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SUMMARY

Using single-molecule analysis techniques, we found that blue light can affect
dynamic behavior of phototropin 1 (photl) receptor kinase in a dose-dependent
manner. Phosphorylation of functional photl in membrane microdomains, which is
required for receptor signaling, occurred following light-driven receptor dimerization
to promote faster rates of diffusion. All together, these findings support the hypothesis
that photl recruitment to membrane microdomains serves as signaling platforms for

this plant blue light receptor.



ABSTRACT

Phototropin (phot)-mediated signaling initiated byblue light (BL) plays a critical
role in optimizing photosynthetic light capture atthe plasma membrane (PM) in
plants. However, the mechanisms underlying the redation of phot activity at the
PM in response to BL remain largely unclear. In ths study, by single-particle
tracking and step-wise photobleaching analysis weethonstrated that in the dark
phot1-GFP proteins remain in an inactive state ananostly present as a monomer.
The photl-GFP diffusion rate and its dimerization hcreased in a dose-dependent
manner in response to BL. In contrast, BL did not &ect the lateral diffusion of
kinase-inactive photP®*°®GFP, whereas it did enhance its dimerization,
suggesting that photl dimerization is independentfats phosphorylation. Forster
resonance energy transfer-fluorescence lifetime inggng  microscopy
(FRET-FLIM) analysis revealed that the interaction between photl-GFP and
AtRem1.3-mCherry was enhanced along with increasetime of BL treatment.
However, the BL-dependent interaction was not obvias in plants co-expressing
phot1®®®N.GFP and AtRem1.3-mCherry, implicating that BL facilitated the
translocation of functional photl-GFP into AtRem1.3labeled microdomains to
activate phot-mediated signaling. Conversely, stelo depletion attenuated
photl-GFP dynamics, dimerization, and phosphorylatin. Taken together, these
results indicate that membrane microdomains act as an organizing platform

essential for proper function of activated photl athe PM.
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membrane microdomains



INTRODUCTION

Phototropins (phots) play key roles in phototropistmoroplast movement, stomatal
opening, leaf expansion, and solar tracking in@asp to blue light (Christie, 2007).
Arabidopsis thaliana has two phots, photl and phot2, with overlapping bot
completely redundant physiological functions (Liscand Briggs, 1995; Sakai et al.,
2001; Christie, 2007; Mo et al., 2015). Physioladjiarocesses mediated by photl and

phot2 are therefore complex.

Studies on understanding phot functions have sofdansed on their individual
signaling mechanisms, as well as their biophyséral structural properties. These
studies have shown that phots are plasma membPahegssociated receptor kinases
with two photosensory input regions, known as LOWlght, Oxygen, \oltage
sensing 1) and LOV2, located at the N-terminus tmlpgo a serine/threonine
(Ser/Thr) kinase domain at the C-terminus (Chri2@07; Matsuoka et al., 2007). In
dark-grown (DG)Arabidopsis seedlings, photl is expressed broadly throughwmeit t
seedling, with strong expression in the hypocotgokh and elongation zone
(Sakamoto and Briggs, 2002; Wan et al., 2008). Plmtassociated with the inner
surface of the PM by an attachment mechanism ¢hstill not fully understood. BL
excitation induces intermolecular interactions lestwv photl molecules and a rapid,
but partial, internalization of the photoreceptatoi the cytoplasm in response to
autophosphorylation (Sakamoto and Briggs, 2002; \&faal., 2008; Kaiserli et al.,
2009; Hohm et al., 2013). BL-induced autophosplatigh is considered the primary
step for phototropin-mediated signaling, since khmse-inactive mutant phdt®"
abolishes photl signaling and function (Inoue gt24108; Kaiserli et al., 2009). Both
myristoylation and farnesylation modifications, wii effectively prevent photl
internalization, do not appear to impair phototsopi and photl function in
Arabidopsis, indicating that photl signaling initiates at P! (Preuten et al., 2015).
Yet, how photl activation and signaling are spigtiabordinated at the PM, and the

relationships between these processes, remainypeslved.



Owing to the heterogeneous and highly dynamic eadfithe PM, it is important to
analyze the behaviors of individual membrane madéscand their interactions over
time. Recently, single-particle techniques havenbeeveloped to analyze the
spatiotemporal dynamics of specific molecules dralrtinteractions in intact plant
cells (Li et al., 2013; Wang et al., 2015). We poegly reported that photl fused to
green fluorescent protein (GFP) can be easily obsdny variable-angle total internal
reflection fluorescence microscopy (VA-TIRFM) in icttérabidopsis seedlings (Wan
et al., 2011). In the present study, we appliegleHparticle imaging and tracking
methods, step-wise photobleaching analysis, as waellbiochemical assays to
determine the dynamic behavior, molecular intecastj and protein phosphorylation
of photl-GFP under different BL conditions. As photvas detected in the
detergent-resistant membrane (DRM) fraction fromnfg (Demir et al., 2013), we
also explored whether photl-mediated signaling @sponse to BL involves
membrane microdomains. Our comprehensive analysesdp new insights into the
regulatory mechanism of phot-mediated signalingttee PM and support the
hypothesis that photl recruitment to membrane rdmmmains serves as a signaling

platform for this plant blue light receptor.

RESULTS

Spatiotemporal Dynamics and Oligomeric States of Phot1-GFP at the PM

in Darkness

To examine the spatiotemporal dynamics of photthatPM in response to BL, we
used transgeniérabidopsis expressing a PHOT1-GFP fusion protein driven g th
native PHOT1 promoter in thephotl-5 mutant background. When examining the
distribution of photl-GFP in 4-day old DG seedlinggee found that photl-GFP
mostly localizes at the PM in hypocotyl epidermallx After BL irradiation, a
fraction of photl-GFP is released from the PM ampidly internalized, confirming

that it responds to BL (Supplemental Figure 1).



Single-particle analysis provides higher spatiabhation and signal/noise ratio than
laser scanning confocal microscopy; thus, individdlaorescent particles of
photl-GFP can be clearly visualized at the PM gidaptyl epidermal cells in the
dark-grown (DG) seedlings (Figure 1A and Supplemedovie 1). Using a
single-particle tracking (SPT) algorithm, we foursdme spots showed highly
dynamic behaviors with short membrane dwell times2(s, spots highlighted by
magenta and green circles), whereas other spattedxin the visual field for longer
periods (> 10 s, spots highlighted by orange and bircles) (Figure 1B and 1C). The
frequency distribution of surface dwell time valusg®wed that the curves could be
fitted to an exponential function and theralue was 5.48 s in DG seedlings (Figure
1D). The distribution of diffusion coefficients onotion ranges measured based on
the trajectories of phot1l-GFP spots was plottetiistograms and fitted to a Gaussian
function to characterize the global mobility; theuBsian peaks (noted &3 were
defined as the characteristic values. Under DG itiond, the diffusion coefficients of
phot1-GFP were distributed in two populations with values of 1.05 + 0.14 x T0
um?/s (32.2%) and 3.16 + 0.46 x 10m%s(67.8%) (Figure 1E). The motion ranges
of phot1-GFP distributed in a single populationhnétGy value of 0.398 + 0.008m
(indicating short-distance motion) (Figure 1F). 3&eresults indicate that the

dynamics of photl movement are heterogeneous &Nhe

Since GFP-labeled photl was excited with 473 nrhtligvhich can activate the
photoreceptor, this blue light exposure may affde® measurements of photl
dynamics. To address this concern, we generatatsgeaic lines expressing a
photl-mCherry fusion driven by the 35S promotetha photl-5 background. The
transgene restored normal phototropic bending,catolig that it retains photl
function (Supplemental Figure 2A). As a control, wletermined the dynamic
parameters of photl-mCherry in hypocotyl cells wddé& conditions and found that
thet value of surface dwell time curve was 5.56 s weeeited with 561 nm light, a

wavelength that is not absorbed by photl. We faimadl the diffusion coefficients of



photl-mCherry were distributed into two populaticared the motion ranges were
distributed in a single population showing shodtaince motion (Supplemental
Figure 2B-2D), in agreement with the data obtaif@dphotl-GFP. These results
demonstrated that excitation with 473 nm light cidt affect the dynamics of

GFP-labeled photl in DG conditions.

In sequential images, we observed two photl-GFEcfes diffusing laterally along

the membrane, colliding, and then fusing togetisempplemental Figure 3A-3D and
Supplemental Movies 2 and 3). To distinguish thenber of photl-GFP molecules
contained in these diffraction-limited fluorescemits, we performed calibration
experiments using monomeric GFP (mGFP) obtaineu fagprevious study (Song et
al., 2017). Based on the fluorescence intensityadiidual mGFP spots (Song et al.,
2017), we used mGFP as a standard to analyze twedtence intensity for those
particles before and after fusions. We found theensity of photl increased to
approximately two times of original spots afteriéus (Supplemental Figure 3E and

3F), indicating the occurrence of photl dimerizatio

As the photobleaching steps and fluorescence itiensf fluorescent proteins reflect
the oligomeric states of the target proteins (Dagle 2007; Ulbrich and Isacoff,
2007), we further quantified the dimerization radéphotl-GFP molecules using two
algorithms. By applying the “Progressive ldealiaatiand Filtering” (PIF) program
(McGuire et al., 2012), we found that most of thmts underwent one-step and
two-step bleaching, reflecting the monomeric andhatic states of photl-GFP
molecules, respectively (Supplemental Figure 3Gidd&y DG conditions, photl-GFP
monomers and dimers accounted for 92.8% and 7.2arescent spots (Figure 1G).
By applying a spatial intensity distribution anasy§SpIDA) algorithm to examine the
distribution of oligomers in a single image (Godihal.,, 2011), we found that the
monomer density was 3.01 + 0.4m? and the dimer density was 0.23 + Quh™
under DG conditions (Figure 1G). These results ssiggl that photl exists mainly as

a monomer under DG conditions.



Light-induced Changes in Photl-GFP Dynamics and Oligomerization
Status at the PM

Ligand binding often causes a change in the recegn@ironment and induces a
change in receptor mobility (Li et al., 2013; Sunaé&, 2015). The dynamics of
molecules binding to the PM can be assessed byumegsthe time between the
appearance and the disappearance of individuatlesr{Ueda et al., 2001; Wang et
al., 2015). To investigate whether photostimulatiaffects photl dynamics, we
examined phot1l-GFP dwell times under different Binaitions. DG seedlings were
first exposed to three different intensities of Bhd then immediately observed by
VA-TIRFM. When the curves for photl-GFP dwell timesder these regimes were
fitted to exponential functions, thevalue was 4.83 s following 10 min of treatment
with 0.1 pumol m?s* BL (BL-60 treatment, total fluence §0nol ni®) andt was 4.45

s after 10 min of treatment with 1.@®nol m?s* BL (BL-600, total fluence 60@mol
m?) (Figure 2A). Treatment for 10 min with 4@mol m?s® BL (BL-6000, total
fluence 600Qumol m?) resulted in a further decrease in thealue to 3.95 s (Figure
2A). These data demonstrated that dwell times aftphat the PM decreased

progressively as the BL intensity increased.

We also determined the diffusion coefficients anation ranges of photl-GFP spots
at the different BL levels. In the BL-60 treatmetihe distribution of diffusion
coefficients yielded a single population a@ig was 1.98 + 0.09 x Itum?s. In the
BL-600 treatmentGp increased to 3.02 + 0.27 x 1@m%s, and in the BL-6000

+

treatment,Gp further increased to 5.01 + 0.33 x310m?s (Figure 2B). For the
motion ranges of phot1l-GFP, under the BL-60 treatntbere was one population in
the distribution withGy value 0.452 + 0.004m, whereas in the BL-600 treatment,
the histogram of motion ranges showed a bimodalfildigion, in which 64.6% of the

spots showed short-distance motidhy (= 0.354 + 0.009um) and 35.4% of the spots



showed relatively long-distance motion wittGg of 0.627 + 0.003um (Figure 2C).

In the BL-6000 treatment, the percentage of lorgjatice motion increased to 60%.
Since motion range was calculated as the longetdrdie a particle travelled within
its lifetime or during the recording time, the bidab distribution implied that some
photl particles may be constrained in a small Y;andhile others are free to roam in
a large “field”. These results demonstrated thatiBduces photl-GFP proteins to

move faster and diffuse into wider regions.

To investigate the oligomerization state of phdtthe PM upon irradiation with BL,
we further calculated the dimerization rates of tfphéollowing BL treatment.
Photobleaching step analysis showed that the dwmatesn rate of photl-GFP
increased to 15.2% following the BL-60 treatmeat28.5% with BL-600 treatment,
and to 35.5% with the BL-6000 treatment (Figure .2D)ree-step photobleaching
was only observed in very rare cases (1 of 500s3panhd no instances of four or
more bleaching steps were detected in any treatniémrefore, photl-GFP likely
exists mainly as monomers and dimers at the PMtlaadlimerization rate increases
upon blue light irradiation. Parallel studies usi8gIDA showed that monomer
density decreased significantly to 2.27 + Oub8? in the BL-60 treatmen®(< 0.001),
then to 1.94 + 0.0@m? in BL-600 P < 0.05) and to 1.13 + 0.1m™ (P < 0.001) in
BL-6000. The dimer density increased significarty0.44 + 0.08um™ following
BL-60 treatmentR < 0.01), then to 0.56 + 0.0¥m™ with BL-600 @ <0.05) and to
0.77 + 0.08um™ with BL-6000 P <0.01) (Figure 2E). These results showed that BL

promotes photl dimerization in a dose-dependentiran

Partitioning of Phot1-GFP is Associated with Membrane Microdomains

It has been suggested that the sterol-rich membracr@domains are involved in cell
and tissue polarity in plants, and these domaing madulate the partitioning and

activity of some membrane proteins (Titapiwatana&tal., 2009). We therefore used



AtRem1.3 as a marker of sterol-rich lipid enviromtseat theArabidopsis PM (Demir

et al., 2013), and generated transgenic plantsxpeessing photl-GFP and
AtRem1.3-mCherry. By analyzing the membrane distidn of photl-GFP and

AtRem1.3-mCherry with dual-color VA-TIRFM, we foursbme regions with clear

fluorescence signals in both GFP and mCherry cHanimelicating spatial overlap

between photl-GFP and AtRem1.3-mCherry foci (Figghe-3C and Supplemental

Movies 6). The kymograph assembled from serial {iapse images showed the
localization of spots in both channels over timegFe 3D and 3E). The intensity
traces with different frame lengths further verihat co-diffusion of photl-GFP and
AtRem1.3-mCherry indeed occurred in living cellgjicating that photl is associated

with AtRem1.3-labeled microdomains.

Equivalent experiments were performed on plantstée with methyB-cyclodextrin
(MBCD) (Zidovetzki and Levitan, 2007), a sterol-disiog reagent. Treatment with
MBCD did not alter the PM distriubution of phot1-Gf&upplemental Figure 4A and
4B; Supplemental Movies 5 and 6). Howevef®D induced quantiatively different
changes in the confinement area and diffusion oatphotl-GFP in contrast with
untreated seedlings (Supplemental Figure 4C and éi@n under DG conditions,
when photl is still in the inactive state. In aotdit we tested the phototropic response
of DG wild-type seedlings treated with@@D and found that seedlings did not reach
a similar bending angle to those in the mock cdntharing the directional BL
irradiation period (Supplemental Figure 4F), indimg that M3CD treatment
attenuates phototropism to BL. Because3QW treatment efficiently depletes
campesterol an@-sitosterol from membranes (Roche et al., 20089, fasitosterol
probably plays a similar role to that of cholesteromammalian cells (Hartmann,
1998), we compensated for the loss of plasma merabisterols by adding
campesterol of-sitosterol (10Qug/mL) to the cells following MCD treatment and
found a recovery of photl dynamics after sterolpsaipentation, indicating the

specificity of MBCD in sterol depletion (Supplemental Figure 4E). Combjrma



sterol depletion and sterol supplementation expamis provide further support for
the hypothesis that membrane microdomains arevedain partitioning photl at the

PM.

Assembly of Phot1-GFP in Membrane Microdomains

Receptors can dimerize in membrane microdomairdiicing signal transduction
(Corriden et al.,, 2014). Although we demonstrateédt tBL can induce photl
dimerization, whether the activation occurred iesidr outside membrane
microdomains remained to be tested. During BL enpmswe observed two
photl-GFP spots that collided and became a singi that co-localized with an
AtRem1.3-mCherry spot (Figure 4A and 4B; SupplemlkeNtovies 7). By counting
42 dimerization events of photl-GFP, we found ®@&tof the dimers co-localized
with AtRem1.3-mCherry (60.5%). A parallel experimasing MBCD revealed that
the percentage of photl-GFP dimers was 21.1% ta#atment (Figure 4C), which
was significantly lower than that without@@D treatment (35.51%? < 0.01). Since
the majority of photl dimers co-localized with AtR&.3, and depleting membrane
sterols by MBCD treatment attenuated BL-induced photl dimezatwe inferred

that photl dimerization occurs within membrane odomains.

We also quantified the levels of co-localizationpbbtl-GFP and AtRem1.3-mCherry
by calculating the protein proximity index (PPDhish has been shown to yield good
estimates of the fraction of co-localized molecu& et al., 2010; Zinchuk et al.,
2011). Seedlings were fixed before imaging to owere the influence of the BL laser
on photl activity during observation. PPl analysen generate a 3D plot of
photl-GFP and AtRem1.3-mCherry cross-correlatiasugepixel shift (Supplemental
Figure 5A). The sharp peak at the center accouftiethe specific colocalization.

Under DG conditions, mean PPl values were 0.21 @3 Ofor photl-GFP to

AtRem1.3-mCherry. After 1@mol m*s® BL treatment for 1 min, the PPl values



increased to 0.29 + 0.0 (< 0.01) (Supplemental Figure 5B). These PPI values
further increased when the BL treatment was extndeb, 10, and 60 min, which
gave PPI values of 0.31 + 0.03, 0.39 £ 0.03, arsk 0t 0.06, respectively
(Supplemental Figure 5B). These results showedemeasing level of co-localization
between photl-GFP and AtRem1.3-mCherry in resptB& irradiation, suggesting

that photl is recruited to membrane microdomaires Bl dose-dependent manner.

Since co-localization is not a direct measure dferection, we performed a
FRET-FLIM assay, as previously described (Buchedl g 2014), to further verify the
molecular interactions between photl and AtRemim3vivo FRET-FLIM with
potential enhanced nanometer-scale displacemeedtart facilitated our analysis of
protein—protein interactions and provided high-aacy quantitative analysis of
spatial protein—protein correlations at the singlglecule level (Long et al., 2017).
Under DG conditions, energy transfer from GFP (dprto mCherry (acceptor)
resulted in a decrease in the GFP lifetime fron®2.5 0.011 ns in phot1-GFP lines to
2.368 = 0.011 ns in photl-GF&Reml1.3-mCherry lines (Figure 4D and 4E). By
contrast, the GFP fluorescence lifetime did not rel@ee in the free-GFP
AtRem1.3-mCherry lines (2.479 + 0.018 ns), suggegsthat photl interacts with
AtRem1.3. The fluorescence lifetime of GFP decrdasben seedlings were treated
with 10 pmol mi?s* BL for 1 min (2.323 + 0.021 ns). Increasing the Beatment
time to 5, 10, and 30 min resulted in a furthemstn in lifetime values to 2.308 +
0.024 ns, 2.265 £ 0.018 ns, and 2.077+ 0.020 sperively (Figure 4F—4H). With
BL treatment for 30 min, the mean fluorescenceififetof free-GFP (2.487 + 0.017
ns) showed no obvious difference from that of pHefP alone, supporting the
specific interaction between photl and AtRem1.3&sBresults demonstrated that BL

can enhance the photl-AtRem1.3 interaction in a-tlependent manner.



Photl Phosphorylation Following Its Dimerization is Connected with

Membrane Microdomains

Previous studies showed that autophosphorylatiomesessary for photl signal
transduction (Inoue et al.,, 2008). In the presdntlys we established transgenic
Arabidopsis lines carrying thePHOT1pro::PHOT1P®N.GFP transgene, expressing
kinase-inactive photl, in thghot1-5 mutant background (Supplemental Figure 6A).
Although quantitative real-time PCR (gqPCR) expeniseshowed thatPHOT1
expression in the phdt®*"-GFP line was similar to that found in theot1-GFP line
(Supplemental Figure 6B), as reported previouslgofe et al., 2008), the
photP®*®GFP fusion protein did not restore normal photgito bending
(Supplemental Figure 6C). Moreover, we found tlet membrane distribution of
photP2*®GFP was similar to that of wild-type phot1-GFRtie root and hypocotyl
cells of DG seedlings. In contrast to phot1-GFRtf**GFP was not internalized
to the cytoplasm after illumination with BL (Supplental Figure 6D), confirming

that the D806N mutation of phot1-GFP abolished Bditiced relocalization of photl.

As both the diffusion coefficients and motion rasgef photl-GFP at the PM
increased after BL exposure, we then examined thasameters in phdti®®“GFpP
expressing lines under DG or BL-6000 conditions \®+TIRFM (Supplemental
Movies 8 and 9). The diffusion coefficients of ptfSf*"GFP in hypocotyl cells
under BL-6000 conditions showed two populationshwit values of 1.66 + 0.31 x
10* um?/s (40.7%) and 3.89 + 0.51 x 10m%s(59.3%), similar to those observed in
DG seedlings withGp values of 2.51 + 0.42 x Tqum%s(38.5%) and 4.07 + 0.52 x
10° um?/s(61.5%) (Figure 5A) or as in DG phot1l-GFP expregsiredlings (Figure
1E). Under BL-6000 conditions, the motion rangesphbtP*®°*".GFP spots were
characterized by a single population withGg of 0.373 + 0.008um (Figure 5B),
similar to DG conditions with &y of 0.386 + 0.006:m, and to phot1l-GFP spots
under DG conditions (Figure 1F). These data shatlvatithe distributions of lateral

diffusion rates of kinase-inactive photl were samiinder dark and light conditions,



suggesting that BL-induced dynamic changes werdisiieal in the kinase-inactive

mutant.

Parallel experiments were also performed with #scence recovery after
photobleaching (FRAP) assays to further verify ¢ffects on lateral diffusion of the
phot?®%®N kinase-inactive mutant in the DG hypocotyls. Whegions of the PM
were photobleached and the fluorescence intensitganvery was measured over
time (Figure 5C), FRAP signals at the center of lleached areas were compared
with those in the whole region or at the periphefyhe bleached areas (Figure 5D).
For phot1-GFP, recovery of fluorescence in theeareot the bleached area was slower
than that in the periphery or in the whole bleachezh (Figure 5D). By contrast, in
the phot?®®".GFP lines, these regions had similar kinetic pesfi(Figure 5E),
indicating that the lateral diffusion of photl waso abolished in the kinase-inactive

mutant.

To detect intramolecular photl interactions in theesence or absence of BL
irradiation, bimolecular fluorescence complementatiBiFC) was performed in
tobacco epidermal cells. Photl or ptt#¥was fused to either the N-terminus of
yellow fluorescent protein (YFP) (photl-nY or D80#IY) or the C-terminus of YFP
(photl-cY or D806N-cY), and these constructs weweddd into four combinations
for analysis as shown in Figure 6A. In each cas®réscence complementation of
the fusion products was clearly detectable at tie fBllowing BL irradiation,
whereas the signal was not observed under darkiteamsl (Figure 6A) or in controls
with phot1-nYFP or phoff®®N.cYFP combined with cYFP (Supplemental Figure 7A).
However, the mCherry fluorescence was always visilsle both conditions
(Supplemental Figure 7B). Quantification of YFPofleascence intensity indicated that
there were no significant differences in relatilteofescence intensity among the four
groups after BL irradiation (Figure 6B), demonstrgtthat inactivation of photl

kinase activity does not alter its light-driven mallar interaction. In an equivalent



experiment, the photobleaching step distributionpbbtP®®*"GFP spots in DG
Arabidopsis hypocotyls showed that 91.1% were monomers and 8@% dimers.
Dimer levels increased to 39.2% under BL-6000 cios (Figure 6C), further
demonstrating that the inhibition of phosphorylatilhas no effect on photl

dimerization.

Since our sterol extraction experiments suggestadphotl recruitment to membrane
microdomains is involved in phototropism (Suppletaérfrigure 4F), we examined
whether microdomains are related to photl phospdwooyn. Using FRET-FLIM, we
found a decrease in GFP lifetime in the transgepiants coexpressing
photP®*®GFP and AtRem1.3-mCherry, as compared with gii8t-GFP lines. The
FRET efficiency (6.81 = 0.95%) was similar to thiaétween photl-GFP and
AtRem1.3-mCherry under dark conditions (5.57 + @e42In contrast to the enhanced
interaction between photl and AtRem1.3, we fourad tthe FRET efficiency between

D8O6N
1

phot and AtRem1.3 did not significantly change withremsing BL treatment

time (Supplemental Figure 7C).

We used immunoblotting to detect the level of plmosplation of photl, as
phosphorylated photl shifts to a lower electroptionaobility in SDS-PAGE than
non-phosphorylated photl (Knieb et al., 2005). Bitadiation of DG seedlings
resulted in photl phosphorylation, as evident byréiduced electrophoretic mobility
(Figure 6D). In contrast, treatment of seedlingthwipCD prior to BL irradiation
reduced the amount of photl that was phosphoryigienire 6D), indicating partial
inhibition of photl phosphorylation following theisduption of membrane
microdomains. This result was confirmed by a stezomplement experiment,
showing that the magnitude of shifted photl recedeafter addition of campesterol
or B-sitosterol following MBCD treatment (Supplemental Figure 8). These results
suggest that membrane microdomains serve as agrahtdeterminant of photl

functionality.



DISCUSSION

Signal perception through ligand-induced activaddmembrane-localized receptors
iIs a common feature among living organisms (Li &t @013). BL-induced
photl-mediated signaling at the PM initiates migtipignaling cascades, regulating
processes that collectively optimize photosynthegificiency (Christie, 2007).
However, the highly dynamic nature of PM proteingams that analyzing the
dynamics and activation of photl molecules witlwnb cells during BL treatment
poses a challenge. Single-particle analysis caowidhe trajectories of molecules and
identify single events, transient interactions,iriermediates along these reaction
pathways (Li et al., 2013; Tinoco and Gonzalez,120Therefore, we applied these
precise analyses with high spatial and temporalracy to characterize the dynamics
of photl inArabidopsis hypocotyl cells by VA-TIRFM. In this study, we fod the
individual photl-GFP particles appear at the PMisagated fluorescent spots and
demonstrated dramatically different dynamics. Femtiore, we evaluated the spatial
distribution and complex dynamics of photl in resgoto different BL fluence rates.
Thus, our findings provide new insights into thgulation of photoreceptor dynamics
at the PM and clarify the complex relationshipsaastn dynamic behavior and signal

sensing.

Previously, it was reported that photl functionsroa wide range of fluence rates of
BL, mediating phototropism from 0.01 to 10fol m? s* (Sakai et al., 2001). In our
study, we tested three fluence rates of BL (BLBD;600, and BL-6000) to analyze
the dynamic characteristics of phot1l-GFP upon atitw. By fitting the distribution
of surface dwell time to an exponential functiorg feund that decreased gradually
with the increasing fluence rates of BL, suggestimgt BL induced dissociation of
photl-GFP from the PM. We further revealed that diféusion coefficients and
motion ranges of photl-GFP spots increased pragedgswith increasing fluence
rates of BL, leading to faster lateral diffusion.eWound that photl-GFP was

distributed in the mature zone cells (non-growiagions where the hypocotyl does



not develop phototropic curvature) and its dynangi@s change in response to blue
light. However, no significant differences were riduin the dynamics of photl-GFP
compared with those in elongation zone cells (dugidly growing region of the

hypocotyl where we detected movement of photl) p&upental Figure 9). We

suspected that BL signal transduction not onlyeslon photl status or dynamic
changes, but also depends on the interaction betwhetl and other downstream
proteins, which changes auxin transport and coatpiototropism, as reported

previously (Wan et al., 2012).

Proteins rarely act alone, and they generally wguweself-association to form

homo-/heterodimers or homo-/heterooligomers follayi ligand stimulation

(Schlessinger, 2002). Dimerization and oligomeraratcan produce structural and
functional changes in proteins to potentiate doveash signaling (Marianayagam et
al., 2004), and these changes may also influermapter desensitization (George et
al., 2000). In the present study, PIF analysiscaigid that under dark conditions,
92.8 % of phot1l-GFP spots exhibited one-step pheaching, and the ratio of dimers
increased significantly upon BL irradiation. In &dxth, SpIDA showed that monomer
density decreased and dimer density increased &tomnradiation. These results

showed that inactive photl mostly exists as monemand the dimerization rates
significantly increased with increasing BL exposyseoviding strong evidence that
BL can act as a physical ligand-like factor thatuoes photl dimerization at the PM

in a dose-dependent manner.

PMs are partitioned into different types of memieranicrodomains with various
sizes and degrees of mobility (Jarsch et al., 20bh4)lants, membrane microdomains
enriched in sterols and sphingolipids have beeridaied in many cellular processes
(Malinsky et al., 2013; Yadeta et al., 2013). Deatial. (2013) classified 120 proteins
as putative membrane microdomain residents in [@dgW¥s, including photl. Here,
we found the co-diffusion of phot1l-GFP and AtRemhGherry in living cells, and a
60.5% colocalization rate between dimerized phoER@nd AtRem1.3-mCherry in



the recorded dimerization events in the BL-6000 daton, suggesting that
dimerization of photl-GFP may occur in the membranerodomains. Also, sterol
extraction by MBCD altered the confinement area and diffusion citphot1-GFP
and resulted in decreased rates of photl dimevizati response to BL. Moreover, we
found that photl dynamics recovered after sterppmentation, confirming the
specificity of MBCD in sterol depletion. Importantly, we found vi®IRanalysis that
there was an increased level of co-localizationwbeh photl-GFP and
AtRem1.3-mCherry in response to BL irradiation. ARE.LIM analysis of
photl-GFP/AtRem1.3-mCherry dual-labeled lines fartishowed that there was
energy transfer from photl-GFP to AtReml.3-mCheunder dark conditions,
suggesting that photl interacts with AtRem1.3.dasing the time of the blue light
treatment resulted in a further reduction in GF€tilne values, confirming that blue
light led to a time-dependent increase of the ph&tRem1.3 interaction. Based on
these results, we can conclude that photoactivatiggers the nanoscale aggregation

of photl within preexisting microdomains.

Protein phosphorylation plays a role in a wide mngcellular processes, with many
receptors switched on or off by phosphorylation deghosphorylation (Ciesla et al.,
2011). Previous studies showed that phosphorylasonecessary for photl signal
transduction. Mutations in the phosphorylation ssiteuch as Ser-849 and Ser-851,
resulted in defective phototropism, stomatal opgnleaf flattening, and chloroplast
accumulation responses (Inoue et al., 2008). ladob leaves transiently expressing
photP®*®GFP, which lacks kinase activity, no internalipatiwas observed in
response to BL (Kaiserli et al., 2009). Our obseoves indicated that the D806N
mutation of photl-GFP abolished BL-induced photlbaaization and hypocotyl
bending. By SPT analysis, we found no significdranges in the diffusion coefficient
or motion range of photf*®GFP spots after BL pretreatment in comparison with
phot1-GFP lines under DG conditions. FRAP analiigither indicated that the lateral
diffusion in phot?®*®.GFP lines was significantly slower than those anmal lines,

implying that the BL-induced dynamic behaviors dfofl were abolished in the



kinase-inactive mutant. These results demonstrathra photl phosphorylation

appears to be essential for rapid photl diffusion.

Isolated LOV1 domains of photl form homodimers (Adko et al., 2004; Katsura et
al., 2009), whereas the intermolecular phosphdofabf photl can occur in the
absence of LOV1 (Kaiserli et al., 2009). LOV2 donsacan dimerize in solution,
depending on their concentration (Nakasako et2804; Katsura et al., 2009). Our
BiFC analysis showed the direct interaction betwesmotP®*®N molecules,
demonstrating that inactivation of photl kinasevégtdoes not alter its light-driven
molecular interaction. In addition, examinatiortled photobleaching step distribution
in photP*®®".GFP expressing transgenic lines also revealedeease in the dimer
rate after BL treatment, indicating that BL-inducptiotl dimerization does not
require kinase activity. Based on these resultscoveluded that photl dimerization
is independent of phosphorylation and that these @wents occur sequentially. In
addition, we found that there was an energy tranffem photP**®GFP to
AtRem1.3-mCherry under dark conditions, but inciregasthe time of blue light
treatment did not significantly affect FRET effioiey between photf*®GFP and
AtRem1.3-mCherry, indicating that inactivated ph8tT-GFP can interact with
AtRem1.3, which is similar to inactivated photl-GRk¥hereas blue light does not
cause the time-dependent increase in the PABMLAtRem1.3 interaction,
confirming that the photl-AtRem1.3 interaction degse on photl function. Given
our findings that photl may dimerize within meml&anicrodomains before receptor
phosphorylation, together with the partial inhiiti of photl phosphorylation
following the disruption of membrane microdomaiitss reasonable to propose that
recruitment of photl to these regions facilitateseptor phosphorylation and

coordinates signaling, at least for processes aagihototropism.

Taken together, our single-molecule analysis pmeidew insights into the regulation
of the dynamics of photl at the PM with unprecedénspatial and temporal

resolution. Our findings showed that under dark ditions, photl exhibited



heterogeneous dynamics and mainly existed as a memnat the PM (Figure 7).

When exposed to blue light, activated photl segaigntinderwent dimerization and
phosphorylation. More importantly, the phosphoingiat of photl enhanced its
interaction with AtRem1.3, and promoted faster nmget of photl. It will now be

important to determine whether the microdomainsitified here for photl relate to
those reported for the phototropic signaling congmdrNPH3 (Pedmale and Liscum,
2007) and whether photl recruitment to these memebragions plays a role in

initiating other photl-mediated responses.

METHODS

Plant Materials and Transformation

Arabidopsis thaliana ecotype of Colombia-O (Col-0) was used in all expents.
Seeds of photl-5 mutant and PHOT1pro::PHOT1-GFP (photl-5 background)
transformed lines were obtained from Winslow Brig@3arnegie Institution for
Science, Stanford, CAFP-LTi6a transgenic lines were described elsewhere (Cutler
et al., 2000).The 35Sro::PHOT1P®®N.GFP transformation vectors were described
previously (Kaiserli et al., 2009). THRHOT1"**N coding sequence was obtained by
digesting the vector witKindlll and BamHI and then introducing the mutant coding
sequence into the expression vector pEZR(K)-LC  aiairig
PHOT1pro::PHOT1-GFP to replace the wild-typePHOT1 sequence. Thus, the
PHOT1pro::PHOT1P®®N.GFP transformation vector was constructed and
transformed intophotl-5 mutants, and seedlings were selected with ugmL
kanamycin. The genotype of the pHSEP"GFP line was determined by PCR, and
the expression level was quantified by gPCR. Psnfier mutant identification were
5-ATGGAACCGATTGGTTTGAAGCATTTCA-3 (forward) and
5-AAAAACATTTGTTTGCAGATCTTCT-3 (reverse). For gPCRthe primers were
S-TCTTCTCACGATTGCTCCCAT-3’ (forward) and
5-TGCTTGCTCACCTCCACTTGC-3' (reverse) (Zhao et &0Q13). For dual-color



VA-TIRFM imaging, transgenid®HOT1pgro::PHOT1-GFP lines were transformed
with the vector containin@5Sero:: AtRem1.3-mCherry, and seedlings were selected

with 50 ug/mL hygromycin.

Seeds were surface-sterilized with 70% EtOH (viw) 45% (v/v) HO, for 1 min;
they were planted on plates containing half-stfengfurashige and Skoog (MS)
medium, 1% (w/v) sucrose and 1% (w/v) agar. Platexe vernalized at 4°C for 24 h
and placed in a cultivation chamber at 22°C undégta regime of 16 h of white
light/8 h of dark for light-grown seedlings. For B¥8edlings, the plates were covered
with aluminum foil following illumination with whee light for 2 h at 22°C. For BL
treatments in live-cell imaging, DG seedlings wérst exposed to the indicated
intensities of BL for indicated times and immediatebserved by VA-TIRFM or
confocal laser-scanning microscopy. For fixed salging, seedlings were fixed in 4%

(w/v) paraformaldehyde solution for 10 min.

Measurement of Phototropic Bending

For phototropism experiments without drug treatmasd-old dark growiphot1-GFP
seedlings grown on vertically oriented plates wieradiated with a unilateral blue
LED (wavelength 470-490 nm) with an intensity 05 @mol m?s? for 12 h. For
measurements with BCD treatment, 3-d-old DG seedlings grown on veltjca
oriented plates were pretreated witfCHcontrol) or 10 mM N3CD for 30 min in the
dark, and were transferred to a new plates comigitii2x MS medium, 1% (w/v)
sucrose, 1% (w/v) agar with or without (control) 1® MBCD under dim red light.
Seedlings were then irradiated with unilateral bliiED (wavelength 470-490 nm)
with an intensity of umol m?s™ for 12 h. All operations were done under weaktligh
provided by red LEDs in a dark room. A differentdaadjustable BL source for
continuous BL illumination was provided by a LEDtkiwavelength 470-490 nm.
The intensity of BL was measured with a Sanwa poweter (model Sanwa LP1).

Images were recorded with a digital camera atrileated times. Angles between the



direction of the shoot tips and the vertical wereasured manually with ImageJ

software (National Institutes of Health, versioAg).

MBCD Treatments

A solution of 10 mM MICD (Sigma-Aldrich) was prepared in deionized water.
4-day-old DG seedlings were incubated in 1/2 xilddS medium containing PCD

for 30 min, then transferred onto a slide wittBGD solution and covered with a
coverslip for VA-TIRFM imaging. For sterol complentation, campesterol and
B-sitosterol were dissolved in chloroform to yield Sng/mL stock solutions.
Vertically grown 4-d-old seedlings were incubatedli2x MS medium containing

100 pug/mL campesterol di-sitosterol for 60 min following MCD treatment.

FRAP Analysis

An FV1000MPE multiphoton laser-scanning microscé@éympus) was applied to
perform the FRAP experiments. The circular regibmterest (ROI) was drawn and
bleached with a 488-nm laser at 100% laser powme. time interval for monitoring
fluorescence recovery was 3 s. The fluorescenceveeg was quantified using
ImageJ software (National Institutes of Health)e Tdata obtained were corrected for
bleaching during imaging as described (Luu et 2012). Origin 8.6 software

(OriginLab Corporation) was used for curve fitting.

BiFC Analysis

The coding region oArabidopsis PHOT1 was cloned by PCR vikpnl and BamHI
restriction sites into modifie@CAMBIA 2300 vectors containing35S.:nYFP or
35S.:cYFP to create fusion proteins with the N- and C-temhimalves of YFP at the

C-terminus of photl or phdti®®"

, respectivelyAgrobacterium tumefaciens GV3101
carrying both constructs were infiltrated into Higaxial side oNicotiana tabacum L.
leaves (Olgy = 0.5:0.5). Plants were incubated under whitetligh 24 h and then
kept in the dark for 24 h prior to imaging. TheVea were observed using a Leica

TCS SP5 laser scanning microscope with a 514-nar.lase fluorescence intensity



was quantified with ImageJ software (National lngés of Health, version 1.48).

FRET-FLIM Analysis

For FRET-FLIM analysis, seedlings were immediatdixed in 4% (w/v)
paraformaldehyde after the indicated treatmentéiRkas performed on an inverted
OLYMPUS FV1200 microscope equipped with a PicoquaodHarp300 (Germany)
controller. The excitation at 488 nm was carried loy a picosecond pulsed diode
laser at a repetition rate of 40 MHz, through aewanmersion objective (60x, N.A.
1.2). The emitted light was filtered with a 520f3% bandpass filter and detected by a
MPD SPAD detector. Images with the selected ROlewarquired with acquisition
photons of up to 20000. From the fluorescence iitiemmmages, the decay curves
were calculated per pixel and fitted with either @ or double-exponential decay
model using the SymphoTime 64 software (PicoQuaermany). The
mono-exponential model function was applied for atosamples with only GFP
present. The double-exponential model function used for sample containing GFP

and mCherry.

Single-Particle Imaging, Tracking, and Analysis

DG seedlings were mounted between a glass slida aoger slip with 1/2 liquid MS
medium and then observed with a home-built objeetyppe VA-TIRFM, which was
based on an inverted microscope (Olympus IX-71)mopd with a TIRF illumination
module (Olympus IX2-RFAEVA-2) and a 100x oil-immiers objective (Olympus
PlanApo, NA 1.45). Proteins labeled with GFP or rafty were excited with 473-nm
or 561-nm laser lines, and two band-pass filteB5(34 and 609/54) were applied to
pass through the emission fluorescence signalack-Bluminated EM-CCD camera
(ANDOR iXon DV8897D-CS0-VP) was used for recordiignage acquisition was
controlled by Micro-Manager together with Imagedtware (National Institutes of
Health, version 1.48), with an exposure time of 200 For treatment with BL, the

blue LED was placed and fixed on the object stdgering the experiment, the



seedlings were first mounted on the microscopethad exposed to the light. The

time-lapse images were recorded right after th liggatments.

Images were processed by a wavelet transform #hgoriwith an appropriate
threshold (Olivo-Marin, 2002). The position of pelds was determined by
calculating the weighted-centroid with sub-pixet@aacy following determination of
the local maxima with a mask of 5 x 5 pixels. Sengéarticle tracking was performed
according to spatial and temporal global partidsignment as described previously
(Jagaman et al., 2008). Trajectories with lengthframes were kept for surface dwell
time analysis, and those with length > 14 frameseweept for MSD, diffusion
coefficient, and motion range analysis. For eaabkirthe MSD was calculated using

the following formula:
MSD(t) = LTln L0=1(r(s 4+ n) — r(s))? [S1]

wheren = t/At, L is the length of the trajectory angs) is the two-dimensional
position of the patrticle in frames (Goulian and 8&m2000). The diffusion coefficient
for a spot was determined by fitting a line to M3Mth n running from 1 to the
largest integex L/4 (Goulian and Simon, 2000). The motion range e@sputed as
the largest displacement during the particle’stinfie. The confinement area was

calculated by fitting the data of plotting MSD aggtitime €) with the formula below:

MsD = 4°[1 — exp (Z22) [S2]

WhereA? is the confinement area (im?) as described (Mercer et al., 2012).

The Progressive Idealization and Filtering (PIFpgsam was used for step-wise
photobleaching analysis. After background subtoacby the rolling ball method in
ImageJ software, images were input into the Plgm@amm and subjected to the steps

described previously (McGuire et al., 2012).

In the process of spatial intensity distributionalgsis (SpIDA), white noise was

measured with ImageJ software. The standalone MAT IGxaphical User Interface



program was then used for SpIDA analysis in accwdawith the user guide
(program is available at the Neurophotonics web e:sit

www.neurophotonics.ca/tools/software.html) (Godialeg 2011).

Protein Extraction and Immunoblotting Analysis

4-day-old DG Arabidopsis seedlings were grown and treated under different
conditions as described above. Samples were gréana fine powder in liquid
nitrogen, mixed with buffer E (125 mM Tris-HCI pH83 1% (w/v) SDS, 10% (v/v)
glycerol, 50 mM NaS,0s), and centrifuged at 13000g for 10 min; the supernatant
was saved. Aliquots of 2QL of the supernatant from each sample were used to
determine protein concentration, and the remaimgesr diluted with 1/10 volume of
buffer Z (125 mM Tris-HCI pH 6.8, 12% (w/v) SDS, %0(v/v) glycerol, 22% (v/v)
B-mercaptoethanol, 0.0001% (w/v) bromophenol bluE)e samples were then
separated on 6% SDS/polyacrylamide gels contai@bgM Phos-tagAcrylamide
(Boppard) and 1@M MnCl, and transferred onto polyvinylidene fluoride meart®s
(Pall) by electroblotting. Immunoblotting analysigas performed with anti-photl

antibody.

Accession Numbers

Sequence data from this article can be found irAtlabidopsis Information Resource
(TAIR) database under the following accession nusibBHOT1 (AT3G45780),
AtRem1.3 (At2g45820).
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FIGURE LEGENDS

Figure 1. Dynamics of phot1l-GFP at the PM under DG Conditions.

(A) VA-TIRFM image of a DG hypocotyl cell expressinggyl-GFP. Circles indicate
the positions of spots apeared or will appear.

(B) Montage of circles depicted (A).

(C) Fluorescence intensity profiles of the four spipicted in(A) and(B).

(D) Surface dwell time (lifetime) distribution of peGFP spotsn(= 529 spots).

(E) Distribution of diffusion coefficients of photl-®Fspotsti = 550 spots).

(F) Distribution of motion ranges of phot1-GFP spaots (626 spots).

(G) Ratio (blue circlen = 498 spots) and density (red squares 7 hypocotyls)
distribution of photl monomer and dimer. Error b@sresent the SD.

Scale barsA andB, 5 pum.

Figure 2. Dynamics of photl-GFP at the PM under Different BL
Conditions.

(A) Surface dwell time distribution of photl-GFP spotgler BL-60 (| = 611 spots),
BL-600 (h = 608 spots), and BL-6000 conditioms< 586 spots).

(B) Distribution of diffusion coefficients of photl-®GFspots under BL-60n(= 531
spots), BL-600r1§ = 529 spots), and BL-6000 conditioms< 537 spots).

(C) Distribution of motion ranges of photl-GFP spotsier BL-60 i = 559 spots),
BL-600 (h = 529 spots), and BL-6000 conditioms< 546 spots).

(D) Step distribution of photl-GFP spots BL-G0 X 633 spots), BL-600n(= 476
spots), and BL-600(= 540 spots) conditions.

(E) Density distribution of phot1-GFP spots under BL{6G= 7 hypocotyls), BL-600
(n = 8 hypocotyls) and BL-6000 conditions £ 8 hypocotyls).P < 0.05,” P < 0.01,
" P < 0.001. Student'stest. Error bars represent the SD.



Figure 3. Partitioning of photl-GFP is Associated with Membrane
Microdomains.

(A—C) VA-TIRFM images of hypocotyl epidermal cells of D&&edling expressing
photl-GFP(A) and AtRem1.3-mCherr{B) and merggC). Foci with only GFP or
mCherry fluorescence are indicated by green orcratles, respectively. Foci with
both GFP and mCherry fluorescence are indicategelgw circles.

(D-E) Kymograph representation of the time course of aaleed foci (yellow
arrowhead) and non-colocalized foci (green and agdwheads indicate the foci
containing only GFP or mCherry fluorescence, respely).

Horizontal scale bargs, 5um; D andE, 3 um; vertical scale bars: 10 s.

Figure 4. Analysis of photl-GFP and AtRem1.3-mCherry Colocalization
and Interaction at the PM.

(A-B) Time lapse(A) and kymograph(B) showing the dimerization of two
photl-GFP spots, one of which colocalized with AtRe3-mCherry (white circles).
(C) Effects of MBCD on the photobleaching step distribution of phG&P on the PM
of DG hypocotyl cells under DGn(= 685 spots) and BL-600(0h (= 683 spots)
conditions.

(D) Fluorescence lifetime image of photl-GFP underdo@ditions.

(E-G) Fluorescence lifetime image of photl-GFP in theespnce of
AtRem1.3-mCherry under DG conditio(t) and BL (10umol m?s?) for 10 min(F)
and 30 min(G). The color bar represents the false color code piootl-GFP
fluorescence lifetimes.

(H) Time course of photl-GFP and AtReml1.3-mCherry @ason in seedlings
treated with BL (1qumol m?s™). Error bars represent the SD.

Horizontal scale barg andB, 2 um; D-G, 5um; vertical barsB, 10 s.

Figure 5. BL-induced Dynamics of Kinase-inactive photl.
(A) Distribution of diffusion coefficients of phdti®GFP under DG (n = 568 spots)
and BL-6000 it = 549 spots) conditions.



(B) Distribution of motion ranges of phé€*GFP under DG = 567 spots) and
BL-6000 conditionsr{= 576 spots).

(C) Time course of FRAP of photl-GFP and pi8ii"-GFP. Circles indicate the
region that was photobleached.

(D-E) FRAP analysis of photl-GF@®) and phot?®*®".GFP (E). Curves represent
the mean values of 6 hypocotyls for photl-GFP astBii®"“GFP.” P < 0.001,
Student'st test. Error bars represent the SD.

Scale barsC, 10um.

Figure 6. Molecular Interactions of phot1”®®N and Effect of MBCD on
photl Autophosphorylation.

(A) BiFC analysis of photl and ph8°N interaction.

(B) Quantification of relative YFP fluorescence intiénsn tobacco epidermal cells.
Error bars represent the SD from at least threepaddent experiments for each
group.

(C) Photobleaching steps of phBt™™GFP under DGr(= 592 spots) and BL-6000
(n = 633 spots) conditionsP < 0.01. Student’s test.

(D) Effects of MBCD on photl kinase activity in protein extractsnirérabidopsis
seedlings.

Scale barsA, 20pum.

Figure 7. Hypothetical Model of Photl Activation in Membrane
Microdomains in Response to BL in Arabidopsis.

Under dark conditions, photl is inactive state thainly exists as a monomer at the
PM, partly associated with AtReml.3-labeled micmodms. After blue light
exposure, activated photl sequentially undergoemiization and phosphorylation.
The latter enhances photl assembly in membraneodaorains, interaction with

AtRem1.3, and also promotes faster movement oflphot
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