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ABSTRACT. Phototropin is a blue-light receptor of plants and comprises two light-receptive domains, LOV1
and LOV2, Ser/Thr kinase domain and one linker region connecting the LOV2 and the kinase domains.
The LOV2 domain is thought to regulate predominantly the light-dependent autophosphorylation of the
kinase domain, leading to cellular signaling cascades. In this study, we constructed recombinant LOV1,
LOV2, and LOV2-linker polypeptides from phototropin 1 and phototropin 2iatbidopsis thalianand

studied their quaternary structures and light-dependent conformational changes by small-angle X-ray
scattering. The molecular weights of the polypeptides determined from scattering intensities demonstrated
the dimeric associations of LOV1 polypeptides of both isoforms. In contrast, while LOV2 and
LOV2-linker polypeptides of phototropin 1 were homodimers, corresponding polypeptides of phototropin

2 existed as monomeric forms. Under blue-light irradiation, the LOV2-linker polypeptide of phototropin

1 displayed small but definite changes of the scattering profile. Through simulation of low-resolution
molecular structures, the changes were likely explained as structural changes of the linker region and/or
a movement of the region relative to the LOV2 domain. Light-induced profile changes were not observed
in the Cys$?Ala mutated LOV2-linker polypeptide of phototropin 1 losing the phototransformation
capability. Thus, it was indicated that the photoreaction in the LOV2 domain probably caused the structural
changes in the LOV2-linker polypeptide of phototropin 1. On the basis of the results, the interdomain
interactions in phototropin are discussed.

Plants possess sensory systems composed of various type®locations 7—9) and stomatal openingl() to maximize
of proteins converting external physical or chemical stimuli, the efficiency of photosynthesis. Blue light triggers the
such as temperature, light, gravity, or chemical substrates,autophosphorylation of phob,(11), resulting in the regula-
into biological signals to propagate to downstream compo- tion of auxin transport 2) and the changes in €a
nents of cellular signal transduction systems. Visible light concentration in cytoplasnilg, 14). Most plants have two
is an important stimulus that regulates precisely develop- isoforms of phototropin named phétand phot2 4). For
mental and cell motility processes of plants. To sense light instance, photl and phot2 éfabidopsis thalianaegulate
conditions, including intensity, quality, and direction, plants redundantly stomatal openind@) through controlling the
have acquired three major photoreceptors, phytochrome,activity of a membrane-bound P-type"tATPase 15). In
cryptochrome, and phototropirl)( Phytochromes, mostly  addition, they share tropic responses and photoaccumulation
sensing red and far-red ligh2)( and cryptochromes, blue-  of chloroplasts depending on the fluence rate of blue light
light sensors3), act as photoreceptors for seed germination, (8). In contrast, only phot2 mediates the photoavoidance
de-etiolation, and flowering through regulating gene expres- response in chloroplast relocatior) (
sion. Phots comprise 9661000 amino acid residues and two
Phototropin 4, 5) is first identified as a photoreceptor for  prosthetic flavin mononucleotide (FMN) molecule$ 6)
tropic responses) and is now known to regulate chloroplast  (Figure 1A). The N-terminal half of phot folds into a pair of
FMN-binding domains (ca. 110 residues). The domains are
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(1)t 1 (2 ! structural changes in a polypeptide comprising the LOV2

A (3) ! domain and a part of the linker regio@9). These results

suggest that light-induced changes in the interdomain
interactions may be a key event for the activation of the
kinase domain.

In this study, we constructed polypeptides containing either
LOV domain of A. thalianaphotl and phot2 (Figure 1A)
and examined their quaternary structures and light-induced
conformational changes by small-angle X-ray scattering

B ' ' ' ' (SAXS) (30). We established the oligomeric state of the LOV
=|Z 1.0 polypeptides and which polypeptides exhibited light-induced
gI< . 10.1 A changes in SAXS. This structural study may provide clues
=[8 08l 2 for understanding how the domains communicate with each
=[F £ AN other, and how the light-induced small conformational

:' 06 2 ;o™ changes in LOV2 domain propagate to the kinase domain.
Niln i

E : MATERIALS AND METHODS

% 04F 300 40 500 Preparation of Recombinant LOV Polypeptid&s wild-

5 Wavelength (nm) type polypeptides containing either the LOV1 or LOV2

% 02k . ; domain of A. thaliana photl or phot2 were prepared by

a overexpression systems wittscherichia coli The recom-

< 0ol . QQ&J o . binant polypeptides are LOV2-linker polypeptides compris-

0.01 0.1 1 10 100 ing the LOV2 domain and the linker region, LOV1 polypep-
) tides, and LOV2 polypeptides from photl and corresponding

o T"“_e (sec) _ three polypeptides from phot2 (Figure 1A and Table 1). All
Ficure 1: (A) Schematic illustration of the primary structure of polypeptides included additional extensions of some amino

photl and phot2 oA. thaliana The regions of LOV polypeptides : : ) ) :
used in this study are shown with bars: (1) LOV, (2) LOV2, and acid residues at both the N- and C-terminal ends of the LOV

(3) LOV2-linker polypeptides. The box denotes the region within COre _(104 amino acid residues) (Table 1).
which the amino acid sequences are distinct between the two Using the cDNA of A. thaliana photl and phot2 as

isoforms (see the Discussion). (B) Kinetics of dark reversion from templates, DNA fragments corresponding to the LOV

the cysteinyl adduct state to the ground state monitored by i ifi i
absorption changes at 450 nm in photl LOV2 (blue dots), photl polypeptides were amplified by the PCR method with

LOV2-linker (red dots), phot2 LOV2 (blue circles), and phot2 o_IigonucIeotide primers providing _appropriat_e restriction
LOV2-linker (red circles) polypeptides. The absorption change at Sites. The amplified DNAs were isolated, digested, and
timet after a light flash ;(t) — A(0)] is normalized by that at 300  cloned into pGEX4T1 bacterial expression vectors (Amer-

s [A(300) — A(0)] and plotted against logarithm of time. The inset sham Biosience) as fusion proteins with glutathio®e
shows the absorption spectra of photl LOV2-linker (red dots) and transferase (GST). A linker sequence (Gly-Ser-Pro-Glu-Phe)
photl LOV2 (blue dots) in the dark. . : .
was inserted to connect the N-terminal end of a polypeptide
(PAS) superfamily thought to act as protejorotein interac- and the C-terminal end of GST. In addition to the wild-type
tion modules in eukaryotic cellular signalind8). The polypeptides, the Cy¥Ala mutant LOV2-linker polypeptide
C-terminal half of phot forms a serine/threonine kinase of photl was prepared for a reference experiment (see the
domain (S/T-kinase) connected to the LOV2 domain by a Results). The mutation was introduced by using a Quick
linker region composed of ca. 85 residues (Figure 1A). Blue Change Site-directed Mutagenesis Kit (Amersham Bio-
light-enhanced autophosphorylation of the kinase domain science) and was verified by DNA sequencing with a CEQ
observed botlin zizo (11) andin vitro (6) is thought to be ~ 200XL DNA Analysis System (Beckman Coulter). The
a key process in the light-induced signal transduction mutant polypeptide completely lost the capability of forma-
mediated by phots. tion of the cysteinyl adduct under blue-light irradiati@o)
Upon absorbing blue light, LOV domains undergo a  JM109 strains of. coli transformed by the expression
unique photochemical reaction cycle by reversibly forming vectors were grown at 310 K in L-broth containing 56/
and breaking a covalent bontidj, cysteinyl adduct, between mL ampicillin until the Aseo had reached 0.3, and then
FMN and a highly conserved cysteine residue found in all incubated in the dark for a further 20 h at 293 K in the
LOV domains of phototropin-like protein@—23). Light- presence of 0.1 mM isopropyi-p-thiogalactopyranoside.
induced conformational changes in the protein moiety around The following purification procedures were carried out at
the cofactor are very small as revealed in the crystal structure273—277 K under dim red light. Harvested bacteria were
analyses o€Chlamydomonaphot-LOV1 24) andAdiantum lysed in phosphate-buffered saline containing 1 mM phen-
phytochrome 3-LOV2 25, 26). Despite the small confor-  ylmethanesulfonyl fluoride, and the supernatant was mixed
mational changes in the photoreaction, the LOV domains with glutathione-Sepharose 4B (Amersham Bioscience).
are hypothesized to lead to the activation of the kinase Fusion proteins were eluted with a solution containing 10
domain through adduct formatio87). A rescue experiment  mM reduced glutathione, 50 mM Tris-HCI, 100 mM NacCl,
for the phot-deficienfA. thalianamutant has revealed that and 1 mM EGTA (pH 7.5). GST tags were removed by
the LOV2 domain regulates predominantly the kinase activity thrombin digestion at the linker sequence. The cleaved LOV-
under the light condition28). Recently, a nuclear magnetic  polypeptide was purified further by gel chromatography with
resonance (NMR) study has revealed the light-dependentSephacryl S-100 HR (Pharmacia) and a buffer solution
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Table 1: Molecular Weights and Structural Parameters of the LOV Polypeptides

polypeptide M, of the 1(0,0p Mw (k) oligomeric Ri(O) Dmax x? of GASBOR
(starting and ending residues) sequence (relative) SAXS state (A)b (A)r model§ (DAMMIN)

photl

LOV1 17 135 12.8- 0.6 35+ 2 dimer 23.5£ 0.3 100+ 3 1.83 (1.57)
(180G-329K) 231+ 04  100+3

LOV2-linker 24 933 16.8£ 0.9 46+ 3 dimer 31.3:0.3 122+ 3 1.44 (1.37)
(449E-661K) 17.2+ 0.9 47+ 3 32.6+ 0.3 135+ 4 1.43(1.37)
LOV2-linker 24 901 16.8£ 0.7 46+ 2 dimer 31.0+ 0.3 122+ 3

Cys%Ala 31.2+0.3 122+ 3

LOV2 15621 11.3: 0.7 31+ 2 dimer 20.7£ 0.2 98+ 3 2.45(1.82)
(449E-578G) 20.8+ 0.2 98+ 3

phot2

LOV1 17 238 12.3: 0.6 33+ 2 dimer 22.2£ 0.3 94+ 3 1.65 (1.46)
(117F-265K) 22.6+ 0.3 94+ 3

LOV2-linker 25 046 8.8t 0.7 24+ 2 monomer 24.3 0.3 107+ 3 1.50 (1.37)
(363D—575H) 25.0£0.4 110+ 3

LOV2 16 699 5.7+ 0.9 16+ 3 monomer 20.2£0.2 72+ 2 1.44 (1.40)
(363D—-500Q) 20.1£ 0.3 72+ 2

21(0,0) values of BSA and lysozyme were 24:30.5 and 5.6+ 0.7, respectively® The Ry(0) andDmax values calculated from SAXS profiles
in the dark and under blue-light irradiation are shown in the top and bottom rows, respectivietyy? values are calculated from the best-fit
structures to the experimental SAXS profiles (see also Figure 2).

containing 100 mM NacCl, 25 mM Tris-HCI, and 1 mM Na of 0.5 or 1.0 mg/mL. A pair of profiles both in the dark and
EDTA (pH 7.8). The eluted polypeptide solutions exhibited under blue-light irradiation was taken from the same sample
single bands upon Coomassie Brilliant Blue staining after by only turning off and on blue light suppliedyla 1 kW
SDS—polyacrylamide gel electrophoresis (PAGE). The mo- projector and a filter sheefl{.x = 480 nm, half-width=
lecular mass of either recombinant polypeptide and the purity 40 nm; 4515C, Nakagawa Chemicals). When SAXS profiles
of the sample were also examined by time-of-flight mass were recorded under blue-light irradiation, the samples were
spectrometry with an AXIMA-QIT instrument (Shimadzu). preirradiated for 4 min before being exposed to X-rays to
The purified enzyme was concentrated by ultrafiltration.  ensure the photostationary state with high population of the

Measurements of UWisible Absorption Spectra and light-activated polypeptides. In every series of experiments,
Dark Reversions from a Cysteinyl Adduct Stafésorption SAXS profiles of hen egg white lysozyméig = 14 300,
spectra of the dark-adapted state and the kinetics during theSigma) or bovine serum albumii = 66 000, Sigma) were
thermal decay from the cysteinyl adduct state to the dark- collected in the concentration range of 40 mg/mL as a
adapted state of LOV2 polypeptides were measured at 293reference for molecular weight determination.
K with a DynaSpect spectrophotometer (Hamamatsu Pho- Processing and Analyses of SAXS DataGNAPR @31)
tonics). The decays were monitored every 300 ms after awas used for circular averaging of two-dimensionally
light flash (duration of 35Qus) through a high-pass filter ~ recorded scattering patterns and background subtraction.
(L42, Toshiba). Absorption measurements of the other Scattering profiles in the small-angle region were analyzed
polypeptides were carried out using a U-3310 spectropho-by Guinier's approximation for monodispersive systems
tometer (Hitachi). A photodiode illuminator is used for the (32): the scattering intensity(SC), as a function of
accumulating cysteinyl adduct state. All polypeptide samples scattering vectoBand protein concentratid®, is expressed
were concentrated to give a final absorbance of 0.1 at 450by the forward scattering intensity(0,C), and the radius of
nm in the dark-adapted state (Figure 1B). gyration,Ry(C), as

SAXS ExperimentsSAXS data were collected at the 5 5 )
BL40B2 station of SPring-8 using an R-axis 1Y/ system I(SC) = 1(0,C) exp[-47°/3 x R(C)*S], S= 2 sin6/A
as a detector (Rigaku). The X-ray wavelength was tuned to . . .
1.000 A, and the camera distance was set at 1050 mm. TheVheré 2 is the scattering angle and is the X-ray
temperatures of the samples were kept at 293 K. A samplewavelength_.l(Q,C)_ anq Ry(C) were alternatively Obta'DEd
cell with the thickness of 3.0 mm was used to measure ToM the pair-distribution functiorf(r)] calculated by using
optimally scattered X-rays. The windows of the cell were G_NOM (33). I_n partlcular_, wher_l analyzing SAXS. profiles
made of 0.01 mm thick quartz plates. The exposure time With aggregation effects in the innermost scattering angles,
was 60 s for each measurement, and the current of anthe program could eliminate the effects by discarding the

ionization chamber monitoring the intensity of the incident data pomtgln the ver); small alngle regions as cfarned outin
X-ray beam was integrated to normalize scattering intensities.SAX?j StL(‘j,I'es (‘;n mif eocytop asm(;c tranzsport acted.( g
To avoid systematic errors, sample and buffer solutions were Inder diluted conditiond(0,C) andRy(C)* are expresse

measured alternately. No radiation damage of any sampleaS

was confirmed by the stabilities of SAXS profiles in five KC/I(0,C) = 1M, + 2AC + ...
iterative exposures, slight changes in the absorption spectra, ' W 2

and the SDSPAGE pattern of samples after X-ray expo- Rg(C)z = Rg(o)Z —B,C+..
sures.

For each polypeptide, SAXS profiles were collected in the whereK is a constantM,, is the molecular weight of the
concentration range from 1 to 4 mg/mL with an increment solute, A, is the second virial coefficient, an8; is a
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Ficure 2: SAXS profiles of LOV polypeptides measured in the dark (red symbols) and under blue-light irradiation (blue symbols). The
scattering intensities are plotted in semilogarithmic form and shifted appropriately along the ordinate for clarity. The black and green lines
are profiles of structural models predicted by GASBOR (Figures 6 and 7) and DAMMIN, respectively? Vakies of models are listed

in Table 1: (A) photl LOV1 polypeptide (4 mg/mL solution) (1), photl LOV2 (4 mg/mL) (2), phot2 LOV1 (4 mg/mL) (3), phot2 LOV2-
linker (3 mg/mL) (4), and phot2 LOV2 (2 mg/mL) (5) and (B) photl LOV2-linker polypeptide from 2 mg/mL (1) and 4 mg/mL (2)
solutions. Two profiles in part 2 are shown separately in parts 3 and 4 to compare them with the calculated profiles of the predicted
structures. Part 5 shows data for the @$&la mutant LOV2-linker polypeptide (4 mg/mL). Arrows denote the region where intensity
changes are most prominent between the dark and light conditions. The inset shows the intensity differences between the dark and light
conditions of the wild-type photl LOV2-linker (red dots) and those of the mutated polypeptides (blue dots). The difference profiles are
calculated from the pairs in parts 2 and 5. In the wild-type photl LOV2-linker polypeptide, the difference at &reuth@08 A1 is 5.5%

of the scattering intensity in the dark.

parameter reflecting intersolute force potential. The sign of independent calculations were carried out for each polypep-
B is the same as that o%; (32). Assuming the partial tide. The predicted molecular structures having almost the
specific volume of 0.74 cifg for soluble proteins, thi,, same overall structures were aligned and averaged with
of a protein is determined by usin{p,C=0) of a reference = SUPCOMB (7).
protein with a known molecular weight.

Molecular structures of the polypeptides were predicted RESULTS

by applying theab initio structure determination program . o .
DAMMIN (35) to scattering profiles weighted b4 to Dark Reversion Kinetics from the Cysteinyl Adduct State

ensure Porod's law i < 0.035 AL and GASBOR 86) to Monitored by UV~ Visible AbsorptionFigure 1B shows the
those inS < 005 ALl '.I'he programs minimized the dark reversion kinetics from the cysteinyl adduct state in

discrepancy between the experimentgh(S)] and calculated LOV2 and LQVZ-Iinker poly_pep_tides. The halt-life of the
[lmoce(S)] profiles by keeping a compactly interconnected photl LOV2-linker polypeptide is 25.7 s, whereas that of

configuration of dummy particles. Discrepancies are exam- 1€ corresponding phot2 polypeptide is 3.9 s. The values are
ined gvith they? values}éz) 35) defined asp comparable to those of 29 s for photl LOV2dah s for

phot2 LOV2 polypeptides3@). Thus, the linker region has
2 _ _ _ 2 little influence on the lifetime of the cysteinyl adduct state
x=1UN 1)12{“”9@) Klm"deﬁ)]/a(q)} of the LOV2 polypeptide of either isoform. Half-lives of the
LOV1 polypeptides (data not shown) are also comparable

whereN is the number of experimental data poirisis a  to the reported values3g).

scaling factor, andi(S) is the statistical error ofe,(S) at SAXS Profiles of the LOV Polypeptidésgure 2 shows
the scattering vectd. In simulating the molecular structure  SAXS profiles of LOV polypeptides both in the dark and
of a dimeric polypeptide, we assumed 2-fold rotational under blue-lightirradiation. LOV1 polypeptides of both photl
symmetry. Because theb initio analyses do not provide a and phot2, LOV2-linker, and LOV2 polypeptides of phot2
unigue solution for the three-dimensional structure, 10 exhibit monodispersive properties as indicated by the Guinier
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Ficure 3: Guinier plots, logarithm of scattering intensities plotted against the square of the scattering vector, of seven LOV polypeptides
in the dark (red symbols) and under blue-light irradiation (blue symbols): (A) phot2 LOV2-linker (2 mg/mL) (1), phot2 LOV2 (3 mg/mL)
(2), phot2 LOV1 (2 mg/mL) (3), and photl LOV1 (3 mg/mL) (4) and (B) photl LOV2-linker (3 mg/mL) (1), photl LOV2-linker

(1 mg/mL) (2), photl LOV2-linker with the Cy%Ala mutation (3 mg/mL) (3), photl LOV2-linker with the C¥8Ala mutation (1 mg/mL)

(4), and photl LOV2 (3 mg/mL) (5). The regions used for the Guinier approximations are denoted by pairs of filled arrows. The high-angle
edges of these regions satisfy the criteria for the approxima8&h £ (27)1]. The empty arrow in panel B denotes the low-angle border

of data 6= 0.004 A™%) used for the GNOM analysis to calculd®,C) andRy(C) values from theP(r) functions. When the data points

are included a6 < 0.004 A1 in GNOM calculations, the profiles of the resultd®(r) functions are unstable against small changes in the
maximum dimensions given prior to the calculation. It should be noted that Guinier approximations applied for the data foints at
0.004 A1 gave the structural parameters consistent with those from the GNOM analyses.

plots to be approximated by single regression lines (Figure that estimated fromh(0,0) (Figure 4A,B and Table 1). LOV1
3A and Table 1). In wild-type and mutated photl LOV2- polypeptides of both photl and phot2 form dimers. In
linker polypeptides, while the Guinier plots of profiles from contrast, while LOV2 and LOV2-linker polypeptides of photl

1 mg/mL solutions are approximated by single regression are dimers, corresponding polypeptides of phot2 are mono-
lines (2 and 4 in Figure 3B), aggregation effects are observedmers. Thel(0,0) values of all polypeptides are almost
in the concentration range of-2 mg/mL (1 and 3 in Figure  independent of the dark or light conditions. Thus, no light-
3B). These suggest monodispersive properties of the twodependent dimer-to-monomer dissociation or monomer-to-
polypeptides under the diluted condition. Aggregation effects dimer association occurs in the concentration range that was
in photl LOV2 polypeptides (5 in Figure 3B) appear examined.

throughout the measured conceptratlon range. THOE) Except for the photl LOV2-linker polypeptide, the con-
and Ry(C) of the three polypeptides shown Figure 4 are centration dependences @,(C)? are almost the same
estimated fromP(r) functions (Figure 5) calculated by  petween the dark and light conditions, indicating that the
applying GNOM to the profiles without the data points in - syrface properties under blue-light irradiation are unchanged
S < 0.004 A%, from those in the dark (Figure 4C,D and Table 1). Fy@)?
Molecular models of each polypeptide predicted by values of the photl LOV2-linker polypeptides are distinct
GASBOR and DAMMIN are similar and give profiles between the dark and light conditions, indicating the light-
consistent with the experimental ones as indicated by theinduced structural changes probably increase the size of the

small y? values (Figure 2 and Table 1). molecules. In addition, the positive gradienRgfdependence
Oligomeric State of the LOV PolypeptideSigures 4 under the light condition suggests more attractive intermo-
presents the concentration-dependent variatior®/I¢0,C) lecular interaction than in the dark. Light-induced changes

and Ry(C)2 1(0,0) and Ry(0) of polypeptides displaying in surface properties may cause nonspecific aggregation of
monodispersive properties in their Guinier plots (Figure 3A) the photl LOV2-liner polypeptide (Figure 3B).
are determined by extrapolating the dependence to the SAXS of phot2 LOV2 and LOV2-Linker Polypeptidés
infinitely diluted condition C = 0) (Table 1). Those M, values of phot2 LOV2-linker and LOV2 polypeptides
polypeptides with aggregation effects are estimated underare consistent with those calculated from their primary
the assumption that the effects are almost eliminated by thesequences (Figure 4 and Table 1). The SAXS profile of the
GNOM analyses. LOV2-linker polypeptide differs from that of the LOV2
The oligomeric state of a polypeptide is judged by polypeptide (Figure 2B). To date, the linker region has been
comparingM,, calculated from the amino acid sequence and believed to be a flexible loop connecting the LOV2 and
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FiGURE 4: Concentration-dependent variations@f(0,C) (A and B) andRy(C)? (C and D). Data for photl polypeptides are colored red

and those for phot2 polypeptides blue. Green symbols are used for the data of B&l@ysutant LOV2-linker polypeptide. Filled
symbols represent the data in the dark and empty ones those under blue-light irradiation. Data from LOV1, LOV2, and LOV2-linker
polypeptides are shown with squares, triangles, and circles, respectively.

ol - ] LOV2 polypeptide is simulated as an anisotropic shape
o B (Figure 6A) resembling the crystal structuresAafiantum
o3 BEhd phy3-LOV2 @25) and Chlamydomonaghot-LOV1 @24).
g | e Under blue-light irradiation, SAXS profiles of the phot2
£ [ o] LOV2-linker polypeptide exhibit a very small decrease at
= L 7 around S = 0.01 A! (data not shown); however, the
o ;;’ magnitude is much smaller than that observed in the LOV2-
'g S linker polypeptide of photl. The predicted molecular model
0.00 L L e of the polypeptide appears as an elongated shape (Figure
0 20 40 €0 80 100 120 7A). The molecular model of the phot2 LOV2 polypeptide
rA) (Figure 6A) likely fits to the middle portion, and the lower

FlrfclaJtFiEL%vz(lri)nL%?C(gc)msh%ftgﬂcg\l/ 1'-%\)/1 %1gt,2plf_18t\}2|-(%;/2 éi)t'z portion probably corresponds to the linker domain.
EOVZ-Iinker in the dar’kp(7), and photl 'LpOVZ-Iinker undérpblue- SAXS of LOV1 P_olypeptld_dsO\(l polypeptldes of both
light irradiation (4). photl and phot2 exist as a dimer in solution (Table 1). They
show no detectable changes in SAXS profiles and in the
kinase domains despite the lack of structural evidence. structural parameters between the dark and light conditions
However, these results indicate that the linker region folds (Figure 2B and Table 1). These results are consistent with
into a compact structure to contribute significantly to the crystal structure analyses of t@@lamydomonaghot-
scattering intensities rather than a flexible and extended loopLOV1 domain, revealing little structural change under light-
conformation. Thus, the phot2 LOV2-linker polypeptide is irradiation @3). The predicted molecular structure of the
expected to be composed of the LOV2 domain and the linker dimeric phot1-LOV1 polypeptide is likely approximated by
“domain”. two phot2-LOV2 models associating in an antiparallel
The SAXS profiles of the phot2 LOV2 polypeptide under orientation (Figure 6B). The molecular structure of the phot2-
blue-light irradiation are almost the same as those in the darkLOV1 polypeptide (Figure 6C) has a molecular shape and
(Figures 2A). The results are consistent with those from the dimensions similar to those of phot1-LOV1 polypeptides
crystallographic studies oAdiantumphy3-LOV2, demon-  (Figure 6B).
strating only small conformational changes around FMN in ~ SAXS of photl LOV2 and LOV2-Linker Polypeptides in
the light-activated state26). The molecular model of the the Dark.LOV2 and LOV2-linker polypeptides of photl are
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FIGURE 6: Molecular models of LOV polypeptides predicted by GASBOR. Fhealue of the structural model yielding the best fit to the
experimental SAXS profile is given in Table 1. The molecular models are illustrated as assemblies of transparent spheres representing
dummy scatterers used in the simulation. In the left part of each panel, the models yielding the best (white spheres) and the second best
(brown) 2 values are superimposed on the avera%e model calculated from the five best models (cyan spheres in panel A, yellow in
panel C, and violet in panel D). The scale bar is 20 A. (A) Molecular models of the phot2 LOV2 polypeptide. The red line in the right part
represents the €trace of the phy3 LOV2 crystal structure manually fitted to the average structure. (B) Molecular models of the photl
LOV1 polypeptide. The right part illustrates one possible approximation of the averaged model by an association of two models of the
phot2 LOV2 polypeptide in panel A (spheres colored green or brown). (C) Molecular models of the phot2 LOV1 polypeptide. The average
model (yellow) is compared with that of photl LOV1 (cyan) in the right part. (D) Molecular models of the photl LOV2 polypeptide. In

the right part, the average model (purple) is superimposed on that of the dimeric photl LOV1 polypeptide (cyan) to overlap maximally.
This figure was prepared with ASSAl4).

dimers in solution, in contrast to the corresponding polypep- decrease (inset of Figure 2B). The increase is partly
tides of phot2 (Figure 4 and Table 1). The linker region of interpreted as aggregation in the phototransformed state of
the LOV2-linker polypeptide is also expected to fold into a fragments. Using the reciprocity between the scattering vector
compact structure as well as that of phot2. The predicted and distance of electron pairs in solute, the profile changes
models of photl LOV2 (Figure 6D) have molecular dimen- in 0.005< S < 0.025 A™* suggest structural changes on a
sions comparable with those of LOV1 dimer models (Figure scale of ca. 100 A. Th&(0) andDax values under light
6B,C), but their shapes differ slightly. irradiation which are larger than in the dark (Figures 3B,
The molecular model of the dimeric LOV2-linker polypep- 4C, and 5 and Table 1) indicate light-induced structural
tide is approximated as an elongated shape (Figure 7B) ancchanges expand the size of the molecules. Figure 7C
is consistent with the characteristics of the compuRéd illustrates the predicted molecular structure of the LOV2-
function, suggesting an extremely elongated shape (Figurelinker polypeptide under blue-light irradiation. The elongated
5). The molecular shape of the fragment may be ap- shape found in the dark state is still retained; however, it
proximated by two phot2 LOV2-linker models associating significantly differs from that in the dark at the linker-domain
in an antiparallel orientation. Thus, the outer-edge portions regions.
of the molecular model probably correspond to the linker  The blue-light-induced SAXS changes are expected to be
domains. caused by the cysteinyl adduct formation in the LOV2 core.
Blue-Light-Induced SAXS Changes of photl LOV2-Linker To confirm this, SAXS of the Cy3?Ala mutant photl-
Polypeptide.The SAXS profiles of the photl LOV2-linker LOV2A polypeptide was measured (Figures 2 and 3). The
polypeptide under blue-light irradiation show small but SAXS profile of the mutated polypeptide under blue-light
definite changes from that in the dark (Figure 2B). The irradiation is almost the same as that in the dark. The
scattering intensities in a8 between 0.003 and 0.005A concentration dependences 6f1(0,C) and Ry(C)? also
increase, while those in a®between 0.005 and 0.025 A resemble those of the wild type in the dark (Figures 4). Thus,
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Ficure 7: Molecular models of LOV2-linker fragments illustrated as in Figure 6. (A) Molecular models of the phot2 LOV2-linker fragment.

In the right part, the molecular structure of phot2 LOV2 (brown spheres) is superimposed manually. (B) Molecular models of the
photl LOV2-linker fragment in the dark. In the right part, the averaged model is approximated as an antiparallel association of two
phot2 LOV2-linker models (yellow or purple). (C) Molecular models of the photl LOV2-linker fragment under blue-light irradiation. The
first and third parts show the models viewed from two different directions. The second and fourth parts illustrate two possible superimpositions
of the averaged model (yellow) onto that of the dark state (cyan) with photl LOV2 (purple) to maximally overlap their central portions.
This figure was prepared with ASSAl4).

it is concluded that the light-induced SAXS changes of the measurements are at much higher concentrations than those
wild-type photl LOV2-linker polypeptide are a result of of intact photin vivo, dimerization of the polypeptides during
formation of the cysteinyl adduct in the LOV2 core. concentrating sample solutions cannot be excluded. However,
When a phot1 LOV2-linker polypeptide solution irradiated these results suggest the dimeric association of the LOV1
with blue light is kept in the dark, it takes4 h to recover  polypeptides and possibly of full-length photl and phot2 at
the scattering profile observed before light irradiation (data their LOV1 domains. Very recently, dimerization of oat
not shown). In contrast, it takes26 s for the reversion from  photl at its LOV1 domain is proposed by using gel
the cysteinyl adduct state to the dark state in the photo- chromatography39).
absorption spectrum (Figure 1B). Because absorption mea- The LOV1 domain of either isoform has a minor role for
surement monitors the local structures around the FMN gactivating the kinase domain as demonstrated in the rescue
molecule, the results suggest that the interaction between thesxperiments of phot-deficiert. thalianaby phot with the
chromophore and its protein moiety does not directly reflect combinations of the Cys-to-Ala mutant LOV1 and LOV2
the changes in the overall structure. It is also suggested thaidomains 28). Therefore, the LOV1 domain of either isoform
the polypeptide undergoes gradual conformational relaxationsseems to act predominantly as a dimerization site and to have
predominantly through a thermal process. little interdomain interaction with the kinase domain. Homo-
or heterodimerization of PAS domains is known to be
DISCUSSION profoundly important for cellular signal transductiof0¢

Quaternary Structures of LOV Polypeptidés.the con- 42 Because LOV domains are a subset of the PAS
centration range that has been examined, LOV1 polypeptidesSuperfamily, the dimerization of LOV1 domains may also
of both phot1 and phot2 exist as homodimers (Figures 3, 4, have functional mp_ortancg Thus, itis mtergstlr!g to examine
and 6 and Table 1), and their structural parameters andWhether monomeric phot isoforms are actimevizo.
molecular structures are similar to each other (Figure 6). The quaternary structures of the LOV2 and LOV2-linker
Because the polypeptide solutions used in the SAXS polypeptides are different between the isoforms. Although
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it is difficult to deny completely the possibility of irreversible  a high fluence rateg 9). As seen in multisubunit enzymes,
dimerization of the fragments in concentrated sample solu- dimerization or higher-order association of subunits some-
tions at present, two other possible causes for the differenttimes provides benefits for extending the dynamic ranges of
quaternary structures should be noted. One is the differencesensitivities to external stimuli.

in surface properties of the LOV2 core between the isoforms, However, attention should be paid to the large differences
because residues exposed to solvent in photl are replaceth the half-life time of the cysteinyl adduct state observed
with those with the opposite electrostatic properties in phot2. in absorption measurements (Figure 1B). Even under strong
Another is differences in the conformations of linker blue-light irradiation, the short lifetime of the phot2 LOV2-
domains. The sequences of the 15 N-terminal residues inlinker polypeptide may result in a higher population of the
the linker domains (indicated with a box in Figure 1A) are dark state, when conformational changes are tightly coupled
quite different with respect to their electrostatic properties: with the electronic state of the FMN moiety. To examine
phot2 contains only two negatively charged residues in this further this point, structural studies of any mutated polypep-
region and five in photl. In preparing the phot2 LOV2-linker tides exhibiting very slow decay of the cysteinyl adduct state
polypeptide, we detect a degradation product cleaved in theshould be pursued in the future.

N-terminal region of the linker domain by endogenous
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