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Color Change of Proteorhodopsin by a Single Amino Acid
Replacement at a Distant Cytoplasmic Loop**
Maiko Yoshitsugu, Mikihiro Shibata, Daisuke Ikeda, Yuji Furutani, and Hideki Kandori*

Visual and archaeal-type rhodopsins contain either 11-cis- or
all-trans-retinal, respectively, inside the seven transmembrane
helices."! The retinal chromophore is bound to a lysine
residue of the seventh helix through a protonated Schiff base
linkage. The color-tuning mechanism is one of the important
topics in the rhodopsin field because the color of a common
molecule, either the 11-cis- or all-trans-retinal Schiff base, is
determined by the surrounding amino acids of the protein.””!
While we do not fully understand the mechanism, it is likely
that color tuning is determined by various interactions
between the retinal chromophore and the protein, such as
electrostatic effects of charged groups, dipolar amino acids,
and aromatic amino acids, hydrogen-bonding interactions,
and steric contact effects.”

These interactions may be experimentally tested by site-
directed mutagenesis. For instance, many mutations were
introduced into bacteriorhodopsin (BR), an archaeal-type
rhodopsin functioning as a light-driven proton pump.® In the
case of BR, the color changes from purple (4,,,, =560 nm) to
blue (A~ 600 nm) for the D85SN mutant.”’ The reason for
the spectral red shift is that the negatively charged counterion
(Asp85; Figure 1) is neutralized. By contrast, the color
changes from purple (An~560nm) to reddish (L.
~ 530 nm) for the L93A and L93T mutants, wherein a specific
chromophore—protein interaction is modified (Figure 1).1'%
Thus, electrostatic and steric effects at Asp85 and Leu93,
respectively, contribute significantly to the color tuning in
BR. It should be noted that the reported color changes by
mutation of BR were limited to the amino acids near the
retinal chromophore.®™ In general, mutation of distant amino
acids does not cause color change unless the mutation
destabilizes the retinal-binding site. This is not only the case
for BR but also for other archaeal-type and visual rhodop-
sins.”¥ Therefore, it has been generally accepted that only the
amino acids near the retinal chromophore are responsible for
color tuning. This paper, in contrast, presents an unusual
mutation effect on the color tuning of proteorhodopsin (PR),
an archaeal-type rhodopsin, where the color was changed by a
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Figure 1. X-ray crystallographic structure of bacteriorhodopsin (BR)
(Protein Data Bank entry: 11W6%), which is viewed from the B-C helix
side. The upper and lower regions correspond to the cytoplasmic (CP)
and extracellular (EC) sides, respectively. The retinal chromophore,
which is bound to Lys216, is colored yellow. Asp85 and Leu93 are
shown by space-filling models. The Ca. atom of Met163, which is
located at the center of the E-F loop, is shown by a yellow circle. The
nearest atom to this in the retinal chromophore is the 13-methyl
carbon atom; the distance between them is 25 A. The corresponding
amino acid in green-absorbing proteorhodopsin (PR) is alanine, and
we replaced Ala178 with arginine (A178R mutant) in the present study.
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single amino acid replacement at the cytoplasmic E-F loop,
which is distant from the retinal molecule.

PR is a light-driven proton pump found in marine
y-proteobacteria.'! PR may contribute significantly to the
global solar-energy input into the biosphere because of the
widespread distribution of proteobacteria in the worldwide
oceanic waters. Extensive genome analysis revealed the
presence of thousands of PRs, which can be classified into
blue-absorbing (A,,x~490 nm) and green-absorbing (A
~ 525 nm) PRs."? Previous studies have shown that one of
the determinants of color tuning in PR is at position 105,
where blue- and green-absorbing PRs possess Gln and Leu,
respectively."” The corresponding amino acid in BR is Leu93,
which is in direct contact with the retinal chromophore
(Figure 1). Although the structure of PR has not been
determined, the Leu/GlIn switch for color tuning is presum-
ably attributable to direct contact with the retinal chromo-
phore.

In this work, we prepared two mutants based on a triple
cysteine mutant (TCM) of green-absorbing PR. It is known
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that the wild-type PR is unstable in vitro because of oxidation
of one or more of the cysteine residues, which can be avoided
by mutating all three cysteines (Cys107, Cys156, and Cys175)
into serines."¥ In this study, we regarded this protein (TCM:
C107S/C156S/C175S) as the wild-type PR. We confirmed the
identical A,,,, values between them, as described previously.™!
We then replaced two alanines at the center of the C-D
(Alall5) and E-F (Alal78) loops with arginines. The
corresponding amino acids in BR are Alal03 and Met163
(Figure 1), respectively. We originally aimed to investigate the
influence of a positive charge in the loops on the proton-
pumping dynamics, whereas we found an unexpected color
change. Figure2 shows that the absorption spectrum of

450 500 550 600
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Figure 2. Absorption spectra of the wild-type (dotted line), A115R
mutant (gray solid line), and A178R mutant (pink solid line) PRs at
pH 7.0. The A, value is red shifted by 20 nm for A178R.

A115R is identical to that of the wild type, with the A,
value at 525 nm. This is reasonable, because Alall5 must be
located very distant from the retinal chromophore. Never-
theless, we observed a clear spectral red shift for A178R, with
the A,.x value being shifted by 20 nm at pH 7.0 (Figure 2).
This observation was unexpected because Alal78 should be
also distant from the retinal chromophore. Figure 1 shows
that the atom of the retinal chromophore nearest to the Ca
atom of Met163 in BR is the 13-methyl carbon atom, which is
at a distance of 25 A.

It is, however, noted that the counterion of the Schiff base
in PR is Asp97, the pK, value of which is about 7.''" This
indicates that both protonated and deprotonated forms exist
at a neutral pH value. Therefore, we next measured a pH
titration with the wild-type and A178R mutant proteins.
Figure 3a compares the A, values of the wild-type and
A178R mutant PRs at various pH values; from these results,
the pK, values were determined to be 7.2 and 8.2, respectively.
The pK, value of the wild type is consistent with a previous
report."® Figure 3b and c shows that the A, value of the
A178R mutant is red shifted from that of the wild type by 7
and 10nm for the protonated and deprotonated forms,
respectively. Together with the increase of 1.0 in the pK,
value (Figure 3a), these spectral shifts yield the observed
20 nm red shift at the neutral pH value (Figure 2).

The question then arises of why the A178R mutation
caused a color change. According to HPLC analysis, the
chromophore structure of both the wild-type and A178R
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Figure 3. a) pH Titration of the wild-type (& and «s«e« ) and A178R
mutant (0 and —) PRs. b) Absorption spectra of the wild-type (s++++)
and A178R mutant (—) PRs at pH 4.0 (with Asp97 protonated).

c) Absorption spectra of the wild-type (+++++) and A178R mutant (—)
PRs at pH 10.0 (with Asp97 deprotonated).

mutant PRs was predominantly all trans (>90%) at both
pH 4 and 10 (data not shown); this excludes the possibility of
different isomeric content as the origin of the color change.
One concern is that the mutation destabilizes the protein
structure so that the weakened chromophore—protein inter-
action results in the observed spectral change. Such a
mutation effect often happens, and we have to be careful
with making conclusions from the mutation study. We then
tested the protein stability by keeping the sample at 75°C for
Smin (pH 7.0), during which time some portions thermally
decompose. Figure S1 in the Supporting Information com-
pares the thermal stability, and a similar time dependence in
this experiment for the wild-type and A178R proteins
strongly suggests that the protein stability is not reduced by
the A178R mutation.

The present study with green-absorbing PR demonstrated
that the 4,,, value of A178R is shifted by 20 nm at pH 7.0
(Figure 2). Such a spectral red shift is caused by 1) the red
shifts of both the protonated and deprotonated forms by
7-10 nm and 2) the increase in the pK, value by 1.0. The color
originates from the energy gap of the m—nt* transition between
electronically excited and ground states. The positive charge
originally located at the Schiff base is more delocalized in the
excited state, and more or less charge delocalization results in
a smaller or larger energy gap, respectively. As already
described, various interactions between the retinal chromo-
phore and the protein contribute to the color tuning of
rhodopsins,” but the experimentally observed effects have
been mostly local.®! This is the first time that such a long-
range effect has been clearly observed for rhodopsins.

The molecular mechanism of the distant color tuning is
then in question. It must be noted that the single amino acid
replacement (Alal78 to Arg) was introduced into TCM, not
the native PR, where Ser175 from the cysteine mutations is
close to the mutated position. However, the identical A,
values between TCM and the native PRM™ suggest no
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influence of the TCM mutation on the color tuning. The
present color change presumably originates from a specific
interaction between the retinal chromophore and Argl78 in
the E-F loop, because there is no spectral change for A115R
PR (Figure 2). The presence of a specific-interaction channel
between the E-F loop and the retinal is also suggested by the
increased pK, value. The pK, value is obtained for the
protonation state of Asp97, which works as the Schiff base
counterion.'®”) Therefore, it is likely that the A178R
mutation somehow alters the hydrogen-bonding network in
the retinal Schiff base region and this leads to a pK, increase
of 1.0.

Many mutation studies have been performed on BR, the
best studied archaeal-type rhodopsin, but none of them
reported such a distant color change. Stern and Khorana
reported no color change for R164Q BR, although the A,
values of both the dark- and light-adapted states were slightly
different from those of the wild-type BR.['Y) The position of
Argl64 is next to Metl63, the amino acid in BR that
corresponds to Alal78 in PR (Figure 1). Various mutations
of cysteine into loops in BR and their spin labelings have been
extensively studied, although there are no reports of color
change.”?!! Thus, the present observation might be specific
for PR, not for BR. The M163R mutation of BR will directly
answer the question of such specificity, which is one of our
future aims.

The nature of the suggested long-range-interaction chan-
nel in PR is interesting. An explanation of the observed color
change could, however, be limited on the structural basis
because there is no X-ray crystallographic structure of PR.
The structure of BR shows the presence of hydrophobic bulky
groups, such as Leu93, Asp96, Leu97, and LeulOO of the
C helix and Vall67, Phel71, Leul74, Thr178, and Trp182 of
the F helix, in the cytoplasmic domain, while the correspond-
ing amino acids in PR are Leu105, Glu108, Phe109, and Ile112
of the C helix and Val182, Tyr186, Met189, Ile193, and Trp197
of the F helix, respectively (see Figure S2 in the Supporting
Information). The presence of similar bulky groups in PR
suggests no direct hydrogen-bonding network between the
retinal chromophore and Argl78 in the E-F loop. Instead, it is
possible that the A178R mutation causes a rearrangement of
these helices, which leads to the observed changes of color
and pK, value. Interestingly, it is well established that an
opening motion of the E-F loop takes place during the
proton-pump cycle of BR and this helps proton uptake from
the cytoplasmic aqueous side.”” Such a motion is also
common for sensor rhodopsins, such as bovine rhodopsinml
and microbial sensory rhodopsin.?* This motion probably
also takes place in PR for proton uptake. There may be a
correlation between the present finding and the loop motion
during the functional processes. A comprehensive mutation
study in the future will reveal the color-tuning mechanism and
the correlation with the function of the protein.

Experimental Section

The expression plasmids were constructed as described previously.
To avoid oxidation of one or more of the cysteine residues, a triple
mutant was constructed in which all three cysteines (Cys107, Cys156,
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and Cys175) were replaced with serines as a starting template.!'! This
protein was regarded as the wild type. An additional mutation was
introduced at positions 115 and 178. For preparation of the expression
plasmids of the mutants, a Quickchange site-directed mutagenesis kit
(Stratagene) was used according to the stantdard protocol.”™ The PR
proteins that carry a six-histidine tag at the C terminus were
expressed in Escherichia coli, solubilized with 0.1% n-dodecyl 3-D-
maltoside (DM), and purified by Ni-column chromatography as
described previously.”! Absorption spectra were measured for the
solubilized PRs (0.1% DM, 100 mm NaCl) at 20°C by use of a
Shimadzu UV-2400PC UV/Vis spectrometer. HPLC analysis was
performed as described previously.”” Protein stability was measured
as described previously.?*!

Received: December 30, 2007
Revised: February 17, 2008
Published online: April 11, 2008

Keywords: chromophores - protein modifications -
proteorhodopsin - retinal - structure—property relationships

[1] “Retinal binding proteins™: H. Kandori, in cis—trans Isomer-
ization in Biochemistry (Ed.: C. Dugave), Wiley-VCH, Wein-
heim, 2006, pp. 53-75.

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

[3] T. Kakitani, Y. Beppu, A. Yamada, Photochem. Photobiol. 1999,
70, 686 —693.

[4] K. Shimono, T. Hayashi, Y. Ikeura, Y. Sudo, M. Iwamoto, N.
Kamo, J. Biol. Chem. 2003, 278, 23882 —-23889.

[5] M. Hoffmann, M. Wanko, P. Stodel, P. H. Kénig, T. Frauenheim,
K. Schulten, W. Thiel, E. Tajkhorshid, M. Elstner, J. Am. Chem.
Soc. 2006, 128, 10808 —10818.

[6] P.B. Coto, A. Strambi, N. Ferre, M. Olivucci, Proc. Natl. Acad.
Sci. USA 2006, 103, 17154-17159.

[7] S.Sekharan, M. Sugihara, V. Buss, Angew. Chem. 2007, 119,273 -
275; Angew. Chem. Int. Ed. 2007, 46, 269-271.

[8] H. G. Khorana, Proc. Natl. Acad. Sci. USA 1993, 90, 1166 -1171.

[9] T. Mogi, L. J. Stern, T. Marti, B. H. Chao, H. G. Khorana, Proc.
Natl. Acad. Sci. USA 1988, 85, 4148 -4152.

[10] S. Subramaniam, D. A. Greenhalgh, P. Rath, K.J. Rothschild,
H. G. Khorana, Proc. Natl. Acad. Sci. USA 1991, 88, 6873 -6877.

[11] O. Béja, L. Aravind, E. V. Koonin, M. T. Suzuki, A. Hadd, L. P.
Nguyen, S.B. Jovanovich, C. M. Gates, R. A. Feldman, J. L.
Spudich, E. N. Spudich, E. FE. DeLong, Science 2000, 289, 1902 —
1906.

[12] O. Béja, E. N. Spudich, J. L. Spudich, M. Leclerc, E. F. DeLong,
Nature 2001, 411, 786—789.

[13] D.Man, W. Wang, G. Sabehi, L. Aravind, A. F. Post, R. Massana,
E. N. Spudich, J. L. Spudich, O. Béja, EMBO J. 2003, 22, 1725
1731.

[14] R. A. Krebs, U. Alexiev, R. Partha, A.M. DeVita, M.S.
Braiman, BMC Physiol. 2002, 2, 5.

[15] D.Ikeda, Y. Furutani, H. Kandori, Biochemistry 2007, 46, 5365 —
5373.

[16] A.K. Dioumaev, L.S. Brown, J. Shih, E.N. Spudich, J. L.
Spudich, J. K. Lanyi, Biochemistry 2002, 41, 5348 —5358.

[17] T. Friedrich, S. Geibel, R. Kalmbach, I. Chizhov, K. Ataka, J.
Heberle, M. Engelhard, E. Bamberg, J. Mol. Biol. 2002, 321,
821-838.

[18] W. W. Wang, O. A. Sineshchekov, E. N. Spudich, J. L. Spudich, J.
Biol. Chem. 2003, 278, 33985-33991.

[19] L.J. Stern, H. G. Khorana, J. Biol. Chem. 1989, 264, 14202 —
14208.

[20] R. Mollaaghababa, H.-J. Steinhoff, W. L. Hubbell, H. G. Khor-
ana, Biochemistry 2000, 39, 1120-1127.

www.angewandte.org

Chemie

3925


http://dx.doi.org/10.1016/S0968-0004(99)01432-2
http://dx.doi.org/10.1074/jbc.M301200200
http://dx.doi.org/10.1021/ja062082i
http://dx.doi.org/10.1021/ja062082i
http://dx.doi.org/10.1073/pnas.0604048103
http://dx.doi.org/10.1073/pnas.0604048103
http://dx.doi.org/10.1002/ange.200603306
http://dx.doi.org/10.1002/ange.200603306
http://dx.doi.org/10.1002/anie.200603306
http://dx.doi.org/10.1073/pnas.90.4.1166
http://dx.doi.org/10.1073/pnas.85.12.4148
http://dx.doi.org/10.1073/pnas.85.12.4148
http://dx.doi.org/10.1073/pnas.88.15.6873
http://dx.doi.org/10.1093/emboj/cdg183
http://dx.doi.org/10.1093/emboj/cdg183
http://dx.doi.org/10.1186/1472-6793-2-5
http://dx.doi.org/10.1021/bi700143g
http://dx.doi.org/10.1021/bi700143g
http://dx.doi.org/10.1021/bi025563x
http://dx.doi.org/10.1016/S0022-2836(02)00696-4
http://dx.doi.org/10.1016/S0022-2836(02)00696-4
http://dx.doi.org/10.1074/jbc.M305716200
http://dx.doi.org/10.1074/jbc.M305716200
http://dx.doi.org/10.1021/bi991963h
http://www.angewandte.org

Communications

3926

[21] T. Rink, M. Pfeiffer, D. Oesterhelt, K. Gerwert, H.-J. Steinhoff,
Biophys. J. 2000, 78, 1519-1530.

[22] J. K. Lanyi, H. Luecke, Curr. Opin. Struct. Biol. 2001, 11, 415—-
419.

[23] D. L. Farrens, C. Altenbach, K. Yang, W. L. Hubbell, H. G.
Khorona, Science 1996, 274, 768 -770.

[24] A. A. Wegener, J.P. Klare, M. Engelhard, H.J. Steinhoff,
EMBO J. 2001, 20, 5312-5319.

[25] M. Shibata, H. Kandori, Biochemistry 2005, 44, 7406 —7413.

[26] Y. Furutani, K. Kamada, Y. Sudo, K. Shimono, N. Kamo, H.
Kandori, Biochemistry 2005, 44, 2909 -2915.

[27] M. Shibata, M. Yoshitsugu, N. Mizuide, K. Thara, H. Kandori,
Biochemistry 2007, 46, 7525 -7535.

[28] Y. Sudo, M. Yamabi, M. Iwamoto, K. Shimono, N. Kamo,
Photochem. Photobiol. 2003, 78, 511 -516.

[29] Y. Matsui, K. Sakai, M. Murakami, Y. Shiro, S. Adachi, H.
Okumura, T. Kouyama, J. Mol. Biol. 2002, 324, 469—481.

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2008, 47, 39233926


http://dx.doi.org/10.1016/S0959-440X(00)00226-8
http://dx.doi.org/10.1016/S0959-440X(00)00226-8
http://dx.doi.org/10.1126/science.274.5288.768
http://dx.doi.org/10.1093/emboj/20.19.5312
http://dx.doi.org/10.1021/bi050122+
http://dx.doi.org/10.1021/bi047893i
http://dx.doi.org/10.1021/bi7004224
http://dx.doi.org/10.1562/0031-8655(2003)078%3C0511:IONPPS%3E2.0.CO;2
http://dx.doi.org/10.1016/S0022-2836(02)01110-5
http://www.angewandte.org

