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Abstract-Magic angle spinning (MAS)W-NMR spectra of the metarhodopsin I1 intermediate have 
been obtained using bovine rhodopsin regenerated with retinal I3C-labeled at the C-13 and C-15 
positions to investigate the protonation state of the retinal Schiff base linkage. The 13C-labeled 
rhodopsin was reconstituted into 1,2-dipalmitoleoylphosphatidylcholine bilayers to increase the amount 
of meta I1 trapped at low temperature. Both the 13C-15 (159.2 ppm) and 13C-13 (144.0 ppm) isotropic 
chemical shifts are characteristic of an unprotonated Schiff base, while the ”C-15 shift is significantly 
different from that of retinal (191 ppm) or a tetrahedral carbinolamine group (70-90 ppm) previously 
proposed as an intermediate in the hydrolysis of the Schiff base at the meta I1 stage. This rules out 
the possibility that meta I1 non-covalently binds retinal or is a carbinolamine intermediate and provides 
convincing evidence that Schiff base deprotonation occurs in the meta I-meta I1 transition, an event 
that is likely to be important in triggering the activation of transducin. 

INTRODUCTION 

The retinylidene chromophore is the photoreactive 
group in the visual pigment rhodopsin responsible 
for light absorption and protein activation (for a 
recent review see Birge’). It is buried within the 
interior of the protein covalently attached to lysine 
296 as a protonated Schiff base (PSB)?. Light 
absorption drives an 11-cis to all-trans isomerization 
of the chromophore to form bathorhodopsin which 
subsequently decays through a series of intermedi- 
ates designated lumirhodopsin, metarhodopsin I 
and metarhodopsin 11. Yoshizawa and Wald2 pro- 
posed that rhodopsin undergoes a conformational 
change at the metarhodopsin stage based on the 
observation that low temperatures (< -50°C) block 
the ability to photoconvert metarhodopsin back to 
rhodopsin. Several subsequent studies have argued 
for both global changes in rhodopsin structurg4 
and local changes in specific amino acid residues 
during the photoreaction7j8. More recently, it has 
been found that the GTP-binding protein, transdu- 
cin, is activated at the meta I1 intermediate9vI0, most 
likely due to the protein conformational changes 
associated with meta I1 formation. 

Meta I1 has a A,, of 380 nm and is in a pH- 
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dependent equilibrium with meta I (A,,, = 478 nm) 
where the equilibrium is shifted towards the meta 
I1 intermediate at lower pH” (Fig. 1). The pH 
dependence is opposite to that observed in squid 
rhodopsid2 and is anomalous if meta I1 contains an 
unprotonated Schiff base as suggested by resonance 
Raman experimentsJ3. Furthermore, bleaching of 
rhodopsin results in the uptake of at least one pro- 
ton from so lu t i~n’~~’~ .  In order to account for these 
various protonation changes, it was originally pro- 
posed that two protons are taken up by the protein 
at the meta I1 stage, one corresponding to the pro- 
ton lost from deprotonation of the Schiff base and 
the second originating from solution”. Cooper and 
coworkers have subsequently proposed an alterna- 
tive model for the meta I to meta I1 transition where 
only a single proton is taken up at meta I1 and is 
involved in hydrolysis of the Schiff base link- 
ageI6.l7. They suggested that meta I1 is at least in 
part a carbinolamine, an intermediate in Schiff base 
hydrolysis. 

Magic angle spinning (MAS) NMR yields high- 
resolution 13C NMR spectra of membrane proteins 
(for a recent review see Smith and GriffinI8). Spec- 
ific sites on the retinal chromophore can be studied 
by regenerating rhodopsin with 13C-labeled reti- 
nalI9. The chemical shifts of the C-15 and C-13 
retinal carbons are particularly sensitive to the pro- 
tonation state of the Schiff base and the electrostatic 
polarization of the chromophore by the protein 
counterion20-2’. In retinal PSB model compounds, 
the 13C-15 (162-167 ppm) and I3C-13 (162-163 ppm) 
isotropic chemical shifts vary depending on the size 
and nature of the counterion. MAS NMR has the 
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Figure 1. Retinal chromophore structures in the meta I 
and meta I1 intermediates of rhodopsin. Meta I (Amax = 
478 nm) has an all-trans PSB chromophore (top). The 
formation of meta I1 = 380 nm) is thought to involve 
either deprotonation of the Schiff base (middle) or the 
onset of Schiff base hydrolysis generating a carbinolamine 

intermediate (bottom). 

capability of determining the protonation state of 
the Schiff base, since deprotonation leads to  a 
characteristic shift of the I3C-13 resonance to  
141-145 ppm and to  a small shift of the I3C-15 
resonance to  157-159 ppm2'. Furthermore, the pro- 
posed carbinolamine intermediate has a "C-15 
chemical shift in  the range of 70-90 ppm, well below 
that of both protonated and unprotonated Schiff 
basesz2. In this paper, MAS NMR spectra have 
been obtained of the meta I1 intermediate using 
rhodopsin regenerated with 13C-13 and "C-15 reti- 
nal. The observed I3C resonances in meta I1 clearly 
show that the retinal chromophore is bound to the 
protein as an unprotonated Schiff base. 

MATERIALS AND METHODS 

The synthesis of the 15-I3Cc- and 13J3C labeled retinals 
have been described by Lugtenbur&'. Rhodopsin was 
isolated from bovine retinas (Lawson, Lincoln, NE), pur- 
ified by sucrose gradient ultracentrifugation and hydroxya- 
patite chromatography, and regenerated with 9-cis retinal 
as previously described1p,24. The regenerated rhodopsin 
was reconstituted into membranes by detergent dialysisz'. 
Dipalmitoleoylphosphatidylcholine was added to rhodop- 
sin solubilized in Ammonyx-LO in a l a 1  lipid to protein 
ratio. The mixture was allowed to incubate for 6 h at 4°C 
and the detergent was subsequently removed by dialysis 
against either pH 7.4 phosphate buffer or pH 5.5 MES 

buffer containing 1 mm dithiothreitol over three days. 
The dialysis buffer was changed every 4-8 h. Absorption 
spectra were taken of the rhodopsin samples at 4°C after 
illumination using a 540 nm long pass filter. These spectra 
exhibited a 380 nm absorption maximum characteristic of 
the meta I1 intermediate. The reconstituted protein was 
concentrated by ultracentrifugation and low speed centri- 
fugation using Amicon centriflo cones. Excess water was 
removed by blowing N, gas over the sample. 

I3C MAS NMR spectra were obtained on a Chemagnet- 
ics CMX 360 MHz spectrometer using a Doty Scientific 
(Columbia, SC) double-resonance probe equipped with a 
7 mm spinning system. The I3C and IH frequencies were 
90.4 and 359.4 MHz, respectively. A standard 1H-13C cross 
polarization pulse sequence was used with a 4 ps 90" pulse 
length, a 2 ms contact time, and a 34 ms acquisition time. 
The data were typically zero-filled to 4K points and line- 
broadened by 20-30 Hz. 

The meta XI intermediate was trapped at low tempera- 
ture using rhodopsin equilibrated at pH 5.5 or pH 7.4. 
The rhodopsin sample was first loaded into an NMR rotor 
in the dark and evenly distributed in a thin layer along 
the rotor walls. The rotor was then illuminated at -5 to 
-15°C using a 540 nm long pass filter for -30 s and 
placed into the precooled NMR probe. NMR spectra were 
obtained in the dark at -50°C. 

RESULTS 

Our previous NMR studies on rhodopsin and 
bathorhodopsin were on detergent-solubilized 
 sample^'^,^^ since the absorption spectra and pri- 
mary photochemistry are not significantly different 
between the detergent and membrane-reconstituted 
proteinsz*. Several studies have shown that the nat- 
ure of the lipids in reconstituted systems can greatly 
influence the meta I-meta I1 transition, and that 
unsaturated acyl chains may be necessary for the 
stabilization of the meta I1 intermediat19'-~~. Mitch- 
ell et al. have indicated that the meta I-meta I1 
equilibrium favors meta I1 in 1-palmitoyl-2-oleoyl 
phosphatidylcholine (POPC) bilayers relative to  
dimyristoylphosphatidylcholine (DMPC) and that 
maximal G-protein activation is observed in POPC 
vesicles a t  temperatures above the phase tran- 
sition-". In the experiments below, rhodopsin was 
reconstituted into dipalmitoleoylphosphatidylcho- 
line bilayers where the lipid phase transition is 
below -30°C allowing for the conversion to  meta 
I1 in the liquid crystalline phase of the lipid. 

The MAS NMR spectrum of 15-13C isorhodopsin 
reconstituted in bilayers is presented in Fig. 2(a). 
The large resonance at -130 ppm results from the 
natural abundance methylene carbons of the unsatu- 
rated palmitoleoyl chain, while the line at  -174 
ppm is due to  the natural abundance backbone 
carbonyls of rhodopsin. The sharp resonance at 
166.7 ppm is due to  the enriched 15-13C label on 
the retinal chromophore. Within the resolution of 
the experiment, the frequency (166.7 ppm) and line- 
width (90 Hz) of the 15-13C resonance is the same 
as that previously obtained of detergent-solubilized 
rhodopsin at low temperatureJ9. 

Isorhodopsin was converted to  the meta I1 inter- 
mediate above the phase transition temperature of 
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Figure 2. MAS NMR spectra of W 3 C  isorhodopsin (a) 
and meta I1 (b) at pH 5.5. The sample was converted to 
meta I1 at -5 to -15°C. For both the isorhodopsin and 
meta I1 spectra, the temperature was maintained at -50°C 

during for data collection. 

dipalmitoleoylphosphatidylcholine. The meta I1 
intermediate was trapped by subsequently lowering 
the temperature to -50°C. Figure 2(b) presents 
MAS NMR spectra of meta I1 produced from rho- 
dopsin at pH 5.5 containing 15-I3C retinal. The 
resonance at 159.2 ppm is assigned to the meta I1 
intermediate. There is no indication of a residual 
isorhodopsin resonance at 166.7 ppm. The meta I1 
resonance at pH 7.4 (data not shown) is broadened 
relative to that at pH 5.5 suggesting greater hetero- 
geneity in the environment around the Schiff base. 

Figure 3 presents spectra of 13-13C isorhodopsin 
(a) and meta I1 (b) at pH 5.5. Model compound 
studies have shown that the 13-13C resonance is 
sensitive to the protonation state of the Schiff 
base20. The sharp 13-13C centerband is observed at 
169.0 ppm in isorhodopsin and at 144.0 ppm in meta 
11. The meta I1 resonance is at a characteristic 
frequency for an unprotonated Schiff base chromo- 
phore. 

DISCUSSION 

The absorption spectra of the rhodopsin inter- 
mediates clearly reflect changes in protein<hromo- 
phore interactions that occur during the photo- 
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Figure 3. MAS NMR spectra of 13-I3C isorhodopsin (a) 
and meta I1 (b) at pH 5.5. The sample was converted to 
meta I1 at -5 to -15°C. For both the isorhodopsin and 
meta I1 spectra, the temperature was maintained at -50°C 

during for data collection. 

reaction cycle. The red-shifted absorption maximum 
in rhodopsin and the intermediates prior to meta I1 
argue for a protonated Schiff base linkage. The 
nature of the chromophore in meta 11, however, 
has been difficult to establish since the absorption 
maximum of the meta I1 intermediate (380 nm) is 
close to that of free retinal (380 nm) and at slightly 
longer wavelengths than model unprotonated Schiff 
bases (360-370 nm). Meta I1 was originally thought 
to contain an unprotonated Schiff base on the basis 
of the photoreversibility of meta I1 to rhodopsin2. 
Cooper and co-workers subsequently have argued 
that free retinal noncovalently bound in the ret- 
inal binding site or a carbinolamine form of retinal 
are consistent with the experimental data on 
meta II’6-17. These competing interpretations have 
not been resolved by resonance Raman or FTIR 
spectroscopy since it has not been possible to assign 
the -C=N-Schiff base or -CHOH--NH2- carbin- 
olamine vibrations. One advantage of NMR over 
absorption or vibrational spectroscopy in addressing 
such questions is the ability to characterize unam- 
biguously the electron density at single sites along 
the polyene chain. 

Comparison of the MAS NMR chemical shifts of 
the meta I1 intermediate with those of retinal model 
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compounds clearly indicates that meta I1 has an 
unprotonated Schiff base. Both the 15-13C (159.2 
ppm) and 13-I3C (144.0 ppm) resonances are within 
the range of chemical shifts observed for unpro- 
tonated Schiff bases. Furthermore, the 15-13C reson- 
ance is much higher in frequency than that expected 
for a tetrahedral carbinolamine group (70-90 ppm) 
and much lower in frequency than expected for 
retinal (191 ppm). 

What do these results reveal about the meta I to  
meta I1 transition? First, deprotonation argues that 
the Schiff base pK, has decreased during the meta 
I-meta I1 transition. Such a shift can result from 
moving the Schiff base into a more hydrophobic 
environment, by the approach of a positively 
charged amino acid, or by a change in the intermol- 
ecular angle between the hydrogen bond donor and 
acceptoi”. Based on hydropathy plots of the rho- 
dopsin amino acid sequence, His 211 is the only 
residue other than the lysine 296 with potential 
positive charge in the transmembrane portion of the 
bilayer. However, the lack of conservation of His 
211 between rhodopsin and the cone pigments 
argues that this residue is not an integral part of the 
deprotonation mechanism. As a result, the role of 
isomerization of the retina1 is most likely to change 
the location or orientation of the Schiff base (or 
rearrange the protein environment) t o  facilitate pro- 
ton transfer a t  meta 11. In this regard, our previous 
NMR studies have provided converging evidence 
that a large (6-7 ppm) downfield chemical shift of 
C-13 in rhodopsin, isorhodopsin, and bathorhodop- 
sin results from a negative counterion in the retinal 
binding site, whereas the chemical shift for position 
13 meta I1 is not significantly perturbed from the 
chemical shift observed in model unprotonated 
Schiff bases, suggesting a different protein confor- 
mation in this intermediate. Second, Schiff base 
deprotonation and the stability of meta 11 at  low 
p H  argues for the protonation of a protein group 
in the retinal binding site. The  simplest explanation 
would be protonation of glutamate 113, the coun- 
terion to  the Schiff b a ~ e ~ ~ ” ~ .  Khorana and co-work- 
ers have shown that mutagenesis of glutamate 113 
to glutamine results in activation of transducin in 
the dark upon addition of all-trans retinal34. Con- 
sidering that glutamate 113 is the counterion in 
native rhodopsin, it is not unlikely that all-trans 
retinal binds t o  this rhodopsin mutant as an unpro- 
tonated Schiff base generating a meta 11-like inter- 
mediate. Both protonation of glutamate 113 o r  site- 
directed mutagenesis to glutamine effectively 
remove the counterion charge. These results set 
the stage for NMR studies of lumirhodopsin and 
metarhodopsin I in order to characterize the protein 
environment of the retinal chromophore in these 
intermediates. 

Acknowledgements-We thank JoAnn Hong and Benja- 
min Gayle for regeneration and reconstitution of the rho- 
dopsin samples. The support of the NIH (GM 41412), the 

Searle Scholars ProgradChicago Community Trust, the 
Netherlands Foundation for Chemical Research (SON), 
the Royal Netherlands Academy of Sciences and the 
Netherlands Organization for the Advancement of Pure 
Research (NWO) is gratefully acknowledged. 

REFERENCES 

1. 

2. 

3. 

4. 

5 .  

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

Birge, R. R. (1990) Nature of the primary photo- 
chemical events in rhodopsin and bacteriorhodopsin. 
Biophys. Biochim. Acta 1016, 293-327. 
Yoshizawa, T. and G. Wald (1963) Pre-lumirhodopsin 
and t tx bleaching of visual pigments. Nature 197, 
1279-1286. 
Lamola, A. A., T. Yamane and A. Zipp (1974) 
Effects of detergents and high pressure upon the met- 
arhodopsin I-metarhodopsin I1 equilibrium. Biochem- 
istry 13, 738-745. 
Hubbell, W . ,  K. K. Fung, K. Hong and Y. S. Chen 
(1977) Molecular anatomy and light-dependent pro- 
cesses in photoreceptor membranes. In Vertebrate 
Photoreception (Edited by H. B. Barlow and P. Fatt), 
pp. 41-59. Academic Press, London. 
Attwood, P. V. and H. Gutfreund (1980) The appli- 
cation of pressure relaxation to the study of the equi- 
librium between metarhodopsin I and I1 from bovine 
retinas. FEBS Lett. 119, 323-326. 
DeGrip, W .  J., D. Gray, J. Gillespie, P. H. M. Bovee, 
E. M. M. V. den Berg, J. Lugtenburg and K. J. 
Rothschild (1988) Photoexcitation of rhodopsin: con- 
formation changes in the chromophore, protein and 
associated lipids as determined by FTIR difference 
spectroscopy. Photochem. Photobiol. 48, 497-504. 
Rafferty, C. N. (1979) Light-induced perturbation of 
aromatic residues in bovine rhodopsin and bacterior- 
hodopsin. Phorochem. Photobiol. 29, 109-120. 
Chabre, M. and J. Breton (1979) Orientation of aro- 
matic residues in rhodopsin. Rotation of one trypto- 
phan upon the meta I-rneta I1 transition after illumi- 
nation. Photochem. Photobiol. 30, 295-299. 
Longstaff, C., R. D. Calhoon and R. R. Rando (1986) 
Deprotonation of the Schiff base of rhodopsin is obli- 
gate in the activation of the G protein. Proc. Narl. 
Acad. Sci. USA 83, 4209-4213. 
Kibelbek, J . ,  D. C. Mitchell, J. M. Beach and B. J. 
Litman (1991) Functional equivalence of metarhodop- 
sin I1 and the Gt-activating form of photolyzed bovine 
rhodopsin. Biochemistry 30, 6761-6768. 
Matthews, R. G., R. Hubbard, P. K. Brown and G. 
Wald (1963) Tautomeric forms of metarhodopsin. J .  
Gen. Physiol. 47, 215-240. 
Hubbard, R. and R. C. C. S. George (1958) The 
rhodopsin system of the squid. J .  Gen. Physiol. 41, 

Doukas, A. G., B. Aton, R. H. Callender and T. G. 
Ebrey (1978) Resonance Raman studies of bovine 
metarhodopsin I and metarhodopsin 11. Biochemistry 

Radding, C. M. and G. Wald (1956) Acid-base 
properties of rhodopsin and opsin. J .  Gen. Physiol. 
39, 909-922. 
McConnell, D. G., C. N. Rafferty and R. A. Dilley 
(1968) The light-induced proton uptake in bovine reti- 
nal outer segment fragments. J .  Biol. Chem. 243, 

501-528. 

17, 2430-2435. 

I - 
5820-5826. 
Cooper, A. and C. A. Converse (1976) Energetics of 
primary processes in visual excitation: photo- 
calorimetry of rhodopsin in rod outer segment mem- 
branes. Biochemistry 15, 2970-2978. 

17. Cooper, A., S. F. Dixon, M. A. Nutley and J. L. Robb 
(1987) Mechanism of retinal schiff base formation and 
hydrolysis in relation to visual pigment photolysis and 
regeneration. J.  Am. Chem. SOC. 109, 7254-7263. 



MAS NMR of meta I1 1039 

18. Smith, S. 0. and R. G. Griffin (1988) High-resolution 
solid state NMR of proteins. Annu. Rev. Phys. Chem. 

19. Smith, S. O., I. Palings, M. E. Miley, J. Courtin, H. 
de Groot, J. Lugtenburg, R. A. Mathies and R. G. 
Griffin (1990) Solid-state NMR studies of the mechan- 
ism of the opsin shift in the visual pigment rhodopsin. 
Biochemistry 29, 8158-8164. 

20. Harbison, G. S., P. P. J. Mulder, H. Pardoen, J. 
Lugtenburg, J. Herzfeld and R. G. Griffin (1985) 
High-resolution carbon-13 NMR of retinal derivatives 
in the solid-state. J. Am.  Chem. Soc. 107,4809-4816. 

21. Childs, R. F., G. S. Shaw and R. E. Wasylishen 
(1987) Solid-state studies of some retinal iminium salts 
and related compounds: evidence for a 6-s-trans con- 
formation. J. Am. Chem. SOC. 109, 5362-5366. 

22. Gruys, K. J., C. J. Halkides and P. A. Frey (1987) 
Synthesis and properties of 2-acetylthiamin pyro- 
phosphate: an enzymatic reaction intermediate. Bio- 
chemistry 26, 7575-7585. 

23. Lugtenburg, J. (1985) The synthesis of 13C-labelled 
retinals. Pure Appl. Chem. 57, 753-762. 

24. Palings, I., J. A. Pardoen, E. van den Berg, C. Win- 
kel, J. Lugtenburg and R. Mathies (1987) Assignment 
of fingerprint vibrations in the resonance Raman spec- 
tra of rhodopsin, isorhodopsin and bathorhodopsin. 
Biochemistry 26, 2544-2556. 

25. Applebury, M. L., D. M. Zuckerman, A. A. Lamola 
and T. J. Jovin (1974) Rhodopsin purification and 
recombination with phospholipids assayed by the met- 
arhodopsin I-tmetarhodopsin I1 transition. Biochem- 
istry 13, 3448-3458. 

26. Smith, S. O., J. Courtin, H. de Groot, R. Gebhard 

39, 511-535. 

and J. Lugtenburg (1991) magic angle spinning 
NMR studies of bathorhodopsin, the primary photo- 
product of rhodopsin. Biochemistry 30, 74W7415. 

27. O'Brien, D. F., L. F. Costa and R. A. Ott (1977) 
Photochemical functionality of rhodopsin-phospho- 
lipid recombinant membranes. Biochemistry 16, 
1295-1303. 

28. Wiedmann, T. S., R. D. Pates, J. M. Beach, A. 
Salmon and M. F. Brown (1988) Lipid-protein interac- 
tions mediate the photochemical function of rhodop- 
sin. Biochemistry 27, 6469-6474. 

29. Mitchell, D. C., M. Straume and B. J. Litman (1992) 
Role of sn-1-saturated, sn-Zpolyunsaturated phospho- 
lipids in control of membrane receptor conformational 
equilibrium. Biochemistry 31, 662-670. 

30. Mitchell, D. C., J. Kibelbek and B. J. Litman (1990) 
Formation of metarhodopsin I1 and activation of Gv 
by rhodopsin-containing DMPC vesicles. Biophys. J. 
57, 74a. 

31. Scheiner, S. and X. Duan (1991) Effect of intermol- 
ecular orientation upon proton transfer within a polar- 
izable medium. Biophys. J .  60, 874-883. 

32. Nathans, J. (1990) Determinants of visual pigment 
absorbance: identification of the retinylidene Schiff's 
base counterion in bovine rhodopsin. Biochemistry 29, 

33. Zhukovsky, E. A. and D. D. Oprian (1989) Effect of 
carboxylic acid side chains on the absorption 
maximum of visual pigments. Science 246, 928-930. 

34. Sakmar, T. P., R. R. Franke and H. G. Khorana 
(1989) Glutamic acid 113 serves as the retinylidene 
Schiff base counterion in bovine rhodopsin. Proc. 
Natl. Acad. Sci. USA 86, 8309-8313. 

9746-9752. 


