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ABSTRACT: Phototropin, a blue-light receptor protein of plants, triggers phototropic responses, chloroplast
relocation, and opening of stomata to maximize the efficiency of photosynthesis. Phototropin is composed of
two light—oxygen—voltage sensing domains (LOV1 and LOV?2) that absorb blue light and a serine/theroine
kinase domain responsible for light-dependent autophosphorylation leading to cellular signaling cascades.
Although the light-activated LOV2 domain is primarily responsible for subsequent activation of the kinase
domain, it is unclear how conformational changes in the former transmit to the latter. To understand this
molecular mechanism in Arabidopsis phototropin 2, we performed small-angle X-ray scattering analysis on a
fragment composed of the LOV2 and kinase domalns which contained an Asp720Asn mutation that led to an
absence of ATP binding activity. The scattering data were collected up to a resolution of 25 A. The apparent
molecular Welght of the fragment estimated from scattering intensities demonstrated that the fragment existed
in a monomeric form in solution. The fragment exhibited photoreversible changes in the scattering profiles,

and the radii of gyration under dark and blue-light irradiation conditions were 32.4 and 34.8 A, respectively.

In the dark, the molecular shape restored from the scattering profile appeared as an elongated shape of 110 A
in length and 45 A in width. The homology modeled LOV2 and kinase domains could be fitted to the
molecular shape and appeared to make slight contact. However, under blue-light irradiation, a more extended
molecular shape was observed. The changes in the molecular shape and radius of gyration were interpreted as
a light-dependent positional shift of the LOV2 domain of approximately 13 A from the kinase domain.
Because the region connecting the LOV2 and kinase domains was categorized as a naturally unfolded
polypeptide, we propose that the light-activated LOV2 domain triggers conformational changes in the linker
region to separate the LOV2 and kinase domains.

Light-sensing systems in higher plants comprise photoreceptor
proteins that convert visible light stimuli into biological signals,

actions, such as chloroplast relocation (6—8) and opening of
stomata (9), that maximize the efficiency of photosynthesis.

which propagate through cellular signal transduction systems
regulating developmental and cell motility processes (/, 2). Photo-
tropin (phot), which was first identified as a photoreceptor for
phototropic responses (3—5), is now known to regulate cellular
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Most plants possess two isoforms of phot, designated phot1’
and phot2 (4, 10). In Arabidopsis thaliana, photl and phot2
redundantly regulate the opening of stomata (9) and also share
phototropic responses and photoaccumulation of chloroplasts
depending on the fluence rate of blue light (8), whereas only
phot2 mediates the photoavoidance response in chloroplast
relocation (7).

Arabidopsis phot2 comprises 915 amino acid residues and two
prosthetic flavin mononucleotide (FMN) molecules (4) (Figure 1A).
The N-terminal half of the protein folds into a pair of FMN-
binding light—oxygen—voltage sensing domains (LOV1 and
LOV2) (11, 12), forming a subset of the Per-ARNT-Sim super-
family, which act as protein—protein interaction modules (13).
The C-terminal half of phot2 is a Ser/Thr kinase domain be-
longing to the AGC family (cAMP-dependent protein kinase,
cGMP-dependent protein kinase, and phospholipid-dependent
protein kinase C) (14). In Arabidopsis photl, the phosphorylation
of the well-conserved Ser residue in the activation loop (A-loop)
of the kinase domain represents a key process in light-induced
signal transduction (15, 16).

In phots, each LOV domain noncovalently binds one FMN
chromophore in the dark. Upon blue-light irradiation, the LOV
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FIiGURE 1: (A) Schematic illustration of the domain organization in
Arabidopsis phot2. The P2L2K region (residues 363—915) used in this
study is denoted with an arrow. (B) Disorder probability (34) calcu-
lated for the P2L2K fragment in panel A plotted vs residue number.
Arrows and bars indicate the regions of the P2LOV2 domain
(residues 388—504), Jo-like region (residues 505—529), linker region
(residues 502—573), P2STK domain (residues 574—864), and Al-
loop (residues 753—765). (C) Homology modeled structures of
P2LOV?2 together with the Jo-like region (P2LOV2-Jo) and P2STK,
as illustrated by ribbon models. The P2LOV2-Ja model is colored
blue, and FMN is denoted by the atom-colored CPK model. The Ja.
region in the P2LOV2-Ja model is denoted with a dotted line. In
P2STK, the structurally and functionally important segments are
colored differently: N-terminal domain (N-domain, red), C-term-
inal domain (C-domain, green), and helix aC (yellow). Al is drawn
as an optional loop with a dotted line. Residue Asp720 shown in the
CPK model indicates the point mutation site of P2L2K. This panel
was prepared using PyMol (56). (D) The left panel shows a sequence
alignment for the linker region of P2L2K and segments from
an RNA polymerase (abbreviated as RNH) (47), hemoglobin
(HMG) (42), and the Ja helix of the Avena photl LOV2 domain
(1L2) (20). The residues identical with those of P2L2K are colored
red, and homologous residues are colored green. The right panel
shows the superimposition of the ribbon model crystal structures of
HMG (green) and RNH (red) on the Ja helix of the Avena photl
LOV2 domain (yellow). Side chains of residues of RNH denoted
with triangles in the sequence alignment are shown as atom-colored
stick models. The Ja regions of the Avena photl LOV2 domain are
denoted with a dotted line.
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domain undergoes a photoreaction cycle through the formation
and breakage of a cysteinyl adduct between the FMN and an
invariant cysteine residue (17, 18). Adduct formation induces a
tilt of the isoalloxazine ring of FMN and reorganization of the
hydrogen bond network around the ring (19, 20). These con-
formational changes in the protein moiety of the LOV domain
are assumed to cause blue-light-enhanced autophosphorylation
of the kinase domain. Despite the similarities in their structures
and photoreaction cycles, LOV1 and LOV2 domains have distinct
roles in the structures and functions of phots (21).

The LOV1 domains of photl and phot2 are thought to act
structurally as a dimerization site (22, 23). While LOV1 domain
photochemistry is essentially dispensable for phot1 function (21),
this domain is thought to regulate sensitivity to blue light and
induce complementation of phototropism in phot2 (24). The
LOV2 domain is responsible for the autophosphorylation of the
kinase domain and is indispensable for the signal transduction
mediated by photl and phot2 (21). For example, the LOV2 do-
mains of both photl and phot2 play essential roles in photo-
tropism and leaf expansion (25). The recombinant phot2 LOV2
domain inhibits the activity of the phot2 kinase domain in the
dark, although the inhibition is suppressed by blue light (24). The
Avena photl LOV2 domain has an amphipathic o-helix, Ja,
which displays light-induced conformational changes, a fold-
ing—unfolding transition, and dissociation from the LOV2
domain (20, 26, 27). The Arabidopsis phot2 LOV2 domain is
assumed to have a similar helix structure, which displays struc-
tural changes similar to those of phot] LOV2 Ja (28). The confor-
mational changes are considered to either directly or indirectly
propagate to the kinase domain, to liberate the kinase domain
from the inhibitory effect of the LOV2 domain (29). While the
evidence regarding light-induced local conformational changes
has been collected during spectroscopic studies, little structural
information about the relative arrangements and interactions of
the LOV2 and kinase domains in phot molecules both in the dark
and upon photoactivation is available.

In this study, we conducted small-angle X-ray scattering (SAXS)
analyses on a fragment of Arabidopsis phot2 (P2L2K, residues
363—915), which included the LOV2 domain (P2LOV2, residues
388—504) with a C-terminal extension (Ja-like region, residues
505—529) homologous to the Ja. helix of the Avena photl LOV2
domain and the kinase domain (P2STK, residues 574—864)
(Figure 1A). The two functional domains are connected by the
linker region (residues 530—573). In the kinase domain of this
P2L2K, an Asp720Asn mutation was introduced to eliminate its
binding affinity for Mg-ATP. Although we overexpressed wild-
type P2L2K, the enzymes exhibited different degrees of phos-
phorylation. It was difficult to purify separately the enzymes to
the amount required in the SAXS study. In contrast, mutated
P2L.2K was purified in a sufficient amount for X-ray studies and
was suitable for studying the intramolecular events occurring
after the light activation of P2LOV2 and before substrate binding
in P2STK. On the basis of the structural parameters, molecular
shapes from the SAXS data, and homology models of P2LOV2
and P2STK, we here discuss the molecular mechanism of how
light-induced P2LOV2 activates P2STK.

MATERIALS AND METHODS

Purification of Recombinant P2L2K. The overexpression
and purification were conducted according to the protocols
used for a LOV2—kinase fragment of photl (K. Okajima et al.,
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manuscript submitted for publication) with the following mod-
ifications. The coding region of the Arabidopsis P2L2K gene was
amplified from the pGEX-phot2 LOV2-kinase vector (24) by the
PCR method with Pfu DNA polymerase (Stratagene) and synthe-
sized primers (5-GAAAGAATTCATGGAGAGGCCAAGAG-
3" and 5-GTTTCTCGAGTTAGAAGAGGTCAATGTCCA-
AGTCCGTAGAGTTCACAAGCAC-3'). The PCR-amplified
product was excised with Ndel and Xhol and inserted into a
pET28a plasmid vector (Novagen) to allow the expression of
P2L2K with an N-terminal histidine tag, which was composed of
20 residues, including six histidine residues. Site-directed muta-
genesis of the Asp720Asn mutant was performed using the PCR-
based site-directed mutagenesis protocol reported previously (24).
The Asp720Asn mutation was verified through DNA sequencing
with a CEQ2000XL DNA analysis system (Beckman Coulter).

Asp720Asn mutant P2L2K was overexpressed in an Escher-
ichia coli IM109 strain, which was transformed by the plasmid
vector. The strain was grown at 310 K in LB medium containing
30 pug/mL kanamycin for 6 h and then incubated in the presence
of 0.02 mM isopropyl S-p-thiogalactopyranoside for 24 h at
293 K in the dark. The purification procedures were conducted at
273—277 K under a dim red light. Harvested bacteria were lysed
by sonication in a buffer containing 20 mM HEPES-NaOH,
100 mM NaCl, 10% (w/v) glycerol, and 1 mM phenylmethane-
sulfonyl fluoride (pH 7.5). The supernatant obtained by a centri-
fugation of the lysate was mixed with a Ni-chelate resin (Ni-
Sepharose High Performance, GE healthcare). P2L2K was eluted
from the resin with a buffer containing 500 mM imidazole,
100 mM NaCl, 10% (w/v) glycerol, and 20 mM HEPES (pH 7.5).
Further purification by column chromatography was performed
using an AKTA prime system (GE healthcare). The P2L2K frac-
tions eluted with imidazols were purified via size exclusion column
chromatography (Superdex 200pg, GE healthcare) with a buffer
containing 100 mM NaCl, 10% (w/v) glycerol, 1 mM EGTA,

and 20 mM Tris-HCI (pH 7.8). After being desalted, the eluted

P2L2K fractions were purified using an anion-exchange RE-
SOURCE Q column (GE healthcare) equilibrated with a buffer
containing 10% (w/v) glycerol and 20 mM Tris-HCI (pH 7.8).
The P2L2K fractions, which were eluted with a linear gradient
from 50 to 350 mM NaCl, were desalted again and applied to a
cation-exchange RESOURCE S column (GE healthcare) equili-
brated with a buffer containing 10% (w/v) glycerol and 20 mM
Tris-HCI (pH 7.8). We used the same linear gradient that was
used during anion-exchange chromatography. The purity of
P2L2K fractions in each step was examined by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE).

Purified P2L2K was concentrated by ultrafiltration in a 20 mM
HEPES buffer containing 200 mM NaCl and 10% (w/v) glycerol
(pH 7.5). A 0.5 mg/mL P2L2K solution after centrifugation
(100000g for 30 min at 277 K) showed a monodispersive property
in a dynamic light scattering (DLS) measurement using a Zet-
asizer Nano (Malvern Instruments). We estimated the fluid dy-
namic diameter of P2L2K to be 97.8 + 0.2 A from the time
correlation function of the fluctuation in the measured scattering
intensity.

Measurements of UV—Visible Absorption Spectra and
Dark Reversions of P2L2K from a Cysteinyl Adduct State.
The absorption spectra of P2L2K under blue-light illumination
and the time course of absorption changes during thermal decay
from the cysteinyl adduct state to the dark-adapted state were
measured at 293 K using a U-3310 spectrophotometer (Hitachi,
Tokyo, Japan). P2L2K solutions at a concentration of 37 uM in
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20 mM HEPES, 500 mM NaCl, I mM EDTA, and 10% (w/v)
glycerol (pH 7.5) were assessed after centrifugation at 100000g
for 30 min at 277 K. A blue photodiode illuminator (A,,.x =
460 nm) was used for the light activation of P2L2K at a fluence
rate of 20—190 xM m™2 s~ '. The time courses of absorp-
tion changes under blue-light illumination at a fluence rate of
190 uM m~% s~ " and in successive darkness were monitored
at 447 nm.

SAXS Measurement. SAXS data were collected at beamline
BL45XU of SPring-8 using an R-axis IV Imaging-Plate detec-
tor (Rigaku, Tokyo, Japan). The X-ray wavelength was tuned to
0.9000 A; the camera distance was set at 1516.5 mm, and the
exposure time was 60 s. All measurements were performed using
a sample cell with quartz windows with a thickness of 0.01 mm
and a path length of 3.0 mm. The temperature of the samples was
maintained at 293 K.

In a preliminary SAXS experiment for a 2 mg/mL P2L2K
solution, we observed profiles with severe aggregation in the
small-angle region (Figure S1A of the Supporting Information).
On the basis of our experience in the SAXS study of pea phyto-
chrome A (30), ultracentrifugation was thought to be effective for
the elimination of aggregation from concentrated sample solu-
tions for SAXS measurements. SAXS was sensitive to the aggre-
gation of proteins; a centrifugal force stronger than that applied
for samples used in the DLS and absorption measurements
was necessary to remove aggregation components. Thus, prior to
the SAXS measurements, the concentrated P2L2K sample was
centrifuged at 300000g for 1 h using a himac CP 854 instrument
(Hitachi). The centrifugal force and period were enough to
prepare >2 mg/mL monodispersive P2L2K solutions as judged
from the SAXS profiles (Figure S1B of the Supporting In-
formation).

SAXS profiles of P2L2K were collected in the concentration
range from 0.5 to 3.2 mg/mL. For each sample solution, a set of
measurements was sequentially performed in the dark, under
blue-light irradiation, and again in the dark. Samples were irra-
diated with a filtered light-emitting diode array placed 100 mm
from the sample. The filtered light had a wavelength maximum
of 480 nm and a half-bandwidth of 40 nm (4515C, Nakagawa
Chemicals). The fluence rate at the sample position was 450 uM
m~? s~'. When SAXS profiles were recorded under blue-light
irradiation, the samples were preirradiated for 5 min before being
exposed to X-rays to ensure a high population of light-activated
P2L2K. After X-ray exposure under blue-light irradiation, the
samples were kept in the dark for 5 min. SAXS profiles were then
collected again in the dark. SAXS data of hen egg white lysozyme
[M,, = 143K (Wako Chemical Industry, Osaka, Japan)] were
also collected as a reference for determining the apparent M, of
P2L2K. The occurrence of minimal radiation damage to all sam-
ples was confirmed by the stabilities of successively recorded
SAXS profiles, absorption spectra, and SDS—PAGE patterns
after X-ray exposure.

SAXS Analysis. The two-dimensionally recorded SAXS
patterns were reduced to one-dimensional profiles after subtrac-
tion of the background scattering of the buffer solution. SAXS
profiles in the small-angle region were analyzed by Guinier’s ap-
proximation (37). At a scattering vector S, the scattering intensity
I(S,C) of a protein solution at a concentration C was approxi-
mated by the forward scattering intensity /(S=0,C) and the
radius of gyration R,(C) as

1(S,C) = 1(S=0,C) exp| — 472 /3Ry(C)*S?], S = 2sin 6/
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where 26 is the scattering angle and A is the X-ray wavelength.
Under dilute conditions, the concentration dependencies of
1(S=0,C) and Rg(C)2 were approximated as

KC/I(S=0,C) = 1/My +24,C

Ry(C)* = Ry(C=0)* = ByC

where K is a constant, M., is the apparent molecular weight of
the protein, 4, is the second virial coefficient, and By reflects
interprotein interactions (3/). Attractive interprotein interactions
result in a negative 4,, while repulsive interactions give a positive
value. The sign of By is identical to that of 4,. Assuming the
partial specific volume of 0.74 cm?/g for ssoluble proteins, we can
determine the apparent M., of a soluble protein using I(S=0,
C=0) of a reference protein (lysozyme) with a known M,,.

The S < 0.015 A™" intensity profiles were extrapolated to the
infinite dilution limit to correct for the concentration effects on
the scattering profiles. The corrected profiles were merged with
the S > 0.015 A~ profile measured from a 3.2 mg/mL solution.
The distance distribution function P(r) was calculated using
GNOM (32).

The low-resolution molecular models of P2L2K were restored
as an assembly of small spheres of 3.8 A, called dummy residues,
using GASBOR (33). GASBOR minimizes the discrepancy be-
tween experimental and calculated scattering profiles by keeping
a compactly interconnected configuration of dummy resi-
dues approximating a molecular shape. The discrepancy in the
observed and calculated scattering profiles was monitored via the
y* value, which is defined as

1 =1/ =1 {le(S)) e (S)) = Klnoas(57)]/0(5)}’

where N is the number of experimental data points, S; is the
scattering vector of the jth data point, ¢(S)) is a correction factor, K
is a scale factor, and o(S)) is the statistical error in the experimental
scattering profile Jo,(S)). Inodel(:S)) represents the scattering profile
of the predicted structural model. As GASBOR analysis does not
provide a unique solution for three-dimensional structures, 10
independent calculations were performed for a targeted profile,
and the obtained molecular models were aligned manually.

Informatics Analysis. To determine which regions of P2L2K
were disordered, we calculated the disorder probability of the
P2L2K fragment using DISOPRED2 (34). Using the Spanner
version 1.0.1 server (35), structural models of P2LOV?2 with the
Ja-like region (P2LOV2-Ja, residues 388—529) and P2STK were
built against the 4vena photl LOV2 domain in the dark [PDB
entry 2VOU (20)] and the cAMP-dependent protein kinase in the
unliganded state [PDB entry 1J3H (36)] as templates, respec-
tively. W-Blast (37) was applied to search polypeptides homo-
logous to the linker region with a part of the Jo-like region
(residues 508—573) and the activation loop with a 32-residue
insertion (38) of P2STK (Al-loop, residues 730—556).

RESULTS

Sequence Analysis and Homology Models of P2LOV 2,
the Linker Region, and P2STK. We first calculated the
disorder probability of the P2L2K fragment (Figure 1B). The
result indicated that the Ja-like—linker region was likely classi-
fied as a naturally unfolded polypeptide that adapted several
conformations depending on the interactions with other poly-
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peptide chains (39) (Figure 1B). This analysis also revealed that
the Al-loop of P2STK appeared to be in an unfolded state to a
lesser extent than the linker region. In contrast, small values of
disorder probability were observed for P2LOV2, and the N- and
C-terminal regions of P2STK supported their naturally folded
structure.

The homology models of P2LOV2-Ja. and P2STK, with the
exception of the Al-loop, displayed nearly identical structures
with their corresponding templates (Figure 1C). The root-mean-
square differences for Co atoms between the homology model
and its template were 0.3 A for P2LOV2 and 1.0 A for P2STK.
The Ja-like region was predicted to form a helix resembling the
Jou region of the Avena photl LOV2 domain (20, 26), despite its
disorder probability of approximately 0.5. The Al-loop of P2STK
appeared in different conformations in each of the calculation
runs and showed a high degree of sequence homology with the
phosphorylation kinase-inducible domain of the CREB (cyclic
AMP response element binding) protein, which displays a coil-to-
helix transition upon binding to a domain of the CREB pro-
tein (40). The homology models of P2LOV2-Joe and P2STK were
used to discuss their relative positions in the molecular shape of
P2L2K restored from the SAXS profile (see the following
sections).

In the Blast search, the Ja-like—linker region displayed E
values (38) of less than 4.1 against segments in the H-chain of
archaeal RNA polymerase [PDB entry 2PMZ (41)] and hemo-
globin [PDB entry IGCW (42)] (Figure 1D), in addition to the Jau
region in Avena photl LOV2 domain (20) and its related proteins.
Both segments were judged to be naturally folded by the low
disorder probability scores (data not shown). The segment of the
H-chain in the RNA polymerase, which had the smallest £ value
of 0.043 versus the linker region, was composed of a short helix
and small antiparallel S-sheet that were connected by several
loops. In contrast, the N-terminal half of the hemoglobin segment
overlapped with the Ja region of the Avena photl LOV2 domain,
while the C-terminal half was in a helix conformation that was
distinct from the homologous region in the RNA polymerase
segment.

Spectroscopic Characterization of Purified P2L2K. Fol-
lowing the overexpression and purification of the mutated
P2L2K fragment, the SDS—PAGE patterns after the purification
(Figure 2A) demonstrated the high purity (>99%) and homo-
geneity of the prepared P2L2K samples. The mutated P2L2K
fragment displayed almost the same responses under blue-light
irradiation with nonphosphorylated P2L2K (Figure 2A).

Under blue-light irradiation, P2L2K was then converted to the
cysteinyl adduct state (Figure 2A). The amount of P2L2K in the
adduct state under successive irradiation increased depending on
the fluence rate and reached >95% of P2L2K in the sample over
190 uM m 2 s~ ' The absorption spectra of P2L2K in the dark
and adduct states were nearly identical with those of the phot2
LOV2 domain (residues 363—504) and the phot2 LOV2 do-
main—Jo-like—linker (residues 363—575) fragments, which lacked
P2STK (22). At a fluence rate of 190 uM m ™2 s, adduct for-
mation was saturated within 10 s of the initiation of blue-light
illumination. The dark reversion was completed within 2 min of
the illumination being turned off, and the observed reversion
kinetics were similar to those of the recombinant Arabidopsis
phot2 LOV2 domain and phot2 LOV2c domain—Jao-like—linker
fragments (22). Taken together, these findings indicated that
P2STK had little influence on the photoreaction cycle of P2LOV2.
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FIGURE 2: (A) Absorption spectra of P2L2K in the dark (solid red
line) and under blue-light illumination with fluence rates of 5
(orange), 20 (green), 51 (cyan), 100 (blue), and 190 xM m 2 s~
(purple). The black line shows the absorption spectrum of the cysteinyl
adduct state (S390) calculated from the variation arising from the
fluence rate. The insets at the left show the fluence-dependent forma-
tion of the adduct state. The SDS—PAGE pattern at the right
demonstrates the purity of the P2L2K samples used in this study. (B)
Kinetics of formation of the cysteinyl adduct of P2L2K under blue-
light irradiation and reversion in the dark, as monitored by the
absorption at 450 nm. The data were taken at a fluence rate of 190
uMm s~

SAXS Profiles. We next measured SAXS profiles for each
P2L2K sample sequentially in the dark (P2L2K g4.k1), under blue-
light irradiation (P2L2K jigh), and again in the dark (P2L2K gyrx0).
The fluence rate under blue-light irradiation (450 uM m s~ ")
was sufficient for the accumulation of the adduct state as expected
from the inset in Figure 2A. The SAXS proﬁles of P2L2K
monotonously decreased to an S of 0.04 A (Figure 3A).

In the concentration range measured, the scattermg intensities
of P2L2K;en decreased from 0.004 to 0.012 A (Figure 3B),
while the profiles in the other scattering-angle regions remamed
unchanged. The decrease in intensity at an .S of 0.01 A" corre-
sponded to approximately 6% of the intensity of P2L2K 1 at
any of the measured concentrations. According to the reciprocity
between the scattering vectors and distances of electron pairs
within a solute, the changes from 0.004 to 0.012 A~ ' suggested that
conformational changes occurred among clusters of electron dens-
ities separated by ~100 A. The profiles of P2L2K 4> obtained
5 min after the blue light had been turned off resembled those
of P2L2K4..k1, indicating that the SAXS changes between
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the dark and light conditions were nearly photoreversible
(Figure 3B).

Guinier Analysis. The Guinier plots (3/) of P2L2Kgari1,
P2L2Khbht, and P2L2K gy were approximated by straight lines
when $? < 40—45 x 10~® A~ (Figure 3C), and the calculated C/
1(S=0,C) and Rg (C) values displayed linear concentration de-
pendencies (Figure 3D). These findings indicated that P2L2K 4,1,
P2L2K jign(, and P2L2K g,rx> solutions possessed monodispersive
properties.

The I(S=0,C) values were similar among P2L2K 4,1,
P2L2Kign, and P2L2K guy10, Which exhibited small decreases
with negative A, values (Figure 3D). The apparent M., values of
P2L2K gark1, P2L2K jighy, and P2L2K g1 estimated from /(S=0,
C=0) demonstrated they existed as a monomeric form in solu-
tion (Table 1). Although the Ry(C=0) values differed among the
three conditions, the Rg(C) displayed concentration dependen-
cies with negative B;r values that were nearly identical (Figure 3D
and Table 1). The 2.4 A increase in the R,(C=0) value of
P2L2K g from that of P2L2K 4,41 (Table 1) was interpreted to
mean that the molecular dimension of P2L2Kj;y, became larger
than that of P2L2K k. The Ro(C=0) value of P2L2K i,
which was comparable with that of P2L.2Kg,.;, suggested
that relaxation of the overall structure in the dark proceeded
more slowly than that of the FMN moiety in P2LOV2 as
monitored by the UV—vis absorption (Figure 2B). The 4, and
B parameters, which were independent of the light and dark
conditions, indicated that the light-induced conformational
changes expected from the observed changes in the SAXS profiles
(Figure 3B) had little influence on the surface properties of
P2L2K.

The P(r) functions of P2L2K gari 1, P2L2K jight, and P2L2K garir
had maxima near 40 A and monotonously decreased to their
maximal dimensions (D,,,y) (inset of Figure 3B and Table 1).
Differences in the P(r) functions of P2L2K garic; and P2L2K g1
were prominent at an r of >80 A, reflecting the extension of the
molecular boundary of the P2L2K molecule in P2L2K iy

Low-Resolution Molecular Models in the Dark and under
Blue-Light Irradiation. The restored molecular models of
P2L2K gark1, P2L2K jighy, and P2L2Kg,pir (Figure 4) appeared
as elongated shapes and reproduced the experimental profiles
(Figure 3A), as indicated by the calculated 5 values (Table 1). It
should be noted that the mirror images of the molecular models
can also explain the measured scattering profiles.

The molecular models of P2L2K 4,41 and P2L2K 4,4 almost
overlapped and were roughly divided into large and small lobes
(the second column in Figure 4A). The large lobe forming the main
body of the P2L2K y,ric; model was approximated as a rectangular
plate with rough dimensions of 80 A (length), 45 A (width), and
35A (thickness), while the ellipsoid-shaped small lobe displayed
dimensions of 30 A (length) and 25 A (width) and was attached to
the edge of the large lobe. Comparison of the sizes and shapes of
the homology models (Figure 1C) and the two lobes showed the
small lobe was modeled as P2LOV2-Jo and P2STK was assigned
to the large lobe (the third column in Figure 4A). In the putatively
constructed model, the centers of the two domains were separated
by approximately 45 A, and the molecular boundaries of
P2LOV2-Ja and the N-domain of P2STK were in slight contact.
The linker region was assumed to occupy the space between
P2LOV2-Ja and P2STK in the restored models.

The molecular model of P2L2K iy, appeared as a more ex-
tended shape than those of the dark state (the second column of
Figure 4B). Overlapping of the main bodies of the P2L2K 4 and
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FIGURE 3: (A) SAXS profiles of P2L2K g,k (red), P2L2K ;g (blue), and P2L2K gq1> (green) at the dilution limit. The scattering intensities are
plotted in semilogarithmic form and are shifted appropriately along the ordinate for the sake of clarity. The black lines are profiles of the predicted
structural models from GASBOR (33). (B) Comparison of scattering profiles of P2L2K gy (red), P2L2K ;4 (blue), and P2L2K g,1> (green) at
two different concentrations (1.7 and 2.2 mg/mL). The data sets are shifted appropriately along the ordinate for the sake of clarity. The arrow
indicates the region in which intensity changes are the most prominent between P2L2K jjop and P2L2K g, The inset compares the P(r) functions
of P2L2K gk (red), P2L2K ;0 (blue), and P2L2K g,4- (green). (C) Guinier plots, which represent the logarithm of scattering intensities plotted vs
the square of the scattering vector, of P2L2K g,y (red), P2L2Kjgh (blue), and P2L2K 4,4 (green). Under each condition, the concentrations of
sample solutions are 1.0, 1.7, and 2.2 mg/mL from top to bottom. The data are shifted appropriately along the ordinate for the sake of clarity. The
regions used for the Guinier approximations in panel D are denoted with a pair of arrows. The black lines were calculated by the least-squares
method for the arrowed regions. The high- angle edges of the regions satisfy the criteria for the approximation [SR, < (27) ] (D) Concentration
dependencies of C/1(0,C) (top) and Rg(C) (bottom) of P2L2K gyrx; (red), P2L2K;gh (blue), and P2L2K gurk> (green) showing the standard
deviation values. With regard to the data for C/1(0,C), the standard deviations are within the symbols. The black regression lines were calculated
by the least-squares method.

P2L2K gar1 models revealed that the small lobe of P2L2K jigp Was
approximately 1.2-fold longer than that of P2L2K g, ;. When the
P2LOV2-Joe model was set at the center of the small lobe, it
shifted approximately 13 A from the position in P2L2K 4,,4 with
a slight inclination of the molecular axis. The positional shift of
P2LOV2-Ja. was thought to be a major cause of the increase in
the R,(0) value in P2L2K;ep, (Table 1). The comparison of the
molecular models of P2L2K gark1, P2L2K jgne, and P2L2K gk
suggested a light-dependent and photoreversible movement of
P2LOV2-Ja. relative to P2STK.

The P2STK region of the SAXS models resembled the crystal
structures of Tyr and Ser/Thr kinases, including c-Fes tyrosine
kinase (Fes) (43) and C-terminal Src kinase (Csk) in their inactive
and active forms (44), anti-Ca/CaM kinase II-a-Subunit (c-Abl)
in the activated form (45), and Rio2 serine kinase (Rio2) (46)
(Figure 5). When the crystal structures of these protein kinases were
superimposed on the P2L2K 4.« model, their regulatory domains
occupied the space assigned as the linker region of P2L2K. In con-
trast, the P2L2K model differed from the crystal structures of
c-Abl (47), c-Src (48), and Hek (49) Tyr kinases in their autoinhibited
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Table 1: Molecular Weights and Structural Parameters of P2L2K

state 1(0,0) SAXS M Ry(0) (A) Dpax (/&)'7 % of models”

P2L2K gy 110 576K 324404 13342 1.6
P2L2K 112 584K 348407 14042 1.5
P2L2K oo 114 596K 334405 13342 1.6

“The calculated M,, of P2L2K from the amino acid sequence was
62.4K. "The > values represent the average of 10 independent GAS-
BOR (33) calculations.

form. In the crystal structures, the regulatory domains associated
with the kinase domains at sites distal from the active site cleft.
The P2L2K 4.« model was also different from the crystal struc-
ture of protein kinase A (PKA) in complex with its regulatory
subunit Rlo, which associated with the active site of PKA (50).

DISCUSSION

This study demonstrates the occurrence of light-dependent
changes in the SAXS profiles (Figure 3) of monomeric P2L2K
containing the Asp720Asn mutation (Figure 2). The observed
SAXS changes suggested a photoreversible movement of P2LOV2-
Jo relative to P2STK (Figure 4). On the basis of the SAXS data
and homology models of the P2L2K functional domains, here,
we discuss the possible molecular mechanisms that would explain
the light-dependent conformational changes in P2L2K (Figures 3
and 4). As the obtained SAXS models displayed similar shapes
with the kinase proteins shown in Figure 5, the activation mech-
anisms in these kinase proteins may provide clues for our under-
standing of the intramolecular propagation of conformational
changes within P2L2K.

Ser/Thr and Tyr kinases, which display conformational plas-
ticity (57), contain regulatory domains that probably play essential
roles in stabilizing the structure of kinase domains and prolong-
ing the activated state (52). Through comparisons of their crystal
structures in the active and autoinhibited/inactive forms, several
types of activation mechanisms for kinase domains have been
proposed. For instance, the Src homology 2 (SH2) and Src ho-
mology 3 (SH3) domains in the activated forms of c-Abl and Src
travel approximately 70 A from their positions in the autoinhib-
ited forms to realize the interactions between the SH2 domain
and N-terminal region of the kinase domain, which are indis-
pensable for the activity of the kinase domain (45, 47, 53). In
addition, the movement of the stimulated SH2 domains in Csk
and Fes is necessary to structurally stabilize the N-terminal lobe
of the kinase domain (43, 44, 54). These facts suggest that intra-
molecular signals are transmitted through interactions between
the regulatory and kinase domains.

In P2L2K, the light-induced conformational changes in P2LOV2
are assumed to be minor in referring to the conformational
changes observed in the LOV2 core of Avena photl (20, 26), and
the Asp720Asn mutant P2STK, which lacks the affinity for Mg-
ATP, will display also small conformational fluctuations as
observed in the SAXS analysis on the unliganded kinase domain
from c-Abl (45). Thus, specifically, as the regulatory domains of
several kinase proteins occupy the space assigned to the linker
region in the P2L2K SAXS model (Figure 5), the region located
at the P2LOV2—P2STK interface, probably including the linker
and a part of the Ja-like regions displaying large disorder prob-
abilities (Figure 1B), likely plays a key role in the interdomain
signal transduction in P2L2K.
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(A)

FIGURE 4: Molecular models restored from SAXS profiles for
P2L2K gark1 (A) and P2L2Kjign (B). The molecular models in the
first column are shown as density maps of dummy residues (gray
mesh)in4 A x 4 A x 4 A cubes after the independent superimposition
of 10 restored models. The second row in each panel illustrates the
models rotated 90° around their molecular axis from those in the first
row. The second column in panel A compares the P2L2K 4.,k and
P2L2K 4ar2 (green mesh) models, and that in panel B compares
P2L2K jign¢ and P2L2K g,k (pink). The third column in panels A and
B illustrates the P2LOV2-Ja and P2STK homology models (shown
by the space-filling atoms colored as in Figure 1C) putatively fitted to
the molecular models of P2L2K g1 and P2L2K;4. The P2LOV2-
Joo and P2STK models were set so that the N-terminal domain of
P2STK faced the C-terminal region of P2LOV2-Ja. When the
C-terminal domain of P2STK was set near the P2LOV2-Ja C-term-
inal region, it was difficult to connect them with the linker region,
even in its extended conformation. The molecular models in this
figure were prepared using PyMol (56).

In this regard, our previous SAXS study provides insight into
the flexibility of the linker region, which is predicted to be a
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Fes active form

Fes inactive form

FIGURE 5: Comparison of the SAXS model for P2L2K g, (gray)
with the crystal structures of selected Tyr and Ser/Thr protein ki-
nases. The crystal structures of Fes (43) and Csk (44) in active and
inactive forms, c-Abl in activated (45) and autoinhibited (47) forms,
Rio2 (46), and PKA-RI (50) were compared. Kinase domains (KDs)
are colored as in Figure 1. Purple-colored segments represent the
A-loop, while the regulatory domains and subunits [SH2, SH3,
winged-helix domains (WHD), and Rla] are colored blue or cyan.
The molecular models in this figure were prepared using PyMol (56).

naturally unfolded polypeptide (Figure 1B,D). From the SAXS
of a recombinant phot2 LOV2 domain—Jo—linker fragment
(residues 363—575), we obtained an elongated shape with a char-
acteristic extension of approximately 40 A that was assumed to be
the linker region (22). When the phot2 LOV2 domain—Jo—linker
and P2L2K 4,11 models were superimposed so that their P2LOV2
regions overlapped optimally, the linker region of the fragment
overlapped with the P2STK portion in the P2L2K 4, model
(Figure 6A). This comparison implies that the linker region
exposed to bulk solvent folds into a conformation different from
that in P2L2K because of the absence of interactions with
P2STK.

The blue-light-triggered unfolding and/or conformational
changes of the Jo helix are suggested from reported spectroscopic
measurements for the Avena photl LOV2 domain and Arabi-
dopsis phot2 LOV2 domain (26—28). While the overall restored
molecular shape can be discussed with regard to the arrange-
ments of the domains from our SAXS data at a resolution of 25 A
(S = 0.04 A™") (Figure 4), it is difficult to speculate about the

Biochemistry, Vol. 50, No. 7, 2011 1181

(A) P2L2KDark

LOV2/Jallinker Lov2

(B)

Lightirradiation

Linker E>
Light-induced
repulsion
Thermal relaxation
in the dark

FIGURE 6: (A) Comparison of the SAXS models of P2L2K a1
(gray), phot2 LOV2 domain (green), and phot2 LOV2 domain—
Jo—linker (purple) fragments. The models for phot2 LOV2 domain
and phot2 LOV2 domain—Ja—linker fragments were taken from our
previous SAXS study (22). The models are shown as in Figure 4. (B)
Schematic illustration explaining the light-induced conformational
changes that occur in P2L2K. The colors of the domains are as in
Figure 1, and the linker is drawn with a yellow circle. This figure was
prepared using PyMol (56).

light-induced structural changes of the Ja-like region (Figures 1C
and 4). However, the conformational changes expected in the
linker region suggested in the SAXS models (Figure 4) may be
relevant to the observations in the spectroscopic studies.

Thus, in P2L2K, the Ja-like and linker regions are thought to
display conformational changes through adapting to the small
external perturbation from photoactivated P2LOV2. The con-
formational changes would result in the separation of P2LOV2
and P2STK and also serve to rearrange the segments controlling
the conformation of the active site cleft in P2STK (Figure 6B).
Notably, the structural changes have little influence on the overall
surface properties of P2L2K, as indicated by the SAXS param-
eters (Figure 3D). An in vitro assay has suggested that the
Arabidopsis phot2 LOV2 and kinase domains associate in the
dark and dissociate under blue-light illumination (24). The
scheme for the light-induced conformational changes in P2L.2K
described above may be relevant for the results of the in vitro
assays.

This scheme for the intramolecular signal transduction from
the photoactivated P2LOV2 to P2STK, however, is inconsistent
with that proposed previously (55). According to the previous
scheme, P2LOV2 under dark conditions is thought to directly
associate with the active site cleft of P2STK as observed in the
association of the Rla segment with PKA (50), and P2LOV2 is
expected to dissociate from P2STK upon light irradiation. The
scheme is proposed on the basis of the sequence similarity
between the Fa helix of P2LOV2 and an inhibitor polypeptide
for PKA and is now being used to interpret the results from the
spectroscopic measurements of algal phototropin (29). To clarify
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whether P2LOV2 binds to the active site of P2STK in nonpho-
sphorylated wild-type P2L2K, the influences of the Asp720Asn
mutation on the structure of P2L2K remain to be investigated in
the next stage of our research. In addition, we are constructing
mutants that include the Cys426Ala mutation to identify residues
involved in the transmission of the blue-light-induced conforma-
tional change from P2LOV2 to P2STK.

Finally, we here mention the quaternary structure of full-length
Arabidopsis phot2. In the previous studies, we demonstrated the
dimeric association of the LOV1 domain (residues 117—265) of
Arabidopsis phot2 both in solution (22) and in the crystal (23) and
the monomeric state of the LOV2 domain and the LOV2
domain—Ja—linker fragment in solution (22). This SAXS study
suggests the monomeric state of P2L2K (Figures 3 and 4). Thus,
although the structural information is still limited in vitro, full-
length phot2 is expected to be dimerized at the LOV1 domain,
and the two P2L2K regions in the dimer are almost free from
mutual contacts as suggested by the SAXS parameters (Figure 3D
and Table 1). It is interesting to study whether the quaternary
structure of phot2 is relevant to the fluence rate-dependent re-
sponses of phot2 in vivo.
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