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SUMMARY : The effects of red light and wavelength dependency of the protein 
phosphorylation in oat protoplasts were investigated by sodium dcdecyl sul- 
fate polyacrylamide gel electrophoresis and autoradiography. Red light(660 
nm) irradiation of the protoplasts increased the phosphorylation of 15 dif- 
ferent proteins, and the phosphorylation of 2 proteins(27 KDa, 32 KDa) out 
of 15 were observed to be dependent on the wavelength of the irradiating 
light. The phosphorylation densities of these two proteins increased up to 
two or three hundred percent during a three-minute period of irradiation. 
The phosphorylation of these two proteins revealed a red/far-red photore- 
versibility of phytochrome. When a calcium ion chelator(2 rrM EXTA) was add- 
ed into the cell suspension, the phosphorylations of all the proteins were 
reduced about 200%. These findings suggest that phytochrome action and Ca2+ 
influx are certainly involved in the in vivo phosphorylation of proteins in -- 
oat protoplasts. Q 1989 Academic Press, Inc. 

A representative signal transduction in the plant kingdom is photomorpho- 

genesis that begins with the absorption of red light by the photoreceptor 

phytochrorrwz(1). It was reported that the physiologically active form of phy- 

tochrome(Pfr) might initiate the photomorphogenetic cell responses by control- 

ling the cytosolic Ca 2+ concentration(2). 
2+ 

In addition to the role of ca , 

the regulatory role of protein phosphorylation by the calcium-dependent pro- 

tein kinases was also suggested as an important step in signal transduction 

in plant systems(3-7). 

There have been several reports describing the action of phytochrome on 

the fluxes of Ca 2+throuqh the plasma membrane(8,9). '!&o workers(8,9) repor- 

ted that irradiation of the cells with red liqht enhanced ca 2+ influx. In 

contrast, an efflux of ca 2+ by irradiation of red light was observed in the 

mesophyll cells of Vallisneria gigantea(l0). 

i To whom Icorrespondence should be addressed. 

Abbreviations : DC, diacylqlycerol ; EGTA ethylene qlycol bis(8-aminoethyl 
ether) N,N,N:N'-tetraacetic acid ; 32Pi,C12Plorthophosphate ; SDS-PACE, 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
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Data obtained in this study suggested that phytochrome action was cer- 

tainly involved in the processes of Ca 2+ influx and the phosphorylation of 

proteins. 

MATERIALS ANDMETHODS 

Materials 
Cellulase and pectinase used for the preparation of protoplasts were the 

products of Yakult Honsa. C32Plorthophosphate(32Pi:1 rrCi/ml) was purchased 
from Amersham, and the rest of the chemicals used in these experiments were 
obtained from Sigma Chemical Company. Oat seed(Avena sativa L.CV Garry) was -- 
purchased from Stanford Seed Co., Buffalo, NY, U.S.A. 

oat seedlings 
Fifty grams of oat seed was soaked at 4°C for 24 hours in darkness. The 

soaked seed was spread on wet vermiculite(lOOg/tray) in aluminum trays(35 x 
45 cm), and the trays were put in an oat-growing box made of wood. The oats 
were grown at 25°C for 5 days in complete darkness. 

Preparation of protoplasts 
The preparation of protoplasts was mainly carried out as previously des- 

cribed(ll,l*). The washed oat tissue was cut into 1 mm pieces, which were 
then placed in the enzyme solution(0.6 M Sorbitol, 1mM CaCl .2$&y; gf;J y+ 
Cellulase, 0.5% Macerozyme,pH 6.5). After allowing the mi 
25°C for 7.5 hours with gentle shaking(circular motion), it was centrifuged at 
200 x g for 5 minutes and then filtered through a nylon mesh(100 um). The 
enzyme solutionwas then removed by washing with the following buffer solution 
(0.6M Sorbitol, 0.05% HSA, 1mM CaC12,pH6.5). After washing,the protoplasts 
were centrifuged at 1600 rpm for 10 minutes to remove the washing buffer. 
Sucrose density gradient centrifugations of the pelleted protoplasts were 
Carried out at 1600 rpm for 8 minutes by using a stepwise gradient consisting 
of buffer I(0.6M Sucrose, 1mM CaC12), buffer It(0.5M Sucrose, O.lM Sorbitol, 
5 mM Mes, 1 mM CaC12 ), and buffer IU(0.6M Sorbitol, 5mM Mes, 1mM 
CaC12). The protoplasts banded between buffer II and buffer III. 

In vivo protein phosphorylation 
Purified protoplasts were suspended in the Pi-loadinq buffer(0.6 M Sorbitol, 
25mM Mes, 1OmM NaHCO3, 2mM KH2g4, 25mM Hepes, 
32Pi(0.5 mCi) was added to the suspension. 

1 mM CaC12, pH 5.8), and then 
The suspension was incubated at 

4°C for 2 hours ;gentle shaking was carried out every 10 minutes during the 
incubation. At the end of the incubation, the excess 32Pi in the medium was 
removed by washing with 32Pi-loading buffer. 

Irradiation of light and SDS-PAGE 
Protoplasts incorporated with 32Pi were irradiated with monochromatic liqht 

of various wavelengths(400 run, 500 nm, 660 nm, 730 nm;the monochromatic light 
was generated by a 150 watt Xe lamp equipped in the spectrofluorometer, Hitachi 
MPF 3000) and the effect of the light was observedasa function of irradiation 
time. Reaction was termina ted by adding SDS-PAGE sample buffer(0.125 M R-is, 
4% SDS, 20% Glycerol, pH 6.5) to the irradiated protoplasts, and the proteins 
were reduced by the addition of 10 al of 2-mercaptoethanol and heating at 100°C 
for 5 minutes. SDS-PAGE was performed by using 2% stacking gels and 10% re- 
solving gels. After electrophoresis and drying the gels, autoradiography was 
carried out at -70°C for 7 days on X-ray film, and phosphorylation densities 
of the proteins were analyzed by a densitometer(LKB 2202). 

RESULTS AND DISCUSSION 

We investigated the effects of red light and Ca 2+ on the phosphorylation 
of the intracellular proteins in oat protoplasts incorporated with 32Pi . The 
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Autoradioqrams of SDS-PAGE-separated proteins of irradiated cat pro- Fiq.1. 

toplasts. 
(A) 6Autoradioqraphy was carried out after-$X+PAGE of the oat protoplasts(1 
X 10 /ml) that had been incorporated &th Pi in the presence of the exter- 
nal CaCl (1 n@l) in the suspension medium. 

.ti+ 
The protoplast sample was irradi- 

ated wi red light(660 run) for different periods of time; lanes A to F are 
the autoradicqrams of the sample irradiated with red light for 1,2,3,4 and 
5 min. respectively. 
(B) Autoradioqraphy was carried ou$ under the sams conditions as (A) except 
for the removal of the external Ca by the addition of 2 mM M;TA and 1 mM 
Mg~4. Lanes A to F show the same irradiating times as in (A). 

Sample Was irradiated with the red light for different times in the presence 

Of 1 mM external Ca'+(Fig.lA) or its absence(Fig.lB) and analyzed by SDS-PAGE, 
followed by autoradiography. The autoradiogram showed the presence of 15 

protein bands, and their molecular weights ranged from 19-62.5 K&i. Accord- 

ing to the densitometric analysis of these autoradiograms, red light irradi- 

ation in the presence of external Ca2+increased the phosphorylations of all 

the proteins. Maximum phosphorylations were cbtained after 2-3 minutes of 

red light irradiation in the presence of 1 mu external Ca2+(Fig.lA), but when 

the Ca*+influx was blocked by the addition of EX3TA in the medium, the phospho- 

rylations were drastically reduced(Fig.lB). 

The degrees of phosphorylation of all the proteins were plotted as a func- 

tion of the red light irradiation time in the presence of 1 I-M-I external CaC12 

or in its absence. Figure 2 shows the results obtained for two proteins(27 

KDa, 32 KBa); these data are typical of the results observed for the other 

proteins(data not shown). As wz can see, the phosphorylations of theSe two 

proteins were increased by irradiation of red light when the Ca 
2+ influx was 

possible. Phosphorylation was maximized with 2-3 minutes of red light 

irradiation, but a drastic decrease in the phosphorylation occurred when the 

Ca2+influx was blocked by its chelator EGTA. These results certainly imply 

that phosphorylation of the intracellular proteins is controlled by Ca 
2+ 

, and 
the red light receptor(phytochrome 3) plays a role in the influx of Ca 

2+ into 

the cell. 
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Irradiation Time C min I 

Change of phosphorylation densities of the two proteins (27 KDa, 32 Fig.2. 
KDa) by varying the irradiation time of red light(660 nm). Autoradiograms 
of the SDS-gels presented in Fig.l(A) and (B) (from lanes A to F) ware ana- 
lyzed by densitometry, and the relative densities of the two protein bands 
vs irradiation time were plottecJ+l27 KDa( 0 ) and 32 KDa( 0 ) proteins in 
the presence of the external Ca (1 nH) a9 27 KDa( n ) and 32 KDa( Cl ) 
proteins in the absence of the external Ca +I. 

To obtain evidence to indicate that phytochrom participates in the pro- 

tein phosphorylation prcxess, we monitored the changes in the degree of phos- 

phorylations brought about by varying the wavelength of the irradiating light. 

Figure 3 shows the autoradiograms obtained after the sample was irradiated 

KDa KDa 

+32 
24 + +27 +32 

c27 

Fig.3. 
(A) Autoradiogram of SD&gel; the 32 Pi-incorporated protoplast sample con- 
taining 1 mM external Ca was irradiated by light of various wavelengths for 
3 min. (lane A, 400 nm; lane B, 500 run; lane C, 660 nm; lane D, 730 run). 
(B) These autoradiograms were obtained from the F sample under the same 
conditions as (A) except that all the external Ca was removedby 2 nMEGTA. 
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Change of the phosphorylation densities of the 27 KDa and 32 K&I pro- Fig.4. 
teins by varying the mvelength of the irradiating light. A red/far-red pho- 
toreversibility of pgp cc hr ome was observed regardless of the presence or 
absence of extTna1 Cd C27 KDa( l ) and 32 KDa( 0 ) in the presence 
tnM external Ca and 27 KDa( n ) and 32 KDa( 0 ) without external Ca 

with different wavelengths of light in the presence of external Ca 2+ and in 

its absence. According to the densitometric analysis of these autoradiograms, 

only two proteins (27 KDa, 32 KDa) out of 15 revealed an action spectra 

similar to the absorption spectrum of phytochrome Pr(Fig.4). The rest of the 

proteins did not show photoreversibility by irradiation of far-red light(Fig- 

ures are not shown in this paper). Lower phosphorylation by irradiating with 

blue light(400-500 nm) may be due to an involvement of the blue light receptor 

whose function for the Ca 2+ fluxes is different from that of the red light 

receptor(13,14). However, a suppression of protein phosphorylation by irra- 

diating with far-red light can be attributed to the photoreversible behavior 
660 run of phytochrome (Pr -730 nm-Pfr). It was observed that the phytochrome 

Pfr form stimulated the influx/mobilization of ca 2+ into the cytosol of oat 

cells, and the Pr form functioned in the uptake of the cytosolic Ca 
2+ into 

the Ca2+ pools in the cell(E). The fact that phosphorylation of all the 

proteins was enhanced by red light irradiation and only two proteins out 

of fifteen showed photoreversibility in the phosphorylation requires fur- 

ther interpretation. A possible interpretation can be proposed under 

the assumption that phytochrome is the only red light receptor for con- 

trolling the Ca 2+ influx by the red light, and the phosphorylation of the 

intracellular proteins is mainly dependent on the intracellular Ca 2+ con- 

centration. At the moment, we would like to consider two different path- 

ways for the protein phosphorylation since C!a 2+ is involved in this reac- 
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tion : one pathway is the phosphorylation by the Ca 2+ /caln-odulin-dependent 

protein kinase, and the other is phosphorylation by the Ca 2+ IDS-dependent 

kinase. When we consider that the Ca 2+ concentration required for the 

activation of the Ca*+/DGdependent protein kinase is much less than that 

for the former(l6), it can be presumed that phosphorylation of the two pro- 

teins showing photoreversibility occurs because of the Ca 2+ /calmodulin 

dependent protein kinase and the remaining proteins are phosphorylated 

through the Ca2+/DG-dependent protein kinase. One further point that we 

must consider is the fact that the phosphorylations of the two proteins 

are photoreversible even after blocking the Ca 2+ influx with EGTA . This 

agrees with the observation that Ca 2+ mobilization and uptake can be 

caused by irradiation with the red/far-red light(l5). 
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