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A possible tyrosine phosphorylation of phytochrome 
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Abstract Red/far-red light signal transduetion by the phyto- 
chrome family of photoreceptors regulates plant growth and 
development. We investigated the possibility that tyrosine 
kinases and/or phosphatases are involved in phytochrome- 
mediated signal transduction using crude extracts of oat 
seedlings that are grown in the dark. We found that a 124 kDa 
protein was tyrosine-phosphorylated as determined by Western 
blotting with a phosphotyrosine-specific monoclonal antibody. 
The 124 kDa protein was recognized by the anti-phosphotyrosine 
antibody in anti-phytochrome A immunoprecipitates. The level of 
anti-phosphotyrosinc antibody binding to the 124 kDa protein(s) 
in phytochrome immunoprecipitates that had been treated with 
red light prior to immunoprecipitation decreased relative to dark 
controls. These results suggest that either phytochrome from 
dark-grown seedlings is tyrosine phosphorylated or that it co- 
immunoprecipitates with a phosphotyrosine-containing protein of 
the same molecular weight. The implications of these results in 
the regulation of (a) the putative Ser/Thr kinase activity of the 
photoreceptor and (b) the binding of signaling molecules, such as 
phospholipase C to phytochrome, are discussed. 
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1. Introduction 

The phytochromes are a family of homologous photorecep- 
tors that detect and transduce red/far-red light signals into a 
diverse array of developmental and morphogenic responses, 
including the induction of seed germination, gravitropism, 
growth, flowering and senescence (reviews [1 3]). The most 
extensively characterized member of this family, phytochrome 
A, contains a covalently linked tetrapyrrole chromophore 
bound to an ~ 124 kDa soluble apoprotein. This chromopro- 
rein, which is present in the leaves, stems and roots of higher 
plants, is synthesized in the dark in what has traditionally 
been referred to as the 'inactive' Pr form. Exposure to red 
and/or white light induces isomerization of the chromophore, 
changes in the conformation of the protein to the 'active' far- 
red absorbing Pfr form, and ultimately leads to alterations in 
gene expression and biochemistry. Although the phytochrome 
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signal transduction pathways remain largely enigmatic, recent 
evidence suggests that light signals are transduced by the regu- 
lated interaction of GTP-binding proteins, calcium-calmodu- 
lin, and protein kinases and phosphatases (for initial studies 
and reviews, see [2 8]). 

A large number of protein-tyrosine kinases and phospha- 
tases are present in animal systems. These proteins play cru- 
cial roles in the regulation of growth, development and differ- 
entiation [reviewed by [9-12]. For  example, it has been 
estimated that the genome of the nematode C. elegans con- 
tains about 115 genes encoding protein-tyrosine phosphatases. 
The human genome may encode as many as 500 such proteins 
[10]. It is likely that these organisms possess twice as many 
protein-tyrosine kinases. The protein-tyrosine kinases identi- 
fied thus far in animals include the transmembrane tyrosine 
kinase receptors that undergo autophosphorylation or trans- 
phosphorylation at tyrosine residues in response to the bind- 
ing of growth factors, insulin, and lymphokines, and the JAK 
family of protein-tyrosine kinases that are responsible for the 
phosphorylation of the cytokine receptor superfamily in re- 
sponse to the binding of certain polypeptide ligands (review 
[13]). The activation of these receptors results in the rapid 
induction of tyrosine phosphorylation in a number of cellular 
proteins, including the mitogen activated protein kinase 
(MAPK) that lies downstream of the ras GTP-binding pro- 
teins, phospholipase C, phosphatidylinositol 3-kinase, src-like 
protein-tyrosine kinases, ras GTPase-activating proteins 
(GAPs) and certain transcription factors. 

In contrast to animal systems, relatively little is known re- 
garding the abundance or physiological roles of protein-tyro- 
sine kinases and phosphatases in plants. Recent reports, how- 
ever, suggest that these proteins are indeed present in plants 
and are physiologically relevant. For example, a potential 
tyrosine phosphatase has been cloned from the cyanobacter- 
ium N. commune [14] and tyrosine phosphatases have been 
isolated from wheat embryos and seedlings, as well as from 
pea nuclei [15 17]. There have been reports that a mitogen- 
activated protein Ser/Thr/Tyr kinase (MAPK) is activated in 
response to plant hormones in Arabidopsis cell cultures [18] 
and that a raf-like kinase, which is an upstream regulator of 
MAPKs in mammals, participates in ethylene signal transduc- 
tion [19]. Furthermore, it has been demonstrated that a tyr- 
osine kinase inhibitor blocks the expression of at least one 
phytochrome-regulated gene [20]. The activity of RUBISCO 
may also be regulated by tyrosine phosphorylation [21]. Phos- 
photyrosine in Cicer RUBISCO was detected by chromato- 
graphic separation of 32p-labelled phosphoamino acids and 
confirmed by treatment with phosphotyrosyl protein phospha- 
tase [21]. 

While investigating the possibility that protein tyrosine ki- 
nases and/or tyrosine phosphatases are components of the 
phytochrome signal transduction pathway, we observed a re- 
duction in the binding of a monoclonal antibody specific for 

0014-5793/96/$12.00 © 1996 Federation of European Biochemical Societies. All rights reserved. 
PH S00 1 4 - 5 7 9 3 ( 9 6 ) 0 0 8 7 6 - 9  



162 D. Sommer et al./FEBS Letters 393 (1996) 161 166 

phosphory la ted  tyrosine residues to a prote in  of  approx.  124 
kDa  following i l luminat ion of  da rk-grown crude oat  extracts 
with red light. To test the hypothesis  tha t  this ~ 124 kDa  
prote in  was indeed phy tochrome,  an t i -phy tochrome  A and  
an t i -phosphotyros ine  immunoprec ip i ta tes  were p robed  with 
bo th  an t i -phy tochrome  and  ant i -phosphotyrosine-specif ic  
monoc lona l  ant ibodies.  

2. Materials  and methods 

2.1. Materials 
Avena sativa L. (cv Garry oats) seeds were obtained from Agricul- 

ver (Trumansburg, NY) and grown in darkness as described by [22]. 
The seedlings were harvested 3.5 days after planting under a dim 
green safety light and were stored at 70°C until use. The anti-phy- 
tochrome monoclonal antibody, oat 22 [23], was a generous gilt from 
Professor Lee Pratt (University of Georgia, Athens, GA). The mono- 
clonal anti-phosphotyrosine (clone IG2) and the ECL chemilumines- 
cence kit were purchased from Amersham. Nitrocellulose membranes 
(0.22 lam) and electrophoresis reagents were from Bio-Rad Labora- 
tories. The anti-mouse IgG HRP conjugate was from Promega. The 
molecular weight markers were from Pharmacia and the protein G- 
plus/protein A-agarose was from Oncogene Science. The other re- 
agents were purchased from Sigma. 

2.2. Irradiation of plant extracts 
The oat extracts were irradiated with a Fiber-Lite fiber optic illu- 

minator (Model 190, Dolan-Jenner Industries) equipped with either a 
far-red cutoff filter (Ealing 26-4457; 1.8 kW/m 2) or a 660 nm inter- 
ference filter (Oriels C572-6600; fluence rate, 8.3 W/m~). 

2.3. Preparation of  plant extracts 
The dark-grown seedlings were homogenized in a blender with 50 

mM Tris-HC1, pH 8.3, containing 10 mM EDTA, 15 mM 2-mercap- 
toethanol, 2 mM sodium orthovanadate, and 2 mM PMSF at a 1 : 1 
(w/v) ratio under green safety light. The homogenate was squeezed 
through four layers of cheesecloth and the resulting filtrate was cen- 
trifuged at 16 000 X g for 20 min at 4°C. 

Experiments investigating the rate of phytochrome tyrosine dephos- 
phorylation used extracts prepared as described above, except that 
sodium orthovanadate, a tyrosine phosphatase inhibitor [24], and 
EDTA were omitted from the extraction buffer. 

2.4. Immunoprecipitations 
The 1 ml aliquots of extract, prepared as described above, were 

added to Eppendorf tubes containing either (1) 25 btl protein G- 
plus/protein A agarose and 10 btl oat 22 antibody or (2) 25 gl protein 
G-plus/protein A agarose and 60 gl (6 gg) anti-phosphotyrosine anti- 
body. Control mixtures were composed of (1) 25 btl protein G-plus/ 
protein A agarose, 10 gl oat 22 antibody or 60 gl anti-phoshotyrosine 
antibody, and 1 ml of extraction buffer and (2) 25 I,d protein G-plus/ 
protein A agarose and 1 ml of plant extract. The preparations were 
incubated in the dark on a rocker platform for 2 h at 4°C. The 
immunoprecipitates were collected by centrifugation in an Eppendorf 
microcentrifuge at 2500 rpm for 15 min. The supernatants were re- 
moved and the pellets were resuspended in 1 ml of phosphate buffered 
saline (PBS; 9.1 mM K2HPO4, 1.7 mM KHPO4, 150 mM NaCI, pH 
7.4) and centrifuged again at 2500 rpm for 15 min. This washing step 
was repeated four times. The final pellets were resuspended in 20 ~,tl of 
4xSDS sample buffer (100 mM Tris-HC1, pH 6.8, 200 mM 2-mer- 
captoethanol, 4% SDS, 20% glycerol and 0.2% bromophenol blue) 
and were placed in boiling water for 3 min. 

For experiments investigating the rate of tyrosine dephosphoryla- 
tion, 20 ml of the supernatant, prepared as described above, was 
irradiated with red light and occasional stirred. At 1, 3, 5, 10 and 
15 min intervals, 1 ml of the extract was withdrawn and added to 
Eppendorf tubes containing the protein G/A agarose and antibody 
mixtures. 40 gl of 50 mM Tris, pH 7.4, containing 40 mM sodium 
orthovanadate was added per tube and the immunoprecipitations 
were performed, as previously described. 

2.5. Immunoblotting 
Unless indicated otherwise, 20 p,l of the immunoprecipitates were 

loaded onto a 7% gel and electrophoresed according to the method of 
[25]. Following electrophoresis, the proteins were transferred to nitro- 
cellulose membranes in a buffer containing 25 mM Tris-glycine, pH 
8.3, 20% methanol and 0.03% (w/v) SDS for 1 h at 250 mA. The 
membranes were blocked in PBST (PBS plus 0.05% Tween 20) con- 
taining 5% (w/v) dried skim milk for 1 h at room temperature. After 
cutting the membranes into strips, they were incubated with either oat 
22 (1 p.l/ml PBST/5% dried skim milk) or anti-phosphotyrosine anti- 
body (5 gg/ml PBST/5% dried skim milk) for 1 h at room tempera- 
ture. The membranes were then washed three times for 7 min each 
with PBST before incubation with anti-mouse lgG-horseradish per- 
oxidase (0.1 gg/ml PBST containing 5% skim milk) for 30 min at 
room temperature. Following incubation with the secondary anti- 
body, the membranes were washed four times for 5 min each with 
PBST and one time for 5 min with PBS. They were then incubated in 
Amersham ECL reagents and exposed to hyperfilm as described by 
the rnanufacturer. 

3. Results 

Western blot  analyses of  the an t i -phy tochrome  and  anti-  
phosphotyros ine  immunoprec ip i ta tes  are shown in Fig. I. A 
b road  band  at approx.  124 kDa  was detected in ant i -phyto-  
chrome immunoprec ip i ta tes  Western  blot ted with ei ther the 
an t i -phy tochrome oat  22 monoc lona l  an t ibody  or the anti-  
phosphotyros ine  an t ibody  (Fig. 1A,B). A 124 kDa  protein 
was also visualized in an t i -phosphotyros ine  immunoprec ip i -  
rates probed with ei ther oat  22 or the an t i -phosphotyros ine  
an t ibody  (Fig. 1C,D). No bands  were present  at  124 kDa  in 
control  precipitates in which the oat  extract  was replaced by 
extract ion buffer (Fig. 1E-H)  or in precipitates in which the 
ant ibodies  were omit ted (Fig. lI,J). Fur the rmore ,  bands  were 
not  observed at 124 kDa  in the control  experiments  where 
pr imary  ant ibodies  were omit ted  dur ing Western  b lo t t ing  
(Fig. 2B). The addi t ion  of  5 m M  phosphotyros ine  to the 
an t i -phosphotyros ine  an t ibody  p repara t ion  before Western  
blot t ing significantly reduced the binding of  the an t ibody  to 
the 124 kDa  protein (Fig. 2C). These experiments  were re- 
peated more  than  10 times. The results were similar each 
time. Coomassie  blue-stained gels of  the immunoprec ip i ta tes  
revealed few bands  other  than  phy tochrome  and  the IgG 
chains (data  no t  shown).  Lanes A and  C of  Fig. 1 conta in  a 
high molecular  weight band.  High molecular  weight bands  are 
sometimes observed in western blots  of  phy tochrome  prepara-  
tions. Prat t  et al. [23] detected a high molecular  weight b a n d  
in phy toch rome  prepara t ions  blot ted with Oat  22 and  other  
an t i -phy tochrome antibodies.  Mos t  likely the high molecular  
weight band  was a small a m o u n t  of  aggregated phytochrome.  
Al though  this band  was not  observed in lanes B and  D it is 
may be present  but  below the detect ion limits. The  a m o u n t  of  
protein in this band  is lower than  tha t  of  the 124 kDa  band.  
Only a por t ion  of  the phy toch rome  would be expected to 
conta in  phosphotyros ine ,  and merely a fract ion of  the tyro- 
sine phosphory la ted  protein would b ind  the an t i -phosphotyr -  
osine ant ibody.  The low molecular  weight b a n d  found in lanes 
A H of  Fig. 1 is the heavy chain of  the an t ibody  used dur ing 
the immunoprec ip i t a t ion  procedure.  

The  effects of  red light t rea tment  on the binding of  the anti-  
phosphotyros ine  an t ibody  to Western  blots  of  an t i -phyto-  
chrome immunoprec ip i ta tes  are shown in Fig. 3. I r radia t ion  
of  the extract  pr ior  to immunoprec ip i ta t ion  produced a de- 
crease in the signal detected at  124 kDa  (Fig. 3A) relative to 
the da rk  control  (Fig. 3C). A gradual  nar rowing  of  the 124 
kDa  band  occurs when the extract  was i r radiated for up to 15 
min (Fig. 3A vs. C). A 5 rain i r radia t ion with far-red light, 
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after the red light treatment, failed to produce an increase in 
the intensity of the signal detected. These observations suggest 
that if the phosphate transfer is reversible, it may require a 
protein or co-factor that was lost during the initial homoge- 
nization or centrifugation step. 

Although phytochrome becomes more susceptible to pro- 
teolysis following photoconversion from the Pr to the Pfr 
form [2], it is unlikely that the decrease in tyrosine phosphor- 
ylation detected by the anti-phosphotyrosine ant ibody is sole- 
ly a function of decreased native phytochrome in the extract. 
When the antibodies, bound to the immunoblot  shown in Fig. 
3A, were removed by incubating the membrane in stripping 
buffer (62.5 mM Tris-HCl, pH 6.7, containing 100 mM 2- 
mercaptoethanol and 2% SDS) for 30 min at 70°C and the 
membrane was re-probed with oat 22 (Fig. 3B), the amount  of 
phytochrome detected was comparable to that observed in the 
dark controls. Relatively little change in the binding of anti- 
phosphotyrosine, or oat 22 antibodies, was observed in con- 
trol experiments in which the supernatant  was kept in the 
dark for 1, 3, 5, 10 or 15 min prior to immunoprecipi tat ion 
(Fig. 3C,D). The small t ime-independent variations in phyto- 
chrome levels detected during the time courses of Fig. 3B D 
can probably be attributed to experimental error. 

4. Discussion 

Oat 22, an anti-phytochrome monoclonal  antibody, recog- 
nized a 124 kDa protein from anti-phosphotyrosine immuno- 
precipitates, while an anti-phosphotyrosine antibody recog- 
nized a 124 kDa protein from anti-phytochrome immu- 
noprecipitates. The level of detectable tyrosine phosphoryla- 
tion decreased in response to red light treatment. Although we 
cannot  completely eliminate the possibility that phytochrome 
co-immunoprecipitates with a separate 124 kDa protein that is 
tyrosine phosphorylated, this possibility seems unlikely con- 
sidering the fact that the immunoprecipitates were extensively 
washed with buffer containing 150 mM NaCI. Furthermore, 
when 1% Tri ton X-100, 0.5% deoxycholate, and 0.1% SDS 
was added to the PBS used to wash the immunoprecipitates, 
similar results were obtained (Fig. 4). These results suggest 
that if the 124 kDa protein, that is detected by the anti-phos- 
photyrosine antibody, is a co-immunoprecipitating contami- 
nant  other than phytochrome, then it must be tightly asso- 
ciated with phytochrome by high-affinity interactions. 

From Fig. 3A there appears to be more than one band 
around 124 kDa. The slightly lower molecular weight band(s) 
seem to disappear first, with irradiation, thus narrowing the 
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Fig. 1. Western blot (WB) analyses of anti-phytochrome and anti-phosphotyrosine immunoprecipitates (IP). (A) Anti-phytochrome immunopre- 
cipitates Western blotted with the anti-phytochrome antibody; (B) anti-phytochrome immunoprecipitates Western blotted with the anti-phos- 
photyrosine antibody; (C) anti-phospbotyrosine immunoprecipitates Western blotted with the anti-phytochrome antibody; (D) anti-phosphotyr- 
osine immunoprecipitates Western blotted with the anti-phosphotyrosine antibody; (E) non-extract control. 25 ~1 of protein G/A agarose and 
10 /al anti-phytochrome antibody were incubated with 1 ml of extraction buffer for 2 h as described under Section 2 and Western blotted with 
oat 22; (F) non-extract control. 25 lal of protein G/A agarose and 10 lal of the anti-phytochrome antibody were incubated with 1 ml of extrac- 
tion buffer as described above prior to Western blotting with the anti-phosphotyrosine antibody; (G) non-extract control 25 Ftl of protein G/A 
agarose and 60 lal of the anti-phosphotyrosine antibody were incubated with 1 ml of extraction buffer prior to Western blotting with anti-phy- 
tochrome; (H) non-extract control. 25 lal of protein G/A agarose and 60 ~tl of the anti-phosphotyrosine antibody were incubated with 1 ml of 
extraction buffer prior to Western blotting with anti-phosphotyrosine; (I,J) l ml of supernatant was incubated with 25 Ftl of protein G/A agar- 
ose in the absence of antibodies. The precipitates were then Western blotted with anti-phytochrome and anti-phosphotyrosine antibodies, re- 
spectively. The arrow indicates the position of phytochrome. 
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Fig. 2. Control and competition binding experiments. 1 ml of crude supernatant was added to an Eppendorf tube containing 25 ~tl protein G/ 
A agarose and 10 ~tl oat 22. Following immunoprecipitation, the pellet was resuspended in 80 ~tl of 4X SDS sample buffer. 5 ~tl aliquots were 
loaded onto a 7"/,, gel. Following electrophoresis and transfer of the proteins to nitrocellulose, the membranes were probed with (A) anti-phos- 
photyrosine antibody; (B) the secondary antibody only (i.e. the primary antibody was omitted); and (C) the anti-phosphotyrosine antibody 
plus 5 mM phosphotyrosine. 

band centered at 124 kDa. The sharpened band at 15 rain 
irradiation appeared to persist even beyond 15 min of irradia- 
tion, albeit at gradually diminishing signal level (data not 
shown). There are several possible explanations for the appar- 
ent heterogeneity of the band centered around 124 kDa. (1) 
Different phytochrome species (for example, phytochrome A 
and B, are present) and the phosphotyrosine in the latter is 
more sensitive to red light treatment. (2) Proteolytically de- 
graded phytochrome(s) are represented in the lower molecular 
weight part of the band. (3) Phosphorylation of the same 
protein occurs, but with different tyrosine phosphorylation 
sites, the lower molecular weight species being more sensitive 
to red light treatment. 

The apparent lack of bands, other than that of 124 kDa, 
detected by the anti-phosphotyrosine monoclonal should not 
be interpreted as evidence for the presence of just a single 
phosphotyrosyl protein. The current procedure uses only 
1 ml of extract and the levels of other phosphotyrosine con- 
taining proteins were probably below the detection limits. In- 
digenous phosphatases and proteases may also affect levels of 
phosphotyrosine containing proteins [26]. Also, anti-phospho- 
tyrosine antibodies have been shown to bind only a fraction 
of the total phosphotyrosine containing proteins in some cell 
extracts [27]. 

Less than 1% of the total phosphoprotein in normal mam- 
malian cells is tyrosine phosphorylated [28]. The amount of 
phosphotyrosine in plant cells is expected to be similar. There- 
fore, a method for identifying phosphotyrosyl containing pro- 
teins must be able to selectively detect a scarce amount of 
phosphotyrosine without cross-reacting with abundant phos- 
phoserine and phosphothreonine. The anti-phosphotyrosine 
monoclonal antibody used here (IG2 clone) is similar to 
that produced by Frackelton et al. [29] and can distinguish 
phosphotyrosine from phosphoserine and phosphothreonine 
even when the latter are present at more than 100 times 

that of phosphotyrosine. These antibodies have been used to 
identify phosphotyrosine containing proteins and as a method 
of receptor purification [26,27,29]. Non-specific binding to 
phytochrome in the present work can also be ruled out. 
When the antibodies, bound to the immunoblot shown in 
Fig. 3A, were removed by incubating the membrane in strip- 
ping buffer (62.5 mM Tris-HC1, pH 6.7, containing 100 mM 
2-mercaptoethanol and 2% SDS) for 30 min at 70°C and the 
membrane was re-probed with oat 22 (Fig. 3B), there was 
little change in the amount of phytochrome detected. If the 
binding were non-specific, one would expect that the strength 
of the signals detected after irradiation would remain con- 
stant. Although non-specific interaction with phytochrome 
and cross-reactivity with phophoserine and phosphothreonine 
are extremely doubtful, some anti-phosphotyrosine monoclo- 
nals also bind phosphohistidine [29]. Therefore, histidine 
phosphorylation of phytochrome cannot be ruled out as one 
possible explanation of our data. 

One possible interpretation of our results is that phyto- 
chrome A may possess tyrosine kinase activity. Based on se- 
quence analyses of phytochromes from various species, it has 
previously been proposed by Schneider-Poetsch and col- 
leagues [30,31], and more recently by Thfimmler et al. [32], 
that phytochrome may function as a protein-tyrosine kinase. 
Schneider-Poetsch's proposal was based on the observation 
that a C-terminal portion of phytochromes from various spe- 
cies share an approx. 25% sequence identity with the trans- 
mitter modules of bacterial sensor proteins. In the presence of 
certain environmental stimuli, these bacterial proteins auto- 
phosphorylate at a conserved histidine residue before transfer- 
ring the phosphate to a receiver molecule. Since this catalytic 
histidine residue is conserved only in oat and rice phyto- 
chrome A and Arabidopsis phytochrome C (not in dicot phy- 
tochrome A, phytochrome B, or in phytochromes from lower 
plants) the hypothesis was extended to suggest that a nearby 
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tyrosine residue that is conserved in all phytochromes se- 
quenced may functionally replace the bacterial histidine resi- 
due. However, biochemical support in favor of this hypothesis 
has not been forthcoming and mutational analyses of the 
conserved histidine present in oat phytochrome A, as well as 
mutagenesis of other nearby residues that are conserved be- 
tween all known phytochromes and the bacterial sensor pro- 
teins, failed to produce altered phenotypes when expressed in 
transgenic Arabidopsis [2]. The more recent proposal of 
Thfimmler et al. [32] notes limited sequence homologies be- 
tween the C-terminal domains of various phytochromes and 
the catalytic domains of eukaryotic histidine, serine/threonine 
and tyrosine kinases, but does not present experimental ver- 
ification of this proposal. Although our results neither prove 
nor refute these hypotheses, they do suggest that further in- 
vestigations are warranted. 

An alternative proposal concerning the possible physiologi- 
cal significance of phytochrome tyrosine phosphorylation is 
that it may participate in the regulation of the putative ser- 
ine/threonine kinase activity of the photoreceptor. It has been 
reported that purified oat phytochrome is capable of under- 
going serine phosphorylation and that it possesses intrinsic 
polycation-stimulated kinase activity [33-35]. Recently, pro- 
tein kinase activity has been observed in maize anti-phyto- 
chrome immunoprecipitates [36]. Although it has not been 
adequately resolved if phytochrome functions as a serine/ 
threonine kinase, this putative activity could be regulated by 
tyrosine phosphorylation. Several yeast and mammalian pro- 
tein kinases contain both serine/threonine and tyrosine regu- 
latory sites. Their kinase activity depends on which of these 
residues is phosphorylated. For example, cdc2 (a protein-ser- 
ine kinase) is inhibited by the phosphorylation of a tyrosine 
residue, while the EGF receptor protein-tyrosine kinase is in- 
hibited by serine phosphorylation. On the other hand, mito- 
gen-activated protein kinase (MAPK) requires phosphoryla- 
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Fig. 3. Effects of red light treatment on the binding of anti-phos- 
photyrosine antibody to phytochrome immunoprecipitates. Prior to 
immunoprecipitation of phytochrome using oat 22, the extract was 
either irradiated with red light for 1, 3, 5, 10, and 15 rain, or was 
kept in the dark for the same time period. Following immunopreci- 
pitation, the pellets were resuspended in 80 I11 4x SDS sample buf- 
fer. 5 ~tl/lane was loaded onto a 7% gel. (A) Red-light irradiated 
samples probed with anti-phosphotyrosine; (B) the antibodies were 
stripped from the membrane used in (A) and it was re-probed using 
oat 22; (C) dark control Western blotted with anti-phsophotyrosine; 
(D) the antibodies were stripped from the membrane used in (C) 
and it was re-probed with oat 22. 
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124 k D a  ~- -~  ~ 

Fig. 4. Detergent vs. non-detergent washed immunoprecipitates. 
Phytochrome was immunoprecipitated by incubating 1 ml of crude 
supernatant with 25 lal protein G/A agarose and 10 ILl oat 22. Fol- 
lowing immunoprecipitation, the pellets were washed four times 
with either PBS (A) or PBS containing 1% Triton X-100, 0.5% 
deoxycholate and 0.1% SDS (B). The final pellets were resuspended 
in 80 lal 4XSDS sample buffer. After electrophoresing 5 ~al/lane on 
a 7"/0 gel, the proteins were transferred to nitrocellulose and the 
membrane was Western blotted with the anti-phosphotyrosine anti- 
body. 

tion of both threonine and tyrosine regulatory sites for 
activation (reviews [10,37]). These regulatory motifs have 
been found in higher plants. Treatment of tobacco cells with 
a fungal elicitor initiates tyrosine phosphorylation of a 47 
kDa serine/threonine protein kinase. This phosphorylation 
event results in the kinases rapid transient activation [38]. 
Moreover, the characteristics of the elicitor activated kinase 
resemble those of MAPK. The existence of the MAP kinase/ 
extracellular signal-regulated protein kinase family has al- 
ready been demonstrated in several plant species [39-43]. 

It may also be possible that tyrosine-phosphorylated resi- 
dues within the phytochrome molecule serve as binding sites 
for proteins containing SH2 (src homology) domains. These 
domains, present in signaling molecules such as PI3-kinase, 
rasGAP, phospholipase C and the src family of tyrosine ki- 
nases, stably bind to tyrosine-phosphorylated residues in re- 
ceptors in a sequence-specific manner (reviews [12,44]). The 
specificity of these interactions is largely determined by the 
presence of a negatively charged residue N-terminal to the 
phosphotyrosine as well as by the three residues immediately 
carboxyl to the phosphorylated tyrosine residue. Most SH2 
proteins recognize one of two categories of sequence motifs: 
(1) pTyr-hydrophilic-hydrophilic-hydrophobic or (2) pTyr-hy- 
drophobic-X-hydrophobic [45]. Of the 21 tyrosine residues 
present in oat phytochrome A [46], there are 6 which are 
immediately N-terminal to one of these motifs. They are 
Tyr-167, -235, -263, -378, -496 and -682. However, only 
Tyr-167 and -235 are conserved in all phytochromes A thus 
far sequenced. Intriguingly enough, the sequence around Tyr- 
235, Glu-Pro-Tyr-Leu-Gly-Leu, is homologous (except for the 
proline) to the proposed binding site for phospholipase C in 
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the human growth factor receptor ErbB2 (Glu-Tyr-Leu-Gly- 
Leu) [45]. This mot i f  is conserved among the 28 phytochromes 
sequenced thus far, with the exception that in eight phyto- 
chromes, mostly phytochromes B, Leu-236 is replaced with 
an isoleucine and in Ceratodon phytochrome this Leu is a 
Met. 

Al though the possible roles of  phytochrome tyrosine phos- 
phorylation are highly speculative, and admittedly without 
experimental foundation,  they do suggest possible new ave- 
nues for phytochrome research. In this context, we are cur- 
rently attempting: (1) to identify which tyrosine residue(s) is 
phosphorylated (initial attempts were unsuccessful due to in- 
sufficient amounts  of  the protein) and to what extent; (2) to 
determine whether or not  the phosphorylation is autocataly- 
tic; and (3) to determine what role phytochrome tyrosine 
phosphorylat ion/dephosphorylat ion plays in red-light medi- 
ated signal transduction. 

Acknowledgements." This work was supported by NIH grant ROI- 
GM36956. 

References 

Ill Furuya, M. (1993) Annu. Rev. Plant Physiol. Plant Mol. Biol. 44, 
617 645. 

[2] Quail, P.H. (1994) Curr. Opin. Genet. Dev. 4, 652 661. 
[3] Quail, P.H., Boylan, M.T., Parks, B.M., Short, T.W., Xu, Y. and 

Wagner, D. (1995) Science 268, 675 680. 
[4] Millar, A.J., McGrath, R.B. and Chua, N.-H. (1994) Annu. Rev. 

Genet. 28, 325-349. 
[5] Romero, L.C., Sommer, D., Gotor, C. and Song, P.-S. (1991) 

FEBS Lett. 282, 341 346. 
[6] Singh, B.R. and Song, P.-S. (1990) Photochem. Photobiol. 52, 

249 254. 
[7] Sommer, D. and Song, P.-S. (1994) Protein Exp. Purification 5, 

402408. 
[8] Sommer, D. and Song, P.-S. (1996) in: Light as an Energy 

Source and Information Carrier in Plant Photophysiology. (Jen- 
nings, R. and Ghetti, F. eds) NATO ASI Series, Plenum, New 
York, in press. 

[9] Fantl, W.J., Johnson, D.E. and Williams, E.T. (1993) Annu. Rev. 
Biochem. 62, 453481. 

[10] Hunter, T. (1995) Cell 80, 225 236. 
[11] Sun, H. and Tonks, N.K. (1994) Trends Biochem. Sci. 19. 480 

485. 
[12] van der Geer, P., Hunter, T. and Lindberg, R.A. (1994) Annu. 

Rev. Cell Biol. 10, 251 337. 
[13] lhle, J.N., Witthuhn, B.A., Qluelle, F.W., Yamamoto, W.E., 

Thierfelder, B.K. and Silvennoinen, O. (1994) Trends Biochem. 
Sci. 19, 222 227. 

[14] Potts, M., Sun, H., Mockaitis, K., Kennelly, P.J., Reed, D. and 
Tonks N.K. (1993) J. Biol. Chem. 268, 7632 7635. 

[15] Cheng, H.F. and Tao, M. (1989) Biochim. Biophys. Acta 998, 
271 276. 

[16] Guo, Y.-L. and Roux, S.J. (1995) Plant Physiol 107, 167 175. 
[17] Polya, G.M. and Haritou, M. (1988) Biochem. J. 251, 357 363. 

[18] Nishida, E. and Gotoh, Y. (1993) Trends Biochem. Sci. 18, 128 
131. 

[19] Kieber, J.J., Rothenberg, M., Roman, G., Feldmann, K.A. and 
Ecker, J.R. (1993) Cell 72, 427441. 

[20] Bowler, C., Yamagata, H., Neuhaus, G. and Chua, N.-H. (1994) 
Genes Dev. 8, 2188 2202. 

[21] Aggarwal, K.K., Salujia, D. and Sachar R.C. (1993) Phytochem- 
istry 34, 329-335. 

[22] Hahn, T.-R., Chae, Q. and Song, P.-S. (1984) Biochemistry 23, 
1219 1224. 

[23] Pratt, L.H., Cordonnier, M.-M. and Lagarias, J.C. (1988) Arch. 
Biochem. Biophys. 267, 723 735. 

[24] Swarup, G., Speeg, K.V., Cohen, S. and Garbers, D.L. (1982) 
J. Biol. Chem. 257, 7298 7301. 

[25] Laemmli, U.K. (1970) Nature 227, 680 685. 
[26] Huhn, R.D., Posner, M.R., Rayter, S.I., Foulkes, J.G. and 

Frackelton, A.R. (1987) Proc. Natl. Acad. Sci. USA 84, 4408 
4412. 

[27] Frackelton, A.R., Tremble, P.M. and Williams, L.T. (1984) 
J. Biol. Chem. 259, 7909 7915. 

[28] Sefton, B.M., Hunter, T., Beemon, K. and Eckhart, W. (1980) 
Cell 20, 807 816. 

[29] Frackelton, A.R., Ross, A.H. and Eisen, H.N. (1983) Mol. Cell. 
Biol. 3, 1343 1352. 

[30] Schneider-Poetsch, H.A.W. (1992) Photochem. Photobiol. 56, 
839 846. 

[31] Schneider-Poetsch, H.A.W., Braun, B., Max, S. and Schaum- 
burg, A. (1991) FEBS Lett. 281, 245 249. 

[32] Th~mmler, F., Algarra, P. and Fobo, G.M. (1995) FEBS Lett. 
357, 149--155. 

[33] McMichael, R.W. and Lagarias, J.C. (1990) Biochemistry 29, 
3872 3878. 

[34] Wong, Y.-S., Cheng, H.-C., Walsh, D.A. and Lagarias, J.C. 
(1986) J. Biol. Chem. 261, 12089 12097. 

[35] Wong, Y.-S., McMichael, R.W. and Lagarias, J.C. (1989) Plant 
Physiol. 91, 709 718. 

[36] Biermann, B.J., Pao, L.I. and Feldman, L.J. (1994) Plant Physiol. 
105, 243 251. 

[37] Hunter, T.A. (1987) Cell 50, 823 829. 
[38] Suzuki, K. and Shinshi, H (1995) Plant Cell 7, 639 647. 
[39] Duerr, B., Gawienowski, M., Ropp, T. and Jacobs, T. (1993) 

Plant Cell 5, 87 96. 
[40] Jonak, C., Pfiy, A., B6gre, L., Hirt, H. and Heberle-Bors, E., 

(1993) Plant J. 3, 611 617. 
[41] Staf~trom, J.P., Altschulter, M. and Anderson, D. (1993) Plant 

Mol. Biol. 22, 83 90. 
[42] Wilson, C., Eller, N., Gartner, A., Vicente, O. and Heberle-Bors, 

E. (1993) Plant Mol. Biol. 
[43] Mizoguchi, T., Gotoh, Y., Eisuke, N., Yamaguchi-Shinozaki, K., 

Hayashida, N., lwasaki, T., Kamada, H. and Shinozaki, K. 
(1994) Plant J. 5, 111 122. 

[44] Cohen, G.B., Ren, R. and Baltimore, D. (1995) Cell 80, 237-248. 
[45] Songyang, Z., Shoelson, S.E., Chaudhuri, M., Gish, G., Pawson, 

T., Haser, W.G., King, F., Roberts, T., Ratnofsky, S., Lechlei- 
der, R.J., Neel, B.G., Birge, R.B., Fajardo, J.E., Chou, M.M., 
Hanafusa, H., Schaffhausen, B. and Cantley, L.C. (1993) Cell 72, 
767 778. 

[46] Hershey, H.P., Barker, R.F., Idler, K.B., Lissemore, J.L. and 
Quail, P.H. (1985) Nucleic Acids Res. 13, 8543 8559. 


