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Chapter I Introduction 

1-1. The Economic Importance of Plant Vit·uses 

Losses Caused by Viruses 

Plant viruses cause significant losses to most, if not all , major crops 

around th e world and they can also limit the production of specific crops to 

certain area s. There <1re no full y collated fi gures for world-wide losses due to 

, ·iruses, but some estimates illustrating the magnitude of the problem are 

l:'iven in Table 1-1 (H ull & Davies, 1992) It is likely that in tropical 

count ries losses wi ll be much greater, not on ly economi cally but also 

practica lly as they limit the a\·ai labi lit y of bas ic subsistence food crops. On 

top of these losses are the costs of In secticides and other chemica ls used for 

, ·irus vectors control, and losses caused by oth er pathogens in plants 

we<1kened by virus di sease. 

Control of \ 'iruses hy Conventional Protection 

There are three bas ic ways by which virus di seases are currently 

controlled . One, which is applied primarily to <JJHHJal crops, is the use of 

hea lthy planting m<Jterial and/or the eradication of infected plants. For 

instance , in nt<lny tentperat e climate countri es, th ere are schemes by which 

certified virus-free potatoes are produced in areas where vectors are few and 

are subsequcJJtly grom1 in more producti ve regions. The second , al so th e 

major approach f(n the cont ro l of , .1ruses in annu al crops, involves various 

cultural pmcti ces These include the tinting of planting so as not to coincide 
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\\·ith an influx of virus vectors, or the use of chemicals to coutrol virus 

vectors (Sama L'l ul. , 1990). The third approach, breeding resistance to the 

virus or it s vector into the crop, is genera ll y regarded as being the best in the 

long term . In host plants with res istance to a vi ru s th e response of the plant to 

infCct ion is reduced or eliminated ( Yeh et ul., 1988). All three of these 

conventiOIIal protec tions have not been sufficiently successful to prevent 

great losses in cro ps due to virus infect ions (see Table 1-1 ). 

Control of Viruses by Nonconventional Protection 

With increasing knowledge on genome orga ni za ti ons and gene functions 

of many plant viruses , new promising concepts of nonconventional resistance 

appear. These concepts involve trans formation of plants wi th viral nucleic 

acid sequences (a nti sense nucleic ac ids, satellit e sequences, defective 

interfering molecules. structur<JI and non-structur<J I genes) that interfere wi th 

the vtral infection cyc les. For inst<J nce, it w<Js shown tlwt the expression of 

coat protein genes of Ill<lllY plant viruses in transgenic plants delayed the 

development of viral di seases (reviewed by Beachy, 1990; Beachy et u/ ., 

1990). Tobacco plants tr;lll sfo nned wi th a cistron of potato virus Y (PVY) 

Nla protease <Jre resist<Jnt to PVY (Vardi e1 u/ , 199:\) 

Recently, an attempt to sc reen natur<J I inhibitor(s) of PV Y protease from 

prod uct s of so il microorg<J ni sms showed that 3-amino-3-deoxyglucose 

(:\AG) specifically inhibited Nla protease acti vity of PVY-0 in Ftlro , and 

:\AG spra yed to PVY -0 infected tob<Jcco leaves reduced the titer of PVY -0 

in infected planb dr;nn atic;l lly to nne sixti et h (Hida k<J , 1996). 

The concept of noncoiwenti on;l l res istance or protecti on IS openmg up a 

whole range of new possib ilities fix vi ru s control. However, the 



afo rementioned approaches not only depend on the development <J nd 

improvement of pl ant biotechnology, but <1 lso gre<Jtly rely on the furth er 

understanding of th e viral genome org<llli Z<J ti on <Jnd gene functions. 



Crop 

Rice 

Barley 

Wheat 

Potato 

Beet 

Citrus 

Cassava 

Table 1-1 Some Examples of Crop Losses Due to Viruses 

Virus Countries Loss/year 

Rice tungro Southeast Asia $1 5 x 1 o" 
Rice ragged stunt Southeast Asia $ 1 4 X 10' 

Rice hoja blanca South America $90x 10'' 
Barl ey yell ow dwarf UK £6 X 10'' 

Barley yellow dwarf UK £5 X 10'' 

Potato leali·oll UK £3-5 X 107 

Potato virus Y 

Potato vi ru s X 

Beet yellows UK £5-50x 10'' 

Beet mild yellows 

Citrus tri steza worldwide £9-24 X 10'' 

African cassavet mosaic Aii·ica $2 X 109 

(Hu ll & Davies, 1992, with modification) 



1-2. The Genome Structure and Function of Potyviruses 

The Organization and Evolution of Plant Viral RNA Genome 

Approximately 75% of the plilnt viruses studied so f<1r , and many of the 

economically import<Jnt ones , have a single-stranded RNA genome of 

positive pol<Jrity (Table 1-2). These viruses are classified in di stinct 

taxonomic gro ups and show a wide variation in capsid morphology. Their 

genomes are either segmented or un segmented , and have various tenninal 

structures such as genome-linked proteins or cap-structures at the 5"-end, 

and a po ly(A)-tail or tRNA-Iike structure at the 3' -end . Never1heless, 

sequence comparrsons of the non-structural proteins they encode have 

demonstrated that most of them are somehow genetically interrelated . 

Moreover, most plant RNA viruses appear to have relatives among the 

animal RNA viruses . Hence, it has been proposed (Goldb<Jch , 1986; 1987) 

that the como-, nepo- and potyviruses m<Jy be arTanged in a "super group"' of 

picomavirus-relilted plant viruses (Fig. 1-1 ). What all "picoma-like" plant 

viruses slwre, and wh<rt indicates that they are all genetic<JIIy related to the 

animal picornaviruses, arc the following proper1ies: 

I. their RNAs have a protein (VPg: viral protein genome-linked) covalently 

linked to the 5"-end <1nd a poly(A) tail at the 3'-end: 

2. their RNAs are expressed by the production of so-ca ll ed " polyproteins" 

tiom which the mature f[rnctional proteins are derived by proteolytic 

process rng: 

:l they encode a nurnber of non-structural proteins exhibiting significant 

amino acid sequence homology and 

4. these conserved proteins, which lwve all been shown or suggested to be 
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involved 111 the \ira! RNA replication process, are encoded by similarly 

ordered gene sets. 

The Organization and Expression of Potyvintl Genes 

The genus l'nl\ ·l'tms [named after its type species Q.Qlato virus Y._(PVY)] 

1s the most r<1pidly growin g <11\CI the I<Jrgest of the 4 7 plant virus genera 

currently recognized (Murphy cl ul. , 1995). It contai ns <Jt least 180 species 

(or 30 % of <11! known pl <1 nt viruses) which c<Juse signific<Jnt losses in 

argicultuml , pasture, hort icultural and ornamental crops (Ward & Shu kla , 

199 1) These vi ru ses are unique in the diversity of inclusion bodies that are 

form ed during the infection cyc le (Lcscmann , 1988). A feature shared by <JII 

potyviruscs is the induction of clwr<Jcteristi c pinwheel or scroll-shaped 

inclusion bod ies in the cy t o pl<~ sm of the infected cell s. Although some of 

these viruses are transmitt ed by mites, and poss ibly by whiteflies, the 

preclom in <Jn t tr<Jn smission or potyvlruses is by aphids Many potyvirses also 

1nduce cytoplasmic amorphous inclusion bodies and some fonn nuclear 

inclusions (Knuhtsen L'l ul. , 1974) Virions me fl exuous and rod-shaped, 680 

to 900 nm long <Jnd I I to I 5 nm wide, made up of about 2,000 unit s of a 

si ngle structural protein surrounding one molecul e of ssRNA of 

<~pproximatel y I 0 kb <Jnd messenger pol<~rity . It contains one long open 

re<Jcling frame which is translat ed int o a I<Jrge polyprotein . Thi s polyprotein is 

subsequently cle<Jved into small er function<~! proteins ( Fig. l-2). 

The different gene products into which the potyviral polyprotein is cleaved 

by cts and/or trans <J re, from theN to the C terminus of the polyprotein , the 

first protein (P I), th e helper co 1npnnen t /pro te<~ se protein (HC-Pro), the third 

protein ( P:l ), th e first put<Jtive 6K protein (6K I), the cylindrica l inclusion 

I; 



protein (Cl), the second 6K peptide (6K2), the nuclear inclusion ' a ' protein 

(N la: YPg ilnd proteilse) , the nucleilr inclusion ' b' protein (Nib) and the 

caps id protei n (CP) 

PI : PI protein c<1 talyzes ilu toproteolytic cleavage between itself and 

adj<Jcent IIC-Pro (Vcrchot el ul ., 1991) The protease domai n is located at 

the C-tcnninus half of thi s protein Although PI protein hils been proposed 

extensive ly in the lit emture to function <lS il movement protein involved in 

cell-to-cell transport of virus in plants (Domier et ul., 1987 ~ Atabekov & 

T<1li<Jnsky, 1990), recent rep011s indic<1te th<lt P I protein plilys little role in 

virus movement ( Yerchot & Cilrrington, 1995a, 1995b ). PI protein shows 

singlc-str;lll ded RNA binding <Jctivity 111 vitro (Brantey & Hunt, 1 99:l ~ 

Soumounou & Laliberte, 1994) ilnd functions in trans as an accessory factor 

for genome ilmplificiltion ( Yerchot & C<1rrington , 1995b) . 

1-IC-Pr·o HC-Pro is a helper fi1ctor for acq ui sition and transmission of virus 

by aphids ( 1-luet et u/ , 1 994 ~ Atreya & Pirone, 199:l) . The N-tenninal and 

centrill regions il re in volved in genome amplific<1tion <1 nd pathogenicity 

(Atreya el ul , 1992: Dolj<1 £'1 ul, 199:l: Klein e / ul., 1 994~ Kassch<lu & 

C<1rrin gton, 1995) The C-terminal region of HC-Pro comprises a proteinase 

tlwt ciltillyzes autoproteolytic cle<1v<1ge between itself and the neighboring P:l 

protein (Cil rTington el u/ , 1989) . HC-Pro plays a specific role in long­

distance tmnsport as a /runs-act in g factor (Cronin e/ ul. , 1995). 

P3 : P:l is a protein whose function is least understood . The protein could be 

one of the proteolytic cofactors in the regulation of pol yprotein processing. 

The obscrv<1 tion that P:l is intimately <1ssociated wi th CI at early st<J ge of 

rnfec tion may indicilte thilt thi s protein is involved in vim! life cyc le 

(Roclriguez-Ccrezo et ul , 199:l) An inser1ion mutant in P:l encod ing region 
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fails to produce viral RNA in plants 11·hich indicntes thnt P3 is involved in 

RNA replicntion (K lein el ul ., 1994) 

6K I: The function of thi s polypeptide is not yet known , it mny play a role 

in RNA rephcnt ion The presence of thi s protein in polyprotein is actually not 

quite clcnr. 

Cl : It hns been proposed tlwt thi s protein may be involved in cell-to-cell 

movement of the virus, in conclusion to the observnt ions that C l was 

nssociated with pi<1 sma membrane. plasmodesmata nnd cell wa ll at an early 

stnge of infection (Lnwson & Hen ron , 197 1 ~ Baunoch el u/ , 1991 ). Cl mny 

play a role in RNA rep li cat ion , based on the presence of a large helicase-l ike 

sequence (Gorbalenya el ul. , 1989) and the fac t that such an enzyme activi ty 

hns been reported for plum pox virus Cl (Lnin el ul. , 199 1 ). 

6K2: An insertion mut nnt in thi s peptide fail s to produce detectable 

amounts of progeny viral RNA in pl;mt s, suggestin g this protein has n 

fun cti on in RNA replication (K lein d ul ., 1994). 

Nla : Nla protein conta ins two functi onal domains: the N-terminal domnin 

being the VPg and the C-t e rmin;-~1 donwin being the protease (Dougherty & 

P;1rks, 199 1, Gorbal enya c1 ul. , 1989; Yos hid;-~ et ul , 1993). The protease 

recognizes poss ibl y eight cleavage sites on the polyprotein (R iechmann el ul , 

1992 ~ Kim el u/ , 1995) . The VPg may be involved in RNA replication . 

NIIJ This protein h ;-~s been postul il ted as the potyviral RNA-dependent 

RNA po l yme r;-~ se in th e synthesis of progeny vi ral RNA, based on the 

presence of consen ·ed sequence motifs characteristic for these enzymes 

(Domi er ('/ u/ , 1987: Poch el a/ , 1989) 

CP: The Jn;-~_i o r role of CP is to encapsidate vir;-~ ! RNA (S hukl n & Ward , 

1989) CP could nlso alfect host r<J nge, symptom mduction (Sa ito el ol , 

H 



1987), and aphid transmission (At reya et a/., 1991 ). Recent reports show 

that CP plays spec ifi c roles in cell-to-cell and long-distance transp011 of virus 

(Do lj a i'l a/. , 1994 ~ 1995) 

~ ) 



Table 1-2 Gcnornes of Plant Viruses 

Genome Type Num ber of %of 
Viruses Total 

single-stranded DNA 26 4 
cloub le-st rancled DNA 13 2 
single-stranded RNA(+) sense 470 76 
single-strand ed RNA(-) sense 85 14 
double-stranded RNA 26 4 

(From Goldbach eta/. 1989) 
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1-3. Enhancement of Translation by Vi•·al Leaders and 

Their Potential Application in Biotechnology 

Enhancement of Translation hy Viral Leaders 

RNA vi ru ses cause host cellm <~chinery to express their genes in w<Jys tlwt 

are not used fo r host genes themselves. Thi s is bec<Juse viral gene ex press ion 

must be regui<Jted without reliance on DNA-dependent transcription and 

vi ruses have far more compact genomes than their hosts. As a consequence, 

translation ra ther than transcri ption, often serves as a major step in regulatin g 

vir<JI gene ex press ion. Sin gle-str<J nded positi ve sense RNA viruses contain 

spec ific nucleotide sequences th<Jt <J re used to elevate the systhesis of v ir<~ l 

gene products to hi gh levels whi ch are required to fac ilit <J te rapid 

multiplication <l lld spread or viruses. 

Among pla11t viruses, transl<Jtional enhancement has been documented 

widely (see review, Turner & Foster, 1995). Repo11s include the best known 

and most intense ly resea rched virus, i.e., tobacco mosaic virus (TMV), 

members of th e potyvirus group, and even a small satellite RNA of tobacco 

necrosis viru s. These enhancers consist of the 5' untranslated nucleotide 

regions (5 ' UTR ) of genomi c or subgenomic RNA molecul es (Table 1-:1). 

The presence of these sequences at 5' termini of mR NA molecul es result s in 

an increase in translation of a downstream open reading fr<l me. Enhancement 

va lues ran ge li·om 2 to I 00 fold with different viruses, different repo11 cr 

genes and in different systems. Thi s indicates, possibly, th<tt more than one 

mechani sm may be ex pl oi ted to <J tt ai n thi s enhancement property. Thi s 

enhanced ex pression of viral gene products at the translati onal level may, 

therefore, be diiTerent fi·Oin the uni versa lly accepted scanning model fo r 



translational initiation, and it ye t is another example of how these versati le 

org;misms have adapted to max nni ze gene expression and subsequent 

multipli cati on and spread . 

The potential of plant viral translational enhancers in biotechnology for 

increased gene expression 

The biotechnological <lpplications ofthcse leaders could be quite dramati c. 

Most analyses of these pl ant viral leaders have shown that these vi ral 

translational enhancers operat e efficientl y and independently of their related 

coding sequence and they could easily be exploited to enhance the 

expression of spec ific targeted genes in a transgenic system . Viral 

translational enhancers should be useful to elevate the expression of foreign 

genes in transgenic plant s in additi on to the control at the level of 

transcription, and that may be exploited to maximize protein production in 

transgenic plants. 
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1-4. Objectives of This Study 

Potato virus Y (PVY), an aphid-transmitted potyvirus, with many strains 

and variations, is a worldwide-spread and serious pathogen of major 

solanaceous crops , causing various symptoms of mottle, necrosis and 

di stortion of leaves, reduced growth, and fruit malformation 111 potato, 

tomato, pepper, chilli , eggplant and tobacco (de Bokx & Huttinga, 1981 ). 

PVY ranks number one in top ten viruses in Mediterranean and Africa, and 

number two in Southeast Asia ;mel Europe (Mi lne, 1988). The yield losses 

c<Jused by PVY in potato may go up to 90%. Since the pot<Jto is the most 

impm1ant non-cereal world food crop and is next only to rice, wheat and 

corn as a major crop in terms of total food production (Bajaj , 1987), PVY is 

a vety impot1ant plant virus to be studied. 

Therefore , this study was undet1aken to understand the functions of the 5' 

tenninal region of potato virus Y ordinaty str<Jin (PVY -0) genome. The 

research was c<1rried out on the following lines. 

I. To clone a 5 kb eDNA correspoding to the 5 ' -half of PVY -0 genome and 

to determine it s nucleotide sequence ~ 

2. to analyze the function of the 5' UTR of PVY -0 by <1 strategy using GUS 

as a fused report e r ~ 

3. to detect the PI protein in infected tobacco pl<~nts by Western blot 

att<ll ysis: <1nd to determine the C-termin<1l position of PI protein on 

polyprotein . 
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Chapter 2 

Cloning and Sequencing of 5 kb eDNA Corresponding 

to 5' -Half of PVY -0 Genomic RNA 

The analys is of the complete genomic RNA sequence for individual potyviruses 

has advanced the understanding or potyviral genome structure, as well as 

suggested fun cti ons for several mature viral pro teins. A number of potyviral 

genomes have been sequenced completely: tobacco etch vi rus strains HAT and 

NW (TEV-HAT and TEV-NW; Alli son el a/. , 1986, Chu et a/. , 1995), tobacco 

1·ei n mottling virus (T VM V; Domier eta/ .. 1986 ), plum pox virus strains NAT and 

0 (PPV-NAT and PPV-0 ; Maise e/ u/. , 1989, Teycheney el a/. , 1989), potato 

virus Y strains Nand H (PVY-N and PVY-H ; Rabagli a e1 u/. , 1989, Thole el a/., 

199:\), zucchini yell ow mosaic virus (ZY MV; Balint e1 a/. , 1990), pea seed-bome 

mosaic virus (PSbM V; .J ohansen e/ a/. , 199 1), papaya ringspot virus (PRSV; Yeh 

eta/. , 1992), soybean mosaic virus (SMV; .J aya ram el u/. , 1992), turnip mosa ic 

virus (TuM V; Nico las & Labibert e, 1992), pepper mottl e virus (PepMo V; Vance 

eta/., 1992), potato virus A (PYA ; Puurand el a/. , 1994), peanut stripe virus 

(PStV; Gunasin ghc et u/. , 1994) and brome streak mosaic virus (B rSMV; Gotz & 

Maiss, 1995) 

Thi s chapter repot1 s the molecul ar cloning and sequencing of PVY -0 genomi c 

RNA, which is essenti al to study th e molecular basis fo r it s genome structure and 

functi on 

i\latcrials and i\lcthods 

\ 'irus Purification and RNA Isolation 
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PVY -0 was propagated in tobacco (N!col1ww tuhuwm Samsun NN). Tobacco 

leaf tissue (]00 g), I 0 weeks after inoculation , was homogenized in a 

homogeni zer (Nissei, Japan) for 5 min <tt 4°C in I L of solution conta ining 0.5M 

potassi um phosph <1 tc buffer pH 7.5, 0.0 1 M EDTA and 0. 1% 2-mercaptoentlwnol. 

The homogenate was filtrated th rough cheesec loth and the fi ltrate was centri fuged 

at 4,000 g for I 0 min . The supern atant was clarified by the addition of Triton X-

100 ( I% fi nal concentrat ion) and polyethylene glycol (PEG 6,000) (4% final 

concentration) and 0 I M NaCI whil e stirring for 5 h at room temperature . The 

precipitated vi ru s was coll ected by centrifugation (7 ,000 g for 15 min ) and 

resuspended in 0.5 M potassi um phosphate buffer, pH 7.5, 0 0 I M MgCI2. The 

virus was furth er purified through a 20% sucrose cushi on ( 190,000 g for 1.5 h) 

prior to centrifugati on in a I 0-40'% linear sucrose grad ient (80,000 g for 2 h). The 

virus zone was removed and diluted with the same volume of I 0 mM Tris-HCI 

buffer, pH 7.5 and col lected by centrifugati on at 260,000 g for 2 h. 

RNA was isoi<Jted from purified virions by proteinase K (2mg/ml) and SDS 

(2 5%) treatment fo llowed by phenol-chlorofonn extraction and ethanol 

precipitation 

eDNA Synthesis and Cloning 

4 pg viral RNA was reverse transcribed using a synthes ized 17 mer primer (3'­

ACTGTGGAG/\CACGCTA-5', complementary to nt 5017 to 5033 of PVY 

genomic RNA) and a eDNA synthes is system kit (Amersham, U.K.) according to 

the manufacturer's instruction. The cis cDNAs were methylated and li gated with 

fmR I linkers nt both ends. Afier digesti on with /~·co R! , the cis cDNAs were 

inserted into the hnR I site of the plasmid pBR322 , and transformed into I: .. en/! 

str<Jin Hl31 0 I. /\ II subsequent DNA manipulations were performed according to 

the standard procedures (A usubcl el ul. , 1987) 

18 



Southern Hybridization 

Four clones (termed pVY3, pVY4, pVYII8 and pVY263) among the 150 

clones containing eDNA inse11 s, were digested with Sui I and /'.1/ I, seperated on 

n I% agarose gel and blotted to n nylon transfer membrane (HybondTM _N+, 

Amersham, UK) The 0. 77 kb /:'cuR l frngment (contni ning nucleotide sequence 

corresponding to genomic RNA ti·om 4704 to 5470 bases) of pVY87 (Yoshida, 

1994) wns used as a probe, which wns labelled with [ a_12P]-dCTP usi ng n rnndom 

primer DNA I<Jbelling kit (BcaBest I<Jbelling kit , Tnkmn, .lnpan). The filter was 

prehybridized in 6 X sse, 50 % (v/v) fonmmide , 5 X Denhnrdt's rengent , 0.1 % 

SDS and 250 rtg/ml denatured salmon sperm DNA at 45°C for 4 h, nnd hybridized 

with the lnbellcd probe for 16 h. The filter WilS W<Jshed at 65°C in 2 X sse and 

subsequentl y in I X sse twice for I 0 min , and finally in 0.1 X sse for 30 min . 

Nucleotide Sequencing 

The eDNA clone pVY263 was used for DNA sequence determination . 

Approprinte restriction fi·agment s were subcloned into pUC 118 and sequenced by 

the method ofTaq Dye Terminator Cycle Sequencing on a 373A DNA Sequencer 

using <.1 PRISM 1
M DyeDeoxy Termin<Jtor Cycle Sequencing kit (Applied 

Biosystems Inc, USA). The 5'-tenninnl genomic sequence w<Js detennincd by 

primer extension method using reverse transcriptase (Amersham, UK) with the 5' 

end-I<Jbelcd synthetic oligonuleotide primer (3'-GTTGCGTCTTTGTGAATAT-5' , 

complementnry to nt 34 to 52 of PVY-0 genomic RNA) . The RNA sequencing 

reacti ons were esse nti<Jil y identic<JI to th ose given by Ausubel el u/ . ( 1987) with 

modific<Jtions of the dNTP <Jncl ddNTP concentr<ttions (T<tble 2-1 ). 
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Results and Discussion 

\ 'irus Purification and RNA Isolation 

PVY -0 w<Js purifi ed fi·om infCcted tobacco !e<Jves and the yield was about 800 

pg/1 00 g le<Jf tissues, based on the 0 D.2w detennined with a spectrophotometer 

(Beck nwn DU-65 Spectrophotometer, USA) . The isolated vira l RNA was 

approxim<Jtely I 0 kb in size (Fig. 2-1 ) and thi s RNA sample was used for eDNA 

synthesis. 

Sy nthesis and Screening of eDNA 

The ss- <111d ds- cDNAs were synthesized, and the result of electrophoresis 

showed th<Jt the most predominant bands were <Jround 5 kb (Fig. 2-2) . Initial 

screening of th e eDNA clones by restricti on enzyme mapping and southern 

hybridization <Jnalysis (Fig. 2-:1) identified one of the longest clones termed 

p VY26:1 Thi s clone covered the coding region of polyprotein precursor for PI , 

HC-Pro, P:l and part of Cl, and 167 bp of 5' UTR. The relationship of the 

pVY26:1 clone to PVY -0 genome and the sequencing strategy are shown in Fig. 

2-4. The sequence of the 5' extreme end which was not included in any eDNA 

clones aJwlyzed was determined by direct RNA sequencing using reverse 

transcriptase and a synthetic primer (Fig. 2-5). 

Nucleotide Sequence Analysis of 5'-half genomic RNA of PVY-0 

The nucleotide sequence of pVY263 and RNA direct sequence revealed that 

this p<~rt of genome contained 50 16 bases (Fig. 2-6) Computer analysis of this 

sequence showed a long unique ORF encoding a polyprotein of 1608 amino acids, 

st<1 11ing at nucleotide position 186 . The sequence surrounding the ATG codon <Jt 

position 186, CCTCAA TG is in reasonable agreement with the consensus 
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ribosomal recognition sequence of eukaryotic mRNAs, CCRCCATG noted by 

Kozak ( 1987). The first three nucleotides were not determined (Fig. 2-5) due to 

the presence of covalently lmked amino acid residues of VPg, that might have 

resulted 111 premature term in at ion of the reverse transcriptase reactions . However, 

comparison of PVY -0 5'UTR to those of other PVY strains PVY -N, PVY-1-1 and 

PVY-Th showed that the extreme 5' termini of the RNAs shared a similar 

structure and were we ll conserved (Fig.2-7). Presumably, the first three nucleotide 

residues of PVY -0 could be adcnos in es as we ll . 

Genome Organization of PVY-0 RNA 

When the 5'-half nucleot ide sequence of thi s work was combi ned with that of 

the :l'-half of PVY -0 reported by Hidaka et ul. ( 1992), a to tal of 9699 bases was 

revealed . A 5'UTR of 185 bases precedes the un ique long ORF which can encode 

a polyprotein of :1061 amino acids wit h a ca lcul ated M, of 350 kDa , followed by a 

3' UTR of 33 1 bases. Proceeding from the N-tenninus to the C-tenni nus of th e 

polyprotei n, at least 9 functional proteins can be predicted. They are PI , HC-Pro, 

P3 , Cl, 5K , VPg, Nla-Pro , Nib and CP (Fig. 2-4 , see upper pa11). Comparison of 

the complete amino acid sequence of PVY -0 polyprotein to those of PVY -N 

(Robaglia et of. 1989) and PVY -1-1 strains (Thole et of. 1993) showed 96.4% and 

92 .4% si mil ari ties, respectively (Fig. 2-8) 

Conserved Motifs and Structures in PVY-0 S' liTR 

A 185 bp 5'UTR of PVY -0 is ri ch in A and T resid ues, and has remarkbly few 

G res idues. Like in oth er potyviruses, wit hin the first 25 nucleotides of each 5' 

UTR of PVY strain there is a highly conserved sequence motif, "Box a" 

(!\CAACAU) (Turpen, 1989) !\second conserved region "Box b" (UCAAGCA) 

(Turpen , 1989) is present in PVY-0, PVY-N and PVY-Th, but absent in PVY-11 
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(Fig. 2-7) Furthermore, the 5'UTR of PVY -0 contains a threefold repeat of 

UUUCA Thi s UUUCA penta-nucleotide block occurs in the S'UTR of PVY -N 

and PVY-Th four times. and in PVY -II five times. The penta-nucleotide UUUC A 

is also present in 5'UTR of most of other potyviruses, but not well conserved in 

the 5'UTR of the potyvirus-related virus group ( comoviruses , nepoviruses and 

picornaviruses) Therefore, this consensus nucleotide may play a role in potyviral 

life cycle. In additi on, duplicate or triplicate CAA triplets wit h one or more 

nucleotides inse11ed between th is motif are present throughout the 5'UTR of PVY 

strains (Fig. 2-7) It has been shown (Ga llie & Walbot, 1992) th at the core 

regul atory element of translat ional enhancement confeiTed by the TMV 5'UTR 

consists of the combination of one copy of the 8 base direct repeat and a 25 base 

(CAA)n region 

Conserved Amino Acid i\lotifs in PI Protein 

Verchot et u/. ( 1991) have rep011ed that the TEV PI protein functions as a third 

protease cleavin g aut ocat<J iyt ica lly at it s C terminus. The <:Jm ino acid residues of 

Hism, Asp221
, Se12

'
1
' and Asp2xx in PI protein of TEV are required for optimal 

autoproteolytic ac ti vity (Verchot el u/. , 1992) Those residues are well conserved 

in PVY-0 PI pro tein . Another consensus sequence FI(V)VRG (Mavanbl & 

Rhoads, 199 1) is also found in the PI protein of PVY -0 (Fig.2-9). Those 

conserved residues in PI protein of PVY -0 could also play a key role in cleavage 

of its own C terminus Three predicted cleavage sit es (A), (B) or (C) between PI 

and IIC-Pro polyprotein by Domier et u/. ( 1986 ), M<lYanka l and Rhoads ( 199 1) 

and llellman et u/. ( 1988). respective ly, are shown 111 Fig 2-9. 
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Table 2-1 Concentrations of dNTPs and ddNTPs in A, C, G and T 

dATP 
dCTP 
dGTP 
dTTP 
ddATP 
ddCTP 
ddGTP 
ddTTP 

mixes (in ~M) for direct sequencing of PVY RNA 

A 

200 
200 
200 
50 
500 

c 

200 
200 
50 
200 

500 

')' _J 

G T 

200 50 
50 200 
200 200 
200 200 

500 
500 

-----



kb 

23 
9.4 
6.6 
4.4 

2.3 
2.0 

2 

Fig . 2-1 Electrophoresis of purified PVY-0 RNA on 0.8% 
agarose gel in MOPS buffer (Ausubel eta/. , 1987) 
Lane 1 A.-Hind Ill markers, Lane 2 PVY-0 genomic 
RNA The size of DNA molecular markers in kb 
are indicated at the left 
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kb 

23 

9.4 

6.6 

4.4 

2.3 
2.0 

2 

Fig . 2-2 An autoradiograph of a dried agarose gel containing 
12P-Iabelled single-strand eDNA (lane 1) and double­

strand eDNA (lane 2) . 



kb 

23 -

9.4 

6.6 

4.4 

2.3 
2.0 

1 2 3 4 

Fig. 2-3 Southern hybridiza tion analysis of c lones which 
contain PVY -0 genomic in se11s. Lane I to 4 
represent pVY3 , pVY4, pVYI I8 and pVY263 , 
respecti ve ly (for details , see Materials and Methods) . 
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RNA Seq 
N N 
N N 
N N 
u A 
u A 
A T 
A T ACGT 
A T 
A T 
c G 
A T 
A T 
c G 
u A 
c G 
A T 
A T 

18 u A 
A T 
c G 
A T 
A T 
c G 
A T 
u A 
A T 
A T 
G c 
A T 
A T 
A T 

32 A T 

Pcimel 

Fig . 2-5 Direct sequence analysis of 5'-extreme end of viral 
RNA of PVY-0 
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:.:.:.tt:.:.:.:.c:.:.ctc:.:.tACAAI:ATAAGAAAAACA.A.Cr.cA.GAAACACTThTAAACG<.--rTATTCTCN...--rCAAGCAACTTGC'TAAGTTTCJo.(;rTTAATTCATTTCC'l'TGCAATTC'I'CTTAAA lJ.O 

:AATATTGGAAACCATTTCAACTCAACAAGTAATTTCATCACTTCCAACCAATCTCAG.ATCt..'TCAATGGCAAL"!GACATGTCAACAATCTATTTTGGCTCGTTTGAA.TGCAAG<.:TAcYGT -40 

Me tAl:. Thr As pH<:- tse rThr I1 eTyr PheGl y serPheGl ucysLys: t.c • 'r· l !yl 

A·."!CACCCGTCTCTTGCGGGCATATTGTG.AAGGAACGAGAAGTGCTGGCTCCCGTTGATCCTTTTGCAGATCTGGAAACACAACTTAGTGCACGACTGCTCAAGCAAGAATA!GCTAl"Tl> Jt; 

sc r ProV:.l Se rcysGl yH:o.sil eV :.1 LysGl uAl:gGluV:.l t.euAl :.ProV:.lAspProPheAl:aAspLcuGluTh rGlnLcuse rAl:.Arg LcuLcuLysGlnGl uTy:r A.l. 1Th rV:.: 

TTCGTGTGCTCAAGAACGGTACTTTTGTGTACCGATACAAG.ACCGATGCCCAGATAGCGCGCATTCAGAAGAAACTGGAGAGGAAGCA'l'AGGGAAGAA.TATCAl"!T~·CAAATGGol'L'G<"•'l' 4H;J 

ArgVll LeuLy::AsnGl y'I'hr PhcV :.1 TyrArgTyr LysTh rA.spAl :.Gl n IleAl:aArg Il cGlnL ys Lys LcuGluArg LysHJ. sArgGl uGl uTyrfu sPheGlnHc tAl :aA1 :.Pr.:. 

C1'AGTATTGTATCAAA.AATTACTATAGCCGGTGGAGATCCTCCATCAAAGTCTGAACCACAAGCACCAAGAGGGCTCA:rTCATACAACTCCAAGGGTGCGTAAAGTCAAGACACGC"CtYA 600 

SerileV"lScrLysilcThrilcAl"GlyGlyAspP:roProScrLysScrGluProGlnAl:.ProArgGlyLeuilcHJ.sThrThrProArgV.;.l.ArgLysV:.lLysThrAr•_!Pt .nc 

TAATAAAGTTGAC.AGAAGGCCAGATGAATCATCTCATTAAGCAGGTGAAGCAGATTATGTCGGAGAAGGGAGGGTCTGTCCACTTAATTAGTAAI'".AAGACCACTCATGTTCAATATAA.;:;G 7 ~ 

I1 c L y st.euThrGluGl yGl nMc tAsnHJ. s Leu I 1 c L ysGln V :.1 LysG1n t 1 cMc:- tSe rGl uLysGl yGl y Sc :rV:.lfu s Lcutle SerLysLysThrTh rHJ. sV:.l Gl nTyr Ly:: ';1 u 

AAA'!ACT!GGTGCAACTCGCGCAGCAGTTCGAACTGCACATATGATGGGTTTGCGACGTAGAGTGGACTTCCGAl'GTGATACGTGGACAGTTGGACTTTTGCAAr'GTCTCGCT<"Gr_.An;t; 1'14-l 

Il e LeuGl yAl "ThrArgAl.l.Al1V 1lArgTh rAllHJ. sMc tMc r Gl yLcuAl:gArgArgVllAspPheArgCysAspThrTrpTh rV:.lGl yLcuLeuGlnAtcg LeuAl :JArgTh rAsp 

ACAAATGGTCCAATCAAGTCCG<.:A<."TATCAACATACGAAGGGGTGATAGTGGAGTCATCTTGGACACGAJ>.A.II..GCCTCAAAGGCCACTTTGGTAGGA.GTTCAGGAGACTTGTTCATA!iT•i<· 'it>O 

LysTrpSerA.snGln V :o lAr<JThr tl cA.sn t leArgArgGl yA.spSe rGl yV::o 1 I 1 e LeuAspTh :r Lys Se rLcuLysG1 yHl. sPheGl yArg Se r Se rGl yAspLcuPhe I l ~·V liAr q 

GTGGATCACACGAAGGGAAAL'TGTACGACGCACGTTCTAAAGTTACTCAGAGTGTTTTGAACTCAATGATCCAGTTTTCGAATGCTGATAATTTTTGGAAGGGTCTGGACGGTAATTo;r.<; lOtiO 

G1 Y Se r Hl. sG1 uGl yLys LeuTy rAspAl :>.Arg Sc r Ly sV;, l ThrGlnS.,rV ::o 1 LcuAsnS<'r~ t I l"GlnPheSe rAsnAl :>.A!:pAsn PheT rpLy::;G1 y t.euAspG1 yA:mTr pAl ~ 

CA.::GAATGAGATATCCTTCGGATCACACATGTGTAGC'I'GGTTTACl."!GTCGAAGATTGTGGTAAGGTTGCTGCATTGATGGCACACAGTATCCTCCCG!GCTATAAGATAACCTGClTCA 1200 

Arg~ r .ArgTyr ProSe r AspHl. sTh t' ·ysVl1Al :.Gl yLeuPr ,,y .11 Gl uAspCysGl yL y sV:.lAl.l.Al :.LeuMc tAl.lHJ. sScr Il" L"uProCysTyr Lys Il eTh r<-y s Pl Tlu 

CCTGTGCTCAACAGTATGCCAGCTTGCCGGCTAGCGATCTGTTTAAGCTGTTGCATAAACATGCAAGAGATGGTTTGAACCGATTGGGAGCGGATAAAGACCGGT!TATACATGTTAACA 

CysAl.lG1nG1nTyrAl:.s.,rLeuP:r<>Al.:oserAspLcuPh.,LysLcuLeuli1sLysfusAl:aArgAspGlyLcuAsnArgLcuGlyAl.:.AspLysAspArgPhell"HJ.sV:o1A,:nLy:: 

AGTTCTTG.ATAGCGTTAGAGCATL1'AACTGAACCGG1'GGATTTGAATCTCGAG<.."1'TTTCAATGAGATATTTAAATCCATAGGGGAGAAGCAGCAAGCACCATTCAAGAATTTAAATGT('T 1440 

Phc Leuil.,AllLeuG1 uHl. s LeuThrG1 ·~ProV:.1AspL.,uAsnLcuGluLeuPh.,AsnGluile Phc Lys St'r I1 eG1 yG1uL ysGl nG1nAl :o ProPh<' LysAsnLeuk!lnV > 1 Leu 

TAAATAATTTCTTCCTGAAAGGAJ>.J.AGAJ>.A.II..TACAGCTCATGAATGGCAGGTAG<-TCAATTAAGTTTGCTCGAATTAGCAAGG'l'TCCAGAAGAATAGAACTGATAATATCAAGAAAGGTG l'iE>O 

AsnAsnPh.,Phc LcuLysG1 yt.ysGl • >AsnThr Al.>Hl. sG1 uT rpGl n V:.lAl ~GlnLeuS.,rLeuLeuG1 uLcuAl:aAr<J PheGl nLy sAsnArgThrAspAsn I1 "Lys LysG1 yAsp 

ATATATCTT!CTTCAGAAATAAATTATCTGCCAAGGCAAACTGGAATC'l'GTATTTGTCGTGCGATAACCAGTTGGATAAAAATGCAAATTTCCTGTGGGGACAAAGGGAGTAT>"ATt><·TA lbflO 

Il" ScrPh" PhcArgAsnLy:< LeuSe rAl1Lyli'Al :>.A!:n T rpAsnLo;ou'!yr L.,us., rCysAspAsnG1n L"uA:s pLy:<AsnAl :>.A!:nPh" LeuT rpG1 yGlnArgG1uTy:rHJ. :1Al1 Lys 

AGC<htTTTTCTCAAACTTCTTTGJ.GGAAA'!TGATCCAGCAAAGGGGTACTCAGCATA.'rGAAATCCGCAAGCATCCAAATGGAACAAGGAAGCTCTCAATTGGTAACTTAGTTGTCC 'Ar ldOO 

AI.gPhe Ph<' se rAsnPh" PheG1 uGl 11!1eAspPr<>Al:. LysGl yTyr ScrAl.> TyrG1 u I 1 eA.Lg LysHJ. s ProA5nG1 yThrArgLys Leuse r 11 cG1 yAsnLeuV ::o 1 V .>li' r · !.e·~ 

TTGATTTAGL"'TGAGTTT AGGCAGAAGA TGAAAGGTGACT AT AGGAAAo-;.;..CCAGGGGTCAGCAGAAAGTGCACGAGCTCGAAAGATGGCAA'IT ATGTGT ATCC\TGTTGTTGCAt AAt -;_,,- 1 ~;! 0 

k>pL.,u.Al:.Gl uPhcArgG1 n L ysMc tL y:~Gl yA.spTyrArg Ly:!IG1nPr oGl yV..>1 SerArg LysCy:<Th r SC1 r Scr LysAspGl yAsn Tyrv :o 1 Tyr Pr c CysCy sCysTh r Th t Leu 

Fig. 2-6 The nucleotide sequence of the clone p VY263 and its deduced amino 
acid sequence. The lower-case letters represent the nucleot ides 
which were determined by direct RNA sequencing. The primers 
used for eDNA cloning and RNA sequencing are underlined . 



'!TGATGATGGCTCAGCTATTGAATCAACATTCTATCCACCAACTAAGAAGCACC'r'!G'I'AATAGGCAACAGTGGTGACCAAAAATTTGTTGATTTACCAAAAGGGGATTCGGAGAI'G'I'TAT 2040 

AspAspGl Y Sc r:A..l. 'l Il cGl usc rthiC l?hctyri' r:<>i'rothr!. ys LysHl. s !.cuV .;~.l Ilo:Gl yAsn sc rGl yAspGlnL ysi'h•N :a lAspLcuPr:o L ysGl yAspS'-' rGl uMc- t Lcu'!yr 

ACATCGCCAAGCAGGGT!AT'I'GTTATATCAACG'I'GTTTCTTGCAATGCTGATTAAIATTAGCGA.GGAGGATGCAAAGGATTTCA.CAAAGAAAGTTCGCGACATGTG'!:GTGC'CAAAGCTTtO !160 

IlcAl.;~.LysGlnGly!'yrCysTyrilcAsnV:all?hcLcuAl.:IMctLcuilcAsnilcScrG1uGluAspAl:aLysAspPhcThrLysLysV.:>lArgAspMctCysV:all?roLysLcuGly 

GAACCTGGCCAACTATGA.T~TGGCGACCACTTGTGC'I'CAAA.T.GAGAAIATTTTA'ICCTGACG'I'GCATGATGCGGAACTGCCTAGAATA'ITGGTTGACCATGACA<..-rc::.AAACGTG': 2.HO 

ThrTrpProThrMctMctAspLC!uAl:a!'hrThrCysAl:aGlnMC!tAr<JllePhC!Tyrl?roAspV:a.lHl.sAspAl:a.GluLcuProJu:gil"LcuV:al.MpHl.IIAapThr:GlnThtCysH1s 

ATGTGGTTGACTCATTTGGCTCGI:.AAACAACTGGATA'rCATA':TCTAAAA<:;..::.rJCCAGCGTGTCTCAACTTA'ICTTG'l'TTGCAAATGATGAATTAGAATCTGATA'rAAAACATTATAGAG 24 0 

V::~lV:a.l.A$pScrPh.,GlyScrGlnThr!hrGlyTyrH1silcLeuLysA..l.:aSerScrV:alScrGlnLcuilcLeuPhcAl3AsnA.spGluLcuGluS(!rAspilcLysHl.sTyrAr<JV:al 

!TGGTGGtGTTCCTAATGCATGCCCTGAACTTGGGTCCACAATATCACCTTTCAGAGAAGGAGGAGTTATAATGTt."'TGAGTCGGCAGCGCTGAAACTGl.:TTTTGAAGGGAATTTTTAGAL- ;!<;~O 

Gl yGl yV 31 Pr<.>AsnAl:a.Cysl?r <lGluLcuGl y Ser:Th r I lC! Sc r Pr. >PhcArgGl uGl yGl yV:a.l I lcMc t Se rGluSC! rA..l..1Al:aLcuLys LcuLcuLeuLysGl y I 1 c Ph cAr JP< ~ 

CTAAGGTGATGAGACAGTTGCTGTTAGATGAGCCTTACCTGTTGATTCTATCAATATTATCCCCTGGTATACTGA'l'GGC'l'ATG'I'Al'AATAATGGGATTTTTGAACTTGCGGTAAGGTTGT 2t>40 

Lys:V:al.MctArgGlnLcULC!uLcuAspGlul?roTyrLcuLcuilcLeuSC!rllcLcuScr:Pr:oGlyllcLcuMctAl.;>.MctTyrAsnAsnGlyilcPhcGluLeuAl:a.V:alAt:<JLC'..ITrp 

GGA.TCAATGAGAAACAATCCATAGCTAIGATAG<:ATC(;(..'TACTATCAGt.'TTTAGCCCTACGAGTA'ICAGCGfXAGAAACACTCGT.CGCACAAAGGA.'J:TA'IAATTGATGCCGCAGCTA<:AG 1.7t>0 

IlcAsnGl uL y sGl n S<'r IleAl .:>.Me: til cAl.Jo Se r LeuLeuSe rAl:a LcuAl ::~ LcuArgV .:al Se rAl:a.Al.J.Gl uThrLcuV .;~.lA.l.J.GlnA:;g I lc I lC! ll<'AspA13.A.l.1Al:a Th rAsp 

ACCTCL'TTGATGCTACGTGTGATGGGTTCAACCTACATL'TAACGTACC\XACCGCATTGA.'IGGTGTTGCAAGTTGTTAAGAA'!.CGAAATGAATGTGATGATACCCTATTCMGGCGGf",.AT .!.HHO 

~uLcuAspAl:aTh:r:CysA:;pGlyPhcA:;n~uthsLcu!hrTy~:Yr<>l'hrAl:a.L~uMctV:a.lLcuGlnV::JlV:alLysAsnA.rgAsnGluCysAspAspThrLcuPhcLysAl:lGlyt-hc 

l'TCCAAGTTACAA.CACGAGCGTC'GTACAGATTATGGAAAAAAATTATCTAAATC':CTTGAACGATGCTTGGAAAGATTTAACTTGGCGGGAAAAATTATCCGCAACA'I'GGCAT'tCATA<-::A ~00('1 

P~:oSer:Tyr:Asnth:r:SerV:alV.J.lGlnileMctGluLysAsnTyLLcuAsnLcuLcu.AsnA.spAlaTrpLysAsp~uThrT~:pA.rgGluLysLeuSctAlaThtTtpHl.:tScr:Tyr:A.I:<J 

GAGCAAAACGCTCTATCA,'TCGGTAIATAA;..;...CC 'ACAGGAAGGGCAGATITGAAAGGGTIATACAACATA!CACCACAAGCATTCTTGGGCCGAAGCGCCCAGGTAGTCAAAGG<..'ACTG _1120 

Al.Jo L ysArg Se r !1 c ThrArgtyr I lc L ysPro Th rGl yArgAl.l.AspLeuL ysGl yLcuTyr:Asn I lese r l?r oGlnAl:a !?he LcuGl yArg se r Al :lGl n V:ll V;tl Ly sGl y'!'b r:All 

CC"!•'AGGATTGAGCGAGCAATTTAATAATTATTTCAATGCTAAGTGTGTAAATATTTCATC'Cl'TTTTCATTCGTAGAATCTTTAGGCGTTTGCCAACTTTCGTCACTTTGGTl-AA~"'TCAT ~.'4(') 

Se rGl yLeuSe rGl uGl nPhcAsnAsnTyrPheA<:nAl.J. Ly:sCy sV .:a lAsn I lc Sc r Se r Phe Ph<' Il cArgArg I 1 c PheAJ:gArg LcuProth r PhcV ::ol Th L LeuV.J.lAsnS <:' r Le•~ 

TGT'!AGTTA'ITAGCATGTTAA·~AGCGTAGTGfXAGTGTGT..-:AGGCAATAATTTTAGATCAGAGGAAGTAl'AGG.b.GAGAAAl'CGAGTTGATGCAGAJ'AGAGAAGAA'!GAGATTr.I'<:"'TGCA JJ60 

LcuV.Jo 1 Ilc Se rM<- tl.cuTh t Se rV:a.l V:alAl:a V .ll CysGlnAl.J. Il c I le LcuAspGl n.A:;g LysTyrArgAJ:gGl uilcGl uLeuMc tGln Il eGl uLy sAsnGl ul leV ll Cy stole t 

l'GGAGCTA'IA'IGCAAGTTTAl.AGCGCAAACTCGAACGCGATTTCACATGGGATGAGTACATCGAGTATTTGAAGTCAGTAAACCCTCAGATAG'l'TCAGTTTGC'I'CAAGC(;(.;AGATr.rJ.A.; 34fl: 

GluL<!'u'I'yrA..l.:aScrLcuGlnA.rgLysLcuGluArgAspPh<!'ThrTrpAspGluTyrll<!'Glu!'yrLcuLysSerV:a.lAsnProGlnileV::JlGlnPhcA.l.J.GlnAlaGlnH<->-Gl·>Glu 

AA'I'ATGATGTGCGACACCAGL"GTTl'CAt'ACCAGGTGTTAAAAATTTGGAG<.:AAGTGGTGGCAl'TTAl'GGC'!TTAGTCATCATGGTGTTCGAl'GCT(;.I:>.AAGGA!iTGAJ'TGC:GTGTT< AAAA Jt>O 

TyrA.spV:alArgH1sGlnAr:gSerThrProGlyV.JolLysAs-nLcuGluGlnV:alV:a.lAl.:aPheMctAl..J.LeuV.JolllcMctV:a.lPhcA.spAl:aGluAr<JSCt:AspCysV:>lt>hcLysTht 

CTCTCAATAAATTTAAGGGTGTCCTTTCCTCACTGGATCATGAAGTTAGAL'ATCAGTO..:CTTAGACGATGTGATCAAGAATTTTGATGAGAGGAA!GAGATTATTGA'!TTTGAATTGAGTG 37:!0 

LeuAsnLys !?he Ly sGl yV 11 LeuSc r Se~:LcuAspH1111tGluV .>.lkr<JH1 sGlnSc~: Lcu.AspAspV:a.l Il (! LylfAsnl'h<!AspGl uArgAsnGl u Ile Il~!AspPhC!Gl 11Lc1.1Sc t Gl •J 

AGGACAI.:.AA!TCGAACATCAt•·AGTGCTAGATACAAAATTTAG1GATTG<n'GGGA•.:CGACAAAT<;CAGAJ'GGGACATACACTTCCACATTACAGAACCGAGGGGCACT1'CATGGAATTTA Jl!41l 

AspTh r Il eAJ:gTh r 5<' r Se r:V ~ 1 LeuAspThr:L y sPhe Sc rAspTr:pT :r:pAspArgGl n IleGlnMc tGl yHJ. sThrLcuProHl. :tTyrA.rgThrGl ulil yH1 sl?hcMc t Gl '~PhcThr 

CAA':;.AGCAA....-roctGTTCAAG'!'GGL"'TAAIGACA!TG<.;CC'ATAGCGAACACCTA.:>Al..1'~TCTAATAAGGGGGGCTGTTGGGTCTGGAAA.GTCAACTGr.GrTGC "CGTTCATCT'I'Wi!GTAG l~t>:l 

Al:gAl.Jo'!h r A..l. :>VllGlnV 1lA.l :lA.snA:!:pll cAl 1H1 sSe rGl uHJ. s LcuAspPhe Leu! leArgGl yA11V .J.l Gl y Se t:Gl yLys Sc r:Th::Gl yLC!UProV:a.lH1 s LeuSc rV 1lA11 

Fig. 2-6 continued 
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Gl y ScrV .ll LcuLc1
.J IlcGl uP1:ol'h rAI:g ProLcuAl :.Gl uAsn V:.l Phc LysGlnLC'uSc r sc r AspProPhc Phc Lys Lys ProThr LcuA.rgMc< t.Al:gGl yAsn sco r I leo Ph co<:> .I. y 

(;CTCTTCTCCAATCTCCGTCATGACTAGCGGGTTTGCGCTGCAC'TATTTCG<:CAATAATCGCTCTCAACTAGCTCAGTTCAATTTTGTAATATTTGATGAGTGCCATGTTCT(;GA.T~Y·:r:r 4~00 

scorSerProilcScrV.llM"t.ThrS<:-tcGlyPhcJ:\.l:~LcuHl.sTy~:Phi'Al:lAsnA:mAI:gScrGlnLcuAl.lGlnPhcAsnPhcV.:>lilcPhcAspGluL""ysHl.sV:~lLcouJI..:lpPr .• scr 

C<:G<:AATGGCGTTCCGCAm'CTG<..'TGAGTGTTTATCATCAAGCATGCAAAGTATTAAAAGTGTCAGCTACTCCAGTGGGAAGAGAAGTTGAATTCACAACACAG<:AGCCAGTI'AAA<-rAA 4 ~!.0 

Al ~tAl.lPhcAI:gScrLcuLcus<'l:V.ll TydUsGlnAllCysLysV:.lLcuL}''SV.;~lScrAl.lThrProV.llGlyAI:gGluV.:tlGluPhcThrThrGlnGlnPr•N.ll LysLc•Jilt" 

V.llGl uAspThr Lcusc r PhcGlnsc t Ph<'V.:tlA:spAl.lGlnGl y Sc r L ys:rh rA:mAl :lAspV.:tl V .ll Gl n PhcGl ysc n\sn V.1l Lcuv :~1 TyrV.ll sc r sc t TyrAsnGl uV:. !Asp 

ThrLcuAl.JLys!.c 1.tl.cul'hrAspLysAsru!('tlo'.ctV.llThrLysV:~lAspGlyAI:gl'hrMctLysHJ.sGlyCysLcuGlullcV.J.ll'hrLysGlyThrScrAl.:.ArgPr<>HlSPhi.'Vll 

TTGTAGCAACCAACATAATTGAr.AATGGAGTGACTTTGGACATAGACGTGGTTGTGGATTTTGGGTTGAAAGTCTCACCGTTCTTGGACA'l'TGACAA'!AGGAOCAICGC'TTACAATAAGG 4~fl0 

V:. lAlJ.Th r A&n Ilc Il cGl uAsnGl yV.Jl Th r LcuAspi lcAspV .l.l V.Jl V.JlA!:pPhcGl y!.cuLysV.Jl sc rProPhc LcuAsp IlcAspAsnAcg sc c Il cAl.l Tyr AsnL y ::V ::>1 

TGAo:>TGTTAGt'TA'I'GGTGAGAGAATTCAAAGGCTGGGTCG'I'GTTGGACGCTTCAAGAAAGGAGT'I'GCATTGCGCA'I'TGGACACACTGAGAAGGGAATTATTGAAATTCCAAGA.~ATGGTl'C; 4HOO 

Sc rV.J.l Sc rTy rGl yGl uA.rg I lcGlnAcg LC'uGl yAI:gV.J.l Gl yAI:g Phc Lys LysGl yV.llAl::> LcuA.rg Il cGl yHl. sTh1:Gl uLysGl y Ile Il cGl u!lc ProSe 1:Mc tV~ !All 

CTAO..:TGAGGCAG<.:TCTTG<..'"TTGL-rTTGCATATAATTTGCCAGTGATGAI:AGGAGGCGTCTCAACTAGTCTGATTGGCAATTGTACTGTGCGCCAGGTTAAAACAATGCAGCAATTTGAAT 4'120 

Th~:Gl uAl JAl.JLcuAl:~ry:; PhcAl.lTyrAsn LeuProV .J.lMc t Th rGl yGl yV::>l Sc rl'hr Sc r Lcu!lcGl yAsnCysTh1:V .llAI:gGln V :&1 LysTh rMc tGlnGlnPhcGl uLcu 

TGAGTCCCTTCTTTATCCi.GAA'l'TTCGTTGCTCATGA!'GGA:rCAATGCATcYTATCATACATGACA!TCTTAAGAAGTATAAACTTCGA.GATTGTATGACA~CT,'T.:;TC'.<.:GAT';G;.A':'7·" <;: . .;) 

ScorProPhePhc!lcGlnAsnPhcV::>lAl:.HJ..sAspGlyScrMctHl.sProileilcHJ.sAspilcl.cuLysLysTyrLysLcuAr9AspCy:::MctThrProLc\>CysAspGlyilc 

Fig. 2-6 continued 
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Fig. 2-9 Alignmenl of !he C-lenninal pori ion of th e PI protein s and the N-tenninal portion 
th e JJ C -Pro prot ein s of six potyv iruscs. The conserved amino acids essenti al for 
the PI proteinase are boxed. The predicated cleavage sites (A), (B) and (C) by 
Domicr eta!. ( J')SC,). fvfa vanbl & Rh oads ( 199 1) and Hellm an rt al . ( 1988). 
respec ti ve ly. for liberating th e PI and HC-Pro proteins are indi cated by aiTOWS. 
The mosl co nserved amin o acids of the dipeptides are indi cated by shadowed boxes. 
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Ch apter 3 Characterization of 5' Untranslated Region 

of PVY -0 in Tobacco Protoplasts 

Introduction 

An ever growing num ber of plant vira l translational enhancers has been 

doc umented in recent ye<lrS. The fi rst rcp011ed example of a plant vi ral leader 

~cl ing <IS <1 lr<~ n s i <J ti o n<JI enlwncer IV <IS I hil t of the 3 7 nucleotides 5'UTR from the 

RNA 4 molecul e of a lfa lf~1 mos<Jic virus (A IM V) (Joblmg & Gehrke, 1987) In '" 

vtlm system, the presence of thi s leader result s in as much as a 35-fo ld 

enhm1cemcnt of th e ex press ion of· the foreign barley a -amylase messenger and a 

6- to 7- fold enh ancement of the human interl eukin I p gene. The most widely 

doc ument ed enh ancer is the 5'UTR (68 bases) of the TMV genomi c RNA 

molecul e. Rep01t s of tra n sl<~ t io n <JI enhancement prope11 ies have been deri ved fro m 

both 111 \'1\ 'o <1 nd 111 \'tim studies (G<~ II ic (' / u/. , 1 987a~ Gall ie el u/., 1 987b~ Sleat (' / 

u/. , 1987: Slcat cl a/. , 1988) Extensive mut <J ti on and deleti on of the le<Jder have 

identified one direct repeat sequence (ACAAUUAC) and the (CAA)n sequence as 

the fun cti onalmotifregion responsible for tmnslati onal enhancement (Ga lli c cl u/., 

1988: Ga llie & Walbot, 1992) 

In c<Jse of potyviral 5'UTRs, fu sion of the 144 nucleotide le<Jder of TEV to <1 

reporter ge ne encoding GUS enhanced pro tein expression 8- to 2 1- fold 111 vtlm 

~ nd 111 fJ/ulllu (C<~rrin gt on & Freed, 1990). Thei r d<Jta showed th at the functional 

reg ion of the leader is present with in the 3'-tenninal 63 nucleoti des. Another 

c h ~ r<~c t e ri zed potyvirus tra nslational enhancer is the 143 nucleotide 5'UTR of 

PSbMV. Thi s enh ancer has been shown to be effecti ve 11 1 l'tl'!J in both pe<l and 

t ob <~ cco protopl <lsts with enh Jnce in Cill leve ls of about 20- fold (N ico laisen cr u/., 

1992) A de leti on of thi s leader th<ll leaves only the fi rst 83 nuclcotides of th e 
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authentic cnlwncer doubl es the level of translational enhancement. Nicolaisen and 

coworkers ( 1992) have suggested that a deletion which causes disruption of 

secondary structures may be responsible for the stimulation of translati ona l 

efficiency. Some preliminary data also implicated that S'UTR of TuMV as 

translation enhancer 111 \'!l 'u (Basso e1 a/. , 1994 ) 

Recently, the S'UTR ( 185 bases) of PVY has been associated with an 

enh ancement at the translational lc\'e l (Levis el a/ ., 1992; Levis & Astier­

Manifacier, 199:1) The presence of this leader results in a stimulation of 

transi<Jt ion in 111 \'tim system. In an <Jttempt to identity the region(s) involved in 

tr<Jnslation<JI cnh<Jncement, a hybrid arrest translation method has been employed. 

The result s have indicated that the central functional region of the leader is present 

11ithin the first 16 residues of the genomic RNA molecule, as the add ition of an 

oligonucleotide complementa1y to thi s region totall y inhibit s translational 

enhancement prope1i ies. 

The present study was carried out to analyze the properties of the PVY -0 

S'UTR, i.e., to im·estigate whether the S'UTR functions as a translational 

enhan ce r in tobacco protoplasts, as well as whether specific nucleotide sequence 

motifs in the S'UTR are required Various engineered derivatives of the PVY -0 

5'UTR were fu sed to the GUS report er gene and their effects on translation of 

downstream GUS in tobacco protoplasts were examined. 
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3-1. S'liTR of PVY-0 Increa ses the Translation of Downstream 

G liS Encoding Reg ion in Tobacco Protoplasts 

1\laterials and Methods 

Plant 1\Iaterials 

(>-8 weeks-old tob<Jcco (/'hcoltww tuhucl!llt cv S<1msun NN) plants grown in a 

controlled greenhouse were used for protopl<~st isolation . 

PCR Amplification of P\'\'-0 5' UTR 

The PVY-0 5'UTR includ1ng viral AUG was <1 mplified by polymerase chain 

re<Jc tion (PCR) using the pi<1 smid pVH9 (cont<~ ining 1- 313 nucleotide res idues of 

PVY-0 genome) (Sonoda, 1996) as <1 template and two synthetic oligon ucleot ide 

primers [S'GGTCT AGAAATT AAAACAACTC3' (primer I) and 5'AAGGATCC 

CATTGAGGATCTG3' (primer 2)] . The conditions for PCR were as follows : 

den<Jturing at 94°C fo r 8 sec, anne<t li ng at 60°C for 15 sec , <tnd extension at 72°C 

for 20 sec, amplific<Jtion for 30 cyc les with an Air Thermo-Cycler (ld <t ho 

Technology Corp . USA). The underlin ed nucleotides denote the restriction sit es 

used fo r clonin g. The amplified DNA was then inserted into the Xhai/Rum HI­

digested pUC I 19 vector, le<Jd in g to p Vll1 85 (Fig. 3-1 ) The fidelity of the PCR 

was confirmed by SeCJuencing in both strands as described in clwpter 2. 

Constr·uction of the Transient Expression Vector·s 

Plasm ids pBII 2 1 (Jefferson ct ul., 1987) , pUC I 19 <t nd p VH 185 were used for 

the construction ofthc transient ex pression vector pGUS <t nd pENGUS (Fig. 3-2). 

Bri efl y, the !:"coR I-Htud lll restriction fragment containing the CaMV35S 

pron10t er - ,S.:,IIS - NOS terminator cassett e fi·01n p81121 was cloned at /:"coRI/ 

H111dlll sites of vector pUC 11 9 to ge nerate plasmid pGUS . An ATG codon was 
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introduced in Xhui!Hwnl-l l sites of pGUS <I S follows : First, the .\'hal-digested 

pGUS was ligated \\ith two kin<J sed linkers (5 'CTAGAATGG3 ' and 

5'GA TCCCA TT:\') , <~tier recovery from <ln agarose gel, it was digested with 

Hun il II <Jnd then se lf~lig<~t ed The plasmid pENGUS w<Js gener<Jted by cloning the 

Jhu l- l:!wnlll fragm ent which contains PVY-0 5'UTR from pVHI85 into the 

.\'hulll:!ullll II sites ofpGUS (Fig. 3-2) The plasmid pENGUS has PVY-0 5'UTR 

preceding the GUS encoding region Both plasmids were amplified in /;·. colt 

I IB I 0 I. 

Isolation and Purification of the Transient Expression Vectors 

The transient expression vectors were isolated and purified essentially as 

described by Ausubel e1 u/. (I 987) . The plasmids isolated by the alkali-method 

were purified by two cycles of CsCI-ethidium bromide density grad ient 

centrifugation (I 00,000 rpm, 3h), \\ ith a TL- I 00 ultracentrifuge (Beckman, USA). 

The plasmid yields were determined 111 triplicates using a spectrophotometer and 

the purit y of the pl<~smids w<~s checked on <111 agarose gel. 

Protoplast Isolation 

Young leaves were excised from 6-8 weeks old tobacco plants and surface­

disinfected with 0 5% (v/v) sod ium hypochlorite solution for I 0 min , then 

thoroughly rinsed three times in sterile distilled water. After disinfection , the 

undersurf<Jccs of le<I\·es were removed with <I forceps and then floated in I 5 ml of 

CPW so lution (Fre<~rson ct u/. , 19 73) with 9% mannitol (CPW-9M), containing 

I 0 
o ccllui<Ise Onozub R-1 0 and 0 2°;\, maccrozyme (Table 3-1 ). Incubation W<lS 

clone for 3 h in the ci<Jrk at 25°C . Protoplasts were purified by filtration through a 

nylon mesh (I OOp) and w<Ished three times with CPW-9M and once with so lution 

T (30 mM CaC12, 13 0;(, m<Innitol w/v) by gentle centrifugation (90 x g, 5 min) . 
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PEG-i\Iediatcd Tntnsformation of Protoplasts 

Transfer of the plasmid DNA molecules into tobacco protoplasts was 

performed essenti ally as described by Ba ll as el of. ( 1988). Brieny, samples of 2 x 

I 0'' protoplasts were suspended in I ml of solution T, 25 pg of plasmid DNA and 

85 pg of C<l lf thymus DNA (carrier DN/\) each in a volume of 25 pi and 0.4 ml of 

PEG 6000 ( 40 % in solution T) were added to protoplasts sequentially. After 

111ixing gentl y, the resulting suspension was incubated for 30 min at 26°C with 

gent le shaking (50 rpm) . Afier dilution with 30 ml of cold mannitol ( 13 %), and 30 

111in incubation on ice. the protop lasts were collected by centrifugation (90 x g for 

5 min ). The protoplasts obta in ed were th en resuspended in 18 ml of culture 

111edium [MS sa lt s and vitamines (M urashi ge and Skoog, 1962), I %sucrose, 7% 

mannitol and 0.5 mg/1 of 2,4-D] and cultured in two 9 em petri dishes for 24 h in 

the dark at 25°C In control expe rim ent , the protoplasts were treated with 25 pi of 

water. 

Fluoromctric Analysis of GUS Activity 

GUS activity in protoplasts was assayed essentially as described by Jefferson 

( 1987) 24 h afier transformation, th e protoplasts were collected by centrifugati on 

and suspended in 200 pi of GUS extract ion buffer (50 mM sodi um phosphate 

buffer pl-l 7 0, I 0 mM EDT A, 0. 1 o;., Triton X- 1 00, 0. 1 % sark osy l and I 0 mM 0-

mereaptoetlwnol) To l~1cilitat e lysis, the cell suspension was passed immediately 

I 0 times through a 2:1 -ga uge need le attached to a syringe . The mi xture was 

centrifuged I 0,000 x g lo r I 0 min . 500pl of MUG substrate buffer [I mM 4-

mcthyhunbcllile ryl 0-D-glucuronidc (MUG) in GUS extrati on buffer] was added 

to I 00 pi of supernatant . The final mixture was vortexed and then in cubated at 

:li'C. Samples ( 100 pi ) 11erc removed after 0, 5, 15 and30 min of incubation and 

added to 1.9 ml of 0.2 M Na2C0; Conversion of MUG to methylumbellifcrone 
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(MU) was measured with a spectrotluorometer (FP-777 , .lASCO Corvoration, 

.Japan). The concentration of MU that accumulated in the reactions was calculated 

from standard curves obtained with known concentrations of MU One unit of 

GUS act ivity was defined as I pmole of MU releasecl/min/mg of extracted protein . 

Tota l protein concentration in each extract was measured using a protein assay kit 

(Bio-Rad Laboratories, USA) 

In situ Localization of GliS Activity in SDS-PAG E 

In sttu locali z<l tion of GUS activi ty in SDS-PAGE was done accord ing to Ga llie 

et ul. ( 1987) Mninly, samples of protoplnst extracts containing equiva lent 

arnou nts of protei n were incubntcd with an equal volume of gel loading buffer 

( 125 mM Tris-HCI pH 6.8, 20 % glycerol, I 0 % [3-mercaptoethanol , 4.6 % SDS 

and 0.004 % BPB) at room tempernture for 15 min , followed by SDS­

polyncrym ide ge l electrophoresis in n 7.5 %gel (Laemmli , 1970) at 40 V for 16 h. 

The gel wns rin sed 4 times in I 00 ml GUS ext racti on buffer for a total of 2 h, 

incubated on icc in MUG substrnte buffer for 30 min , and transfen·ed to a glass 

plate at 3i'C fo r 30 min . The gel was then sprayed with 0.2 M Na2CO, and 

photographed under long-wavelength ultra violet light . 

Results and Discussion 

To study the role of the S'UTR in translat ional initi at ion and enhancement, the 

PVY -0 5'UTR was fused to a GUS encoding sequence (Fig.3-2) . The start codon 

in pGUS was situated within the local sequence context, AGAAUGG (i nitiator 

codon underlined) (Fig. 3-6), the initi ator codon of pENGUS resided wit hin the 

seq uence UCA/\UGG (Fig. 3-5). The chimeric genes were expressed transiently 

in tobacco protop lnsts f(.) ll owi ng PEG-rnediatcd transformat ion with plnsmid 

pGUS and pENGUS . Assaying protoplasts extrncts by GUS-ac ti vity gel (Fig. 3-3) 
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showed that the plasmid pENGUS enhanced expression considerably (Fig . 3-3, 

lane 3). Accurate fl uoromet ric quantitation of the GUS activity revealed that 

fusion of the PVY-0 5'UTR to the GUS gene (pENGUS) provided approxim<Jtely 

3900 uni ts of GUS <Jc ti vity which is a fi ft een- fo ld incre<Jse compared to the 

control plasmid pGUS (approxim<Jtc ly 250 uni ts) (Fig. 3-4) 

Levis & Asticr- M<Jn ifac ier ( 1993) showed that PVY 5'UTR stimulates the GUS 

translati on 111 1'/lm. The result s of th e present study showed that PVY-0 5'UTR 

also enhances transi<Jtion of reporter GUS in tobacco protop lasts. The 

enh<J ncement of GUS expression c<Jused by th e vira l 5'UTRs coul d theoret ic<J ll y 

be due to <J n incre<1se in transcription effi ciency, <JS we ll as an increase in 

transi<J ti on efficiency. However, previous inves ti gations us in g mRNA transcripts, 

wi th or wi thout viral 5'UTRs, introduced direc tly into p rotop l <~st s lwve 

demonstmted th <1 t the enh il nccment effect w<Js the di rect consequence of the 

5'UTRs at the leve l of tr<J nsl<J ti on (C<~ rringt on & Freed, 1990; Ga l lie et u/., 1987; 

Ga lli c et u/., 1988) 
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Table 3-1 Enzyme Solution Composition for Tobacco Protoplast Isolation 

Enzyme Cellulase Onozuka R-1 0 1 % 
Macerozyme R-1 0 0.2% 
(Yakult Honslw, .l<1pan) 

Osmotic agent Mannitol 9% 

mg/1 
CPW salt KH2P04 27.2 

KN03 I 01.0 
CaCI2 2H20 1480.0 
MgS04 71-1 20 246.0 
Kl 0.16 
CuS04 5H20 0.025 

pH 5.7 
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Uam!ll Xha! 

pVH9 pUC! I'! 
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PCR 
X/wl 

5'UTR 
Xha l ATG HamH I 

Fig. 3-1 Constru ction of the intennediate plasmid p VH 185 
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> Xhu i 5'UTR HamHI GUS 

acacg•mgga ctctogt A AU ----ATGQgatcc 
-co<=> I X6 

N()S ll'R 

Hind Ill 

Fig . 3-2 Construction of the transient expression vector 
pGUS and pENGUS 
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Fig. 3-3 SDS-PAGE analysis of GUS activity from PEG transformed 
tobacco protoplasts . 
track I, no plasmid (mock); track 2, plasmid pGUS ; 
track 3, plasmid pENGUS 
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GUS act iv i ty ( 4 - MU pmola / m in/ mg prot e i n ) 
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0 

mock pGUS pENGUS 

Fig.3-4 Comparison of GUS activity from pGUS and 
pENGUS transformed tobacco protoplasts . The 
average values of six independent 
experiments are shown. 
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3-2. i\lutational Analys is of 5' liTR of PVY-0 for· Altered 

Ability to Enhance Tr·anslation 

i\laterial s and Methods 

Bacterial Strains and Plasmids 

l:'schenchw cn/1 str<J in MY 11 84 <J nd C.l236, the mtennediate plasmid p VH 185, 

pGUS il nd pENGUS were used iu this study . 

Plasmid Construction 

All the pl <1s mids cont<J in the C<1 M VJ5S promoter, foll owed by either PVY -0 

5'UTR or it s deri v<J ti ves <1 nd <1 report er GUS gene (Fig. J -5) 

The plasm ids pENGUS-1 , pENGUS-2, pENGUS-J , pENGUS-4, pENGUS-5, 

pENGUS-6 nnd pENGUS-7 whi ch h;we deletions con·esponding to the 5'UTR nt 

H 6, 19- 25 , ]4- 46, 68- 75 , 85 89, IJ6- 158, and 176- 188 (including vira l 

initiation codon) residues, respect ive ly, were obtained as foll ows: Aft er sit e­

directed de leti onal mutagenesis with an intennedi ate plasmid pVH 185 (Fig. J -1 ) 

and syntheti c oligonucleotide primers (Table J -2), the deleti on-containing 

li·agment s were cloned into Xhui/Hulll l-11 -cli gested plasmid pGUS . 

The 1- 1 JO or I J 1- 185 residues of 5'UTR were amplifi ed by PCR using the 

plasmid pV111 85 and th e correspondin g primers (Table J -2) . The amplified 

prod ucts were cloned into Xhui/Hu111Hl-digested plasmid pGUS to generate 

pENGUS-8 and pENGUS-9, whi ch h<Jve J'-tenninal 55 residues or fi rst I JO 

residues of th e 5'UTR respecti ve ly, to precede th e GUS encoding region. 

The nucleotide sequences of deleted regions nnd PCR products were verifi ed 

on both str<J nds as described in ch<1 pt cr 2. 

!\ II the pl nsmids were purified by two cycles of CsCI-ethidium bromide density 
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gradient centr ifuga tion as described in chapter J -1 

Secondary Structun~ A nalys is of P\'Y-0 5'UTR 

The PVY -0 5'UTR ( 185 bilses) WilS analyzed fo r possible seconda1y structure 

usi ng Zuker's progril m 

Elcctropora tion 

Tobacco protoplasts were prepared as descri bed in chapter J-1, and transfer of 

the plils in id DNA molecul es int o tobilcco protoplas ts was perfonned essentially ilS 

desc ri bed by Fromm t' / u/. ( 1985) wi th some modifica tions. Bri eny, each Silmple 

of 2x I 01
' protopl ilsts was resuspended in I ml of Hepes-bu ffered sa line ( I 0 mM 

ll cpes, pl-1 7 .2, 140 mM NilCI, 4.5 mM CaC12, JJO mM mannitol) with or without 

plasmid DNA (25 pg/ml ) The electrica l pul se was supplied by a Bio-Rad gene 

pulscr1
M power supply set (USA) ill 200V, 960 pF The solution containing the 

protoplasts was held at 0°C lo r I 0 mi n aft er the electric pul se. The protoplasts 

were pellcted by gentle centrifugation (90 x g, 5 min ), and resuspended in MS 

med ium . The culture condition WilS the Sil me as described in chapter J -1 . 

Results 

Secondary Structure of PVY-0 5'UTR 

The PVY -0 5'UTR hils been exilmined fo r possible seconda1y structures . The 

result s are shown in Fig. J -5. There ilre two stem loop structures within the 5'UTR, 

one is fo rm ed fi ·01 n 25 11 8 res idues and the other fro m 126- 168 residues. 

The Rationale behind the Construction of 5' UTR Based Mutants to Tes t fo1· 

Alteration in Translation Enhancement. 
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Pot yviral 5'UTRs are multifimctional regions involved in translational 

enhancement (Turner & Foster, 1995) and virus replication (Klein e/ a/. , 1994). 

Inspection of the PVY 5'UTR revea led several conserved motifs and structures 

(Fig. 2-7) The "Box a" and "Box b" are well conserved among potyviral strains 

(Turpen, 1989) Although the 5'UTRs from different potyviruses vaty in length , 

they all cont ai n the UUUCA penta-nucleotide domain , rang111g in 1- 5 fold repeat s. 

13esides, the (C AA)n element which was identified as a fu nctiona l mot if for 

translati onal enhancement (Ga llic & Walbot , 1992) is also present in PVY strains 

(Fig. 2-7) In 111 1'1/m system, Levis c: / a/. ( 1992) showed that the first 16 

nucleotides of PVY 5'UTR was absolutely needed for translational enh ancement 

activity . Futhermore, each of th e predicted stem-loop structures of PVY -0 may 

JJiay different roles in translational initiation ;mel enhancement. In an attempt 

towards delineating those sequences necessaty for translational enhancement, the 

PVY-0 5'UTR based deletions were thus designed (Fig. 3-6 , Table 3-3), and their 

function s were investi gated in tobacco protoplasts. 

i\lutational Analysis of 5'liTR in Tobacco Protoplasts 

The plastnids containing 5'UTR or it s derivati ves prior to the GUS encoding 

gene, were clectroporated 11tto tobacco protoplasts. 24 h after transformati on, th e 

GUS ac ti vities were assayed (Table 3-4) The GUS activity of an int<Jct 5'UTR 

containing pENG US was taken as I 00%. 

CD pENGUS-1 

Deletion of the first 16 residues res ults in about 43% stimulation of the 

translat ion of GUS . In other words. thi s result shows that the first 16 residues can 

be rega rded as a di spensable part of th e 5'UTR for translational enhancer 111 

f1lumu. 

@ pENGUS-2 and pENGUS-4 
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Deletion or the conserved " Box n·· (pENGUS-2) showed no obvious chnnges 

on translntion of GUS, nnd deletion or " Box b" (pENGUS-4) showed n 28% 

higher GUS acti vit y than that orpENGUS 

@ pENGUS-3 

About 3(>% incrensed GUS activi ty wns detected upon the deletion of the CAl\. 

cont aining region. 

@ pENGUS-5 and pENGUS-6 

Deletion of the first UUUCA penta-nucleotide repeat (pENGUS-5) showed 

56% or GUS acitivity in crease as compared to control pENGUS . Interestingly, 

thnt deletion of the second and third penta-nncleotide repeats (pENGUS-6) 

resulted in reduction of GUS activity The pENGUS-5 caused a doubling in 

translation effici ency in compnrison to pENGUS-6 

@ pENGUS-7 

When viral AUG and its upstren m region were deleted , the GUS activity was 

decreased consiclembly (2 1% GUS acti vity of control pENGUS) In this case, the 

wild type GUS initintion codon has been used for translation (Fig. 3-6 ), and 

initintor codon of pENGUS-7 res ided within the sequence CUUAUGU. 

@ pENGUS-8 nnd pENGUS-9 

The pENGUS-8 which contains only the 3' -terlllinal 55 bases of the PVY-0 

5"UTR result ed in 28% incrensing of GUS activity compared with pENGUS . On 

the contrary_ pENGUS-9 (havi ng first 130 bases of 5' UTR) reduced the 

translation of GUS to 58% of control pENGUS In thi s case, the pENGUS-8 

doubled GUS activity as compared to pENGUS-9. 

Discussion 

The mechanisms responsible for th e translation enhancing acti vity of the non-
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translated sequences preceding the AUG codon are not well defined . Recent 

experiments suggested that di!Terent mechanisms might be involved in translation 

enhanci ng acti\' ity of different \' iral 5'UTRs (Sieat et u/ ., 1 988~ Jackson et u/., 

1 990 ~ Carrington & Freed, 1990: Levis & Astier-Manifac ier, 1 993 ~ Basso et u/ ., 

1994). 

In an at tempt to assess the conserved motifs and other proposed functional 

structures of PVY -0 5' UTR invo lved in translation enhancement, a series of 

delet ional mu t<ll ions were int rod uced into th e PVY -0 5 ' UTR . Those de leted 

sequences were fu sed to th e reporter GUS gene and their effects on translat ion of 

downstream GUS gene in tobacco protoplas ts were examined . 

The fi rst 16 nucleotides of 5' UT R have been suggested by Levis et ul. ( 1992) 

to have an essenti al fun ction on initiati on of translation m vitro. They, therefore, 

suggested th<lt thi s region mi ght be an att achment site for ri bosomes. If thi s 

observa ti on holds also for 11 1 p/untu system, then deleti on of thi s region may result 

in the loss of translational initiation and enhancement . However, the resul ts in the 

present study showed that the fi rst 16 bases were completely dispensable for 

translati onal initi ation and enh ancement (Table 3-4). The translational acti vity of 

GUS was even stimulated upon the deleti on of thi s region. The reasons for th ese 

contrildi ctory res ult s were un cleil r. One possible explanation is that differences 

exist between 111 Jilun tu and 111 1'1/m systems with respect to fac tors influencin g 

translation effic iency. Even between eukaryotic systems those observa ti ons are 

not UII COmmon (Ga ll ic e/ u/. , 1988). 

Nico laisen et u/. ( 1992) showed that the short ened 5 ' UTR of PSbM V caused 

an enh ilncement of translati on compared to the authentic PSbMV 5' UTR . 

Therefore, the absence of a st;1ble seconda ry st ru cture has been suggested to play 

a lll a.Jo r role in detenninmg the ability of S'UTRs to enhance translation. The 

stimulation of GUS tr<lll slation caused by pENGUS-2, pENGUS-3, pENGUS-4 

and pENGUS-5 cou ld be explained by the disruption of the pred icted seconda1y 
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structure by the delet ions in S'UTR . Truncating first 130 bases of 5' UTR that 

le~ves on ly the rest 55 res idues of S'UTR (pENGUS-8) does show higher GUS 

activity . 

However, the absence of a stable secondary structure alone may not solely 

~ccou nt for thi s enhancement phenomenon, because the partia l or complete 

deletions of the :1 ' -t erminal 55 residues of 5'UTR, pENGUS-6 and pENGUS-9, 

respectivel y, result in the reduction of GUS activity in comparison with an intact 

s·UTR (pENGUS) The pENGUS-9 h<1s shown only half of the GUS activity 

compared to th~t of pENGUS-8 . This result indic<Jtes that the :1 ' terminal 55 bases 

ofPVY-0 S'UTR fun cti on differently from the rest pa11 of5'UTR. In other words, 

this region cou ld not be regarded as a dispensable part for translati ona l 

enh~ncement . 

It seems tlwt three conserved UUUCA motifs within 5'UTR, function 

diffe rently in the tr;msl<Jtional enlwncement process . Since deletion of the first 

UUUCA leads to stimulation of GUS transi<Jtion, while the deletion of the second 

and third UUUCA motifs c<Jusedthe reduction of GUS acti vity. 

Although the mecha ni sms of translilt ional enhancement are not well understood, 

specific motifs, or binding domains for pl ant host translation f<tctors or ribosomes, 

~swell as the second<1ry configur<J ti on of 5'UTR may be involved in thi s process . 

Fun her research is req u1red to underst<J nd the functions of PVY -0 5' UTR in 

translation<JI enh ancement. 
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Table 3-2 Synthetic primers used for construction of the 5 ' UTR 
derivatives containing vectors 

Plasmid 

pENGUS-1 

pENGUS-2 

pENGUS-3 

pENGUS-4 

pENGUS-5 

pENGUS-6 

pENGUS-7 

pENGUS-8 

pENGUS-9 

Primer 

For Site-Directed Deletion 

'i 'TTCTT A TGTTGT A TTCT AGAGTCGACC3 ' 

'i 'TCTGCGTTGTTTTTCTT A TTGAGTTGTTTT AA T3 ' 

'i ' AA T AAGCGTTT AT AAGTTTTTCTT A TGTTGT A3 ' 

'i 'CTGAAACTT AGC AAGGTGAGAA T AAGCGTTT3 ' 

5 'AGGAAATGAA TT AAACCTT AGCAAGTTGCTT3 ' 

'i' A TTGGTTGGAAGTGA TGGTTTCC AA T A TTG3' 

5 'GT ACCCGGGGA TCC AGA TTGGTTGGAAG3' 

For PCR 

'i'GGTCTAGAAACC ATTTCAAC3' 

'i 'AAGGA TCCC A TTGAGGA TCTG3' 

5 'GGTCT AGAAA TT AAAAC AACTC3 ' 

5 'AAGGA TCCC A TCCAA T A TTG3' 
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Fig. 3-5 Predicted secondary structure of the PVY -0 5'-NTR for 
the plus strand . The viral initiation codon is underlined . 
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Table 3-3 Structures and propetties of deleted regions of PVY -0 S"UTR 

Plasmid Deleted Region 

pi•;N<: US no d(detion 

pi•;N<;US- 1 1- l(i 

pi•;N<;US-2 1!)- l!i 

pENC US-:l :H - 1G 

pi•;N<W S-1 liH-7!i 

pi•;N< :US-!i Hfi -H ~J 

pEN<1US-Ii l:lli- l!iH 

pi•;Nt; US-7 171i- IHH 

pi•;N<; US-H 1- 1 ;lf) 

Structure 

ruli-I Pnlh 

in vitro inhibition of 

translational enhancement 

conserved ' Box a 

(t:i\Ci\i\t:/1 U) 

(Ci\/1) moti r 

COJlS(~rV(~d ' Box IJ ' 
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plasmid 

pGUS 

pENGUS 

pENGUS-1 

pENGUS-2 

pENGUS-3 

pENGUS-4 

pENGUS-5 

pENGUS-6 

pENGUS-7 

pENGUS-8 

pENGUS-9 

GUS 

~+1 Xbal BamHI 

GAA7TCTAGAATGGGATC~TG 

Xbal 5 ' NTR (1 85 bp ) BamHI TCTAGA __________ .;,;, _____ ANGGATCC 

Xbal .6. 1-16 BamHI 
ANGGATCC TCTAGA '---------------

.6. 19-25 
Xba / A BamHI 

ANGGATCC 
TCTAGA---' '~--------------

X bat 
TCTAGA 

Xbal 
TCTA GA 

X bat 
TCTAGA 

X bat 
TCTAGA 

X bat 
TCTAGA 

X bat 
TCTAGA 

X bat 
TCTAGA 

.6. 34-46 
BamHI 

"----------- ANGGATCC 

.6.68-75 
BamHI 

'---------- ANGGATCC 

.6. 85-89 BamHI 

------''--------- ANGGATCC 

.6.136-158 BamHI 
-...., ____ ANGGATCC 

.6. 176-188 BamHI 

-------------- GATCC 

.6. 1-130 BamHI 

---------------- ANGGATCC 

.6.131 -185 BamHI 
ANGGATCC 

Fig . 3-6 A schematic representation of PVY -0 S'UTR and its derivatives 
examined fo r alterations in translation enhancement 111 plan/a . 
The boxed ATG codon corresponds to codon I in wild-type GUS. 
The ATG initi ation codon is underlined . The an ow indicates the 
transcriptional stari site. 
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Table :1-4 Effect of Deletions in PVY-0 5' UTR on Translation 
ofGUS in Tobacco Protoplasts 

Plasmid Deleted Nuc leotide GUS activity Percentage(%) 
Positi011 in 5'UTR ( -k\ll"pmuk111i11mg pr"ki11) 

pGUS 110 5'UTR 805 4 

pEN GUS no deletion 19118 100 

pENGUS-1 1- 16 27301 143 

pENGUS-2 19- 25 20285 106 

pENGUS-3 34- 46 25969 136 

pENGUS-4 68- 75 24484 128 

pENGUS-5 85- 89 29838 156 

pENGUS-6 136- 158 14872 78 

pENGUS-7 176- 188 40 16 21 

pENGUS-8 1- 130 24497 128 

pENGUS-9 131 - 185 11120 58 

The percent~ge of GUS ~ct i vity w~s calculated compared to that of the full-length 5' UTR 

contain ing plasmid pENGUS which \\·as taken as I 00%. T he average values of at least 

three independent experiments are shown 
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Chapter 4 Characterization of PVY -0 PI Protein 

The P I protei n is derived fi·om the N-tenninal region of the potyviral 

polyprotein . Thi s protein cnta lyzes aut oproteolyti c cleavage between itself and 

HC-Pro protein Its catalyti c act ivi ty 111 Fi lm requires a cellular fac tor present in 

extracts fro m plant (Verchot el u/., 199 1) The C-terminal proteo lytic domai n 

resem bles chymotrypsin-1 ike serine proteinases ( Verchot el a/, 1992), while th e 

N-terminal h<llf was shown to be di spensable fo r proteolysis as we ll as genome 

mnpliflca tion, and systemi c infection ( Verchot & Canington, 1995b) The P I 

protein ex hibit s sin gle-strand RNA binding acti vity in t•ilm (B rantey & Hunt , 

1 99:1~ Soumounou & l<tliberte, 1994 ), and is the least conserved protein among 

potyvtruses (Donu er ct u/. , 1 987~ Vance et ul., 1992; Mari e-Jeanne Tordo et ul., 

1995), rangin g in size from :10 kDa to 6:1 kDa . 

The PI protein has only recently been detected from the extracts of plant s 

mfec ted with tobacco ve in mottling potyvirus (Rodriguez-Cerezo & Shaw, 199 1 ), 

pea seedborn e mosa ic potyvirus (Albrecht sen & Borkhardt, 1994), and zucchini 

ye ll ow mosaic potyviruses (Wisler ('/ a/ , 1995) Bes ides, there were only two 

reports Oil the determination or cleavage sites between pI and HC-Pro polyprotein 

111 t'l fm . The cleavage between the PI protein and HC-Pro was shown to occur 

between PheN>/Set1 ;
7 in TVMV (Mavankal & Rhoads, 1991) and Tyr3"~/Se r311 ; in 

TEV polyprotein (Verchot c l ul, 1992) 

To furth er elucidate th e roles of PI protein in the potyvirallife cycle, polyclonal 

anti serum was rai sed agai st the PVY-0 PI protein in the present study, and it s 

presence in infected plant s has been examined. By employment of the GUS fu sion 

strategy, substitution aud deletion mutagenesis, and transient assay, the cleavage 

si te between PI and HC-Pro polyprotein has been detennined in tobacco 

protopl <tsts 
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4-1. Detection of PVY-0 PI Protein in Infected Tobacco Plants 

Materials and Methods 

Tobacco (Ntcoltww luhucll/11 cv. Samsun NN) was used for PVY-0 infection . 

f.,chr.:nchw cnlt strain HB I 0 I was used for the production of fusion protein . 

Construction and Expression of PI Protein as a Fusion Protein 

The eDNA clone pVY2C>:l <mel b<Jcterial expression vecter pMal-c (Guan r.:l u/ , 

!987) were used for the construction of plasmid pM<1l-P I (Fig. 4-1) p VY26:l w<Js 

cut with th e restriction enzyme 8g/ I and blunt-ended with T4 DNA polymerase 

After ligation with <1 Smurft linker (5'TTAAGTTAACTTAA:l'), the plasmid was 

digested with Hpu I and 8g/ 11 , ;mel 8g/ II site was filled in with T4 DNA 

pol ymerase . The 607bp fragment covering nucleotides ti·om 297 to 905 of PVY -0 

genome was cloned into pl<1smid pM<1l-c that was cut with Sac I and blunt-ended 

with T4 DNA polymer<Jse. The resulting pl<1 smid pM<1l-PI w<Js transferred into 1:·. 

w/i HB I 0 I. Clones cont<Jining the 1nsert in the proper orient<Jtion were grown in 

L-broth containing 50pg/ml <1111picillin at :li>c until O.D.r.w=0.5 was reached. 

The expression of the fu sion protein was then induced for :lh by addition of 

isopropyl ~-D-thiogai<Jcto-pyr<Jnos ide (IPTG) at a final concentration ofO.:lmM. 

The b<1cteri<1 were h<1rvested <1nd lysed by ultmsonic treatment (Branson Sonifier 

Model 200) in <1 lys is buffer (I OmM sodium phosphate buffer pH 7.0, :lOmM 

NaCI , 0.25% Tween-20, 2mM OTT) Lysates were centrifug<Jted at 15,000 qJm 

for I 0 min <1nd supern<Jnt w<Js obt<Jined . M<1IE-P I fusion protein was purified by 

<111 a1nyi<Jse resin <Jftinity column <Jccording to the in struction of the ma1wfacturer 

(B iolabs, New England) The eluted samples were dialysed against distilled 

W<Jter overnight at 4'>c Protein concentr<Jtion was estimated with a Bradford 

reagent (Bio-R<Jd , USA) 
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Prepar·ation of Antiserum against i\laiE-PI fusion Protein in Rabbit 

The <mtiserum to MaiE-P I fi1sion protein was prepared in a rabbit (New 

Zea land White) by an initial immunization with lmg of antigen emulsified in 

Freund's incomplete adjuvant (Difco Laboratories USA) Subsequent injection 

was carried out <Jt :\ weeks <1fter first in1muniz<1 tion . The collected serum was 

pmified by a protein A column (Ampure 1
M PA Kit, Amersham Japan) and 

pre<Jdsorbed wi th <Jcetone-precqJ<Jted healthy tob<Jcco proteins for 2 h at room 

temperature or overni ght at 4°C before use. 

Ouchterlony Diffusion Test 

Oucht erl ony diffu sion test was ca rried out wi th the sera before- and after­

llnmunization to the M<1IE-P I fusion protein, in 9 em petri dishes containing 20 ml 

of 1.2% agarose dissolved in 20 mM sod ium phosphate buffer (pH 7.0) and 3% 

PEG 4000, as descnbecl by Oshi nw ( 1993) 

Wes tern Blotting Analysis 

Le<Jves fi·01n he<J ithy or PVY-0 1nfected tobacco plants were harvested at 20 

clays post-inoculation Ext ract s were prepa red by grinding in a mor1ar with 3ml!g 

tissue of either extra ction buffer (ES buffer 7.5 mM Tris-CI pH 6.8, 9 M urea, 

7.5% 2-M E, 4.5'% SDS) (Rocl riguez-Cerezo & Shaw, 199 1) or a buffer as used by 

Albrechtsen & Borkhardt ( 1994) ( I 00 mM Tris-CI pH 8.0 , 2% SDS, I 0% 

glycero l, 5'% 2-ME, here referTed to as AB buffer). Homogenates were squeezed 

through a sin gle layer of moistened cheese cloth , boiled and then centrifugnted at 

S,OOOg for 5 min . Supern atant w<Js submitted to I 0% SDS-PAGE usin g 15pl 

(equi\ ·a lent to 45 mg or fi-esh ti ssue) per lane, and followed by electroblotting onto 

pol yvinylidene difluoride membr<me (limnob il on-P, millipore, USA) overnight at 

50V (Towb in l'l u/. 1979) The membran es were blocked for I h with a so lution of 

5')-o nonfat chy milk in TBS-T (20 mM Tris-HCI , pH7 5, 150 mM NaCI, 0 I% 
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Tll een-20) and then Incubated for 2 h with the antiserum diluted I 000-fold in 

TBS-T solution Aficr three washes with TBS-T, the membranes were mcubatcd 

with goat anti rabbit lgG coup led to horseradish peroxidase seconda1y antibody 

(Bio Rad , USA) for 1.5 h. The membranes were washed three times with TBS-T 

and the innnunocomplexes were det ected using the enzyme chemi luminescence 

(EC L, Amersham, USA) as described by the manufacturer. 

Results 

Preparation of PI Antibody in Rabbit 

The production of antibody aga inst MaiE-P I fusion protein was unde11aken in 

order to in vesti ga te the presence or PI protein in PVY -0 mfected tobacco ce ll s. 

To obtain the ;mtigen, a eDNA fl·agment (from nt 297 to 905) of PVY -0 

corresponding to a 22 kDa hagment of the polyprote in (from ami no acid position 

42 to 244) was cloned into the bacterial expression vector pMal-c to produce th e 

recombinant plasmid pMai-P I (Fig.4- l ). The inse11 was cloned into downstre<1m 

or th e 111ul!:· gene. which encodes a maltose binding protein (Guan et a/. , 1987) 

pMai-P I, as well as pMal-c were used to transform the /:·.coli HB I 0 I. After 

111duction in culture by IPTG, bacteria transfonned wi th pMai-Pl produced a 

soluble protein with a moleculm weight of approx. 67kD as determined by 50S­

PAGE (Fig 4-2 , lane J) This is in a good agreement with the predicted molecul <1r 

weight of 45kDa from MalE plus 22 kDa from the inse11. Bacteria transformed 

wi th th e vector pMal-c produced a 45 kDa MalE protein (Fig. 4-2, I<1 1Je I). 

The fu sion protein was purified from bacterial lysates by an amylose resm 

afllnity co lumn . Analysis of the the products eluted with elution buffer ( I 0 mM 

lllaltose , 20 mM Tris-HCI pH7 4, 200 mM NaCI , 5 mM OTT) by SDS-PAGE 

revea led seve ral proteins. among which the predominant protein h<1d a molecular 
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weight of approx im<Jt ely 67kDn (F ig. 4-2 lane 5) The p<1I1ially purified MalE-PI 

f[Ision protein w<Js used to 1111munize <1 rabbit. 

Ouchterlony difft1sion test w<Js c<lrTied out to detect serological re<Jction of the 

<Jntisemm to M<1IE-PI fl1 sion protein (Fig.4 -3, A). 8 pg of MalE-PI showed <1 co­

precipit<Jtion line with the immunized serum, even 2 pg of the protein showed a 

co-precipitation hn e with I 0-folcl diluted semm . These results indicated that the 

immunized serum reacted strongly 111 diffusion tests with MalE-PI protein. In 

contr<J st to thi s, there W<lS no reaction with the serum obta ined before 

Immunizati on (Fig. 4-3, A) 

Detection of PI Pl'Otein in Plants Infected with PVY-0 

To investig<Jte the presence of PI protein in PVY -0 infected tob<Jcco plants, the 

le<1ftissue w<Js extr<lctecl with AB orES buffer and sub1ected to I 0% SDS-PAGE. 

The proteins were electroblotted to a membrane <111d probed with the fusion 

protein antiserum (Fig. 4-4) . The <Jntiserum re<Jcted specifically to a protein with 

molecular weight of )2 kD<1 that was present only in plant ti ssue infected with 

PVY-0 (Fig. 4-4, l:mes 2 <1ncl l), but not in extracts from healthy plant ti ssues 

( Fig. 4-4, l<Jne I) Alt hough extracts of PVY -0 infected tissues with both AB <1nd 

ES buffer showed l2 kDa PI protein b<Jnd, the latter gave a much more 

satisfactory result (Fig.4 -4, lane 2) 

Discussion 

The protein encoded by the N-terminal region of PVY -0 genome was detected 

in infected tobacco pl<1nts in thi s study This coding region has been presumed to 

be present in the PVY -0 ge nome but it s product h<1dnot previously been detected 

in pl<1nts A eDNA cloning was employed and expressed in bacteria to obt<Jin 

su ffici ent <liJJOtlnts of the fl1sion protein to raise polyclonal antibodies, and these 
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h<1 ve been used lo r det ection of th e protein in infected plants. The detected PI 

protein ofPVY-0 is about 32 kDa 

Two buffer syste1n s were used lor th e protein extraction It clearly showed that 

the ES butTer gave much better extr<Jction than buffer AB. Since ES buffer 

contains a very high concentration of urea (9 M), the extraction condition is much 

more stringe11t th<ln AB buffer The results indicate that the PI protein might be 

located <Jt or <J ssoci<Jted with the cell membr<Jne or cell wall ti·<Jctions. 
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Fig . 4-1 Scheme of construction of recombinant plasmid pMai-P1 
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Fig . 4-2 Expression and purification of MaiE-P1 fusion protein in E. coli 

Cultures of cells containing plasmid pMal-c or pMai-P1 were 
sampled 3 h after induction with IPTG. Lysates were separated 
by centrifugation into supernatant (S) and pellet (P) fractions . 
MaiE-P1 fusion protein was obtained after separation of pMai-P 1 
supernatant by an amylose resin column (Column). The arrow 
points to the band corresponding to the 67kDa MaiE-P1 
fusion protein. 
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A 8 

serum before 
immunization 

Gj 8 
0 

0 CD 
0 

Gf 8 
1 0-fold di luted serum 
before immunizat ion 

serum after 
immunization 

jG 
0 

0 
0 
fu 

1 0-fold di luted serum 
after immunization 

Fig 4-3 Serological analysis of antiserum to MaiE-P1 
fusion protein by Ouchterlony diffusion test . 

Numbers 1 ,2,4 and 8 indicate the concentration of MaiE-P1 
fusion protein at ~tg , respectively. 
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Fig . 4-4 Western blot analysis of PVY -0 P 1 protein in extracts from healthy 
and PVY-0 infected tobacco leaves, using antiserum against the 
MaiE-P1 fusion protein 

Healthy tobacco leaves (Lane 1 ), PVY -0 infected tobacco leaves 
extracted by ES buffer (Lane 2) or AB buffer (Lane 3) (see 
Materials and Methods for details) 
The sizes of protein standards, in kDa, are indicated at the left. 

67 



4-2. Identification of Cleavage Site of PI Protein 

of PVY-0 in Tobacco Protoplasts 

Materials and Methods 

Strains, Plasrnids, Plant Mate.-ials 

Most recombinant and 1nutagenizecl plasmids were cloned in /;-.l'(;henchw colt 

MV 1184 . Single-stranded plasmid DNA was prepared ti·om ~:·.colt C.I2J6 by 

infection with the defective phage M I JK07. The numbering of all nucleoticles and 

amino acid residues, starting from the PVY-0 genome 5' end and N terminus of 

the polyprot ein , respectively, was based on the sequence described in chapter 2. 

Two PVY -0 eDNA fragments with different length were subclonecl into the 

Hanil-11-,\jJh l digested pUC 119 vector to yield two intennecliate plasmids pJ69 

and p291 . The plasmid pJ69 contains a eDNA fra1pnent representing PVY -0 

nucleotides 1- 1292, which encodes a total of 369 amino acids of the PI protein 

and a part of adjacent HC-Pro protein , while p291 contains a eDNA fragment 

ha ving nucleotides 1- 1058, encoding a polypeptide with 291 amino acids . 

Site-Directed Mutagenesis 

Double amino acid replacements of Gln275/Se1271' , Phem/Se12 x5, ;mel 

Hi s
127

/Ser'
2
x with Gly/Aia, respectively, in plasmid pJ69 were carried out by site­

directed mutage nesis using uracil-containing, si ngle-stranded DNA as a template . 

The oligon ucleotides (5'TGAGTTC AAAACGGCGCCAGT AACTTT AGAAJ' 

for Gln
275

/Se1
271

' to Gly/Aia , 5'ATTATCAGCATTQ.GCGCCCTGGATCATGAJ' 

for Phem/Ser2x5 to Gly/Aia , 5'GCACGGGAGGATGGCG.C.CTGCCATCAA 

TGCAJ' for Hism/Ser'2xto Gly/Aia) specifying the underlined base changes were 

synthesized and used as primers fo r each mutagenesis. All the three mutants were 

selected by digestion with Hhel \\'hich were newly introduced by the mutation . 
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The resu lting pl<~ smid s were named pA, pB and pC, respectively. The letters A, B 

;llld C st<Jnd for the three predicted cle<Jvage sites between PI and HC-Pro 

polyprotein . 

The PVY -0 polypeptide encod in g sequences for the am ino acid residues of 

284 29 1, 285 29 1, 286 29 1 <1nd 287- 29 1 were deleted individually from 

plasmi d p29J by sit e-directed de l et i o n <~ lmutagenes i s. The resulting plasm ids were 

termed p28l, p284, p285 <1nd p28C> , respectively . The 283 , 284, 285 and 286 

represent the numbers of amino acid residues of vir<1l protein encoded by 

corresponding pl<lsmids . 

The nucleotide sequence around e<Jch mut <J ti on sit e was verified by sequencing 

<IS described in chapter 2. 

Construction of polypeptide/GU S Fusion Transient Expression Vectors 

The pl<~ smid p369-GUS (Fig 4-5) encoding polypeptide/GUS fusion protein 

was obt<1ined fi·om pl<~ smid pGUS (Fig. 3-1 ) and p369 . 

Three pl<~ s mid s encoding polypeptide/GUS-substitution v<1riants pA-GUS, pB­

GUS ;-mel pC-GUS were generat ed fi ·o1n pl<~smicl pGUS, pA, pB, <1nd pC (Fig. 4-

7) 

Four addition<~! plasmids encoding polypeptide/GUS-truncate variants p283-

GUS, p284-GUS, p285-GUS <1nd p286-GUS were generated from pl<~smicl s 

pGUS, p283 , p284 , p285 and p286 (Fig. 4-9), respectively 

All the above tr<Jn sient expression vectors were constructed by the following 

str<Jt egies The cDNJ\ cont<Jinin g pl <~s micl s p369, pA, pB, pC, p284, p284 , p285 

and p28(J were cut with .\j>/11 <llld blunt-ended with Klenow fra gment , and then 

di gested with 8umH l. Afi er recoYery fi ·om ag<~rose gel, the eDNA fmgment s were 

ft1 sed in fi ·<~me with the N-t enninus of GUS gene in the 8mnHI-Smul digested 

plasmid pG!JS (See Fig . 4-5 , as an example) The resulting plasmids were 

clectroporated into tob<Jcco protopl<lsts and used for GUS tr<Jn sient expression 
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assay . Fluoromctric <mclm .11111 SDS-PAGE analysis of GUS activity was clone as 

described previously 

\\'es tern Blotting Analysis of Tobacco P.-otoplasts 

48 h alicr transformation , the protoplasts were coll ected by gent le 

centr ifi1gat ion and suspended in GUS extracti on buffer or ES buffer and lysed 

complete ly. The mixture was centrifuged (5 ,000 rpm, I 0 min) and the supematant 

1\<IS boiled for 5 min , then submitt ed to 9% and 12% SDS-PAGE for GUS and PI 

protein analysi s, respec ti ve ly. The subsequent steps were done as described 

previously. For GUS detecti on, 4000-fold diluted anti-GUS serum (Ciont ech 

Laboratori es Inc. USA) was used. 

Results 

The Fusion Protein Encoded hy Plasmid p369-GUS Is Processed in Tobacco 

Protoplast 

Cleavage between the PI and HC -Pro polyprotein of PVY was proposed to 

occur between (A) Gln 275/Se1171
', (B) Phe 2 x~/Ser2X 5 or (C) His 127/Ser12x by Domier 

el u/. ( 1986 ), Mavankal & Rhoads ( 199 1) and Hellmann et a/. ( 1988) based on 

the amino acid sequence alignment with other potyviral polyproteins. A transient 

expression plasmid p3(J9-G US has 369 amino ac id residues (all three predict ed 

cleavage sit es arc included) from the N-tenninus of PVY-0 polyprotein fu sed in 

fram e to N-tenninus of GUS. The p369-GUS fu sion protein has a molecular 

weight of approx . I 08 kDa. This fi1 sion plasmid was electroporated into tobacco 

protop lasts to examine 11·hcther the translated fu sion protein precursor could be 

cleaved . The result ofWcstem analysi s using a GUS anti serum showed a specific 

band arou nd 76kDa. a little larger than GUS standard (Fig. 4-6, lane 3), while in 
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cont rol, this band was not present (Fig. 4-6 , lane 2) . This data indicated that the 

fit sion pro tein prec ursor produced from p369-G US un derwent cleavage in tobacco 

protop lasts. The cleav<Jge site of thi s prec ursor coul d not be known b<Jsed on the 

size of resulting product. 

Substitution of Phe2s~/Ser2s,; Failed to Detect G US Activity in Tobacco 

Protoplasts 

To determine the <J uthcntic clemmge sit e between PI and HC-Pro polyprotei n, 

three subsitution pl asmids pA-GUS, pB-GUS nnd pC-GUS, i.e ., rep lacement of 

Gln 275/Scr27
' ', Phe2x-1/Ser2

" <1 nd Hi s 12 7/Ser12s to Gly/ Ala, respecti vely, were 

constructed (Fig. 4-7) Aft er electropornti on int o tobacco protoplasts, the extracts 

of tr<J nsfo nned protoplas ts were ass<Jyed for GUS acti vi ty flu orometrically. As 

shown in Fig 4-8 pA-GUS and pC-GUS showed similar GUS acti vity with that or 

p369-GUS (having more th <J n 2000 unit s), while pB-GUS had only very low GUS 

acti vit y, nbout the same as in cont ro l. These datn indicate that after replacement of 

Ph e2 x~/Se t2x', the fusion protei n precursor is not cleaved. Surely, GUS acti vity 

could not be detected due to the st<J te of fu sion in which 369 amino acid res idues 

fit sed to its N-tenniiHI S. Thi s result of amino nc id substitution suggested that 

Ph e2 x~/Se r2x ' i s n cleavage site between PI and HC-Pro polyprotein . 

The Phe2 x~ is the C-tenninus of PI protein of PV\' -0 

Although the Phc2 '~/Se r2 x; is a possibl e cleavage site between PI and HC-Pro, 

it is int erestmg to <1 ddress whether those two amino acid residues are absolute ly 

reqt11red for proteo lysis 111 tobacco protoplasts. Sin gle amin o acid truncates aro11nd 

Phc 2 x~/Ser2 x' were prep<J rcd Four pl<1 smids encod ing fu sion proteins cont ai ni ng 

GUS fu sed to th e C-tenninus of th e pro teolyti c dom<1 in tennin<Jting at Gln 2X1, 

Phe2 x~, Ser2x; or Asn2
"' were constructed (Fig. 4-9) . Fusion protei ns conta ining a 

liu1 ction <J I c l em ·a~;e sit e were ex pected to un dergo pro teolys is, generating a 32kDa 
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PI protein and a 68 kDa GUS protein Whereas fusion proteins with di srupted 

cleavage sites were predicted to acc umulate a non-processed I 02 kDa precursor. 

Both GUS act ive-gel "' .11111 staining and GUS western analysis showed that 

p28l -GUS yielded no GUS ac ti vity (Fig4 -1 0 A, lane 4) or a GUS band (Fig.4- IO 

8, lane 4) Processed GUS product and it s activit y were observed from p284 -

c_; US, p285 -G US and p286-GU S (Fig 4-10, lanes 5, 6 and 7) These result s 

indicate that amino acid residues beyond Phe2 x~ are di spensable and that Phe2 x~ is 

necessa ry fo r proteolysi s. Phe2 x~ is most probably the C-tenn inus of PI protein . 

Discussion 

Although the autiserum specific reaction to PI has led to the detection of thi s 

viral prot ein from infected plant s, extremely small amount of PI was present in 

infected plants (Rodriguez-Cerezo & Shaw, 199 1 ~ Albrechtsen & Borkhardt, 

1994; Wisler cl u/ , 1995) Besid es , unlike the other viral proteins (for exilmple 

CP and Cl) which accumulate in infected plants with amounts to be isolilt ed for 

<llnino acid sequence analysis and other characterizations, the PI protein is 

normally only detected in very young plant material s (Aibrechtsen & Borkhardt , 

1994). Therefore, it could be very difficult to determine the PI cleavage site or it s 

C-terminalm infected plants. 

Mavankal & Rhoads ( 1991) and Verchot el ul. ( 1992) have determined the PI 

cle;wage sit es of TVM V and TEV potyviruses by the techniques of site-directed 

llllltagenesis and "' ' 'l im triln slation systems. Their results showed tlwt the 

cleavage requ1res a cofactor which was only born in plants . 

The present study \V<l s carried out to elucidate the cleavage sit e between PI and 

HC-Pro polyprotcin of PVY-0 in tobacco protoplasts. The result s showed that 

processi ng occurred in protop last system at Phe2 x~/Se 12 xo of PVY -0 polyprotein 
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and Phe
2
x
4 

is indispensab le for proteolysis (Fig. 4- 1 0). The results also showed 

that <1lt hough Ser
2
x' was not <1bsolutely required for proteolysis, it was needed for 

optimal clcmrage <lct ivity since replacement of Serm with Gly (p284-GUS) 

reduced GUS <lctivi ty consider<1bly (Fig 4-1 0, lane 5). 

Fail ure to det ect the unprocessed fu sion protein (p28:1 -GUS) which could 

theoretically react to GUS <ln tibody may be clue to the degradation of this protein 

in protoplasts. This suggestion is supp011ecl by the observation that in p284-GUS, 

the GUS <lC ti vit y is always much less than those of p285-GUS and p286-GUS 

(Fig. 4-1 0, lane 5, 6 and 7) The translation effic iencies should be quite similar 

with the sa1ne batch of protoplast prepar<1 tion, the same length <1 ncl construction of 

S'UTR (for det<lil s see ch<1p ter :1) prior to fu sion protein encoding region , identical 

pl<1s micl amount s, and the same elec tropor<lt ion and culture conditions. However, 

the unprocessed p284-GUS prec ursor has never been detected by anti-GUS 

antibody (Fig. 4- 10, lane 5). The result suppo11s the assumption that a fu sion 

protei n with less eflic iency of process in g is very li<1ble to degradation. Similarly, 

the result s of Nla cistron (cont ai ning VPg and protease domains) 111 \'t iro 

translation <mel process in g hnve shown th at only the VPg could be detected 

(Lalibe11e ('/ u/ , 1992) , suggesting the protease had undergone degradat ion. 

To address the possib ility tlwt unprocessed fu sion protein precursor mny be 

assoc iated with cell membrane fraction based on observation that PI protein 

seems to locate <lt ce ll mcmbrane fmction (see previous secti on), the transfonned 

protopl<1 sts were extracted with ES buffer. Nevertheless, the precursors could not 

be detect ed by both anti PI and <1 nti GUS antibodies (data not shown) . 

Another poss ible expl<lnation fiJr 11 0 detection of fu sion protein precursor is that 

GUS <lntibocly may be not specifically good for the detecti on of fusion protein 

wecursor, since the st<lte of fu sion co uld cause modificat ion of epit opes of GUS 

\\ hich arc important fo r GUS lgG recognit ion and reacti on. 
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Fig.4-5 Construction of the p3 69-GUS plasmid 
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Fig. 4-6 Westem blot ana lys is of GUS in tobacco 
protoplasts transformed with p369-GUS . 
Lane I , GUS standard ( I pg) ; lane 2, mock 
lane 3, p369-GUS . The aster isks represent standard 
GUS and processed GUS. 
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PcaMV35S P1 

A369 

p369-GUS 

Predicted processing sites : 0275/5276 F 284/S285 H327/S328 

pA-GUS 

pB-GUS 

(A) 

A 

~ 

Q275/S276 -------... G/A 

F284/S285 -------... G/A 

(B) 

B 
~ 

c 
~ 

(C) 

pC-GU S H 327/S328 -------... G/A 

Fig . 4-7 Diagrammatic representation of relevant portion of 
p369-GUS recombinant plasmid and three mutagenized 
derivatives pA-GUS, pB-GUS and pC-GUS. 
The solid arrows above the diagram indicate the positions 
of mutation resulting in amino acid substitution . 
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283-286 

P caMV35S~ P1 protein GUS 
~--~------L------==-----~ 

p283-GUS 

p284-GUS 

p285-GUS 

p286-GUS 

282 -.} 287 

IQFSNA 

I ol G G G H S L M V R P · · · · · .. · 

IQFIGGGHSLMVRP ....... . 

IQFSIGGGHSLMVRP ....... . 

IQFSNIGGGHSLMVRP 

Fig.4-9 Diagrammatic representation of recombinant plasmids 
p283-GUS, p284-GUS, p285-GUS and p286-GUS 

The coding sequence of the P1 protein was fused to the 
N-terminal coding region of GUS as indicated . 
The single-letter code for residues around P1 /HC-Pro 
cleavage site (IQFSNA) is shown . The cleavage site is 
indicated by an arrow. The GUS sequence was fused 
adjacent to codons for Gln283, Phe284, Ser285 and 
Asn286 in four constructs listed . Italic M represents GUS 
original initiation codon . 
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Fig. 4-1 0 Translation and processing of fusion proteins encoded by 
pENGUS, p283-GUS , p284-GUS, p285-GUS and p286-GUS 
in tobacco protoplasts 

A In situ ana lysis of GUS by 7.5% SDS-PAGE; 
B Western blot analysis of GUS by anti GUS anti serum 
Lanes I, GUS standard I ).lg ; 2, mock; 3, pENGUS ; 
4, p283-GUS ; 5, p284-GUS; 6, p285-GUS ; 7, p286-GUS 
ArTows indicate the GUS products 
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Chapter 5 

Summary 

Potnto virus Y (PVY) is the type species of the l'ntyl'tms genus, which 

constitutes the lnrgest known nnd economically most impot1ant genus of 

plant viruses. Intensive resenrches on the potyvirus eDNA cloning and 

sequencing have led to a greater understnnding of it s genome st ructure and 

li fe cycle The monopnrtit e 10 kb RNA genome contnins n genet ica lly 

encoded polyadenylate tnil at the l ' -end, n sin gle open reading fram e ftll 

trnnslation of a lnrge polyprotei n, nnd a protein termed VPg covnlently linked 

to the 5'-terminus. The lnrgc polyprotein subsequently undergoes 

autoproteolysis to yield at least 9 functional viral proteins. The 5'­

untranslnted region (5-UTR) of potyviruses shares several well conserved 

motifs or structures The speciill genome orgilniziltion of potyvirus has 

resu lt ed in its specific way on gene regulation, which may be different from 

those of other orgilni sms With the incre<Jsi ng knowledge on genome 

organi zn tion nnd function of potyviruses, it becomes possible to improve 

economica ll y important plants by tr<~nsfonnntion with viral genes for 

in creased viral res istnnce . Therefore, to study potyvirus geneti cnlly has both 

theoretical and practical significance. 

The present study wns carried out to understnnd the genome structure an(l 

fl111ction of PVY ord inary strn in ( PVY -0). A eDNA clone conesponding to 

5" -lwlf of the genome WilS prepmed and its nucleotide sequence wns 

determined. The function of th e 5"UTR was nnnlysed in tobacco protoplnst 

system, nnd finall y the PI protein wns detected in infected plants by Western 
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blot analysis and it s C- terminus on polyprotein was detennined. 

Genetic Analysis of 5'-half Genome of PVY-0 

PVY -0 was purified from infected tobacco leaves and vi ral RNA 11 as 

iso lat ed A 5 kb eDNA corresponding to the 5' -half of the genome was 

cloned from viral RNA with a 17 mer synthetic oligonucleotide primer 

Nucleotide sequence determ in<Jtion of this clone, together with the ]'-half 

nucleotide sequence reported by our group showed that the PVY -0 genome 

has a total of 9699 b<Jses. A 5 'UTR of 185 bases precedes the unique long 

ORF which encode a polyprotein of 306 1 amino <Jc ids with a ca lcul ated M, 

of350 kDa , foll owed by a 3'UTR of33 1 bases. Proceeding from the N- to 

C-terminus of the polyprotein , at le<Jst 9 functi onal proteins can be predicted : 

P I, HC-Pro, P3 , Cl, 5K, VPg, Nla-Pro, Nib and CP. Comparison of the 

complete <1 mino acid sequence of PVY -0 polyprotein to those of PVY -N 

and PVY -J-1 strains showed 96.4% and 92.4% similarities, respecti ve ly. 

Characterization of S'lJTR in Tobacco Protoplasts 

It has been documented widely th<Jt the plant viral 5'UTRs are acting as 

translational enh <J ncers. Like other potyviruses, PVY -0 5 'UTR is rich 111 A 

<Jnd T residues and has remarkbl y few G residues. Some well conserved 

motifs and structu res arc also present in this region. To in vestigate whet her 

the PVY -0 S'UTR flmcti ons as <1 translationa l enhancer, as well as whet her 

specific nucleotide sequences in the 5' UTR <tre needed, various mutational 

deriv<tt1ves of the PVY-0 5'UTR were fused to <t GUS rep011 er gene and 

their ftJn ct ion on transi<Jtion of downstream GUS in tobacco protop lasts were 
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examined . 

Two transient expression plasmids pGUS and pENGUS were constructed . 

The plasmid pGUS was generated by placing CaMV35S-,l:II.1-Nos terminator 

cassette of pBII21 into the l:"cnRII!-Imdlll sites of pUC 119. The plasmid 

pENGUS was essentially the same ns pGUS but harboring 5' UTR prior to 

GUS enconding region . Analysis of protoplasts transformed with the 

plasm ids revealed that pENGLJS stimulated translation of GUS considerably. 

Accurate fluorometric qunntitation of GUS showed that fu sion of the 5' UTR 

to GUS gene (pENGUS) incrcnsed GUS activity 15 times compared to the 

pGUS which cont ained no 5'UTR. 

Based on computer-assisted sccondaty structure prediction of 5' UTR, two 

stem-loop structures were observed within 1- 130 and 131 - 185 nucleotide 

regions Accordingly, 1- 130 or 13 1- 185 nucleotide residues of 5' UTR were 

amplified by PCR and cloned into .\'hul/8wnHI-digested pGUS. Upon the 

GUS activity analysis of trnnsformed protoplasts, plasmid pENGUS-9 

containing the I I:lO residues provided only 58% GUS activity of pENG US 

which conta ins an intact 5'UTR. On the other hand , plasmid pENGUS-8 

havi ng 13 1-1 85 residues exhibit ed higher GUS act ivity Namely, pENGUS-8 

doubled GUS acitivity compared to that of pENGUS-9 . Deletions were 

made of seven conserved motifs and structures within 5 ' UTR ( 1- 16, 19- 25 , 

34 46, 68 75 , 85--89, 136 158 and I 76- 188) respectively, to test for 

altered translational efficiency on downstream GUS All the deletions within 

I 130 bp region showed higher GUS activity In contrast to thi s, the 

deletions in 131 185 bp region declined GUS activity. The result s indicate 

that the deletions which cause the di sruption of secondmy structure of 

5' UTR alone may not <~ccotmt for tran s lation<~l enhancement, and 3 ' -terminal 



55 nucleotide res idues of PVY -0 5 ·uTR li kely play a much impOiiant role 

in tril nslil tionil l enhancement. 

Charactcriztion of PI Protein of PVY-0 

The multifunctionil l PI pro tei n is de ri ved from theN-terminal region of the 

potyvir<1 l polyprotein To study P I protein of PVY -0, a eDNA covering 70% 

of PI encoding region wils fused to the downstreilm of malE of pl<1smid 

pM<1 l-c The MaiE-P I fusion protein W<IS produced in /:·. colt and an 

il nti scn1111 <1g<1 in st thi s fi1 sion protein WilS r<1 ised in a r<1 bbit . The co ll ected 

anti serum spec ifi c<l ll y re<1 ctecl to a protein with molecul ar weight of approx. 

]2 kD<1 in in fected tobacco leaves, but only after extracted with a buffer 

cont<1 ining 9 M urea . P I protein , therefore, is probably located at or 

<1ssociated with ce ll membrane or ce ll Wil li fractions. 

Based on the amino <1cid sequence ali gnment with other potyviruses, and 

report s of li t \ 't i ro polyprotein clcavilgc analys is with TEV and TVMV, three 

poss ible cleavage sit es Gln 27'/Ser171
', Phe2x4/Ser2x', and His127/Ser12x for 

liberating PI protein ti·om polyprotein coul d be predi cted for PVY-0 . 

Therefore, a eDNA fi·ilgment encoding ]69 amino acids of th e polypeptide 

which co nt ains <1 ll three predi cted cleavage sit es was fused to the N-tenninus 

of the GUS gene, and th e fu sion plasmid p:\69-GUS was constructed for 

producing a I 08 kDa fu sion pro tei n precursor. An<1 lysis of extracts from the 

p:\69-GUS transformed protop l<1s ts with <1 nti GUS ;mtibody reve<1 led a band 

( 7CJ kDa) spec ifica ll y reacting to GUS ;mtibody, which is a little greater 

tl wn the GUS stancl<lrd . The result ind ica tes that th e fusion protein precu rsor 

was c l c<~ve cl in tob<1 cco protopl ilsts Replacement of Gln 27 '/Se r171
', 

Phe2x 
1/Ser2x', <1 nd Hi s 12 7/Ser12 x with Gly/ Ala, respectively, in p:\69-G US 



showed that when Phem /Ser2x5 was substituted , no GUS activity could be 

detected in transfo r111ed tobacco protop l<l sts. Fu11hennore , an <JdditiOiwl fou r 

pl as111ids were constructed by single a111ino ac id truncating aroun d 

Phe
2
x
4
/Se1

2
x
5 

The result s of GUS acti vity <J ssays by both 111 st i ll SDS-PAGE 

<1 nci Western blottmg showed th<lt Phe2x-1 is ind ispensable fo r the cleavage 

act ivity and Phe2x-1 is 111ost probably the C-ter111inus of PI protein . 
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