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SUMMARY

KikGR is a fluorescent protein engineered to display
green-to-red photoconvertibility that is induced by
irradiation with ultraviolet or violet light. Similar to
Kaede and EosFP, two naturally occurring photocon-
vertible proteins, KikGR contains a His62-Tyr63-Gly64

tripeptide sequence, which forms a green chromo-
phore that can be photoconverted to a red one via
formal b-elimination and subsequent extension of
a p-conjugated system. Using a crystallizable variant
of KikGR, we determined the structures of both the
green and red state at 1.55 Å resolution. The double
bond between His62-Ca and His62-Cb in the red chro-
mophore is in a cis configuration, indicating that
rotation along the His62 Ca-Cb bond occurs following
cleavage of the His62 Na-Ca bond. This structural
rearrangement provides evidence that the b-elim-
ination reaction governing the green-to-red photo-
conversion of KikGR follows an E1 (elimination,
unimolecular) mechanism.

INTRODUCTION

Green fluorescent protein (GFP) from Aequorea victoria and

GFP-like proteins allow direct genetic encoding of fluorescence;

therefore, these proteins are widely used to monitor complex

processes throughout molecular and cellular biology (Tsien,

1998; Miyawaki, 2005). The fluorescence of some of these

proteins can be photomodulated by illumination at specific

wavelengths (Patterson, 2008), thus enabling individual cells,

organelles, or proteins to be labeled and followed with high

spatiotemporal resolution. Another promising application of

these photomodulable proteins is their use in super-resolution

microscopy, such as photoactivated localization microscopy,

stochastic optical reconstruction microscopy, and fluorescence

photoactivated localization microscopy (Betzig et al., 2006; Rust

et al., 2006; Hess et al., 2006; Geisler et al., 2007; Flors et al.,

2007), in which a fluorescence image is constructed by using

stochastic photoactivation and subsequent high-accuracy local-

ization of individual fluorescent molecules.
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Several photochemical processes are at work in the photoac-

tivation behavior exhibited by fluorescent proteins. For example,

the excitation peak at 504 nm is drastically enhanced after

irradiation at �400 nm in photoactivatable GFP (Patterson and

Lippincott-Schwartz, 2002). This photoactivation involves decar-

boxylation of Glu222 and is thus irreversible. In contrast, reversible

on-and-off switching of green fluorescence (518 nm) can be

achieved using Dronpa (Ando et al., 2004) with light at �400 nm

(on) and �490 nm (off). In Dronpa, light-dependent protonation/

deprotonation and structural flexibility of the chromophore are

responsible for the reversible switching (Mizuno et al., 2008).

Kaede (Ando et al., 2002), a natural fluorescent protein found

in the stony coral Trachyphyllia geoffroyi, irreversibly changes

its emission wavelength from green (518 nm) to red (582 nm)

upon irradiation at �400 nm. This large shift in emission wave-

length enables high contrast in fluorescence highlighting; specif-

ically, there is a 2000-fold increase in the red-to-green ratio that

accompanies the shift. Another example of a natural photocon-

vertible fluorescent protein is EosFP (Wiedenmann et al., 2004)

found in the coral Lobophyllia hemprichii. Furthermore, KikGR

(Tsutsui et al., 2005), an engineered protein derived from KikG,

a natural green-emitting fluorescent protein found in Favia favus,

also undergoes green-to-red photoconversion. In all of these

photoconvertible fluorescent proteins, a unique tripeptide,

His62-Tyr63-Gly64, forms a green chromophore that can be pho-

toconverted to a red one. It has been shown that this process

occurs via a b-elimination reaction that causes cleavage of the

His62 Na-Ca bond and the subsequent extension of a p-conju-

gated system (Mizuno et al., 2003; Nienhaus et al., 2005; Hayashi

et al., 2007). Mutagenesis studies have revealed that the first

His62 is required, but not sufficient, for the photo-induced b-elim-

ination reaction, which also requires a specific three-dimensional

structure (Mizuno et al., 2003). It should be noted that the

cleavage of the His62 Na-Ca bond releases a carboxamide-

containing peptide as a leaving group, which is rarely seen in

a conventional b-elimination reaction. The molecular mechanism

that makes this reaction possible has remained unclear.

Although X-ray crystallography, NMR, and mass spectroscopy

were used to compare chromophore structures before and after

the reaction, these analyses did not probe the nature and struc-

ture of intermediate states during the reaction directly.

In general, there are two basic mechanisms for an elimination

reaction: E2 (elimination, bimolecular) and E1 (elimination,
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unimolecular) (see Figure S1 available online). In the E2 elimina-

tion reaction, abstraction of a proton by a base and loss of the

neighboring leaving group occur simultaneously, in a concerted

manner, thus yielding a single product with a single isomeric

configuration. Since the abstraction of a proton is a major driving

force for the E2 mechanism, a strong base is generally required

to initiate the reaction. In the E1 mechanism, in contrast, loss of

the leaving group occurs first, resulting in formation of a carboca-

tion intermediate. At that stage on the reaction pathway, struc-

tural rearrangement can occur on the carbocation intermediate,

yielding a product with a different isomeric configuration. Next,

the neighboring proton is abstracted in the final step of the reac-

tion. Thus, the E1 reaction does not require a strong base.

In the red chromophores of both Kaede and EosFP, the C = C

double bond between His62-Ca and His62-Cb assumes a trans

configuration (Mizuno et al., 2003; Nienhaus et al., 2005; Hayashi

et al., 2007). A reaction model based on the E2 mechanism has

been proposed for the b-elimination of EosFP (Nienhaus et al.,

2005), in which Glu212 acts as a base to abstract a proton. In

the present study, we compared the crystal structures of a

variant of KikGR in its green and red states. Despite similarity

among the green chromophores of all the three photoconvertible

fluorescent proteins, the red chromophore of the KikGR variant

possessed the C = C double bond between His62-Ca and

His62-Cb in a cis configuration, which indicates that the carboca-

tion intermediate undergoes a structural rearrangement. Here

we propose an E1-based reaction model that may comprehen-

sively explain structural data for photoconversion of KikGR as

well as rationalize some outstanding inconsistencies in explana-

tion of the photoconversion mechanism of Kaede and EosFP.

RESULTS

KikGRX, a Crystalizable Variant of KiKGR
Whereas KikG, the original green-emitting fluorescent protein,

was easily crystallized with sodium chloride as a precipitant,

KikGR proved to be harder to crystallize. Thus, we screened

a pool of KikGR mutants for one that formed well-diffracting

crystals in both its green and red states. In addition, the pH

sensitivity of the green state of the KikGR mutant was an impor-

tant factor for examination of the b-elimination reaction kinetics

because only excitation of the protonated form of the green

chromophore leads to photoconversion. Therefore, the desirable

KikGR mutant had to display high pKa value in the green state.

We isolated a KikGR mutant that met the above conditions.

Although the isolated mutant KikGR contained four residue

substitutions, L12M, E70K, P144S, and Q198L, it remained pho-

toconvertible and crystallized in both the green and red states

when sodium chloride was used as a precipitant. The mutant

was named ‘‘KikGRX.’’ The amino acid sequence alignments

of KikG, KikGR, and KikGRX is shown in Figure 1A. KikGRX

was photoconverted as efficiently as KikGR (Figures 1B and

1C and Table 1). The performance of KikGRX as an optical high-

lighter was also confirmed in mammalian cells (Figure S2). The

absorption spectra of the protein at pH 7.0 in both the green

and red states were identical to those of KikGR (Table 1). Of

particular importance was the high pKa value (8.0) of KikGRX in

its green state (Table 1). As a result, about 80% of green KikGRX
Chemistry & Biology 16, 1140–11
in a crystal prepared at pH 7.0 was the protonated form of the

protein.

Crystal Structures of Green and Red KikGRX
The overall folding schemes of KikGRX in the green and red

states were identical to those of both Aequorea GFP (Örmo

et al., 1996; Yang et al., 1996) and DsRed (Wall et al., 2000; Yar-

brough et al., 2001) and other previously characterized GFP-like

Figure 1. Generation and Characterization of KikGRX

(A) Amino acid sequence alignment of KikG, KikGR, and KikGRX. The residues

forming the interior of the b barrel fold are shaded. Asterisks indicate those

residues responsible for chromophore synthesis.

(B) Samples of the green-emitting (unconverted) and red-emitting (converted)

states of KikGRX.

(C) Absorption spectra of KikGRX in the green-emitting (unconverted, green

line) and red-emitting (converted, red line) states at pH 7.0.

(D) Tetrameric structure of KikGRX in the green state generated by crystallo-

graphic symmetry. The chromophores within the b barrel are shown as ball-

and-stick representations.
47, November 25, 2009 ª2009 Elsevier Ltd All rights reserved 1141
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proteins, including KikG (Tsutsui et al., 2005). It features an 11

stranded b can with a central a helix holding a chromophore

derived from a His62-Tyr63-Gly64 tripeptide. For both states,

crystallographic symmetry generated a tetrameric structure

(Figure 1D) similar to that seen for DsRed. Inter-b-can arrange-

ments were indistinguishable between the two states; the root-

mean-square deviation between the backbones of the crystallo-

graphic dimers was as small as 0.55 Å (Figure S3).

However, the structures within and near the chromophore

clearly differed between the green and red states. While an

unambiguous electron density connecting the His62-Ca and

His62-Na was present in the green state (Figure 2A, green

arrows), it was obviously absent from the red state (Figure 2B,

red arrows), indicating that a peptide cleavage had taken place.

Stereographic views of the structures are also shown in

Figure S4. The electron density map demonstrated that the red

chromophore was composed of 5-(4-hydroxy-benzylidene)-2-

[2-(1H-imidazol-4-yl)-vinyl]-3,5-dihydro-imidazol-4-one, which

would be created by cleavage between His62-Ca and His62-Na

via a b-elimination reaction with a carboxamide leaving group.

Table 1. Spectroscopic Properties of KikG and Its Variants

KikG Variant 31(3103[M�1cm�1]) 32(3103[M�1cm�1]) fFL fPC(310�3) pKa

KikG 81.0 (507 nm) 0.68 (480 nm) 0 4.2

KikGR (green-emitting) 25.8 (507nm) 15.6 (390 nm) 0.70 (480 nm) 4.7 7.8

KikGRX (green-emitting) 20.3 (507nm) 20.8 (390 nm) 0.70 (480 nm) 3.5 8

KikGR (red-emitting) 30.1 (583 nm) 21.0 (359 nm) 0.65 (540 nm), 0.92 (359 nm) 5.5

KikGRX (red-emitting) 28.6 (583nm) 18.6 (359nm) 0.65 (540 nm), 0.95 (359 nm) 5.7

3, molar extinction coefficient for wavelength in parentheses at pH 7.0; fFL, fluorescence quantum yield for excitation at wavelength in parentheses;

fPC, photoconversion quantum yield.

Figure 2. Structural Basis for the Green-to-

Red Conversion

(A) Electron density maps (2Fo � Fc at 1.5 s)

showing the chromophore structure of the green-

emitting (unconverted) state viewed from the top

(top panel) and side (bottom panel) of the chromo-

phore plane.

(B) The structure of the red (converted) state

viewed from the top (top panel) and side (bottom

panel) of the chromophore plane. Electron density

connecting His62-Ca and His62-Na exists in (A)

(green arrows), but not in (B) (red arrows). The

arrowhead indicates the cis configuration of the

C = C double bond in the (5-imidazolyl)ethenyl

group of the red-emitting chromophore.

(C and D) Summary of b-elimination and extension

of the p-conjugated system in KikGRX (C) or

Kaede and EosFP (D). The structures derived

from Phe61, His62, Tyr63, and Gly64 are drawn;

the neighboring amino acids (single-letter code)

are also shown. C = C double bonds in the (5-imi-

dazolyl)ethenyl group and the neighboring bonds

are colored in red in chromophores of the red

states.
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This is the same mechanism as that suggested for Kaede by

crystallography (Hayashi et al., 2007) as well as mass spectrom-

etry and NMR analyses (Mizuno et al., 2003), and that seen by

crystallography for EosFP (Nienhaus et al., 2005).

Rearrangement of His62, Evidence for a Reaction
Intermediate
A remarkable change was observed in the red KikGRX structure.

The red-emitting chromophore possessed a cis C = C double

bond in the (5-imidazolyl)ethenyl group (Figure 2B, top, arrow-

head; and Figure 2C). A comparison of Figure 2A (top) and

Figure 2B (top) indicates that the imidazole ring rotates along

the His62 Ca-Cb bond following peptide cleavage. This result

differs from that seen for Kaede (Mizuno et al., 2003) and EosFP

(Nienhaus et al., 2005), in which the cleavage leads to the forma-

tion of a trans double bond between His62-Ca and His62-Cb

(Figure 2D).

The red-emitting chromophores of cis and trans isomers are

spectroscopically distinguishable. First, we denatured KikGRX

and Kaede in SDS. After exposure to SDS, the chromophore

was no longer fluorescent, but retained an absorption spectrum

that reflected the chromophore structure. While the green chro-

mophores of KikGRX and Kaede exhibited identical absorption

spectra that both peaked at 441 nm (Figures 3A and 3B), the

red chromophores of KikGRX (a cis isomer) and Kaede (a trans

isomer) displayed distinct absorption spectra with maxima at

512 (Figure 3A) and 496 (Figure 3B) nm, respectively. When

compared, the spectra of the green and red chromophores

of KikGR were identical (Figure 3C) to those for KikGRX (Fig-

ure 3A).

Reaction Mechanisms for Green-to-Red
Photoconversion
Our crystallographic data demonstrated that the imidazole ring

of His62 flipped around in KikGRX compared to Keade and

EosFP. This structural rearrangement provides evidence that

the b-elimination reaction leading to the green-to-red photocon-

version proceeds by the E1 mechanism. Figure 4 shows our

model of the sequential reactions for the photoconversion of

KikGR(X) versus Kaede and EosFP. In the green state, the imid-

azole ring of His62 is stabilized by hydrogen bonding between Nd

of His62 and O of Phe61 (Figure 4A). With the phenolic hydroxyl

group in its protonated state, the chromophore is excited

(Figure 4B). Next, excited-state proton transfer occurs, resulting

in ionization of the phenolic hydroxyl group (Figure 4C). In

Aequorea GFP, the side chain of Glu222 residue in the hydrogen

bond network acts as a transient proton acceptor (Tsien, 1998);

however, we did not identify any potential proton acceptor resi-

dues in the green KikGRX structure that directly interacted with

the phenolic hydroxyl group of the chromophore. The His62 imid-

azole group has been proposed to receive the proton, possibly

via weak hydrogen-mediated interactions (Figure 4C). Photoex-

citation promotes cleavage of the Na-Ca bond of His62 through

two mechanisms (Figure 4D). First, the excited ionized phenolic

hydroxyl group donates electrons to the p-conjugated system.

Second, the protonated imidazole ring of His62 acts as an acid,

protonating the carboxamide group. Cleavage generates

a hybrid of the two structures (Figure 4E). This resonance stabi-

lizes the intermediate species, as seen for the carbocation in the
Chemistry & Biology 16, 1140–1
Figure 3. Spectral Fingerprints of the Green and Red Chromophore

Species

Absorption spectra of denatured KikGRX (A), Kaede (B), and KikGR (C) in the

green (green line) and red (red line) states. The absorption maxima are shown

with the corresponding chromophore structures.
147, November 25, 2009 ª2009 Elsevier Ltd All rights reserved 1143
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Figure 4. E1 Reaction Model for the Green-to-

Red Photoconversion of Fluorescence Proteins

Structures derived from Phe61, His62, Tyr63, and Gly64

are drawn; the neighboring amino acids (single-letter

code) are also shown.

(A) The green chromophore in the initial protonated

state.

(B) Excitation of the chromophore by ultraviolet light.

(C) Excited-state proton transfer.

(D) The excited ionized phenolic hydroxyl group and

protonated imidazole ring of His62.

(E) Resonance stabilization of the intermediate struc-

ture. Allowed rotation of the imidazole ring along the

bond between His62-Ca and His62-Cb is indicated by

red arrows. The leaving group is carboxamidic acid,

which becomes carboxamide through tautomerization.

(F and H) Tautomerization with (H) and without (F) rota-

tion of the imidazole ring.

(G and I) Loss of a proton from Cb leads to completion of

the red chromophore with either a trans (G) or cis (I)

double bond.
1144 Chemistry & Biology 16, 1140–1147, November 25, 2009 ª2009 Elsevier Ltd All rights reserved
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E1 elimination reaction. At this point, the hydrogen-bonding

interaction between Nd of His62 and O of Phe61 is disrupted,

permitting free rotation of the imidazole along the axis between

His62-Ca and His62-Cb (Figure 4E). Thus, the ring flips around in

KikGR(X) (Figure 4H), while it does not in Kaede or EosFP

(Figure 4F). This decision may depend on the cavity structure

of the fluorescent protein. In each case, a proton is lost from

His62-Cb, leading to production of a trans or cis C = C double

bond within the (5-imidazolyl)ethenyl group (Figure 4G or 4I,

respectively).

DISCUSSION

It should be noted that all photomodulable fluorescent proteins

described thus far carry histidine residues within or near the

chromophore. Histidine, however, appears to play different roles

depending on whether it is situated outside the chromophore

(photoactivatable GFP and KFP1) or within the chromophore

(Kaede, EosFP, and KikGR(X)). To explore the active involvement

of histidine residues within the chromophore in photochemical

reactions, we studied the X-ray structures of a crystallizable

variant of KikGR (KikGRX). Importantly, the green form of

KikGRX (green KikGRX) exhibited a high pKa value (8.0). There-

fore, when crystallized at pH 7.0, the molecule existed principally

in its protonated form. Because the acid-induced protonated

form is responsible for the photoconversion, the crystal structure

of green KikGRX provides direct information about the roles of

His62 in the photochemical reaction. In contrast, green EosFP

(pKa = 5.8) and green Kaede (pKa = 5.6) were crystallized at pH

8.5 (Nienhaus et al., 2005) and pH 8.0 (Hayashi et al., 2007),

respectively, and were mostly in their ionized forms and not

poised for photoconversion. Although clear hydrogen-bonding

networks have not been identified in the green KikGRX structure

determined at 1.55 Å, it is likely that the excited-state proton

transfer at the hydroxyl group is coupled with the protonation

of the carboxyamide leaving group. His62 may play critical roles

in these processes by serving as a relay point during the proton

transfer. The high resolution of the crystal structure allowed the

nitrogen (N) atoms in the heterocyclic rings to be clearly identifi-

able (Figure S5); Nd and N3 of His62 were assigned to high elec-

tron density positions in the imidazole ring of His62 in both mole-

cules within the asymmetrical unit. This orientation provides

a geometry that allows for the favorable interaction of the Nd of

His62 and the O of Phe61 via hydrogen bonding. This hydrogen-

bonding interaction is important because it stabilizes the imida-

zolium ring of His62 and also allows His62 to supply a proton to

the carboxamide leaving group.

Before photoconversion, in the green form, KikGRX has a chro-

mophore conformation similar to EosFP (Figure S6B) and Kaede

(Figure S6C). One potentially important difference is that a well-

defined water molecule can be seen in the proximity of the His62

imidazole in green forms of Kaede and EosFP, but not in the

green KikGRX. The present study demonstrates that KikGR(X)

differs from Kaede and EosFP in that the photoconversion of

KikGR(X) results in a flipping of the His62 imidazole ring. As

a result, the double bond between His62-Ca and His62-Cb is in

a cis configuration in the red KikGR(X) chromophore.

The emission wavelength of the red chromophore with the cis

configuration (593 nm) is longer than the emission wavelength of
Chemistry & Biology 16, 1140–114
the trans-configured red Kaede (582 nm) and EosFP (581 nm).

Other natural photoconvertible fluorescent proteins in their red

forms show similar emission maxima as Kaede and EosFP;

mcavRFP and rfloRFP emit fluorescence at 580 and 574 nm,

respectively (Labas et al., 2002). Therefore, the red chromo-

phores of mcavRFP and rfloRFP are also likely to be trans

isomers. Apparently, the cis configuration of red chromophores

is energetically less stable than the trans configuration. Thus, it

is interesting that the in vitro evolution of KikG in our previous

study created a b-can cavity that stabilizes the cis isomer of

the chromophore. KikGR(X) may be practically superior to Kaede

or EosFP, in that the photoconverted KikGR(X) emits fluores-

cence at a longer wavelength (593 nm) than the photoconverted

Kaede (582 nm) or EosFP (581 nm), whereas their green emis-

sions are indistinguishable (516 or 517 nm). This larger wave-

length shift may permit more efficient separation between the

green and red fluorescence emissions.

A previous X-ray structure analysis of the green and red states

of EosFP led to the proposal that the b-elimination for the photo-

conversion was governed by an E2 mechanism (Nienhaus et al.,

2005) (Figure S7). In this model, a glutamate residue (Glu212) (cor-

responding to Glu214 in KikGR(X)) functions as a base during the

photoconversion of EosFP. The base abstracts a proton from

His62-Cb; simultaneously, a carboximidic acid separates due to

the cleavage of the Na-Ca bond of His62. However, there are

some unresolved issues surrounding the proposed E2 mecha-

nism. First, as was pointed out by Nienhaus et al. (2005), it

does not explain why the green chromophore must be in its

protonated state in order to undergo excitation and photocon-

version. Second, according to the proposed model, the red

chromophore of KikGRX would be expected to have a trans

C = C double bond between His62-Ca and His62-Cb, which is

not consistent with our observations. As the E2 mechanism

excludes structural rearrangements, and since we clearly see

evidence for rearrangement in our structure, we base our

KikGRX model on the E1 mechanism. This model accounts for

the capacity of carboxamide to serve as a leaving group in the

b-elimination reaction and accounts for both the trans and cis

C = C double bonds in the (5-imidazolyl)ethenyl group of red

chromophores. We also propose that photoconversion in EosFP

and Kaede might also follow the E1 reaction mechanism, but that

remains to be formally confirmed by future experimental work.

Nonetheless, we believe that our study presents a general

scheme for photochemistry grounded in the theory of organic

chemical reactions as we demonstrate that photoconvertible

fluorescent proteins use a remarkable reaction mechanism in

which photoexcitation and b-elimination are intricately coupled.

SIGNIFICANCE

Understanding the molecular mechanisms of photomodu-

lable fluorescent proteins enables scientists to design pho-

toconvertible proteins with desirable properties. KikGR is

a fluorescent protein engineered to display green-to-red

photoconvertibility upon induction by irradiation with ultra-

violet or violet light. Similar to Kaede and EosFP, two natu-

rally occurring photoconvertible proteins, KikGR contains

a His62-Tyr63-Gly64 tripeptide sequence, which forms a green

chromophore that can be photoconverted to a red one via
7, November 25, 2009 ª2009 Elsevier Ltd All rights reserved 1145
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formal b-elimination and subsequent extension of the

p-conjugated system. Using a crystallizable variant of

KikGR, we determined the structures of both the green

and red states at 1.55 Å resolution. The double bond

between His62-Ca and His62-Cb in the red chromophore is

in a cis configuration, indicating that rotation along the

His62 Ca-Cb bond occurs following cleavage of the His62

Na-Ca bond. The combination of this structural rearrange-

ment with the requirement for the green chromophore to

be in its protonated form for photoexcitation provides evi-

dence that the b-elimination reaction governing the green-

to-red photoconversion of KikGR follows an E1 (elimination,

unimolecular) mechanism. Importantly, this mechanism

also occurs during the conversion of Kaede and EosFP.

Furthermore, the requirement for the green chromophore

to be in its protonated form for green-to-red photoconver-

sion implies an intricate coupling between photoexcitation

and b-elimination reactions. Thus, the b-elimination reac-

tion here occurs via use of carboxamide as a leaving group,

which is not typically seen in conventional b-elimination

reactions.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, Spectroscopy, and Crystallization

Protein expression in Escherichia coli (strain: JM109DE3) and purification by

Ni2+ affinity chromatography were performed as described previously (Ando

et al., 2002). Absorption/fluorescence spectroscopy and pH titrations were

performed at room temperature as previously described (Ando et al., 2002).

Quantum efficiencies for photoconversions were measured as described

previously (Tsutsui et al., 2005). For spectral finger printing of chromophore,

protein was denatured with 1% SDS in 0.2 M NaOH. For crystallization, the

protein was further purified on a cation exchange column (MonoQ; GE Health-

care) driven by the AKTA-HPLC system (GE Healthcare), and then concen-

trated to �30 mg/ml in 10 mM NaCl and 10 mM Tris-HCl (pH 9.0) by filtration

(Vivaspin; Vivascience). The protein solution, mixed with an equal volume of

a crystallization mother liquid [4.0 M NaCl and 0.1 M HEPES-NaOH (pH

7.0)], was microseeded and crystallized by sitting-drop vapor diffusion. Crys-

tals were grown for several days at 20�C, soaked in a cryoprotectant [20% v/v

glycerol, 4.0 M NaCl, and 0.1 M HEPES-NaOH (pH 7.0)], and flash-frozen in

a 100 K N2 gas stream before data collection.

Crystal Structure Determination

Diffraction data from a single crystal were collected at Beamline 44B2 in the

SPring-8 Center. The data were processed with the HKL2000 software (Otwi-

nowski and Minor, 1997). The crystals belong to space group C2, with two

molecules in the asymmetrical unit. The unit cell dimensions were as follows:

a = 97 Å; b = 119 Å; c = 49 Å; b = 120�. The statistics for crystals analyzed

in this study are summarized in Table 2. Phasing was carried out with CNS

(Brünger et al., 1998). Graphical modeling was performed with TURBO-

FRODO (Roussel and Cambillau, 1989). Radiated crystals were re-dissolved

after data collection to test spectral properties, which did not differ from those

of fresh protein solution (data not shown).
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Coordinates have been deposited in the Protein Data Bank with accession
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Unit cell dimensions (Å) a = 96.8; b = 118.4;
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