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Figure 3. Phosphorylation is the major form of photl post-translational modification, as indicated by A-phosphatase treatment. Phosphatase
treatment induced shifts of photl spots in microsomal protein from both blue light-irradiated (A) and control (B) seedlings. On the left, “blue and
blue/APP” indicates the comparison of phosphatase-treated (cyS, red) verse untreated (cy3, green) microsomal proteins from blue light-irradiated
seedlings by 2D DIGE and “dark and dark/APP” indicates the comparison of phosphatase treated (cyS, red) verse untreated (cy3, green) proteins
from unirradiated seedlings. Proteins that show up in the phosphatase-treated samples appear red, whereas those in the untreated samples are green.
Red arrows point to photl spots from samples of irradiated seedlings, green arrows point to those from the unirradiated samples, and white arrows
point to those from phosphatase-treated proteins.
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Figure 4. Time-dependent photl phosphorylation (A) and dephosphorylation (B) after irradiation of dark-grown seedlings. (A) Etiolated Col-0
seedlings were irradiated with blue light for the indicated times, and the microsomal proteins from irradiated (red) and unirradiated samples (green)
were compared by 2D DIGE. Shown are the overlay images containing the photl region. (B) After saturating irradiation for 20 min, the etiolated
seedlings were kept in the dark. The subsequent photl dephosphorylation was monitored by 2D DIGE, comparing the microsomal protein from the
Col-0 seedling collected at the time points indicated with that of the control samples (collected immediately after irradiation).

ones disappeared after irradiation (Figure 2A), which is the protein was identified as WEB1 (weak chloroplast movement
pattern that one would expect to see for light-induced protein under blue light 1, Figure 2, arrows 2 and 3), an acidic high-
phosphorylation. molecular-weight protein re§ulating the movement velocity of

In-gel trypsin digestion of an excised spot followed by liquid chloroplast photorelocation.”® WEB1 was previously shown to
chromatography—tandem mass spectrometry (MS/MS) iden- be predominantly in the soluble fraction of the proteome, with
tified these spots as photl (Figure 2A, arrow 1, and Table 1),a only a little found in the microsomal fractions.>® This is in
result that was expected because photl has an apparent size of agreement with its low abundance in the microsomal fraction in
120 kDa.®?® The identities of the row of photl spots from the our study (Figure 2B). The accumulation of WEB1 protein in
unilluminated control seedlings were further confirmed by 2D the microsomal fraction after blue light irradiation suggests that
DIGE comparison of photl—5$ with its genetic background, gl, light induces WEBI association with the cell membrane or
as these spots disappeared in the phot1—S mutant (Figure 2C). some other cellular structure.

Two other blue light-responsive protein spots with higher
electrophoretic mobility were also identified as photl (Figure
2A, arrows 4 and S), which are likely the partial degradation The two rows of photl spots extended from the basic to the
products of photl. In addition to photl, a blue light-responsive acidic region in the gel shown in Figure 2A. To determine

Differential Phosphorylation of phot1
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whether all of these spots are the result of differential
phosphorylation of photl, A-protein phosphatase treatment,
which hydrolyzes the phosphate groups from serine, threonine,
tyrosine, and histidine residues, was performed on the
microsomal proteins from both dark and blue light-irradiated
seedlings. In both cases, phosphatase treatment shifted photl to
the more basic regions and increased its electrophoretic
mobility (Figure 3A,B). However, photl was still found as a
string of spots in the 2-DE gels after the phosphatase treatment,
possibly the result of incomplete phosphatase digestion and/or
post-translational modifications other than phosphorylation
(i.e, any modifications affecting charge of the protein).

Salomon et al."® found that the phosphorylation of photl in
Avena sativa was, in some way, hierarchical, with certain sites
phosphorylated at low blue light fluences and other sites
phosphorylated at higher blue light fluences. We applied 2D
DIGE to study the time-dependent photl phosphorylation and
dephosphorylation patterns in Arabidopsis. As shown in Figure
4A, a 2 min irradiation at a fluence rate of 20 gmol m™>
stimulated photl phosphorylation, as indicated by the acidic
shift. A S min irradiation shifted photl further to the more
acidic regions and appeared to saturate photl phosphorylation,
as longer time treatment (20 and 60 min, respectively) did not
cause any further spot shifts in the acidic regions. In contrast,
dephosphorylation of photl in a sequential order was observed
when the saturation-illuminated (20 min) seedlings were kept
in the dark. After a 10 min recovery period in darkness, the
charges in photl were shifted partially toward a more basic pI,
as shown on the 2D DIGE gel, and after 60 min, there were no
further shifts in electrophoretic mobility.

Identification of Novel in Vivo phot1 Phosphorylation Sites

Two previous studies identified eight different in vivo photl
phosphorylation sites,'*'* but the large number of photl spots
with distinct pI values (Figures 2—4) that were shifted by
protein phosphatase treatment (Figure 3) suggested the
existence of additional photl phosphorylation sites. To identify
other possible photl phosphorylation sites, an anti-GFP
antibody was used to immunoprecipitate photl—GFP from
the microsomal proteins of both irradiated and unirradiated
Arabidopsis seedlings expressing photl—GEP,"” and the
immunoprecipitates were analyzed by tandem mass spectrom-
etry after separation by SDS-PAGE. In the photl—-GFP
proteins from dark-grown seedlings, three phosphorylated Ser
sites were observed (Supporting Information Figure 1), with all
of them located in the N-terminus (Figure S). In the
illuminated samples, 13 phosphorylation sites were identified
(Figure S and Supporting Information Figure 1), which were
localized both to the N-terminus and the hinge region between
LOVI1 and LOV2 (Figure S), including two sites (SS8 and
S170) that were also detected in the dark sample. A
representative annotated tandem mass spectrum of photl
phosphopeptides is shown in Figure 6 (for the identity of the
phosphorylation sites, see Table 2). In all, we report 14 distinct
Ser/Thr residues phosphorylated in vivo. Because six of the
sites (S58, S170, S185, S350, $376, and S410) were reported to
be phosphrylated in vivo either in the dark or in illuminated
s.amples,”’15 we report here eight additional in vivo
phosphorylated sites (indicated in red in Figure S).

In a similar study, Inoue et al. identified 25 phosphorylated
Ser/Thr residues in Arabidopsis phot2 by LC—MS/MS.>!
These sites are located both in the N-terminus and Hinge-1
regions. Interestingly, sequence alignment showed that S185
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S92 T144 $185 T360 S406 S442
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Figure S. Summary of known photl phosphorylation sites.
Phosphorylated Ser/Thr sites identified from blue light-treated tissues
are shown above the protein box, whereas those identified from the
dark tissues are shown below the protein box. Ser/Thr sites in black
were identified both in this study and in previous studies,"*"* those in
blue were not identified in this study but were reported previously, and
those in red are new sites identified in this study. Phosphorylated $170
was identified from photl protein in both dark and irradiated seedlings
in this study, but it was identified only from photl protein in dark
seedlings in a previous study."® In summary, eight new unique sites
(S12, S92, S141, T144, T360, S406, S442, and S450) were identified in
this study.

(in photl) or S121 (in phot2), located in a highly conserved
amino acid region just before LOV1 domain of phot1/2, is the
only known conserved site phosphorylated in both proteins in
vivo (Supporting Information Figure 2).

Ubiquitination of phot1

Ubiquitination of photl has been shown to be involved in
phototropic responses,' but the ubiquitination site(s) of photl
have not yet been characterized. Key features for detection of
potential ubiquitin attachment sites on tryptic peptides are the
missed cleavage of the modified lysine together with a shift of
114 Da (a diglycine moiety, GG) in both the mass of the
precursor ion and the masses of sequence fragment ions in the
MS/MS spectrum that would contain the ubiquitin-modified
site of the peptide.>>>® These GG remnants result from the
cleavage by trypsin of the original ubiquitin in the C-terminal
side or R on its C-terminal GGR sequence.*® Accordingly, a
unique ubiquitination site (KS526), localized in the LOV2
region, was observed in the spectrum of the peptide F514—
K527 of phot]l—GFP from blue light-irradiated seedlings
(Figure 7), but it was not observed in the dark controls (data
not shown). To document that ubiquitination of photl was
regulated by blue light irradiation, photl—GFP proteins
immunoprecipitated by an anti-GFP antibody were immuno-
blotted with an anti-ubiquitin FK2 antibody that detects both
mono- and polyubiquitinylated proteins. Immunoblot assays
show that photl ubiquitination was enhanced after blue light
irradiation, whereas it was reduced during recovery in the dark,
in a pattern similar to that of photl phosphorylation (Figure 8).

B DISCUSSION

Crop yield is, to a large extent, dependent on the photo-
synthetic activity of the green leaves of the developing plant.
Recent studies have shown that the photosynthetic efficiency of
these organs is optimized via a number of blue light/UV-A-
mediated responses, such as phototropism in the upper region
of the plant, chloroplast movement, stomatal opening, palisade
cell development, and leaf ﬂattening.3’4 In the model organism
A. thaliana, all of these physiological processes are mediated by
phototropins (photl and phot2), as reviewed by Christie et al.’
However, the signaling cascade that leads from the photo-
excitation of photl (or phot2) to the corresponding
physiological response has not yet been elucidated in detail.
The aim of this study was to explore this signaling pathway in
Arabidopsis further. We detected the phosphorylation of photl
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Figure 6. Representative CID MS/MS spectrum of photl obtained from a precursor ion with a m/z value of 910.7604%, corresponding to a
phosphorylated peptide spanning the residues $75—K98 of photl (theoretical monoisotopic mass value, 910.7576*; error in the mass observed in
the precursor ion, 3.1 ppm). Phosphorylated serine is shown in the sequence as S¥. The observed b and y product ion peaks are labeled accordingly,
with the subscripts denoting their position in the identified peptide. Intense ions corresponding to neutral losses from the labeled sequence ions are
indicated by *. In the peptide sequence, m denotes oxidized methionine.

Table 2. Identification of in Vivo Phosphorylation Sites of Inmunoprecipitated photl—GFP by LC—MS/MS“

mass
sample sequence precursor
blue  GTS*PQPRPQQEPAPSNPVR 708.3476
blue  SDQEIAVITSWmALKDPS*PETISK 910.7604
blue  TGKPQGVGVRNS*GGTENDPNGK 750.3483
blue  TGKPQGVGVRNS*GGT*ENDPNGK 777.0049
blue  SSGEmS*DGDVPGGR 723.7649
blue  SGIPRVS*EDLK 640.8157
blue  ALS*ESTNLHPFmTK 557.9237
blue  ALSESTNLHPFmT*KSESDELPK 853.055
blue  RmS*ENVVPSGR 4432065
blue  INEIPEKKS*R 647.3313
blue  KSS*LSFmGIK 5972902
blue  SESLDESIDDGFIEYGEEDDEIS*DRDERPESVDDK 1372.2279
blue  DERPES*VDDK 635.2542
blue  SESLDESIDDGFIEYGEEDDEIS*DRDERPES*VDDKVR  1483.9426
dark  Acetyl-mMEPTEKPSTKPS*SRTLPR 7273506
dark  GTS*PQPRPQQEPAPSNPVR 708.3375
dark  SSGEmS*DGDVPGGR 723.7642

charge error modified
state (ppm) residue E value instrument
3 12 Ss8 1.10 X 107> Orbitrap
3 3.1 S92 120 X 10" Orbitrap
3 —0.12 S141 0.0032 Orbitrap
3 14 S141, T144 0.034 Orbitrap
2 LS $170 430 X 107" Orbitrap
2 —0.38 S185 0.0022 Orbitrap
3 —-0.73 $350 6.80 X 1077 Orbitrap
3 —0.95 T360 2.10 X 107" Orbitrap
3 17 $376 5.50 X 107*  QStar Elite
2 —0.77 $406 0.016 Orbitrap
2 8.1 S410 3.60 X 10®  QStar Elite
3 3 S442 0.004 Orbitrap
2 14 $450 0.0097 Orbitrap
3 4.6 S442, S450 0.022 Orbitrap
3 -2 S12 0.046 Orbitrap
3 -2.3 Ss8 5.10 X 107 Orbitrap
2 0.54 S170 0.011 Orbitrap

“Figure S shows a scheme illustrating the 16 sites along the photl protein. Mass spectra for peptides in this table are provided in Figure 6 and in
Supporting Information Figure l. $* and T* represent phosphorylation sites. m represents oxidized methionine.

and accumulation of WEB1 in the membrane-associated
protein fraction by 2D DIGE (Figures 2—4), and we identified
a large number of photl Ser/Thr sites phosphorylated in vivo
(Figure S) as well as a photl ubiquitination site, which was
identified by mass spectrometry analysis of photl—GFP co-
immunoprecipitates (Figure 7). These results further revealed
the complexity of photl post-translational modifications.
Since phototropins were first found to be membrane-
associated proteins that are phosphorylated upon blue light
irradiation in etiolated seedlings of pea (Pisum sativum),>* much
progress has been made in characterizing the phosphorylation
of phototropins. Salomon et al."* identified eight Ser residues in
oat photla in vitro that are phosphorylated, which are
hierarchically located either in the N-terminus or Hinge 1
region. Sullivan et al."> identified four phosphorylation sites in
vivo in Arabidopsis photl: two in the N-terminus and two in the
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Hinge 1 region. Inoue et al.** identified eight Ser/Thr residues
in Arabidopsis photl, including one in the kinase domain and
one in the C-terminus (that we did not detect) in addition to
six in the N-terminus or Hinge 1 re%ion. Interestingly, all the
four sites identified by Sullivan et al."> were observed by Inoue
et al."* However, the large number of individual protein spots
(over 50) from the two rows of photl spanning from the basic
to the acidic regions detected in our 2D DIGE gels (Figure 2A)
indicates the greater complexity of photl phosphorylation. Our
study identified 14 discrete Ser/Thr sites phosphorylated in
vivo, which included six sites identified by Sullivan et al."> and
Inoue et al.'* (Figure 5). In addition, we identified eight
additional Ser/Thr sites phosphorylated in vivo from
unirradiated and blue light-exposed samples. A string of parallel
photl spots was detected in the unirradiated etiolated samples
(Figure 2A,C), and they were shifted to more basic regions

dx.doi.org/10.1021/pr500010z | J. Proteome Res. 2014, 13, 2524—-2533
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Figure 7. CID MS/MS spectrum obtained from a precursor ion with a m/z value of 845.9529*2, corresponding to a ubiquitinated peptide spanning
residues F514—K527 of photl (theoretical monoisotopic mass value, 845.9542"%; error in the mass observed in the precursor ion, —1.4 ppm).
Ubiquitinated lysine is shown in the sequence as K, as it is labeled by the diGly tryptic remnant of ubiquitin. The observed sequence ions are

displayed.
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Figure 8. Ubiquitination of phot1—GFP is regulated by blue light. Arabidopsis seedlings expressing phot1—GFP were grown in the dark for 4 days.
Thereafter, one-third of the samples were collected immediately under dim safe light (dark), another third were irradiated with blue light for 20 min
(blue), and the remaining seedlings were incubated in the dark for 60 min after 20 min of blue light irradiation (recovery). Microsomal proteins were
extracted from these seedlings and immunoprecipitated with an anti-GFP antibody. The microsomal proteins (input) and the immunoprecipitates
(IP; anti-GFP) were resolved by a 7.5% SDS-PAGE gel, transferred to a nitrocellulose membrane, stained by Deep Purple fluorescent stain (A), and
detected by an anti-ubiquitin antibody (B). In panel A, phot1—GFP with lower and higher electrophoretic mobilities is marked with stars. In panel B,

ubiquitination of photl is marked with a star.

after phosphatase treatment, indicating that some sites of photl
were phosphorylated even in the dark. In this study, we
identified three such phosphoserine residues from photl in
seedlings without blue light treatment (Figure 5).

Despite the large number of phosphorylation sites identified
for phototropins in this and other studies, there are only a few
reports of their possible function. Kinoshita et al. reported the
binding of a 14-3-3 protein to S358 in Vicia faba photla and
S344 in V. faba photlb and proposed that the binding is likely a
key step in the phototropin-mediated stomatal opening
response.”” Sullivan et al. report the binding of a 14-3-3
protein to S350 and S376 of Arabidopsis photl; because S376
corresponds to $344 in V. faba phot1b,'? it could possibly serve
the same role. Inoue et al. showed that autophosphorylation of
S851 in the kinase activation loop was essential for a whole
series of photl-mediated responses in Arabidopsis and proposed
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a possible secondary role for $849.'* Finally, Tseng et al.
demonstrated that S747 in Arabidopsis phot2 bound the A
isoform of a 14-3-3 protein in a yeast two-hybrid screen and
that mutating that serine to alanine blocked phot2-mediated
stomatal opening.*® The mutation failed to have an impact on
phototropism, however, indicating a high level of specificity.
Sorting out the roles of the many phototropin phosphorylations
remains a daunting task.

A string of protein spots was observed in the photl region in
the microsomal protein samples from either the unirradiated or
irradiated seedlings, even after overnight phosphatase treatment
of the microsomal proteins, suggesting additional post-transla-
tional modifications other than phosphorylation and/or
incomplete phosphatase treatment. In additional to protein
phosphorylation, ubiquitination is another important post-
translational modification that regulates protein activity,
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including protein degradation, membrane protein endocytosis,
and subcellular protein trafficking.®” > Roberts et al.'® showed
that photl could be mono-, multi, or polyubiquitinated,
depending on light intensity, and photl-interacting protein
nonphototropic hypocotyl 3 (NPH3) functions as a substrate
adaptor in an E3 Cullin3-based ubiquitin ligase. They also
showed that their high-intensity light treatment failed to induce
any detectable ubiquitination in vivo in an nph3 mutant,
indicating that NPH3 is involved in the ubiquitination that we
detected.

Our study showed that Lys526 is likely to be the site of
ubiquitination. In addition, we found that ubiquitination of
photl followed a pattern similar to that for phosphorylation:
both increased after blue light exposure but subsequently
decreased during the recovery stage following a saturating light
exposure. It seems likely that ubiquitination in addition to
phosphorylation could account for the increase in mass that we
detected for photl on illumination in vivo. Lys526 is very close
to the attachment of the J-o helix to the LOV2 domain, so it is
reasonable to expect that it could affect LOV domain unfolding
following photoexcitation or folding during dark recovery. In
this manner, it could actually play a role in modulating
physiological responses. A tryptophan, W491, is also extremely
close to lys326, and Hoersch et al.** presented evidence that
this tryptophan is moved into a more hydrophilic environment
upon LOV domain photoexcitation, indicative of the protein
conformational changes in this region of the molecule.

Because they are unstable, of low abundance, and often in
low stoichiometry, phosphopeptides are hard to detect by mass
spectrometry alone, and immunoprecipitation or other
methods are often used to enrich specific proteins to identify
phosphopeptides. Even so, only a small number of
phosphopeptides has been previously identified for phot1.'*'*
However, 2D DIGE, which separates two or three samples in
the same gel, can detect slight differences in pI as a result of a
change in phosphorylation at any residue of the protein.
Therefore, the shifted spots in 2D DIGE provide a more
accurate estimate of protein phosphorylation sites.* As shown
before, 2-DE gels resolved over 20 spots of the brassinosteroid-
signaling transcription factor BZR1, which is consistent with
the number of phosphorylation sites predicted on the basis of
the consensus substrate sequence for the BIN2/GSK3 kinase.*”
Only with the combination of protein fractionation and
enrichment, tandem mass spectrometry, and 2D DIGE can a
more accurate picture of specific protein phosphorylation and
dephosphorylation be elucidated.

Our study and previous studies showed that more than 16
phosphorylation sites and a number of other post-translation-
ally modified residues affecting charge are likely present for
photl. Further studies will be required to characterize the
biochemical complexity of the photl protein and its
physiological implications. Except for the phosphorylation
sites in the kinase domain,>'*** the function of other
phosphorylation sites is not known for phototropin-mediated
signaling, but it might be expected to play some role in one or
more blue light-induced physiological responses.'

B ASSOCIATED CONTENT
© Supporting Information

Annotated mass-labeled spectra for the phosphorylated
peptides shown in Table 2 and amino acid alignment of the
N-terminal and Hinge 1 regions of phototropins from
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Arabidopsis thaliana (Atphotl and Atphot2), Vicia faba
(Vfphotla and Vifphotlb), Oryza sativa (Osphotl and
Osphot2), and Avena sativa (Asphotla). This material is
available free of charge via the Internet at http://pubs.acs.org.
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