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W Imve studied the pMspharylMiﬁn}depho*phmymiun uf seveal nucledr prntcms in nmlnled Ruetel l‘mm ﬂimalw Avena seedlmgx a% u fm\r..\mn j
af redilirred light, The effect of stimulatory (ADP-sibosylation by chalers toxin) ar mhuhswry {GDPS). condilions far GTP-binding proleins

wis uli0 studied. Red or farred light enhanced the phospharylution leve) of 2 nuglear prateing with moleeular masics of 75 and 40 kDa. The

phospherylatien patiern wis allected by the addiien of cholera toxin or GDPAS (o tie isolatéd nuclei. At least 2 proteins with mulcculﬁr Miyses .
‘ of 24 and 78 kﬁu t.wss-rcm:led by Weslem blm with GTP- bmdms prefen anubcdws

© Sigmal transdueton: G-pm;cm. Phy(aehmme,- Nuelei; A m*m; sfive

I, INTRODUCTION

Protein phosphorylation plays an important role in

regulatory and signal transducing processes in plamts
(1. In the photomorphogenesis of higher plants, phyto-
chrome might trigger alight signal transduction cascade y

~.by modulating protein phosphorylation/dephosphory-
lation [2]” For example, phosphoryiation of nuclear
proteinsis implicated in the regulation of phytochrome-
mediated light-responsive géne expression. The AT ]

transcription factor that binds to the promoters of some -

phytochrome-mediated light-responsive genes in pea is
reversibly phosphorylated [3). In an accompumng
- paper, we examined the possible role of G- -proteins in
the phytochrome-mediated signal transduction,

In mammalian cells, G-proteins and their functional
roles in signal transduction are well known [4]. There
are also small molecular mass proteins (20-25 kDa)
such as ras oncogene-encoded proteins and other ras-
reiate'd gene products;[S]. Thcse_proteins transdu;e en-
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vironmental and metabolic signals from a wide variety

" of receptors 1o specific biochemical effectors, For ex-
.ample, transducin ¢ouples light activation of rhodopsin .

with cGMP phosphodiesterase in vertebrate retina [4).
G-Proteins undergo a. covalent modification which

alters their regulatory functions, For example‘ ADP- -
~ribosylation catalyzed by cholera toxin inhibits the

GTPasc activity of GTP-binding proteins, thereby trap-

ping the proteins in their. active conformational state: -

{4,6). In contrast to GTP-binding proteins in animal '

- cells, very little is known about G- -proteins in plants.

Bluin et al. [7} detected G-proteins in the plasma rmem-
brane of Vicia faha, Arabidopsis thaliane, and Com-
meling communis, The presence of GTP-binding pro-
teing has also been reported in Lemna paucicostata (8],

;in spinach thylakoid membranes [9] and in a zucchini

hypocotyl [10]. Recently, 2 genes with homology to
mamralian GTP-binding proteins, have been cloned in

~Arabidopsis thatiena, namely the GPAI gene coding
for an a-subunit-like G-protein {11} and the arg gene

homologous to the ras-related gene farnily [12].

We present herein a preliminary study mvolvmg the
phosphorylatllo.n/dephosphorylat:on of nuclear ' pro-
teins regulated by light and evidence that these pro-
cesses are affected by modulators of mammalian G-

_proteins. The presence of a high molecular weight G-
pro‘tein-like s'u‘bstance has also bqe‘n described,

.?2 MATER]ALS AND METHODS

11, Plam ma!erla! o S
Avena sativa L. seedlings  (cv. Garry oat; Agriculver Co,,

Trumansburg, NY) were grown in thé dark on moist vermiculite for .
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L5 days de 10 aned harmwu unﬂw b grenni lgha, % dmtibﬂl
; pmrmmir .

i thﬂi pm{wiﬂn :

lnmt ol pavtel were ledaiod (rum entelawsl oa veddlingy, aiont
ing 1o the methad of (4], The valation was mrmmw Lhder very
i preen ight (fluenee rite of 9.8 % 107" Waem provided by 20 W
cool white fluoraent Bmm covered with 2 layers of green plesiglasy
filter Moo 814 fromy Dallas Stage Lightting Equipment, Dallas, TXI
Nudled were wsinyed by J.6digmine2.phenylindele (DAFL 0. 1]
ApAmll staining and examined vnder 3 fhmwwem mia.mwupn

2.1 SDS pulvincrrlonside gol éfﬂ‘a‘mp-‘w-"c‘ﬂ" dind Wertern Bhay dtalviiy -
Slaby gel eleviraphioresin was perfanied by the sethod deseribed by -

[14) using @ 1 0% 20% lindar gradient running gel and @ 4% stagking
gel, Following e¢lecisopharesls, the proteiny were wansfereed to
ntirogetiulore  membranes, Trnsfer bulfer wnmlmng 192 it

glydine, 28 b Trin Base and 209 methanel wax used. Complete | h

transler was achleved ar 100 mY for 12-16 T at 4°C, Alter wransfer-

_ring the proteiny, the line comaining molecular welght markers was -

removesd and swained with 0.5% Poncéun red (dissolved in | %o agetie
acid), The rest ef the mepibrane was immersed Yor 2 I In ineubation
solution containing $% bovine serum albumin o phosphate-bufTered
saline (PBS; 9% NaCl in 10mM sodiuim. phospliate, pH 7.2),

Primary m\:ibmlics specu‘u: for Gi, Gs. trnnmucm (‘Mll}anu far the
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aTE blndhw m&mwiﬂ cﬁmu WEM Rewearch Prmiwiu liﬁm were
wieid it 1000 difution be feeubativn balfer and incubured overnight.’
The mvmbrsnes were washed ¥ Umey whth FES centaining 0.08%%
Nonider- Pt (NP0 ansk twive with POS. Per the eieyme eoupling.
a profein Ahoraradish pwmldaw cemmgate was wnded we 111600 dity-

vion, dnd Incubated Far 2h. The manbranes were then wilest as

3 . deveribed above. The blor wan developed by placing the membranes

i subserate aelutien containing 28 mg’ diaminebenzidine, 2:40mg
uum;:mh‘ wnd $bm of Bt H;C) In S0 md Fﬁlﬁ

2. lewnunlwaﬂ af awekir ;mwms ‘
The evaction mixture (30 &0 10wl volume) Sontaining 50 mil

. HEPES, pH 8N, 5 mM ‘\Mu. 18 MmN mereaproeihanel,. 0%

gmcml b mNE PMEF anet 18 noglel winv' Ingubmed with 146 Akl
(= YR IAT B, 3000 CLammiol (INEN Rescarch Produet, USAY Tor 10
mip a0 38700 The reacdon win stoppedd. by adding 25 gl of ¢lees
trophorgsis spmple butfer 118} and boiling the samiples far 5 min,
Reaectivns. wére perfarmed dnder dity green Hght, Nuelei were be-
il iated with red or farsred Hight where indicated. Dinde kavees (Metles

. Crian) of 670 nm (red) or 750 min [Tar-red) were wied for iirrdiation,

Samples were irradlated (as iadicated) for 80 s bevore the start of the
reaviton, ‘The proteing were sepurmted by SDS-PAGE. The gel was
then dric onto Whitman IMM paper ind swbjected 1o antaradios

graphy on Kdadak XOmat AR fnim w itha Dnt-‘cmt mz:nsnrymg sereen
ar =8¢, :
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Flg 1. Phosphorylanon of nux.lear protein inthe presence of LhOlCI‘a toxin and GDPﬁS Nuclen isolated fmm etiolated oat seedlmgs were mcubaled )

10 min in thedark at 25°C with 104Ci of [3=*PIATP, The nuclei were treated usin

2 the following conditions before the mf.ubanc)m D, day kness;

- R, irradiated 1 min with red light; FR, irradiated 1 min with far-red light; D +CT, D in the presence of cholera toxin (0.5 mg/mib) and NAD*, (20
#M); R+ CT, R in the presence of chiolera toxin and NAD; FR + CT, FR:in the presence of cholera toxin and NAD; D'+ GDPAS, D in the preserice
of‘GDPﬁS (©.5.mM); R +GDPFS, R in the presence of GDPSS; FR+GDPGS FR in the presence of GDPES, Molecutar weight marker 5 are in-
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dlcaled on the lefi, mulr..cular masses 97,4 kDa, 66 2 kDa, 42.7 kDa, 31.0 kDa 21 5 kDa and 14.4 kDa (from top tn bmmm)
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light (phytachrome) and factoss that affeer the activity
of C-prateiny. [rradiation of the nucker with red or Fars
Cred light pulies resultd in an incrense in phosphoryla-
tion of 1 pmtemﬁ ‘with molecular massex of 60 and 75
KDa, as shown in Fig. 1. Red light appears 1o elicit an
inereased level of phospherylation compured to far-rect

- light. Red or Farered light trentment duphnsplmrylmed__

botly 10 and 68 kDa proteins (Fig: 1}

- Cholern toxin catalyzes ADP. ribﬂsylmmn of G-

pfmcms Cholera toxin treaiment of Avena seedling
cnuelel in the dark markedly affected the phosphoryla-

. tion pattern, campared to the dark <ontrel without |
‘cholern toxin treatment (compare 4th lane with 18t lane,

Fig. 1). In parncular. phosphorylation of the 75 kDa
protein. band appears o decrease, while phos-
phmylauon of the 10 and 60 kDa bands was intensified,

Additional proteins in the molecular mass range of
25-52 kDa were. phosphorylated in the presence of

. cholera toxin. Red or far.red light treatment did not

show a si-g‘niﬁcam effect on the choleta toxin-cntalyzed:
phosphorylation in the dark, except for an enhanced
phosphorylation of a [0 kDPa protein by red light.

Cholera toxin markedly reduced the: phnsphorylanon
level for the 16 and 18 kDa protein bands {Fig. 1 com-
pare fust 3 Iancs with middle 3 hneq)

GA 1 sa 7 NI

24..._...»

‘Fig, 2, Western blot analysis, Samples containing 10° nuclei werg

separated by SDS clectrophoresis in a 10%-20% polyacrylamide gel

" and blotled onto a nitrocelluiose ‘membrane. The filters were ine
~gubated with ' GA/1, 8A/7 antibodies or'control serum (NI; non-

-irmmune) for 12-16 h, The blot were developed with a profein A}‘
horseradlsh peroxidase -conjugaie. and diamirobenzidine. . The .
.molcculan welghts of the proteins v»cre calculated from molecular' :

welght rnarkers
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"l“he addivion of Qrt)f”:f‘n an inhibiwr af GTP..
binding proteiny [18), resulied In the Inhibltion af the
- radioactive labaling of all the proteins except the 60 kDo
protein, which was heavily phosphorylated under these

c¢anditians (Fig. 1), The ingrease in phosphorylation of

the 60 kDa protein for dark control and red light treated
ruclei (Tth and %o lanes, respectively) i the presence of
GDPES was measurably reduced by fau -red Iight rear-
ment Clast lane). : _
To explore the pumnvc ralmmnxhip between prmcin

. phmnhmwﬁnon (F:g P} and the involvement of GTP-
- binding proteins in nuclel,  nuclenr proteing were -

separated on an SDS electrophoresis gel followed by

~electrotranster of the prateins to a nitrocellulose mem-

brane. The blot was incubuted with antibodies against
the conserved GTP-binding démain moiety {(GA/1) and
other - antibodicy specific for Gi, Gx and transduein

{SAZ1). Antibodies have been used to analyze similarity

bietween different species as well as to detect G proteins
in other plants (7,17}, The Western blot "analysis
(Fig. Z¥. showed & prominent -band with apparent

‘molecular weight of 75000. In addition, the GA/1 an--

tibody also recognized a minor band at 24000,

4. DISCUSSION

Phosphorylation of ‘nucléar proteins has been
reported in several plants and appears to'be involved in -
several physiological responses {1-3,18]. The leve] of

_phosphorylation of nuclear proteins, particularly 60 -

and 75 kDa, in nuclei isolated from etiolated oat seed-
lings was apparently modulated by red and far-red light

' (Fig. 1), Red/far-red enhancement/madulation in the

phosphorylation level of several nuclear proteins has
also been observed in pea nuclei {18]. The fact that both -

- ted and far-red light pulses were reff'ectwe in- phos-

phorylating 60 and 75 kDa. proteins is suggestive of
phytochrome involvement -as a. very low fluence rate
response (VLFR). The phosphorylation of the other

~ nuclear protems was mclependcnt of the llght condi-

tions, .
The phosphorylanon process was affected_"by
modulators of mammalian G-proteins (cholera toxin
and GDPAS). The light-dependent phosphorylation of

~ the 60 and 75 kDa proteins was significantly blocked by -
‘cholera toxin, The inhibitor GDPGS, stimulated and in-

hibited the labeling of the 60 kDa and 75 kDa bands
respectively, indicating that both proteins are ‘phos-

- phorylated’ by different kinases or regulatory mecha-

nisms. Although there is no evidence for nuclear loca-

‘tion of the phytochrome molecule, this result suggests

that the phosphorylation of these 2 nuclear proteins
may be regulated by a light-dependent G-protein cas-.

~cade. The presence of G-proteins in planis has been T
- reported i in several plant species. Their pbsmblemvolve- c
- ment in the phytochromé-mediated signal transduction

has been suggested by the effect of cholera toxin on the
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hsht-regutmml gxpression af the phy ﬂncl Cab genes m
intact plant (sccompanying paper 1191).

The light-independent pheﬁphﬁ,ryla_!mn a_r the pro-
teins with molecular masses of 10 and 38 kDa wag

stimulated by cholera toxin (and to a esser extent, other
proteins in the molecular mass range of 2I-60-k D were
alxo phmphﬁrylmed) On the other hand, the incor-
poiation of “p- radioactivity into the 16 and 18 kDa
‘prateins was inhibited by the toxin. These proteins may
also be regulated by a G-proiein ecascade, but their in-

volvement in a signal transduction mechanism is.

speculative at the present time,

The presence of ergubunitslike palypcpmlcs as well as

small ras-like proteins has been reported by using an-
tibodies against mammaliar G.proteins [7,19]. The
estirnated molecular weight (75000) of the GA/1-re-

cognized G-protein shown in Fig. 2 is different from .

the typieal a-subunit of known G proteins with a

molecular weight of 40000-50000 [1,2]. There appear.

to be additional G-protein bands with molecular masses
near the 75 kDa band (Fig. 2). It is possible that the

concentration of a 75 kDa protein was too low 1a be

detected in the crude extract, compared 1o its cancen-
tration in the nuclei preparation (se¢ belowy.

. We have no evidence that the 75 kDa G-protein-like

prot&in is responsible for the effects described above,
Although, in general, GTP- -binding proteins are localiz-
ed in the plasma membrane, GTP-binding proieins

have also been found in mammalian nuclear envelopes:

with a wide range of malecular masses (20-140 kDa)
[20}. The method used for the plant nuclei isolation
yields intact -nuclel [14].

phytochrome [14]. This observation could be inter-
preted’ to suggest that at least part of the signal
&ransducuon chain is localized in the nuclei, The effect
we observed may be due to the presence of very low

amounts of cytosolic phytochrome in the nuclei
preparation, but it does not necessarily invalidate the .

hypothesis that a G-protein involved in the signal

transduction could be localized in the nuclei controlling -

phosphorylation/dephosphorylation of transcription
factors or other proteins. 0the1 explanatmns are cer-
tainly possible,

As mentioned earlier, the 7§ kDa protein was not

found in crude extract from etiolated Avena seedlings,

whereas the 24 kDa protein was the major immuno- .

detectable G- -protein in the crude extract [19). Thus, the
weak band at 24 kDa shown in Fig. 2 may have
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In fact, : the effect - of
phytochrome on RNA transcription in isolated nuclei .
has been observed with or without exogenously added’

Mny IWI

o miuumwr.i from a c,ytmﬂlie/plasmu mvmbmne ccnm-f
- mination-in the nuclear preparation, Furtherore, the
- phosphorylation data shown in Fig. 1 are markedly ¢lif-

ferent from those abtined from eticlmed fl veny wude

- extraens (21,

In conclusion, we xuases: thm phmphorylmicnmc-
pllmpharymnan of certain protcins in ctiolated Avena
nuelei may be regulated. by G-proteins involved in signal
transducing casendes. It should be emphasized that the
discussion described herein is only suggestive and

: .‘spcculnuv.e. Clenrly, Fusther study is warranted fo
determine whether or not the observed results are rele-

vant to the mechanism of phytochrome m:non and the
mvolvemem of G=protems

: REFERENCES

1Y) Ranjnvn R. and Houdee, A.M. (wmmnn Rev, Plant thsml.

18, 73-93,
(2} Singh; B.R. xxm! snna. P -, (\990] leuoclwm thublal 82,
C249-384,
(3] Daua, N, asd Cuhmore, AR, (1959) Plamlc:-:ll 1, Iﬂ&‘)-lﬂ??
{4} Gilman, A.C. (1987} Anny, Rev. Riochem. 36, 615-649,

{5] - Hall, A. (1990} in: G Prateins and Caleium Sis.mlmm'(Nacc:{che.

- P.H.edl} CRC Presy, Boer Raton, FL, pp. 20-d6,

Heldeman, W, and Bourne, H.R.(1990)in: G Proteins {1yengar,

R. and B:rnbaumcn L. cds) Autclcm:c Press, New Yark, PP

DT,

{7} Blum, W.; Hmsuh K. D .SLHU!IZ.G. and Weiler, E. W, {988)
Blochem, Bmph:.m Res. Commun, 156, 954-959, .

{8) Hasunuma, K., Furukawa, K., Funadera, K., Kubota, M. and

T Watanabe, M. (1987) Pholachem, Photoblol. 46, 531-535, .

6

19 Millnee, F.A. (i967) FEBS Lert, 226, 155160,
‘3[l,Ol Drobak, B.K., Allan, EF,, Comerfald, 1.G., Roberts, K, and

. Dawsap, AP, (I‘JSS) Blochem Btophyq_ Res, (_‘ammun 150,
899903,

[11) Ma, H., Ynnoi‘sky, M. l and Mcycnowiu. E. M (t99ﬂ) Prm.

Natl, Ac'\d S¢i. USA 87, 38213825,

(12} Matsui, ‘M., Sasamoto, ‘8., Kuneida, T., ' Namum N.oamd

Ishizaki, R. (1989} Gene 76. 313-319,

‘ [13] Chai, Y.G., Singh, B.R., Song, P.-$., Lce, J. ﬂncl Robinson,

G.W. (i987) ‘Anal, BlOChcm 163, 322-330

- [14] Mossinger, E, and-Schafer, E, (1984) Planta 161, 444-450

[15] Doueet, I.-P, dind Tnfurd .]M (1988) Anal, Biachem. 163

0 265-274

[16) Eckstein, F.. Cassel, D Levkcwm H., Lowe, M. and Sehnger.
2. (1979) 1. Biol, Chcrn 154, 9829—9834 :

117 Spiegel, AM. . (1990} in: G. Proteins, (lyenz,ar. R. and

Birnbauer, L., eds) Academic Press, New York, pp. 148-178.
(18] Datta, N, Chen. Y.-R. and Roux, S.J. (1985 Biochem,
Biophys, Res. Commun. 128, 14031408, o

" [19) Romero, L.C., Sommer, D., Gotor, €. and Song, P.-S. (1991

FEBS Lett., prccedmg paper.
[20] Rubing, J,B., Benditt, 1.0., Dnckey.B!‘ and Riedel, N. (1990)
Proc. Natl. Acad Sci; USA 87, 7080-7084,

. [2!] Park, H.-J, and Smu,. P.5. (1990 Photmhcm Pholoblol SlS

8-9,



