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Mapping of Low- and High-Fluence Autophosphorylation Sites in Phototropin 1
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ABSTRACT: Phototropins, originally detected by their blue light-dependent autophosphorylation, are plant
photoreceptors involved in several blue light responses such as phototropism, chloroplast relocation, leaf
expansion, rapid inhibition of hypocotyl growth, and stomatal opening. Three domains have been identified
in phototropin sequences, two chromophore binding domains (LOV1 and LOV2) and a kinase domain.
We describe here two additional domains, the N-terminus upstream of LOV1 and the hinge region between
LOV1 and LOV2, as the regions for autophosphorylation; the phosphorylation sites were identified by
site-directed mutagenesis as S27, S30, S274, S300, S317, S325, S332, and S349 of the PHOT1a sequence
of Avena satia. Investigation of the autophosphorylation in vivo revealed that serines close to the LOV1
domain are phosphorylated at lower fluence of blue light than the serines close to the LOV2 domain.
Recovery of phosphorylation in vivo during a dark period after saturating irradiation is caused by
dephosphorylation rather than by degradation of the phosphorylated form and new synthesis of
nonphosphorylated phototropin. The results were obtained by a combination of autophosphorylation of
phototropin with phosphorylation of recombinant domains by protein kinase A, which turned out to have
the same site specificity as the phototropin kinase, followed by proteolysis and separation of
phosphopeptides. With the knowledge of the phosphorylation sites, the physiological and biochemical
consequences of autophosphorylation can now be approached by site-directed mutagenesis of phototropins.

Phototropins are a family of UV-A/blue light receptors in insect cells indicated autophosphorylation of phototropin
that are characterized by their common domain structure of (8). In the meantimePHOT1 genes and relateBHOT2
two FMN-binding and light-sensing PAS domains, desig- genes that were previously nami&L1 for NPH1 like (9)
nated as LOV1 and LOV2, in the amino-terminal half and a have been described for many plants, and mutant studies
signal-transmitting serine/threonine kinase in the carboxy- showed that th® HOT genes encode photoreceptors that are
terminal half @, 2). This kinase becomes activated in involved not only in phototropism but also in the rapid phase
response to absorption of UV-A/blue light by FMN in the of hypocotyl growth inhibition 10), leaf expansion (1),
LOV domains, resulting in autophosphorylation of multiple chloroplast migration, and stomatal openirdy 12).

serne re5|du_es._ , . The demonstration that the two LOV domains are the
Early StUd'e.S in the field of phototropln research were chromophore binding domains and bind FMN also when

aI_mqst excluswely concernedlwnh the characterization of expressed ifEscherichia coli(13) opened up a new area of

this light-induced phosphorylation respon8g @nd overthe  \oq0arch The recombinant LOV2 domain was shown to

years a body Qf corre_latwe_: evidence for an essent|a_1l role of undergo a unique photocycle that involves the light-mediated,
thlﬁ resp()jonfse In the signaling path,x\vay for ph_otlotroplsm Was yeversible formation of a covalent bond between a cysteine
for auth a corrlation was the detecton of asymmetic '¢514U€ and Céa ofthe flavin isoaloxazinl(15), and the
phosphorylation of a membrane protein in oat coleoptiles kinetics of formation and decay of this adduct were shown
upon unilateral irradiation5 6). The identification of this for LOVI, LOVZ, and LOV1/LOV2 of several plantd 6

: 18). The three-dimensional structure of a recombinant LOV2

protein as the photoreceptor for phototropism was achieveddornain was determined$, 20), and vibration spectrosco
when thePHOT1 gene (at first name®lPH1 for ronpho- . o . P Py
revealed conformational changes in the chromophore and

totropic hypocotyl) was isolated fromrabidopsis thaliana .

(7). While radiolabeling in early investigations with crude protein @1, 22).
plant extracts could have been caused by phosphorylation Although these findings have contributed greatly to our
of phototropin by other protein kinases in the extract after understanding of the photochemistry of phototropins, our
activation by blue light, the finding of a signature of a kinase knowledge concerning the autophosphorylation response is
domain in thePHOT1 gene {) and blue light-induced  still fairly poor. Even though earlier studies already dem-
radiolabeling of phototropin after expression of its cDNA onstrated that light-induced autophosphorylation of higher
plant phototropins likely occurs on multiple serine residues
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phototropin 25), and matching the time course of dark subunit of protein kinase A (PKA;no. 2645, Sigma,
recovery of phototropism and of phosphorylation in vitro Taufkirchen, Germany), dissolved in 1@ of 40 mM
(26), the phototropin form showing an apparently smaller dithiothreitol, in a total reaction volume of 40 for 2 h at
molecular mass is detected again. However, it was not known30 °C. The samples were then supplied with @D of a
whether the reappearance of the more rapidly migrating form saturated solution of (Np,SQs, placed on ice for 30 min,
and the disappearance of the more slowly migrating form and centrifuged for 30 min at 140g0The precipitated
were the consequence of degradation of the latter and dePhosphorylated proteins were dissolved in 2000f 150
novo synthesis of the former or simply dephosphorylation MM Tris-HCI, pH 8.8, and 0.1% SDS and incubated for 10
of the latter. This work is aimed at providing answers to Min at 90°C. Residual-free ATP was removed by exchanging
these open questions, in particular with regard to the the buffer two times using microcentrifugal filters with a
identification of the autophosphorylation sites in PHOT1 and Molecular cutoff of 10 kDa. After the final concentration
the dynamics of the forward and reverse reactions. step sample volumes were adjusted to 80vith 150 mM
Tris-HCI, pH 8.8, and 0.1% SDS.
MATERIALS AND METHODS CNBr Cleavage. To the protein sample, dissolved in 90
uL of gel elution buffer, were added 210 of 100% formic
Plant Growth Cell Extract Preparation, and Phosphory- acid and 6QuL of a solution of CNBr (Merck, Darmstadt,
lation. Avena satia L. (cv Tomba) seedlings were grown Germany) in 70% formic acid (300 mg/mL). The mixture
on vermiculite for 4 days at 2% in the dark. The procedure  was incubated fo2 h atroom temperature. The solvent was
for cell extraction and phosphorylation of the crude extract removed by evaporation under reduced pressure. Addition
followed that described by Salomon et &, 6). In brief, of a small volume of water and evaporation were repeated
the coleoptiles were cut just below the node. If required, until the last traces of acid were removed.
samples of four coleoptiles were irradiated at a blue light  Tryptic DigestsFor tryptic digests of either CNBr-cleaved
fluence of 1, 10, and 5@mol m~2 For this purpose, the native oat phototropin or the recombinant phototropin
samples were placed on the bottom of a silver-plated dewarsubdomains, we usually usedu2 of the phosphorylated
vessel to guarantee uniform irradiation of the tissue; the proteins, which were added to 40 of a solution containing
irradiation time, fixed at 1, 5, and 10 s with a camera shutter, 150 mM Tris, pH 8.8, 0.1% SDS, 2.5 mM CaCand 5-10
was followed by a dark period of 90 s to allow for in vivo 49 Of trypsin. The samples were incubated at°€7for a
phosphorylation, and the samples were then immediately Minimum of 16 h.
frozen in liquid nitrogen. For each in vitro phosphorylation ~ Two-Dimensional Thin-Layer Electrophoresis and Chro-
reaction, radiolabeled ATP was added to the thawed samplematographyFor electrophoretic phosphopeptide separation
at the same moment as the saturating irradiation with bluein the first dimension we used a LKB Multiphore II
light was turned on. The reaction was stopped after 1 min @Pparatus. Between 1 angP of a tryptic digest was spotted
with SDS sample buffer and heating to 9G for 3 min, near the cathode side onto a 2020 cm cellulo_se thin-
and aliquots were separated on 8% polyacrylamide gels. Thelayer plate (Polygram CEL 400, Uy,) soaked with elec-
position of the phosphorylated phototropin band and the trophoresis buffer (1% ammonium carbonate, pH 8.9).
amount of its radioactivity were determined using a phos- Electrophoresis was carrlec_i out for 13.0 min at 50.0 Vand
phoimager (BAS 1500, Fujifilm, Kanagawa, Japan). The 10 mA. T_he plates were dried for 5 min with a hair Qr_yer
phototropin bands were cut out, and the protein was eluted bef.or.e bgmg_placed ina chromatogr_aphy ta'?k containing a
by mincing the gel slices with 3 volumes of 50 mM HEPES 7.5.5.1._5.6_ mixture of 1-butanol, pyridine, glqmal acetic qmd,_
KOH, pH 8.0, containing 5 mM MgSeand 0.1% SDS, and and delonlzeq water as a solvent for peptide separation in
heating to 80C for 10 min. The gel fragments were removed the second dimension. Chromatography was finished when
. X . L the solvent front had reached about 1 cm from the top of
by centrifugation at 130@pfor 15 min in a 0.2«m nanosep

. the plate. The dried plates were then exposed overnight on
tube. The clear eluate was concentrated to the desired volume, g q_p imaging screen (Fuiifilm, Tokyo, Japan), and the
using microcentrifugal filters with a molecular cutoff of 10 ! ’ :

X e X phosphopeptide patterns were evaluated using a beta-scanner

kDa and used for CNBr degradation and tryptic digestion. phosphorimager (BAS 1500; Fuiifilm, Tokyo, Japan) and the

Cloning and Site-Directed Mutagenesis of Phototropin programs BAS-Reader and TINA from Raytest (Isotopen-
SubdomainsSubdomains of phototropin were generated by messgei@ GmbH, Straubenhardt, Germany).
PCR amplification of the corresponding regions in the
PHOT1a cDNA fromA. satva (14), and site-directed =~ RESULTS
mutagenesis to generate proteins bearing single serine to
alanine mutations was carried out according to the QuikChangepin (PHOT1) from OatAs a first step in determining the

protocol from Stratagene. The forward/reverse primer com- , mper of sites that become phosphorylated in response to
binations are described in the Supporting Information sect|on.|ight, we performed the phosphorylation reaction in cell

Phosphorylation of Recombinant Phototropin Subdomains extracts from etiolated oat coleoptiles in vitro in the presence
with PKA. For phosphorylation of wild-type (WT) and of [y-32P]ATP under saturating blue ligh&(1000umol m~2)
mutated forms of the recombinant N-terminal and H1 regions to induce phosphorylation at all sites. In the dark control,
from oat phototropin, 1@g of the affinity-purified proteins ~ no radioactive band was detectable at the site of the PHOT1
was incubated in 20 mM Tris-HCI, 150 mM NacCl, 5 mM

CaCp, 10 mM MgCh, pH 8.4, 0.1 mM ATP, 2 pmol of 1 Abbreviations: CBP, calmodulin binding protein; PKA, protein
[y-32P]JATP (3000 Ci/mmol), and 40 units of the catalytic kinase A; WT, wild type.

Phosphopeptide Pattern of Autophosphorylated Phototro-
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Ficure 1: Tryptic phosphopeptide pattern of oat phototropin
phosphorylated in vitro using cell extracts from the uppermost 5
mm of the coleoptile. (A) The cell extract was subjected to
autophosphorylation in the presence 9ffP]JATP. The PHOT1
protein was isolated by SDSPAGE, cleaved with CNBr, and
digested with trypsin. The resulting phosphopeptides were separate
in the first dimension by electrophoresis in 1% ammonium
carbonate buffer at pH 8.9 and in the second dimension by
ascending solvent chromatography in 1-butanol/pyridine/acetic acid/
water (7.5:5:1.5:6 v/viviv). Phosphopeptide spots typically detect-
able under those conditions are nhumbered from 1 through 8. (B)
Autophosphorylation in vitro was carried out as described in (A),
but prior to extraction the coleoptile tips were irradiated with 50
wmol m~2 of blue light to induce partial phototropin phosphorylation
in vivo. (C) The coleoptile tips were subjected to saturating
irradiation and a 20 min dark period before extraction. Autophos-
phorylation was carried out as in (A).

band that was localized by immunoblotting (data not shown);
thus our investigation dealt only with blue light-induced
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Ficure 2: Evaluation of the occupation of single phosphorylation
sites in vivo by in vitro phosphorylation of PHOT1 witly£2P]-
ATP. For spot numbers see Figure 1. (A) The phosphorylation in
vitro was carried out immediately after illumination of coleoptiles
with 1, 10, and 5Q:mol m~2 of blue light. The decrease of label
indicates in vivo phosphorylation with endogenous, nonradioactive
ATP. (B) The coleoptiles were subjected to saturating illumination
to induce maximum phosphorylation with endogenous, nonradioac-
tive ATP, followed by dark periods of 5, 10, 15, and 20 min and
subsequent in vitro phosphorylation witp-2P]JATP. The radio-
activity indicates in vivo recovery of phosphorylation.

ducible and reliable phosphopeptide pattern (Figure 1A). In

Jotal there were 10 labeled spots that were detectable under

these conditions in all of our experiments. The relative
labeling was highest at spot 1 and decreased in the following
order: spots 2& 2b, 6, 3, 7at 7b, 5, 4, and 8 (see Figure
2A, dark control). The unequal distribution of the radioactiv-
ity, in particular with regard to the weakly labeled spots,
can be explained either by incomplete phosphorylation at
some sites or by inefficient cleavage resulting in multiple
digestion products. It will be shown below that peptides 2a
and 2b are derived from the same phosphorylation site, and
the same applies to peptides 7a and 7b. Thus, the 10 labeled
spots indicate a total of 8 phosphorylation sites.

Fluence-Dependent Autophosphorylation and Time-De-

phosphorylation that had been characterized as phototropinpendent Dephosphorylation of Phototropifo test whether

autophosphorylation8j. After separation on SDS gels,
excision of the phosphorylated PHOT1 band, and elution of

the protein from the gel slices, we digested the phosphop-
rotein and analyzed the resulting phosphopeptides by two-

all phosphorylation sites respond to light activation in the
same manner, we irradiated oat coleoptiles in vivo with
increasing fluences of blue light reaching from 1 to/s00l

m~2 to induce partial phototropin autophosphorylation with

dimensional thin-layer electrophoresis and chromatography endogenous nonradioactive ATP. Subsequently, we subjected

(2-D TLC). In our initial experiments with trypsin, we found
that the majority of the radioactive label did not move from
the origin of sample application, indicating that the tryptic

the cell extracts prepared from these tissues to radioactive
phosphorylation in vitro followed by 2-D TLC analysis of
the phosphopeptides obtained by CNBr cleavage and trypsin

digest was incomplete even after repeated incubation with digestion of the isolated PHOT1 protein. If all phosphory-

trypsin. However, the treatment of phosphorylated PHOT1
with CNBr significantly improved the results of the subse-
quent trypsin digestion, and we finally obtained a repro-

lation sites become phosphorylated simultaneously, inde-
pendent of the fluence, the radioactive label of all spots
should decrease equally with increasing in vivo fluence. On
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A fragments A-E are expected, corresponding to the N-
1 il terminal domain, the LOV1 domain, the hinge 1 region, the
My — H — ! LOV2 domain, and the hinge 2 region, respectively, while
L the kinase domain should be cleaved into fragmentsiF
l The autoradiograph (Figure 3B, lane 1) shows a relatively
ﬂﬂ@ simple pattern of labeled bands; the highest label was found
at 13 kDa, the size of fragment C comprising the H1 region,
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oNB . followed by the label at about 16 kDa, close to the size of
cleavage — fragment A containing the N-terminal domain. The labeled
fragments bands which are larger than the expected fragments, e.g.,
-III III the 29 kDa band, must result from incomplete CNBr
cleavage; it can be speculated that they result from a
B combination of fragments A and C with neighboring frag-
peptides (kDa): ments althpugh_ cher explanations are still possibltla.at this
point. Radioactivity was not detectable at the position of
E:i?; smaller fragments corresponding to LOV1, LOV2, hinge 2,
(13.1) and two kinase fragments (for the size see Figure 3B).
(11,8) Labeling of kinase fragment G (14.7 kDa) should result in
(;‘2)' a labeled band between those of fragments A and C. No
E5:?§, such extra band was observed, indicating either that the
(4,5 3,6) resolution of the gel system was insufficient to separate
fragment G from fragment A or that one of these bands was
not phosphorylated.
FiGURe 3: Cyanobromide degradation of PHOT1 from oat (1) and ~ Autophosphorylation is not a suitable approach for deter-
the recombinant fragment CBP-NL12 (2). (A) The arrows indicate mination of phosphorylation sites by point mutation because
the position of Met residues in both sequences, and CNBr cleavage|acking phosphate incorporation in a mutant can be caused

results in fragments AH. (B) SDS-PAGE of CNBr cleavage . .
fragments obtained from PHOT1 after autophosphorylation (lane pot only by removal of the phosphorylation site but also by

1) and from CBP-NL12 after phosphorylation with PKA (lane 2). impaired kinase activity in this case. Heterologous phos-
Only peptides of the size of fragments A (containing the N- phorylation with a kinase showing the same specificity as
terminus) and C (containing the H1 region) are phosphorylated; phototropin is required for such an approach. Since the

we assume that larger fragments result from incomplete CNBr ecompinant kinase domain of phototropin turned out to be
degradation. For comparison, all expected CNBr cleavage fragments. ti . hand d PKA instead. which i
are listed in order of their size. An asterisk designates peptide inactive In our hands, we Lse inStead, which IS

fragments not present in the digest of CBP-NL12. homologous to the phototropin kinase domain40%
sequence identity); hence, there is a certain probability that
the other hand, if there is a higher sensitivity of some sites it recognizes the same phosphorylation sites as phototropin.
for low fluences, these should disappear in the 2-D TLC first To avoid any unwanted autophosphorylation, we used the
while in vitro labeling of others should still be possible. We clone CBP-NL12, a phototropin without the kinase domain
found indeed that labeling of some spots disappeared while(see Figure 3A), as substrate. The control experiment without
others were still detectable (Figure 1B). A more detailed PKA did not show any detectable protein phosphorylation
analysis showed that labeling of spots 3, 547&b, and 8 (data not shown). The pattern of CNBr fragments (Figure
disappeared earlier than that of spots 1 and-22b while 3B, lane 2) proved to be identical with that of the fragments
spots 4 and 6 did not lose much label through irradiation up from autophosphorylated phototropin (Figure 3B, lane 1).
to a fluence of 5Qumol m~2 (Figure 2A). For investigation ~ This means that only fragments A and C contain the
of recovery of phosphorylation in vivo, the oat coleoptiles phosphorylation sites of CBP-NL12; the identical size renders
were subjected to saturating irradiation to induce complete fragments A and C the best candidates for the corresponding
phosphorylation with nonradioactive ATP and incubated in bands also in lane 1 although the participation of fragment
darkness for 520 min before the cell extract was prepared G cannot be excluded at this point.
for immediate radioactive phosphorylation in vitro. The 2-D  To test this conclusion further, we cloned cDNA fragments
TLC analysis (Figure 1C) showed that some spots reappearedtontaining the single phototropin domains [the N-terminal
before the others, and a detailed analysis indicated reappeardomain (aa +132), the LOV1 domain (aa 13343), the
ance in the order of spots 1, 2a2b, 4, and 6 before the  hinge 1 region (H1) (aa 244412), the LOV2 domain (aa
others (Figure 2B). Spot 8 did not show up even within 20 413-520), the hinge 2 region (H2) (aa 525%93), and the
min of dark incubation. Thus, the order of recovery in a dark C-terminal kinase (aa 59923)] (see Figure 4A) of the
period after irradiation seems to be the opposite of the orderPHOT1a cDNA fromA. sativa into the E. coli expression
of the fluence-dependent phosphorylation for most phos- vector pCALnh and tested the resulting fusion proteins
phorylation sites. containing the calmodulin binding protein (CBP) in the
The Same Phototropin Domains Are Targets for Auto- phosphorylation assay with PKA. Here also, no protein
phosphorylation and for Protein Kinase A (PKAJo find phosphorylation was detectable without PKA. Since CBP
out which domains contain phosphorylation sites, we sub- contains phosphorylation sites, the true label of the single
jected phototropin after autophosphorylation and CNBr domains became apparent only after digestion with thrombin
cleavage to SDSPAGE. According to the position of Met  (Figure 4B). We confirmed that the N-terminal and H1
residues within the sequence shown in Figure 3A, CNBr domains were phosphorylated; the weak radioactivity of
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FiGure 4: Investigation of single recombinant domains of PHOT1a H1-S274A H1-S300A
from oat. (A) Scheme (left) and SDFAGE (right) of the
recombinant domains indicating successful expression of all 1 2220 E 1 b F
domains. (B) In vitro phosphorylation of the single domains with - ey 2a 2.
PKA and [y-32P]ATP. After removal of the calmodulin binding ol -l Pl 4
protein (CBP) with thrombin, only the N-terminus and the H1 region - 5 ¢ ¢ 5
retain strong label. The recombinant peptide labeled LOV1 contains § 7a | 474
part of the H1 domain including S274, which is a phosphorylation . .6' 1 <
site (see Figure 6). b
7b b
o H1-S317A H1-S325A
3 #:
7 i '- 1 2a 2b L 2a 2p
fad 4 2 2 b2z
gt & oy > 4 -
s - . - e 5
‘ 8 e v :’ 7a
. *cl.?a o 6
Avena PHOT1 A || NTerwr B (8
B b
7b
3 HI1-S332A H1-8349A
: . Ficure 6: Assignment of phosphorylation sites in the H1 region
of PHOTL1. (A) Phosphopeptide pattern obtained by autophospho-
. & 2 rylation of PHOTL1 (see Figure 1A). (BH) Pattern obtained by
2 N ". .‘ phosphorylation of the fusion protein CBP-H1 with PKA; spots x
i & . i and y, derived from CBP, are not marked. Arrows indicate the spots
e that disappear by mutation. (B) WT showing signals for spots 1,
N-Ter-S27A C N-Ter-S30A D 2a, 2b, 4, 5, 6, 7a, and 7b. (C) Spots 7a and 7b disappeared in

mutant S274A. (D) Spot 5 disappeared in mutant S300A. (E) Spots
FiGURE 5: Assignment of phosphorylation sites in the N-terminal 22 and 2b disappeared in mutant S317A. (F) Spot 1 disappeared in
domain of PHOTL. (A) Phosphopeptide pattern obtained by Mmutant S325A. (G) Spot 4 disappeared in mutant S332A. (H) Spot
autophosphorylation of PHOT1 (see Figure 1A)—B) Pattern 6 disappeared in mutant S349A.
obtained by phosphorylation of the fusion protein CBP-N with PKA.
S?g Vl:l/-l;evaivrilll(stty;ri;i Phh%ssphh%P%pt{%%SS3Xaggd8 arﬁodrﬁrié%dpfr(zg) in the first and in the second dimension, identical to those
Phosphopeptide 3 disgppegreg irﬁ) the mutant S)é?A. (D) Phospho-}tounz.;?r thetnatl\:e F’Trﬁte'”' ';ﬁ’.':[thef N-termlntus we lot;thall;le(fj
peptide 8 disappeared in the mutant S30A. ourar ergn Spots. The mo "Y(_) one spo eq_uas ato
spot 3 while a second spot exhibits the properties of spot 8
LOV1 can be explained by the presence of 32 amino acids, of oat PHOT1 (Figure 5A,B). Phosphopeptides x and y were
including S274, belonging to H1 in the investigated LOV1 found in all CBP-containing fusion proteins and likely result
clone. No label was detectable in LOV2 (Figure 4B), hinge from CBP phosphorylation. The 2-D coordinates of phos-
2, and the kinase domain (data not shown). The latter resultphopeptides obtained from H1 are, except for x and vy, in
supports the assumption that CNBr fragments A and C were excellent agreement with those of phosphopeptides 1, 2a,
labeled as shown in Figure 3B and that fragment G that is 2b, 4, 5, 6, 7a, and 7b of PHOT1 (Figure 6A,B). Thus, PKA
part of the kinase domain was not phosphorylated. apparently phosphorylates the same sites as the phototropin
Phosphopeptide Pattern of the PHOT1 N-Terminal and kinase, indicating that both enzymes have similar or even
H1 Subdomains Phosphorylated by PKFhe subsequent identical substrate specificities; further, the result confirms
2-D TLC analysis of the PKA-phosphorylated N-terminal that all phosphorylation sites of phototropin autophospho-
and H1 region yielded phosphopeptides with mobilities, both rylation are present in the N-terminus and H1.
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N-Terminus
827 830
AsPHOT1la MASKGAGGGGGG----- HEEPQRPKQQLPRD&RGﬁLEVFNPSSSSA ————————————— =y
AsSPHOT1b MASKGAGAGEEGEEEDEYDEPORPEOOLEPRDERGSLEVFN PSS - oo ccc e e maa e a A
LATPHOTL MEPTEK--------- PSTKPSS———RTLPRDERGELEVFNPSTQLTRPDNPVFRP—EPPR
Qg PHOTL MASKGTEGGHGEG- -VERKEQQOORGYOLPRDERGES LEVFNESSA- - - o c s s e mmcaanan
PsPFHOTL MEHLKKS-------- PSSSSSSSMRPSFPRDERGELEVFNPTSNSS———SPVRSPSNLKN
ZmPHOT1 MAPKG-==-======-com-eoaama- LERDSRESLEVFNEDAPVS - - - —------ D
AL PHOTZ MERPRAP------------- PSPLNDAESLSERRELEIFNPSSGKE —————————— THGES
Oz DHOT2 MAGSS88--=-=m==mcmmmmmao - KEIVDAVEKWMAFPTSGG- === - -=-----=-=
* *
ASPHOTla VEPPSAFR---PRARSAS------=--===-===-=~ PFIEEATGG----~-~-~-~-~- IEDVG-
LEPHOT1D VEPPSAFRE---PAARSAS ------------------ PFIEEVAGE--------- IEDVGE-
ACPHOTL WONLSDPRGTSPOPRPOOEPAPSNPVRSDOEIAVTTEWMALKDPSPETISEETITAEKFQ
OsPHOTL - - - -BSFRTAAAAPKSAS - - - - - - - - - - PFLAIPDR---------- EEDNV-
FsPHOTL WTEIEEPR----NELSEQHNEFSDEVIN------- TSWMAIKE----------~-~ GETG-
ZmPHOTL RATTSPFLLE-PAVASHP------------------ ELLAAGDGE--------- DADVG-
ACPHOTZ TSS555KPPLDGNNEGSS5S5---=============-=~ KWMEFQDSA--==-===========
Qg PHOT2Z - —-mmmmm - - GEATAG-------------—---- LEIVAEDAPS---------- (G586~
R 5101 5110
ASPHOTla ----KATQRAAEWGLVLOTNEQTGRPOGVSARSSGGGEE--~-~-~-~-~-~~ SBERSS-5DD---~
AsPHOT1b - - - -KATQRAARWSLVLOTNEQTGRPOGVSARSSGREG-- - - - - - - - SARSS-8DD----
ACPHOTL KEAVAREQRAREWCELVLETDTHTGEPOGVEVRNSGEGTENDEPNGEKTTSOQRNSONSCRESG
OsPHOTL - - - -VAQQRAREWGLVLOTDHHTGLPQGVSARPSSG----------- SARTS - SEDNPQQ
PsPHOT1 - - - - AAVORAAEWCLMLTTDAETGKPQGVAVENSCGEDE - - DS - VKLETKRNSNNTVRTSG
ZmPHOT1 - - - -RATQRAAEWGLVLOTDEHTGRPOGVVARPSGSNR- - - - - - - - - TSESGNSIDERAA
ACPHOT2 - - - -KITERTAEWGLSAVKPDSGD- -DGISFRLSSEVE-------- RSKNMSRRSSEEST
O8PHOT2 ------ AHQQQAWRPVAP- -ATAG------- RDSGGETG--------- SEK88VDGE--VE
5124

AgPHOT1a KAVAG--=-=-=-=-= AIPRVSEELRAALS
AsSPHOT1D KAVAG------- AIPRVSEELEAALS
ACPHOTL EMSDGDVPGGESGI PRVSEDLEDALS
OsPHOTL 0QSEA------- AIPRVSEELRAALS
PePHOTL ESSDGDDE- - -EGFEREVSEDLEDALS
ZmPHOT1 AAGAGR------ ALFRVSEELEAALS
ACPHOTZ2 S8E8G-=-=-=-=-=-= AFPRVSOELKTALS
QOsPHOTZ2 RASHD------- SLPFRVSQELKDALS

‘:‘r*t‘t::t: ok
H1-domain

5274 5300
AsPHOT1la EGNKDTVVRPNGLPESLIKYDARQKDOARSSVSELLLAIKNPRSLSEST-NSTFEKRKSO-
AsSPHOT1b EGNEDTAVREENGLPESLIKYDARQKDOARSSVEELLLATKNPRSLEEST -NSTFERESD -
LATPHOTL EGAKEKALRPNGLPESLIRYDARQKDMATNSVTELVEAVERPRALSESTNLHPFMTKS - -
Qg PHOTL ECGKEDTVVRENGLSESLIKYDARQKDHARSSVSELLLALKNPRSLEESS -NNTLERES O -
PsPHOT1 EGEKEKKLRPNGLPESLIRYDARQKEKATSSVEELLEAMERPRALSESG-QRPFIRKSGG
ZmPHOT1 EGNKDTALRENGLPESLIKYDARQKDHARSSVSELLLALKDPRSLEESR -NNTLERES O -
AT PHOTZ2 EGVNDEALRPNGLSKELIRYDARQKEKALDSITEVVOTIRHRE-----------—-—-—- - - -
Qg PHOTZ2 EGLEDEEMREENELEVELIRYDERQEDEAMSSMTEVVQTVEQPRGARAPADAATLLTEPEM-
* ® N :*i* *‘ ***:** ***: * ‘*::*:: 11 :
5317 5325 5332 5349
ASPHOTla ---ESVGALTGDRPGERSSE - - - SGSRRNSKSGARTSLOKISEVFERGSKSRESGLYSLM
LEPHOT1D ---ESVGPLTGDREGERSSE - - - SGSRRNSKSGARTELQKISEVPERGNEKSREKSGLYSLM
ACPHOTL @ ----- ESDELFEEPARRMSENVVPSGRRNSGGGERNEMORINEIPE - - KESRESS -LSFM
Qg PHOTL ---ESLEMEMTEVESKRSSE - - - SGSRRNSESGTRESELOKINEVEDQGNETRESGLELFM
FsPHOTL GEGEEEDEEAVENKSRERESD - SVASFRPEPOGKIRHSMERISELFE - -NEOENSRRGSFM
ZmPHOT1 ---ESAGSAL- - VEGKRSSE - - - TGSRRNSHSGMRNSLOK I SEVEPEGGNKTRESGLRSFM
ACPHOT2 SQVQESVSNDTMVKPDSSTTPTPGROTRQS---------- DEASKSFRTPGRVS - - - TPT
OsPHOTZ - - - 8DADKMAAMS PVVAPGT PSGGEGEAGS FKEPLWDLKKEESRLSRLASGRKS GRES LM
*

ASPHOTla SLLGMG- - -PGNIEKDMLEFRDEDFLLDSDD- -ERFESFDDELREREEMRRGIDLATTLER
LEPHOT1D SLLGMG- - -PGNIEKDMLEPRDEDPLLDSDD- -ERPESFDDELERKEMERGIDLATTLER
ACPHOTL GIKKKSESLDESIDDGFIEYGEEDDEISDRD- -ERPESVDDEVEQEEMREGIDLATTLER
QOsPHOTL1 GFLGMG- - -HGESVEEKNMLEPRDEDPLIDSDD - -ERPESFEDEFRREKEMERGIDLATTLER
PePHOTL GFMEKSDEIDESIDNEVIVDVSSGSEDDERD - -DSFE - FDDEEKLREKEKGLDLATTLER
ZmPHOT1 GLIGMG---HGNVEENILEKPR-EDPLLDSDD- -ERPDSFDDDFREKEMREKEGIDLATTLER
ACPHOTZ GSKLK---S55NNEHEDLLEMEFE-ELMLSTEVIGORDSWDLSDRERDIRQGIDLATTLER
Qs PHOTZ2 GFKIGKRESVEEREAPAVVEEPAPAPEPAPEVVERTDEWERAEREKDIRQGIDLATTLER

Ficure 7: Alignment of the N-terminal and H1 domains of higher plant PHOT1 proteins fosatva (APHOT1a andAsPHOT1b),A.

thaliana(AtPHOT1),0ryza satia (OPHOT1), andPisum satium(PSPHOT1) and the two PHOT2 homologues frémthaliana(AtPHOT?2)
andO. satva (OsPHOT?2). Conserved putative phosphorylation motifs are shaded in gray. Positions of serine resiBRr$OT 1a that
could function as sites for phototropin autophosphorylation are indicated above the gray-shaded boxes.

Identification of Phosphorylation Sites within the PHOT1 terminal region, serines 27, 30, 101, 110, and 124, and six
N-Terminus and H1 Domaim\ recognition motif frequently ~ conserved RxS motifs in the H1 region, serines 274, 300,
phosphorylated by PKA is Rx27). A sequence analysis 317, 325, 332, and 349 (Figure 7).
of the two phototropin domains that we found to be PKA  To assign the phosphopeptides determined for the N-
substrates showed five conserved RxS motifs in the N- terminus to particular phosphorylation sites, we then ex-
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changed serines 27, 30, 101, 110, and 124 for alanine by
site-directed mutagenesis. The PKA reaction with equal D L
amounts of each fusion protein yielded reduced phosphate
incorporation in mutants S27A (66% of WT) and S30A (51%

Kinase - + - + -+ -+
L2341234

of WT) while mutants S101A, S106A/S110A, and S124A | === - B e A -
retained the degree of WT phosphorylation. Thus S27 and Silver stain  Western Blot
S30 are likely the only phosphorylation sites in the N- A B

terminal domain. In accordance with this result, the phos-

phopeptide pattern, obtained by digestion of mutated proteins
S101A, S106A/S110A, and S124A, was identical with that

of wWT (data not s_hown) v_vhile replacement of serine 27 with S e e G e
alanine resulted in the disappearance of spot 3 and replace
ment of serine 30 with alanine resulted in the disappearance )
of spot 8 (Figure 5C,D). For the S27A mutant protein an C Coomassie Western Blot
additional spot appears just below and to the right of spot y
that is not present in the WT protein. The most likely Ficure 8: Phosphorylation at S30 modifies the electrophoretic
explanation is that this phosphopeptide represents a partiaimobility and the reaction with antiserum of oat PHOT1. (A)

. e . _phosphorylated; = light, the signal of PHOT1 almost disappeared.
We then replaced each conserved serine within the putatlve?B and C) Investigation of the fusion protein CBP-N. (B) The

phosphorylation motifs depicted in Figure 7 respectively with mopility shift by phosphorylation is seen in the wild type (lanes 1
alanine for the recombinant H1 region as well. Since the and 2, silver stain) but not in the double mutant S27/30A (lanes 3
phosphate incorporation into the single mutated fusion and ‘Il);élhstz1 Wisatreerg tglot Shh;swi é?i;tt?c?nr%?ctﬂ%nv\\:\illiéh theea(rllgﬁggurln
P H near |

proteins was only marg'“"?‘“y reducgd, W? (:.O”C.emratEd pur and 2}; and gf/) mutatior¥ (IF;nespL% ar%ld 4). (C) The mutar%/ l%27A shows
efforts upon phosphopeptide analysis. Elimination of serine ;' yeq(ced signal and the mutant S30A almost no detectable signal
274 resulted in the disappearance of spots 7a and 7b, angh the Western blot.
phosphopeptides 5, 2&a 2b, 1, 4, and 6 disappeared in the - _ ] _
mutant proteins S300A, S317A, S325A, S332A, and S349A, mobility; we ShOW here that this effect is most likely caused
respectively (Figure 6EH). A comparison of these results Py phosphorylation at S30 and, to a lesser extent, at S27.
with the phosphopeptide map determined for the native 109ether, the above-described TLC, antibody, and in vitro
photoreceptor allows the unequivocal assignment of spot 1 Phosphorylation studies of the oat PHOT1 N-terminal domain
to S325, spots 2a and 2b to S317, spot 4 to S332, spot 5 too_rowae clear eV|de'nce that S27 and S30 are the only target
S300, spot 6 to S349, and probably spots 7a and 7b to S274ites in th_e N-terminus for PKA and probably also for the
although the separation of spots 7a and 7b from spots 5 and”HOT1 kinase; they correspond to spots 3 and 8, respec-
8 proved to be difficult. tively, of the 2-D TLC analysis.

The Mobility Shift and Loss of Immunoreaction of Oat
Phototropin Are the Result of Phosphorylation at the DISCUSSION
N-Terminus Several interesting observations confirm that  Number of Phosphorylation Site8Ve have mapped 8
serines 27 and 30 are phosphorylated in the native protein.PKA-dependent phosphorylation sites by site-directed mu-
An antiserum raised against the N-terminal paothaliana tagenesis in the recombinant N-terminus and H1 region of
PHOT1 showed strong cross-reactivity with PHOT1 from PHOT1a from oat, and since the pattern of phosphopeptides
dark-grownA. satva seedlings but not with phosphorylated derived from these 8 sites was also observed in the 2-D TLC
PHOTL, i.e., from etiolated oat seedlings that were irradiated analysis of autophosphorylated phototropin, we conclude that
with saturating blue light prior to harvest (Figure 8A). The these sites are genuine phosphorylation sites of this photo-
same is true for maize PHOT1 but not for the photoreceptor receptor. We cannot rigorously exclude the presence of
from dicot plants: the antiserum recognizes also the phos-additional phosphorylation sites, especially because we
phorylated form of PHOTL1 fromrabidopsis mustard, pea,  occasionally observed other labeled spots in the 2-D TLC
and cress (data not shown). The antiserum reacted also withanalysis of H1 and PHOT. However, a closer look shows
the recombinant N-terminal domain of oat PHOTL1 but did that this possibility is not very likely. (1) These additional
not do so after phosphorylation by PKA (Figure 8B). No spots were not always observed, but if they were, some of
reaction was observed with a double mutant that lacked boththe identified spots were drastically reduced in their amount.
serines 27 and 30 (Figure 8B). This finding can be reasonably(2) All additional spots were found to migrate only a short
explained on assuming that the cross-reaction to monocotdistance in the first dimension, indicating relatively high
PHOT1 of this antiserum requires an epitope around serinesisoelectric points. This is characteristic for phosphopep-
27 and 30. In single mutants, antibody binding was much tides that contain more than one of the basic amino acids
more affected when serine 30 was eliminated than in the (K and/or R). On complete digestion, K or R occurs only
absence of serine 27 (Figure 8C). Further, Figure 8B showsonce at the C-terminus of each tryptic peptide; the presence
a reduced electrophoretic mobility of the N-terminus of oat of two or more K or R residues in a peptide results from
phototropin on phosphorylation with PKA. Such a shift was incomplete digestion. (3) The position of phosphopeptides
not found for the S30A mutant protein but was detectable in the 2-D TLC can be predicted using isoelectric points
for the S27A mutation, although to a somewhat reduced calculated with a program available at http://acrux.igh.cnrs.fr/
degree. It has been reported by several authors that autogs/phospepsort4.html and the aliphatic index using the
phosphorylated phototropin exhibits a reduced electrophoreticprogram http://www.expasy.ch/tools/protparam.html; the pre-

WT S27A S30A WT S27A S30A

-
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diction matches the observed position of all identified Thus, the fluence dependency discussed above is not an
phosphopeptides, assuming partial tryptic cleavage only forintrinsic property of phototropin; environmental factors
peptides 1, 2a, and 7b. The calculation with serines outsidepresent in vivo, e.g., attachment to the plasma membrane
the identified sites gave the same result as with the identified (11) or binding of proteins such as NPH30Q), may play an
serines: the position of the additional spots matches only important role.
products of partial tryptic digest. Taken together, these Recaery of Phototropism after Irradiation Is Connected
arguments allow the conclusion that the additional spots areyith pephosphorylation of Phototropinmmediately after
caused by products of incomplete tryptic digestion, which 5 gypersaturating irradiation with white light, seedlings do
can be composed of some of the identified phosphopeptidesyot respond to light that normally induces phototropic
although the contribution of additional, nonidentified phos- cyryature; such responsiveness is gradually recovered,
phopeptides cannot be excluded. At least for the phospho-powever, during a dark period following the supersaturating
rylation of recombinant domains with PKA, any contribution jrradiation. The kinetics of this dark recovery of phototropism
of additional sites must be marginal: the double N-terminal ¢josely matches the kinetics of dark recovery of phototropin
mutant S27/30A showed almost no phosphorylatisd%  phosphorylation in vitroZ6), indicating the gradual disap-
of WT) and the quadruple H1 mutant S274/300/325/349A, pearance of occupied and appearance of nonoccupied phos-
which contains still the phosphorylation sites S317 and S332, hyorylation sites in phototropin (see raf). Two models
showed only less than 2% phosphate incorporation comparethaye been discussed for this process: either degradation of
to WT (28). The finding of traces of phosphothreonine the phosphorylated form and new synthesis of the nonphos-
besides phosphoserine by hydrolysis of phosphorylated phorylated form of phototropin or dephosphorylation of
phototropin @3, 24) may also indicate additional phospho-  phototropin. Any phototropin synthesized in the dark period
rylation sites in phototropin; if these are threonine residues after the supersaturating irradiation should behave like the
of phototropin, their contribution to the overall phosphory-  pnototropin of the dark control that is probably nonphos-
lation must be marginal; however, the presence of traces of yhorylated and shows a defined capacity for blue light-
other proteins in the phototropin fraction used for hydrolysis gependent phosphorylation, reflected by a defined phospho-
cannot entirely be ruled out. peptide pattern (see Figure 1A); this pattern should be
Low- and High-Fluence Sites of Phosphorylatidiough constant throughout the period of dark recovery. The data
most of the early biochemical studies of blue light-induced of Figure 2B show that this is not the case: the phospho-
phototropin autophosphorylation revealed a strong correlation peptide pattern is different from that of the dark control and
with phototropism, one finding was in apparent contrast: the changes during the period of dark incubation. However, the
photosensitivity of the phosphorylation response is21  results are compatible with the assumption of dephospho-
orders of magnitude higher than that for phototropic curvature rylation of preexisting phototropin; thus, we provide here
(5, 23). For a possible explanation, Brigg89j postulated experimental evidence in favor of this model.

that phototropin phosphorylation may occur in a fluence-  pposphorylation of the N-Terminusthe N-terminus
dependent manner in that some sites become already phosgontains five RxS motifs, most of which are conserved in
phorylated in response to very low blue light fluences to pHOT1 and PHOT2 from various plants (see Figure 7).
trigger phototropic signaling while phosphorylation of the Nevertheless, only two of these are phosphorylated with PKA
remaining sites requires higher light fluences; the latter event i, the recombinant N-terminus of PHOT1a from oat, namely,
could then be involved in the desensitization of the photo- {05e containing S27 and S30 (see Figure 5). The other
receptor system. We show here that phototropin containsyotential phosphorylation sites at $101, S110, and S124 must
indeed low- and high-fluence sites for phosphorylation in e jnaccessible for PKA, most probably by folding of the
vivo. Sites S27, S30, S274, and S300 were identified as low- peptide chain. Two visible effects are connected with the
fluence sites and S332 and S349 as high fluence sites; S31 hosphorylation at S27 and S30, a decrease in mobility of
and S325 show intermediate properties. The low-fluence sitesi,e peptide in SDSPAGE and nearly complete loss of
are located close to the LOV1 domain, a domain that may recognition by an antiserum raised against the N-terminus
play a role in dimerization (M. Salomon and G. Richter, of ArabidopsisPHOT1 (see Figure 8B). An important epitope
unpublished results) and possibly also as one of the domalnqike|y includes the free OH group of S30; almost no
for heterologous proteinprotein interaction, e.g., with NPH3 i,y munoreaction was observed with the mutant S30A (Figure
(30). It is reasonable to assume that the introduction of 8C). The recombinant H1 region shows almost no mobility
negative c_harges _by phosphorylation has a strong influenceshiﬁ in SDS-PAGE on phosphorylation2g). However,
on such interactions. Most phosphorylation motifs are yeqyuced mobility in SDSPAGE caused by phosphorylation
conserved in PHOT1 of different plants (see Figure 7). The \yas also described for native phototrop#), @nd we showed
high-fluence phosphorylation site around S349 is conservedpgre the disappearance of the immunoreaction ofAttae
even in PHOT2. This is perhaps unexpected since PHOT1pjqopsisantiserum with oat phototropin, caused by phos-
and PHOT2 act redundantly as blue light receptors in various phorylation (see Figure 8A). Thus, these properties of native
responses3l, 32) but appear to exhibit distinct photosen-  phototropin are likely determined by the properties of the
sitivities with PHOT2 apparently functioning as a high- N-terminus. The situation in vivo seems to be more complex
fluence receptordl, 33). than deduced from the results of in vitro phosphorylation of
It must be mentioned that low- and high-fluence sites were the recombinant N-terminus: with increasing fluence, the
found for in vivo phosphorylation; preliminary results of in  mobility shift of phototropin is detectable before the immu-
vitro phosphorylation did not show such a preference for noreaction disappears, and during dark recovery, the immu-
low and high fluences of the various phosphorylation sites. noreaction appears first and is then followed by disappear-
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ance of the mobility shift Z8). It remains to be shown
whether modifications other than phosphorylation of pho-
totropin are involved here.

In summary, we identified 8 phosphorylation sites in
phototropin 1, showed their different degree of autophos-
phorylation in cell extracts, and determined, by an indirect
method, the fluence-dependent phosphorylation and the time-
dependent dephosphorylation of the different sites. With the
knowledge of the phosphorylation sites, the way is open for
specific mutagenesis studies to elucidate the physiological
consequences of autophosphorylation of phototropins.
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