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ABSTRACT. Flavin-binding Kelch repeat F-box (FKF1) protein plays important roles in the photoregulation
of flowering in Arabidopsis FKF1 has a light, oxygen, and voltage (LOV) sensing domain binding a
flavin mononucleotide (FMN) as a chromophore noncovalently. Photoreaction of the FKF1-LOV
polypeptide was studied by low-temperature absorption spectroscopy. Upon blue light irradiation, a ground
state, Dsq, IS converted to §o known as a cysteinyl-flavin adduct intermediate in the photoreaction of
phototropin. Below 150 K, bleaching of45 was much reduced and a new photoprodugty, 2ppeared

as well as o formation. The calculated absorption spectrum farods very similar to those of
flavoproteins in an anion radical state. On the basis of the results thatoBnation proceeds to %
formation and that #o formed at low temperatures reverts tasPupon temperature increases;dis
concluded to be not an intermediate fromsgXo Sse0. Z370 1S suggested to be formed from the biradical
triplet-excited state after relaxing to the ground state with the FMN anion radical trapped at the low
temperature, in which the SH of the cysteine is in the wrong position that is able to produce a radical pair
but unable to form the cysteinyl-flavin adduct. The counter SH in the cationic radical state may revert to
the ground state by extracting an electron from the unidentified amino acid residue. Interestiggly, S
that has been thought to be irreversible tgdvas revealed to revert tos very slowly with a half-life

time of 62.5 h in solution at 298 K. The photoreaction mechanism is discussed in reference to the calculated
activation energy of the reaction processes.

Plants have acquired three major photoreceptive pigmentsithe PER-ARNT-SIM (PAS) superfamily thought to act as
a red/far-red photoreversible receptor, phytochrome, and twoprotein—protein interaction modules in eukaryotic cellular
blue light receptors, cryptochrome and phototropin (phot), signaling (0). Phot has isoforms photl and phot2, An
to sense their environmental conditions during the evolutional thaliana, that show different light sensitivity and share the
processes. Phol(2) was first identified as a photoreceptor regulatory functionsX1).
for tropic responses irrabidopsis thaliana(A. thaliang
(3) and then proved to be a photoreceptor for chloroplast
relocation 4, 5) and stomata openingg)., Phot has two
chromophoric domains in the N-terminal half named LOV
(light, oxygen, and voltage)-9) that bind a FMN nonco-
valently. The LOV domains are known to be a subfamily of

In addition to the phot familiesh. thalianahas three more
unique proteins that have only one LOV domain, named ZTL
(LKP1, ADO1) (12—14), LKP2 (ADO2) (15, 16), and FKF1
(LKP3, ADO3) (17). All of them have three characteristic
domains, a LOV domain, a F-box, and a Kelch repeat in
this order from the N- to the C-termini. The function of the
F-box is to interact with SKP proteins that are a component
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a. Atphot1-L0Y¥1({aal71-308) 171: DGDYPGGRSGIPRYSEDLEDALSTFQQTFYYSDATEPDYP INYASAGFFNNIGYTSEEYY 230
Atphot1-LOY2(aad449-586) 449: ESYDDEYRQEEWREGIDLATTLERIEENFYITDPRLPDNPIIFASDSFLELTEYSREEIL 508
Atphot2-LOV1(aal 07-244) 107: EESTSSESGAFPRYSQELETALSTLQQTFYYSDATQPHCPIYYASSGFFTWTGYSSEEIY 166
Atphot2-LOV2(aa363-500) 363: DSYDLSDRERDIRQGIDLATTLERIEENFYISDPRLPDNPIIFASDSFLELTEYSREEIL 422
A{FEF1-LOY (aa 28-174) 28: NDGIEEQYEDEELPLEYGMFYYPMW TPPSF IVSDALEPDFPLIYYNRYFEYFTGYRADEYL 87
AtLEP2-LOY (aa 19-164) 19: YAEDGYFGGDNGAIPFPYGSLPGTAPCGFYYSDALEPDNPIIYYNIYFEIVIGYRAEEYI 78
AtZTL-10Y  (aa 19-165) 19: DDEBGGLFPGGGPIPYP\'GHLLHTAPGGFWTDM’EPDOPIlWIT\fFEI?TGmﬂEE\'L 78

. . ZessXe Ko Fevess z Lok  oXeo

231: GRI‘%RFI.OGSG ————————TDADELAE IRETL AAGNNYCGRILNYEEDGTSFYNLLTIAP IEDESGEYLEF IGNQYEYSEHTEGAE 308
5098: GRNCRFLQGPE---————-TDLTITYEEIRNAIDNOQTEY¥TYOL INY TESGEEF YN IFHLOPNRDQEGEYQYF IGYQLDGSEHYEPYR 586
167- GRNCRFLOGPD-—-————-TDENEYAEIRDCYENGESYCGRLLNYEEDGTPFINLLTYTP IEDDOGNT IEF IGNQYEYSEYTEGYN 244
423: GRNCRFLOGPE-——————-TDOQATYOEIRDAIRDQREI T¥QL INY TESGEEF¥NLFHLOPWRDOEGELQYF IGYQLDGSDHYEPLG 500

88= GRMCRFLQYRDPRAQRRHPLYDPY¥YYSEIRRCLEEGIEFQGELLNFREDGTPLYNRLRLAPIRDDDGTITHYIGIQYFSETITIDLDR 174
79: GRNCRFLQCRGPF TERRHPNYDSTIYAEWNRQCLENGIEFQGELLNFREDGSPLUNELRLYP IREEDE-ITHFIGYLLFTDAEIDLGP 164

79: GGIIGRFL&RGPFAIRRHPLWS“?SEIREOIDEGIEFQGELI.NFRKIISSPI.INRLRLTPlYGDDDT]THIIGIOFFIETDIDI.GP 165
EoERETRT P + s+ o+ ssfe FoX vesk + o+ Fees o« . .

Ficure 1: (a) Multiple sequence alignment of phototropin and FKF1-type LOV domaiis thaliana LOV sequences in the alignment

include the following: A. thalianaphotl (AAC01753) and phot2 (AAC27293), FKF1 (AF216523), LKP2 (NP849983), and ZTL (AF252294).
Asterisks indicate 100% identity, and dots indicate similarity. The LOV core rediOnand the conserved cysteine for FMN binding are
indicated by arrows and a star, respectively. FKF1 is shown by pink letters, in which a nine amino acid insertion characteristic with the
FKF1-type LOV is shown by green letters. The indicated amino acid sequence of FKF1 (ASafi84) is used in this experiment. (b)
Cartoon modeling of the predicted three-dimensional (3D) structure of the FKF1-LOV core domain. 3D structure prediction for the FKF1-
LOV was carried out using an automated comparative protein-modeling server, Swiss Model (http://swissmodel.expasy.org/). The nine
amino acid insertion between tléA-helix andoC-helix (helical connector) and the conserved photoactive cysteine are colored by green
and yellow, respectively. FMN is shown by stick modeling. Carbon, nitrogen, oxygen, and phosphorus atoms in the FMN molecule are
colored by white, blue, red, and orange, respectively.

the binding is thought to be controlled by light received by Szq0 that are reported to be not reversible tgsdafter 40

the LOV domain. min (17) or 2 h 36). LOV domains of the FKF1 families
Photoreactions of the LOV domains in phot have been have a nine amino acid insertion between &1gA)-helix

well established. Upon absorbing blue light, the LOV having the conserved cysteine amdC)-helix (helical

domains undergo a unique photochemical reaction cycle.connector) as compared to those of phot families (Figure

The ground state of the FMN in the LOV domains shows 1). The observed irreversibility may come from this structural

typical absorption spectra of flavoproteins with an absorp- difference and possibly be correlated with the different

tion maximum from 445 to 450 nm and nameds® that functions between them. Phot has Ser/Thr kinase in the

is excited to a singlet excited state by blue light and then C-terminal region, and the LOV domains act as a light-

interconverted to a triplet excited stateged-(28). FMN regulated molecular switch of the kinase in both in vivo
in the Leso forms an adduct with a nearby cysteine conserved autophosphorylationd() and in vitro substrate phosphory-
in all of the LOV domains with a time constant of caus, lation (38). On the other hand, LOV domains of FKF1

that has an absorption maximum from 380 to 390 nm and families are involved in the formation of protein complexes,
is termed S (28-30). Recently, a new photointer- for example, FKF1 with CDF2), ZTL with TOC1 (12),
mediate state was detected that has the same electroni@nd LKP2 with PRR1(TOC1) and PRRSY).

structure around the FMN chromophore, however, a different  To understand the molecular bases underlying the different
protein structure from those of thess (30—33), and  functions between the phot-type and the FKF1-type LOV
is thought to be a signaling state. To discriminate the two domains, it is requisite to establish the photoreaction of the
Ssze0, We have proposed recently to name them ag &nd FKF1-type LOV domain. We, therefore, investigated the
Ssod! (34). Sseo reverts to Qso with time constants from  photoreaction of the LOV domain of FKF1 by low-
several seconds to a few minutes depending on the speciesemperature UV+visible absorption spectra and figured out
(39). the photoreaction including a novel photoproduct at low
In contrast to the LOV domains of phot, photoreactions temperature. Furthermore, we found that thg, ®f the

of the LOV domains in FKF1 families have been poorly FKF1-LOV also reverts to l3oat room temperature although
understood. They form a photointermediate state alike to theits reversion is very slow. The photoreaction kinetics is
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discussed on the basis of these data, together with thesealing it with one more plate and a silicon rubber gasket.

calculated activation energies of the reactions.

MATERIALS AND METHODS

Preparation of Recombinant LOV-Containing Polypeptide.
A LOV domain-containing polypeptide &. thalianaFKF1
protein was prepared by an overexpression system with
Escherichia coli(E. coli). Using ArabidopsiscDNA as a
template, a DNA fragment corresponding to the polypeptide
from Asp28 to Argl74 was amplified by the PCR method
with primers providing appropriate restriction sites. That has
26 and 8 extra amino acid sequences to the N- and C-termini
respectively, of the LOV coret(). The amplified DNA was
isolated, digested, and cloned into a pGEX4T1 expression
vector (Amersham Biosience) as a fusion protein with
glutathioneStransferase (GST). Its nucleic acid sequences
were verified by DNA sequencing with a CEQ2000XL DNA
analysis system (Beckman CoulteB. coli JM109 strain
transformed by the expression vector was grown at 310 K
in LB medium containing 5@«g mL~* ampicillin until Asgo
comes to 0.3 and then incubated with 0.1 mM isoprgphwt
thiogalactopyranoside for 20 h at 293 K in darkness. The
following purification procedures were carried out at 273
277 K under dim red light. Bacteria were collected by
centrifugation, washed with phosphate-buffered saline (PBS,
8.0 mM NgHPQ,, 1.5 mM KH,PQO,, 140 mM NacCl, and
2.7 mM KCI, pH 7.4), and resuspended in PBS containing
1 mM phenylmethanesulfonyl fluoride (PMSF). The cells

UV —visible absorption spectra of the films were measured
using V-550DS (JASCO) spectrophotometers. To measure
low-temperature spectra, a cryostat (Optistat DN, Oxford)
and a temperature controller (ITC 4, Oxford) were used with
liquid nitrogen as coolant. The spectra were measured at eight
different temperatures in which a new sample was used at
each temperature. As a light source for activating the film
samples, a combinatiorf a 1 kW halogen-tungsten lamp
and a long-pass filter (L42, Asahi Techno Glass) were used
that gives a>400 nm light. In case to attenuate the light
intensity, a 25% neutral density filter (ND-25, Asahi Techno

'‘Glass) was used.

RESULTS

Blue Light-Induced UWVisible Absorption Spectral
Changes in Hydrated Films Measured at-7298 K Blue
light induced UV~visible absorption spectral changes of the
FKF1-LOV containing polypeptide were measured at eight
different temperatures, 298, 250, 200, 175, 150, 125, 100,
and 77 K. Six of them are presented in the Figure 2. At 298
K, the polypeptide in the hydrated films prepared in the dark
showed a typical spectrum of flavin in a protein pocket with
Amax at 450 nm (Figure 2a, 298 K, black line). Here, we call
the dark state as fgy after the nomenclature of phot in the
photocycle. The triplet peak bleached, and a new major peak
and a broad shoulder appeared at 378 nm and ir-3Q0
nm, respectively, upon blue light irradiation (Figure 2a, 298

were lysed by sonication, and the supernatant was mixedK, from green to brown lines). The absorption spectrum of

with glutathione-Sepharose 4B (Amersham Bioscience).
After the resin was washed with PBS, the LOV polypeptides
were cleaved from the GST tag with thrombin that leaves
two extra amino acid residues, Gly-Ser, to the N-terminus
of the LOV-containing polypeptide. The dissociated polypep-
tides from the gel were purified further by gel filtration on
a Sephacryl S-100 HR column (Amersham Bioscience)
equilibrated and eluted with 100 mM NacCl, 25 mM Tris-
HCI, and 1 mM NaEDTA (TBS, pH 7.8). The purity of the
polypeptides was examined with Coomassie Blue staining
of SDS-PAGE.

UV—Visible Absorption Spectra Measurement of the
Solution Sample at Room Temperaturbe purified FKF1-
LOV polypeptide in TBS was concentrated to give a final
concentration withlsso = 0.4 using a Microcon YM-10
instrument (Millipore) at 277 K. Reversion fromgato Daso
of the polypeptide solutions in the dark was monitored with
a UV-3310 spectrophotometer (Hitachi) at room temperature,
298 K. Blue light was supplied with a combination of a 1
kW projector (OLYMPUS) and a plastic filter sheétfx
of 480 nm and half-width of 40 nm; Nakagawa Chemicals)
to activate the solution sample.

UV—Visible Absorption Spectra Measurement of the
Hydrated Film Sample at Low Temperatufghe purified
FKF1-LOV polypeptide in TBS was concentrated to give a
final concentration withi4so = 1.5 using a Microcon YM-

10 instrument (Millipore) and then dialyzed against 1 mM
potassium phosphate (pH 7.0) at 277 K. Hydrated films were
prepared after the procedure described befd@p Briefly,
70—80 uL of the solution was placed on a BaF2 window
and then dried under reduced pressure. Dried films were
hydrated by dropping D next to the film on the plate and

this photointermediate state (Figure 2, 298 K, red line) is
similar to those of &g of oat photl LOV2 withln.x at 390

(28) or 380 @1) nm, that we also name ase® At 250 (data

not shown) and 200 K (Figure 2a, 200 K), similar light-
induced absorption spectral changes were observed although
prolonged irradiation is required in the latter case. At 175
K, however, even irradiation fdl h could not completess
formation (data not shown) that showed spectral changes
similar to those at 150 K (Figure 2a, 150 K). At 125 K, a
new peak appeared at 370 nm as well ag ®rmation
(Figure 2a, 125 K) afte1l h irradiation, in which Bso
bleaching was much reduced. The new peak became more
prominent according with the decrease of the temperature.
At 77 K, S390 formation almost disappeared and only the
formation of the new species withmax at 370 nm was
detected, which we propose to namgeZFormation of 4z

did not accompany the appearance of the shoulder at 300
320 nm observed with g formation (Figure 2a, 77 K).

Light minus dark absorption difference spectra revealed
increased formation of #, at lower temperatures more
clearly (Figure 2b). The f5o minus Dyso Spectrum obtained
at 298 K has characteristic negative peaks at 370 and 450
nm and positive peaks at 310 and 390 nm, respectively. On
the other hand, light minus dark spectra below 200 K showed
an appearance of a peak at 370 nm that became recognizable
as a positive peak at 150 K, comparable with the peak of
Ssgoat 390 nm at 125 K, and dominant at 77 K. These results
clearly show the formation of a novel photoproducizoZat
the low temperatures.

Dependence ofs& and Zzo Formation on the Blue Light
Irradiation Time at 150 K in Hydrated FilmsThe time
course of the blue light-inducedds and Z-o formation at
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Ficure 2: Blue light-induced absorption (a) and light-minus-dark absorption difference (b) spectra chakgebidbpsisFKF1-LOV-
containing polypeptide in a hydrate film measured at eight different temperatures from 298 to 77 K, where six results are presented with
the measured temperatures. Irradiation timess (black) 2 s (yellow), 10 s (green), 1 min (blue), 10 min (purple), and 60 min (red).
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S it 1 ing polypeptide in a 100 mM NacCl, 25 mM Tris-HCI, and 1 mM
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N&EDTA (pH 7.8) solution at 298 K before 1 min blue light

irradiation (black) and immediately and every other 25 h after the
irradiation (gray) (a) and the time course of absorption change at
450 nm (b) where the fitting curve was calculated by a method of
nonlinear least squares.
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Ficure 3: Blue light-induced light-minus-dark absorption differ-
ence spectra changesArabidopsisFKF1-LOV-containing polypep-
tide in a hydrate film measured at 150 K in the wavelength region
from 330 to 410 nm (a) adapted from the spectra in Figure 2.
Positive and negative areas are colored with light gray and dark that Z-o formation is delayed to s formation. However,
gray, respectively. Time courses of the blue light-induced light- the possibility can be excluded sincg@ormation decreased
{Eglt‘i;gasrlé sgsigrfgéoaﬂi?ﬁﬁf”ce at 390 (b) and 370 (c) nm, where iccording to the temperature increase and disappeared at 298
Reversion of 3o t0 Dyso in the Dark in Solution at 298
150 K was analyzed using the data presented in Figure 2b.K. Szgo of the FKF1-LOV domain is reported not to revert
The absorption difference spectra in the wavelength regionto Dysoin the dark; however, we found accidentally thageS
from 330 to 410 nm are magnified to trace thgeand Zo of our FKF1-LOV-containing polypeptide does revert tgd
formation (Figure 3a). The absorbance increase at 390 nmThen, the time course of the reversion was measured at room
representing &, formation is almost in proportion to temperature, 298 K, in the TBS solution. Reverted spectra
logarithmic irradiation time until 100 s and then gradually exhibited a vibrational structure in the main peak region (427,
saturated (Figure 3b). On the other hand, the absorbancet50, and 478 nm) identical to that of,§ (Figure 4a). The
change at 370 nm showed a decrease until 20 s and then éime course of the reversion monitored at the absorption
linear increase until 60 min (Figure 3c). Since absorption at increase at 450 nm can be well simulated by a single
370 nm decreases byggformation, the transient absorption  exponential curve with a half-life time of 62.5 h (Figure 4b).
decrease at 370 nm indicates delayed formation ;f 0 These results indicate thags®reverts to Qsothrough thermal
that of Sg0. The delayed formation of ¥, to S3g0 formation processes very slowly at room temperature.
excludes the possibility thats is an intermediate between Calculation of an Absolute Absorption Spectrum efoZ
Dasoand Sgo On the contrary, the delay raises the possibility in Hydrated FilmsAn absolute absorption spectrum of7&
that a part of &g is photoconvertible to %o by prolonged was obtained by calculation from that in the photostationary
irradiation of blue light as well as a simple interpretation state among o, Sse0, and Dispat 100 K, in which the other
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Ficure 5: Absorption spectra (a) and light-minus-dark absorption difference spectra (b) chanesbiofopsisFKF1-LOV-containing
polypeptide in a hydrate film to calculate an absorption spectrum fay(£). Absorption spectra were measured at either 298 K (upper)

or 100 K (lower). The order of the measurements is indicated by the numbers attached to each spectrum. For details of the measurements,
see the Results section.

populations can be negligible. At first, an absorption 10l
spectrum of Rspat 100 K was obtained that showed a more ’ o 8
pronounced vibrational structure (Figure 5a, 2, 100 K) than 0.81 B B
that at 298 K (Figure 5a, 1, 298 K). One hour blue light
irradiation at 100 K produceds% as well as $o (Figure 0.6 1
5a, 3, 100 K) as described above. To obtain the absorption 8
spectrum of & the sample was then heated to 298 K 0.41 8
(Figure 5a, 4, 298 K). Interestingly, the absorption peak at 0.2 A Al
370 nm disappeared, suggesting the thermal conversion of A A 0
Z370t0 Dyso upon heating to 298 K. To verify this, the sample 01a A -
was again cooled to 100 K (Figure 5a, 5, 100 K). Comparison 300 200 100
of the two spectra at 100 K between before and after the Temperature (K)
heatmg. to 298 K revealed a marked d(_acrease _Of the Ficure 6: Molar fraction of D5 converted to §o or Zz7oby 1 h
absorption around 370 nm and an increase in the main peakpue light irradiation at 29877 K in hydrated films ofArabidopsis
region of Dysq supporting the interpretation thag4 was FKF1-LOV-containing polypeptideQ), (O), and @) represent the
converted to Qs thermally upon heating. Next, the sample Sseo fractions determined by cool-heating cyclic measurements at
was heated to 298 K and then irradiated with blue light for 420 M. S fractions determined at 305 nm, ang.gfractions.

. . For calculation of the molar fraction, see the Results section.
5 min that converted the sample completely tg,8-igure
5a, 6, 298 K). Then the sample was cooled dawn to 100 K
again and an absorption spectrum afoSat 100 K was The absorption spectrum of a film irradiated with blue light
obtained (Figure 5a, 7, 100 K). at 100 K, heated to 298 K, and then cooled and measured at

On assumption that the observed spectra at 100 K consistl00 K minus that of [k at 100 K has a shape similar to
of the three spectra for &, Ssso and Zzo and that the .tha't of 100% S minus Dyso measured at 100_K. This
reversion of 3y to Dssp is negligible in this time range indicates that o produced at 100 K_ by blue light was
(Figure 4b), the absorption spectrum af@was calculated ~ completely returned to g, by the heating to 298 K.
using the following three spectra, whefeand B are the Fraction of g and Zyo Formed in Hydrated Films at
photoconverted fraction of 3 to Sssoand Zgo, respectively: Different Temperaturesio determme the molar fraction of
Daso (Figure 5a, 2); (1 A — B)Daso+ ASse0+ BZa70 (Figure FKF1-LOV-containing polypeptuje converted tqos the
5a, 3); (1 B)Daso + ASseo (Figure 5a, 5). same cool-down and heat-up cycling measurements as shown
in Figure 5 were performed at seven different temperatures
as well as the measurement at 298 K. Molar fractions
converted to &oby 1 h blue light irradiation at temperature
t, F(t), is expressed as

Molar Fraction

The spectrum of (Figure 5a, 2) minus (Figure 5a, 3) plus
B(Figure 5a, 2) gives the spectrum BZ370. The spectrum
of Z370 (Figure 5c¢) was obtained by dividing this spectrum
by B that was determined to be 0.35 so as to cancel the
negative main peaks of & The spectrum has a major and F(t) = [At(1) — At(D)/[A(L) — At(6)]
a minor peak at 370 and 400 nm, and a broad peak at 460
480 nm, respectively. They are characteristic with the flavo- where At(1), At(4), and At(6) are the absorption at 450 nm
proteins in the anion radical state#2(-46). For example, of the spectra corresponding to 1, 4, and 6 of Figure 5a at
the present spectrum is very similar to those in Figure 6, temperatureé. Calculated molar fractions are plotted against
dashed line of re43, or Figure 4A of ref44, although temperature (Figure 6, circle). At 29200 K, Duso Was
absorption peaks of our spectrum are much narrower andalmost completely phototransformed tessS however, the
have less tailing due to sharpening at low temperature. ~ photoconvertible fraction decreased with the decrease of
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Ficure 7: Time courses of blue light-induced absorption difference change at 305 nm (a), and absorption change at 450 nm (b), until 20
s (left) and 60 min (right) at 298 K{), 250 K (), 200 K (»), 175 K (), 150 K (@), 125 K (@), 100 K (a), and 75 K @) of hydrated

films of ArabidopsisFKF1-LOV-containing polypeptide. Fitting curves are obtained by a method of nonlinear least squares. For details of
the fitting conditions, see the text. Arrhenius plots of the rate constants obtained from the time course shown in (a), (c) and in (b), (d). The
straight lines were calculated by the method of least squares.

temperature below 200 K. At the liquid nitrogen temperature, according to the decrease of temperature until 100 K. At 77
only 15% was converted to;&, that may be explained by K, in turn, it decreased.

either the increased population that cannot be converted to Calculation of the Actiation Energy for Photoreaction
Ssgo OF a decreased rate of the reaction at the low tempera-from Duso to S0 OF Z370. TO calculate the activation energy

tures. The former possibility was discussed in LOV2 of
Adiantumphytochrome3 (phy3)4(7, 48) on the basis of an
unfavorable molecular position of the SH group to FMN to
form a cysteinyl-flavin adduct revealed in the crystal structure
of Chlamydomonughot-LOV1 @9).

In addition to the absorption at 450 nm, that at 305 nm
can be used to estimate the amount gf ®rmed. As can

of the photoreaction from I3, to Syg0, the time course of
the blue light-induced reaction was monitored by the
absorption change at 305 nm as described in the previous
section. The absorption changes are well simulated by a
single exponential curve above 200 K and biexponential
curves from 200 K to liquid nitrogen temperature (Figure
7a). An Arrhenius plot of the rate constants (Figure 7b)

be seen from the comparison of the absorption spectra inrevealed an activation energy of 1.2 kJ/mol with the single

Figure 5a,b, the absorption at 305 nm ofsPwas little
affected by the presence ot The absorption change at
305 nm, thus, represents onlyssSformation. Using this
absorption, &oformation can be quantified without the cool-

component above 200 K and 3.8 and 4.8 kJ/mol with the
two components below 200 K, respectively, indicating the
presence of two different pathways fromspto S;q0 at the

lower temperatures. Furthermore, a discontinuity at 200 K

down and heat-up cycling measurements. The result isin the first component suggests some conformational changes

indicated also in Figure 6 (box) that well coincides with the

of the LOV polypeptide around 200 K.

temperature-dependent curve determined by the absorption Photoreaction kinetics was also monitored at 450 nm that

at 450 nm (circle). Together with the absorption spectrum
of Zs70 (Figure 5c¢), this confirms the absorption at 305 nm
to be a good indicator fors& formation.

Molar factions of Z;cformed by blue light irradiation were
determined as follows. In comparison of thesgspectrum
of a film with its 100% S form, the relationA(450) = 1
— 0.90X, was obtained wher&(450) is the absorption at
450 nm of a film after a molar fractiolx, is converted from
Dyso to S0 By comparing the absorption spectra ofsp
and 47 normalized to the absorption at 305 nm based on
the observation described above, the relath(d50)= 1 —
0.61Y was obtained, whera(450) is the absorption at 450
nm of a film after a molar fractiony, is converted from
D4s0t0 Zs70. In combination of the two relation#(450) can
be expressed as-1 0.90X — 0.61Y. Y was calculated from
the equation using thé& determined byA(450) in the

reflects the photoactivation of & In contrast to those at
305 nm, the changes are well simulated by a single
exponential curve above 175 K and triexponential curves
from 175 K to liquid nitrogen temperature (Figure 7c). An
Arrhenius plot of the rate constants (Figure 7d) gave an
activation energy of 1.4 kJ/mol for the single component
above 175 K that well agrees with the 1.2 kJ/mol obtained
from 305 nm change although the temperature ranges differ
slightly. The plot also showed 3.3, 4.7, and 5.4 kJ/mol for
the three components, respectively. The activation energy
of the former two, 3.8 and 4.8 kJ/mol, well correspond to
those observed withs& formation detected by the 305 nm
change, suggesting that the two come frogs, ®rmation.

The third component with 5.4 kJ/mol, therefore, may be
attributable to formation of Zo The populations of the three
components were also calculated (data not shown). The first

previous section (Figure 6, circle) and shown also in Figure component decreased almost linearly with the decrease of

6 (triangle). 470 was formed below 200 K and increased

temperature, whereas the second component showed a
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Ficure 8: (a) Summary of the photoreaction cycle of the LOV-containing polypeptideatiidopsisFKF1. (b) Possible reaction pathways

for Z370 formation at low temperature in the LOV-containing polypeptidedcdbidopsisFKF1. The upper right part is that for the C91A

mutant of the polypeptide; the other part is for the wild-type polypeptide. (1) and (2) represent the SH group of the conserved cysteine in
a right or a wrong position to form a cysteinyl-flavin adduct. 3* indicates the triplet-excited state. X and Y represent unidentified amino
acid residues involved in the electron transfer reactions. X and Y cannot be distinguished at this moment. For details, see the Discussion.

maximum population around 200 K. The third component phot 28—30, 50, 51). This Sgo of FKF1 families has been
increased below 200 K that well agrees with the increased thought to be irreversible to the ground state. In this study,
molar fraction of 470 below 200 K (Figure 6, triangle), we demonstrated clearly the reversion g§s$0 Daso With a
supporting the assignment of this component $e,.Z half-life time of 62.5 h (Figure 4). This is summarized in
Figure 8a, left. This extremely slow reversion may derive
DISCUSSION from the nine amino acid insertion to the LOV core amino
Reversion of $ot0 Daso. LOV domains of FKF1 families acid sequence of phot (Figure 1a). The insertion resides
form a stable photointermediate state alike tg, 8f phot. between thex' A-helix anda.C-helix (helical connector). The
The S cannot be produced upon introduction of the former possesses the conserved photoactive cysteine, and the
mutation into the conserved cystein&7), suggesting a latter interacts with the ribitol and the phosphate groups of
cysteinyl-flavin adduct formation similar to that irsgp of FMN (47, 49 (Figure 1b). The NMR spectrum of the
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phosphate group has been reported to change upon photopoints. These schemes are illustrated schematically in Figure
activation 62). Since both of the helices are deeply involved 8b.

in the photoreaction of phot LOV, the nine amino acid A probable origin for 2, formation is discussed below.
insertion could modify the dark reversion of FKF1-type LOV  The photoconverted fraction of /& to Sy decreased
domairjs (Zikihara et aI.,.manuscriptin preparation). The SIQW according to the temperature decrease (Figure 6). Similar
reversion of LOV domains of FKF1 may have some role in gecreases in the photoconvertible population at low temper-
its function, such as light-regulated formation of a stable 5¢,res were reported withdiantumphy3-LOV2 @30, 54)
protein complex that contributes to proper ubiquitination of 5,4 suggested to derive from fixation of an unfavorable SH
target proteins. position relative to FMN to form a cysteinyl-flavin adduct

In phot, the reversion takes place with the half-life times at lower temperatures. Actually, the crystal structure of
from several seconds to a few minutes at ambient temper-Chlamydomonughot-LOV1 has revealed the presence of
atures 85). At the low temperatures whereggis stable, a  two, the right and the wrong, SH positior9). Accordingly,
photoconvertible fraction of By to S;g0 becomes smaller.  the SH in the wrong position that is able to produce a radical
These make the spectroscopic or structural studiessgn S pair but unable to form the adduct may originatgeZA
difficult in phot families. In contrast, s of FKF1-LOV is slightly different molecular structure of FKF1-LOV from
very stable and can serve as an useful sample for these kindshose of phot-LOV possibly due to the nine amino acid
of studies, especially for crystallization of LOV domains in insertion etc. may enable the formation of this particular
a real Qoo state. The LOV domain of FKF1 families has no  molecular species. The situation is also illustrated in Figure
tryptophan in contrast to the presence of one tryptophan in 8b. This scheme supports the proposal that electron migration
phot LOV. This makes the light-induced spectral changes proceeds proton transfer from the photoreactive cysteine to
in the UV region clearer. Actually, the absorption spectrum C(4a) of the FMN isoalloxazine ringi().
0f Szg0 0f FKF1-LOV showed a minor peak at 305 nm as i ha5 heen proposed that only a zwiterionic intermediate
well as @ main peak at 378 nm, which is not seen in the 544yt without proton transfer (state D in Figure 7 of ref
spectrum of phot LOV due to large absorption of the 49y is formed at 80 K but §o is not in oat phot1-LOV2.
tryptophan overlapping the absorption of FMN in this region. 5ever, the red-shifted species corresponding to this state
Accordingly, FKF1-LOV is a good sample to study the ,.q yndetectable in the FKF1-LOV samples at 77 K. Low-
photointermediate states of LOV domains. temperature FTIR and UWvisible spectra studies ofdi-

A Novel Photoproduct &o The present low-tempera- antumphy3-LOV have shown deprotonation of the SH and
ture spectroscopic study detected a new photoprodygf, Z  Szqo formation at 77 K, that is marked in LOV2 but obscure
that appears below 200 K and dominated at liquid nitrogen in LOV1 (30, 51, 53). In FKF1-LOV, S formation was
temperature. The possibility thatzgis an intermediate from  also observed at 77 K.

Daso to Spo0 trapped at low temperature can be excluded on A, ation Energy of the Photoreaction§he activation
the basis of the following evidence. First, if so, molar factions energy of Se formation was calculated to be 1.4 kd/mol

Of Sse0 produced at low temperatures will increase upon ap4ye 200 K and 3.3 and 4.7 kd/mol below 200 K, indicating
heatmg_due to the_ conversion OiTZ.tO Sseo. However, the a discontinuity around 200 K. Recently, the activation energy
populapon of Qo did not increase; |nstead37z reverted' to of Ssao formation in Adiantumphy3-LOV2 was reported to
Duso (Figure 5a,b and Figure 8a, right). Second, evidence be 0.67 and 1.04 kJ/mol below 200 K54) that are

i:?di_:_:;\tes that &oformation pror::ee(;jsgzo;orma;ion (,)Fighljere comparable, however somewhat smaller than those of FKF1-
)- Then, a question arises, what doggZome from' LOV. In phy3-LOV2, blue light irradiation for a few minutes

In Zs7o is very likely to be an anion radical state judging o, erted 64% and 36% of 8 to Swe at 100 and 77 K,
from its absorption spectrum.as me.n'qoned in the Results. It respectively 80, 53, 54), while 1 h irradiation induced only
has been proposed that a radical pair is formed between FMNa5o, and 15% photoconversion taeSat 100 and 77 K.

and_ cysteine in the tr_iplet state that makes FMN an_anion respectively, in FKF1-LOV (Figure 6). These suggest lower
;?Jdglgc;zlst(:éaig cb:e Ifr:)rl:r;%%r?rgn? ftr:glk))'irggiigf?rri;’le%mefcited qguantum efficiency of the photoreaction in FKF1-LOV and
state after relaxing to the ground state with the FMN anion may expla.un t.he larger activation er?ergy In FKFL-LOV.
radical trapped at the low temperature. For the fate of the 1he activation energy of« formation was calculated to
counter SH cation radical, there may be two possibili- P& 5-4 kd/mol that is larger than those gbgalthough the
ties. The SH cation radical may also be trapped at the ground€action may not include proton migration since SH of the
state in case that the distance between the radical pai,cysteme is reported to' be. protonated in the triplet excited
is enough to prevent the back-electron transfer. The secondstate b5). The larger qctlvat|on energy may partly come from
possibility is that the cation radical accepts an electron from the larger energy barrier of electron migration from the wrong
an unidentified redox-active amino acid residue to revert SH position than that of the right position.

to the ground state. Since the C91A mutant of the FKF1- Concluding RemarksCyclic photoreaction of the FKF1-
LOV domain also showed formation ofs;A at 77 K LOV domain is established by the present study that includes
(data not shown) indicating the presence of a redox-active a different pathway from 45, formation (Figure 8). The
amino acid residue other than the cysteine near the FMN photoreaction cycle together with the activation energy
isoalloxazine ring, the second case is very probable. Sim-provided useful information to figure out the molecular
ilar electron transfer from the other amino acid than mechanism underlying the photoreaction of FKF1-LOV. To
the cysteine has been reported with the oat photl LOV2 understand more precisely the photoreaction mechanism, the
C450A mutant $0). EPR study on o will clear these role of the nine amino acid insertion is under investigation.



10836 Biochemistry, Vol. 45, No. 36, 2006

ACKNOWLEDGMENT

The authors thank Dr. S. Yoshihara and Ms. S. Konishi
atK.Z. and S.T.’s Laboratory for stimulating discussion and

technical assistance, respectively, and Dr. T. E. Swartz at

the

Department of Chemistry and Biochemistry, University

of California, Santa Cruz, for valuable advice for the protein
modeling.

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Christie, J. M., and Briggs, W. R. (2001) Blue light sensing in
higher plants,J. Biol. Chem. 27611457-11460.

Celaya, R. B., and Liscum, E. (2005) Phototropins and associated
signaling: providing the power of movement in higher plants,
Photochem. Photobiol. 8773—80.

. Liscum, E., and Briggs, W. R. (1995) Mutations in teH1locus

of Arabidopsisdisrupt the perception of phototropic stimublant
Cell 7, 473-485.

. Kagawa, T., Sakai, T., Suetsugu, N., Oikawa, K., Ishiguro, S.,

Kato, T., Tabata, S., Okada, K., and Wada, M. (20&8bidopsis
NPL1: a phototropin homolog controlling the chloroplast high-
light avoidance respons&cience 2912138-2141.

JJarillo, J. A, Gabrys, H., Capel, J., Alonso, J. M., Ecker, J. R.,

and Cashmore, A. R. (2001) Phototropin-related NPL1 controls
chloroplast relocalization induced by blue ligh&ature 410 952—
954.

. Kinoshita, T., Doi, M., Suetsugu, N., Kagawa, T., Wada, M., and

Shimazaki, K. (2001) photl and phot2 mediate blue light
regulation of stomatal openin§lature 414 656—660.

. Huala, E., Oeller, P. W., Liscum, E., Han, I.-S., Larsen, E., and

Briggs, W. R. (1997)ArabidopsisNPH1: a protein kinase with
a putative redox-sensing domamBgience 2782120-2123.

. Christie, J. M., Salomon, M., Nozue, K., Wada, M., and Briggs,

W. R. (1999) LOV (light, oxygen, or voltage) domains of the
blue-light photoreceptor phototropin (nph1): binding sites for the
chromophore flavin mononucleotideroc. Natl. Acad. Sci. U.S.A.
96, 8779-8783.

.Cheng, P., He, Q., Yang, Y., Wang, L., and Liu, Y. (2003)

Functional conservation of light, oxygen, or voltage domains in
light sensing,Proc. Natl. Acad. Sci. U.S.A. 106938-5943.
Taylor, B. L., and Zhilin, I. B. (1999) PAS domains: internal
sensors of oxygen, redox potential and ligWiicrobiol. Mol. Biol.

Rev. 63, 479-506.

Sakai, T., Kagawa, T., Kasahara, M., Swartz, T. E., Christie, J.
M., Briggs, W. R., Wada, M., and Okada, K. (20045abidopsis
nphl and npll: blue light receptors that mediate both phototropism
and chloroplast relocatioRroc. Natl. Acad. Sci. U.S.A. 98969—
6974.

Mas, P., Kim, W. Y., Somers, D. E., and Kay, S. A. (2003)
Targeted degradation of TOC1 by ZTL modulates circadian
function in Arabidopsis thalianaNature 426 567—570.

Jarillo, J. A., Capel, J., Tang, R. H., Yang, H. Q., Alonso, J. M.,
Ecker, J. R., and Cashmore, A. R. (2001) Ambidopsiscircadian
clock component interacts with both CRY1 and phi@ture 410
487—-490.

Somers, D. E., Kim, W. Y., and Geng, R. (2004) The F-box protein
ZEITLUPE confers dosage-dependent control on the circadian
clock, photomorphogenesis, and flowering tinkéant Cell 16
769-782.

Schultz, T. F., Kiyosue, T., Yanovsky, M., Wada, M., and Kay,
S. A. (2001) A role for LKP2 in the circadian clock Afabidopsis
Plant Cell 13 2659-2570.

Fukamatsu, Y., Mitsui, S., Yasuhara, M., Tokioka, Y., Ihara, N.,
Fujita, S., and Kiyosue, T. (2005) Identification of LOV KELCH
PROTEIN2 (LKP2)-interacting factors that can recruit LKP2 to
nuclear bodiesPlant Cell Physiol. 461340-1349.

Imaizumi, T., Tran, H. G., Swartz, T. E., Briggs, W. R., and Kay,
S. A. (2003) FKF1 is essential for photoperiodic-specific light
signalling in Arabidopsis Nature 426 302—306.

Han, L., Mason, M., Risseeuw, E. P., Crosby, W. L., and Somers,
D. E. (2004) Formation of an SCF(ZTL) complex is required for
proper regulation of circadian timinglant J. 4Q 291—301.
Kuroda, H., Takahashi, N., Shimada, H., Seki, M., Shinozaki, K.,
and Matsui, M. (2002) Classification and expression analysis of
ArabidopsisF-box-contaning protein geneBlant Cell Physiol.

43, 1073-1085.

20.

21.

22.

27.

28.

20.

30.

Zikihara et al.

Kevei, E., Gyula, P., Hall, A., Kozma-Bognar, L., Kim, W. Y.,
Eriksson, M. E., Toth, R., Hanano, S., Feher, B., Southern, M.
M., Bastow, R. M., Viczian, A., Hibberd, V., Davis, S. J., Somers,
D. E., Nagy, F., and Millar, A. J. (2006) Forward genetic analysis
of the circadian clock separates the multiple functions of ZEIT-
LUPE, Plant Physiol. 140933-945.

Yanovsky, M. J., and Kay, S. A. (2002) Molecular basis of
seasonal time measurementAmnabidopsis Nature 419 308—
312.

Yanovsky, M. J., and Kay, S. A. (2003) Living by the calendar:
how plants know when to flowelat. Re. Mol. Cell Biol. 4
265-275.

. Huang, T., Bohlenius, H., Eriksson, S., Parcy, F., and Nilsson1,

0. (2005) The mRNA of thé\rabidopsisgene FT moves from
leaf to shoot apex and induces flowerirggience 3091694~
1696.

. Imaizumi, T., Schultz, T. F., Harmon, F. G., Ho, L. A., and Kay,

S. A. (2005) FKF1 F-box protein mediates cyclic degradation of
a repressor of CONSTANS iArabidopsis Science 309293—
297.

.Johnson, E. S., Ma, P. C., Ota, I. M., and Varshavsky, A. (1995)

A proteolytic pathway that recognizes ubiquitin as a degradation
signal,J. Biol. Chem. 27017442-17456.

. Ko, H. W., Jiang, J., and Edery, I. (2002) Role for Slimb in the

degradation ofDrosophila Period protein phosphorylated by
Doubletime,Nature 420 673—-678.

Guo, H., and Ecker, J. R. (2003) Plant responses to ethylene gas
are mediated by SCF(EBF1/EBF2)-dependent proteolysis of EIN3
transcription factorCell 115 667-677.

Swartz, T. E., Corchnoy, S. B., Christie, J. M., Lewis, J. W.,
Szundi, I., Briggs, W. R., and Bogomolni, R. A. (2001) The
photocycle of a flavin-binding domain of the blue light photore-
ceptor phototropiny. Biol. Chem. 27636493-36500.

Corchnoy, S. B., Swartz, T. E., Lewis, J. W., Szundi, |., Briggs,
W. R., and Bogomolni, R. A. (2003) Intramolecular proton
transfers and structural changes during the photocycle of the LOV2
domain of phototropin 1J). Biol. Chem. 278724-731.

Iwata, T., Nozaki, D., Tokutomi, S., Kagawa, T., Wada, M., and
Kandori, H. (2003) Light-induced structural changes in the LOV2
domain of Adiantumphytochrome3 studied by low-temperature
FTIR and UV~visible spectroscopyBiochemistry 42 8183—
8191.

. Nozaki, D., lwata, T., Ishikawa, T., Todo, T., Tokutomi, S., and

Kandori, H. (2004) Role of GIn1029 in the photoactivation
processes of the LOV2 domain iAdiantum phytochrome3,
Biochemistry 438373-8379.

32. Harper, S. M., Neil, L. C., and Gardner, K. H. (2003) Structural

34.

35.

38.

39.

40.

basis of a phototropin light switctgcience 3011541-1544.

. Eitoku, T., Nakasone, Y., Matsuoka, D., Tokutomi, S., and

Terazima, M. (2005) Conformational dynamics of pPhototropin
2 LOV2 domain with the linker upon photoexcitatiod, Am.
Chem. Soc. 12713238-13244.

Matsuoka, D., lwata, T., Zikihara, K., Kandori, H., and Tokutomi,
S. (2006) Early events in the light-signal transduction of pho-
totropin, Photochem. Photobio(in press).

Kasahara, M., Swartz, T. E., Olney, M. A., Onodera, A.,
Mochizuki, N., Fukuzawa, H., Asamizu, E., Tabata, S., Kanegae,
H., Takano, M., Christie, J. M., Nagatani, A., and Briggs, W. R.
(2002) Photochemical properties of the flavin mononucleotide
binding domains of the phototropins froArabidopsis rice, and
Chlamydomonas reinhardtiPlant Phys. 129762-773.

. Nakasako, M., Matsuoka, D., Zikihara, K., and Tokutomi, S. (2005)

Quaternary structure of LOV-domain containing polypeptides of
ArabidopsisFKF1 protein,FEBS Lett. 57910671071.

. Christie, J. M., Swartz, T. E., Bogomolni, R. A., and Briggs, W.

R. (2002) Phototropin LOV domains exhibit distinct roles in
regulating photoreceptor functioRlant J. 32 205-219.
Matsuoka, D., and Tokutomi, S. (2005) Blue light-regulated
molecular switch of Ser/Thr kinase in phototropfroc. Natl.
Acad. Sci. U.S.A. 102.3337-13342.

Yasuhara, M., Mitsui, S., Hirano, H., Takanabe, R., Tokioka, Y.,
Ihara, N., Komatsu, A., Seki, M., Shinozaki, K., and Kiyosue, T.
(2004) Identification of ASK and clock-associated proteins as
molecular partners of LKP2 (LOV kelch protein 2)Amabidopsis

J. Exp. Bot. 552015-2027.

Crosson, S., Rajagopal, S., and Moffat, K. (2003) The LOV domain
family: photoresponsive signaling modules coupled to diverse
output domainsBiochemistry 422—10.



Photoreaction in the FKF1-LOV Domain

41.

42.

43.

44,

45.

46.
47.

48.

49.

Schleicher, E., Kowalczyk, R. M., Kay, C. W. M., Hegemann,
P., Bacher, A., Fischer, M., Bittl, R., Richter, G., and Waber, S.
(2004) On the reaction mechanism of adduct formation in LOV
domains of the plant blue-light receptor phototro@inAm. Chem.
Soc. 1261106711076.

Mincey, T., Tayrien, G., Mildvan, A. S., and Abeles, R. H. (1980)
Presence of a flavin semiquinone in methanol oxidRsec. Natl.
Acad. Sci. U.S.A. 777099-7101.

Claiborne, A. (1986) Studies on the structure and mechanism of
Streptococcus faeciumalpha-glycerophosphate oxidageBiol.
Chem. 26114398-14407.

Ghanem, M., and Gadda, G. (2006) Effects of reversing the protein
positive charge in the proximity of the flavin N(1) locus of choline
oxidase,Biochemistry 453437-3447.

Yagi, K., Ogura, Y., Tonomura, Y., and Nakamura, T. (1972)
Molecular Mechanisms of Enzyme Actign 37, University of
Tokyo Press, Tokyo.

Yagi, K., Takai, A., and Ohishi, N. (1978)jochim. Biophys. Acta
289 37.

Crosson, S., and Moffat, K., (2001) Structure of a flavin-binding
plant photoreceptor domain: insights into light-mediated signal
transductionProc. Natl. Acad. Sci. U.S.A. 98995-3000.
Crosson, S., and Moffat, K. (2002) Photoexcited structure of a
plant photoreceptor domain reveals a light-driven molecular
switch, Plant Cell 14 1067-1075.

Fedorov, R., Schlichting, I., Hartmann, E., Domratcheva, T.,
Fuhrmann, M., and Hegemann, P. (2003) Crystal structures and
molecular mechanism of a light-induced signaling switch: The

51.

52.

54.

Biochemistry, Vol. 45, No. 36, 2006.0837

Phot-LOV1 domain fronChlamydomonas reinhardtiBiophys.
J. 84 2474-2482.

. Kay, C. W., Schleicher, E., Kuppig, A., Hofner, H., Rudiger, W.,

Schleicher, M., Fischer, M., Bacher, A., Weber, S., and Richter,
G. (2003) Blue light perception in plants. Detection and charac-
terization of a light-induced neutral flavin radical in a C450A
mutant of phototropinJ. Biol. Chem. 27810973-10982.

Iwata, T., Tokutomi, S., and Kandori, H. (2002) Photoreaction of
the cysteine SH group in the LOV2 domain of Adiantum
phytochrome3,). Am. Chem. Soc. 1241840-11841.

Salomon, M., Eisenrecih, W.,"BruH., Schleicher, E., Knieb, E.,
Massay, V., Rdiger, W., Muller, F., Bacher, A., and Richter, G.
(2001) An optomechanical transducer in the blue light receptor
phototropin fromAvena satia, Proc. Natl. Acad. Sci. U.S.A. 98
12357-12361.

.lwata, T., Nozaki, D., Tokutomi, S., and Kandori, H. (2005)

Comparative investigation of the LOV1 and LOV2 domains in
Adiantumphytochrome3Biochemistry 447427-7434.

Nozaki, D., lwata, T., Tokutomi, S., and Kandori, H. (2005)
Unique temperature dependence in the adduct formation between
FMN and cysteine SH group in the LOV2 domain oAdiantum
phytochrome3Chem. Phys. Lett. 4139-63.

55. Sato, Y., lwata, T., Tokutomi, S., and Kandori, H. (2005) Reactive

cysteine is protonated in the triplet excited state of the LOV2
domain in adiantum phytochrome3, Am. Chem. Soc. 127
1088-1089.

BI0607857



