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Clay Mimics Color Tuning in Visual Pigments**
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Humans have four photoreceptive proteins; one for twilight
vision, and three for color vision.[1] The first, rhodopsin, is
present in rod cells (lmax� 500 nm). The other three are
present in cone cells, and called by their absorbing colors, such
as human blue (lmax� 425 nm), human green (lmax� 530 nm),
and human red (lmax� 560 nm).[2,3] In all cases, the chromo-
phore is the protonated retinal Schiff base in the 11-cis
isomeric state (RSB-11) that is bound to a lysine residue at
the seventh helix of the opsin (Figure 1a).[4] No structures
have been determined for color pigments, though the
fundamental architecture is believed to be similar to that of
bovine rhodopsin. Protein structures composed of 7-trans-
membrane helices are common not only for the visual
proteins but also for thousands of G-protein coupled recep-
tors. Color originates from the energy gap of the protonated
RSB-11 between its electronically excited and ground states.
It is generally accepted that the mechanism of color tuning is
primarily in the interaction between RSB-11, protonated at
the Schiff base, and its counterion; when the interaction is
weaker, the spectrum shifts to longer wavelengths.[1,5]

Although hydrophobic amino acid residues surround the b-
ionone ring and polyene chain of RSB-11, the retinal Schiff
base region is highly hydrophilic. Polar residues and internal
water molecules must participate in the stabilization of the
ion-pair state,[5] though the protein inside is normally hydro-
phobic (the dielectric constant is about 4). In solution, the
cationic chromophore and the anion present are free and their
short separation gives the energy state corresponding to a lmax

at 430–460 nm.[6] In contrast, the position of counterion in the
protein is controlled so as to change the interaction, leading to
maxima suited for acquisition of visible light (400–700 nm;
lmax from 425 to 560 nm). In bovine rhodopsin, the oxygen
atoms of Glu113 are located at a 3–4-7 distance from the
Schiff base nitrogen atom (Figure 1a),[4] and lmax is shifted to
498 nm.

Although artificial construction of wide color tuning of
the rhodopsin chromophore in other materials had long been
unsuccessful, Sasaki and Fukuhara reported that lmax of all-
trans RSB was found at 530 nm when mixed with a
montmorillonite (Kunipia-F) modified by dimethyloctadecyl-
amine (DOA) in benzene solution.[7] Montmorillonite is a
natural clay (Figure 1b). The negative charges of the silicate
layers are compensated by interlayer cations (NaI, KI, CaII,
MgII, etc.) that intervene in adjacent layers with some water
molecules. The properties of clays are determined by
substitution of ions in the backbone layer and interlayer
cations. Unique characteristics are exhibited, which depend
on the clay source and from the common architecture.
Exchange of interlayer cations, which is easily achieved in
aqueous solution with cationic surfactants, such as DOA,
presumably leads to a great affinity for organic molecules,[8]

and hence all-trans RSB was intercalated and a proton was
supplied from DOA. While the color-tuning mechanism is yet
to be understood, clay was seen to be a potential protein-like
model matrix. A similar approach was reported in an
application as a photonic device.[9] Herein we report that
RSB-11 exhibits various colors when adsorbed onto mont-

Figure 1. a) Left: Protein structure of bovine rhodopsin with chromo-
phore RSB-11 (shown in yellow). The region in the green box is
enlarged (right), highlighting the structure of RSB-11 (yellow) and the
protein environment. Protonated Schiff base nitrogen atom is blue,
internal water molecules green, and negatively charged Glu113 is
indicated (oxygen red). The hydrophilic regions are shown by light blue
shading. b) The structure of the clay montmorillonite. Two SiO2

tetrahedral sheets (gray) sandwich an AlO6 octahedral sheet (yellow).
Substitution of some aluminum ions, primarily by magnesium ion-
s (purple), results in negative charge in the layer, which is neutralized
by interlayer cations (red). Small spheres are Al (yellow), O (red) and
Si (blue).
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morillonite. The lmax of RSB-11 in benzene is at 356 nm
(Figure 2), indicating that the Schiff base is not protonated.
However, when various montmorillonites (Table 1) were
mixed with the benzene solution, absorption in the UV

region decreased with concomitant appearance of absorption
in the visible region. Interestingly, the lmax and the absorbance
were highly dependent on the clay used. In case of Kunipia-F,
the absorption in the visible range is very small, and lmax not
accurately determined (Figure 2a). On the other hand, clear
absorption maxima in the visible region appeared at 400–
700 nm in other clays, resembling the visual rhodopsins, with
maxima at 479 nm for Bengel Bright 11 (Figure 2b), at
503 nm for Mikawa montmorillonite (Figure 2c), and at
532 nm for Bengel A (Figure 2d). The linear concentration
dependence of the absorption increase (not shown) indicates

that RSB-11 does not form a complex such as a dimer, which
is also the case in the visual protein. The strongly shifted lmax

values in the visible region strongly suggest that RSB-11 is
protonated through interaction with montmorillonite, and the
interaction controls the value of lmax as for proteins in visual
pigments.

Figure 3a shows the normalized absorption spectra of
RSB-11 mixed with three clays. These spectra cover almost
the entire visible region from 400 to 700 nm. The range of the
lmax (479–532 nm) is narrower than those of proteins (425–
560 nm), even though the entire visible region is covered. The
reason is the broadened absorption spectra of RSB-11 in clay
(Table 1). The full-width half-maximum (fwhm) is 6740, 5930,

and 5640 cm�1 in Bengel Bright 11, Mikawa, and Bengel A,
respectively, and is clearly larger than that of visual rhodop-
sins (4240 cm�1 for bovine rhodopsin, black dotted line in
Figure 3a). In contrast, the greater degree of freedom in the
two-dimensional interlayers of the clay presumably provides a
multiple distribution of RSB-11.

The question arises as to whether RSB-11 is located
between the layers in clay. The RSB-11 molecules may be
simply attached to the surface of clay, not to interlayers, and
the clay-dependent interaction might control the lmax. To test
this possibility, we measured absorption spectra of the all-
trans form (RSB-AT). It is noted that protonated RSB-11 and
RSB-AT has identical lmax in benzene (Table 1, 455 nm),[6] as
the lmax is not significantly influenced by the isomeric form in
solution. Figure 3b shows the normalized absorption spectra
of RSB-AT mixed with three different clays. The distinct
shifts of lmax observed between RSB-11 and RSB-AT in clay
(23 nm for Bengel Bright 11, 21 nm for Mikawa, and 12 nm

Figure 2. Absorption spectra of RSB-11 mixed with montmorillonite in
benzene solution. Black dotted lines in a)–d): absorption spectra of
RSB-11 in benzene (without clay). Solid lines: absorption spectra of
RSB-11 mixed with clay a) Kunipia-F, b) Bengel Bright 11, c) Mikawa,
and d) Bengel A in benzene, where scattering effect of each clay is
subtracted. For host materials used, see the Experimental Section.

Table 1: Four types of montmorillonites and their color-tuning character-
istics.[a]

RSB-11 all-trans RSB
Montmorillonite (CEC[b]) lmax

[nm]
fwhm[c]

[cm�1]
lmax

[nm]
fwhm[c]

[cm�1]

Kunipia-F (119) – –
Bengel Bright 11 (78) 479 6740 502 6110
Mikawa (93) 503 5930 524 5490
Bengel A (94) 532 5640 544 4550

Other systems:
Benzene solution[6] 455 455
bovine rhodopsin 498 4240

[a] For details of the clays used, see the Experimental Section. [b] Cation
exchange capacities (meq/100 g clay). [c] fwhm= full-width half-maxi-
mum.

Figure 3. a) Normalized absorption spectra of RSB-11 mixed with
various clays in benzene solution (blue Bengel Bright 11, green Mi-
kawa, red Bengel A). Black dashed line represents absorption spectrum
of bovine rhodopsin. b) Normalized absorption spectra of all-trans RSB
mixed with various clays in benzene solution (blue Bengel Bright 11,
green Mikawa,; red Bengel A).
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for Bengel A) strongly suggest that the chromophore is not
exposed to the solvent. The interlayer distance of approx-
imately 0.5 nm, which was determined by subtracting the
thickness of silicate layer (0.96 nm) from the observed basal
spacings (data not shown), also suggests that RSB-AT
molecules are embedded in the interlayer.

What is the mechanism to stabilize the RSB chromophore
in the clay interlayers? In the case of RSB-AT in montmor-
illonite modified by detergent, our FTIR study suggested
protonation of RSB-AT, where the Schiff base proton is
probably supplied from DOA.[7,10] In contrast, the present
system is simpler, where the Schiff base proton must be
supplied from the clay. Clay is known to have hydroxide
groups at the end of the layers, and such acidic groups may be
important as the proton donor. It was also mentioned that the
interlayer surface is negatively charged because of the
replacement of AlIII by MgII.[11] Clay contains interlayer
cations and water in aqueous solution, while the RSB
chromophore must be stabilized in the layer together with
benzene. The effect of the cation on color tuning in each clay
will be reported elsewhere.

The intercalation of dyes into the interlayer space often
results in spectral changes as a result of host–guest inter-
actions.[12] Large spectral shifts may occur in the presence of
charge-transfer interactions between guest and host. How-
ever, to our knowledge, large spectral shifts similar to those
achieved in the present system have never been observed by
the intercalation into alkali- and alkaline-earth-ion
exchanged clays.

In summary, we report herein the absorption spectra of
RSB-11 mixed with three clays of the identical backbone
structure. The observed spectra cover the entire wavelength
region of visible light. Essentially similar structure but fine
structural modification yields color tuning in clay, which is
also the case in proteins. Thus, protein and clay, completely
different matrices, have a similar effect on RSB, the chromo-
phore molecule of our vision. Further efforts on both proteins
and clay interlayers will lead to better understanding of the
color-tuning mechanism of RSB in our vision.

Experimental Section
Four kinds of natural montmorillonite clay were tested. Kunipia-F
was obtained from Tsukimoto, Japan (Kunimine Kogyo Co., Japan;
reference clay sample of The Clay Science Society of Japan). Bengel
Bright 11 was obtained from Wyoming, USA (Hojun Ind. Co., Japan).
Mikawa is the name of the mine in Japan, which is also the reference
clay sample of The Clay Science Society of Japan. Bengel A was
obtained from China (Hojun Ind. Co., Japan). These aqueous
suspensions all gave pH values of about 9–10. In the experiments,
each clay (20 mg) was dried for 20 h, then dissolved in benzene

(3.125 mL) containing RSB-11 or all-trans RSB (each 2.0 F 10�2 mm).
The RSB sample was prepared by mixing 11-cis or all-trans retinal
with an excess of n-butylamine as described previously.[7,10] Benzene
was used as a solvent because its refractive index is equivalent to that
of the clay (ca. 1.5),[7] resulting in the substantial reduction of
Rayleigh scattering, as in the case of zeolite.[13] UV/Vis spectra were
measured using a Photonic Mulitchannel Spectral Analyzer PMA-
11 C8808-01, which contains a CCD linear detector, with a CW xenon
lamp L8004 as a light source (Hamamatsu Photonics K.K., Japan).
We accumulated the absorption spectra once every second, and
accurate spectra were thus obtained for the gradually sedimented
clay–RSB samples. We repeated 3 independent measurements from
drying each clay, which all provided the identical lmax. X-ray powder
diffraction patterns were obtained by a Mac Science MXP3 diffrac-
tometer (monochromatic Cu KR) for the characterization of the
products and a Mac Science M03XHF22 diffractometer (Mn-filtered
Fe KR) for the measurement of low diffraction angles as described
previously.[14]

Received: May 31, 2007
Revised: July 7, 2007
Published online: September 14, 2007

.Keywords: bioinorganic chemistry · chromophores ·
host–guest systems · rhodopsin

[1] H. Kandori, Chem. Ind. 1995, 18, 735 – 739; H. Kandori, Retinal
Binding Proteins. In cis-trans Isomerization in Biochemistry
(Ed.: C. Dugave), Wiley-VCH, Weinheim, 2006, pp. 53 – 75.

[2] D. D. Oprian, A. B. Asenjo, N. Lee, S. L. Pelletier, Biochemistry
1991, 30, 11367 – 11372.

[3] S. L. Merbs, J. Nathans, Nature 1992, 356, 433 – 435.
[4] K. Palczewski, T. Kumasaka, T. Hori, C. A. Behnke, H.

Motoshima, B. A. Fox, I. Le Trong, D. C. Teller, T. Okada,
R. E. Stenkamp, M. Yamamoto, M. Miyano, Science 2000, 289,
739 – 745.

[5] G. G. Kochendoerfer, S. W. Lin, T. P. Sakmar, R. A. Mathies,
Trends Biochem. Sci. 1999, 24, 300 – 305.

[6] R. S. Becker, K. Freedman, J. Am. Chem. Soc. 1985, 107, 1477 –
1485.

[7] M. Sasaki, T. Fukuhara, Photochem. Photobiol. 1997, 66, 716 –
718.

[8] M. Ogawa, K. Kuroda, Bull. Chem. Soc. Jpn. 1997, 70, 2593 –
2618.

[9] P. Wu, M. Bhamidipati, M. Coles, D. V. G. L. N. Rao, Chem.
Phys. Lett. 2004, 400, 506 – 510.

[10] H. Kandori, T. Ichioka, M. Sasaki, Chem. Phys. Lett. 2002, 354,
251 – 255.

[11] Handbook of Clay Science (Eds.: F. Bergaya, B. K. G. Theng, G.
Lagaly), Elsevier, Oxford, 2006.

[12] M. Ogawa, K. Kuroda, Chem. Rev. 1995, 95, 399 – 438.
[13] S. Huber, A. Z. Ruiz, H. Li, G. Patrinoiu, C. Botta, G. Calzaferri,

Inorg. Chim. Acta 2007, 360, 869 – 875.
[14] I. Fujita, K. Kuroda, M. Ogawa, Chem. Mater. 2005, 17, 3717 –

3722.

Communications

8012 www.angewandte.org � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 8010 –8012

http://dx.doi.org/10.1021/bi00112a002
http://dx.doi.org/10.1021/bi00112a002
http://dx.doi.org/10.1038/356433a0
http://dx.doi.org/10.1126/science.289.5480.739
http://dx.doi.org/10.1126/science.289.5480.739
http://dx.doi.org/10.1016/S0968-0004(99)01432-2
http://dx.doi.org/10.1021/ja00292a005
http://dx.doi.org/10.1021/ja00292a005
http://dx.doi.org/10.1246/bcsj.70.2593
http://dx.doi.org/10.1246/bcsj.70.2593
http://dx.doi.org/10.1016/j.cplett.2004.10.129
http://dx.doi.org/10.1016/j.cplett.2004.10.129
http://dx.doi.org/10.1016/S0009-2614(02)00096-9
http://dx.doi.org/10.1016/S0009-2614(02)00096-9
http://dx.doi.org/10.1021/cr00034a005
http://dx.doi.org/10.1016/j.ica.2006.06.008
http://dx.doi.org/10.1021/cm048023q
http://dx.doi.org/10.1021/cm048023q
http://www.angewandte.org

