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Abstract: Conformational dynamics of LOV2 domain of phototropin, a plant blue light photoreceptor, is
studied by the pulsed laser induced transient grating (TG) technique. The TG signal of LOV2 without the
linker part to the kinase domain exhibits the thermal grating signal due to the heat releasing from the
excited state and a weak population grating by the adduct formation. The diffusion coefficients of the adduct
product after forming the chemical bond between the chromophore and Cys residue are found to be slightly
smaller than that of the reactant, which implies that the core shrinks slightly on the adduct formation. After
that change, no significant conformational change was observed. On the other hand, the signal of LOV2
with the linker part to the kinase domain clearly shows very different diffusion coefficients between the
original and the adduct species. The large difference indicates significant global conformational change of
the protein moiety upon the adduct formation. More interestingly, the diffusion coefficient is found to be
time-dependent in the observation time range. The dynamics representing the global conformational change
is a clear indication of a spectral silent intermediate between the excited triplet state and the signaling
product. From the temporal profile analysis of the signal, the rate of the conformational change is determined
to be 2 ms.

1. Introduction blue light illumination, the ground-state LOV2 possessing the

Phototropins (Phot1 and Phot2) are blue light receptors in @0Sorption maximum at 447 nm (D447) is converted to a species
higher plants for regulating phototropism, chloroplast reloca- With @ broad absorption spectrufiThis change is attributed to
tions, and stomatal opening. Since all these are major regulationt"® creation of the excited triplet state through the intersystem
mechanisms to fine-tune the photosynthetic activities, phototro- €r0Ssing from the photpexuted smgl.et state. This broad spectrum
pins are attracting much attention. Both proteins Phot1 and Phot2¢hanges to a blue-shifted absorption spectrum peaked at 390
are homologous flavoproteins and contain two light oxygen "M (S390) with a lifetime of 4s (for Photl LOV2 ofAveng.
voltage sensing (LOV) domains (LOV1 and LOV2), a typical This species is as&gnt_ad to the FMblysteinyl adduct, |n_wh|ch
serine/threonine kinase at the C terminus, and one linker regionthe sulfur covalently binds to the C(4a) carbon of the isoalloxa-
connecting the LOV2 and the kinase domains acting as light- Zin€ ring of FMN. This adduct is stable for tens of seconds
regulated protein kinaseBoth LOV domains bind a flavin  before returning back to the ground stét&he assignment of
mononucleotide (FMN) as chromophd&The mechanismand ~ this pl;gfilliCt has beenlsconﬁrmed_ by NMRX-ray crystallog-
the kinetics of the reaction have been attracting much attention "@Phy:“* and FT-IR™ It is believed that this state is the
recently* The reaction kinetics has mainly been studied by signaling state. Therefore, as long as the reaction kinetics is

monitoring the absorption change of the chromopfofdJpon monitored by the UV-vis spectroscopy, the signaling state is
formed with a lifetime of 4us, and no significant dynamics
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Phot2 dynamics is observed for the LOV2-linker sample but not for
the LOV2 without the linker, showing that the conformation of
the linker part is considerably altered by the photoreaction. We
suggest that the intramolecular hydrogen bonding obmeelix

363D-575H: LOV2-linker sample

U5 3630D-3000): LOV2- sample . . . . . .
| B . il _ in the linker part is broken during this process. This process
Figure 1. Schematic illustration of the LOV2 sample and LOV2-linker  shoyld significantly alter the interdomain interaction between

sample we used. the LOV2 domain and the kinase domain.

has been reported after this process. The .fast rate may sugge%_ Experimental Section

that the global structural change is not required for the signaling.

This idea seems to be consistent with the X-ray crystallographic  2.1. Measurement.The experimental setup was similar to that

data showing that the protein structure under light illumination reported previously®-2* Briefly, a laser pulse from a dye laser

is not so different from that in the dark except for the chemical (Lumomics, HyperDye 300; wavelengta 465 nm) pumped by an

bonding of the chromophore with cystein f6hlamydomonas excimer laser (Lambda Physik, XeCl operation; 308 nm) was used as

Phot LOV 12 and Adiantumphytochrome3 LOV23 However an excitation beam and a diode laser (835 nm) was used as a probe

other spectroscopic data suggested more pronounced structureﬁeam' T.he excitation beam was split Into two by a b.eam splitter and
13 - crossed inside a sample cell. The sample is photoexcited by the created

rearrangemenr€ 18 If conformational change occurs, can such

| | . | ithi > Th . ) ¢ interference pattern to induce the refractive index modulation in the
global motion complete within 4s? There is no evidence for sample. A part of the probe beam was diffracted by the modulation

or against this suggestion thus far. In this study, we investigate (1G signal). The signal was isolated from the excitation laser beam

the conformational dynamics of thrabidopsisPhot2 LOV2 with a glass filter and a pinhole, detected by a photomultiplier tube

in time domain from a new viewpoint. (Hamamatsu R1477), and recorded by a digital oscilloscope. The
Although optical absorption change in time domain has been spacing of the fringe was measured by the decay rate constant of the

used frequently for studying reaction dynamics of proteins, we thermal grating signal from a calorimetr_ic ;tandard sample, which

should always be careful with the fact that the whole protein re_Ier_slses _aII the photon energy of the excitation as the thermal energy

size is very large compared with that of the chromophore. Since within a time response of our system. All measurements were carried

. - I out at room temperature.

the absorption spectrum of the chromophore is sensitive to only 22, Preparation of Recombinant LOV PolypeptidesArabidopsis

conformational change close to the chromophore, the dynamics_, *:~ - .

that can be monitored by the optical transition could not be all Phot2 LOV2 (363D-500Q) and LOV2-inker polypeptides (363D-575H)

(Figure 1) were prepared by overexpression systemsHksgtiherichia

of them. The Stru_Ctural change far from t_he Chro_mOphore aS colj as describedpin F?ef 26. The LOVE polypeptides included additional
well as the dynamics of the intermolecular interaction (spectral gyiensions of some amino acid residues at both the N- and the
silent process) are very important for biological function, and c-terminal ends of the LOV core (388E-492G). In addition, both
hence, these dynamics should be detected under physiologicapolypeptides have a linker sequence (Gly-Ser-Pro-Glu-Phe) at their
conditions. In this respect, one of the transport properties, the N-termini. GST-tag-cleaved polypeptides were purified by a gel
translational diffusion coefficientY), is a good physical  chromatography with Sephacryl S-100 HR (Pharmacia) and a buffer
property reflecting the conformational change and the inter- solution containing 100 mM NaCl, 25 mM Tris-HCI, and 1 mM
molecular interactiof?® A difficulty for utilizing the diffusion NaEDTA (pH 7.8). The eluted polypeptide solutions showed single
process as the dynamics monitoring method is the rather S|0Wbands upon Coomassie Brilliant Blue staining after SDS polyacrylamide

s PR . . gel electrophoresis. The molecular mass of either recombinant polypep-
response of the traditional diffusion detection techniques (e.g., fide and the purity of the sample were also examined by time-of-flight

sgveral hours for using the '_I'aylor dispersion method and severalmass spectrometry with an AXIMA-QIT instrument (Shimadzu). The

minutes for the light scattering technique). However, the pulsed , ifieq LOV polypeptides in the buffer described above were

laser induced transient grating (TG) method recently enabled concentrated by ultrafiltration and then used for TG measurements.

us to open the spectral silent dynamics measurement by theThe concentration for most experiments was abot8 ng/mL. For

diffusion probing?®25 In this article, we report the protein  examining the concentration dependence, a concentration range of

dynamics of Phot2 LOV2 domain (18 kDa: LOV2 sample) and 0.4—1 mg/mL was used.

Phot2 LOV2 with the linker (25 kDa: LOV2-linker sample)

(Figure 1) by monitoring the dynamics Bf We found the first 3. Principle and Theoretical

evidence for the large conformational change with a lifetime

the photocyce of Phot? that nave not been detoaied thus far 2. (e Spatally modulated ight intensity that s produced by
P Y ‘the interference of two excitation light wav&s2* The sinu-

The_ new intermediate species should poss_e;s a similar Co_nfor'soidal modulations of the concentrations of the reactant and the
mation around the chromophore, because it is spectrally silent,

but the int lecular int tion is d tically diff ¢ Th product lead to the sinusoidal modulation in the refractive index
utthe intermolecufarinteraction 1s dramatically ditterent. The (6n). This modulation can be monitored by the diffraction
efficiency of a probe beam (TG signal). In this experiment, the

In the TG experiment, a photoinduced reaction is initiated

(16) Harper, S. M.; Nell, L. C.; Day, I. J.; Hore, P. J.; Gardner K.JHAm.

Chem. Soc2004 126, 3390. refractive index change mainly comes from the thermal energy
(18) Corehnioy. 8. B: Swartz, T £ Lewts, 3. W Ssundi. | Briggs, w. R, [6/asing (thermal gratingin(t)) and creating (or depleting)

Bogomolni, R. A.J. Biol. Chem 2003 278 724. chemical species by the photoreaction (species grating). The
88; %%Zi}’{q?avTi;‘f";z;_W%thN J?hgﬁé%h%rﬂyggg% égﬁeggg?- species grating consists of two contributions: population grating
(21) Terazima, M.; Okamoto, K.; Hirota, N. Chem. Phys1995 102, 2506. and the volume grating. The volume grating term comes from

(22) Terazima, MAdv. Photochem1998 24, 255.
(23) Terazima, MAcc. Chem. Re00Q 33, 687.
(24) Nada, T.; Terazima, MBiophys. J.2003 85, 1876. (26) Nakasako, M.; Iwata T.; Matsuoka D.; Tokutomi Biochemistry2004
(25) Nishida, S.; Nada, T.; Terazima, Miophys. J2004 87, 2663. 43, 14881.
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the density change caused by the molecular volume change by B
the reaction. The population grating is caused by the refractive o
index change associated with the absorption change of the 120
chemical specie®:23 This refractive index is related to the R
absorption spectrum through the Lorerizorentz relationship

so that the refractive index change is observable in a wavelength

region much wider than that of the absorption cha#igéThe
species grating signal intensity is given by the difference of
the refractive index changes due to the reactam) @nd product
(6np): B

|||||

40
20

0 1 ! 1 ! ! ! L
00 02 04 06 08 10 12 14
q/10° m"

I c/au

— 2

lra(t) = afong(t) + oni(t) — ony()] (1)
wherea is a constant. The term @i, is negative, because the ) t/s ) . .
deplei f th *.8Rifted ph f th Figure 2. Observed TG signal (dotted line) of LOV2 without the linker

ep _et|on of the r?aCtant Cau_ses a ifted phase of the sample atg? = 3.1 x 10" m~2. The best fitted curve based on eq 6 is
spatial concentration modulation of the reactant from that of shown by the solid line. (Inset) The? plot of the rise and decay rate
the product. The species grating signal intensity becomes weakeiconstants of the diffusion signad( reactant: 2|Or00|uct)- The solid and
as the spatial modulations of the refractive index become Proken lines are the best fitted lines wkiv= Do, The data and the lines

. L . . . . are almost overlapped because of the very similar diffusion coefficients

uniform, which is accomplished by Fhe t_rar_‘5|a_t|0na| diffusion. betweenD, and D;. The diffusion signal at around 10 ms is very weak
Temporal development and the spatial distribution of concentra- compared with the thermal grating signal, which appears at a few
tion of chemical speciesC(x,t)) is calculated by solving a ~ Mmicroseconds.

diffusion equation: product ([T]) are governed by diffusion equations of

IC(xt)  _9°C(xt X 2r gy
;t ) =D 8>(<2 ) 2 B[S(gt't)] = DSa [Sg o _ K[ S(x,)]
X
wherex is a direction along the grating wave vector dnds AT(xH)] _ b LT + KIS @
the diffusion coefficient of the chemical species. Solving this at T %X '
diffusion equation by using the Fourier transform method under
an assumption of constal, we may find that theg-Fourier Solving these equations, we may find the time dependence of

component of the concentration decays with a rate constant ofthe refractive index &5
Dg2 Hence, the time development of the TG signal can be )
expressed by a biexponential functi$h?4 ony(t) = ong exp[—(Dsg” + K)t] +

onk
_ 2 —————— {exp[- (D’ + K] — exp(—D;q’t
l1a(t) = a[ong(t) + on, exp(-D,g?t) — on, exp(-D, )] (Or — DT — k{ P=(Dsa” + k)t PCDa D}
3 2
on(t) = on, exp(-Dpat) ®)
whereD, andD,, are diffusion coefficients of the reactant and ] ) ] )
the product, respectively. Furthermodey (>0) andon, (>0) The temporal profile of the TG signal based on this model is

are, respectively, the initial refractive index changes due to the c@lculated from eqs 1 and 5.
presence of the reactant and the product. Similarly, the thermals results

grating signal decays by a function of ) . .
4.1. TG Signal of LOV2 Sample.Figure 2 depicts the TG

signal after the photoexcitation of the LOV2 sample (without
the linker part). The signal rises quickly with the time response
of our system €10 ns). First, the signal decays within a few
microseconds, rises, and then decays. After the decay in the
microseconds time range, the signal intensity remains almost
constant during two orders of time range, shows weak rise
component, and finally decays to the baseline. This temporal
profile can be reproduced well with a sum of four exponential
functions.

ONy(t) = Ony, exp(—Dy,a’t)

whereDy, is the thermal diffusivity of the solution.

WhenD is time-dependent, the observed TG signal should
be significantly different from that predicted by eq 3. For
analyzing the observed TG signal in this study, the following
model was used.

hv

D—S—=T I1o(t) = afa, exp(—k;t) + a, exp(k,t) +
D, S, and T represent the ground state of LOV2 (D447), the a; exp(—kgt) + a4exp(—k4t)]2 (6)
initial product (after formation of the adduct S390), and final
product, which possesses the same absorption spectrum as S39&here k; > k, > ks > kyq. For the assignment of these
respectively. If we assume that the conformational transition components, we measured the signal under different grating
between two states occurs with a rate constanthe time wavenumbers if). It was found that the fastest decay rate
dependence of the concentrations of S390 ([S]) and the final constantk,) is always (0.9s)™%, and this value does not depend

13240 J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005
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on g® The ¢? independence indicates that this dynamics
represents a chemical reaction rate. Since this rate is close to
that reported for the D447 S390 process ohvena(4 us)1,°

we attribute the main contribution of this component to the
population grating signal representing the absorption change
associated with the adduct formation and small volume grating
signal, which has been detected by the photoacoustic méthdd.

In another sampleChlamydomona®hot LOV1, the kinetics

of the adduct formation was reported to be biphasic with rates
of (0.8 us)™ and (4us) 1.2° The slightly different lifetime of

0.9 us from the reported ones may be due to the different
sample.

The other rate constants dependagsn This ¢? dependence t/s
indicates that these dynamics represent the diffusion process.SF;;?r;”el63;51 9ES§fgile)lGl ﬂg?a}é‘i‘ﬁfﬁt 'fii?tg)d%fufr':lz 'BO\t/r?e Wbiitgxt':; 22;3
By cpmparlng with the thermal grating signal from, a calori- functri)on t?ased bn eq3is sHown by the dotted Iine.yThe best%itted curve
metric reference sample (bromocresol purple), which decays py the time-dependend is shown by the solid line, which is almost
with a rate constant dbyg?, we found thak; agrees with this completely overlapped with the signal. Note the very strong diffusion signal
constant. Hence, this is the thermal grating component created@t around 10 ms compared with the thermal grating signal, which appears
by the thermal energy due to the nonradiative transition from ata few microseconds.
the excited state (i.eay = ong, andky = Ding?d).

The slowerg?-dependent rateks andks, should represent
the molecular diffusion process. This last riskecay curve
(diffusion signal) can be fitted by the last two exponential terms
of eq 6 withag > 0, a4 < 0, and|ag| < |as|. The sign of the
pre-exponential factor can be determined without any ambiguity
by using the fact that the sign of the thermal grating signal is
negative §ny, < 0). The diffusing species can be assigned from
the sign of the pre-exponential factors. Comparing the fitting
results ofag > 0 andas, < 0 with eq 3, we can easily attribute
the ag anday terms of eq 6 to thén, anddn, terms of eq 3,
respectively. Hence, the rate constantskgfand k, should
correspond td,0? and D, respectively. On the basis of this
finding andks > ks, we conclude thaD,, is larger tharD,; that
is, the adduct product diffuses faster than the original species.

For determiningD, and Dy, the rate constants of the rise
decay curvelz andks) should be determined by the curve fitting

larger tharDy, the difference is very small. The small difference
in D indicates that the conformational change by forming the
adduct is small for the LOV2 sample.
4.2. TG Signal of LOV2-Linker Sample. Figure 3 depicts
the TG signal of the LOV2-linker sample. The feature in a fast
time region (6-100us) is similar to that of LOV2 sample. The
signal rises quickly and decays with a lifetime of .8 and
with D02 The initial decay should be attributed to the
transformation from D447 to S390. The very similar lifetime
of the S390 creation for the LOV2-linker sample to that for the
LOV2 sample indicates that the linker part does not affect the
kinetics of the adduct formation. This conclusion is reasonable,
because the linker part is located apart from the chromopfiore.
On the other hand, the species grating signal after the thermal
grating signal is very different from that of the LOV2 sample.
The signal reaches the baseline, and a strong-dseay signal
of the signal. However, using the four adjustable parameters gfzft‘ienzrs\;vzi/lgriﬁr;girtm?s r;g%; ?; f:r:eliz;:ﬁ;?)lridg?r?;cgisbsrlhtge
(8, a4, ks, k) for the fitting, we found that there is rather large molecular diffusion process (diffusion signal). The fact that the

ambiguity for the fitting. We have to reduce the number of . ld to the baseline before the diffusi ianal
adjustable parameters for reliable fitting. Hen(:e,weassumethatSIgna ecays once 1o the baseline belore the difiusion signa

the refractive index change due to the reactamt)(and the ENOA rrj[s n IF'glIJre. 3) atnd ;[Eafrtkk? s negative at tthls
product Pnp), which reflect the molecular polarizabilities of emperature clearly indicates that the rise component corre-

the chemical species, is much larger than that of the thermal spgnt(:]s to tge negat;vg change of the rf[eftrac;ﬂve |nd$x<( O)h
grating contribution §ny,). This assumption is reasonable and an € subsequent decay component 1o the positive change.
confirmed by the TG signal of the LOV2-linker sample as From the sign of these refractive index changes, we attribute

follows. Since the absorption spectra of the LOV2 and LOV2- the rise and decay component of the TG sig_nal to the diffusion
linker sample are almost identicaln, and on, of LOV2 and process of the reactant (ground state protein; (D447)) and the

LOV2-linker samples should be very similar. As described in photop.roo.luct,.respecnvely (eq 3). .

the next section, we observe a very strong diffusion signal T D is time-independenD can be determined from the rate
compared with the thermal grating signal for the LOV2-linker cOnstant of the rise and decay at varigizalues based on eq
sample 6n/ons ~ 30). If we use this value for the LOV2 6: However, we foqnd thgt the profllg cannqt pe fitted by the
sample, we can uniquely determikgandks. From the slopes blexponennal functlor! (Figure 3). ThIS. fact indicates that the
of the plot ofks andk, againsig? (inset of Figure 2)D, andD; reaction cannot be a simple transformation from the_ground state
are determined to be 10.5 10~ and 10.3x 10~ mZs, (D447) to the adduct product (S390). Although this fact does
respectively. (As long as we us@/ong, > 8, the determined not necessarily mean that the _diffusion c_oefficient is_time-
D, andD; are rather insensitive (withi#5%) to the exact value dependent, we found two more pieces of evidence showing that

of dn/ong.) It is interesting to note that, althoud@h is certainly '.[he signal .should be analyzed by the tir.ne-depenmerﬁirst,.
if the profile represents only the diffusion process, the time

(27) Losi, A.; Kottke, T.; Hegemann, Biophys. J 2004 86, 1051. dependence should be expressed by a combination of terms of

(28) Losi, A.; Braslavsky, S. EPhys. Chem. Chem. Phy2003 5, 2739. D2 ; ; ;

(29) Kottke, T.; Heberle, J.; Hehn, D.; Dick, B.; HegemannB®phys. J2003 eXp_( Dq t_) (e'g" €q 3)'_ In this case, if the Slgna_‘l measured at
84, 1192. various@? is plotted against, the shape of the signals should
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Figure 5. Theg?2-plot of the rise and decay rate constants determined from
the biexponential fitting of the TG signal of the LOV2 with the linker sample
after 20 ms. Circles and squares represent the reactant and the product,

respectively. The solid and broken lines are the best fitted lines kvith
D2

presented here is the first report showing tBais changing
during chemical reaction of the protein.

4.3. Conformational Change of LOV2-Linker. We have
to analyze the species grating signal using a time-dependent
diffusion model. However, before analyzing the TG data, it is
instructive and important to determiri2 of the final product
of the LOV2-linker sample first. After any conformational
change completed) should be time-independent. Therefore,

the temporal profile of the TG signal after this time should be

0.001 Ofo}s 01 expressed by a biexponential function (eq 3). To roughly

Figure 4. (a) T(25 signalf of the LOV2 with the Ici)?oker sample ato\llfrimﬁs ﬁ]s'[telrr:l;.:; (tlglgsu?g]zk,))wz su::p()jl ;Tz C(ij %pfhnedgp;ﬁ O?sttzgctsil)gnna{L e

lotted against?t. Theg? values are (1) 1.25% 109, (2) 2.14x 10'2, and ) !
?3) 9.09;OJ 101;:|m—2. (bc; Signal imen(sizy at variouq(2 r)]ormanzed by the  Species grating intensity is a good indicator of the difference in
thermal grating signal intensity. T values are (1) 5.6 102 (2) 2.13 D. The signal intensity does not change so much after 20 ms.
x 10 (3) 1.16x 10%% (4) 5.63x 104, and (5) 5.60x 10t m™2 Later we will find that this time is sufficiently longer than the

) . ) ) . lifetime of the D change (i.e., the dynamics & has been

be identical. However, the signals are totally different depending . pjeted at this time). On the basis of this fact, we first tried
on the ¢” value (Figure 4a). Therefore, the failure of the y; fiiiha data by a biexponential function after 20 ms and found
blexpohent!al function cannot be explained by S|mp[y addlqg that the temporal profile after this time can actually be fitted
more diffusion terms. Second, we found that the species grating,, o by a biexponential function. The rate constants of the rise

signal intensity of the LOV2-linker sample depends on the (k) and decayK;) from the TG signal measured at variogis
observation time. If the conformational dynamics completes are plotted againsf in Figure 5. The figure clearly shows the
within a few microseconds as suggested by the flash photolysis|ine oy rejationship between the rate constantsa@rs expected
technique, the species grating signal intensity should not dependfrom eq 3. The good fitting by the biexponential function and
ong?. Contrary to this expectation, the TG signal in a fast time this linear relationship ensure th@tdoes not depend on time
scale (with a largegp) is weak and the intensity increases with after 20 ms. From the slope of the plo®, and D, are
increasing observation time by decreasiqFigure 4b). This determined to be (6.8 0.4) x 10~ m?s andp(8.8i 0.4) x
observation time dependence of the signal intensity can belo_ll m2/s.

explained in terms of the time-dependent diffusion coefficient The large difference i between the reactant and product

a§ fOHO,WS' C.onsidering a condition &h, ~ ony in eq 3, the is striking. According to the Stoke<Einstein relationshipD
signal intensity should be weak f@, ~ D, because of the is given byos3L

cancellation of the two terms in eq 3. With increasing difference
betweenD, and D,, the apparent signal intensity becomes D = kyT/anr @)
stronger. Sincd® of the reactant should be constant, the time
dependence of the signal intensity should come from the time-
dependent decrease 8f,. On the basis of these facts and
considerations, we conclude tHatis not constant in this time
range but time-dependent.

In the long history of the diffusion study until novd has
always been considered to be a static character. However,30) Cussler, E. LDiffusion, Mass Transfer in Fluid SystemGambridge

1 ¢ /au

wherekg, T, 7, &, andr are Boltzmann constant, temperature,
viscosity, a constant representing the boundary condition
between the diffusing molecule and the solvent, and radius of
the molecule, respectively. If the differencelinbetween the

ma. ; University Press: Cambridge, 1984.
recently, tlm? dependenx h_as bee_n observed by using the TG (31) Tyrrell, H. J. V.; Harris, K. RDiffusion in Liquids: A Theoretical and
method during the protein folding proceds® The result Experimental StudyButterworths: London, 1984.
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reactant and product is interpreted in terms of the difference in gab/e Il (DDi/ﬁl%Si?ln Cz?e)fficizntrs‘ ofR the IéOVZ and(ll(_/O\{)Z—l.]jnﬁerngo
H amples —++ m4/s) and the Rate Constant (k/s™) of the

the mole_cular radius, the molecular volume of the product sh_ou_ld = Product Process Determined by the Fitting of the TG Signal?

be 2.2 times larger than that of the reactant. However, it is

- ) e D
unrealistic to consider that the intrinsic molecular volume
increases 2.2 times by the chemical reaction. Indeed, the small- Daar S390 739 Ws
angle X-ray scattering (SAXS) experiment indicates that the =~ LOV2 10.3 105 - -

. L . . LOV2-linker 8.8 (8.8% 6.8 500
radius of gyration in the dark state (2.43 nm) increases slightly
to 2.50 nm upon the light irradiatici . The increase of the radius aThe error ofD is +0.4 x 10-11 m¥s.? SinceD does not change so

(1.03 times) cannot explain the drastic changd®iombserved much by the photoadduct formation as shown from the results of the LOV2
sample D of S390 of the LOV2-linker sample is assumed to be the same

here. as that of D447.
One possible explanation for the large reductioriddt the N
dimerization of the LOV2-linker protein after the adduct Groundstate (D477) Initial photo-adduct (S390)

reaction. To examine this possibility, we measured the TG signal
at various concentrations. If the dimerization is the main cause
of the large difference i, this reaction rate should be slower
at a lower concentration. However, we found that the time
profile of the TG signal at different concentrations-@24 mg/

mL) is almost the same. Furthermore, the SAXS experiment

hv ]
i E ;—» (triplet) ~ps
*

. helix disrupting and

showed that the Phot2 LOV2 domain exists in the monomeric dark reversion - nteraction with solvent
form before photo illumination in a concentration range 6#1 (helix generation) increasing
mg/mL and no light-dependent association was obset¥ed. k'=2ms

Hence, we exclude the dimerization reaction as the cause of
the change iD.

This large decrease i, instead, may be attributable to the

increased intermolecular interactions between protein and watermainly to the reorganization of the hydrogen-bonding networks,
molecules as we have observed with cytochram¢Eyt c) possibly derived from unfolding af-helices in the linker region.
prevu.)usly?“’?S Cyt ¢ is known ',[0 be mainly composed of 4.4. Dynamics of the Conformational ChangeWe fitted
o-helices that are supported by intramolecular hydrogen bond'the TG signal in a whole time range based on the two state
ing. Denaturation of Cyt induces unfolding of the helices that model (eq 5). SinceD does not change so much by the

accompanies rearrangement of hydrogen bonding from imra’photoadduct formation as shown by the LOV2 sample (Table
molecular to intermolecular between the protein and water 1), D of S390 of the LOV2-linker sample is assumed to be the
molecules. This intermolecular interaction acts as a friction for ¢, me as that of D447. The best fitted parameters are summarized
the translational movement to reduce the diffusion coefficient i, Taple 1. The remarkable agreement between the fitted and
by changingain eq 7. The change makésalmost half that of  ghserved signals (Figure 3) indicates that Bvehange after
the native Cytc, which is comparable to the change of Phot2 e photoexcitation should be expressed by the two state model
LOV2-linker. The large decrease by hence, can be explained  (rigure 6). The rate constant of the change determined from
mostly with the increased intermolecular interactions, although e fitting is (2 ms)?, indicating that the conformational change
the contribution of conformational changes that afterspecially in the linker region related to the loss afhelicity takes place
those in the interdomain interactions between the LOV2 core ith the rate of (2 ms)t. The photoreaction process with the
domain and the linker region, cannot be excluded completely. jifetime of 0.8-0.9 us (see section 4.2) associating with the

It is particularly interesting to note tha, is slightly smaller adduct formation should trigger this conformational change. It
thanD; for the LOV2-linker sample, whereds,, is larger than is interesting to note the 3 orders of magnitude time delay from
D, for the LOV2 sample. The small&; thanD, of the LOV2 the triggering step to the global conformation change. The light-
sample, although the difference is small, indicates that the LOV2 induced loss ofx-helicity monitored by the CD spectrum of
domain itself becomes rather compact by the adduct formation. oat Photl LOV2 occurs within the time resolution of the method,
This structural change by the adduct formation is consistent with and the regeneration af-helicity occurs at the same rate as
the volume change accompanying this process detected by théhose in the visible region (45 s), indicating synchronous
photoacoustic methdd:28 The behavior is opposite for the linker ~ relaxation of protein and chromophore structufeSince the
sample. This difference should come from the conformation at time constant of the conformational change observed here (2
the linker part. The SAXS experiment showed that the linker ms) is much faster than the regeneration step, this large delay
region forms a compact structure rather than a flexible loop may be characteristic with the adduct formation but not the
conformatior?® NMR study on oat Photl LOV2 revealed the relaxation processes.
presence of am-helix, named J-helix, in a part of the linker Finally, we compare the results of this LOV2-linker sample
region. Its interaction with the LOV2 core changes on the with that of photoactive yellow protein (PYP), which is one of
photoreactiort’ Furthermore, light-induced changes in the far- PAS domain family. In the PYP case, after the photoisomer-
UV circular dichroism (CD) spectrum of oat Photl LOV2 ization reaction of the chromophorg-¢oumaric acid), the
showed a reversible loss afhelicity upon light irradiatiort® absorption spectrum changes to indicate the first intermediate
In consideration of these results, the drastic reductioD iof species creation (pRspecies) followed by a spectrally silent
the LOV2-linker protein on the photoreaction can be ascribed process with Jus (pR) and subsequent absorption change by

Signaling state (T390)

Figure 6. Schematic showing the reaction process of LOV2-linker sample.
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the creation of another intermediate species @B)he time of Adiantum phytochrome3, and an NMR study found the
constant of the creation of the signaling species, which is changes in the interaction between the LOV2 domain and a part
presumably pB species, is around 280at room temperature,  of linker region!” They cannot be seen by absorption spectros-
and this time constant is 5 orders of magnitude slower than copy.
that of the creation of the first intermediate species. The Inthe present study, we monitored the photoreaction kinetics
conformation of this species is dramatically changed from that by the diffusion coefficientD of the LOV2 sample decreases
of the ground (pG) stat& andD of the pB species is 1.2 times  slightly by the adduct formation, which implies that the core
smaller than that of the pG speciést is particularly interesting shrinks slightly on adduct formation. After that change, no
to note that the characteristics of pB (e.g., very long temporal significant conformational change was observed. In the LOV2-
delay for the conformation change after the triggering processeslinker, we found a novel distinct intermediate after the formation
as well as théd change in the signaling state of PYP) are similar of S390 that appears with the rate constant of (2 hs)his
to those of the LOV2-linker sample studied here. The molecular intermediate has a remarkably reduced diffusion constant that
origin of this large temporal delay as well as behanges are may come from the decrease of thehelicity in the linker
to be investigated in future. region. Unfolding of J-helix has been reported, recently, to
induce constitutive activation of kinase activity in the auto-
phosphorylation, indicating the importanceashelicity in the
Absorption spectroscopic studies have established the cycliclinker region3® Furthermore, the LOV2 domain plays a crucial
photochemical reactions in the LOV domains of phototropin. role in the photoregulation of kinase activity of substrate
Only two photochemical intermediates, L660 (excited triplet phosphorylation irArabidopsisPhot2 (submitted). The present
state) and S390 (cysteinyflavine adduct) have been identified. photointermediate with the reduced diffusion coefficient thus
This is characteristic with phototropin having a nonisomerizable may reflect an important one involved in the photoregulation
chromophore, flavine, and quite a contrast to those of the otherof the kinase activity.
photoreceptors, such as rhodopsin or phytochrome, with the Finally, kinetic study from a viewpoint of diffusion will
chromophore of retinal or tetrapyrrol, respectively, showing supply useful information regarding the functions of a variety
many photointermediates. Absorption spectra, however, reflectof important proteins in future.
the electronic state around the chromophore and do not
necessarily follow the molecular structure in the protein moiety. N
A Fourier transform infrared (FTIR) spectroscopic stéidy :
detected the secondary structural changes in the LOV2 domain

Conclusion

Acknowledgment. This work is supported by the Grant-in-
d (No. 13853002 and 15076204 to M.T. and 13139205 to
S.T.) from the Ministry of Education, Science, Sports and
Culture in Japan.

(32) Meyer, T. E.; van Grondelle, R.; Hellingwerf, K. Biophys. J1994 67, JA0525231

1691.
(33) Harigai, M.; Imamoto, Y.; Kamikubo, H.; Yamazaki, Y.; Kataoka, M.

Biochemistry2003 42, 13893. (35) Iwata, T.; Nozaki, D.; Tokutomi, S.; Kagawa, T.; Wada, M.; Kandori, M.
(34) Takeshita, K.; Imamoto, Y.; Kataoka, M.; Tokunaga, F.; Terazima, M. Biochemistry2003 42, 8183.

Biochemistry2002 41, 3037. (36) Harper, S. M.; Christie, J.; Gardner, K. Biochemistry2004 43, 16184.

13244 J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005



