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Abstract-A linear rise m the activity of poly(A) polymerase occurs followmg germination of excised wheat embryos. A 
roughly three-fold increase in poly(A) polymerase activity was paralleled by a rise (2.4-fold) m the relative abundance of 
poly(A)+RNA isolated from 72 hr germinated embryos over that at six hr after tmbibition. Administration of 
cyclohextmide (20 pg/ml) to germinated embryos stgmficantly mhtbtted (80%) poly(A) polymerase activity with a 
dramatic decline (77%) in the levels oftotal poly(A)+RNA. This indicated that the relative abundance of poly(A)+RNA 
ts regulated by the modulation of poly(A) polymerase acttvtty The enhancement of poly(A) polymerase activity 
followmg embryo germinatton is primarily achieved through de nouo synthesis of the enzyme. This has been 
conclusively shown by rn uzuo labellmg of the newly synthesized total proteins with “SO:- m wheat embryos and 
ultimately recovering the label m the purtfied preparatton of poly(A) polymerase. Fracttonation of purified poly(A) 
polymerase on native polyacrylamtde gels revealed a single protein band, thereby estabhshmg the electrophoretic 
homogenetty of the enzyme preparatton. Autoradiography of this gel showed a single radioactive band which 
corresponded with the protein band of the purified poly(A) polymerase. Further characterization of the purified 
labelled poly(A) polymerase was obtained by acid hydrolysis of the enzyme protein followed by the chromatographic 
separation of the 35S Iabelled amino acids. Autoradiography of the chromatogram revealed the presence ofthe label in 
the cysteine residues of poly(A) polymerase These studies clearly indicated that de nmo synthesis of poly(A) 
polymerase indeed occurs during growth of wheat embryos. 

INTRODUCTION 

Poly(A) polymerase plays an important role in the post- 
transcriptional polyadenylation of mRNA and hnRNA m 
germinating seeds [l] The enzyme catalyses the covalent 
addition of AMP residues from its substrate ATP to the 3’ 
terminus of primer RNA [Z]. Among plants, poly(A) 
polymerase activity has been reported m tobacco [3], 
maize [4], wheat [S] and pea [6]. Two dtstmct isozymes 
of poly(A) polymerase have been reported from wheat 
seedling chloroplasts and nuclear fractions. These iso- 
zymes differ in then primer RNA requirement [7]. 

Phytohormonal regulatton of poly(A) polymerase by 
gibberelhc acid (GA,) has been reported from this labora- 
tory m wheat aleurone layers [S], germinating excised 
wheat embryos [9] and pea epicotyls [6]. Gibberelhc actd 
also increases the relative abundance of poly(A)+RNA 
in barley and wheat aleurone layers [IO, 111, and m 
germinated seeds of maize [12], castor bean [13] and 
hazel [14]. 

It has been suggested that the GA,-induced poly(A) 
polymerase activity is responstble for the increase in the 
levels of poly(A)+RNA in wheat aleurone layers and 
excised embryos [8, 93. Inhibitor data (CHI) has indt- 
cated that the GA,-stimulated poly(A) polymerase activ- 
ity is dependent on de nova protein syntheses. However, 

* Present address ICGEB, NII Campus, New Delhi-67, Indta. 
t Author to whom correspondence should be addressed 

blocking of transcription by cordycepm in GA,-treated 
aleurone layers and embryos of wheat failed to inhibit 
poly(A) polymerase activity. This suggested that fresh 
transcription is not mandatory for the hormone-triggered 
poly(A) polymerase activity both in wheat aleurone layers 
[S] and excised embryos [9, 151. 

Modulatton of poly(A) polymerase activity could also 
occur by the post-translattonal structural modification of 
the enzyme. Rose and Jacob [16, 173 have purified the 
phosphorylated form of poly(A) polymerase from rat liver 
and hepatoma cells. The hepatoma enzyme was phos- 
phorylated to a greater extent in viuo than the liver 
enzyme. Phosphorylation of the enzyme resulted in the 
activation (7-fold) of poly(A) polymerase isolated from 
the rat liver cells. Phosphorylation dtd not alter the 
extent, but augmented the rate of poly(A) synthesis as a 
result of increased affinity of the enzyme for tts poly- 
nucleotide primer [ 16, 171. 

So far, the enhancement of poly(A) polymerase follow- 
mg germination of wheat embryos was shown to be 
dependent on de novo protein synthesis. This was based 
on the circumstanttal evidence obtained by inhibitor 
studies. We now provide a more conclustve proof for the 
de novo synthesis of poly(A) polymerase following 
germination of excised wheat embryos. The enzyme m- 
duction was paralleled by an increase m the total popu- 
lation of poly(A)+RNA. Repression of the newly syn- 
thesized poly(A) polymerase by a translation inhibitor 
(CHI) simultaneously lowered the levels of total 
poly(A)+ RNA. 
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Fig 1 Time course study deptctmg the rise m the levels of 

poly(A)‘RNA and poly(A) polymerase actlvlty at different times 

after wheat embryo lmblbttmn The m L‘I~ o ‘H-labelled RNA was 
Isolated from germmated embryos Each sample of total RNA, 

equtvalent m radloactlvlty (1 5 x IO5 dpm), was fractionated by 

affimty chromatography on poly(U) cellulose In a parallel set of 
embryos, the actrvuy of poly(A) polymerase was determined at 

different stages after embryo germmation m the G-25 fiactm as 

descrtbed m [ 151 

RESULTS 

Trme course studies revealed a parallel rtse m the level 
of “H-labelled poly(A)’ RNA (2 4-fold) and poly(A) poly- 
merase activrty (3-fold) m germmated (72 hr) excrsed 
wheat embryos over that at 6 hr after imbtbttton (Ftg. 1). 
Earher, we reported mhtbttton of pofy(A) pofymerase 
acttvtty foffowmg admuustratton ofcycfohextmtde (CHf 
20 ng/ml) and ammo acid analogues (1 mM each) to 
germmated wheat embryos Thts mdtcated the requtre- 
ment of de mm protein synthesis for the rtse in acttvtty of 
poly(A) polymerase [ 153 We have also observed a slgmfi- 
cant decrease (77%) m the relattve abundance of 32P- 
labelled poly(A)+RNA m CHI-treated embryos (48 hr) 
Thus, tt seems that the enhancement of poly(A) poly- 
merase acttvrty may be responsible for the Increased levels 
of poly(A)+RNA rn t~ruo 

In an attempt to obtam conclusive evtdence for the de 
now syntheses of poly(A) polymerase m germmated ex- 
cised wheat embryos, we adopted a strategy of labelling 
the protems wtth 3sSOi- zn U~XI Thereafter, we purified 
pofy(A) pofymerase to efectrophorettc homogenetty and 
assayed tt for the presence of the label m the sulphur- 
contammg ammo actds of the enzyme. For thts purpose, 
excused wheat embryos were germmated m Nttsch’s hqurd 
basal medmm supplemented wrth 35SO: Vartous steps 
for the purtficatton of poly(A) polymerase are deptcted m 

Fig 2 PAGE of poly(A) polymerase The “5S-labelled poly(A) 

polymerase, purdied by aflimty chromatography on ATP-Sep- 

harose, was electrophoresed on native polyacrylamxde gels (7 5%) 

The posttlon of the protem was locaked by stammg wtth sliver 

mtrate a, Purllied poly(A) polymerase. b, autoradlopram of a 

Table 1. The purtfied poly(A) polymerase (1299-fold) 
revealed a smgle protem band on nattve polyacrylamide 
gels (7 So/,), thereby provmg the electrophoretrc homo- 
generty ofthe enzyme preparatton (Ftg 2) The purltied 
enzyme occurs as a smgfe molecular form wtth a M, of 
65 000 (estabhshed by molecular stevmg on Sephacryl S- 
200) Autoradtographtc analysts of the labelled enzyme, 
fractronated on polyacrylamtde gels, revealed a smgle 
radtoacttve band whtch co-migrated wrth the protem 
band of unlabelled poly(A) polymerase stained with stlver 
nitrate (Fig 2) 

The labelled, purtfied poly(A) polymerase was next 
exammed for the presence of 3sS m the sulphur-contain- 
ing ammo actd restdues of the enzyme protem molecule 
The labelled ATP-Sepharose fractton (2~4 mM ATP 
eluate) was hydrolysed wtth hydrochlortc actd (6 M) at 
110’ for 4 hr The actd hydrolysate was subjected to paper 
chromatography and the sulphur-contammg ammo 
actds, cysteme and methtonme, focahzed wrth mnhydrm 
reagent Autoradiography of the chromatogram revealed 
the presence of 35S-label in the cysteme resrdue of poly(A) 
polymerase (Fig 3a, b) No label, could, however, be 
detected m the methtonme Thus, the detection of [““S]- 
label m the purtfied enzyme proved that the enhancement 
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Table 1. Purtficatton of wheat embryo poly(A) polymerase 

a 

Purtficatton 

step 

s%-Label 

Total Poly(A) polymerase incorporated 

protem actrvrty (dpm/mg Purtficatron (10m6 dpm/mg 

(mg) protem) (fold) protem) 

Crude extract 2900 28 350 1 2 14 
Ammonium sulphate fractton 912 108 250 4 2.08 
DE-52 fractton 202 369000 13 2.96 
ATP-Sepharose fractron 2.5 36830000 1299 065 

Poly(A) polymerase was punfied from germmated (48 hr) excused wheat embryos The embryos 

were germmated on Nrtsch’s hqmd basal medmm supplemented with 3%U:- Radtoactrvrty was 

determmed by actd precrprtatron of an ahquot at each step of punficatton. Poly(A) polymerase 

was assayed m embryos germmated m medmm devord of radtoactrvrty. 

Cysteme Methlonme 
16 

4 1 

III III II II 

0 5 10 15 20 25 30 35 LO A5 50 
Dlstonce km) origin ------+ 

Ftg 3. Chromatographtc separatron of sulphur-contammg amino actds of purrfied poly(A) polymerase actd 

hydrolysate Purified wheat embryo poly(A) polymerase was hydrolysed m the presence of HCl(6 M) at 1 lo” for 

4 hr The amino acids m the hydrolysate were separated by PC usmg the solvent system, butanol-acettc acid-water 

(12.3 5) a, The chromatogram was scanned for locahzatton ofradtoacttvrty m the sulphur-contammg ammo actds 
whtch co-chromatographed wtth authentic cysteme and methtonme, b, autoradtogram showmg ‘sS-label m the 

cysteme restdue. 

of poly(A) polymerase activity, observed followmg 193. The post-transcriptional polyadenylation of both 
germmation of wheat embryos, is predominantly due to conserved and newly transcrtbed mRNA plays a vital role 
de nouo synthesis of the enzyme. in the processmg of RNA, so that it may become trans- 

lattonally active [l]. The present Investigation has re- 

DISCUSSION 
vealed that the enhancement of poly(A) polymerase activ- 
tty m wheat embryos followmg germination is paralleled 

Transcriptional and translational activities are rapidly by an increase in the relative abundance of 
inittated during early germmation of wheat embryos [ 18, poly(A)+RNA In wheat aleurone layers also, GA,- 
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stimulated poly(A) polymerase activity was associated 
with a concomitant increase m the total poly(A)+RNA 
levels [S, 1 l] Admmistratlon of cyclohexlmlde to wheat 
embryos not only blocked the activity of poly(A) poly- 
merase [15], but also results m a downward shift m the 
levels of poly(A)+RNA. Slmllarly, the auxm-mediated 
mhibltlon of poiy(A) polymerase was associated with a 
slgmficant decrease in the levels of poly(A)+RNA m pea 
eplcotyls [6] Thus, It seems logical to conclude that 
modulation of poly(A) polymerase could be responsrble 
for controlhng the levels of poly(A)+RNA 

Although poly(A) polymerase has been reported m 
several plant systems [3--63, Its regulation by de noco 

synthesis of the enzyme protem molecule has not been 
demonstrated by any rigorous method We now provide 
conclusive evidence for the de now biosynthesis of 
poly(A) polymerase* enzyme m wheat embryos followmg 
germmatlon This has essentially been shown by labelhng 
the total newly syntheslLed protems of germmatmg 
embryos wrth “%O$- and finally racoverlng the 
radioactlvlty m the purified preparation of poly(A) poly- 
merase The 3sS-labelled poly(A) polymerase revealed a 
smgle molecular form on acrylamtde gels. Autoradlogra- 
phy of the gel showed a co-mlgratmg radloactlvlty band 
which unequivocally proved that de now synthesis of 
po1y1A) polymcraae occurs followmg germination of 
wheat embryo\ Further charactcrlzatmn of labelled 
poly(A) polymerase by acid hydrolysis revealed that the 
enlyme was selectrvely labelled at the cysteme rcsldues 

In mung bean hypocotyls (24 hr), the de now synthesis 
of poly(A) polymerase has also been proved by labellmg 
the enzyme with “‘SO$ The label was recovered both m 
the cysteine and methlonme residues of poly(A) poly- 
merase It appears that the three to four-fold stlmulatlon 
of poIy(A) polymerase m the hypocotyls of germinated 
mung bean embryos IS due to de now synthesis of this 
enzyme [29. 301 

EXPERIMEYTAL 

Isolation and culture of excrsed wheat embryos Dry wheat 

embryos (Trrttcum aerttuum L var Sonahka) were Isolated by a 

shghtly modified procedure of [Zl] 

Extraction and uolatron of radzoactwely lab&d ply(A)+ RNA 

from yermmuted excrsed wheat embryos Excised wheat embryos 

(05gj were surface-sterlhzed with HgCI, soln, washed exten- 

slvely, and cultured on Nttsch’c lrquld medium containing 

chloramphemcol(50 hg/ml) The cultures were mamtamed at 25’ 

m the dark and transferred Into a medium (10 ml) supplemented 

with [JH]uractl (sp act 6100 mCi, mmoi, 20 I(< vml) and chlor- 

amphemcol (50 htg/ml) and placed on a reclprocatmg shaker for 

6 hr at 25 The Idbelled RNA was extracted dt various stages of 

germmatlon and growth (6, 24, 48 dnd 72hr) ‘IS well as from 
embryos grown (4X hr) In medmm contanung CHI (20 &ml), 
and suspended In Trls HCI buffer(20 mM. pH 7.6). he‘lled ‘it 60 

_____ 

*We have characterized the protein band on the native 
acrylannde gel to be poly(A) polymerase by (I) observmg Its 
polyadenylatmg actMy on the gel [ZO], and (a) characterizmg 
Its reactlon product to be polyadenylate sequences This ruled 
out the posslblhty of BSA contammatlon wtnch IS used m the 
equlhbratmn buffer of ATP-Sepharose affinity column and has 
almost the same A4, ds poly(A) polymerasr on SDS-polyacryl- 
amide gels 

for one mm and chilled rapidly The Idbelled poly(A)’ RNA wai 
purified by afimty Lhromatography on poly(U) Sepharose ‘1s 

described previously [9] RNA was cstunated according to LX] 
In vlvo lahrllmy of @\(A) po/~mcraw %\rth “SO:~ Dry 

excised wheat embryos (3Og) were cultured on a modified 

Nitqch’s hqutd medium wIthout aulphate m Petri dishes 

(15 ml,/dlsh) Chlordmphemcol (50 &ml) wds added ds ‘I bactc- 

rlcldal agent The embryos were germmited m the dark dl 25’ 
After I8 hr. the lmhlbed embryos were transferred Into Erhlen- 

meyer flasks contammg Nltsch’s basal hquld medium sup- 

plemented with “SO:- (0 33 mCl:ml, 21 ml:flask) and mcu- 

bated on a reciprocatmg shaker dt 25’ at 1(x) rpm for the next 

30 hr 
Extructron and purrficatton o/ hhrat ply(A) polpmrraw The 

germinated (48 hr) excised wheat embryos were rinsed in sterile 

&st H,O, frozen m liquid nitrogen dnd stored dt -~ 60 Poly(A) 
polymerase WIS Isolated from the germmated embryos grown In 

the dbsence and presence of “SOi tn the culture medium 

Prepurutton o/ the crude eurat t The embryonal tissue (I 00 g 

fr at) was homogenized m Trls- HCI buffer (50 mM, pH 8 0) (I 3, 

w/v) contamlng 2-mercaptoethanol (5 mM) and polyvmyl poly- 
pyrrohdone (4%, w ‘v) Acid-washed sand was used ds dn abrd- 

clve The homogenate was filtered through 4 layers of mushn 
cloth and the residue was re-extracted m the homogemzatlon 

buffer (I 2, w:‘v) The filtrates were pooled and centrifuged at 

IOOOOy for IOmm at O-4 An dhquot of the supernatdnt 

fraction (crude extract) was dralysed exhaustlrely against 

Trls--HCI buffer (20 mM, pH 8 0) containing 2-mercaptoethanol 

(2 mMj (dlalysls buffer) for the dbsdy of poly(A) polymerase 

a&city 

Sulr fractronatwn The crude extract was brought to 30% 

saturatgon with recrystalhzed (NH&SO, chilled dnd centrl- 

fuged for 15 nun at 15000 y The yupernatant fraction WIS 

subsequently brought to 50% saturation. centrifuged as before, 

and suspended In cu lOOmI dlalysls buffer contammg EDTA 

(I mM) The (NH&SO, fraction ppt (30.-50% satn ) was dla- 

lysed for the assay of poly(A) polymerase actlrtty 
Ion PXX hunye thromatoyruph~ The (NH&SO, ppt (30.-50% 

satn) was further diluted ( x 5) dnd loaded on a DEAE-cellulose 
(DE-52) column (20 x 3 5 cm) which had been eqtnhbrated with 

Trls-HCI buffer (IO mM, pH 8 0) contammg 2-mercaptoethanol 

(2 mM), EDTA (1 mM) dnd NaCl (0 I M). ‘it a flow, rate of 

0 5 ml/mm After the protcln ~4s loaded, the column was wnshed 

with 3 bed volumes of the equllrbratlon buffer and finnllq with 

the same buffer contaming NdC1 (0 15 M) Poly(A) polymerase 

was collected m the unbound fraction and concentrated against 

sucrose to TV one-tenth Its ortgmnl vol An ahquot (DF-52 

fraction) was dlalqsed dgamal the dldlysls buffel for the &say of 

poly(A) polymerase actlvtty 

ATP-Sephnro.w ufinq chromaroyraphp The DE-52 fruttwn 

was loaded on an ATP-Sepharose afimty column (9 5 x 2 cm, 

50 mg protein) at a Row rate of 1 ml 4 mln The affinity column 

was cqulhbrated with Trls--HCl buffer (10 mM, pH 7 9) contam- 
Ing 2-mercaptoethanol (2 mM), MnC‘I, (2 mM), CDTA 

(025 mM). NH,CI (50 mM) glycerol (20%) and bovtne bcrum 

albumin (2 mg,!ml I (equrhbrdrmn bulTcr I). folloaed by the same 

buffer wlthout bovine serum albumm (cqulhbratlon buffer II) 
ATP wab covalently linked to Sepharose CL-JB by the method 

of ref (231 PolylA) polymer&e wd? eluted from the affimty 

column with buffer contammg ATP(2-4 mM)dccordmg to [24] 

The fractlona were pooled and the ATP was removed from the 

poly(A) polymerdse prepnratlon by select~vc bmdmg to DT-52 

(I 5 ml column) 7 he w he& embryo poly(A) polymerdsc was cluted 
in Trls- HCI bufJer (10 mM. pH 8 0) contammg Z-mercaptoeth- 

dnol (2 mM) The enLyme was frolcn m hquld mtrogen ,ind 
stored at -60 
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Deeterminat~on of radioactway m the purtjied p0ijqAj poiy- 

merase. An ahquot of the 35S-labelled poly(A) polymerase prep- 

aration was plated on a Whatman 3 MM disc and washed ( x 3) 

m chdled trlchloracetlc acid (SO/,) The acid was removed from 

the filter by repeated washings m Et,O-EtOH (1 I) and Et,0 

The filter was dried and radioactivity was determined m a 

toluene-based scmtdlation fluid [IS] 
Assay for poly(A) polymeruse acrrvlty Poly(A) synthesis was 

measured essentlaiiy as described previously [ZS] The standard 

assay included HEPES buffer (20 pmol, pH 8 0), chtiuothreltol 

(1 pmol), MnCI, (1 pmol), bovme serum albumm (lOOpg), 
poly(A) primer (40 pg). C3H]-ATP (IO @/pmol, 4 &I, 0 4 pmol) 

m a final vol of 250~1 The concn of the enzyme protein 

preparation ranged from SO0 pg for the crude extracts to 0 5 pg 

for the puufied pnLy(A_) poJymera% The assay rnlxtllrp, w.m. 
Incubated at 37” for 30 mm and the reaction was terminated by 

chdhng and plating 40 ~1 on Whatman 3 MM discs The un- 

incorporated [3H]-ATP was removed by extensive washmg m 

chilled trlchloroacetic acid (So/,) followed by Et,O-EtOH (1 1) 

and finally in Et,0 The filters were dried at 60”, and the 

radioactivIty was determmated as described previously [IS] 
Radioactivity resulting from non-specific bmdmg was measured 

m an assay mixture m which the enzyme preparation had been 
omitted The reading of tins blank was subtracted from the 
values of each assay 

Acrylamrde gel electrophoresls of poly(A) polymeruse The 

ATP-Sepharose fractions, representing poly(A) polymerase ISO- 

lated from unlabelled and m ulvo 3’S-labelled embryos, were 

fractionated on native polyacrylanude gels (7 5%) accordmg to 

the method of ref [26] The slab gels were pre-washed m 
Tns-glycme buffer (100 mM, pH 8 3) for 40 mm at 20 mamps/gel 

at 4-6” The ATP-Sepharose fractions (2-10 pg protem each) 

were loaded on the gel m sucrose (10%) at 20 mamps/gel After 

the protein had entered the stacking gel, the current was 

IJI~ZZU~ tfi 4fi mampy!geJ. %.om@fnd. NJ% was. ILL. a.%, a. 

trackmg dye After electrophoresis (2 5 hr), the unlabelled 

poly(A) polymerase was stained with AgNO, for the locahzatlon 

of the protein band according to ref. [27], and the posItIon of the 

labelled enzyme was indicated by autoradiography. 
Autoradloyraphy ofpolyacrylannde gels The dried polyacryl- 

amide gels were soaked m toluene for 40 mm and then trans- 

ferred mto fresh toluene contammg PPO (4 g/l) and POPOP 

(0 3 g/l) [28] The gels were again dried at 60” for 30 mm and 

exposed to Sakura X-ray films with intensifying screens at - 60 

for 14 days for the detection of the radioactive bands on the gels. 
Acid hydrolysis ofthe 35S-labelled poly(A) polymerase The 35S- 

labelled purified poly(A) polymerase was subJected to acid 

hydrolysis lbr the id&ntiffcation ofj’3s’-iaben’ed~ammo acids For 

this purpose, an ahquot of the purllied labelled enzyme was 

llydJ&&. w&I. ELCl_ (.6 M). ti 4. hr. aI_ l_uY lrnrier. N,. TbfL 
hydrolysate was applied to Whatman 3 MM for ascending paper 

chromatography Authentic sulphur-containing ammo acids 

(methlonme 30 pg, cysteme 30 pg) were applied as markers 
Cysteme and methiomne were also added as carrier ammo acids. 

PC of the hydrolysate was performed for 18 hr m a solvent 

system comprismg n-BuOH-HOAc-H,O (12.3 5) at 25” The 

chromatogram was dried completely for the removal of acid The 

position of the marker ammo acids were visualized by spraymg 

with mnhydrm reagent IblIowedby dbvefopment ofthe coiour at 

80” for 10 mm The chromatogram was autoradiographed as 

described above for locating the position of the 35S-labelled 

ammo acids. 
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