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ABSTRACT

RESONANCE RAMAN STUDIES OF BOVINE 

AND OCTOPUS VISUAL PIGMENT

BY

Liewen Huang 

Advisor: Professor Robert H. Callender

We have regenerated  bovine and octopus v isual p igm ents w ith  

retinals containing isotopic labels at three positions, i.e., 8-13C -ll,12-D 2, 10- 

13C-11,12-D2, 11-13C-11,12-D2, 14-13C-11,12-D2, for the studies of bound 

chrom ophore ethylenic and Schiff base vibrational m odes by resonance 

Raman spectroscopy. Also regenerated were octopus visual pigm ents w ith 

singly or doubly 13C labeled retinals, i.e., 9-13C, 10,11-13C2, 12,13-13C2, 13-13C, 

14,15-13C2, 14,15-13C2-ND, for the studies of vibrational m odes in the 

fingerprint region. We have analyzed the resonance Raman spectra based 

upon the observation of the response of individual bands in the spectrum  of 

rhodopsin , isorhodopsin , or bathorhodopsin  to a particu lar label. The 

observed peaks in the fingerprint and ethylenic regions have been tentatively 

assigned to specific C-C and C=C stretches.

We have also studied a m odel retinal protonated Schiff base analog 

and its isotopically labeled derivatives as well as calculations using ab initio 

m ethods. Based on the vibrational analysis, new criteria to determ ine the
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Schiff base C=N configuration  from  Ram an spectroscopy have been 

developed, and the C=N configuration in octopus rhodopsin, isorhodopsin 

and bathorhodopsin has been determined.

We have continued the resonance Raman study of the Schiff base 

h y d ro g en /d eu te riu m  exchange for rhodopsin  and bacteriorhodopsin  by 

em ploying the continuous-flow experiment. The exchange of a deuteron on 

the Schiff base w ith a proton is very fast, w ith half-times of 6.9 ± 0.9 and 1.3 +

0.3 ms for rhodopsin  and bacteriorhodopsin, respectively, faster than the 

p ro ton -deu teron  exchange rate of a pro tonated  Schiff base in aqueous 

solution (16 ± 2 ms). This anomalous result can be understand if a structural 

w ater molecule (or molecules) is present next to the protonated Schiff base in 

the two pigments.
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Chapter 1 

IN T R O D U C T IO N

I. GENERAL INTRODUCTION

Rhodopsin, the protein responsible for converting light into an optic 

nerve im pulse, and bacteriorhodopsin, the light transducing protein of the 

pu rp le  m em brane of H alobacterium  halobium  (Birge, 1990) have been 

intensively studied  by resonance Raman spectroscopy for m ore than two 

decades (Rimai et al,  1970; Oseroff and Callender, 1974) (for reviews, see 

Callender and Honig, 1977; Warshel, 1977; Ottolenghi, 1980; Callender, 1982a; 

Smith et al., 1985a; Applebury and Hargrave, 1986; Doukas et al, 1986; Mathies 

et a l,  1987; Birge, 1990; Birge, 1990; Mathies et al,  1991). During this time, 

experim en t techniques, th a t have been  developed for stu d y in g  the 

photolabile samples, include: pum p-probe (Oseroff and Callender, 1974), flow 

th ro u g h  and  ro ta ting  cell (Callender et a l,  1976; M athies et a l,  1976; 

Stockburger et a l,  1979; Terner et al, 1979; Braiman and M athies, 1982a; 

Braiman and Mathies, 1982b), and continuous flow mixing (Ehrenberg et al, 

1980; D oukas et a l,  1981; Deng et al,  1994a). Studies of the isotopically 

substitu ted  artificial chrom ophores combined w ith data from IR and time- 

revo lved  (El-Sayed, 1982), has p rov ided  a great deal of inform ation  

concerning  chrom ophore conform ation and  its in teractions w ith  the 

apoprotein (Curry et al, 1985; Smith et al, 1985a; Mathies et al, 1987; Palings
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et al, 1987; Palings et al, 1989; Deng et al, 1991a; Deng et al, 1991b; Lin et al, 

1992; Lin et al, 1994).

We will extend the resonance Raman spectroscopy to the study of 

visual p igm ent bacteriorhodopsin , bovine and octopus rhodopsins, and 

model compounds in some m ore detail.

II. THEORETICAL BACKGROUND 

Raman and Resonance Raman

The physical origin of Raman scattering lies in inelastic collisions 

between molecules and photons. In inelastic collision the photon exchanges 

energy w ith  the molecule, resulting in the change of the wavelength of the 

scattered light. The shift in frequency of the incident light, hence the change 

in energy, is equal to the energy difference between the vibrational states of 

the molecular. The Raman effect in which the incident light w avelength is 

close to absorption band of the chromophore, is known as resonance Raman 

(see Figure 1.1). The Raman cross-sections of the vibrational m odes, in 

w hich  the p red o m in an tly  m oving atom s are also involved  in  the 

equilibrium  displacem ent of molecule upon aborption of a photon, may be 

greatly enhanced in resonance Raman (see the detailed discussion in the 

Raman Intensity Section). Thus, the resonance Raman spectroscopy provides 

a way to measure a small part constituent w ith a special absorption center in a 

very complicated biological system.

The Raman effect has been well studied (Raman and Krishnan, 1928; 

Van Vleck, 1929; Placzek, 1934; Roothaan, 1951; Albrecht, 1961; Tang and 

Albrecht, 1970; Albrecht and Hutley, 1971; Friedman and Hochstrasser, 1974; 

Inagaki et al,  1974; W arshel and Karplus, 1974; Johnson and Peticolas, 1976; 

W arshel, 1977). In this section we discuss the factors that determine Raman
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intensities of norm al m odes, as well as internal coordinate, mixing, and 

coupling (Curry et al, 1985; Tavan et al, 1985; Garriga et al., 1986; Kakitani et 

al, 1983).

Normal Mode and Normal Coordinate

Any complicated m otion of atoms vibrating w ithin a molecule can be 

broken dow n into simple components known as normal modes of vibration . 

Norm al coordinate is defined as that a normal mode is described by a single 

(norm al) coordinate w hich varies w ith  time. Each norm al coordinate 

independently contributes to the kinetic and potential energy of the system. 

The in ternal coordinate in  norm al m ode calculation is defined, as the 

geom etrically localized basis set of coordinates as set out by W ilson et al 

(1955), and is referred as C=C, C-C, C-H stretching, CCC, CCH bending, etc.

Raman Intensity

For random ly oriented molecules the total Raman intensity for the 

transition from an initial vibronic state m to a final vibronic state n is given 

by

Im,n = ^ I o ® l 2  l a £ °  |2

w here Im ,n and oo is the total intensity and frequency of the scattered light, 

respectively. Io is the intensity of the incident light. a£ °n, the component of

the polarizability tensor, is expressed by
pa 1 y  <gi 1 |i° I evxev  I [iP I gf> ^ <gi 1 pP I evxev  I I gf> 
m,n h  v Vgi/ev -  VO +  i rev Vgi,ev +  V0 +  i rev

w here rev the dam ping factor w ith the finite lifetime of each molecule state

vibronic state lev> denotes the v th  vibrational level in the eth excited

electronic state, Vgi,ev is the frequency difference betw een the indicated
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vibronic levels gi and ev, v is the frequency of the incident light, and (ia the 

electronic dipole m om ent operator along direction a. The sum  over index v 

runs all vibrational states on the eth electronic state.

The first term  of the above expression, the Albrecht A-term, is the 

predom inant term in the Raman tensor in the resonance case for the retinal 

chromophore (Warshel and Dauber, 1977; Doukas et al, 1978a).

i  RgX g
AP° = t~ £ --------------E------- <i I v x v  I f>

n v Vg^ev-Vo + iTev

w here R is the electronic transition  m om ent as a function of norm al

coordinate and <i I v> etc. are overlap integrals betw een vibrational wave

functions of the ground and excited states, g and e.

Kakitani (1979) show ed that in  a near resonance case, if the dam ping

factor G can be neglected, relative Raman intensity I of two modes s and t can

be expressed as:
Is _ / Asvs\2  
It 'AtVt'

where A} is proportional to the equilibrium geometry shift upon excitation of 

the normal mode i and nj is its vibrational frequency.

Thus, the frequency of scattered photons in the Ram an spectra, 

including that is the resonance Raman spectra, is the property of the ground 

state vibrational modes, while the intensity of scattering light in resonance 

Raman is related w ith the exited electronic state (Carey, 1982).

This relation is need to understand the Raman intensity consideration 

in our analysis of the resonance Raman spectra of retinal.

Mixing and Coupling

Two concepts, mixing and coupling, are used in analysis of the patterns 

of vibrational frequencies and  intensities in retinal isomers and isotopic
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derivatives (C urry et al., 1985). Mixing of two local symmetry coordinates 

(LSC's) affects the observed Ram an band  in tensity ,  since the intrinsic 

am plitudes of the LSC's will be in- or out-of-phase. The intensities reinforce 

in  the in-phase, and  partia lly  cancel in the out-of-phase com bination. 

Coupling happens w hen there are substantial kinetic or potential energy 

in teractions betw een  the in trinsic coordinates. The frequencies  of the 

resulting norm al m odes appear shifted (usually "pushed" apart) from  the 

"intrinsic" frequencies of the LSC's in which the interaction is absent (Curry 

et al,  1985).

Isotopic Substitution

Isotopic substitution can be an invaluable aid in the analysis of normal 

m odes in vibrational spectra. Usually, the force constants are unaltered by 

isotopic substitution, so the shift in observed frequency can be attributed 

principally to mass effects (Carey, 1982). The resulting frequency shifts of the 

normal modes provide a good measure of the degree to which the substituted 

local coordinates' contribute to each normal mode of the original molecule 

(Curry et al, 1985).

In this work, 13C- and Deuterium  labeled retinal derivatives have been 

employed. The observed shift of particular band upon isotopic substitution is 

used to assign norm al m odes for m odel compounds, as well as bovine and 

octopus visual pigments.

III. VISUAL PIGMENTS

The retina of the m ost animal eye contains two types of receptor cells. 

They are know n as rods and cones because of their shape. The rods are 

responsible for vision in dim  light. They consist of an inner segm ent that
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contains the nucleus and m itochondria and an outer segment (ROS) that is 

attached by a num ber of small fibrils. Cones are responsible for vision in 

bright light, as well as color vision (Solomons, 1988), Rhodopsin is found in 

the disk membrane of retinae (Daemen, 1973; Paperm aster and Dryer, 1973). 

The rhodopsin molecules have considerable freedom  of rotational (Brown et 

al,  1972; Cone, 1972) and translational (Poo and Cone, 1974) movement which 

is tem perature dependent (Blasie and W orthington, 1969). The amino acid 

sequence of a num ber of opsins (Ovchinnikov, 1982; H argrave et al,  1983; 

Applebury and Hargrave, 1986; Nathans et al, 1986; Ovchinnikov et al, 1988) 

have been  determ ined . This m akes it possib le to iden tify  p ro te in  

perturbations that m ay be responsible for the opsin-shift (Kosower, 1988; 

Loppnow et al, 1989; Sakmar et al, 1989; Zhukovsky and Oprian, 1989; Lin et 

al, 1992).

It is shown that the chromophore (light-absorbing group) of rhodopsin 

is the polyunsaturated aldehyde, 11-ds-retinal (Figure 1.2c). The 11-ds retinal 

is connected to a specific lysine residue in the protein know n as opsin via a 

Schiff base linkage (Lews et a l,  1974; Oseroff and Callender, 1974). Bovine 

pigm ent has an absorption band centered at 498 nm. The principal result of 

absorption of a photon by rhodopsin is the isomerization of the chromophore 

from  11-czs to all-trans (H ubbard and Kropf, 1958; W ald, 1968). After 

absorption of a photon, rhodopsin  goes through a series of interm ediates 

(Callender and H onig, 1977; Bennett, 1978)(Figure 1.3), culm inating in 

chrom ophore detachm ent from  the opsin. This process is know n as 

bleaching because pigm ents absorb in the visible while the final product, 

retinal and opsin, absorbs in the UV (Hubbard and W ald, 1952; Yoshizawa 

and W ald, 1963). An artificial pigm ent, called isorhodopsin (Collins and
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M orton, 1950), which contains 9-cis retinal (Figure 1.2d) as a chrom ophore 

follows the same bleaching sequence of rhodopsin upon absorption of light.

The first interm ediate of bovine rhodopsin, ba tho rhodopsin  (also 

know n as p re lum irhodopsin ; Yoshizawa and W ald, 1963), is fo rm ed 

photochemically in less than 6 psec. (Busch et al, 1972; M onger et al, 1979). 

Bovine bathorhodopsin (?imax = 543 nm) has an absorption center that is red 

shifted from rhodopsin (X,max = 497 nm). At tem perature lower than 130 K, 

rh odopsin , iso rhodopsin  and  bathorhodopsin  can be photochem ically  

interconverted w ithout further decay (Yoshizawa and W ald, 1963). Some 

60% of the incident photon energy (about 35 kcal/m ole) is converted to 

chemical energy upon photon absorption (Cooper, 1979).

It is generally believed that the prim ary photochemical event in vision, 

the form ation of bathorhodopsin, involves a cis-trans isom erization of the 

retinal chrom ophore (Rosenfeld et al, 1977). This is based on liquid nitrogen 

tem perature absorption studies (Yoshizawa and W ald, 1963; H ubbard and 

Kropf, 1965) and supported  by resonance Raman and picosecond studies 

(Honig et al, 1976; Callender and Honig, 1977; Aton et al, 1978; Aton et al, 

1980; Eyring et al, 1980a; N arva and Callender, 1980; Doukas et a l,  1985). 

Some proposed models (Fransen et al, 1976; van der Meer et al, 1976; Peters 

et a l ,  1977), how ever, w ere not com pletely consistent w ith  all the 

experim ental data. The analysis of the Raman data w ith intense hydrogen 

ou t of p lane m odes suggest that the all-trans re tina l (F igure 1.2a) 

chrom ophore in  bathorhodopsin  could be tw isted  (Eyring et a l,  1980b; 

Loppnow et al, 1990; Deng et al, 1991a).

O ur understand ing  of visual photochem istry results m ainly from

studies on bacteriorhodopsin (Aton et al, 1979; Eyring and M athies, 1979;*
Narva et al,  1981; Pande et al,  1981; Crouch et al, 1984; Lam et al, 1984; Pande
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et ah, 1986; Rao et ah, 1986; Fodor et ah, 1988b; Pande et ah, 1989; Pande et ah, 

1989; Fahm y et ah, 1991), retinal isomers (Doukas et ah, 1978a; Curry et ah, 

1984; C urry et ah, 1985), and vertebrate pigments (mainly bovine rhodopsin 

[Callender, 1979; Eyring et ah, 1982; Lewis, 1982; Buchert et ah, 1983; Doukas et 

ah, 1984; Birge and Callender, 1987; Palings et ah, 1987; Callender, 1989; Pajares 

and Rando, 1989; Palings et ah, 1989; Morrison et ah, 1991; Pande et ah, 1991; 

Pugh and Lamb, 1993] and its meta product [Doukas et ah, 1978b; Tsuda, 1979b; 

Pande et ah, 1982; Yoshizawa and Shichida, 1982], as well as iodopsin, the 

chicken rhodopsin [Loppnow et ah, 1989; Lin et ah, 1994]). By comparison, we 

know relatively little about invertebrate pigments. Octopus perhaps is one of 

the m ost often studied invertebrate pigments.

There are som e sim ilarities and in teresting  differences in  the 

photochemical behavior of vertebrate and invertebrate pigm ents (Suzuki and 

Callender, 1981; Ohtani et ah, 1988; Koutalos et ah, 1990). In general, both type 

rhodopsins contain 11-czs chromophores and meta products contain the trans 

chrom ophore (Pande et ah, 1987). The bathorhodopsins of both species absorb 

at the sam e frequencies (540 nm  for octopus and 543 nm  for bovine 

bathorhodopsin). Both pigm ent systems absorb the energy of a single photon 

at ca. 55 kcal/m ol, and convert the same fraction of this light energy, some 

60%, to form  the high-energy batho products. On the other hand, there is a 

larger difference between the A-max's °f octopus rhodopsin (A,max = 472) and 

bathorhodopsin  (A,max = 540 nm) in comparison to their bovine counterparts 

(500 and 543 nm, respectively). Additionally, the opsin pocket differs in the 

pigments of the two species as do their photochemical cycles.

Previous w ork has show n that the resonance Raman spectra of the 

vertebrate and invertebrate rhodopsin are very different as are the spectra of 

their two batho products (Pande et ah, 1984; Pande et ah, 1987). In order to
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understand how those differences in spectra relate to chromophore structure, 

a series of resonance Raman measurements of octopus bathorhodopsin were 

perform ed w here the chrom ophores have been isotopically labeled by 

deuterium  at virtually every chromophore hydrogen position individually. 

This has led to an u nderstand ing  of bathorhodopsin 's  HOOP m odes, 

indicating that the (presumably trans) chromophore is twisted differently in 

octopus bathorhodopsin than in bovine bathorhodopsin. This data suggests 

specific active site interactions between chromophore and protein are quite 

different for the two species (Deng et al, 1991a; Deng et al, 1991b).

In  this w ork, we extend these studies. The spectra of octopus 

rhodopsin containing deuterated chromophores are m easured as are those of 

13C labeled chrom ophores in both octopus rhodopsin and bathorhodopsin. 

N orm al m odes are assigned  to peaks based on the isotopic shifts. 

Chrom ophore structure and the interaction between the chrom ophore and 

the protein are also discussed.

IV. EXPERIMENTAL TECHNIQUES 

Photolability Problem and Special Methods

A major difficulty in the m easurem ent of the resonance Raman effect 

in visual pigm ents or model compounds is that they readily isomerize upon 

absorption of a photon. The Raman effect, even for resonance enhanced 

cross-sections, is an extrem ely w eak phenom enon. The chrom ophore 

absorption cross-section of visual pigm ents is about 10'16 cm2/m o l, about 

eight orders of m agnitude larger than the resonance Raman cross-section of 

the m ost intense Raman active mode. It is clear that it is m uch more 

probable for a rhodopsin molecule to absorb light, and thus be effectively 

"destroyed" relative to the original sample, than for it to Raman scatter a
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photon. Special techniques have been developed for obtaining Raman 

spectra of light sensitive samples (Callender, 1982b).

'Pump and Probe' Method

The cen tra l idea  of th is m ethod  is th a t therm al decay of 

b a th o rh o d o p sin  is blocked at low tem peratures, and  three pigm ents 

(rhodopsin, bathorhodopsin  and isorhodopsin) are rapidly interconverted 

under laser irradiation. Their relative concentrations are determ ined at 

equilibrium  by the laser frequency (Hurley et al, 1977). The quantum  yield 

for one species to the other upon  absorption of a photon has been studied 

(Strackee, 1972). Thus a w eak "probe" laser beam is used to produce the 

Raman signal, and a relatively stronger "pum p" laser beam sim ultaneously 

irradiating the sample controls sample composition (Oseroff and Callender, 

1974). Practically, in  these experim ents, resonance Raman m easurem ents 

were perform ed at 80 K in a home-made liquid nitrogen coldfinger, utilizing 

the dual-beam  pum p-probe technique. The regenerated mem branes were 

centrifuged to a thick pellet that was applied to the sam ple tip of the 

coldfinger and then cooled dow n to 80 K. The photostationary mixtures of 

rhodopsin, isorhodopsin, and bathorhodopsin at 80 K are obtained and their 

Ram an spectra taken w ith the "probe" beam (457.9 nm  line from an Ar+ 

laser). The composition of this m ixture can be changed by sim ultaneously 

irradiating the sample w ith a second high-intensity "pum p" laser beam. The 

spectra of various sam ple com positions are then added and subtracted 

appropriately to yield the individual spectra of rhodopsin bathorhodopsin, 

and isorhodopsin. A major advantage of the "pum p-probe" method is that 

the am ount of p igm ent needed for the experim ent is minimal. This is
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especially  crucial for p igm ents contain ing  rare  isotopically  labeled  

chrom ophores.

Flowing Sample

This m ethod measures flowing solution samples contained either in a 

jet stream  (Mathies et a l,  1976) or a capillary tube (Callender et al, 1976) 

passing through the laser beam  w ith a velocity sufficient to insure that any 

given molecule has a low probability of absorbing a photon in the laser- 

sample interaction area.

Kinetics of Mixed Reactants

The time evolution of two reacting systems, for example, the exchange 

of a proton of the protonated Schiff base for a deuteron, can be monitored by 

Raman spectroscopy. Two reactants are mixed rapidly via two jets meeting in 

a mixing chamber. The mixed sample exits through a capillary tube, the exit 

flow speed and the position of the focused Raman exciting laser beam control 

the time at which the reaction is monitored after initialization (Deng, 1987).

Instruments

Ram an spectra are obtained w ith an optical m ultichannel analyzer 

(OMA) system, consisting of a Spex triplemate spectrometer (Spex Industries, 

M etuchen, NJ) and a model DIDA-100 reticon detector connected to a ST-100 

detector controller (Princeton Instruments, Trenton, NJ), which is interfaced 

to a M acintosh II m icrocom puter (Apple Com puter, Cupertino, CA). The 

laser excitation beam is 457.9 nm, allowing a spectral w indow of about 1400 

cm -1 w ith resolution of 8 cm-1 to be detected. The Raman band positions are
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calibrated against the known Raman peaks of toluene and are accurate to ±1.5 

cm -1.
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Figure 1.2: Conformations of various isomers of retinal (X = O), its Schiff

base (X = N), and its protonated Schiff base (X = NH+). (a) all- 

trans ; (b) 13-c/s; (c) 11-czs; (d) 9-cis. Flexible bonds whose 

equilibrium configuration is not planar are indicated by arrows .
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Figure 1.3: The b leaching  sequence of rhodopsin . R hodopsin  and  

isorhodopsin are placed lowest in the figure to indicate they 

have lower free energy than their common photoproducts.
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Chapter 2

EVIDENCE FOR A  B O U N D  WATER MOLECULE NEXT TO THE 

RETINAL SCHIFF BASE IN  BACTERIORHO DO PSIN A N D  

R H O D O PSIN : A  RESO NAN CE R A M A N  STUDY OF THE SCHIFF 

BASE H Y D R O G EN /D EU TER O N  EXCHANGE *

I. ABSTRACT

The retinal chrom ophores of both rhodopsin and bacteriorhodopsin 

are bound  to their apoproteins via a protonated  Schiff base. We have 

em ployed continuous-flow resonance Raman experiments on both pigm ents 

to determ ine that the exchange of a deuteron on the Schiff base w ith a proton 

is very fast, w ith  half times of 6.9+0.9 ms and 1.3±0.3 ms for rhodopsin and 

bacteriorhodopsin , respectively. W hen these results are analyzed using 

standard hydrogen-deuteron exchange mechanisms, that is acid, base or water 

catalyzed schemes, it is found that none of these can explain the experimental 

results. Since the exchange rates are found to be independent of pH, the 

deu terium -hydrogen  exchange can not be hydroxyl (or acid) catalyzed. 

M oreover, the deuterium -hydrogen exchange of the retinal Schiff base can 

not be catalyzed by w ater acting as a base since in that case the estim ated

* Content of this chapter has been published in the Biophysical Journal (Deng, H., L. Huang, R. 
Callender, and T. Ebrey. (1994). Evidence For a Bound Water Molecule Next to the Retinal 
Schiff Base in Bacteriorhodopsin and Rhodopsin: A Resonance Raman Study of the Schiff Base 
H ydrogen/D euterium  Exchange. B io p h y s .  I. 66: 1129-1136).
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exchange rate is predicted  to be orders of m agnitude slow er than that 

observed. The relatively slow calculated exchange rates are essentially due to 

the high pKa values of the Schiff base in both rhodopsin (pKa > 17) and 

bacteriorhodopsin (pKa ~ 13.5). We have also m easured the deuterium - 

hydrogen exchange of a protonated Schiff base model com pound in aqueous 

solution. Its exchange characteristics, in contrast to the Schiff bases of the 

pigm ents, is pH  dependent and consistent w ith the standard base catalyzed 

schemes. Remarkably, the w ater catalyzed exchange, which has a half time of 

16±2 ms and which dom inates at pH  3.0 and below, is s lo w er than the 

exchange rate of the Schiff base in rhodopsin and bacteriorhodopsin. Thus, 

there are two anomalous results, the inconsistency of the observed hydrogen 

exchange rates of retinal Schiff base in the two pigments with those predicted 

from the standard  exchange schemes and the enhancem ent of the rate of 

hydrogen exchange in the two proteins over the model Schiff base in aqueous 

solution. We suggest that these results can be explained by the presence of a 

structural w ater molecule (or molecules) at the retinal binding sites of the two 

pigments, quite close, probably hydrogen bonded, to the Schiff base proton. In 

this case, the rate of exchange can be faster than that found for the model 

com pound due to an 'effective water concentration' near the Schiff base that 

is increased from that found in aqueous solution.

II. INTRODUCTION

Rhodopsin, the protein responsible for sensing light in vision, consists 

of a chrom ophore, the 11-cis isomer of the aldehyde of vitam in A, retinal, 

and the colorless apoprotein, opsin. The chromophore is covalently attached 

by a protonated Schiff base, -C=NH+-, linkage to an e-amino group of a lysine 

in opsin. The absorption of light results in the very rapid photoisomerization



21

of the 11-czs chromophore to a trans form (Schoenlein et al, 1991; Yan et al, 

1991). In this process, about half of the energy of the absorbed photon  is 

converted to chemical energy by form ing a high energy chemical species 

called bathorhodopsin (Honig et al, 1979b). Bacteriorhodopsin (bR), a protein 

located in the cell m em brane of the bacterium , Halobacterium salinarium 

(formerly Halobacterium halobium), has as its chromophore the trans isomer 

of retinal, which is also attached to its apoprotein by a protonated Schiff base. 

The photophysics of the bound chrom ophore is quite similar to rhodopsin, 

although there are differences in detail. For example, the photoconversion of 

bR to K, the prim ary photoproduct analogous to bathorhodopsin, is a trans to 

cis isomerization, takes som ew hat longer, and converts less of the photon's 

energy to chemical energy. This photophysical behavior of rhodopsin and 

bacteriorhodopsin  is very unusual. In contrast to the pigm ents, m odel 

com pounds of protonated Schiff bases of retinal in solution, for example, 

differ in energy by less than a kcal/m ol am ongst their cis and trans forms 

com pared to the about 35 kcal/m ol difference in energy betw een rhodopsin 

and bathorhodopsin (cf., Birge, 1990; Mathies et al, 1991).

For some time it has been supposed that the protein structure around 

the bound retinal, particularly near the protonated Schiff base linkage, is key 

to this remarkable photochemical behavior. Certainly, calculations show that 

the specific arrangem ent of the group or groups that 'solvate' the positively 

charged protonated Schiff base linkage have direct and strong effects on the 

ground and excited states of the chromophore, on the reaction coordinates, 

and on the dynamics of the excitation process (cf., Birge et al, 1988; Birge, 1990; 

M a th ie s  et al,  1991). A lso, it has been supposed  th a t electrostatic 

considerations, the separation of the positively charged protonated Schiff base 

from its putative negative counter-ion or solvating groups, is a major factor
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in the energy storage shown by these pigments (Honig et al, 1979b; Deng and 

Callender, 1987; Birge et al., 1988). H igh resolution structures for rhodopsin 

and  bacterio rhodopsin  w ould  help im m ensely in un d erstan d in g  these 

questions bu t unfortunately none exist.

One m ethod for studying the structure of a group w ith a labile proton, 

like th a t of the p ro to n a ted  Schiff base linkage of rh o d o p sin  and 

bacteriorhodopsin, is hydrogen-deuterium  exchange. Such studies have been 

used extensively to study various properties of proteins, especially protein 

folding (for recent reviews, see Kim, 1986; Englander and Mayne, 1992). The 

standard  reaction m echanism for hydrogen-deuterium  exchange in aqueous 

solution involves acid/base catalysis (cf. Eigen, 1964). For a protonated Schiff 

base, only the base (hydroxyl or w ater acting as base) catalyzed hydrogen 

exchange reaction is significant (see results, below). The hydroxyl catalyzed 

exchange reaction, for example, proceeds via two steps given by the following 

scheme:

  kd
— C N +D  h O H ' ---------------► — c  N  h HDO

kr
— C — —N   + H 20   *-C——  N+H--- H OH'

Scheme 2.1

In some cases the factors w hich influence the exchange rate have been well 

characterized. For exam ple, in studies of am ide hydrogen exchange in 

proteins, a decrease in exchange rate by 2 to 10 orders of m agnitude compared 

to m odel com pounds has been observed and attributed to stronger hydrogen
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bonding of the am ide hydrogen (e. g. in an a-helix structure) a n d /o r  the 

change in the accessibility of the amide to the solvent (Kim, 1986; Jeng and 

Englander, 1991; Englander and Mayne, 1992).

The stretching frequency of the protonated Schiff base, at 1657 cm-1 in 

rhodopsin and at 1640 cm-1 in bR, is easily observed in the resonance Raman 

spectroscopy of these pigments and undergoes a dow nw ard frequency shift of 

32 and 16 cm-1, respectively, upon deuteration. It is thus quite easy to 

determ ine the am ount of either the protonated or deuterated form. The 

hydrogen-deuterium  exchange rate of the retinal Schiff base in bR has been 

previously m easured by continuous flow resonance Raman m easurem ents 

(E h ren b erg  et al, 1980; D oukas et al., 1981). A theoretical analysis of the 

results suggested that the experimentally determ ined exchange time, on the 

order of a few milliseconds or less and independent of pH, is three orders of 

m agnitude faster than the hydroxyl catalyzed reaction and five orders of 

m agnitude faster than the w ater catalyzed reaction (Doukas et al, 1981). On 

the basis of this analysis, a new  reaction mechanism was proposed for the 

hydrogen  exchange reaction. This m echanism  did  not involve pro ton  

dissociation from the protonated Schiff base, but rather consisted of the direct 

exchange of a proton w ith a w ater molecule in a concerted reaction.

We have revisited this problem  here. The time resolution of the 

exchange apparatus has been improved substantially so that we are now able 

to resolve the exchange time for bacteriorhodopsin. The exchange time of 

bovine rhodopsin as a function of pH  has also been determ ined in order to 

explore its similarity or difference w ith bacteriorhodopsin. In addition, we 

have perform ed the hydrogen-deuterium  exchange experiments on a Schiff 

base m odel com pound which was sufficiently stable in aqueous solution so
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that we could quantitatively compare its exchange reaction w ith that of the 

pigm ents.

III. MATERIALS AND METHODS

An aqueous suspension of bR was prepared as previously described 

(Becher and Cassim, 1975) and deuterated by centrifugation and resuspension 

in D2 O. The concentration of the sample was adjusted to about 4 OD at 570 

nm. Before the exchange experiment, the bR sample was light-adapted with 

568.2 nm  laser light from a krypton ion laser for about half an hour. The 

initial pD of bR was about 6.5 (uncorrected pH  meter reading); no buffer was 

used.

Bovine rhodopsin  containing rod outer segm ent m em branes w ere 

prepared (Papermaster and Dryer, 1973), and kept frozen at -60 °C. Just before 

the Ram an experim ents, the m em branes w ere thaw ed and pelleted by 

centrifugation. The pellet was washed with D2 O once and then the rhodopsin 

solubilized w ith 10 mM of the detergent CHAPSO (Boerhinger M annhaim  

Co., Indianapolis, IN) in D2 O. The concentration of the rhodopsin was about 

4 OD at 500 nm. The pD of the rhodopsin sample was 6.5 (uncorrected pH  

meter reading) in the unbuffered solution.

The deu tera ted  Schiff base m odel com pound, 3-m ethyl-2-butene 

butylam ine, (CH3C(CH 3 )=CH-CH=NH+-CH 2 CH 2 CH 2CH 3 ), was prepared as 

follows. 2.5 ml 3-methyl-2-butenal (Sigma Chemical Co., St. Louis, MO) and 

2.8 ml butylam ine (Sigma) were mixed on ice. The reaction mixture, mostly 

unprotonated Schiff base, was then dissolved in 25 ml n-hexane, followed by 

centrifugation to remove the water formed in the reaction. After 2.5 ml of a 

37% aqueous DC1 solution was added to the unprotonated  Schiff base in 

hexane on ice, the m ixture was shaken vigorously for a few m inutes. The
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deuterated Schiff base, separated from hexane by centrifugation, was diluted 

by D2 O to a final volume of about 40 ml and its pD adjusted by NaOD to about 

2.5 (uncorrected pH  m eter reading). The Schiff base hydrolyzed slowly to 

aldehyde at a rate of about 5-10% per hour under these conditions. The time 

required for the D-H exchange experiment was about 2-3 hours, so up to 25% 

of the Schiff base could have hydrolyzed by the end of the experiment.

A mixing chamber was constructed w ith two jets m eeting at a small 

angle (about 15° ), and the mixed sample exited through a 0.5 mm diam eter 

glass capillary at a flow rate of 60 m l/m in . The dead time of the flow 

apparatus, 0.9 ms ±0.3, was calculated from the m easured flow rate and the 

volum e of the flow cell. This dead time was verified by following the 

reaction of potassium  ferricyanide w ith ascorbic acid at pH  8 ( ti / 2  = 6.5 ms; 

Tonom ura et al, 1987), and by the redxiction of 2,6-dichlorophenalindophenol 

w ith ascorbic acid at pH  3 (ti / 2  = 0.65 ms; Tonomura et al, 1987). The error in 

the delay time was mainly from the fluctuation of the pum p flow rate because 

the experim ents allow only a short stabilization time after initiating the 

mixing, due to sample limitations. Therefore, estimated error at longer delay 

times was about 10%, rather than a fixed time.

C ontinuous flow experim ents w ere carried  ou t by m ixing the 

deuterated pigm ents or model compound with 20 fold aqueous solution. For 

bR, the pD value was always kept at 6.5 (uncorrected pH  meter reading), but 

the w ater pH  was adjusted to 2.5, 6.5 or 10.5 in the three sets of D-H exchange 

experim ents for bR. In the pH  6.5 experiment, distilled w ater was used. In 

the pH  jum p experiments from pD 6.5 to pH  2.5 and pH  10.5, 1M NaCl was 

added to the w ater to stabilize the pH  after mixing. In the D-H exchange 

experim ents w ith rhodopsin, the pD value of rhodopsin was kept at pD 6.5 

(uncorrected pH  meter reading), and a dilute phosphate buffer (1 mM) was
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used to stabilize the pH  at 3 or 7, in two separate exchange experiments. The 

following w ere used as the aqueous mixing solutions in the D-H exchange 

experiments of the Schiff base model compound: 1M HC1; 0.1M HC1; 10 mM 

NaCl at pH  2; 10 mM phosphate buffer at pH  2; 10 mM NaCl at pH  3; 10 mM 

phosphate buffer at pH  3; 10 mM formate at pH  4; 10 mM acetate at pH  5; 10 

mM phosphate at pH  6 and pH  6.5.

The resonance Raman spectra of bacteriorhodopsin w ere m easured 

w ith a 530.1 nm line from a krypton ion laser at a power level of 40 mW, and 

those of rhodopsin w ere m easured w ith 488.0 nm  line from an argon ion 

laser at the same pow er level. A cylindrical lens was used to focus the laser 

beam onto the sample so that more laser power could be used to enhance the 

Raman signal w ithout introducing too much sample photolysis. U nder these 

conditions, less than 15% of the bacteriorhodopsin or rhodopsin undergoes 

photolysis (Callender et al, 1976). The Raman spectrum  of the protonated 

Schiff base m odel com pound was m easured w ith 514.5 nm  line from an 

argon laser at a power level of 200-300 mW. All experiments were conducted 

at room tem perature.

The Raman spectra were taken with an optical m ultichannel analyzer 

(OMA) system  consisting of a triplem ate spectrom eter (Spex Industries, 

M etuchen, NJ), a m odel DIDA-1000 reticon detector connected to a ST-100 

de tecto r con tro ller (Princeton Instrum ents, Trenton, NJ), w hich w as 

interfaced to a MAC II computer (Apple Computer, Cupertino, CA). With the 

above laser excitation wavelengths, a spectral window of about 1000 cm-1 with 

resolution of 8 cm-1 could be detected. The Raman band positions were 

calibrated against the known Raman peaks of toluene and are accurate to ±2 

cm -1.
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IV. RESULTS

B a c te r io r h o d o p s in .  Resonance Ram an spectra of d eu te ra ted  

bacteriorhodopsin (Figure 2.1) were obtained at various delay times after 

m ixing w ith  a 20-fold excess H 2 O at pH  6.5. Also shown in Figure 2.1 are 

bacteriorhodopsin spectra in D2 O and H20, respectively. The intensity of the 

protonated Schiff base, C=NH+, stretch mode at 1640 cm-1 increases w ith delay 

time while the deuterated, 1624 cm-1, C=ND+, stretch band decreases w ith 

delay time. Since there was a 20-fold excess of H 2 O over D2 O after mixing, the 

D-H exchange reaction should depend little on the concentration of water. 

We assum e below that the reactions approximately follow first order reaction 

kinetics. At a delay time, t, after mixing, the intensity, I(t), of the protonated 

Schiff base C=N stretch band at 1640 cm-1 and the deuterated Schiff base C=N 

stretch band  at 1624 cm-1 can then be expressed by the following two 

equations:

The m axim um  intensities, Ii640 and Ii6 2 4 / are obtained from the spectra of 

bacteriorhodopsin in H 2 O and D2 O, respectively. Taking the ratio of Ii64o(t) 

and Ii6 2 4 (t)/ it can be shown that:

W 0  =  / , «  o d - e - 1' ) (1)

and

(2)

l n [ A 624 - - W 0  +  =
(3)
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Figure 2.2 shows a plot of the left hand side of eq. 3 versus t. The 

biggest problem  w ith determ ining the accuracy of the peak intensities has to 

do w ith the determ ination of the background levels. All the spectra contain a 

slop ing  background. This has been rem oved by approxim ating  the 

background as a straight line and assuming that the Raman intensity is zero 

at 1470 and 1720 cm-1. The latter value is perfectly justified since it is known 

that no Raman intensity (apart from very small overtone bands) lies in this 

region (see e.g. Callender et al., 1976; Aton et al., 1977). There is no Raman 

structure at or near 1470 cm '1 as well so this value seems well justified as 

well. In addition, the accuracy of each data point has been im proved by 

com paring each spectrum  in Figure 2.1 w ith a series of resonance Raman 

spectra of bacteriorhodopsin in solution with different D2 O /H 2 O ratios, which 

were m easured in separate experiments. These controls employed the same 

samples so that their backgrounds are the same as those found in the kinetic 

m easurem ents. Thus, only a m atching of the relative peak heights of a 

particu lar kinetic experim ent w ith the control series is needed, and this 

m inim izes the problem  of am biguity of the position of the background. 

Using a non-linear least square fitting procedure, these data are adequately fit 

to a linear function, which has been plotted in Figure 2.2. However, the data 

points in Figure 2.2 appear to deviate from first order kinetics at the later time 

points. A fit to a second-order function also yielded satisfactory results, but 

the errors in the data points are such that it is not possible to determ ine 

w hether the kinetics are first or second order (note estimated error bars in the 

Figure). The am biguity in the value of the background is the essential 

determ inant in the error in the data points along the y axis. The accuracy of 

the data points along the x-axis in the plot is limited by the fluctuations in 

pum p velocity (see Methods) yielding a ± (0.3 + (t - 1)®10%) ms of the time
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value. The rates quoted below arise from calculating the slope of the best 

straight line fitted to the data of Figure 2.2. Values of t i / 2  can be calculated 

from this rate. Also, t i / 2  is the time at which half exchange occurs and this 

can be also determ ined from a comparison of the series of kinetic runs (Figure 

2.1) w ith the spectrum  of bacteriorhodopsin in a 50-50 m ixture of H 2 O and 

D 2 O in a steady state m easurement. Since the baseline is the same for the 

kinetic runs and the steady state run, a com parison only of relative peak 

heights in the raw spectra is required. We estimate that the accuracy of the 

half-times obtained in this way is probably more accurate than that obtained 

from the calculated rate, and is limited by the uncertainty in the pum p flow 

rate. In any case, the t i / 2  values obtained from either m ethod agree w ithin 

our estim ated errors.

The first order exchange reaction rate thus obtained was k=530 s_1, and 

a half time of t i / 2  = 1.3 (±0.3) ms. A similar analysis, perform ed on data 

obtained in D-H exchange experiments w ith a pH  jump from either pD 6.5 to 

pH  2.5 or to pH  10.5, yielded exchange rate constants of 460 s_1 ( t i / 2 =1 .5 ± 0 . 4  

ms) and 440 s_1 (1.6+0.4 ms), respectively. Therefore, there is no obvious pH 

dependence of D-H exchange rate of the retinal Schiff base hydrogen in bR.

The pH  independent nature of the D-H exchange reaction in bR has 

been observed previously (Ehrenberg et al., 1980; Doukas et al., 1981). The 

reaction tim e constant obtained here is consistent w ith  the latter (who 

reported kinetics had t i / 2  less than 3.0 ms, the instrum ent deadtim e in that 

report) bu t is about 3 times faster than the former (who reported a ti/2=4.7 ms 

exchange tim e). We found tha t u n d er conditions favoring p ro te in  

aggregation (very high salt concentration a n d /o r  repeated usage of the 

sample) the D-H exchange time was slowed by about 2 to 4 times (data not 

shown).
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R h o d o p s in .  Figure 2.3 shows the resonance Ram an spectra of 

rhodopsin  in D2 O at various delay times after mixing w ith 1 mM phosphate 

buffer at pH  3. The band at 1657 cm-1 and at 1625 cm-1 have been assigned to 

the protonated and deuterated Schiff base C=N stretch mode, respectively. As 

in the D-H exchange experiments of bR, the intensity of the 1657 cm-1 band 

increases, and that of the 1625 cm-1 band decreases w ith the delay time. A 

similar analysis as that used for bacteriorhodopsin is shown in Figure 2.4 and 

yields a pseudo first order reaction rate of k= 120 s"1 ( ti / 2  = 5.8+0.8 ms) at pH 3 

and k=100 s '1 ( t i / 2  = 6.9±0.9) ms at pH  6.5. Thus, the kinetics, like those of 

bacteriorhodopsin, show no pH  dependence over this range.

M odel Schiff Base. Retinal Schiff bases w ould be the ideal model; 

however, these are quite unstable in aqueous solution (hydrolyzing very fast 

to the aldehyde). Therefore, we have turned to m easurem ent of 3-methyl-2- 

bu tene butylam ine, w hich is just stable enough for m easurem ent. The 

chem istry of this com pound is very similar to that of a retinal Schiff base, 

being a polyene joined to an alkane group via the -C=NH+- linkage. Most 

im portant, the pKa of 3-methyl-2-butene butylamine and a retinal Schiff base 

are virtually the same (Favrot et al., 1978; see below). In Figure 2.5, Raman 

spectra taken of 3-methyl-2-butene butylam ine in D2 O are shown at various 

delay times after mixing w ith H 2 O. In series A, the deuterated Schiff base in 

D2 O was mixed w ith a 20 fold excess of 10 mM phosphate buffer at pH  3. In 

series B, the same sample was mixed w ith 20 fold excess 10 mM NaCl at pH  3. 

Up to three bands are observed in these spectra. The spectrum  in H 2 O 

contains the protonated Schiff base band, C=NH+ stretch, at 1672 cm '1 (top 

spectrum  of panels A and B) and also contains a band at 1629 cm '1 which can 

be assigned to the butene C=C stretch. The spectrum in D2 O is dom inated by 

the in-phase com bination of the C=C and C=ND+ stretches at 1647 cm '1
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(bottom spectrum  of panels A and B). The delay time spectra, however, are 

also complicated by the presence of hydrolyzed aldehyde product, 3-methyl-2- 

butenal, whose spectrum  contains strong bands at 1630 and 1650 cm-1 (data 

not shown). We have estim ated that up to 25% of the m odel protonated 

Schiff base may form hydrolyzed product within the two to three hour time 

period required to obtain the delay time data (see Materials). Therefore, in the 

Ram an spectra taken after m ixing, the band intensity  at 1647 cm -1 is 

significantly higher than the expected C=N stretch band intensity. After 

correction for this artifact, the data was analyzed as above, and the exchange 

time as a function of pH  is plotted in Figure 2.6.

It is evident from the data in Figure 2.5, by comparing the data in series 

A (w ith buffer) w ith the no buffer conditions of series B, that the D-H 

exchange reaction of the Schiff base m odel com pound was not affected 

significantly by the presence of buffer at pH  3.0. Similar results were found 

for m easurem ents performed for pH  values less than 3.5. However, the pH  of 

the m ixed sam ple could not be reproducibly m easured w hen the buffer 

concentration was lower than 10 mM at pH  higher than 3.5. We believe that 

the observed exchange rate for pH>3.5 likely contains a component of buffer 

catalysis (see below).

The three standard mechanisms for hydrogen exchange involve acid, 

base or w ater catalyzed reactions. Thus, the pH  dependent total exchange 

reaction rate k, can be expressed by the following equation:

k=kH[H+] + kOH[OH-] + kw [H20] (4)

w here kn and koH are the second order acid and base catalyzed exchange rate 

constant, respectively. k'w = kw [H20 ] is the water catalyzed exchange rate and 

is independent of pH. Buffer in general may also contribute to the exchange
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reaction (cf. Eigen, 1964; Englander et al., 1972). Fitting the data in Figure 2.6 

to equation (4) yields: koH = 1.1 *1012 and k'w = 43 s-1; kn is negligible in

the pH  range of our study. A general expression to estimate the second order 

rate constants, k(n, OH, w) on the right side of equation (4) is given by the 

following equation (Englander et al, 1972):

k(H, OH, w) = kr [1 0 ApKs / ( i 0 ApKs + 1 )] (5)

w here ApKs is equal to the pKa of proton acceptor (e.g. OH“) m inus that of 

proton donor (e.g. the Schiff base). The recombination rate constant, kr (see 

Scheme 2.1), is limited to the maximum diffusion rate, which is of the order 

of 1010-101:L M ^ s '1 (Eigen, 1964). The pKa of our Schiff base model com pound 

is about 7 (Favrot et al., 1978), very close to that of retinal Schiff bases (Sheves 

et al., 1986). Using this and pKa(H 20) = -1.7 and pKa(OH") = 15.7 and the 

lim iting value of kr < 1010-1 0 1:L M 'is"1, we find that k 'w and koH  are 

constrained so k'w < 103-104 s_1 and koH <1010-1011 IVHs"1. The observed k'w 

of 43 s '1 is well below this upper limit and therefore consistent w ith  the 

conventional reaction mechanism. How ever, the experim entally derived 

value of k o H = l-l* 1 0 12/ is one to two orders of m agnitude higher than the 

estim ated limit. For this reason, we believe that the observed exchange rate 

in Figure 2.6 above pH  3.5 m ay have a contribution from buffer catalysis and 

that this effect is masking the true value of koH-

V. DISCUSSION

The m easured H-D exchange time constants for bacteriorhodopsin ( ti / 2  

= 1.3+0.3 ms) and for rhodopsin ( ti / 2  = 6.9+0.9 ms) are very fast, and the rates 

are essentially independent of pH  over the range of our m easurem ents. As 

we have show n previously for bacteriorhodopsin (Doukas et al., 1981), these
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fast exchange tim es cannot be explained using standard  base catalyzed 

m echanism s involving either O H ' or the general base H 2 O (see Scheme 2.1). 

An upper bound on the OH ' catalyzed reaction rate is given by koH- = kr[OH'], 

w here the recom bination rate is limited by diffusional encounters w ith the 

protonated Schiff base, i.e. kr < lO ^-lO 11 M"1s '1 (Eigen, 1964). At pH  3, the 

low est pH  studied  for rhodopsin, and at pH  2.5, the lowest value for the 

bacteriorhodopsin  experim ents, the use of the diffusion controlled upper 

bound for kr yields an exchange time no faster than 1-10 s, some three orders 

of m agnitude slower than the observed rates in the two proteins. Moreover, 

a OH" catalyzed reaction is pH  dependent while that observed for the two 

pigm ents is not. Thus neither rhodopsin 's nor bacteriorhodopsin’s Schiff 

base exchange reaction is base (or acid) catalyzed.

Although the standard mechanism for a w ater catalyzed reaction is pH 

independent, it can also be excluded. In this case, Eq. 5 collapses to the 

fam iliar form of a pseudo first order deprotonation rate, k 'w=kw[H 2 0 ], as 

given by k 'w = k r 1 0"P K a . Again an upper limit of k'w can be determ ined once 

the pKa of the Schiff base is known by taking a diffusion rate limiting value 

for kr. The pKa of the Schiff base, as complexed in the retinal binding site of 

the tw o proteins, is 13.5 for bacteriorhodopsin (D ruckm ann et al., 1982; 

Sheves et al., 1986) and may be as high as 17 in rhodopsin (Steinberg et al, 

1993). Using a pKa value of 13.5 and k r <  1 0 10-1 0 1:l M"1s"1, then k'w < 3xl0 '3 s '1 

or t i / 2  >230 s. The observed exchange time is five orders of m agnitude faster 

than this estim ated upper limit. And the use of the pKa appropriate for 

rhodopsin obviously yields an even slower upper limit of the exchange time, 

on the order of 10"5 or less, or t i / 2  > 7xl04 s. On the other hand, similar 

analysis of the model Schiff base yield an upper limit of the w ater catalyzed 

exchange rate of 103 s '1 , entirely consistent with the observed value, which is
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43 s '1 . We therefore conclude that neither hydroxyl nor water based catalyzed 

reactions can explain the fast exchange times observed for the Schiff base 

proton in bacteriorhodopsin and rhodopsin.

We em phasize that at pH  2-3, the hydrogen exchange rate in rhodopsin 

(120 s '1) and bR (460 s"1) is h igher than that of the model com pound at the 

same pH  (43 s"1 ), where the water based catalysis dominates the exchange in 

solution. This observation is in clear contrast w ith all previous studies on 

the exchange of protein amide hydrogens. Compared to model amides, it was 

found that the am ide hydrogen exchange rate in proteins can be delayed 

substantially  by hydrogen bonding  (Kim, 1986; Englander and M ayne, 

1992,Jeng and Englander, 1991) or virtually elim inated by a hydrophobic 

pocket (Maeda et al, 1992). The real enhancement of the Schiff base deuteron 

exchange w ith w ater in these two pigments m ust be enormous because it has 

no t only overcom e the delays caused by possible p ro te in  dependen t 

mechanisms, bu t also the unfavorable pKa increase of the Schiff base.

A plausible explanation for the rate enhancement of the Schiff base H- 

D exchange in rhodopsin and bR is that there is a water molecule next to the 

Schiff base hydrogen which is well oriented and positioned for the reaction. 

The rate acceleration induced by the proper positioning of the reactants 

should  be sim ilar to that observed in a m onom olecular enzym atic or 

interm olecular reaction compared to a bimolecular reaction. In bimolecular 

reactions, the transition state of the reaction is necessarily m onomolecular, 

therefore three translational and up to three rotational degrees of freedom are 

lost, w hich corresponds to a large entropy loss and contributes to the 

transition barrier of the reaction in solution. However, w hen the reactants 

are bound together by an enzym e or joined by a chemical bond before the 

reaction occurs, the entropy loss will not contribute to the transition barrier of



35

the reaction (but to a barrier of a non rate limiting step, such as the diffusion 

of the w ater molecule to the Schiff base in rhodopsin or bR) and substantial 

rate enhancements can then be achieved (Page and Jencks, 1 9 7 1 ). It has been 

show n that such entropic effects can contribute to a rate enhancem ent of up 

to lC)6-5 (cf. Page and Jencks, 1971).

The proposed water molecule can be constrained to the proper position 

by hydrogen bonding to protein residues a n d /o r to the retinal Schiff base. A 

num ber of studies poin t tow ards to the conclusion, w ith  m ore or less 

certainty, that a w ater molecule or molecules are at the b ind ing  site of 

rhodopsin and bacteriorhodopsin, some suggesting that the putative w ater 

molecule is hydrogen bonded directly to the protonated Schiff base linkage. 

For example, rhodopsin (Rafferty and Schchi, 1 9 8 1 )  and bacteriorhodopsin 

(Hildebrandt and Stockburger, 1 9 8 4 ) have been shown to undergo substantial 

changes in their respective absorption maxima upon dehydration; for both 

p igm ents the changes in absorption m axim a are fully reversible upon  

rehydration. Since the position of the absorption maxima of these proteins is 

quite sensitive to the binding arrangem ent at the protonated  Schiff base 

linkage, varying strongly w ith  the nature of the hydrogen bond of the 

apoprotein to the Schiff base proton and with nearby charges, such behavior 

has been taken to suggest that water forms part of the structure of the binding 

site. Birge and co-workers have perform ed extensive semi-em pirical and 

quan tum  m echanical calculations m odeling the results of two pho ton  

spectroscopy  (Birge and  Zhang, 1 9 9 0 )  and kinetics of the p rim ary  

photophysical event of these pigments (Birge et al, 1988 ; Birge, 1 9 9 0 ). In order 

to satisfactorily m odel these results and a num ber of the spectroscopic 

properties of the binding site, they have found it necessary to place a w ater 

molecule at the binding site, hydrogen bonded to the Schiff base proton.
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Finally, the position of the protonated Schiff base, C=NH+ stretch, frequency 

and its change upon deuteration of the pigm ent and the Schiff base suggest 

that a w ater molecule interacts strongly w ith the protonated Schiff base. In 

bacteriorhodopsin, the w idth  of the observed C=NH+ stretch is relatively 

broad for this band and narrow s considerably upon deuteration of the protein 

(see e.g. Figure 2.1). This w as interpreted by H ildebrandt and Stockburger 

(H ildebrandt and Stockburger, 1984) as arising from a vibrational energy 

exchange transfer between the C=NH+ stretch, which lies at 1641 cm-1, and the 

bending  m ode of H2 O, which lies at 1635 cm-1. This coupling is largely 

abolished w hen H 2 O is replaced by D2 O since the D2 O bend lies at 1205 cm-1 . 

This type of coupling is a short range effect so that this analysis places a w ater 

molecule very close to the protonated Schiff base. In rhodopsin, the shift in 

frequency between the protonated C=NH+ stretch and the deuterated C=NH+ 

stretch, some 32 cm-1, is generally believed to imply a strong hydrogen bond 

to the imine proton of the protonated Schiff base (Bagley et al., 1985; Deng and 

Callender, 1987; Palings et al., 1987). What is unusual is that this large isotope 

shift decreases either very slightly or not at all upon the photochem ical 

formation of the prim ary photoproduct, bathorhodopsin. This suggests that 

the strength of the hydrogen bond is largely unaffected despite the photo­

isom erization of the bound retinal chrom ophore that takes place in the 

rhodopsin (an 11-czs chromophore) to bathorhodopsin (a trans chromophore) 

transform ation. This despite the fact that the photoisom erization w ould 

cleave a putative salt bridge between the protonated Schiff base and a negative 

counter-ion and despite the rather large red shift in absorption m axim um  

that distinguishes bathorhodopsin from rhodopsin. One way of explaining 

such results is that a water molecule is hydrogen bonded between the Schiff 

base and its counter-ion in rhodopsin and that this molecule and its hydrogen
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bond follows the retinal chrom ophore during photoisom erization (Deng and 

Callender, 1987; Birge et al., 1988).

A ssum ing that a w ater molecule is at the binding site of the two 

pigm ents and hydrogen bonded to the Schiff base imine proton, the rate of H- 

D exchange can be cast as the sum of two physically distinct steps. The first is 

the rate of diffusion of water to the Schiff base site and binding of this w ater 

m olecule to the p roper position. The second step is the rate at w hich 

hydrogens of the structural w ater molecule exchange w ith the Schiff base 

hydrogen. O ur current results can not distinguish which of the two steps is 

rate lim iting, although there is some hint that the diffusion of the w ater 

molecule to the Schiff base may be rate lim iting due to the fact that the 

exchange tim e in  b ac te rio rh o d o p sin  slow s dow n som ew hat u n d e r  

experim ental conditions w here the protein  aggregates. H ow ever, m ore 

experim ents, such as kinetic isotope effect of the hydrogen  exchange 

experiments, are needed for such a conclusion.

Finally, the exchange results of this w ork bear on recent titration 

studies of rhodopsin which suggest that the pKa of the protonated Schiff base 

linkage in rhodopsin is greater than 17 (Steinberg et al., 1993). Given that the 

pK a of m odel retinal Schiff bases are around 7 in solution, an increase of 10 

pH  units is a remarkable if not a spectacular result. However, the analysis of 

the titration studies assum ed explicitly that the binding site is accessible to 

water. Clearly, the results presented here show that the Schiff base binding 

site is quite accessible to aqueous solvent. In fact, if the m olecular model 

presented here is correct, the diffusion of water to the Schiff base binding site 

in rhodopsin and bacteriorhodopsin occurs on the millisecond time scale (or 

faster).
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Figure 2.1: Resonance Ram an spectra of bR at various delay times after

mixing the bR sample in D2 O with 20 fold excess of H 2 O at pH 

6.5. The spectra of bR in H 2 O and D2 O are also show n for 

comparison. The spectra were obtained w ith 530.1 nm  laser line 

from a krypton laser at a pow er level of 40 mW; a cylindrical 

lens was used to reduce sample photolysis while m aintaining 

efficient Raman scattering. The spectra had a resolution of 8 cm- 

1,
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Figure 2.2: Kinetic p lo t of the deuterium -hydrogen exchange of the Schiff

base nitrogen of bacteriorhodopsin w ith a jum p from pD 6.5 to 

pH  6.5 (solid circle), to pH  2. 5 (open square), and to pH  10.5 

(open circle). The straight line is a linear fit of the data obtained 

at pH  6.5. Ii640 and Ii624 are the band intensities (relative to the 

C=C stretching band intensities) of protonated and deuterated 

Schiff base, respectively, in the resonance Raman spectra of bR in 

H 2 O and D2 O. Ii64o(t) and Ii624 (t) are the band intensities of 

protonated and deuterated Schiff base of bR, respectively, as a 

function of time after mixing.
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Figure 2.3: Resonance Raman spectra of rhodopsin at various delay times

after mixing the rhodopsin sample in D2 O (dissolved w ith  10 

mM CHAPSO) at pD 6.5 (pH meter reading) with 20 fold excess of 

H 2 O at pH  3. The spectra of rhodopsin in H 2 O and D2  O are also 

show n for comparison. The spectra were obtained w ith 488.0 

nm  laser line from an argon laser at a pow er level of 40 mW; a 

cylindrical lens w as used to reduce sample photolysis. The 

spectra had a resolution of 8 cm_l.
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Figure 2.4: Kinetic plot of the deuterium -hydrogen exchange of the Schiff

base nitrogen of rhodopsin with the jump from pD=6.5 to pH  6.5 

(solid circle), or to pH  3 (open square). The straight line is a 

linear fit of the data obtained at pH  6.5. lie57 and Ii625 are the 

band intensities (relative to the C=C stretching band intensities) 

of protonated and deuterated Schiff base, respectively, in the 

resonance Raman spectra of rhodopsin in H 2 O and D2 O. I i6 5 7 (t) 

and I i6 2 5 (t) are the band intensities of protonated and deuterated 

Schiff base of rhodopsin, respectively, as a function of time after 

mixing.
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Figure 2.5: Ram an spectra of Schiff base m odel com pound (3-methyl-2-

butene butylam ine ) at various delay times after m ixing the 

Schiff base in D2 O at pD 2.5 (pH meter reading) w ith 20 fold 

excess of H 2 O at pH  3 in the presence of 10 mM phosphate (series 

A) and 10 mM NaCl (series B), respectively. The spectra of the 

com pound in H 2 O and D2 O are also shown for comparison. The 

spectra w ere obtained w ith 514.5 nm  laser line from an argon 

laser at a power level of 200 mW, w ith a resolution of 8  cm~l.



48

(A) 10 mM phosphate buffer (B) 10 mM NaCI

o) ©  K

CD CD
i— i

80ms80ms

40ms 40ms

20ms 20ms

11ms11ms

6.0ms

1.0ms1.0ms

DaO

1600 1700
cm '1

1600 1700
cm



49

Figure 2.6: The pH  dependence of D-H exchange rate of the Schiff base

m odel com pound. The exchange rates (k) are obtained by the 

linear curve fitting procedure outlined in the legend of Figure 

2.2 at various pH s (shown as solid circle). The line is a curve fit 

of equation 4 to the data points (less the pH  = 0 point).
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Chapter 3

VIBR A TIO N A L ANALYSIS OF A RETINAL PRO TO N ATED  

SCHIFF BASE ANALOG*

I. ABSTRACT

A vibrational analysis of a retinal protonated Schiff base analog has been 

conducted by Raman m easurem ents on this Schiff base and its isotopically 

labeled derivatives, and by calculations using ab initio methods. The calculated 

Raman spectra of the model and its isotopically labeled derivatives are in good 

agreem ent w ith the experimental data. Based on comparisons betw een the 

calculated Raman spectra of C=N syn and C=N anti Schiff base, a num ber of 

criteria to determ ine the Schiff base C=N configuration from  Ram an 

spectroscopy are developed. Two of these criteria have been previously 

proposed on the basis of em pirical or semi-em pirical calculations. The 

agreement between experiment and calculations suggests that ab initio methods 

are reliable enough to interpret the vibrational spectra of retinal protonated 

Schiff bases in various configurations and environments.

II. INTRODUCTION

* The content of this chapter has been published in the Journal of Physical Chemistry (Deng, H., 
L. Huang, M. Groesbeek, J. Lugtenburg, and R. H. Callender. (1994). Vibrational Analysis of a 
Retinal Protonated Schiff Base Analog. JPC 98: 4776-4779)
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Retinal isomerization reactions are functionally im portant in the proton 

pum p cycle of bacteriorhodopsin (bR) and in the bleaching sequence of 

rhodopsin. Different models of retinal Schiff base isomerization reactions in 

rhodopsin and bR after absorbing a photon have been proposed (Warshel and 

Barboy, 1982; Liu and Asato, 1985; Tavan and Schulten, 1986; Fodor et a l, 1988a; 

Palings et al., 1989; Grossjean et al., 1990; Zhou et al., 1993). For example, there are 

two suggestions on the configurational changes of the retinal Schiff base in bR 

upon absorbing a photon, one is from all-trans in bR to 13-czs in K, the first 

photoproduct, and other is from all-trans to 13,14-dz'czs (Fodor et al., 1988a Zhou et 

al., 1993). Interestingly, each of them appears to be consistent w ith certain 

experim ental and theoretical studies. This is due to the fact that much of the 

experimental observation on the photoproduct of bR at the atomic scale are from 

vibrational spectroscopy, such as resonance Raman and FTIR, and theoretical 

analyses of the data have not achieved an agreed conclusion despite extensive 

vibrational analyses of the retinal Schiff base of a large amount of data from 13C 

and deuterium  labeled retinal Schiff bases, either free in solution or bound to 

pigments, which have been used to determine the conformation and double bond 

configuration of the retinal protonated Schiff base (RPSB) and its interactions 

w ith its protein environment (Smith et al., 1984; Curry et al., 1985; Smith et al., 

1985b; Tavan and Schulten, 1986; Deng and Callender, 1987; Smith et al., 1987; 

Smith et al., 1987; Fodor et al., 1988a; Gilson et al, 1988; Ames et al, 1989; Palings 

et a l, 1989; Grossjean et al, 1990; Cromwell et al, 1992). Most analyses involve 

the use of Wilson FG method which relies heavily on empirical parameterization 

for each conformation or configuration of RPSB. Although this approach can 

provide the most accurate normal mode assignments to the vibrational spectrum 

of a Schiff base w ith  a fixed configuration, it has rather lim ited value in 

predicting an unknow n structure a n d /o r  external perturbation from a given
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vibrational spectrum . Partly  to overcome this lim itation, semi-em pirical 

quantum  chemical methods, such as M INDO/3 and MNDO, have become more 

widely used (Tavan and Schulten, 1986; Fodor et al., 1988a; Gilson et al., 1988; 

G rossjean et a l, 1990; Cromwell et al., 1992). These m ethods are capable of 

predicting values of force constants of a molecule w ith unknown structures and 

the changes of these force constants upon external perturbations. While the 

calculated normal modes, which can be evaluated by their frequencies and shifts 

upon isotopic labeling, are fairly good in some cases, they are rather poor in 

others, as has been shown before and will also be shown below.

In this paper, we probe the possibility of interpreting the vibrational 

spectra quantitatively by ab initio methods. This is done by performing ab initio 

and sem i-em pirical calculations on a protonated Schiff base (PSB) m odel 

com pound (Scheme I; shown in the C=N anti configuration) with either C=N anti 

or C=N syn configuration and the accuracy of the theories is evaluated against 

Raman data of the model. This model is small enough so that calculations are 

feasible and yet retains many of the molecular features which, as a first step, 

allow the prediction of spectral changes with regard to the various configurations 

of RPSB. Besides, the configuration about the C=N bond of RPSB in pigments 

bears on a num ber of im portant pigm ent properties, including pigm ent color 

regulation and the dynamics and efficient conversion of light to chemical energy 

that occurs in the prim ary photophysical step (Smith et al., 1984; Tavan and 

Schulten, 1986; Fodor et al, 1988a; Ames et al, 1989; Cromwell et a l, 1992; Livnah 

and Sheves, 1993). This is so because the charge distribution associated with the 

protonated Schiff base moiety and its environment is key to these issues (Honig 

et a l, 1979a; Honig et al, 1979b; Birge, 1990). On the basis of our results, three 

experim ental criteria are found which may be used as 'fingerprints' in the 

vibrational spectra of RPSB's for the C=N bond configuration. These criteria are
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compared with those obtained in previous studies (Smith et al, 1984; Smith et al, 

1987; Fodor et al, 1988a; Ames et al, 1989; Cromwell et a l, 1992; Livnah and 

Sheves, 1993).

III. RESULTS AND DISCUSSION

Figure 3.1 shows the Raman spectra of the PSB m odel and several 

isotopically labeled derivatives in aqueous solution. Most of the major bands 

observed in Figure 3.1A can be readily assigned on the basis of their isotopic 

shifts upon 13C, 15N or deuterium  labeling. For example, the strong band at 1684 

cm -1  is assigned to C=N stretch based on its 20 cm -1 shift w hen the Schiff base 

nitrogen is labeled by 15N (Figure 3.1C). The 1632 cm ' 1 band, which is sensitive 

to the 13C labeling (Figure 3.1E), but not to 15N labeling (Figure 3.1C), is assigned 

to the C=C stretch mode. When the PSB nitrogen is deuterated, the C=N stretch 

mode at 1684 cm -1 shifts dow n to 1657 cm -1 due to its decoupling from the ND 

rock motion (Figure 3.IB). The 1497 cm ' 1 band in Figure 3.1A is assigned to the 

NH  rock based on its disappearance upon Schiff base deuteration. The 1378 cm ' 1 

band is very sensitive to the deuterium labeling on C15 , and thus can be assigned 

to the combination of C14H /C 1 5 H rocks. In 15D labeled Schiff base spectrum 

(Figure 3.1G), the 979 cm ' 1 band is assigned to C1 5D rock, and the band at 1351 

cm -1 is assigned to the C1 4H rock. Finally, the band at 1232 cm ' 1 can be assigned 

to the C 14-C1 5  stretch based on its 13 cm -1 shift w hen both C1 4  and C1 5  are 

labeled w ith 13C (Figure 3.IE). It is interesting to note that upon Schiff base 

deuteration, this band apparently shifts up 15 cm -1 to 1247 cm"1 (Figure 3.IB), 

which also contains significant C14-C15 stretch as shown by its 10 cm ' 1 shift in the 

spectrum of doubly 13C labeled, deuterated Schiff base (Figure 3.IF).

Previous NMR studies on RPSB have shown that the chemical shift of the 

C 1 5 H proton is sensitive to C=N configuration: its chemical shift is >8.5 ppm
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w hen C=N is syn and <8.5 ppm  when C=N is anti. (Livnah and Sheves, 1993). 

The NMR spectrum of our PSB model compound in D2 O shows only one peak at 

8.15 ppm  in this region (data not shown). This indicates that PSB in aqueous 

solution has only one C=N configuration, and the C1 5H chemical shift suggests 

that the configuration is anti.

Figure 3.2 shows the calculated Raman spectra of fully optim ized C=N 

anti PSB complexed w ith a chloride ion (Scheme I) at the ab initio HF/6-31g** 

level. Raman spectra of C=N anti PSB hydrogen bonded w ith a water molecule 

were also calculated (data not shown). It can be seen that the deviations of the 

calculated Raman frequencies are often significant from the experimental set 

(about 20 cm -1  after an uniform reduction of the frequencies by a factor of 0.9). 

On the other hand, the calculated isotopic shifts and Raman intensities of the 

major bands are in reasonable agreem ent w ith the experim ental data. For 

example, the calculated shifts of C=N and C=C stretches upon 1 5 N; 14,15-13C; 

and 15D labeling are all within 5 cm -1 or less of the observed shifts (Spectra A, C, 

E, G in Figure 3.1-2). The calculated C=N stretch shift upon nitrogen deuteration 

is 33 cm 'l (Figure 3.2B), which is somewhat larger than the observed 27 cm-1 shift 

(Figure 3.IB). This is because the calculation w ith the 6-31g** basis set over 

estimates the C=N stretch frequency more than the C=C stretch frequency so that 

the difference between C=N and C=C stretch is too large. Thus upon Schiff base 

deuteration, the calculated coupling between C=C and C=N stretches, which will 

push up  the C=N stretch somewhat, is underestimated. In this particular case, 

better results w ere obtained w ith  3-21g basis set (data not shown). O ur 

calculations also suggest that in the deuterated Schiff base, the C=N stretch 

couples strongly w ith C=C stretch to form a strongly Raman allowed in-phase 

mode and a weakly Raman allowed out-of-phase mode.
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The calculations predict that the intense band at 1378 cm -1 in Figure 3.1A 

is the C1 4H /C 1 5H out of phase rocking mode. Upon 15D labeling, the C1 4 H rock 

becomes slightly coupled with the NH rock according to our calculation, forming 

a m ode at 1349 cm-1, 36 cm-1 below the out of phase C14H /C 1 5 H rock of the 

unlabeled Schiff base (compare Figure 3.2G with 2A). This C1 4H rock shifts up 

by 11 cm -1  upon additional deuteration of the Schiff base nitrogen (Figure 3.2H). 

These results are in reasonable agreement with our Raman experiments, in which 

the observed C 1 4 H rock in 15D PSB is at 1350 cm-1, 28 cm ' 1 below  the 

C 1 4H /C 1 5H out of phase rock mode (compare Figure 3.1G with Figure 3.1 A), and 

it shifts up  by 6  cm -1 w ith further ND labeling (Figure 3.1H). The calculations 

predict that the C 1 5D rock, which is observed at 978 cm -1 (Figure 3.1G), will shift 

up by 9 cm -1 upon further ND labeling (compare Figure 3.2G with 2H) due to its 

coupling w ith ND rock. The observed shift of this mode is 12 cm -1 (Figure 3.1H).

Upon 14,15-13C labeling, the predicted down shift of the C 14-C15  single 

bond stretch mode, observed at 1232 cm ' 1 (Figure 3.1A), is 8  cm ' 1 (compare 

Figure 3.2E with 2A), compared with the observed shift of 13 cm ' 1 (Figure 3.IE). 

The predicted shift of this mode upon Schiff base nitrogen deuteration is 19 cm-1, 

which is due to its decoupling with NH rock (Figure 3.2B). The observed shift of 

this mode is 15 cm -1 (Figure 3.IB). Upon 15D labeling, the observed upw ard shift 

of the C 1 4 -C15  stretch mode is 25 cm-1 (Figure 3.1G), and the predicted shift of 

this mode is 14 cm ' 1 in PSB-chloride complex (Figure 3.2G) but is 29 cm ' 1 in PSB- 

w ater complex (data not shown). These results suggest that this mode is rather 

delocalized, and its m ode composition is very sensitive to the Schiff base 

environment.

Another new mode in 15D PSB spectrum appears 23 cm ' 1 below the 1232 

cm -1 mode (Figure 3.1G), and our calculations suggest that it is a combination of 

CH rocking and methyl vibrations. The predicted position of this mode is 21 cm-
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1 below the C14-C15 stretch in the unlabeled spectrum (compare Figure 3.2G with 

2A). The 15D labeling apparently removes most of the coupling between C14-C15  

stretch and NH rock so that in the 15D,ND labeled PSB, the C 1 4 -C1 5  stretch is 

little shifted (< 3 cm '1, Figure 3.1H), as predicted (Figure 3.2H). The results 

obtained by other basis sets (3-21g, 6-31g, and 4-31g*) and on PSB-water complex 

are in general agreem ent w ith  that show n in Figure 3.2, although some 

differences, such as that mentioned above, are observed.

From above comparisons, we can see that the calculated isotope shifts of 

several major Raman bands of PSB are in very good agreement w ith experiment 

and the ab initio method used here should be accurate enough for the vibrational 

analysis on the PSB and similar compounds. Therefore, we extended our ab initio 

calculations to the less stable C=N syn PSB complexed with chloride ion (Figure 

3.3), or hydrogen boned w ith a w ater molecule (data not shown). Based on 

comparisons between the calculated Raman spectra of C=N syn and C=N anti 

PSB, three criteria to determ ine the Schiff base C=N configuration based on 

vibrational signature become evident. Except for some relatively m inor 

differences, these rules are independent of the basis set (3-21g, 6-31g, 4-3lg* and 

6-31%**) used in the calculations and are relatively insensitive to the strength of 

the hydrogen bonding on the Schiff base, and they are summarized below:

1. The C=N configuration of PSB can be determ ined by the C4 5 D rock 

mode frequency and its response upon deuteration of the Schiff base nitrogen. 

For the C=N anti configuration, the C1 5 D rock is quite localized and appears at 

about 980 cm -1 w ith m oderate Raman intensity (see Figure 3.1G). This mode 

couples w ith the ND rock motion upon Schiff base deuteration and shifts up by 

about 10 cm -1 (Figure 3.1H; also compare Figure 3.2H with 2G). For the C=N syn 

configuration, the C1 5D rock couples strongly with N-C stretch motion to form a 

w eak C 1 5 D rock m ode about 50 cm -1  higher than that in the C=N anti
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configuration (compare Figure 3.2G with 3G). The ND rock is predicted to 

appear as a separate band and is not coupled with the C 15D rock when the Schiff 

base nitrogen is deuterated (compare 3H with 3G). In the PSB - water complex, 

there is no change of the predicted coupling except the ND rock appears at a 

lower frequency due to weaker hydrogen bonding on the N-D bond (data not 

shown). This behavior of the C 1 5D rock was first found by Smith et al. (1987) in 

their empirical vibrational analysis of RPSB. Later it was found that the rule can 

be applied to unprotonated Schiff bases as well (Ames et ah, 1989; Cromwell et ah, 

1992). However, since the C15D rock is rather weak, especially when C=N is syn, 

additional isotopic labeling may be necessary to identify this mode w hen this 

rule is applied to the retinal Schiff base under resonance conditions (Ames et ah, 

1989).

2. The C=N configuration of PSB can be determined by the position of the 

C 14-C 1 5  stretch frequency and its shift upon deuteration of the Schiff base 

nitrogen. For the C=N anti configuration, our data show that C14-C15  stretch is at 

about 1230 cm -1 (Figure 3.1A). Upon Schiff base deuteration, this mode shifts up 

by about 15 cm -1 (observed, Figure 3.IB) or more (calculated, compare Figure 

3.2B w ith 2A) and its intensity is reduced (Spectrum B, Figures 3.1-2). For the 

C=N syn configuration, the calculated C1 4 -C1 5  stretch is more delocalized as 

shown by the 13C shifts of several bands in this region (Figure 3.3G). The most 

intense C1 4-C 1 5  stretch is about 85 cm -1 below the C14-C15 stretch in C=N anti 

PSB (compare Figure 3.3A with 2A). The predicted shift of this mode in C=N syn 

PSB upon Schiff base deuteration is positive by -50-60 cm -1 (Figure 3.3B), much 

larger than the predicted deuterium shift of the C1 4-C15 stretch in C=N anti PSB. 

This rule is somewhat different from a similar rule obtained previously based on 

the empirical analysis of RPSB (Smith et ah, 1984; Livnah and Sheves, 1993). In 

that study, a m uch smaller change was predicted for the C14-C15 stretch upon
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deuteration of O N  anti RPSB. The discrepancy is explained by the delocalized 

nature of this mode. The C1 4-C15 stretch may couple with motions several bonds 

away from the C1 4-C1 5  bond in RPSB so that its response to the Schiff base 

deuteration is altered.

3. The C=N configuration of PSB can also be determined by the C15H rock 

mode frequency and its response to Schiff base deuteration. For the C=N anti 

configuration, the C1 5H rock couples strongly with the C 14H rock to form an out- 

of-phase Raman band at about 1380 cm -1 (Figure 3.1A). This mode is insensitive 

to the Schiff base deuteration (Figure 3.IB; also compare Figure 3.2A w ith 2B ). 

For the C=N syn configuration, the C1 5H rock couples with both C 1 4H and NH 

rocks to form an intense Raman band. The frequency of this band is highly 

sensitive to the hydrogen bonding strength on the Schiff base nitrogen, and is 

predicted at about 7 cm -1 and 35 cm-1 below the out-of-phase C1 4H / Q 5 H rock 

mode for the C=N anti configuration in PSB - chloride complex (compare Figure 

3.3A with 2A) and in PSB - water complex (data not shown), respectively. Upon 

Schiff base deuteration, this m ode is disrupted in both types of complexes, 

resulting a large spectral change in this region. The difference in the Schiff base 

deuteration induced spectral changes of the C15H rock between the C=N syn and 

anti configurations has not been previously used to determ ine the O N  

configuration, although it does exist. For example, in the Raman spectrum of the 

all-trans RPSB chromophore of light adapted bacteriorhodopsin, which is known 

to have a O N  anti configuration, no significant spectral change is observed upon 

Schiff base deuteration. On the other hand, in the Raman spectrum of 13-c/s 

RPSB chromophore in dark adapted bacteriorhodopsin, which is known to have 

a O N  syn configuration and a weak hydrogen bonding to the Schiff base 

nitrogen, a strong band at about 1350 cm -1 disappears upon Schiff base
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deuteration (Sm ith et al., 1984). This is consistent w ith the results of our 

calculations, especially with that of the PSB - water complex.

We have also performed semi-empirical MNDO calculations on the PSB 

complexed w ith a chloride ion 2 A away from the Schiff base hydrogen, with 

either C=N anti or syn configuration. The results show that in some cases, the 

calculated norm al m odes by MNDO m ethod are ra ther poor, at least 

quantitatively. For example, in the C=N anti configuration, the calculated C 1 4- 

C 1 5  stretch mode does not shift upon Schiff base deuteration (compared w ith 15 

cm“l  shift observed in Raman experiment, Figure 3.1A, IB). In addition, the 

calculated C 1 4H /C 1 5 H rock is higher than most of methyl bending modes, in 

contradictory to experimental observations. The predicted shift of C 14H /C 1 5H 

rock upon C 1 5 D labeling is less than 10 c m 'l compared to the 28 cm“l  shift 

observed in the experiment, apparently because the coupling between C 1 4 H and 

C 1 5 H bending is underestim ated. Besides, significant disturbance in the CH 

bend ing  region upon  Schiff base deuteration  is also pred icted  due to 

overestimated coupling between NH bending and C1 4H /C 1 5H bending. These 

problem s are generally absent in the ab initio calculations as shown above. 

Nevertheless, for m any purposes, the semi-empirical m ethods are fine. The 

limitations of MNDO method and possible source of errors have been discussed 

in detail before (Grossjean et al., 1990) and we will not repeat it here.

IV. CONCLUSION

We have shown that well defined spectral characteristics are present in the 

ab initio calculated spectra of native and labeled PSB which are sufficient to 

discern the configuration of the Schiff base. Since these results are in very good 

agreement w ith experimental data, it is reasonable to suggest that the ab initio 

m ethods used here, w hen combined w ith isotopic labeling studies, should
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provide sufficient accuracy for the vibrational analysis on the RPSB in various 

environments.
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Figure 3.1: Raman spectra of PSB in H 2 O (A) and its ND (B), 15N (C), 15ND

(D), 14,15-13C (E), 14,15-13C ND (F), 15D (G), and 15D,ND (H) 

derivatives. The spectra were measured w ith 514.5 nm  laser line 

from an argon ion laser at a pow er level of 200-300 mW on an 

optical multichannel analyzer system, which has been described in 

detail elsewhere (Yue et a l, 1989). Solvent Raman bands was 

subtracted. Resolution of the spectrometer is 8  cm-1. A spectral 

calibration is done for each measurement using the known Raman 

lines of toluene, and absolute band positions are accurate to within 

+3 cm-1.
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Figure 3.2 Calculated Raman spectra of C=N anti PSB complexed w ith a 

chloride ion (Scheme I) in H 2 O (A) and its ND (B), 15N (C), 15ND 

(D), 14,15-13C (E), 14,15-13C, ND (F), 15D (G), and 15D,ND (H) 

derivatives. The geometry of PSB is fully optimized by Gaussian 92 

(Frisch et al., 1992) program . The vibrational frequencies w ith 

Ram an in tensities are then calculated by the m ethods as 

implemented in the Gaussian 92 program. All calculations have 

been done at HF/6-31g** level. The calculated frequencies are then 

m ultiplied by a factor of 0.9 to bring them closer to the observed 

values for an easier comparison. The distance between chloride ion 

and Schiff base hydrogen, r (Scheme I), is equal to 1.91 A and the 

angle 0, as shown in Scheme I, is equal to 177 degrees.
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Figure 3.3: Calculated Raman spectra of C=N syn  PSB complexed w ith a 

chloride ion in H20  (A) and its ND (B), (C), 15ND (D), 14,15-

13C (E), 14,15-13C, ND (F), 15D (G), and 15D,ND (H) derivatives. 

The geometry is fully optimized except the param eters r (= 1.91 A) 
and 0 (= 177°) are fixed because no optim um  position of the 

chloride ion on the potential surface could be found for C=N syn 

configuration.
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V. SUPPLEMENTARY MATERIAL

3-methyl-2-butenal and methylamine HC1 were purchased from Aldrich. 

15N labeled methylamine HC1 was purchased from Cambridge Isotope Labs. 

Other labeled material were m ade by the procedure described in the following 

section. The Schiff base was formed by mixing equal molar ratios of 3-methyl-2- 

butenal, methylamine HC1, and NaOH in H 2 O, and subsequently extracted by n- 

hexane. Protonation or deuteration of the Schiff bases was achieved by adding 

1.0 equivalent of 37% HC1 or DC1 solution to hexane. The mixture was shaken 

vigorously and then centrifuged to remove hexane. Finally, the Schiff base was 

diluted to about 50 mM for Raman measurements.

The deuterated and 1 3 C-labeled 3-methyl-2-butenals were prepared as 

described  here. The firs t step  is the H orner-E m m ons reaction  of 

diethylphosphonoacetonitrile and acetone to form 3-methyl-2-butenenitrile. The 

nitrile function is reducted to the aldehyde with dibal, giving 3-methyl-2-butenal. 

The procedures are similar to those we used in the preparation of deuterated and 

1 3C-labeled retinals (M. Groesbeek, J. Lugtenburg, Photochem. Photobiol. vol. 

56,903- 908,1992), but care has to be taken not to evaporate the volatile products. 

A 13C label at C3 is introduced by using 2-1 3C-acetone, a 13C label at C2 an d /o r 

C l is introduced by using 2-13C a n d /o r  1-13C acetonitrile, respectively. A 

deuterium label at C2-D comes from deuterated acetonitrile and quenching of the 

reaction mixture with D2 O and a deuterium at Cl-D comes from reduction of the 

nitrile function with diisobutyl aluminum deuteride (dibal-D) and work-up with

d 2 o .

A ppropriately labeled acetonitrile (1.0 equivalent, usually  0.5 g) in 

diethylether was added to an ethereal solution of lithium diisopropylamine (2 . 0  

equivalents) at -60°C. Then diethylchlorophosphate (1.0 equivalent) was added 

to form the corresponding anion of labeled diethylphosphonoacetonitrile. The
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mixture was stirred for 1 hour and was allowed to warm  to room temperature. 

Appropriately labeled acetone (1.0 equivalent) in diethylether was added and the 

mixture was stirred for an additional hour. Then H 2 O or D2 O was added and 

the layers were separated. The water layer was extracted with diethylether and 

the combined organic layers were w ashed (brine) and dried (MgSCTj). The 

organic layer was diluted w ith two volumes of n-pentane and filtered over a 

layer of S1O2 . The filtrate was concentrated at room temperature in vacuo to 2  

ml. The concentrate was diluted again w ith n-pentane and cooled to -60°C. 

Dibal-D or dibal-H (1.5 equivalents) was added and the mixture was stirred for 1 

hour. Then a mixture of SiC>2 w ith D2 O or H 2O was added and the mixture was 

stirred for 2 hours. MgSC>4 was added and the solids were filtered off. The 

filtrate w as concentrated in vacuo at room tem perature. Purification was 

perform ed by SiC>2 flash column chrom atography using 15% diethylether/n- 

pentane as eluent.
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Chapter 4

A  SUCCESSFUL WAY TO OBTAIN RESONANCE R A M A N  

SPECTRA OF O CTO PU S R H O D O PSIN  A N D  ISO R H O D O PSIN

I. ABSTRACT

Several facts dem onstrate interesting differences between octopus and 

bovine visual pigm ents (Yoshizawa, 1972; Tsuda, 1979c; Tsuda et al., 1980; 

Tsuda et al., 1986; Pande et al., 1987; O vchinnikov et al., 1988). Octopus 

rhodopsin is dram atically different from bovine rhodopsin as well as 1 1 -cis 

protonated Schiff base retinal in the finger prin t region (Pande et al., 1984; 

P ande et al., 1987; Deng et al, 1991a; Deng et a l, 1991b). For a more detailed 

study, it is necessary to perform  a resonance Raman experiment of octopus 

pigm ents regenerated w ith deuterium  and 13C labeled chromophore. Flow 

experim ents, w hich need a relatively large am ount of sam ple, are not 

practical for labeled octopus, due to the rarity  of native octopus sam ples 

(C a lle n d e r  et a l, 1976; M athies et a l, 1976). This chapter introduces a 

successful m ethod of obtaining octopus rhodopsin and isorhodopsin spectra 

w hich need only limited sample. This m ethod allows the isotopic study of 

octopus rhodopsin and isorhodopsin, as well as other scarce opsins.

II. INTRODUCTION
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R hodopsin, a functional molecule in visual pigm ents of anim als, 

usually contains an 11-cis retinal bonded to apoprotein via a Schiff base, will 

undergo a cis to trans convertion after exposure to light (Wald, 1968). The 

trans form, which is called bathorhodopsin, will thermal decay to a series of 

meta forms (Yoshizawa and Wald, 1963). At liquid nitrogen tem perature, the 

therm al decay will be blocked (Wald et al.r 1950). An equilibrium mixture of 

rhodopsin, bathorhodopsin  and isorhodopsin, which contains 9-cis retinal 

and apoprotein , will be form ed and the com position of the m ixture is 

determ ined by the wavelength of the irradiating beam (Yoshizawa and Wald, 

1963; Yoshizawa, 1972).

Owing to the light sensitivity, the spectrum  of rhodopsin cannot be 

taken directly w ithou t special condition (Rimai et a l, 1970; Oseroff and 

Callender, 1974). Some m ethods have been developed specifically to obtain 

spectra of rhodopsin , bathorhodopsin  and isorhodopsin  (Callender and 

H onig , 1977). The first m ethod is a flow experim ent w hich w as 

independently developed by two groups (Callender et al., 1976; Mathies et al, 

1976). The basic idea is to have the sample flow through a capillary in the 

path  of the probing laser beam at a high enough flow to insure the possibility 

of photon absorption of any individual rhodopsin molecule is very small 

w ithin the laser-sample interaction region. While this method is simple its 

disadvantage lies in its requirem ent of large am ounts of sam ple, usually 

dozens of O D *cm 3. This becomes im practical w hen lim ited sam ple is 

available, for instance, in the case of doing experiment for some scarce opsins. 

The other m ethod is pum p-probe experiment which was first developed by 

Oseroff and Callender (1974). The prim ary concept is that therm al decay 

w ould be blocked at low tem perature (Wald et al., 1950). For example, if the 

tem perature is about 120K, only three species, rhodopsin, bathorhodopsin and
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isorhodopsin  w ould be present. The frequency of the irrad iating  laser 

determ ines the com position these three photospecies (Hurley et al., 1977). 

The resonance Raman spectra is taken by a weak "probe" laser beam while the 

sample com position of these three species is controlled by a strong "pump" 

laser beam. Three spectra of different sample compositions are collected, then 

com puting w ith  know ledge of com position by chemical extraction, pure  

spectra of rhodopsin, bathorhodopsin and isorhodopsin may be obtained. 

This m ethod 's m ain advantage is the diminished am ount of sample required 

for an experim ent, usually less than 1 OD®cm3. The disadvantage of this 

technique lies in the difficulty in choosing the wavelengths of the pum p 

beams. Additionally the chemical extraction method requires large am ounts 

of sample and the result is seldom accurate enough for a perfect subtraction. 

Obviously, the choice of the pum p beam's wavelength in order to maximize 

the differences am ong the species-mixture spectra is very im portant, and 

depends upon the Raman cross-sections of rhodopsin, bathorhodopsin and 

isorhodopsin, and their quantum  yield. If the absorption maxima are well 

separated, it is usually easy to find the optim um  laser beam because of the 

ease in "pumping" one species into the other two or making the ratios very 

different, provided the effect of quantum  yield can be neglected here. For 

example, for bovine pigm ents, the absorption maximum of bathorhodopsin 

is in 540 nm, rhodopsin 498 nm, and isorhodopsin 485 nm. By using a 488 

nm beam from an Ar+ laser as a probe, a bathorhodopsin-rich spectra can be 

obtained. Again using a weak 488 nm as a probe, but irradiating the sample 

w ith a m uch stronger (30~50 times) "pump" laser beam w ith wavelength of 

568 and 647 nm  (both from Ar+), two more batho-poor spectra w ith different 

rhodopsin /isorhodopsin  ratios are obtained. By this techniques the spectral 

differences are large enough to assure successful subtraction to three pure
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spectra (Deng and Callender, 1987). The situation different in the case of 

octopus rhodopsin. Here the absorption maximum of bathorhodopsin is 545 

nm, rhodopsin 472 nm, isorhodopsin 462 nm  (Yoshizawa, 1972; Tsuda et al., 

1980). The difference between rhodopsin and isorhodopsin in only 10 nm, by 

contrast to 20 nm  in the bovine case. A small difference causes difficulty in 

choosing pum p beams. Possible lines from K+ lasers, 530 and 568 nm, have 

been tested. None of them, however, leads to a successful subtraction that 

y ie ld  p u re  rh o d o p s in  an d  iso rh o d o p s in , d u e  to the  sm all 

rh o d o p sin /iso rh o d o p sin  difference. In this study, a dye laser m ust be 

em ployed to provide a pum p beam with another wavelength.

III. MATERIAL AND METHOD

Octopus rhodopsin is prepared as previously described (Tsuda, 1979c; 

Tsuda et al., 1986; Koutalos et al., 1989). The configuration of the pum p-probe 

experim ent has been described previously (Oseroff and Callender, 1974). The

457.9 nm  Ar+ line is used as probe for resonance Raman spectra. Figure 4.1 

displays a probe only spectra.

Characteristic Bands

The spectrum  in Figure 4.1 contains all three species, rhodopsin , 

bathorhodopsin and isorhodopsin species. However, specific m arkers bands 

can be assigned to a specific species. From IR experiments, the 887 and 940 

cm -1  peaks are assigned to bathorhodopsin, the 1325 cm ' 1 peak arises from 

isorhodopsin, and the 1017 cm ' 1 peak from rhodopsin (Bagley et al., 1989; 

D en g  et al., 1991a). We m ake the assum ption that those assignm ent are 

correct to isolate the spectra of the three species. Below, it will be seen that 

this yields the correct rhodopsin spectrum (brown from flow results) and the
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correct chem ical com position as m easured  from  chem ical ex traction  

m easurem ents. Knowledge of the characteristic bands of each species is 

im portant. The relative heights of their bands are the criterion needed to 

indicate difference in constituent ratios.

Choosing the Pump Beams from a Dye Laser

A dye laser (Model 700R, Lexel) was em ployed for the purpose of 

providing continuous wavelength laser beam to "pump" the sample, that is, 

to change the compositions of rhodopsin, bathorhodopsin and isorhodopsin. 

Figures 4.2 - 4.7 show the m ethod choosing two pum p beams. Figure 4.2 

displays spectra taken w ith the same probe but different pum ps (from 540 to 

580 nm). Visual inspection of these shows little difference. Figure 4.3 shows 

an expanded part of Figure 4.2, displaying the 968 and 956 cm -1  bands. These 

are the characteristic bands of rhodopsin and isorhodopsin, respectively. 

Figure 4.4 shows the bands at 968 nm in Figure 4.3 normalized, leaving the 

956 cm -1  band to vary from one pum p beam to the other. The bands in 956 

cm -1  in Figure 4.4 are expanded in Figure 4.5. Table 4.1 shows the relative 

rhodopsin /iso rhodopsin  ratio varies w ith different w avelengths of pum p 

beam. Figure 4.6 plots the m agnitudes of the band at 956 cm -1 in Figure 4.5 as 

function of the w avelengths of the pum p beams. Thus, from Figure 4.5, 

spectra obtained w ith a pum p in the range of 550 to 554 nm, and the other 

over 573 nm  (in case of using Rhodamine 560 as dye) as pum ps have the 

largest rhodopsin /iso rhodopsin  ratio difference. Similar experim ents are 

perform ed for octopus p igm ent regenerated w ith an isotopically labeled 

retinal chrom ophore (1 0 ,1 1 -1 3 C 2 ). These results, show n in Table 4.2 and 

Figure 4.7, confirms previous results obtained from native rhodopsin. Thus, 

these two beams, 553 and 575 nm, are used in further experiments.
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Computer Subtraction

Figures 4.8-10 show  how  the pure  rhodopsin  , isorhodopsin  and 

b a th o rhodopsin  m ay be obtained  from  three species-m ixture spectra. 

Displayed are: 457 nm  probe only [Figure 4.8(a)], weak 457 nm  probe (5 mW) 

plus strong 553 nm  pum p (250 mW) [Figure 4.8(b)], and weak 457 nm  probe 

plus strong 575 nm  pum p [Figure 4.8(c)]. From the above discussions of the 

characteristic bands, we m ay assure that the spectrum  in Figure 4.8(a) is a 

bathorhodopsin-rich  one, (bands in 940 and 887 cm -1  are intense), while 

spectra in Figure 4.8(b) and Figure 4.8(c) are bathorhodopsin-poor spectra (the 

bands in 940 and 887 cm ' 1 are small). Careful exam ination shows the 

spectrum  in Figure 4.8(b) has more isorhodopsin and less rhodopsin than the 

one shown in Figure 4.8(c) (by observing the characteristic bands of rhodopsin 

and isorhodopsin). Thus, by subtracting the spectrum  in Figure 4.8(a) from 

the spectrum  in Figure 4.8(b) elim inating the 887 and 940 cm -1  bands, a 

bathorhodopsin-free spectrum  is obtained [Figure 4.9(a)]. Similarly, by 

subtracting the spectrum  in Figure 4.8(a) from that in Figure 4.8(c), another 

bathorhodopsin-free spectrum  is also obtained (Figure 4.9(b)). Note that 

although both spectra in Figure 4.9(a) and Figure 4.9(b) are bathorhodopsin- 

free, the rh o dopsin /iso rhodopsin  ratios of each one are different. The 

spectrum  in Figure 4.9(a) has more isorhodopsin and less rhodopsin than the 

spectrum  in Figure 4.9(b). Thus, by subtracting the spectrum in Figure 4.9(a) 

from the one in Figure 4.9(b), a pure rhodopsin spectrum is obtained [Figure 

4.9(c)], which is identical to the spectrum obtained from the flow experiment 

at ambient tem perature (see Figure 4.11). Also, by subtracting the spectrum in 

Figure 4.9(b) from the one in Figure 4.9(a), a pure isorhodopsin spectrum  is 

obtained [Figure 4.10(a)]. This is the first example of a resonance Raman
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spectrum of octopus isorhodopsin, therefore it can only be compared w ith the 

IR spectrum that it confirms (Bagley et al, 1989).

It may be noted that Figure 4.8(a) is a bathorhodopsin-rich spectrum. 

An isorhodopsin-free spectrum  [Figure 4.10(b)] is obtained by the subtraction 

of the spectrum  in Figure 4.10(a) (pure isorhodopsin) from that in Figure 

4.8(a). A pure  bathorhodopsin  spectrum  [Figure 4.10(c)] is obtained by 

subtraction of the spectrum  in Figure 4.9(c) (pure rhodopsin) from that in 

Figure 4.10(b). The spectrum in Figure 4.10(c) has been published previously 

(Deng et al, 1991a; Deng et al, 1991b).

From the param eters which are used to perform  the subtractions, we 

conclude th a t the first 457.9 nm  probe only spectrum  show s 57% 

bathorhodopsin, 2 2 % rhodopsin, and 2 1 % isorhodopsin; the second spectrum,

457.9 nm  probe plus 553 nm  pum p, shows 22% bathorhodopsin , 28% 

rhodopsin, and 50% isorhodopsin; and the third, 457.9 nm  probe plus 575 nm 

pum p spectrum  show s 22% bathorhodopsin , 40% rhodopsin , and  38% 

isorhodopsin. The composition of the probe only spectrum  consists w ith the 

chemical extraction result (Tsuda, 1979a; Kitagawa and Tsuda, 1980; Pande et 

al, 1987), of 58% bathorhodopsin, 22% rhodopsin, and 20% isorhodopsin.

IV. DISCUSSION

Usually, except for bovine pigm ents that are commercially obtainable, 

visual pigm ents from animals are very rare. Low tem perature "pump and 

probe" experim ent can defeat this difficulty because it only requires a small 

am ount of sample. The difficult task in determ ining the w avelengths of 

pum p-beam s is, first finding two close characteristic bands. Their relative 

intensity  is m ore helpful in d istinguishing the different photochem ical 

species compositions than is the absolute intensity.
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Table 4.1 Relative R hodopsin /isorhodopsin  Ratios (in arbitrary units) vs. 
Different Wavelengths of Pum p Beam for Native Octopus

pum p beams (nm) 1956/1968

574 0.935

570 0.943

566 0.949

562 0.959

558 0.966

554 0.977

550 0.976

546 0.978

542 0.973

538 0.963

534 0.956
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Table 4.2 Relative R hodopsin /isorhodopsin  Ratios (in arbitrary units) vs.
Different W avelengths of Pum p Beam for 1 0 ,1 1 -1 3 C 2  labeled 
Octopus

pum p beams (nm) relative rhodopsin /isorhodopsin

576 0.958

572 0.9590

568 0.9618

564 0.9693

560 0.9727

556 0.9788

552 0.9791

548 0.9785

544 0.9751

540 0.9679
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Figure 4.1: Resonance Raman spectrum of native octopus pigm ent at 120 K
w ith a probe beam of 457.9 nm  from an Ar+ laser. It is a mixture 
of bathorhodopsin, rhodopsin, and isorhodopsin. The 887 and 
940 cm -1 peaks are characteristic bands of bathorhodopsin, while 
956 and 1325 cm -1  peaks arise from isorhodopsin, and 968 and 
1017 cm -1 peaks from rhodopsin.
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Figure 4.2: Resonance Raman spectrum  of native octopus pigm ent at 120 K
w ith a weak (~5 mW) probe beam of 457.9 nm  from an Ar+ laser, 
and different strong (~250 mW) pum p beams, from 540 to 580 
nm, from a dye laser. It is not easy to see the differences among 
different pum p beams.
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Figure 4.3: An expanded part of Figure 4.2, displaying the 968 and 956 cm -1

bands. These are the characteristic bands of rhodopsin  and 
isorhodopsin, respectively. Their relative intensities slightly 
change w ith different pum p beams.



cm

Raman Intensity
COcn
o

CD
cn
cn

CD
a>
o

CD
a>
cn

CD

o

CD
" v j
cn

f S



85

Figure 4.4: The bands at 968 nm  in Figure 4.3 has been normalized, leaving
the 956 cm -1 band to vary from one pum p beam to the other. It 
is m ore clear to see the rh o dopsin /iso rhodopsin  ratios are 
different.
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Figure 4.5: The bands in 956 cm-1 in Figure 4.4 are expanded again for the
purpose to show the spectra w ith different pum p beams. Note 
the unit of the Raman intensities here are arbitrary. Num bers 
w ith arrow are the wavelength of pum p beams.
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Figure 4.6: The intensity ratios, I9 5 6 / I 9 6 8 / vs. w avelengths of the pum p
beam. It shows that if the w avelength of one pum p beam is at 
the range of 550 to 554 nm  and the other over 575 nm, the 
difference of the rhodop sin /iso rh o d o p sin  ratios of the tw o 
spectra collected w ith these two pum p beams will be maximized.
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Figure 4.7: Obtained w ith identical process as the result in Figure 4.6, bu t it
is for octopus pigm ent regenerated with 1 0 ,1 1 -13C2  labeled retinal 
chrom ophore. They are very sim ilar, as expected. Two 
w avelengths, 553 and 575 nm , are chosen to used in  later 
experim ents.
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Figure 4.8: (a) resonance Raman spectrum  of octopus rhodopsin w ith 457.9
nm  probe only at 120 K.
(b) resonance Raman spectrum  of octopus rhodopsin w ith 457.9 
nm  probe plus 553 nm  pum p at 120 K.
(c) resonance Raman spectrum  of octopus rhodopsin w ith 457.9 
nm  probe plus 575 nm  pum p at 120 K.
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Figure 4.9: (a) Figure 4.8(b) - Figure 4.8(a). Free of bathorhodopsin
(b) Figure 4.8(c) - Figure 4.8(a). Free of bathorhodopsin, w ith a 
different rhodopsin /iso rhodopsin  ratio from the spectrum  in 
Figure 4.9(a) See text.
(c) Figure 4.9(b) - Figure 4.9(a). Pure rhodopsin.
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Figure 4.10: a) Figure 4.9(a) - Figure 4.9(b). Pure isorhodopsin.
b) Figure 4.8(a) - Figure 4.10(a). Free of isorhodopsin.
c) Figure 4.10(b) - Figure 4.9(c). Bathorhodopsin.
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Figure 4.11: Com parison of Resonance Raman spectra of octopus rhodopsin
from (a) flow experiment at 10°C.
(b) pum p-probe experiment at 120K (same as Figure 4.9(c)).
They are consistent to each other.
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Chapter 5

R ESO N A N C E R A M A N  STUDIES OF ^ c -  A N D  *H- LABELED 

O CTO PU S R H O D O PSIN , ISO R H O D O P SIN  A N D  

B A T H O R H O D O PSIN  FOR FINGERPRINT VIBR A TIO N S A N D  

THE CH RO M O PH O RE STRUCTURE A N D  ENV IR O N M EN T

I. ABSTRACT

The resonance Raman spectrum  of octopus rhodopsin in both the C-C 

stretch and CH bending region has been found to be very different from that 

found in either bovine rhodopsin or free 11-czs retinal Schiff base (Pande et al, 

1987; Deng et al, 1991a; Deng et al, 1991b). Recently, our laboratory has also 

found the fingerprin t spectral region in octopus rhodopsin  is changed 

substantially upon Schiff base deuteration in clear contrast to that in bovine 

rhodopsin. This suggests the 11-czs retinal chromophore in octopus rhodopsin 

has an unusual configuration an d /o r environment. In order to study the nature 

of the chrom ophore-opsin interaction in more detail, we have obtained the 

spectra of octopus rhodopsin and its 9-1 3C, 10-D, 1 0 ,1 1 -13C2 , 12,13-13C2, 13-13C, 

14-D, 14,15-13C2, 14,15-13C2-N-D, and N-D isotopically labeled derivatives at 

120 I< using the 'pump-probe' technique. Our detailed analysis suggest that the 

retinal Schiff base C=N bond is anti, despite deuteration of the Schiff base 

inducing large changes in the finger print region of octopus resonance Raman
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data. The Raman bands in the fingerprint region have been assigned on the basis 

of their isotopic shifts upon 13C or deuterium labeling.

II. INTRODUCTION

The visual pigment, rhodopsin, consists of a single chromophore, 11-czs 

retinal, covalently bound in the form of a protonated Schiff base to the £-amino 

group of lysine in  the apoprotein opsin (e.g. Wald, 1968; Spiro, 1987; Birge, 1990). 

Vision is initiated w hen the chromophore absorbs a photon, and rhodopsin is 

isom erized to its prim ary photoproduct, bathorhodopsin. The transition of 

rhodopsin  to bathorhodopsin  is of prim ary concern in  understanding  the 

photophysics of vision, since it involves the conversion of the photon energy to 

the chemical energy responsible for visual transduction (Cooper, 1979; Honig et 

al, 1979b; Cooper et al, 1986). Our understanding of visual photochemistry 

results mostly from studies on bovine rhodopsin (Palings et al, 1987; Palings et 

al, 1989).

It w as suggested  that the separation  of the positively charged 

chrom ophore Schiff base, C is= N H +, from its counterion in the isomerization 

process plays a key role in the primary photochemical event (Honig et al, 1979b; 

Birge, 1990). The configuration of the C is=N H + double bond, that is, whether it 

is cis or trans, is quite relevant to understand the energy conversion. Based on 

the resonance Raman study and normal mode calculation on bacteriorhodopsin, 

Smith et a l (1984) has suggested that the shift of the Q 4 -C15 stretching frequency 

upon deuteration on the Schiff base is an indicator of the C=N configuration, that 

is, this shift will be a small one (<5 cm '1) if the C=N configuration is trans, while 

a large upshift from -1144 to -1206 cm-1  if the configuration is cis.

Regardless the frequency of the C1 4-C15 stretch, this criterion may imply 

that the chromophore has a trans C=N configuration if no significant changes are



103

observed in the fingerprint region of the Raman spectrum upon the deuteration 

of the nitrogen in the Schiff base.

There are some interesting differences in the photochemical behavior of 

vertebrate and invertebrate pigments (Yoshizawa, 1972). Structural details of 

chrom ophore are now know n for alm ost all the interm ediates, including 

rhodopsin, bathorhodopsin and metarhodopsin, that are involved in the bovine 

bleaching process (Palings et a l, 1987; Palings et a l, 1989). In comparison, 

relatively little is known about invertebrate pigments and their intermediates.

Squid and octopus rhodopsin  are conceivably the best characterized 

invertebrate pigments (Yoshizawa, 1972; Tsuda, 1979c; Tsuda et a l, 1980; Pande 

et a l, 1984; Tsuda et al, 1986; Pande et al, 1987; Ovchinnikov et al, 1988; Deng et 

a l, 1991a; Deng et a l, 1991b). A comparative study of octopus and bovine 

rhodopsin is of importance because of the interesting similarities and differences 

between these two pigments. In general, both bovine and octopus rhodopsins 

contain 1 1 -czs chromophores and the meta products of both species contain trans 

chromophores (Pande et al, 1987). The bathorhodopsins of both species absorb 

at fundam entally the same wavelength (540 nm for octopus bathorhodopsin and 

543 nm  for bovine bathorhodopsin) (Tsuda et al, 1980; Tsuda et a l, 1982). Both 

pigm ent systems absorb the energy of a single photon, at ca 55 kcal/m ol, and 

convert the same fraction of this light energy, about 60%, to form the high-energy 

bathorhodopsin protein. However, there is a lager difference between the A,max's 

of octopus rhodopsin (A,max = 472 nm) and bathorhodopsin (A,max = 540 nm) 

com pared to the bovine counterparts (500 and 543 nm, respectively). Also, 

unlike that of bovine, the chrom ophore-protein complex of octopus never 

dissociates (Tsuda, 1979c; Tsuda, 1982).

Resonance Raman spectroscopic studies have contributed more to our 

understanding of the geometry of the protein-bound chromophores than any
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other spectroscopic investigations (Birge, 1990). The visual sequence of changes 

has been studied  both by kinetic m ethods and by trapping  the various 

interm ediates at low tem peratures. Our previous work has show n that the 

resonance Raman spectra of the two rhodopsins are very different as are the 

spectra of the two batho products (Pande et al, 1987; Deng et a l, 1991a; Deng et 

a l, 1991b). In order to understand how those differences in spectra relate to 

chrom ophore structu re , w e perform ed a series of resonance Ram an 

measurements of octopus bathorhodopsin where the chromophores have been 

isotopically labeled by deuterium  at virtually every chromophore hydrogen 

position one by one. This has led to an understanding of bathorhodopsin's 

HOOP m odes showing that the (presumably trans) chromophore is tw isted 

differently in octopus bathorhodopsin than in bovine bathorhodopsin and 

suggesting that the specific active site interactions between chromophore and 

protein are quite different for the two species (Deng et a l, 1991a).

The fingerprint region of octopus rhodopsin  spectrum  of the N-D 

derivative is very different from the that of native sample [see Figure 5.2(b)]. 

Based on the above discussion about the C=N configuration, at first we jum ped 

to the conclusion that octopus rhodopsin has a cis C=N configuration which is 

different from bovine rhodopsin. However, there are two contradicts w ith this 

assignments. First, if the upshift band observed in the N-D derivative is really 

the C 14-C15 stretching mode, it is too high because it is supposed at about 1150 

cm-1. Second, the shift is only 20 cm ' 1 which is too small com pared to the 

expected ~50 cm '1.

In this chapter we continue this work by reporting on how the resonance 

Raman bands of octopus rhodopsin, bathorhodopsin and isorhodopsin in the 

fingerprints region are affected by deuterium and 13C labeling of chromophore 

backbone at: 9-1 3 C, 10-D, 10,11-13C2, 12,13-13C2, 13-13C, 14-D, 14,15-13C2,
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1 4 ,1 5 -13C2-N-D, and N-D. Analysis of these data allows us to tentatively assign 

some bands to vibration modes and obtain some conclusions of the chromophore 

structure, based on the assignments. Along w ith the result of the recent 

vibrational analysis of a retinal protonated Schiff base analog (Deng et a l, 1994b), 

we conclude that the C=N configuration of octopus rhodopsin is trans despite 

the changes in the fingerprint region of the resonance Raman spectrum upon 

nitrogen deuterated.

III. MATERIALS AND METHODS

The synthesis and characterization of the 9-1 3C, 10-D, 10,11-13C2,13-13C, 

14-D, 14,15-13C2, 14,15-13C2-N-D, and N-D retinals of either 11-cz's or 9-cis 

configurations were described by Lugtenburg et al. (1988). Octopus microvillar 

membranes were prepared and bleached as previously described (Koutalos et al, 

1989; Deng et a l, 1991a).

The labeled chrom ophores in ethanol were added to 10 mL opsin 

suspension w ith a retinal/opsin  molar ratio of 1.2:1. After incubation for 60 min. 

at room tem perature, 50 |il of 2.0 M hydroxylamine, pH  6.5, was added to the 

suspension. The regenerated membranes were washed once w ith 5 mM Tris 

buffer, pH  7.2, then twice w ith 4% bovine serum albumin (fatty acid free, Sigma 

Chem ical Co., St. Louis, MO) in  5 mM Tris, pH  7.2, to rem ove excess 

chromophore. After a final w ash w ith 5 mM Tris, pH  7.2, the membranes were 

stored at -60°C until further use. Approxim ately 60% of the opsin  was 

regenerated using this procedure. No difference was observed in the Raman 

spectra of the native pigment and that regenerated w ith 11-czs or 9-cis unlabeled 

retinals. All operations are carried out in dim red light.

Resonance Raman spectroscopy has been widely used to obtain direct 

information on the chromophore structures of visual pigments. The use of low-
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tem perature studies, coupled with the pump-and-probe technique, allows the 

studies of the rhodopsin, isorhodopsin and bathorhodopsin. The resonance 

Raman experiments were perform ed at 120K in a liquid nitrogen coldfinger 

Dewer, as previously described (Oseroff and Callender, 1974; Deng et al, 1991a), 

w ith  the dual-beam  pum p-probe technique. The native or deu terated  

membranes were centrifuged to a thick pellet that was applied to the sample tip 

of the coldfinger and then cooled down to 120 K. The photostationary mixtures 

of rh o d o p sin  (Amax = 472 nm), isorhodopsin  (A,max = 462 nm ), and  

bathorhodopsin (A,max = 540 nm) at 120K were obtained and their Raman spectra 

taken w ith the "probe" beam (457.9 nm line from an Ar+ laser). The composition 

of the mixture can be changed by simultaneously irradiating the sample with the 

second high-intensity "pump" laser beams (e.g. in the experiments described 

here, 553 nm  or 575 nm  from a dye laser). For each sample, three Raman spectra 

were taken: The first was a probe-only spectrum with 57% bathorhodopsin, 22% 

rhodopsin and 21% isorhodopsin (Pande et a l, 1987). The second was a pum p- 

probe (457.9 nm - 553 nm) w ith a pum p/probe intensity ratio of 40:1. According 

to the analysis in  C hapter 4, this pum p will give a com position of 22% 

bathorhodopsin, 28% rhodopsin and 50% isorhodopsin. The third was also a 

pum p-probe (457.9 nm - 575 nm) w ith a pum p/probe intensity ratio of 50:1, 

determining the composition w ith 22% bathorhodopsin, 40% rhodopsin and 38% 

isorhodopsin. The above percentages are w ith about 3% deviation from 

estimation. Therefore, it is possible to obtain almost pure bathorhodopsin by 

subtracting the appropriate am ount of the second spectrum  from the first 

spectrum. And by subtracting the appropriate amount of bathorhodopsin from 

the second and the third spectrum. Two rhodopsin/isorhodopsin mixed spectra 

w ith different rhodopsin/isorhodopsin ratios were obtained. Rhodopsin and
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isorhodopsin spectra were finally obtained by subtracting the mixture spectra 

each from the other.

IV. RESULTS AND DISCUSSION

The bands in the fingerprint region of octopus bathorhodopsin, rhodopsin 

and isorhodopsin Raman spectra can be assigned to specific C-C stretching 

modes based on its isotopic shift described in detail as following.

Bathorhodopsin

Figure 5.1 show s the resonance Ram an spectra of octopus (a) 

bathorhodopsin and its (b) ND, (c) 9-1 3C, (d) 10-D, (e) 1 0 ,1 1 -1 3C2 , (f) 13-13C, (g) 

14-D, (h) 14,15-13C2 and (i) 14,15-13C2 ND derivatives. In the 1100-1250 cm -1  

fingerprint region, the isotopic shifts of the modes are presented in Table 5.1. 

The band of 1151 cm -1 in the spectrum of 1 0 ,1 1 -13C2 derivative can be assigned to 

the 1 3Cio-13C n  stretch on the basis isotopic shift. In bovine bathorhodopsin, this 

stretch is at 1166 cm -1 in the native sample, and 1154 cm -1  in  1 0 ,1 1 -13C 2  

derivative (Palings et a l, 1987). The Cio-Cn stretch may be then assigned to 1179 

cm -1 in  the native octopus bathorhodopsin, since it is not very clear to see 

intensity loss in the spectra. The C1 4-C15 stretch is assigned to 1205 cm -1 due to 

the 19 cm ' 1 shift in the 14,15-13C2 derivative. The 1 2  cm -1 downshift of the 1 2 2 2  

cm -1 band can be interpreted as this band is coupled with the C14-C15 stretch in 

the native bathorhodopsin, "pushed up" about 10 cm-1. The 13C- induced shifts 

may also be small and delocalized over several normal modes, e.g. C8 -C9 (or C1 2- 

C 1 3 ) where the stretching character is delocalized(Palings et a l, 1987). In this 

case, the strong characteristic coupling of the C10H (or C 14H) rock w ith the C8 -C9  

(or C 12-C 1 3 ) stretching coordinate will be used to assign the "C8 -C9 mode" (or 

"C1 2-C13 mode") (Palings et a l, 1987). By this method, explained previously, it
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has been tentatively suggested that the C 1 0 -C 1 1 , C 14-C1 5 , C8 -C9  and C 1 2-C13 

stretches are assigned to 1179, 1206, 1206 (unresolved) and 1241 cm-1, 

respectively, based on the spectra of deuterium substituted derivatives (Deng et 

al, 1991b). Here we find that the new data obtained from 13C labeled 

chrom ophores can confirm the first two assignments, bu t cannot give new 

information about the latter two ones. For the coupling consideration, the C8 -C9 

stretch is assigned to 1243 cm-1 on the basis of 75 cm-1 upshift in 10-D derivative. 

Since the C 8 -C9 stretch mode upshifts, the coupling between the C 14-C 15 stretch 

and the C8 -C9 is removed, resulting a upshift of the C 14-C15 stretch to 1212 cm-1. 

The C 1 2-C13  stretch is assigned to 1222 cm-1 on the basis of its 87 cm -1 upshift in 

14-D derivative.

Rhodopsin

The resonance Raman spectra of octopus (a) rhodopsin and its (b) ND, (c)

9-1 3C, (d) 10-D, (e) 10,11-13C2, (f) 13-13C , (g) 14-D, (h )14,15-13C2 and (i) 14,15- 

1 3C2 ND derivatives are show n in Figure 5.2. The isotopic shifts in the 

fingerprint region are presented in Table 5.2. The C8 -C9 stretch is delocalized at 

1226 and 1245 cm -1 dem onstrated by the loss intensity of the band at 1226 cm ' 1 

and the disappearance of 1245 cm -1 in the 10-D derivative. There are no 

significant changes observed in the fingerprint regions of 9-1 3 C, 1 0 ,1 1 -1 3C2 , 

12,13-13C2 (data not shown) derivatives. A moderate band appears at 1146 cm -1  

and a small band at 1189 cm -1  in the 13-13C derivative. The 1146 cm -1 band is 

interpreted to be the C io-Cn stretch which is decoupled from the C 1 2-C13 stretch. 

The C1 0-C 11 stretch should be in the range of 1146-1150 cm ' 1 in the native 

spectrum, if the coupling between the C1 0 -C11 and the C1 2 -C1 3  is small. This 

assum ption may be true since the spectra of 1 0 ,1 1 -13C2 and 12,13-13C2 are very 

similar to that of native in the fingerprint region. The 14-D derivative spectrum
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clearly indicates that the C 12-C 13 stretch is located in the 1226 cm -1  band since 

some intensity of this band shifts to 1293 cm '1. The C14-C15 stretching character 

is localized in the 1226 cm -1 mode as indicated by the 18 cm -1 shift of this line in 

the 14,15-13C2 derivative. The 1243 cm ' 1 line can be characterized as the C8 -C9  

stretch on the basis of the 69 cm-1 upshift in the 10-D derivative.

Isorhodopsin

Figure 5.3 shows the resonance Raman spectra of octopus (a) isorhodopsin 

and its (b) ND, (c) 9-1 3C, (d) 10-D, (e) 10,11-13C2, (f) 13-13C, (g) 14-D, (h)14,15- 

13C 2 and (i) 14,15-13C2 ND derivatives. Table 5.3 presents the isotopic shifts in 

the fingerprint region of octopus isorhodopsin. The C 10-C11 stretch is assigned to 

1144 cm -1 on the basis of the 14 cm-1 shift in the 1 0 ,1 1 -1 3C2  derivative. A new 

band appears at 1280 cm '1, w ith some band intensity losses at 1186 cm -1 in the

10-D derivative. Thus the band at 1186 cm -1 is assigned to C8 -C9 stretch. The 

new band appearing at 1307 cm ' 1 in the 10D derivative can be interpreted as 

coupling w ith the upshifted C 8 -C9 stretch and “pushed up" from 1288 or 1300 

cm-1. The C14-C15 stretch is assigned to the 1209 cm ' 1 mode as indicated by the 

13 cm -1 shift of this line in the 14,15-13C2 derivative, whose spectrum also shows 

the C 14-C 15 stretch to have some contribution to the band at 1229 cm '1, owing to 

the loss of intensity. The C 1 2-C1 3  stretch is assigned to 1229 cm ' 1 on the basis of 

the 58 cm ' 1 upshift in 14-D derivative.

C=N Configuration

It has been reported that C 1 4 -C 15 stretch mode frequency and its shift 

upon Schiff base deuteration is sensitive to the C=N configuration (Smith et a l, 

1984). Empirical and semi-empirical normal mode calculations have shown that 

a trans C=N configuration results in a small shift (~5 cm '1) of the C1 4-C15 stretch
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(~1200 cm-1) upon N-deuteration, whereas a large (~50 cm-1) shift (from ~1150 

cm-1) is observed w hen the C=N configuration is syn (Smith et al., 1984). Based 

on  this rule, we can easily conclude that C=N configurations of both  

bathorhodopsin and isorhodopsin are anti because of the invariance of the C14- 

C15 stretch upon N-deuteration. This rule, however, can not apparently cover 

the case observed in octopus rhodopsin in which the C 1 4-C15 frequency and its 

deuteration shift in octopus rhodopsin Raman spectra are anomalous.

Recently, a vibrational analysis of a retinal protonated Schiff base analog 

has been conducted using Raman measurements to characterize this Schiff base 

and its isotopically labeled derivatives, and by calculations using ab initio 

m ethods (Deng et al, 1994b). This analog contains one C=C double bond which 

is in conjugation w ith the C=N bond. Our results show that for the C=N anti 

configuration, the C 14-C1 5  stretch is at about 1230 cm -1 and upon Schiff base 

deuteration, this mode shifts up by 15 cm-1 or more, with its intensity reduced. 

For the C=N syn configuration, the calculated C14-C15 stretch is about 85 cm -1 

below the C1 4 -C15  stretch in C=N anti configuration, and the predicted shift of 

this mode upon Schiff base deuteration is positive by ~50-60 cm-1. The observed 

C 14-C1 5  stretch frequency and its shift upon Schiff base deuteration in  the 

octopus rhodopsin spectra are analogous to that observed in this Schiff base 

m odel com pound. This suggests that the coupling among C-C stretches are 

greatly disturbed, so that C14-C15 stretching mode becomes much more localized. 

On the basis of this study, we suggest that the C=N configuration in octopus 

rhodopsin is anti.

Single Bond Conformations in Bathorhodopsin

The frequency of a C-C stretching mode in an s-cis structure is expected to 

be ~100 cm -1 below that of its s-trans conformer (Smith et al., 1986). Since the
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C10-C11 (1179 cm-1) and C14-C15 (1206 cm-1) stretches of bathorhodopsin are 20 

and 1 cm -1  above their frequencies in the all-trans PSB (1159 cm-1 and 1205 cm-1, 

see Palings et al, 1987), respectively, it is easily concluded that both C io-Cn and 

C 14-C15 are s-trans.

Comparison to the C-C stretching modes of PSB retinals

The fingerprint correlation diagrams for bathorhodopsin, rhodopsin and 

isorhodopsin w ith their counterpart PSB retinals are displayed in Charts 5.1 - 5.3, 

respectively. Data of PSB retinals are from Palings et al, 1987. We would like to 

stress that the above assignments are mostly tentative because of the lack of 

normal modes calculation. The data shown in Charts 5.1 - 5.3 suggest that either 

the force constants of C-C stretch in octopus are very different from that of free 

PSB retinals, or the assignments need to be confirmed by further data.

Conformation of Rhodopsin

One of the most interesting characteristics of octopus rhodopsin is the 

intense band in the fingerprint region. W ithout the help of normal m ode 

calculations, we have tentatively assigned it to the mixing of C 1 4-C15 and C 12-C13 

stretches, w ith some probable contribution from the Cg-Cg stretch. Based on 

these data, combined with other resonance Raman data using deuterium and 13C 

labeled retinal chromophore, we propose that the portion from /3-ionyl ring to 

C 1 2  of the ethylenic chain w ith  the methyl group of octopus rhodopsin  is 

somewhat tightly embedded in the protein binding pocket. This proposal has 

some support. First, almost no changes are observed in the fingerprint region of 

the rhodopsin  spectra of 9-1 3 C, 1 0 ,1 1 -1 3C2 , 12,13-13C2 derivatives. Low 

resonance Raman intensity indicates that the relaxation of the rhodopsin  

vertically excited state does not involve the displacement of the equilibrium
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points of those atoms. This will probably happen if there are some nonbonding 

interaction between the chromophore and the environment apoprotein. Second, 

the similarity of the frequency and Schiff base deuteration behavior of the C4 4 - 

C 15 stretch mode of the octopus rhodopsin to that of the model compound which 

only contains one C-C single bond and one C=C double bond may hint that only 

the C i3 =Ci4 -Ci5 =N part of the octopus rhodopsin chromophore is relatively free. 

Third, the frequency of the C1 4 -C 15 stretch of octopus rhodopsin (1226 cm-1) is 

m uch higher than that of the PSB and bovine rhodopsin, both 1190 cm -1 (Palings 

et a l, 1987). The reason for a high frequency of a single bond w ould be a large 

force constant which could be introduced by the changes of the CCC angles. Part 

of the chromophore em bedm ent will usually procure this CCC angle changes. 

Fourth, the spectrum of octopus rhodopsin regenerated with 15-D labeled retinal 

chromophore shows that most of the intensity of the 1226 cm -1 band upshifts 1 2  

cm -1  after the 15-D substitution (data not shown). This w ould be hard  to 

understand  if no part of the chromophore is tightly em bedded. Finally, the 

flexibility in C6-C7 single bond allows this embedment (Honig et al, 1971).

We w ish to stress that the above proposal about the chrom ophore of 

octopus rhodopsin is qualitatively tentative because the lack of the calculation of 

the normal mode owing to the limitations of the calculation speed and the disk 

space. We propose to do the calculation first on a model compound. This work 

is currently in progress. We have hopes the specific model obtained after normal 

m ode calculation will fit the experimental data and explain the cause of the 

anomalous 1226 cm ' 1 band and low A-max by comparison to that of bovine.
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Table 5.1 Bathorhodopsin Vibrational Frequencies

derivative fingerprint frequency (cm'1)

native 1179 1206 1 2 2 2 1243

9-13C 1177(-2) 1204(-2) 1225(+3) 1243(0)

10,11-1 3C2 1151(-28) 1204(-2) 1223(+1) 1240(-3)

12,13-13C2 1167(-12) 1205(-1) 1 2 2 1 (-1 ) 1238(-5)

13-13C 1168(-11) 1207(+1) 1 2 2 2 (0 ) 1239(-4)

14,15-13C2 1169(-10) 1187(-19) 1 2 1 0 (-1 2 ) 1246(+3)

10-D 1168(-11) 1227(+21) - 1318(+75)

14-D 1155(-24) 1213(+7) 1309(+87) 1244(+1)
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Table 5.2 Rhodopsin Vibrational Frequencies

derivative fingerprint frequency (cm-1)

native 1226 1226 1243

9-13C 1228(+2) 1228(+2) 1247(+4)

10,11-13C2 1226(0) 1226(0) 1243(0)

12,13-13C2 1224(-2) 1224(-2) 1245(+2)

13-13C 1146 1225(-1) 1206(-20) 1239(-4)

14,15-13C2 1171 1208(-18) 1223(-3) 1243(0)

10-D 1140 1221(-5) 1221(-5) 1295(+69)

14-D 1176 1223(-3) 1293(+67) 1244(+1)
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Table 5.3 Isorhodopsin Vibrational Frequencies

derivative fingerprint frequency (cm-1)

native 1144 1186 1209 1229

9-13C 1144(0) 1183(-3) 1 2 1 1 (+2 ) 1234(+5)

10,11-13C2 1130(-14) 1186(0) 1208(-1) 1232(+3)

12,13-13C2 1142(-2) 1187(+1) 1206(-3) 1230(+1)

13-13C 1143(-1) 1185(-1) 1207(-2) 1231(+2)

14,15-13C2 1143(-1) 1186(0) 1196(-13) 1228(-1)

10-D 1140(-4) 1280(+94) 1221(-5) 1228(+1)

14-D 1143(0) 1226(+30) 1209(0) 1287(+58)
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Table 5.4 Schiff Base Frequencies in H 2O and D2O

C=NH C=ND

pigment (cm-1) (cnr1) shift (cm'1)

rhodopsin 1656 1632 24

bathorhodopsin 1656 1626 30

isorhodopsin 1659 1637 2 2
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Figure 5.1: The resonance Raman spectra of octopus (a) bathorhodopsin and its

(b) ND, (c) 9-!3C, (d) 10-D, (e) 10,ll-13c2, (f) 13-^C, (g) 14-D, (h)

14,15-13C2 and (i) 14,15-13C2 ND derivatives.
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Figure 5.2: The resonance Raman spectra of octopus (a) rhodopsin and its (b)

ND, (c) 9-13C, (d) 10-D, (e) 10,11-13C2, (f) 13-13C, (g) 14-D, (h)14,15-

13C2 and (i) 14,15-13C2 ND derivatives
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Figure 5.3: The resonance Raman spectra of octopus (a) isorhodopsin and its

(b) ND, (c) 9-13C, (d) 10-D, (e) 10,11-13C2, (f) 13-13C, (g) 14-D,

(h)14,15-13C2 and (i) 14,15-13C2 ND derivatives
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Chart 5.1: Correlation diagram  in fingerprint region for all-cis-retinal w ith

protonated Schiff base in methanol (Palings et al, 1987 and octopus 

bathorhodopsin
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Chart 5.2: Correlation diagram  in fingerprint region for 11-cis-retinal w ith

protonated Schiff base in methanol (Palings et a l, 1987 and octopus 

rhodopsin
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Chart 5.3: Correlation diagram  in fingerprint region for 9-cis-retinal as a

protonated Schiff base in methanol (Palings et al, 1987) and octopus 

isorhodopsin
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Chapter 6

RESO NAN CE R A M A N  STUDIES OF BOVINE A N D  OCTOPUS  

VISUAL PIGM ENTS WITH TRIPLET-LABELED RETINAL

C H R O M O PH O R E S

I. INTRODUCTION

In this chapter, we study the ethylenic and Schiff base modes of bovine 

and octopus rhodopsin, bathorhodopsin and isorhodopsin. The C=C and 

C=N stretching vibrations and, to a lesser extent, the CCH (or CNH) bending 

m otions contribute to the bands in the 1500-1700 cm -1 region of the visual 

pigm ent Raman spectrum. For example, the C=N Schiff base stretching mode 

is expected to couple w ith N H  bending and appears in the region from 1620 to 

1680 cm ' 1 (Aton et a l, 1980). The deuterium  labeling of the Schiff base 

nitrogen will result in a dow nw ard shift of the C=N stretching mode since 

this sensitivity of the coupling between this stretch and the hydrogen rocking. 

Normal mode analysis of retinals have shown that C=C stretching modes are 

also highly coupled w ith the corresponding CH bending modes (Curry et al, 

1982; Deng and Callender, 1987; Smith et al, 1987). However, since the C=C 

stretching m odes are generally tightly coupled to each other, i.e. each 

ethylenic band  m ay contain contributions from several C=C stretching 

m otions (Deng and Callender, 1987; Smith et a l, 1987; Smith et al., 1987). 

D euteration, therefore, at one double bond m ay affect the C=C stretching
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frequency of another stretching mode. Thus, for accurate assignm ents one 

needs the data from 1 3C-labeled chromophores (Deng et al, 1991b).

Theoretical work on the Raman intensities of the conjugated polyene 

chain like the retinal protonated Schiff base have suggested that the C i2 = C n  

double bond coordinate is the prim ary contributor to the major in-phase C=C 

stretching observed in Raman studies in m ost cases (Blazej and Peticolas, 

1977; W arshel, 1977; W arshel and Dauber, 1977; Kakitani et al., 1983; Deng, 

1987). In the previous resonance Raman studies of octopus bathorhodopsin 

w ith deuterium  labeled retinal chromophores, it was found that the major 

ethylenic band at 1532 cm -1 split into three likely uncoupled bands at 1543, 

1510 and 1501 cm '1, in the 1 1 ,1 2 -D2 doubly-labeled chromophore (Deng et al, 

1991b). Thus, resonance Ram an data of iso topically  trip let-labeled  

chrom ophores (1 1 ,1 2 -D2 and 13C in Cs, Cio, C n , C 1 3 ) may be used for the 

assignm ents of these C=C stretch bands. On the basis of these assignments 

and further normal mode analysis, the force constant of each C=C bond and 

its change in a different environm ent can be obtained. Such inform ation is 

im portan t in  understand ing  the retinal chrom ophore-opsin-interaction in 

visual pigments. In this chapter, we report on the isotopic effect on ethylenic 

modes of rhodopsin, bathorhodopsin and isorhodopsin of both bovine and 

octopus as a result of selective labeling of the retinal polyene chain (1 1 ,1 2 -D2 , 

8-13C-ll,12-D2,10-13C-11,12-D2,11-13C-11,12-D2,13-13C-11,12-D2). This permits 

us to assign the Raman bands observed in the ethylenic-Schiff base region to 

particular internal coordinates.

II. MATERIAL AND METHODS

O ctopus m icrovillar m em branes were p repared  and bleached as 

described in Chapter 5. The synthesis and characterization of the 1 1 ,1 2 -D2 , 8 -
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1 3C-11,12-D2, 10-1 3C-11,12-D2, 11-1 3C-11,12-D2, and 13-13C-11,12-D2 retinals of 

either 11-c/s or 9-cis configurations were described by Lugtenburg et al, 1988.

The labeled chrom ophores in ethanol were added to 10 mL opsin  

suspension w ith a re tina l/opsin  molar ratio of 2:1. After incubation for 60 

min. at room temperature, 100 (iL of 2.0 M  hydroxylamine, pH  6.5, was added. 

The regenerated m embranes were w ashed once w ith 5 mM Tris buffer, pH  

7.2, then twice w ith  4% bovine serum  album in (fatty acid free, Sigma 

Chemical Co., St. Louis, MO) in 5 mM Tris, pH  7.2. The m embranes were 

stored at -60°C until further use. Approxim ately 50% of the opsin  was 

regenerated using this procedure. No difference was observed in the Raman 

spectra of the native p igm ent and that regenerated w ith  11-c/s or 9-cis 

unlabeled retinals. All operations were carried out in dim red light.

Bovine rhodopsin  were prepared  and regenerated in other papers 

(Wald, 1953; Shichi and Lewis, 1969; Shichi, 1970; Ebrey, 1971; Applebury et al, 

1974; M atsumoto et al, 1978; Cusanovich, 1982; Grip, 1982; Hong et al, 1982).

Resonance Raman experim ents were perform ed at 80 K in a liquid 

nitrogen coldfinger as previously described (Aton et al, 1980; see Chapter 4 

and Chapter 5).

III. RESULTS AND DISCUSSIONS

Resonance Raman vibrational spectra of the retinal chrom ophore in 

bathorhodopsin, rhodopsin and isorhodopsin of both bovine and  octopus 

have been obtained after regenerating visual pigments w ith a series of triply 

13C and deuterium  labeled retinals, i.e., 11,12-D2, 8-13C-ll,12-D2, 10-1 3C-11,12- 

D 2, 11-1 3 C-11,12-D2, 14-13C-11,12-D2. Usually, substitution w ith 13C in the 

retinal chromophore will significantly affect the frequencies of C-C and C=C 

stretch modes, which are normal found in the fingerprint (1100 to 1350 cm '1)



135

and the ethylenic region (1500 to 1700 cm '1), respectively. They have, 

however, limited effect on the HOOP modes which are found in the region of 

700 to 1000 cm-1. Thus the analysis the resonance Raman spectra of bovine 

and octopus rhodopsin, bathorhodopsin and isorhodopsin w ith triply-labeled 

retinal chromophores are mainly limited to the ethylenic - Schiff base region. 

In this work, only the ethylenic and Schiff base m ode region of the Raman 

data for bathorhodopsin, rhodopsin and isorhodopsin are analyzed in both 

the bovine and octopus pigments.

1. Bathorhodopsin

a) Bovine

Bovine bathorhodopsin  has been studied, w ith  deuterium  and 13C 

labeled chrom ophores, in the HOOP mode region, fingerprint region and 

Schiff base region (Palings et al, 1987; Palings et al., 1989). The Raman spectra 

of bovine bathorhodopsins w ith triply labeled chromophores are presented in 

Figure 6.1.

There are six bands in the ethylenic region of bovine bathorhodopsin 

w ith  1 1 ,1 2 -D 2 labeled retinal chrom ophore. The isotopic shifts are 

sum m arized in Table 6.1.

In native bovine bathorhodopsin , the 1654 cm ' 1 band  w hich is 

sensitive to deuteration at the ND (1626 cm '1) (Palings et al, 1987), has been 

assigned to the C=N Schiff base mode due to this well-known sensitivity 

(Heyde et a l,  1971; Aton et al, 1980; Gilson et al, 1988). In the C n D = C i2 D 

doubly-labeled chrom ophore, this band  lies at 1657 cm '1. The C s= C 6  

stretching mode is assigned to the 1631 cm-1 band which is invariant upon all 

8 -1 3C, 10-1 3C, 11-13C and 13-13C labeling. The assignment of C7 =Cs at 1586 cm.' 

1 is supported  by the spectrum  of the 8 -1 3C - l l , 1 2 -D 2 derivative where this
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band disappears. After the down-shifting of the band, it couples w ith the 1538 

cm -1  band, whose intensity is pushed dow n to 1513 cm '1. On the basis of 

comparison to the 1 0 -1 3C-1 1 ,1 2 -D2 derivative, the C9 =Cio stretching mode can 

be assigned to the 1563 cm ' 1 band in the spectrum  of 1 1 ,1 2 -D2 derivative 

because this mode shifts down to 1550 cm '1. After the shifting, this stretching 

mode couples and pushes the band at 1538 cm ' 1 to about 1510 cm '1. The latter 

becomes a shoulder of the band at 1503 cm '1. The C n = C i2 stretch is assigned 

to the mode at 1502 cm ' 1 based upon a shift of 14 cm -1 in the 1 1 -1 3 C-1 1 ,1 2 -D2  

derivative. The intense band at 1541 cm ' 1 can be in terpreted  as some 

intensity of the band at 1563 cm -1  shifting dow n since its coupling w ith 

C n = C i2 stretch is weakened. The spectrum of the 14-13C-11,12-D2 derivative 

demonstrates the C i3 =Ci4  stretching character can be assigned to the 1538 cm ' 1 

band w hich shifts to 1525 cm -1 in this derivative. The decoupling of the 

C i3 =Ci4  w ith the C9 =Cio stretches leads the 1563 cm ' 1 band shift to 1551 cm '1.

It is surprising to note that the intensity of the Cs=C6  stretching mode 

varies in the spectra of 1 0 -13C-1 1 ,1 2 -D2 , 1 1 -13C-1 1 ,1 2 -D2 , and 14-13C-11,12-D2 

derivatives, w hile the frequency rem ains substantially  the same. This 

implies the Cs=C 6  stretch may somehow mix w ith the C9 =Cio, C n = C i2 and 

C i3 =Ci4  stretches, if the assignment of Cs=C6 stretch is correct.

In  C hart 6.1 the ethylenic-Schiff base norm al m odes of bovine 

bathorhodopsin are drawn according to the above assignments.

b) Octopus

O ctopus bathorhodopsin  has been studied  w ith  singly or doubly 

deuterium  labeled chrom ophores in the HOOP m ode region, fingerprint 

region and ethylenic-Schiff base region (Aton et al., 1980; Pande et al, 1987; 

Gilson et al, 1988; Deng et al, 1991a; Deng et al, 1991b). The Raman spectra of
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octopus bathorhodopsins w ith triply labeled chromophores are presented in 

Figure 6.2.

There are six bands in the ethylenic region of octopus bathorhodopsin 

w ith the 1 1 ,1 2 - 0 2  labeled retinal chromophore. The isotopic shifts of the four 

triply labeled chromophores are summarized in Table 6.2.

The band at 1656 cm -1  in native octopus bathorhodopsin  has been 

assigned to C=N Schiff base m ode due to the sensitivity to deuteration at the 

ND (1626 cm '1) (Deng et al., 1991b). This band falls at 1657 cm -1  in the 

C nD = C i2 D doubly-labeled derivative. The Cs=C6  stretching mode is assigned 

to the 1630 cm -1  band which is invariant upon all 8 -1 3C, 10-1 3C, 11-13C and 13- 

13C labeling. The assignm ent of C7 =C$ stretching m ode to 1590 cm ' 1 is 

supported by the spectrum  of the 8 -1 3 C - l l ,1 2 -D2 derivative, where the band 

shifts dow n 19 cm-1. U pon this down-shifting, the C7 =Cs stretch couples w ith 

the band at 1543 cm -1 and pushed some intensity of the latter to 1516 cm-1. 

The shifting p a tte rn  of octopus bathorhodopsin  u p o n  8 -1 3 C - l l , 1 2 -D 2  

substitution is similar to that of bovine bathorhodopsin. The 1543 cm -1 band 

shifting to 1535 cm -1  in the 1 0 -1 3 C-1 1 ,1 2 -D2 derivative dem onstrates that it is 

the C9 =Cio stretching mode. The C n = C i2 stretch is contributed to both 1500 

and 1510 cm -1 bands based upon the intensity drop of these two modes in the 

1 1 -1 3 C-1 1 , 1 2 -D2 derivative. The 1500 cm -1 band, however, shifts more than 

the 1500 cm -1 band does ( 6  to 2 cm-1). Thus C n = C i2 stretch is assigned to the 

1500 cm -1  band. The C i3 =C i4  stretching character is assigned to the mode at 

1543 cm-1, which splits into two modes at 1532 and 1572 cm -1  in the 14-13C-

1 1 ,1 2 -D2 derivative spectrum.

In C hart 6.2 the ethylenic-Schiff base norm al m odes of octopus 

bathorhodopsin are shown according to the above assignments.
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2. Rhodopsin

a) Bovine

Bovine rhodopsin  is s tud ied  w ith  deu terium  and 13C labeled  

chromophores in the fingerprint and Schiff base regions (Palings et al, 1987). 

The Raman spectra of bovine rhodopsins w ith triply labeled chromophores 

are presented in Figure 6.3.

There are seven bands in the ethylenic region of bovine rhodopsin  

w ith  an 11,12-D2 labeled retinal chrom ophore. The isotopic shifts are 

sum m arized in Table 6.3.

The band at 1656 cm -1  in native bovine rhodopsin, has been assigned 

to the C=N Schiff base mode due to its sensitivity to deuteration at the ND 

(1626 c m '1) (Palings et al,  1987). In the C n D  = C i 2 D d o u b ly -lab e le d  

chrom ophore, this band falls at 1650 cm-1. The Cs=C 6  stretching m ode is 

assigned to the 1633 cm ' 1 band which is invariant upon all 8 -1 3 C, 10-1 3C, 11- 

13C and 13-13C labeling. The assignment of C7 =Cs to 1610 cm -1 is supported by 

the spectrum  of the 8 -1 3 C - l l , 1 2 -D2 derivative where this band losses most of 

its intensity. The C9 =Cio stretching character is located at 1592 cm-1, shifting 

by 2 0  cm ' 1 in the 1 0 -1 3 C-1 1 ,1 2 -D2 derivative. This shifting also leads to the 

coupling betw een the C9 =Cio stretch and the 1544 cm ' 1 band. The latter is 

pushed dow n to 1528 cm '1. The C n = C i2 stretch is assigned to the mode at 

1516 cm -1  based on the splitting of this band into two bands at 1499 and 1520 

cm ' 1 in the 1 1 -1 3 C-1 1 ,1 2 -D 2 derivative. The C i3 =C i4  stretching character is 

assigned to the mode at 1544 cm -1 on the basis of a 12 cm' 1 shift in the 14-13C-

11,12-Dz derivative.

In C hart 6.3 the ethylenic-Schiff base norm al m odes of bovine 

rhodopsin are draw n according to the above assignments.
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b) Octopus

The Ram an spectra of octopus rhodopsins w ith  trip ly  labeled 

chromophores are presented in Figure 6.4.

There are seven bands in the ethylenic region of octopus rhodopsin  

w ith an 1 1 ,1 2 -D2 labeled retinal chromophore. The isotopic shifts of the four 

triply labeled chromophores are summarized in Table 6.4.

In native octopus rhodopsin, the 1656 cm -1 band, which is sensitive to 

deuteration only at the ND (1632 cm '1) (see Chapter 5), can be readily assigned 

to the C=N Schiff base mode due to this sensitivity. In the C nD = C i2 D doubly- 

labeled chromophore, this band falls at 1657 cm-1. The Cs=C6 stretching mode 

is assigned to the 1636 cm -1 band which is essentially invariant upon all 8 -1 3C,

10-1 3 C, 11-13C and 13-13C labeling. The assignment of C7 =Cs at 1612 cm ' 1 is 

supported  by the spectrum  of 8 -1 3 C - l l , 1 2 -D 2 derivative w here this band 

disappears. The C9 =Cio stretch is assigned to the mode at 1584 cm '1, which 

shifts dow n by 20 to 30 cm -1 and couples with the band originally at 1546 cm-1. 

This results in a strong band at 1535 cm ' 1 in the 1 0 -1 3C-1 1 ,1 2 -D2 derivative. In 

the 1 1 -1 3 C -1 1 ,1 2 -D 2 derivative, a mode shifts from 1515 cm ' 1 dow n to 1497 

c m '1, w ith  the 1527 cm ' 1 band shifting to 1514 cm -1  since the coupling 

betw een this mode and C9 =Cio stretch is weakened. These changes indicate 

that C n = C i2 stretch is delocalized to these two modes. It is noted that the 

shifting pattern can also be interpreted as the 1527 cm ' 1 band shifting dow n 30 

cm ' 1 to 1497 cm ' 1 while the 1516 cm ' 1 band remaining substantially the same 

position. In this case the C n = C i2 stretch is assigned to the 1527 cm ' 1 band. 

The C i3 =C i4  stretching character is assigned to the mode at 1546 cm '1, which 

shifts dow n to 1526 cm ' 1 in the 14-13C-11,12-D2 derivative The isotopic 

influence of 14-13C-11,12-D2 on the C i3 =C i4  stretch of octopus rhodopsin is 

similar to that of octopus bathorhodopsin.
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In C hart 6.4 the ethylenic-Schiff base norm al m odes of octopus 

rhodopsin are draw n according to the above assignments.

3. Isorhodopsin

Isorhodopsin data will be reported similarly to bathorhodopsin and 

rhodopsin data, emphasizing the ethylenic regions.

a) Bovine

Bovine isorhodopsin was studied w ith  deuterium  and 13C labeled 

chrom ophores in the fingerprint and Schiff base regions (Palings et al, 1987). 

The R am an spectra  of bov ine  iso rh o d o p sin s  w ith  trip ly  labeled  

chromophores are presented in Figure 6.5.

There are six bands in the ethylenic region of bovine isorhodopsin 

w ith  1 1 , 1 2 -D 2  labeled retinal chrom ophore. The isotopic shifts are 

sum m arized in Table 6.5.

The band at 1656 cm -1 in native bovine isorhodopsin has been assigned 

to the C=N Schiff base mode due to the sensitivity of deuteration at the ND 

(1637 cm -1) (Palings et al,  1987). In the C n D  = C i 2 D d o u b ly -lab e led  

chrom ophore, this band is at 1659 cm '1. The C s=C 6  stretching m ode is 

assigned to the 1640 cm -1 band which is invariant upon all 8 -1 3 C, 10-1 3C, 11- 

13C and 13-13C labeling. The assignments of C7 =Cs at 1600 cm"1 and C9 =Cio at 

1582 are supported  by the spectra of 8 -1 3 C - l l , 1 2 -D 2 and 1 0 -1 3 C -1 1 ,1 2 -D 2  

derivatives, respectively, w here these two bands disappear. The C n = C i 2 

stretch is assigned to the mode at 1520 cm"1 based upon the splitting of this 

band into two bands at 1499 and 1482 cm -1 in the 1 1 -1 3C-1 1 ,1 2 -D2 derivative. 

The C i3 =Ci4  stretching character is assigned to the mode at 1549 based upon a 

1 0  cm -1 shift in the 14-13C-11,12-D2 derivative.
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In C hart 6.5 the ethylenic-Schiff base norm al m odes of bovine 

isorhodopsin are draw n according to the above assignments.

b) Octopus

The Ram an spectra of octopus isorhodopsins w ith  trip ly  labeled 

chromophores are presented in Figure 6 .6 .

There are six bands in the ethylenic region of octopus isorhodopsin 

w ith  1 1 ,1 2 -D2 labeled retinal chromophore. The isotopic shifts of the four 

triply labeled chromophores are summarized in Table 6 .6 .

The band at 1660 cm*1 in native octopus isorhodopsin, w hich is 

sensitive to deuteration only at the ND (1626 cm*1) (Chapter 4), can be readily 

assigned to the C=N Schiff base mode due to this sensitivity. In the 

C nD = C i2 D doubly-labeled chromophore, this band remains at 1660 cm*1. The 

C5 =C6  stretching mode is assigned to the 1639 cm*1 band which is invariant 

upon all 8 -1 3C, 10-1 3C, 11-13C and 13-13C labeling. The assignments of C7 =Cg 

to 1605 cm*1 and C9 =Cio to 1579 cm*1 are supported by the spectra of 8 -1 3 C-

1 1 ,1 2 -D2 and 1 0 -1 3C-1 1 ,1 2 -D2 derivatives, respectively, where these two bands 

disappear. In the 1 1 -1 3 C -1 1 , 1 2 -D2 derivative, a mode shifts from 1531 cm*1 

dow n to 1509 cm*1, and an increase in intensity is observed at 1539 cm*1. 

These changes allow us to assign C n = C i2 stretch to one of the modes in the 

1531 cm*1 band. The C i3 = C i4  stretching character is assigned to the other 

m ode of the 1531 cm*1 band, whose intensity shifts to 1523 cm*1 in the 

spectrum of the 14-13C-11,12-D2 derivative.

In C hart 6 . 6  the ethylenic-Schiff base norm al m odes of octopus 

isorhodopsin are drawn according to the above assignments.

IV. SUMMARY AND PROSPECTS
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Tables 6.7-9 d isp lay  the ethylenic and  Schiff base m odes of 

bathorhodopsin, rhodopsin and isorhodopsin for both bovine and octopus. It 

w as suggested and has been tested that the ethylenic (C=C) stretching 

frequency of retinal-based structures is correlated w ith  their absorption 

maxima (Rimai et al, 1971; Aton et al, 1977; Doukas et al, 1978b) due to the n 

electron delocalization (Kakitani and Kakitani, 1975). O ur data, moreover, 

suggests that, if the ethylenic stretching are relatively isolated, the C n = C i2 is 

the one that determ ine the absorption maxima because of the linear fitting as 

shown in Chart 6.7.

The above assignm ents shows that (1) In bovine bathorhodopsin , 

C 7 =C8 stretching mode is localized to 1586 cm-1, while C n=C i2  arid C i3 =C i4  

stretching m ode are som ew hat m ore delocalized, and the C9 =Cio stretch 

contributes to two normal modes. It may be suggested that some disturbance 

is around the C9 =Cio bond breaks the ethylenic chain to two parts. (2) In 

octopus bathorhodopsin, by contrast, the C9 =Cio and the C i3 =C i4  stretching 

modes are localized, while the C7 =Cs and the C n = C i2 modes are not. Thus 

there may be more than one disturbance affecting the chrom ophore chain. 

(3) In bovine rhodopsin, almost all bonds are delocalized, suggesting that the 

chromophore is pretty relaxed. This confirms the similarity of the fingerprint 

region of the resonance Raman spectra of bovine rhodopsin and that of the

11-cis protonated Schiff base retinal. (4) Conversely, the analysis of octopus 

rhodopsin  clearly shows that at least the C 7 =Cs, C9 =C io, and C i3 = C i 4  

stretching m odes are localized. This implies that there are some strong 

pro te in  perturbations acting on the chrom ophore. This in terpretation  

supports the proposal, which we make in Chapter 5, about the conformation 

of the octopus rhodopsin chromophore. (5) The ethylenic m odes of both 

bovine and octopus isorhodopsins are delocalized. It confirms that the
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spectra of bovine isorhodopsin is analogous to that of 9-cis protonated Schiff 

base retinal (Mathies, 1979). It also confirms the similar shifting pattern upon 

isotopic substitution (e.g. see Chapter 5).

As the same in Chapter 5, we wish to stress that the above assignments 

of the ethylenic m odes of bovine and octopus pigm ents are quantitatively 

ten tative because the lack of the norm al m ode calculation ow ing to 

limitations in calculation speed and the disk space. We propose to do the first 

calculation on some model com pounds which do not have the (3-ionyl ring. 

It is our hope that the specific model obtained from the normal calculation 

will fit the experim ental data and explain the sim ilarities and differences 

betw een bovine and octopus pigments, especially the cause of the anomalous 

1226 cm -1  band and low X-max of octopus rhodopsin in comparison to that of 

bovine.



Table 6.1 Bovine Bathorhodopsin Ethylenic-Schiff Base Region Vibrational Frequencies*

derivative frequencies (cm-1)

native 1654

11,12-D? 1502 1538 1563 1586 1631 1656

8-13C-ll,12-D 2 - 1513(-25) 1541 (-2 2 ) 1565(-21) 1627(-4) 1653(-4)

10-13C-11,12-D2 1503(+1) 1535(-3) 1550(-13) 1591(+5) 1627(-4) 1657(+3)

11-13C-11,12-D2 1504(+2) 1541(+3) 1564(+1) 1590(+4) 1631(0) 1655(-2)

14-13C-11,12-D2 1504(+2) 1525(-13) 1551(-12) 1584(-2) 1626(-5) 1656(-1)

tentative assingement C] 1 =C i2 C 13=C i .1 Cv^Cio C7 =CS c?=c6 C=N

* a. Shifts from the 11,12-D2 derivative are given in parentheses, b. - means not observed.



Table 6.2 Octopus Bathorhodopsin Ethylenic-Schiff Base Region Vibrational Frequencies*

derivative frequencies (cm-1)

native 1532 1545 1595 1628 1657

11,12-D2 1500 1510 1543 1590 1630 1657

8-13C-ll,12-D2 1499(-1) - 1516(-27) 1571(-19) 1624(-6) 1657(0)

10-13C-11,12-D2 1496(-4) 1510(0) 1535(-8) 1586(-4) 1628(-2) 1657(0)

11-13C-11,12-D2 1494(-6) 1508(-2) 1542(0-1) 1587(-3) 1629(-1) 1656(-1)

14-13C-11,12-D2 1500(0) 1512(+2) 1529(-14),1572(+29) 1590(0) 1630(0) 1656(-1)

tentative assingement C ii= C ,: Cq=Cl0 C-=CS C?=C (1 C=N

* a. Shifts from the 11,12-D2 derivative are given in parentheses, b. - means not observed.
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Table 6.3 Bovine Rhodopsin Ethylenic-Schiff Base Region Vibrational Frequencies*

derivative frequencies (cm-1)

native

1U 2-D 2 1516 1544 15 75 1592 1610 1633 1650

8-13C-ll,12-D2 1519(+3) 1544(0) - 1581(-11) 1610(0) 1635+2) 1658(+8)

10-13C-11,12-D2 1519(+3) 1528(-16) - - 1607(-3) 1638(+5) 1655(+5)

11-13C-11,12-D2 1499(-17) 1545(+1) 1575(0) 1592(0) 1604(-6) 1636(+3) 1654(+4)

14-13C-11,12-D2 1518(+2) 1532(-12) 1568(-7) 1596(+6) 1609(-1) 1634(+1) 1656(+6)

tentative assingement C n= C i2 n II n C9=Cio C7=Cs c3=c6 C=N

* a. Shifts from the 11,12-D2 derivative are given in parentheses, b. - means not observed.
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Table 6.4 Octopus Rhodopsin Ethylenic-Schiff Base Region Vibrational Frequencies*

derivative frequencies (cn r1)

native 1536 1586 1613 1634 1657

n,12-D2 1515 1527 1546 1584 1612 1636 1657

8-13C -lU 2-D 2 1514(-1) 1526(-1) 1544(-2) 1580(-4) 1634(-2) 1655(-2)

10-13C-11,12-D2 1512(-1) - 1535(-11) 1586(+2) 1612(0) 1636(0) 1658(+1)

11-13C-11,12-D2 1514(-1) 1497(-30) 1548(+2) 1578(-6) 1613(+1) 1637(+1) 1656(-1)

14-13C-11/12-D2 1515(0) 1526(-1) 1578(-6) 1611(-1) 1637(+1) 1656(-1)

tenta ti ve assineemen t C n= C i2 C'[3=Ci4 C9=Ciu C?=Cs

U11inu

C=N

* a. Shifts from the 11 ,12-D2 derivative are given in parentheses, b. - means not observed.
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Table 6.5 Bovine Isorhodopsin Ethylenic-Schiff Base Region Vibrational Frequencies*

derivative frequencies (cm -1)

native

11,12-D2 1520 1549 1582 1600 1640 1659

8-1 3C-ll,12-D2 1519(-1) 1534(?) 1549(0) - 1584(+3) 1637(-3) 1653(-6)

10-13C-11,12-D2 1519(-1) 1527(-22) - 1601(+1) 1640(0) 1656(-3)

H-13c -11,12-D2 1499(-21) 1546(-3) 1559(-22) 1599(-1) 1637(-3) 1654(-5)

14-13C-11,12-D2 1522(+2) 1539(-10) 1578(-6) 1601(+1) 1641(+1) 1652(-7)

tentative assingem ent C 11 =C i o C 13=C 14 Cci=C io c7=cs C:,=C6 C=N

* a. Shifts from the 11,12-D2 derivative are given in parentheses, b. - means not observed.



Table 6.6 Octopus Isorhodopsin Ethylenic-Schiff Base Region Vibrational Frequencies*

derivative frequencies (cm-1)

native 1541 1564 1588 1603 1637 1660

1 1 ,1 2 - 0 2 1531 1545 1579 1605 1639 1660

8-13C-ll,12-D2 1532(+1) 1538(-7) - 1585(+6) 1639(0) 1660(0)

10-13C-11,12-D2 1525(-6) 1547(+2) 1604(-1) 1639(0) 1660(0)

11-13C-11,12-D2 1509(-12) 1539(-6) 1574(-5) 1604(-1) 1640(+1) 1659(-1)

14-13C-11,12-D2 1523(-S) 1547(+2) 1572(-7) 1604(-1) 1638(-1) 1656(-4)

tentative assinsremento c  11 =C 12,C 13=C L-I Cu=Cio Cp^Cs c ~ c „ C=N

* a. Shifts from the 11,12-D2 derivative are given in parentheses, b. - means not observed.
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Table 6.7: Comparison of Ethylenic Modes of Bathorhodopsin for Bovine

and Octopus

bovine (cm-1) stretch octopus (cm-1)

1656 C=N 1657

1631 C 5 = C 6 1630

1586 C 7 = C g 1590

1563 C 9 = C i o 1543

1538 C l 3 = C i 4 1510

1502 Cll=Cl2 1500

Table 6 .8 : Comparison of Ethylenic Modes of Rhodopsin for Bovine and

Octopus

bovine (cm-1) stretch octopus (cm-1)

1650 C=N 1657

1633 C5=C6 1636

1610 C7=C8 1612

1592 C9=Cio 1584

1544 Cl3=Ci4 1546

1516 Cll=Ci2 1527,1515
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Table 6.9: Comparison of Ethylenic Modes of Isorhodopsin for Bovine and

Octopus

bovine (cm-1) stretch octopus (cm-1)

1659 C=N 1660

1640 C5=C6 1639

1600 C7=Cs 1605

1582 C9=Cio 1579

1549 Cl3=Ci4 1531

1520 Cn=Ci2 1531
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Figure 6.1: Resonance Ram an spectra of bovine bathorhodopsin  w ith (a)

11,12-D2, (b) 8 -13C - ll ,1 2 -D2, (c) 10-1 3C-11,12-D2, (d) 11-1 3C-11,12- 

D2, and (e) 14-13C~11,12-D2 substituted retinal chromophores
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Figure 6.2: Resonance Ram an spectra of octopus bathorhodopsin w ith (a)

11,12-D2/ (b) 8-13C-ll,12-D 2/ (c) 10-13C-11/12-D2/ (d) 11-13C-11,12- 

D2/ and (e) 14-13C-11,12-D2 substituted retinal chromophores
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Figure 6.3: Resonance Raman spectra of bovine rhodopsin w ith (a) 11,12-D2/

( b )  8-13C-ll,12-D2, ( c )  10-13C-11,12-D2/ ( d )  11-13C-11/12-D2/ and (e)

14-13C-11,12-D2 substituted retinal chromophores
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Figure 6.4: Resonance Raman spectra of octopus rhodopsin w ith (a) 11,12-

D2, (b) 8-13C-ll,12-D2, (c )  10-13C-11,12-D2, (d) 11-13C-11,12-D2, and

(e) 14-13C-11,12-D2 substituted retinal chromophores
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Figure 6.5: Resonance Raman spectra of bovine isorhodopsin w ith (a) 11,12-

D2, (b) 8-13C-ll,12-D2, ( c ) 10-13C-11,12-D2/ ( d )  11-13C-11,12-D2, and

(e) 14-13C-11,12-D2 substituted retinal chromophores
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Figure 6 .6 : Resonance Ram an spectra of octopus isorhodopsin  w ith  (a) 

1 1 ,1 2 -D2, (b) 8-13C - l l /12-D2, (c) 10-1 3 C-11,12-D2/ (d) 11-13 C-11,12- 

D2/ and (e) 14-13C-11,12-D2 substituted retinal chromophores
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Chart 6.1 Assignments of Ethylenic-Schiff base modes of bovine bathorhodopsin

1652

1632

1612

1592
1572

1552

1532

1512

1492
Cl3=C14 C=NC9=C10 Cl 1=C12C7=C8C5=C6

C hart 6.2 A ssignm ents of Ethylenic-Schiff base m odes of octopus 

bathorhodopsin

1652

1632

1612

1592
1572

1552

1532

1512

1492
C=NCl3=C14C9=C10 Cl 1 =C12C5=C6 C7=C8
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Chart 6.3 Assignments of Ethylenic-Schiff base modes of bovine rhodopsin

1652

1632

1612

1592

1572

1552

1532

1512

1492
C=NCl 1=C12 Cl3=C14C5=C6 C7=C8 C9=C10

Chart 6.4 Assignments of Ethylenic-Schiff base modes of octopus rhodopsin

1652

1632

1612

1592

1572

1552

1532

1512

1492
C=NC13=C14C9=C10 Cl 1=C12C5=C6 C7=C8



172

Chart 6.5 Assignments of Ethylenic-Schiff base modes of bovine isorhodopsin

1652

1632

1612

1592
1572

1552

1532

1512

1492
C=NC5=C6 C7=C8 C9=C10 Cl 1=C12 Cl 3=C14

i

Chart 6 . 6  Assignments of Ethylenic-Schiff base modes of octopus isorhodopsin

1652

1632

1612

1592

1572

1552

1532

1512

1492
C5=C6 C7=C8 C9=C10 C=NCl 1=C12 Cl 3=C14
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Chart 6.7: Correlation of degenerated ethylenic (C5=C6, C7=C8, C9=C10, 
C11=C12C, and C13=C14) stretching frequencies of bovine and 
octopus visual pigments with their absorption maxima. Only the 
C11=C12 stretch frequency has the inversely linear correlation with 
has been suggested for generated C=C bonds.
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