is not coupled with-€12
1245 cnt! band in the Raman spectrum of the 121G, C13 stretch, it is more appropriate to compare its deuterium
derivative (Figure 2e). shift with that observed in the truncated RPBS model

The intensity at 1226 cnt arises from more than one compound. Indeed, the C3£15 stretch mode in the model
mode, one of which can be assigned to have significant-C14 compound, whether labeled B or not, shows a significant
C15 stretch character based on the data in Figure 2. In theupward shift (15-18 cnT') upon Schiff base N deuteration,

a)
S
|

—1558
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and its intensity is also greatly reduced (Deng et al., 1994),
in excellent general agreement with the octopus rhodopsin
data. In additionab initio calculations of a model Schiff
base compound with the=€N anti configuration were found
to agree very well with the Raman spectra of that compound
(Deng et al., 1994). Finally, the calculations also predict
that for the Schiff base model in the=\ syn configuration,
the C14-C15 stretch mode has a much lower frequency
(~1150 cn1!) and a much larger upward shift 60 cnt?)
upon N deuteration (Deng et al., 1994). Thus, for a €14
C15 stretch mode uncoupled from the X213 stretch (and
other stretches of the polyene toward the ionone ring), like
the one in octopus rhodopsin, its disappearance upon N
deuteration is not an indication of eI\ syn configuration.
Furthermore, we suggest that our data are more consistent
with those of a &N anti configuration since the C+4C15
stretch mode frequency is relatively high 1200 cnt?).
Unfortunately, the interference of other Raman bands in the
C—C stretch region excludes the possibility to assign the
C14—C15 (or3C14-13C15) stretch mode of the deuterated
octopus rhodopsin unambiguously (Figure 2b,d); thus, we
cannot use the deuterium shift of the C1@15 stretch mode
to confirm this suggestion. / ‘ : !
Model compound studies (Baasov et al., 1987) and 800 1000 1200 1400 1600
semiempirical theoretical calculations (Deng & Callender, Ficure 3: Raman spectra of octopus (a) bathorhodopsin and its
1987; Gilson et al., 1988) suggest that the frequency of the (b) ND, (c) 14,151%C;, (d) 14,151%C; ND, and (e) 12,13%C,
Schiff base &NH stretch mode and its shift upon N derivatives.

deuteration are sensitive to the strength of hydrogen bond__, . .
between the protonated Schiff base and its counterion. TheThIS suggests that the cogpllng petween €045 anc_j C.12
C13 stretches observed in bovine bathorhodopsin is altered

C=NH stretch frequency decreases and its shift upon . ) )
nitrogen deuteration also decreases as the counterion'd" OCtopus bathorhodopsin. Interestingly, the band at 1281

negative charge is moved away from the Schiff base nitrogen..cm_l in octopus bathorhodopsin shifts down to 1271°¢m

The 24 cntt deuterium shift of the Schiff base=€NH stretch in the 12,134C, derivative (Figure 3€), suggesting that thg
mode in octopus rhodopsin (Figure 2a,b) is similar to that C12-C13 stretch character in octopus bathorhodopsin shifts

of the RPSB in methanol (Bagley et al., 1985) but smaller up in frequency compared with that of bovine bathorhodopsin

than that observed in bovine rhodopsird2 cnmL; Deng & (found near 1240 cri; Palings et al., _1987), and becomes
Callender, 1987; Palings et al.,, 1987). Since theNC decoupled from C14C15 stretch motion.
configuration of the RPSB in both bovine and octopus However, like that in bovine bathorhodopsin, the €14
rhodopsin is anti, it is reasonable to suggest that the hydrogerC15 stretch motion is delocalized and contributes to several
bonding strength on the protonated Schiff base in octopusbands in this region, as evidenced by the spectral changes
rhodopsin is weaker than that in bovine rhodopsin. induced by**C labeling at the C14 and C15 positions (Figure
Bathorhodopsin. Figure 3 shows the resonance Raman 3€). The band at 1206 crhseams to have two components.
spectra of octopus (a) bathorhodopsin and its (b) ND, (C) One shifts down to 1187 cm in the 14,15L3C2 derivative
14,1533C,, (d) 14,154C, ND, and (e) 12,13%C, derivatives. and disappears upon further deuteration of the Schiff base
The Raman spectra of octopus and bovine bathorhodopsingY, and the other shifts down to 1196 chand is not affected
in the G-C stretch mode region look quite similar at first Py N deuteration (Figure 3c,d). In the bovine bathorhodopsin
sight. In fact, we have previously suggested, based on thisSPectrum, the band near 1210 cthalso consists of two
similarity, that the normal mode pattern of octopus batho- COmponents, but only one is sensitive'fG labeling at the
rhodopsin is similar to that of bovine bathorhodopsin (Deng C14 and C15 positions and neither is sensitive to N
et al., 1991b). However, the present Raman studies on thedeuteration (Palings et al., 1987). The band at 1222'cm
octopus bathorhodopsin witiC-labeled chromophore de- in octopus bathorhodopsin also has contributions from the
rivatives reveal differences between these two bathorhodop-C14—C15 stretch and shifts down to 1210 chin the 14.-
sins. The band at 1240 cthin bovine bathorhodopsin has 15-3C, derivative (Figure 3c) and is not sensitive to further
relatively high intensity and is sensitive to tH€ labeling N deuteration (Figure 3d). A similar unassigned band
on both C14-C15 and C12C13 bonds, suggesting that the observed in the bovine bathorhodopsin spectrum at 1226
C14—C15 and C12C13 motions are Coup|ed (Pa“ngs et cmtis not sensitive t33C Iabeling at C14 and C15 but is
al., 1987). The analogous 1243 chband found in octopus sensitive to N deuteration (Palings et al., 1987). Therefore,
rhodopsin has a much lower intensity and is not sensitive to the normal modes in the-€C fingerprint region of octopus
the13C labeling of the C14C15 bond (Figure 3c) but shifts ~ and bovine bathorhodopsins are different despite the apparent
down by about 5 cmt in the 12,131C, derivative (Figure  Similarities in the native spectra.
3e). In addition, the bands at 1206 and 1222 tshow Detailed assignments of the bands in this region will be
significant shifts in the 14,1%5%C, derivative (Figure 3c), but  discussed elsewhere. Here we just assign the “@16"
no shift is observed in the 12,23, derivative (Figure 3e).  stretch mode to the 1206 cthband in the native spectrum
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Ficure 4: Raman spectra of octopus (a) isorhodopsin and its (b)
ND, (c) 14,15%3C,, (d) 14,15%3C, ND, and (e) 12,133C, deriva-
tives.
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1989). However, a comparison with bovine isorhodopsin
also reaveals anomalies of the normal mode pattern in the
C—C stretch region of the octopus isorhodopsin spectrum.
The coupling between CHC15 and C12C13 stretches

in the bovine isorhodopsin is evident from the isotopic shift
of a strong band at 1242 crthupon3C labeling of either
C13 (=4 cm!) or C14,C15 ¢4 cnr'}; Palings et al., 1987).
The 1242 cm? band was assigned to the C1€13 stretch,
and a band at 1206 crhwas assigned to the C3£15
stretch based on its~20 cnt? shift in the 14,15%C,
derivative (Palings et al., 1987). In octopus isorhodopsin,
the band near 1242 crhis missing, and a band at 1229
cm™! with similar intensity is observed (Figure 4a). This
band intensity decreases by half in the 14*35,derivative,
along with the disappearance of the 1208 ¢imand (Figure
4c). Concomitant appearance of a new band at 1196 cm
and the intensity increase of the 1186 énband suggest
that the C14-C15 stretch shifts down from 1268229 cmt

in the native spectrum to the 1184196 cnv! region in the
14,1513C, derivative spectrum. On the other hand, the bands
at 1208 and 1229 cm do not show any shift in the 12,13-
13C, derivative (Figure 4e), suggesting that there is no
significant coupling between the C£15 and C12C13
stretches. Moreover, the band intensity at 1320°cim the
octopus isorhodopsin spectrum (Figure 4a) is greatly reduced,
and new bands near 1300 chwappear in the 12,15C,
derivative, showing that the C+Z13 stretch may be shifted

(Figure 3a), which disappears upon Schiff base N deuterationfrom ~1240 cnT?! in a 9<is RPSB or bovine isorhodopsin

(Figure 3b). The “C14C15" stretch mode is located at
1187 cntt in the 14,15%C,; derivative and also disappears
upon Schiff base N deuteration (Figure 3d). Since the
coupling between the C34C15 and C12C13 stretches is
disrupted, as can be seen by a lack of shift of the 1206'cm
band in the 12,133%C, spectrum (Figure 3e), and the “C4

to 1320 cm?! in octopus isorhodopsin. Apparently, this
substantial increase of the C1€13 stretch character results
in the decoupling of the CH4C15 stretch from the C12
C13 stretch. The high frequency of the Ci@15 stretch
(1208-1229 cnm?) indicates a &N anti configuration in

the octopus isorhodopsin. However, the spectral pattern in

C15” stretch character in octopus bathorhodopsin (1206 andthe fingerprint region shows very complex changes upon

1222 cn1?) is higher than that expected for a Schiff base
with a G=N syn configuration, we suggest that the octopus
bathorhodopsin chromophore is in & anti configuration.

Additional support for this suggestion can be found in the

Schiff base N deuteration: besides the disappearance or
intensity decrease of a band at 1186 énm native or in the
14,1533C, derivative, respectively, the Schiff base N deu-
teration also causes the disappearance of a band at-1140

Raman spectrum of its 15D derivative, where the 15D rock 1156 cntt and the appearance of a new band near 1120 cm

mode of the RPSB with the=EN anti configuration is found
at 989 cm! (Deng et al., 1994), whereas in the=® syn

(Figure 4b,d). Quite interestingly, this new band shows
significant contribution from C14C15 stretch motion, as

configuration, this mode should be observed at about 1040suggested by its shift from 1125 ctnin the native N

cm! (Deng et al., 1994; Smith et al., 1987). In the 15D

deuterated spectrum (Figure 4b) to 1119 ¢érim the 14,-

spectrum of octopus bathorhodopsin, the 15D rock is found 15-43C, ND derivative (Figure 4d). Such spectral changes

at 989 cm! (Deng et al., 1991b).

The G=NH stretch frequency (1656 crh Figure 3a) and
the deuterium shift (26 cm, Figure 3b) of octopus batho-
rhodopsin are very similar to those of octopus rhodopsin
(Figure 2a,b). Since the=EN configuration of the chro-
mophore is anti in both species, it is unlikely that the Schiff

base environment is changed significantly during the primary

photochemical event in the octopus pigment.
Isorhodopsin. Figure 4 shows the resonance Raman

spectra of octopus (a) isorhodopsin and its (b) ND, (c) 14,-

15-3C,, (d) 14,15%C, ND, and (e) 12,133C, derivatives.

induced by the Schiff base N deuteration do not match either
those of a “normal” protonated retinal Schiff base or those

of the truncated Schiff base model compound we have

studied before. Thus, further experiments are necessary to
determine the €N configuration in octopus isorhodopsin.

DISCUSSION

So far as is known, the chromophore of all visual pigments
is the 11leis isomer of retinal (or its 3,4-dehydro and
3-hydroxy analogues) bound to apoprotein via a protonated
Schiff linkage. The essential feature of the primary photo-

The Raman spectrum of octopus isorhodopsin is relatively physics is generally believed to be an di${rhodopsin) to

normal in that the signature band for &@-retinal near 1150
cm™tin the C-C stretch region of $is-RPSB and bovine
isorhodopsin (Curry et al., 1985; Eyring et al., 1982; Oseroff
& Callender, 1974) is still present, consistent with the
suggesting that octopus isorhodopsin containcs®RPSB

as has been found in regeneration studies (Koutalos et al.

11+4rans (bathorhodopsin) photoisomerization. In this pro-
cess, which occurs on the picosecond and subpicosecond time
scales, a large fraction of the photon’s energy is converted
to chemical energy. Within this context, it is important to
verify the broad outline of the process in more than one
pigment form or one species, and it is of interest to
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understand how pigments might differ from one another. That mainly caused by the twist of the chromophore or by external
there are differences is clear since, for just one example, theeffects from surrounding protein. Previous Raman studies
Amaxs Of pigments differ substantially, from the near-UV to  of octopus bathorhodopsin suggest that the distortion of the
the red. Resonance Raman studies, complemented by FTchromophore is less than that in bovine bathorhodopsin
IR difference spectroscopy, have provided detailed structural (peng et al., 1991a), and no external charge is in close
information of the chromophores of bovine rhodopsin and ¢ontact. Further studies are required to determine the nature
bathorhodopsin. Our studies here, and elsewhere, of octopugy¢ e perturbations on the chromophore of the octopus
rhodopsin were prompted by the observation that the fraction thodopsin and bathorhodopsin, and these are underway. By
of photon energy converted in the rhodopsin to bathorhodop- hemselves. thev do not seem éufficient to modify much the
sin photoconversion is large and essentially the same as tha% ves, they : : .
found in bovine rhodopsin based on calorimetry data. On mechanism of hO_W energy is converted n essential ways.
the other hand, théma,s of the two rhodopsins differ as do However, the;e ghfferenpes may help deﬂne how the retinal
later thermal processes. chromophore is interacting with the protein pocket.

This study has concentrated on determining the structure
of the chromophore in octopus rhodopsin and bathorhodopsinREFERENCES
from the 11G=12C double bond to the protonated Schiff Baasov, T., Friedman, N., & Sheves, N. (19&ipchemistry 26
base linkage. This fragment undergoes large changes in_ 3210-3217. _ _
geometry when rhodopsin converts to bathorhodopsin, andBagLerBé’ K'T Aé Béliggﬂ's'?'e‘"’i"nr ’ t/ Sg%ea,\j’ ?(' AN’aE:rl]li'QﬁierkGéL
energy storage mechanisms must take into account the Vittitg\}v, J. (1985)Biochemistry 246055-6071. T
fragment’s changes in conformation and geometry. As hasBagley, K. A., Eisenstein, L., Ebrey, G. T., & Tsuda, M. (1989)
been shown previously, the present results are in agreement Biochemistry 283366-3373.

with an 11eisto 11ransphotoconversion. Our studies here Birgi%p?y?j ESigteSré,?_Cs.%, Knapp, H. M., & Murray, L. P. (1988)
suggest that the conformation of octopus rhodopsin is 11- Callender, R. Hj, Doukas, A., Crouch, R., & Nakanishi, K. (1976)

cis, 12stransand the Schiff base<€N bond is anti. The Biochemistry 151621-1629.
geometry of octopus bathorhodopsin, besides beingelis Callender, R., Deng, H., Sloan, D., Burgner, J., & Yue, T. K. (1989)
is also anti about the Schiff base=@l bond. These Proc. Int. Soc Opt Eng 1057 154-160.

: ; : ; ; Cooper, A. (1979Nature (London) 282531-533.
structural attributes are just like those found in bovine Cooper. A., Dixon. S. F.. & Tsuda, M. (1988)r. Biophys J. 13,

rhodopsin and bathorhodopsin, respectively, and suggest a” 195 507’

relatively simple reaction coordinate (i.e., simple rotation curry, B., Palings, I., Breok, A. D., Pardoen, J. A., Lugtenburg, J.,
about the C1%#C12 double bond). Furthermore, since the & Mathies, R. (1985Adv. Infrared Raman Spectrost2, 115-
frequency of the Schiff base=ENH stretch mode and its 178. _ _

shift upon N deuteration are similar in the octopus rhodopsin Bgﬂgz : ﬁ‘ﬂgﬁgﬁ”gfr\’/v%ng; gf’%ﬁ”&?rﬁngm ;g;%ﬁ‘éﬁf& T
and bathorhodopsin resonance Raman spectra, it is unlikely " Gephard, R., Lugtenberg, J., Tsuda, M., & Callender, R. H.
that the Schiff base environment is changed significantly in ~ (1991a)Biochemistry 3p4495-4502.

the octopus during the photoreaction. This too is found in Deng, H., Manor, D., Weng, G., Rath, P., Koutalos, Y., Ebrey, T.,
the corresponding bovine pigments, although the relatively =~ Gebhard, R., Lugtenburg, J., Tsuda, M. & Callender, R. H.

e ~ - . (1991b)PhotochemPhotobiol 54, 1001-1007.
larger shift in the &NH stretch frequency in the bovine Deng, H., Huang, L., Groesbeek, M., Lugtenburg, J., & Callender,

pigments {32 cnT') compared to the octopus pigments — R°H. (1994)J. Phys Chem 98, 4776-4779.
(~25 cn1?) indicates that the hydrogen bond between the Eyring, G., Curry, B., Broek, A., Lugtenburg, J., & Mathies, R.

protonated Schiff base and the apoprotein counterion is (1982)Biochemistry 21384-390. »
stronger in bovine than octopus. Gilson, H. S. R., Honig, B. H., Croteau, A., Zarrilli, G., &

. Nakanishi, K. (1988Biophys J. 53, 261—269.
On the other hand, the normal mode pattern is not the Honig, B., Ebrey, T., Callender, R., Dinur, U., & Ottolenghi, M.

same in the bovine and octopus pigments, and this has (1979)Proc. Natl. Acad Sci U.SA. 76, 2503-2508.

structural implications. Vibrational studies of bovine rhodop- Koutalos, Y., Ebrey, T. G., Tsuda, M., Odashima, K., Lien, T.,
sin reveal that its spectrum is quite similar compared with E'ag, '\g- :6}1 ?higiz(libglé')BDigé%:ir?mii’s tFr ZNSa;?QiZS—hZi%gé’ Gilson,
that of the 1.1(-:|S RPSB m.somthn’ SL_IggeSt!ng that there is Lugtenb’urg, J., l\%éthies, R. A, Griffin, Ré & Herzfield, J. (1988)
no subs_tar)tlal conformational distortion of its chromophore Trends BiochemSci 13, 388—393.

upon binding. On the other hand, the Raman studies of mathies, R., Oseroff, A. R., & Stryer, L. (1976¥oc. Natl. Acad
octopus rhodopsin show that substantial perturbations around Sci U.SA. 73, 1-5.

the retinal chain, especially near the €(112—C13 moiety, Osfzfgg, A. R., & Callender, R. (197@}iochemistry 134243~

are present. Such perturbations apparently |_nv0Ive fsomePaIings,.l., Pardoen, J. A., van der Berg, E., Winkle, C., Lugtenburg,
twist around the C12C13 bond so that the interaction J., & Mathies, R. (1987]Biochemistry 262544-2556.

between the C13CHj; group and 10H becomes weaker than Pande, C., Pande, A., Yue, K. T., Callender, R., Ebrey, T., & Tsuda,
that found in bovine rhodopsin. The perturbations also M. (1987)Biochemistry 264941-4947.

appear to result in the decoupling of the X213 stretch ~ Smith, S. O., Myers, A. B., Pardoen, J. A., Winkel, C., Mulder, P.
and the C14C15 stretch, and eliminate the 1H12H rock gd‘]b.;lftggb%%;'z‘ogéyath'es’ R. (198Rjoc. Natl. Acad
mode observed in the solution spectrum ofclgretinal and Smith, S. O., Pardoen, J. A., Lugtenburg, J., & Mathies, R. A.
its Schiff base derivatives. The decoupling of the €12 (1987)J. Phys Chem 91, 804-8109.

C13 stretch motion from that of the C+€15 stretch is also ~ Warshel, A., & Barboy, N. (1982)J. Am Chem Soc 104
found in octopus bathorhodopsin. It is unclear if such ~ 1469-1476.

anomalies in the normal modes of the octopus rhodopsin are BI960638G



