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ABSTRAOT 

r 
A nove1 S1 nuc1ease mapping method was devised to measure the 

~fficiency and sites o~ transcript±?n termination in vivo by RNA polymerase 

lIon p'olyomavirus DNA. To determine termination efficiency, pu1se-labe1ed . 
nucleh RNA was hybridized wit}1 a DNA fragment which' .spans the" 

transcription initiation region. Since polyomavirus DNA is circular, any , 
RNA polymerases which do not terminate- transcription will traverse the 

ft entire genome and pass through the initiation region again. Hybrids were 

. 
" .. 

treated with ribonuclease, bound to nitrocellulose filters, eluted from the 
• J 

~~lters by degrading single-stranded DNA with S1 nuc1ease, and analyzed by 

gel electropHoresis. 
~ 

The resu1ts show that about 70% of po1ymerases 

terminate transcription per genome traverse at 16 hours post infection; 

on1y 507. terminate at 28 hours \ At 16 hours, the major tr~n:;cription 

i~itiation si~ on the L DNA strand is at nuc1eotide'50S0;' but at 28 hours, 

the major initiation site is shifted upstream to nucleotide 51~8. RNA 

p'olymerase terminates and/or pauses 'at man y discr;te sites which lie most1y 
'" 
C-. 

downstream of the polyadenylation site. Some pausing and</or- temination 

sites are also pbserved upstream of the. po1yadeny1ation site apd are 
, 

1 .. • 

~robably created b~ po1yfnerases that traverse the genome more than once. 

Our experiments a1so rsho~ that t'he l' end co at nuc1eotide 1230 found' b ... 
Tr~esman and Kamen (1981) 1 in st'eady state J nuc,lear RN~ is created by a 

post-transcriptional RNÀ processing event and not by ~ermination of 

transcription. 1 
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Nous avons mis au point une nouvelle technique, ayant recours à la 

nucléase SI, afin de mesurer Y eff icacl té. et de déterminer les si tes de 

terminaison de'. la transcription par l' ARN polymérase II chez le ~irus du 

polyome. 

t 
Pour dé.terminer l'effiéacité de la terminaison, nous avons hybridé 

l 

l'ARN nucléaire "pulse-labeled" avec. un fragment d'ADN incluant la région 

où ts'effectue l'initiation de 
, , 

obtenus ont été traités avec 

la~ \~cr~Pti~n.. Les hybrides ADN-ARN 

la ribon,cléase, fixés· sur des filtres de 

nitrocellulose, traités 

électrophorèse sur gel. 

avec la nucl~se § SI. et enfin analysés par' 

Les résultats o~enus nOus d~ontrent qu'environ 

70% des polymérases terminent la transcription du génome du virus du 

polyome 16 heures après l'infection; et s~ulement 507. terminent la 

transcription à 28 heures. A 16 he~s, le site_principal 

la transcription. se situe élu Ifuc1~tide 5050; mais à 28 

d'initiation' "de 

heures ce site 

d'initiation est déplacé en amont a~ nucléotide 5128. L'I ARN polymérase , 
.. 

termine ou fait une'pause à plusieurs sitts précis qui sont localisés dans 
.,..--.. 

les 3 kilobases, en aval du site de polyadény1ation. Nous arons également 

observé quelques sites de pause et/ou de terminaison en amont dû site de 

polyadénylation; 'ces sites sont probablement créés par les polymérases qui . , 
ont fait le tour du génome plus d'une fois. Nos résultats expérimentaux , 

". 

démontrent aussi que l'extrémité 3' qui avaiB été localisée au nuc-!éotide ... 
1230 par Triesman et Kamen (198.1) - en analysant l' ARN nucléaire "steady 

statelt, est crée par coupure endonucléolytique et nI est dû à la 

terminaison-de la transcrip.tion. 

>' 
. / 

\ 



c 
, . 

- \) 

/ 
iv 

" -

1 . ) 

Michael McCleod, Maureen McNally, and Thu-Hang, 
... ~ - 1 
Tran for the construction of single-stranded DNA clones, and Susan Bolla 

and Daniel Tessier for their excellent technical assis~aqce. Q would like 

• to thank Armen KUJ>e li an , Michael Reëdijk, and Bill Skarnes for' their 

valuable suggestions. l would ~ike to express my ~r,atitude ,to Lirtda 

Duplessis for translating the abstract, to Fiona Lees for her excellent .. 
work typing thi~ thesis, and to Anna Campana for her photographic work. l 

~ --
1 would like to thank. Jacqueline Lqnoix for her in3ightful. discussion. 

corrections and critical reading of'this thesis; Finé~ly, l would like to 

thank my supervisor, Nicholas H. Acheson, for his advice, encouragement, 

and invaluable assistance. throughout this investigation, and for editing 

this the~is. 

. ~ 

\ 

.~ 
"' 

" .. ~ , 
~ 

0 
" , 

0 



• 

1" 

• • 
CLAIH 01 cœTRIBU'l'IONS '1'0 INOWLEDGE 

.. 

>II 

Il 

1 

t 
\' 

v 

, ,l, 
1. l ha~e developed an improved SI nuc1ease mapping metho~ for mapping in 

vivo pulse-labeled ~~clear RNAs, which is pot~ti.lly usef~l ;or stUd~~ 
unstabl~ cellular or viral RNAs. 

, \ 
. , 

1 • 

2. l have devised a st~ategy to measure' the efficiency of t$an$cription 
, 

termination in vivo by RNA polymerase II on )POly~maVirus DNA. TMs (t 

strategy allows one to determine the proportion of RNA polymerases passing 

through 0 the transcription initiation region which have' not terminated 

during a previous round of transcription of ,r circul~r DNA. 

3. l have determined that the efficienc~of termination by RNA pol~erase 

lIon polyomavirus DNA is about 707. at 16 hours post tnfection, and 507. at 

28 hours post infection. \ 

~"'-
'4. L have used our, improved SI nuclease method to detect the sites o~ 

initiation of transcription by analyzing pulse-labeled RNA, 
\ 

thereby 

~in8 problems of interpretation that arise when steady-state RNA is 

5. 1 have established that transcription of the L 'strand of the AT3 

" 
strain of .polyomavirus DNA. initiates near at least 7 dtfferent sites: 

. 
nucleotides- 5050, 0 5076 , 5100, 5128, 5154, 5177 and 5203. In particular, 

the 'initiation site located near nucleotide 5076 (the SI end of the late 

"leader" region) is a true initiation site as well as being a splicing 

site. 

. . 
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• 6. l have shown that at 16 hours post. infection, the major initiation. . 
, 

site of L strand RNA is at nucleotide 5050; however, at 28 hours post ~ 
-r-

c 

infection, t~e major site is shifted upstream, to nucleotide 5128. 

7. l have shown that little or" no processing (splicing or 3' end 

formation) is detected in nuclear RNA labeled for 1 or 2 minutes in vivo. 
1 

.8. l have detected multiple 3' 
, 

ends of pulse-lab~1ed, RNA, mo~t1y 

. 
downstream of the polyadenylation site of the L ,DNA strand; sorne 3' ends 

are alsCl? located upstream of the polyadenylation site within the coding 
, 

region. These 3', ends may represent sites at which RNA polymerase II 

pausas or termlnates transcription . 

• 

9. Our results show that the 3' end at nucleotide 1230 found in , 

. steady-state L-strand nuclear RNA is probably created by cra'tTage"Df a 

larger transcrfpt and not by termination'of transcription. 

\ 
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Control of transcription ~ermina.tion in ,specifie ope~ons p:;ovides an 

1 

important meehanism of genetic regulation in bacteria, al'l.d very likely in 1 

) 
• 

eukaryotes as wel1. Al though a great deal is known about transcription 
.... 

termination in bacteria, much less is kP.own in eukaryotes. This review 

describes ·what is known about termination sighals, factors and the 

mechanism of termination in bacteria and in eukaryotes. 

Termination of Transcription in Prokaryotes. 

\ 

In prokaryotes, aIl types of RNA (rihosomal RNA, messenger RNA and 

transfer RNA) are transeribed py a single ~RNA polymerase: Efficient' 

transcription of the bacteri~l genome depends on the abrlity of the ce Il to 
~ ; , 

regulate the type and amount of mRNA produeed from each of its thousands of 

genes. This not only requires the information to specify precise starting 
. 

points for transcription, but stopping points as weIl. The ends of genes 

, or operons 

occurrence 

"' ' 

(fun~tional polycistronic units of ge:es) may .be\ defin~y the. ,_ 

of an efficient termination site. This simple house~ePihg 

funetion prevents transcriptional read-through by' RNA polymerase into 

downstream genes or operons (Wu et al, 1980). .In addition, a te'rmination 

site can be utilized within a regulatary region to alter gene expression by 

control1ing the ability of ,RNA polymerase to transcri~e beyond that site 

(Adhya and Gottesman, 1978; Rosenbe!,g and "Court, 1979). 

Thus, sites- of transœrip~ion terminatiop may serve severaI purposes in 
" 

the cel1: 1) as the stop signaIs at the ends' of transeription'units, they 

allow adjacent genes ~or operons to be transcribed· and_~ regulated 

independently; 2) as mooulating elements in attenuation, they are regulated 

ta permit t~e Qlongatio~ or termination response to be sensitive ~ to th4l! 

, 
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.. 

.. 

\ 
2 

. , 

:\. 
requirements of. the cell for the p;;oducts of genes loca~d distal to the 

, 
- attenuator; 3) a5 conditional abortive elements in ,mutational polarity, 

• 

they prevent wasteful depletion of cellular metabolites. 

Transcription termination is a very complicat;~d event involvJ.ng the'" 

following: cessation of transcription, release of the completed RNA 

molecule and dissociation of the RNA polym~rase from the DNA templ~te. 

Analysis of the primary structure of terminàtion regions has revealed 
\ 

common features that may be involved in, the ,recognition of termination 

(Adhya ~nd Gottesman, 1978)., The stretch of BNA'preceeding a transcription 

termin~,~on site is often GC-rich and usually contains a dyad symmetry 
t~ • 

element. As a yesult, the RNA transcripts can form a hairpin structure. 

These transcripts typically end in a series of uridine residues. In 

addition, the protein factor rho (Roberts, 1969) seems' to be' involved in 

termination in ~. With the use of an in vitro transcription system, two 
- 'i. 

Certain different types o! termination sites have been distinguished. 

terminators can function efficiently with purified RNA polymerase alone and 

are called f actor- independent terminators; others require in addition the , , 

prC?tein factor rho; these are cal1ed factor-dependent ~ terminators. This 

classification must be" considered 100se1y, because the response at 

termination sites in vitro may be profoundly different from the response in 
, ---- -

vivo, comp1icating interpretations and predictions about their.behavior. 
~ 

l 
1. Factor-independent Termination. 

Terminators that can function efficiently with purified RNA polymerase 
fi 

ho1oenzyme and that do not require additional factors (such as rho protein) .. 
are ca11ed factor-independent terminators • In general, rho-independent 

. 
termination sites consist of a GC-rich segment of dyad s~etry centered 

about 20 nucleotides before the ~tap si te, followed br. a" stretch. of 4-8 
( 



. J ~ 

3 ... 

consecutive uridine residues in the transeript (Adhya and Gottesman~ 1978). 

The terminated transcript ends within, or just distal to, the oligo (rU) - , . 
sequence. 

A current model proposes that ,this dyad symmetry is responsible for 

the" formation of a hairpin structure in the nascent RNA, causing the 

polymerase to pause and disrupting the RN~-DNA hybrid heli~ (Rosenberg and 

Court, 1979; Farnham and Platt, 1980). ~ The consecutive uridine residues 

near the 3' end of the RNA facilitat~ dissociation of the transcript from 
. 

the template (Farnham and Platt, 1980; Marti'n and Tinoco, 19S0) since 

RNA-DNA hybrids with rU-dA pairing are exceptionally uns table (Chamberlin, 
~, 

1965; Riley ~ al) 196?). " 

Studies on transcription units which have- been mutated at the GC-rich 

stem-loop, structure region' and the conseditive T-residues support' thts 

model. In general, mutations that decrease the predicted stability of the 

RNA hairpin structure also decrease te~ina1ion efficiency, whereas 

mutations that increase the predicted stability of the hairpin structure 

increase termination efficiency (Rosen~rg and Court, "1979; Zurawski and 

Yanofsky, 1980). Accordingly, mutations that reduce the number of terminal 
1 

uridines also decrease the termination efficiency; only minbnal termination 

- / 
is observed wi th a sequence of four uridines' (Bertrand et !l, 19-n ; 

, Zurawski and Yanofsky" 1980). Using synthetic sites for transcription 

termination, Christie et ah (1981) have shown that under the normal 

conditions of. transcription in ~, termination beeliUIle more efficient 

with an inerease, in ~h'=- iength' of the stem in the RNA hairpin or an 

increase in the number of consecutive uridine resldues. 

Incorporation of base analogs into the naseent transcript and the DNA 

template confirm the same findings. Base analogs, sueh as iodo--CTP '.and 

bromo-CTP, which form stronger GC base pairs'" in RNA stem-loop structures 

.] 
) , 
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increase terminatlon efficiency. On the other hand, base analogs like 

inosine-5' -triphosphate (ITP) , which can replace GTP and form 1: C base 
\ l 

pai rs which are weaker than normal G: C base pairs, 

éfficiency. _And base ana\ogs such as bromo-UTP and 

<& 

form stronger base pairs with dA residues than 
, 

decrease termination 

allylamine-UTP, which 

normal UTP, elevate 
~ 

readthrough of termination sites (Neff and Chamberlin, ~97~; Adhya ~ al, 
" 

1979; Farnham and Platt, 1980). Farnham and Platt (1982) have devised a, 

method to incorporate deoxyribonucleotide base ana10gs in vitru into eitMer 

strand of the tryptophan operon attenuator r~gion. The results showed that 

base analogs which strengthen A:~ or A:~ ?ase pairin~ enhance readthrough;" 

but analogs which increase the strength of G:C baseapairing in DNA have no 

effect on termination. 

1 
2. Factor-dependent Termination 

Sorne in vrvo termination signaIs are not recognized in vitro by 
1 ~ 

purified RNA-p01ymerase a10ne, but require additional factors to f~nctioA , .. - , 

efficient1y. These terminators are called factor-dependent terminatOJrs. 

Rho was di~ered by Roberts (1969) as an E. coli factor that facilitates 

termination of transcription at specifie sites in vitro and in vivo on a 

wide variety of DNA templates from §. coli and various bèicte'riophages 

(Roberts, 1979: Adhya and Gottesman" 1978).( Genetic studies on rho mutants 

confirm the requirement fo," rho -as a transcription termination factor in 

vi,vo, and its acHvity is essential for cel! growth (~ichardson ~ al, 

1975; Das ~ al, 1976). 

Investigations of biochemical properties of rho have shown that it can 

bind to 1 single-stranded RNA and has an RNA-dependent nucleotide 
.. 

triphosphatase (NTPase) activity that appears ta be necessary for rho· 

depandent termination. The rho-NTPase activity has been studied 

J 
~ 

\ 

.-.... ....... 
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extensiv~ly on the uncoupled ~ystem, that is the NTPase activity stimulated 

by RNA alone in the 4 absence. of RNA transcription and termïnation of 

transcription. ' Synthetic polyribonucleotides containing cytosine are 

re~uit'ed for the rho.-NTPase acitivity and chain length has to be greater . 1 

than sa nuele~tides. Poly{dC) binds tightly to' rho büt does not stimulate 

the NTPéise ',activity by itself. However, single-stranded poly{dC), when 

supplemented with small RNA fragments (poly[rC), is capable of stimulating 

the rho-NTPase activi ty (Richardson. 1982) . This suggests that rho-

dependent termination may involve recognition of DNA sequence. Random 

copolymers of poly(rU, rC) which eontain only 57. rC and poly{rA, rC) whieh 

conta in as little as 107. rC are aiso efficient activàtors (Lowrey and 

Richardson, 1977a,b). Moreover, in vitro ~tudies show that rho has a 

strong affiq,ity for cytosine-containing RNA, é'specially w!th the highest 

\ . 
affinity for the synthetic poly( rC). The binding of rho to RNA ~ppears to 

correlate with the stimulation of the NTPase acitvity (Gallupp~ and 

Richardson, 1980). Therefore, rho May _ func;:ion by binding to either a 

speci~ys i te Ot;l DNA or to a site' on the naseent mRNA, subsequently 
i 

stimulating polymerase to terminate. In addition, rho does not bind to 

double-stranded RNA, while conditions that destabilize RNA secondary 

structure stimulate NTP hydrolysis (Richardson and Macy, 1981). 

Using ATP analogs that have nonhydrolyzable ~-'Y _ bonds not only 

1nhibits the rho-NTPase activity but aiso abolishes rho-dependent 

tsrmination (Galluppi et al, 1976; Howard and deCrombrugghe, 1976). 

<7enetic studies h~ve shown that the rho mutants -which are defective in 

termlnation and ATPase activity can be compensated by particular RNA , . . 
polyme;-ase mutations (Das ~ al, 1978; Guarente and Beekwith, 1978). This 

" 
indicates the possible role of rho-RNA polymerase interaction whicR may 

link to terminatlon-NTPase activity. RNA appears to be an essential 
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cofactor in both the termifation-coupled and ,-uncoupled NTPase acitivity, 

and hydrolysis '(lf ATP is coupled to termination of transcription. A 

, possible role for the RNA-dependent ATPase activity is in translocation of 

a rho molecule along naseent RNA in the search for a RNA poiymerase 

molecule paused at a termination ·site (Galluppi and Richardson, 1980). 

However, this hypothesis has not yet been proved. w 

Current studies. of the rho-dépendent termination site in the 

tryptophan operon, trp t 1 , • reveal several interesting featt'Jres. "Trp t' is 

located 'about 250' nucleotides past the last structural gene trpA, in a 
<-

region that has few G-:esidues and is rich in AT-residues (Wu et al, 1981). 

In ~, rho-dependent te~~nation at trp t' is tightly coupled t,o the 
lit 

t NTPase activity. Deletion of the trp t' regiçm abolishes rho-dependent 

termination and rho NTPase activity. Tra{l~cription ;""itermination and rho 

NTPase activity' are also diminished when ribonuclease Tl is present in the 

transcription reaction. These observations indicate that a specifie RNA 

component within the trp t' transeript is required for NTPase activation 
, 1 

~ j 
and r~o-dependent transcription term1nation (Sharp and P1att, 1984). 

Unlike the rho-inèependent terminators, arialysis of sequences of 

several rho-dependent terminators reveals very little sequence homology. 

In rho-dependent termi~atiàn, conditions which favor requced secondary 
,~ 

structure in RNA are correlated with an increase in the NTPase activity and 
\ 

termination efficiency (Das et al, 1978; Richardson and Macy, 1981); in'" -,-
contrast, 'with· rho-independent termination,' enh~cement of secondary 

structure in the· RNA stem-loop re\ults in increased termination (Rosenberg 

and Court, ,1979). The trp t l region has a very low G content; this-reduces . ' 

the potential.for the formation of stable secondary structures in the RNA 

transcript (Sharp and Platt, 1984). Therefore rho may require a region of 

!NA that is unstructured to cataly~e termination of "transcription. 
1 
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3. Attenuation. , 

The expression o,f Many prokaryotic amine a~id biosynthetic operons ls 
C 

regulated by a pheriomenon kno~ as a~tenuation (Kolter and Yanofsky, 1982). 

Attenuation is the termination of transcription a111 the- beginning of an 

operon, hence preventing distal gene ,expression. The sites at which this 

kind of termination occurs are called attenuators. They have the features 

\ . ~ 
of rho-independent terminators (GC-rich dyad sy~etry followed 

of U residues) and are located at the end of a 100-200 nucleotide leader 

RNA immediately preceeding the first structural.gene of the operons (Ko1ter 
. 

and Yanofsky, 1982). In vitro, the attenuator cap-termrnate transcription , 

efficiently with RNA. polymerase alone; however, under in vivo ,conditions, 

factor~can ~odulate th, termination response and permit a certain fra _ion 

of the RNA polymerases ~o cont1nue tran~cribing into the structural genes. 

The tryptophan operon of E. coli has been studied extensively as a 

Fho-independent terminator and as an attenuator (Bertrand ~ al, 1977; 
6 

Oxe~der 'et al, 1979; Farnham and Platt, 1980; Yanofsky, 1981). The 

• 
t~yp~ophan attem1ator is located within the transcribéd 162 base pair 

leader region that precedes the ,structural genes of the operon. 

Transcription of thls leader region is either termi~ated to g~ve.a 140-
) 

\ 
nucleojtide leader transcript or allowed to proceed into the ,structural 

genes. This leader RNA codes for a 14-amino acid peptide containing two 

adjacent tryptophan residues (Lee ~ al, 1978). In the leader, there are 

four regions of base-pairing, capable of forming three stem and loop 

structures. Region 1 (nucleotides 54-68) which includes the tandem trp 

~ codons and the leader peptide translation stop codon, can form,base-pairs 

'" with region 2 (nucleotides 76-91) which is immediately distal to the 
.. . 

2 (nucleotides . 74-85) is • capable of translation stop codon. Region .,.. . . ( 

base-pairing with region 3 (nucleotides 108-119) . Region 3 (nucleotl"des 

" 

, -
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114:-121) can also form base-pairing with region 4 (nucleotildes 126-134) .. 

And -region 4 is followed immediately by seven consecuti va Ures idues 

(n";cleotides 134-1:0) within which Hes th~ 3' end of the leader RNA 

(Oxender ~ Al, 1979). ....J 

TerminatiO}( ai transcription at the attenuator is· regulated by the , } 
\ 

levels of charged and uncharged,trp-tRNA, and translation of the leader RNA 

is an essential feature of this regulation. In the presence of abundant 

tryptophan, termination at the attenuator 1s more efficient. This is 

" . because the ribosome translating the newly transcribed leader RNA is able 

ta synthesize the complete leader peptide. During this ~ynthesis the 

ribosome masks regions 1 and 2 of the RNA and prevents the formation of 

stem-loop 1-2 or 2-3. Regions 3 and 4 are then free to form a stem-loop 
Q 

structure and sign~l the transcr1bing polymer~se to terminate transcription 

at the stretch of U residues; the downs~ream trp operon structural genes 

will not be transcribed. Under conditions of tryptophan starvation, the 

,ribosome stalls at the adjacent trp codons in the leader peptide coding 

region due to lack of charged trp-tRNA. Because only region 1 is masked, 

stem-loop 2-3 is then"fDrmed as regions 2 and 3 are t~ansc~ibed. Formation 

-
of stem-loop 2-3 excludes the formation 'of stem-loop 3-4, wh~ch is required 

to signal transcription termination. Therefore, RNA polymeras'e is able to 

continue "to transcribe the downstream structural 'genes, and hence lead to 

the production of tryptophan. " , 

4. Antitermination. • 

In baC~OPhage À some protein factors have been shown to pa~ticipate 
in transcriptional regulation as antitermination factors. Two major 

~ -
antitermination factors have been identifi~d as the products of the N and Q 

\ 
genes (Greenblatt, 1981; Grayhack and Roberts, 1982), and their function i8 
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c~itical for the 'lytic/lysogenic-state in the life cycle of À. There are 

several transcriptional terminators within each of the early operons af À, 

such at tLl, tL2, tL3 of the leftward transcription and tRI, tR2 of the 

rightward transcription. Following À infection, transcription by ~. -.5:ill 

?NA polymerase is initiated at the PL and PR promoters, and ts terminated 

at. rho-dependent terminators tLl and tRI Irespectively. The Ieftward 

reading transcript codes for the N protein. This N prote in functions as an 

antiterminator to prevent transcription termination of all thè early operon 
, 

termina tors, thus allowing RNA polymerase to transcribe the À genes that 

are essent4t1 for growth of the phage and that are located distal to the 
Î 

various terminators. 
\ , The N prote in of À stimu1ates an.titermination at both rho-dependent 

and rho-independent-terminators. For N prote in to work, however, a variety 
" , 

of other phage and host functions appear to be required. 

function is to pr@vide nut (N utilization) sj.tes in DNA or RNA that are 

recognized by N protein. Two nut sites~_ nutL and ~utR, have been 

identified. They contain rul identical reglon of dyad symmetry and a common 
-

sequence located 8-9 base pairs upstream of this dyad element. This common 

sequence has been called "box Ali (Sa1strom and Szyba1ski, 1978; 

deCrombrugghe ~ al, 1979; Friedmann and OIson, 1983). Mo1ecular ana1ysis 

·of the nut!. l;Iites has demonstrated that dyad syrmnetry and "box A" atè 

crucial for the function of N-mediated antitermlnation. In addition, a 

number of host-encoded factors (NusA, NusB, NusC and NusE) are known to 

participate in the antitermination events (Friedman ~ al, 1981; Greenblatt 
1 

and LI, 1981a,b). 

lt. has been suggested that; N prote in ,functions directly on those RNA 

polymerases that pass through the nut site, altering them. in sudt a way 

that they fail to terminate at distal transcription termination sites. The 

."-,-- " .. 
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" nut, site need not be located n~xt to a 'promoter or a terminator implying 

that the events occurring at the nut si te take place independèn~ly of 

transcription, initiation or termination. \ The ~ost protein factor NusA has 

been shown to bind tightIy to N and is réquired for its action, perhaps by 
,R 

allowing N to bind to RNA polymerase (GreenbIatt and Li, 1981b). The NusA 
.. 

prote in also binds çli1::ectly to RNA polymerase core enzyme (Greenblatt and 

"'" Li, 1981a) and the "box Ait sequence seems to be required for NusA protein" 

to exert its effect in antitermination (Friedman and Olson~ 1983). It is . 
proposed that during transcription, RNA po1ymerase passes the "box A" 

element of the nut site.' At this point the RNA polymerase undergoes a 

conformational change, which allows the binding of NusA and the subsequent 

binding of N prote in to NusA. +bis modifieatton renders the RNA polymerase 

unresponsive to termination signaIs. ! 

1 
Genetie studies' of mutants have revealed that several host-eneoded 

factors, the nus gene products, are also required in N-mediated 

antiterminàtion. These inciude Nu sB , a 15.5 kd prote in essential for 

bacterial gr~th (Strauch and Friedman, 1981); NusC, probably identical 

with the 13 subunit of RNA polymerase ~Friedman ~ al, 1983); and NusE, 

identical to the ribosomal protein 810 (Friedman ~ al, 1981). The 

functions of these Nus pro teins are still not understood. 

Another À phage,protein, Q, has been shown to mediate antitermination 
f 

»at the À 68 terminator in the presence of rho and NusA protein (Grayhack 

and Roberts, 1982). This prote in seems to function in a manner similar to 

N protein, although there is no apparent seq~ence homology between the two 
, 

proteins. Besides NusA protein, Q protein requires a qut (Q utililization) 

site for its antitermination function. The qu~ site is similar to nut 

sites, containing a "box Ali sequence and a dyad symmetry re.gion. Unlike N 

.. ... 

.. 



o 

) 

protein, Q prote in can. exert its antitermiaation effect in a purified 
.\. 

transcription system containing RNA polynkrase, NusA protein, and a DNA 

template encoding the À 6S transcri~t (Grayhack and Roberts, 1982). 

Termination of Transcription in Eukaryotes. 

The transcription p~oêess is rnuch .nare complex in eukaryotes than it 

is in prokaryotes. Transcription takes place_ in the nucleus; the mature 

RNAs are transparted ta the cytoplasm 'after synthesis and processing 
~ . 

events. Three different RNA polymerases have been identified, each one of 

which transcribes different -classes of genes. They are designated -RNA 

polymerases l, II, and III (Jor review, see Chambon, 1975; Roeder, 1976). 

RNA polyrnerase l i5 not affected by a-amanitin, a toxin of the poisonc>us 

mushroom Amanita phalloides, and is 1acalized in the nucleolus '(Roeder and 

'Rutter, 1970). This enzyme is responsible for synthesis of ribasomal RNA 

(rRNA) (Roeder and Reeder, 1972). RNA palymerase II is campletely 

inhib":i.ted by very low concentrations of a-amanitin (1 ~g/mÙ and 

transcribes protein coding genes which give rise ta messenger RNA (mRNA). 

RNA palymerase III is inhibited by high" concentrations of (l-amanitin (100 

~g/ml) and is responsible for the synt~esis of transfer RNA (tRNA) aAÙ 5S 

RNA (Weinmann and Raeder, 1974). In recent years, cell-free systems have 

been developed that allow each of these 3 classes of RNA polyrnerase to 

transcribe each different class of genes accurately and specifically 

(Birkenmeier et al, 1978; Weil et al, 1979; Manley ~ al,.. 1980; Grununt, 

1981) • These systems provide a powerful tool for understandi4 the 

mechanism of transcription. 



c 

( 

12 

A. Termination of Transcription by RNA Polymerase III. 

Termination of transcription by RNA polymerase III has been studied , 

extensively on Xenopus 5S RNA. Repeating units of 55 ribosomal DNA of 

Xenopus laevis and Xenopus borealis have been isolated and sequenced 
) 

ltI 
Korn and (Fedoroff) arp Brown, 1978; 

Individuai~-<epeating units of 

Brown, 1978; Miller et al, 1~78). 

cloned Xenopus 5S DNA can be fai thfully 

transcribed either when injected inta o,\cytes (Brown and Gurdon, 1978') or 

in oocyte nuc1ear extracts (Birkenmeier et al,1978). Using aJ1 oocyte 

nuclear extract for in vitro transcription, Bogenhagen and Brown (1981) 

have shown that termination of Xenopus 5S DNA transcription occur'S' within 

a cluster of four or more consecutive T res\idues in the 3' noncoding 

sequence. Studies of deletion mutants indicated that the sequences 

surrounding the T cluster can be varied widely without impairing 

termination. However, the nucleatide sequences adj acent to the T cluster 

influence the efficiency' of terminatian. Efficient terminatian is abserved 

.' whenever GC- r~ch sequences surraund the T cluster, reminiscent of the 

prakaryotic rho-independent termination signal. Hawever, in contrast to 
~ 

the termination site tn prokaryotes, neither a dyad synunetry element near 

the end of the gene, nor a secandary structure in the transcript appear ta 
be re9uired in this case. Furt}1ermore, purified RNA palymerase III from 

Xenopus laevis alane can termina te transcription,at precisely the sarne site 

that is recognized in vivo and in complete transcription extracts 

(Cozzarelli & al, 1983). The purified po~erase also distingui.shes 

\ 
between weak and - strong terminator sequences with the sarne re1ative 

efficiency as the enzyme in complete extracts. Thus the information 

required for termination resides in the ability of RNA p~~erase III to' 

~ recognize a simple nucleotide sequence (suchoot,as a cluster of four or more 
~ 

consecutive T residues) at the end of the 5S genet 
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.... " Jr./ In Most euk.fryotic species, 100-5,000 copies of ribosomal RNA (rRNA) 

genes per haploid genome are a.rranged in tandem arrays of repeated units 

(for review, see Long and Dawid, 1980). Thes~ génes are transcribed sol~ly 

by RNA polymerase l ("Roeder apd Reeder, 1972). The primary rRNA 

transcripts are very large 35-47S (or 6-15 kb) precursor molecules which 

are processed into the mature 28S. 18S and 5. 8S RNAs (Bowman et <11. 198 J) 

and incorporated into the ribosome. 

Transcription of ribosomal DNA (rDNA) has been studied _extens i vely 

(for review, see Sollner-Webb and Tower. 1986). It has been reported that 

• 
the 3' end of the pre-rRNA of Xenopus laevis (Solrner-Webb and Reeder. 

1979; Bakken et al, 1982) and Drosophila melanogaster (MandaI and Dawid, 

1981) is coincident with the matuÏ"e end of 28S RNA. The )' end of the 

pre-rRNA o,f yeast (Veldman et al, 1980) and mouse (Kominami ~!!l, 1(82) 

appears to extend a few nucleot ides into the 3' spacer. However, more 

recent studiesJhave shown that RNA polymerase i does not stop transcription 

at the;lnd of 28S RNA and that the correct 28S RNA 'terminus i5 generated by 

a proclssing event and not by termination (Grummt ~ al, 1985a, 1985b: 

Labhart and Reeder. 1986). 

In nuclear n~n-off eX~!iments using ~. l«evis rONA, Labhart and 

Reeder (1986) have recently shown that transcription of the rRNA geno clou 

not terminate at site Tl which was believed to be the temination 1iitej .. 
instead, transcription continues past Tl. into T2, another ·slte. located 2JS 

--';.. 

nucleotides downstream of Tl, and terminates at site T3 located 215 .. 

... 
nucleotides upstream of the next rRNA start point. Site T3 se~ lo be the 

only site at which RNA polymerase 1 is releasad from the DNA templata: 

Sites Tl and T2 are sites at which the primary transcript 11 rap1dly 

processed to expose the mature 3' ends of 285 rRHA. A con •• rved 7 bp 
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element GACTTGC, called ,the T3 box# located about 200 bp upstream of the 

next pre-rRNA initiation site is an essent\aY part of tqe terminator for 

Xenopus RNA polymerase l (McStay and Reeder, 1986). In addition to its 

terminator activity, the T3 region can aiso act as an upstream element of 

the promoter for the adjacent gene and stimulate its function. Mutatio~s 
within ~e T3 box eliminat~ the terminator activity and cause significant 

readthrough. The same mutations also eliminate the promoter stimulating 

functian, suggesting that the T3 bo~ is important for both activities. 

In the mouse, Grummt et al (1985a) have shown that RNA palymerase l 

~rmdnates-transcription af rDNA 565 bp dawnstream of the 3' end of mature 

28S rRNA, bath 0 in vivo and in vitro. This termination site is lacated 

immediately upstream of ~ight tandemly arranged repeated sequences. This 

repeated domain consists of 18 highly conserved nucleotides that conta in a 

SalI restriction site (called the SalI box) surrounded by stretches of 

1 

pyrimidines. In vivo, transcription terminates 25 bp upstream of the first 

SalI site (Tl), within the pyrimidine-rich region. This site is also 

prèfer~ntially used in vitro at low template concentrations in a nuclear 

extract system. At-increasing DNA concentrations a termination site (T2) 

upstream of the second SalI box is used. Competition experiments have 

1 
suggested that the interaction of sorne factor (or factors) with the 

repetitive element in the 3' spacer .is required .for transcription 

termination by mouse RNA polymerase 1. Exonuclease III protection 
-:{. 

experiments reveal th~ binding of a nuclear prote in to thè SalI box (Grummt 

~ al, 1986b). Deletions, insertions, or point mutations within the SalI 

box eliminate or severely reduce transcription termination. Therefore, 
1 

termination appears very specifie and requires a repeated 18 bp SalI box 

that is pres~t eight times in the spacer region downstream of the 3' end .. 
of pre-rRNA (Grwmnt ~ al, 1986b). 

--~ ~ 

, , 
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In addition, Grummt !! al (1986a) have demonstrated the- presence of a 
• If -7 

transcri~~ion termination sequence extending from -171 to -154 wit~ respect 

,to the pre-rRNA initiation site. This sequence Ttermed TO) exhi bits 

'\ striking structural and functional similarities wi~h the conserved 18 bp -1. 

SalI box. This upstream terminator.(TO) is recognized by the sarne protain 

factor as the 3' terminal sit.p and is able t10 cause termination by RNA 

po1ymerase l in vft.roj it a1so increases the efficiency of initiation of - ---.-
the adjacent promoter. ·Henderson and Sollner-Webb (1986) have ootalned 

s~ilar resu1ts for the mause rRNA gene. An upstream promot~r element also 

functions as a transcription terminafor, although in tQis case, il 15 the 

upstream termination si te that enhanées pramoter set i vi ty. The exact 

mechanism for this dual role is not yet understood. 

c. lermination of Transcription by RNA Polymerase II. 

There are Many differences between proks'ryotic -and eukaryotlc mRNA 

synthesis. In prokaryotes, the mRNA 15 polycistronic: that 15, a singl. 

mRNA can code for" severai proteinsJ In eukaryotes, MOst mRNAs are 

monocistronic: that is, a single omRNA can code for only ono protoin. 

-4 Eukaryotic mRNAs are capped at thein. S' ends. This cap structura h .. 

7 -methy1 guanine which is added to the rS' terminalltIJt riphosphatn short 1 y 

after initiation of transcription (Saldi tt-Georghtff ~ et .. -
~ -\ 

1980) . 

Messenger RNAs are internal}y spliced and methylatad, and 100-200 
~, ~ 

nucleotide long polyadenylic acid taU 15 added to thalr )1 .. nd. by 3 

poly-A synthetase. Onca the fully proe.ued eukaryottc mRNA 1. f ()rmttd, 1 t 

is then transported to the eytopla.1D where tr'n.laUon tak .. phc... ln 

contrast, bacterial IDRNA doe. not u!ll~erlO th... proe ... in' avenu. and 

Desin. to be translated even bafore tran~cript1on i. co.plet.d. 
f' 

-~ -- -----~~- -- --- ----
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Transcr~ption termination appear% to be a very important :vent in 

prokaryotic gene expression as previo~sly described. :. It 1s not kn'own 

whether transcription termination plays an important role in the regulation 

of eukaryotic gene expression. However, studies have shown that some 

eukaryotic RNA polymerases stop shortly downstream of the initiation sita 

-and therefore prevent the transcription of the entire mRNA. This 

phenomenon, which is called premature termination, resembles attenuatipn in 

prokaryotes. The production of prematurely terminated RNA was first 

discovered by researchers using the nucleoside analog 5,6-~ichloro-1-beta-

D-ribofurano-sylbenzimidazole (DRB) (Egyhazi, 1974). The DRB-resistant RNA 

moiecules are about 100 to 400 nucleotides long (~amm, 1977), their 

synthesis is sensitive to low concentrations (1 Ilg/ml) of a,-éimanitin and 

they have a cap structure at their 5' termini (Tamm et al, 1980). This 

indicates that the DRB-resistant RNA molecules are transcribed by RNA 
, 

polymerase II. Premature termination has been found, in HeLa cells (Segal ~ 

al, 1976), adenovirus (Fraser ~ al, 1978; Maderious and Chen-Kiang, 1984), 

SV40 (Laub ~ al, 1980), and polyomavi~s (Montandon and Acheso~, 1982). 

Studies o~ transcription of SV~O late mRNA, adenovirus early and late 

mRNAs~a~d mouse ~-globin mRNA have revealed that RNA polymer~se traverses 
. . 

'the polyadenylation site (the 3' end of mature mRNA) and terminates up to 

séveral kilobases downstream (Ford and Hsu, 1978; Nevins and Damell, 1978; 

Nevins et al, 1980; Hofer and Damell, 1981) . The 3' end of the mature 

mRNA is created by endonucleolytic cleavage of a lQnger precursor RNA 
\ 

.subsequently followed by addition of polyadenylic acid. A highl~ conserved 
~ 

hexanucleotide AAUAAA 
. .. 

sites (Proudfoot and 

is fo~d 10-30 nucleotides upstream of most poly(A) 
.... 

Brownlee, 1976),' and deletion of this sequence 

eliminates polyadenylation (Fitzgerald and Shenk, 1981). The following 

sections summarize what ls knowq about terminat10n of transcription by RNA 

polymerase II. 

/ 

.. 

, 1 
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~. Yeast. -
A spontaneous mutant cycl-512 has a 38 base 'Pair .deletion in the 3' 

l 
nbntranslated regHm of the CYCl' locus _in the yea.st Saccharomyces 

cerevisi!e. The deletion is lo6ated 130 base pairs downstream of the CYC1 . ' 
transla~ion termination codon, and about 15 base pairs upstream of the 

polyadenylation site. The sequence TATTTAT is found at b~th ends of thè 

deleted region 
1 in CYC1; as a' result of the deletion, only one copy of 

TATTTAT is left in cycl-512 mUtant. This mutant~roduces discrete sizes of 

GYCl mRNAs ranging from 630 ta 2400 rucleotides, while wild type CYC1 mRNA 

is approximately 630 nucieotides long including the paly(~) tail (Zaret and 

.' Sherman. 1982). This suggests that either 1) this region, cantains a 
.... 

termination signal, deletion of which causes RNA polymerase to read through 

the termination site and terminate further downstream; or 2) this region 

contains a polyadenylation signal, deletion of which leads to 

polyadenylation at aberrant sites. 

It is known that AAUAAA is required for polyadenylation in higher 

eukaryotes (Fitzgerald and Shenk, 1981). An aexamination of the DNA 

sequence of the 3' non-translated reglon of GYC1 reveals no. sequence 

related to AAUAAA in CYCl mRNA. Analysis of a n~er of yaast genes that 

code for 'mRNAs indicates that most yeast mRNAs do not contain an MUAM-

t~e "sequence in the app~opriate ragion., This sugges~s tha~ J18n818 other 

than AAUAAA may be used for polyadenylation in yeast. Analys1s of steady-
" . , + 

state polyadenylated ~poly(A) l RNAs from total cellular RNA of cycl-512 
, ... ':t. ~ 

re~eals that all- the aberrantly sized RN~ are polyadenylatad. In contrait 

to hlgher euka~otas, yeast histone mRNA is polyad.nylatad (Pahrnar !! !l, 

1980). It appears that a11 or neariy a11 m.RN.U become polyad.nylated ln 

yeast. This leada to the conclusion that in y.ast po1yad.nyiation .. y he 

tishtly coupled to transcription tarmin.et 10n (Zaret and Sberll&n, 1982) . 
" 

" 



c 

\ 

, 

18 

Since only steady-state RNA was analyzed ~ this work, it is possible that 

non-polyadenylated RNA is degraded so rapidly that it cannot be-detected in 

steady-state RNA. Therefore, one cannot rule out that the 38 bp region 

• could be a processing signal for polyadenylâtion rather t~an a terminat~9n 
~ 

signal. 

The mutant cycl-512 not only produces several discrete sizes of CYCl 

mRNAs, but also the combined steady-state levels 'of aIL the CYC1 mRNAs are 

approximately 107. of th~ normal amQunt of 630-nucleotide wild type CYCI 

~~. Interestingly enough, 'there is a gene (OSMl) located downstream of 

the CYCl locus that is transcribed from the opposite strand and terminates 

near the 3' end of CYCI. This gene normall)" produces a 1450-nucleotide 

transcript, but in cycl-512, this transcript is absent and is replaced by a 

~008-nucleotide transcript.' The steady-state level of this 2000-nucleotide 

transcript in cycl-512 is reduced by a factor of about five when compared 

to the amount of wild 'type 1450-nucleotide transcript. These results 

suggest that the 38 bp deletion affects the 3' ends of CYCI and OSMI 

transcripts so that they do not termi~ate and polyadenylate at the correct 
- J 

positions, and the ,transcription of 'both genes i5 now overlapping. The 

reduced amount of mRNA transcribed from these two genes in the ~tant could 

be the result of collisions between RNA polymerases transcribing the same 

region in opposite directions. Alternatively, the addition of sequertces 

beyond the normal 3' end of the mRNA~ may affect the stability of these 

aberrant mRNAs. These results suggest that transcription termination may 

pl~y an important role in the regU~tion of gene expression in yea~t. 
Since the 38-base pair region deleted in cycl-S12. shows functional 

importance! it is likely that some sequences within this reglon are 

important for transcription termination and/or polyadenylation. Comparison 

of 3' non-translated regions of CYCI and 14 other yeast genes has revealed 
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that the sequettCes-TAGT or TATGT. which are located in the center of the 
• 

38-ba~ region, showed homology in 13 out of 14 yeast genes examined 

(Zaret and Sherman, 1982). This homologou5 sequence is located 10 to 40 

nucleotides upstream of the known poly(A) sité. A sequence TAG ~t~eam of 

the TATGT, and a sequence TTT downstream from the TATGT are often seen in 
" 

tht!se genes, suggesting t-hat t-his tripartite structure could forro the 

signal f.or transcription termination and polya~enylation. The J' 

nontranslated regions of feast genes are extremely AT-rich, and no dyad 

symmetry structure can be formed in this region, resembling the rho-

dependent terminators in prokaryotes (Platt, 1981).' Zaret and Sherman 

(1982) therefore suggest that the region delete4 in cyc1-512 rnay r~present 

a e~aryotic counterpart to the rho-dependent hacterial terminator. 
f 

Recently, ~enikoff ~nd Cohen (1984) investigated sequences re~ponsibl~ 

for transcription termination in the yeast Saccharomy~es cereviseae. They 

studied 'termination of transcription on a segment of Drosophi la 

melanogaster DNA that complements an adenine-S (ADE8) mutation ln 

Saccharomyces cerevisiae and codes for the enzyme glycinamido 

ribonucleotide transformylase (Henikoff et al. 1981). The Drosophi1a AtE8 

gene was cloned into the BamHI site of yeast plasmid YEp13 such that the 3' 

• portion of the FLP gene of 2 ~ plasmid DNA 18 oriented lIL the same 

direction as "the ADES gene. This Drosophila ADE8 message in y.ast il about 
p 

1 kilobase (kb) in length (Henikoff et al, 1981). Although the initiat 10n 

sites of ADE8 mRNAs isO!~ted frOm-yeast an( Dro'sophlla calla diffor 

c9nsiderably; the 3' end of these mRNAs are n.arly th. sam.. 

Henikoff !1!l, (1983) havë cortstructed d.l.tiona in th. vlclnlty of 

tll(! 3' end of AnE8 g.ne to d.termine th. J' boundary of a poulbl. 

,termination contrôl signal. A fusion of AnS8 (about 1 kllob ••• ) to 'boUt 

0.5 kb of the FtP gan. should 1ncr .... th. l.nath of th • ....... to .bout 

.. 
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1. 5 kb if the' putati';e ADl8 termination signal is deleted. Analysis of . 
+ • 

'poly(A) RNAs extracted from cells that carry various deleted pla~ids has , 
1 

revealed that me~sages from del-etions 712 and 753 are abo~t c 1.5 kb long 
• 

indicating fusion transcripts, ~hereas those from det-etions 782, 802 and 
- 1 

822 are about 1 kb long indicating unaltered terminatioil. These .. numbers 
; 

-represent the n'ber. d'f nucleotides between the AUG start codon in ADE8 

mRNA and the be~inning of the deletion. The sequence AATAAA is at 

nucleotides 816-821. This sequence can bé deleted without affecting the 

formation . of 1 kb mRNA suggesting that" in yeast this sequence is not 

required for polyadenylation. The termination control signal must be 

located between nucleotides 753 and 782~ ,Two 8 base pair repeats,-

TTTTTATA, separa~ed by a 17-nucleotide interval, may be important for this 
• • 

t~rmination cpntrol. Further 3' end deletion analysis reveals that inserts 

~hich contain up' to nucleotide 769 show fully normal te!tmination, but 
" 

deletion up to,nucleotide 768 produces about 50% readthrough. Thé deletion 
, , 

769 leaves TTTTI'ATA intact, while deletion 768 remov~s the last A-residue. 
, • 1 

Therefore: the 3' boundary of the transcription termination signal is the 

3' boundary of TTTTTATA sequence. 

To locate the 5' boundary of this signal, 5' end deletions from 

nucleotide 624 in the 3' direction were, constructed (Henikoff and Cohen, 

1984). Analysis of mRNA from these deletion plasmids shows that removal of 

sequences between 624 and 748 allows fully normal te~ination, while' 

removal of s...equences beyond this point shows increasing amounts of 

~eadthrough transcripts. From tpese results, the authors suggest that the 
v' 

termination signal is no more than ~1 base pair long (from nucleotides 748 

to 7~9), and pa~t of the signal is the sequence TTTTTATA, which is seen in • 
the 3 1 nontranslated reg~on of other yeast senes. Sequences downstream 

of the 21 base .pair signal sequence are also required for efficient 
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\ 
terminatio~. 1 ta;tYSiS of these downst;eam sequences within y ••• t lIlRN.U 

showed that there ls not much homology among different get'laS1 howayar, ,aIl 

such regions are AT-rich. Henikoff and Cohen (1984) came up with the,same 

hypothes"is as· Zaret and Sherman (1982), that the mechanism fol" 

transcription terminJtion in yeast may resemble l>àcterial rho~depend8nt. 

termination (Platt, 1981). 

2. Sea Urchin Histone Genes. 

The histone gene repeat unit of the sea urchin Psammechinus miliarls 
, , 

has been isolated and cloned (Gross ~ al; 1976). This histone gena yun it 

contains aIlS histone mRNA genes, Hl, H2A, H2B, H3 and H4. Injection of 

cloried sea urchin histon,e ,genes into Xenopus oocyte nuelei produces high 

levels of HU and H2B mRNAs indistinguishable from authentlc sea urchin 

histone mRNAs, an~ low levels of Hl. H3 and H4 mRNAs (Hentschel !l !l, 

1980b). SI nuclease fBPping has shown that authentic 5' ends of all 5 sea 

urchin.histone mRNAs are produced in injected frog oocyte nuelai; h~wever, 

S' ends of H4 mRNA are at low levels. ·Corract 3' ends are Jound for Hl, 
. 

HU, H2B and H4 mRNAs, but not for H3 mRNAs. There 15 a deficiency in the , ?". 
production of ,the correct 3' terminus for the H3 mRJIIA, presumably as a 

result of poor processing. 

Although histone genes are transcribed by RNA polymer... II, moat 

~ histone mRNAs are not polyadenylated. The con.erved AAUAAA motif 'f9und ln 

polyadenylated maNA 15 misslng from histone miNAs. 'lnst.ad, a 23 ba.e·palr 

~ 

" cQnserved DNA sequence has been Identifled at the )' end. of histone sen •• 

in lIlany different speda. (Hent.ébe1 and 8irnatial. 1981). Thh aoquenc. 

c~ti.ins a 16 bue-pair hyphenat.d Invertad l'ep.at and the )' tahllni of ~ 
- , .. 

histone mRNAs lia. n.ar .an ACCA motif (Hont.ch.l !l !le 1980a) . . , 
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been suggested that this homology sequlmce represents a regulatory signal 

either tor transcription terminati<Jn or maturation of a longer precursor 

~ (Busslinger et- al, 19'79). --
• 

T~ understand the possible function of this 23 base-pair conserved 

sequen~e a se~ies of mutants were constructed in which deletiou, insertion 
~ 

or point _ mutations were introduced into the H2A gene of, the cloned sea 

urchinohistone gene,repeat unit h22 (Birchmeier ~!l, 1982, 1983). These 
. 

mutated h22 DNAs were injected into Xenopus oocyte nuclei and histone mRNAs - . 
were analyzed. The results have shown that sequ~nces immediately upstream 

~ , ~ 

of the conserved inverted repeat, as weIl as protein coding se~uences of 

the H2A gene, can be removed without any serious effects on transcription 

initiation and 3 1 end. formation. The inverted DNA repeat at the 3 1 end of 

the H2A gene i5 required for the generation of authentic 3 1 ends of H2A 

mRNA. Â 12 base pair deletion which reJl}oV'es this palindrome and point 
1 

, 
mut'ations which destroy the symmetry of the inverted repeat prevent the 

formation of 3 1 termini. However, the presence of the terminal DNA repeat 

with the ACCA motif by itself is not sufficient for ,the generation of 

authentic ~1 H2A mRNA termini; additional spacer sequences,. about f 80 

base-pairs downstream of this region are also required. Transcripfion 

analysis of point mutations which prevent 3' end formation and 
, 

pseudorévertants, which allow ~he p~od~ct~on of H2A mRNA with authentic 3' 

ends,' have revealed 
. 

that an RNA hairpin structure rather than a DNA 

cruciform structure is essential for the formation of the 3' termini. 

1.n Y!E:2 synthesized transcripts of the H2A gene with 3 1 extensions 

are rapidly processed into H2A mRNA with autheritic 3' ends when injected 
. 

into Xenopus laevis oocyte nuclei (Birchmeier ~ al, 198~. Injection into 
) 

Xenopus oocyte nuclei of RNA synthesized ~ vitro from 'deletion mutants ~f 

the H2A gene has rrvealed that the inverted repeat an~ 200 nucleotides of 
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3'- sp~cer sequence are required for the efficient processins of 3' termini. 

Injection of mutant H2A DNA from which thè terminal inverted repeat is 
. 

deleted do€s nat produce any H2A RNA with authentip 3' termini due to lack 

• of processlng. Studies of a series of H2A spacer DNA deletion mutants 

which wer~ processing-deficien~ have shown that the transcription has been 

terminated heterogeneusly within the first 130 to 230 nucleotides of H2A 3' -

spacer reglon. The r~lts suggest that termlnation ~f transcription of . \ 
sea urchin histone gene 'transcription in Xeno12us oocyte. nue le i oeeurs 

• ..-.. • 
heterogeneously within the first 130 to 230 nucleotides of H2A spacer 

region" downstrearn of the kerminal .inverted DNA repeat of sea urchin 

histone genes. These transcripts are then rapidly processed into mature 

histone mRNAs. 
, 

Injection. of the cloned sea UTchin histone gene repeat h22 DNA ioto 

Xe,nopus oocyte nuclei results in fai thful initiation of the histone mRNAs, 

but transcription termination or RNA processing to yield the H3 mRNA 3' 

ends is very inefficient, giving rise to heterogenous read-through 

transcripts. Some of these transcripts extend into the H2A gene and yield 

a bicistronic mRNA (Hentschel et al, 1980b). " The slmplest \explanation of 

this findlng Is that the frog oocyte lacks a factor required for 

• transcription termination of the H3 gene or process ing of the 3' ends of 

transcripts. A 12 S protein component derived from a \hromosomal salt wash 

fnaction of sea urchin embryos was partially purified. CoinJection of thi. 

protein component with h22 DNA into Xenopus oocyte nuclei resulted in th~ 

formation of authentic 3' ends of. H3 rnRNA (Stunnenberg and Birn.tiel, , . 
1982,. The generatioR of histone H3 mRNA 3' termlnl could also he enhanced 

by thE injection of a small sea urchin RNA, U7 BnRNA (~bout 60 nucleotida. 

in length), into the oocyte one day prior to injection of the h22 •• a 
~ 

urchin histone DNA. Furthermore. thl. 60 nucleotid. RNA could he l.olatad 

J 
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from the 125 prote in component (Galli ~ al, 1~83). Theiefore, it appears 
~ "' ..... 

that the formation of H3 mRNA 3' 'ends requires a sma11 nuclear 

ribonucleoprotein (snRNP). 'Injection of 60-nucleotide smaH nuclear RNA 

into oocytes two days p'tior to inj ection of in vitro synthesized H3 RNA 

with 3' bpacer'extensions results in the formation of authen:iC 3' termini 

of H3 mRNA. The results suggest that the 3' ends of H3 mRNA are created by 

processing, not by termination (Birchmeier ~ al, 1984). 

There is a sequence, CAAGAAAGA, in spacer DNA, beginning six 

nucleotides downstream of the 3 1 termini of histone mRNA, which is .. 
conserved, in a11 the sea urchin histone genes (Hentschel and Birstiel, 

1981). Analysis of the cDNA sequence of the 60 nucleotide U7 RNA has ' 
( 

revealed that there are sequences neàr the S' terminus-of the U7 RNA ~ich 

are complementary to the conserved sea urchin histone 3 1 inverted DNA 

repeat and the CAAGAAAGA motif (Strub et al, 1984) '. Studies of the 

processing of RNAs synthesized in vitro from linker, scanning, deletion, and 

insertion mutants of the sea urchin H3 gene have reached several 

\ conclusions. In addition to the stem-loop structure of the mRNA, deletion-

of the CAAGAAAGA motif abolishes the synthesis of mature 3' termini of H3 
l 

mRNA. 
~ 

When the terminal ACCA sequence was replaced by a linker sequence, 

RNA processing was reduced but not completely abolished. Therefore, the 
~ 

ACCA sequence is required for maximal RNA processing but is not essential; 

the sarne is true of sequences within 50 nucieotides immediately downs~ream 

of the CAAGAAAGA motif. An insertion of 6 nucleotides between the 3 ' 

inverted repeat and CAAGAAAGA also abolished processing. Therefore, these 

two sequence blacks can be seen as a single signal for RNA processing, with , 

a narrowly defined topology directing 3' maturation of histone mRNAs 

(Georgiev and Bfrnstiel, 1985). 

o 
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3. Mouse a-major Globin Gene. 

The Mouse ~-major globin gene has been isolated and sequence~ (lonkel 
, ~ 

\~ al, 1978). The t~scription unit that encodes a-~jor globin mRNA has 

been investigated in DMSO-induced murine erythroleukemia eells using mainly 

RNA labeled in vitro in isolated nuelei (Hofer and Darnell, 1981). Studies 

of RNA 'labeled in vitro with 32p_UTP for 1 min in isolated HeLa eell 
r 

nuclei have shawn that there is no re-initiation of RNA chains, but 
"1 

elongati,on of already initiated chains proceeds for about 500 nucleotides 

or less (Weber ~ al, 1979); very little processing of previaus1y labeled 

completed chains oceurs (Blanchard et al, 1978). In vitro labe1ed nascent 

RNA was hybridized ta cloned restriction fragments of the genomic /3~g1obin' 

DNA

t 
Equimolar amounts of labeled naseent RNA hybridized ta .a11 the 

fragments encoding for the mRNA and ta' fragments extending at least 1400 

nueleotides beyond the poly(A) addition site (Hafer and Darnell. 1981; 

Hafer ~~, 1982). This "result indicates that transcription of ~-g1obin 

gene terminates within a region 1400 nucleotides downstream from the 

polyadenylation site. However: .when in vivo pulse-labeled (20 min) nuclear 

RNA was used in'/, the hybridizatian, much less RNA was hybridiz~d ta 

fragments containing se~uences downstream of the poly(A) site. The result 

indicates that RNA synthesized from regions downstream of the poly(A) site 

. is extremely urystable in~. Nevertheless, this finding reveals that 

there is substantial transcription past the pa'ly(A) site .!n ~ (Hofer and 

Darnell, 1981). 

In sea,rch of transcription terminatian sites, RNA labeled in isolated 

nuelei was hybridized to DNA fragments eontaining sequenèes dovnstream of ...,. 

the poly(A) site. The hybrida were treated vith SI nue1ease and analyzed 

by P9lyacrylamide gel electrophores15. Ther. vas no RNA .peel.s vith. )' 

end that would correspond to a single termination site~ inst •• à, RNA 

\ 
J 
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Molecules with~any discrete 3 1 ends were detected. This result probably 

means termination occurs at many sites throughout the region bQtween 

700 1500 nuc1eotldes past the po1y(A) site. Sequence analysis of this 

reg reveals the presence of some inverted repeats and sorne homology 
, ,1 

, 
among d1ffQr~at glcrbin genes (Citron ~ al, 1984). 

To determine whether the t~rmination region of the mouse ~-globin gene 

functions to terminate transcription when moved to another genomic site, 

portions of the termination region have been inserted into the 

transcription unit of adenovirus 5 (Fa1ck-Pedersen et al, 1985). The site 

of insertion is at a unique XbaI si te at 3.85 map uni ts, within the 3 1 exon 

...... 
of the ElA region, and lies upstream of the ElA po1y(A) site. The ElA 

promoter in this construction is also replaced by the 'promoter of 

adenovirus major 1ate transcription unit (Logan and Shenk, 1984). Thi,s 
" 

replacement leads to an increased accumulation of RNA from the ElA region 
, , , 

late in virus infection wi th" little effect early in infection. The mouse 

~-globin DNA fragments used ta construct insertion mutants we;re fragment D 
, 

(309 base pairs, containing the poly(A) site), E (443 base pair~, 
j 

innnediately downstream of fragment D), and F (809 base pairs, immediately 

downstream of fragment E). The putative termination region is located 

within fragment F. RNAs labeled either in isolated nuc1ei or in whole 

cells which were infected with recombinant virus were analyzed. In 

recombinant viruses which contain either the 51 portion (503 nucleotides) 

of the F reg ion, inserted in either orientation, or the F+E+D fragment 

in5ert~d opposite to its normal orientation, ElA transcripts were ... 

syDthesized and po11adenylated at the normal ElA poly(A) site and contained 

the inserted globin sequences. Recombinant virus containing the D+E+F 

regi,an of ~-globin DNA in the normal orientation produces smaller ElA .. 
mRNAs. Analys is of the 3 1 ends of these mRNAs showed that the globin 
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poly(A) site was used exclusively. RNA labeled in nuclei isolated froID 

,cells infected with recombinant virus containing the mouse j3-1l1obin D+R+P 

region was hybridizecl to DNA fragments from the adenovirus ElA, E1B or 

globin D, E, or F regions. The results showed that transcription 
~ 

downstream of the globin F fragment is strongly reduced éompared with 
, 

transcription of uJt;tream regions. In addition. transcription of the EIB 

gene 15 strongly reduced. 

These results suggest that sequences between the mouse ~-globin 

poly(A) site and the F region are requireq for transcription termination 

and that termination might only occur after an active polyadenyL)tion sit~ 

1s util1zed. During the late phase of infect).on, transcription of ElA DNA 

downstream from the globin F region is detected, and act.ive transcription 

of the RIB ge.ne is also resumed. The termination avent in the lata phase 
,Ji 

of infection is apparently not as.. efficient as during the early phase. th1s 

may account for the increased ElB' transcription. It has previously baen, 

shown that the major late transcription unit 1s transcribed to the extreme 

righthand end'" of the adenovirus genome wi thout an ident ifiable lamination 

event during the late phase of infection (Fraser ~ al, 1979). This could 

be due ta an antitermination avent or to the deficiency of a termin~t10n 

factor during the la te phase of adenovirus infection. 

"," 

\ 
4. Other Higher Eukaryotic Genes and Viruses. 

Studies of many viruses and eukaryotic mRNA coding genes have shown 

that RNA polymerase II tran~cr1bes acrosa the polyadenylation dte And 

terminates somewhere downstream of the poly(A) site- So far, th •• equanc' • . ' 

at,which transcription actually ceases are not knovn. 

During the lat a phase of SV40 infection, RNA w .. labeled !!! !U:2 wlth 

'B-uridine for l min. Hybridlzation of the l!! .ti.:œ labeled RNA to SV40 
• 
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L-strand DNA has shown that nearly equimolar amounts of labeled RNA 

hybddizes to the late mRNA coding region and to a region extending about' 
. 

1000 nucleotides downstream of the poly(A) si,.te (Ford and Hsu. 1978). This 

f 

result indicates that transcription of L-strand DNA terminates beyond 1 kb 

" 
past the poly(A) site. 

In the case of polyomavirus, early in lytic infection E-strand RNA 

Lappears to be terminated and processed very rapidly and efficiently. By 

examining 15 min pulse labeled early nuclear RNA, Acheson and Mieville 

(1978) concluded that more that 807. of E-strand RNA terminated near tne 3' 
" 

end of early mRNA. But this result could be due to the rapid processing of 

3' ends of early mRNA instead of transcription termination. because th~ 

labeling period was long compared to turnover and processing times. In 

contrast, transcription of the- L DNA strand during the late phase of 

infection does not terminate efficiently, and can continue 3 or 4 times 

around the 5.3 kb circular DNA before termination occurs (Acheson. 1978). 

Studies of 1 or 2 min pulse-labelect nuclear late RNA (McNally. 1983 j 

Tessier, D. and Acheson,·~. H. personal communication) and late RNA labeled 

in isolated nuclei or viral transcription co~plexes (Skarnes, 1985) have 

revealed that only about half the amoqnt of RNA polymerases was located at 

the DNA fragments downstream of 'the polyadenylation site when compared to 

the fragments upstream of the polyadenylation site. This suggests that the 

o 

RNA polymerase may terminpte transcription of the L ~NA strand downstream 
• 

of the poly(A) site with an efficiency"of about 507.. 

In adenovirus 2 transcription has been shown to proceed far beyond the 

polyadenylation sites of two early transcription units. E2 and E4 (Nevins 

et al, 1980). Late in adenovirus 2 infection, transcription of the <maJ'or î-- . -
late transcription unit encompasses five poly(A) sites, and terminates 

within the terminal' 650 nucleotides without reaching the end of the genome 

r 
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~, 
(Nevin~ and Darnell, ~978; Fraser !t !l, 1979; Fr.ser and Blu~ 1980). A 

wide variety of mRNAs are processed from this primary transcript and fall 

into five groups (Ll'to L5) which possess common polyadenylation sites. In 
A ' 

contrast, during the early phase of infection, tran5cripts of the major 

late unit terminate near the middle of the genome, and only the mRNA of Ll , 
./ 

family i5 produced (Shaw and Ziff, 1980; Nevins and W Uson. 1981). The 

reason for the difference in transcription pattern between early .f1nd late 

phâ~e of infection i5 not clear~ There are several possibilities: 1) 

after DNA replication, the viral chromatin structure may have chllnged, 
. 

henc~ preventinB termination in the middle of the genome; 2) sorne vi raI 

factors which inhibit termination (antiterminators) may be produced after 

DNA replication; or 3) during the' late phase of infection the termination 

factors are depleted, reducing termination efficiency. 

Using RNA labe1ed in Y..ll.!:2 in iso1ated nuclei, 
, 

LeMe\\lr et al (1984) 
\ 

have analyzed the 3 tends of primary transcripts of the chicken ovalbumln 

gene. Hybridization of in vitro 1abeled nuclear RNA with DNA fragments 

covering - the 3' region of the gene indicates that more than 90% of 
b 

transcriptio~ terminates in a discrete reglon of 170 base pairs l~cated 900 

nucleotides downstream from' the main polyadenylation .'Jae. Ana lys 1s ~f 

, 
sequences within this 170 base ,~air region revea1s two sequences analogous 

to a pntative yeast termination signal,_ TTTTTATA (Zaret and Sherman, 1982). 

Therefore, the authors propose that 't:his s~quence may be involved ln the 
. 

~rocess of transcription termination in the chiekan, ovalbumin gene . ..-
The site of transciiptioh termination 

. 
in the mouse a-amyl.... geno 

a 
Amy-2 was determined by .il! vitro transcription 1 in laolatod 'nucle! \)f 

panc.:eatit cells (Hagenbuehle et !.!, -1984). Hybridiutton o[ .!g...--yltro 

elonsated nascant trauscripts a 
ta Amy-2 restriction fra ... nt. 'indic.te. 

tbat over 90X of RNA polym.r.... tenDin.te transcription ln .. r.,lon 
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-between 2.5 and 4 kb downstream of the Amy-2 polyadenylation site and that 

polymerases are gradually diluted out over the 1ast 1.4 kb. SI nuclease 

mapping qf steady state nuclear RNA indicates that RNA polymerases 

terminate at multiple sites 'within this region. However, primary 

transcripts may be processed very rapidly into mature mRNAs; ,the 3' ends of 

primary transcripts may be very unstable. Therefore, 3 1 ends defined by SI 

steady state nuclear RNA do not necessarily correspond to , ' 

termination sites but may rapresent partially processed RNAs. 

Rohrbaugh et al (1985) have localized the 3' termination r~gion of the 

• rabbi t ~1 globin gene in fetal liver by using in vitro labeled RNA in 

isolated nuclel. Their results indic,ate that transcription terminatiori may 

occur 600 nucleotides downstream of the poly(A) site, within a 

570-nucleotide region. The DNA segment immediately upstream of the region 

of deelining tra~scription contains an inverted' repeat and encodes a short 

RNA transcribed by RNA' polymerase II from the opposite strand of the ~1 

globin gene. Therefore, the authors suggest thlt the inverted repeat and 

the opposite transcript may play a role in the termination of ~1 globin 

gene transcription . . ' 
5. Conclusions. o 

In recent years, studies on transcription termination by RNA' 
, 

polymerase II in eukaryotic cells have accumulated, but very little is-yet 

understood. In yeast consensus sequences such as TAG ... TAGT .•. !TT and . 
TTTTTATA, have been proposed to mediate formation of 3 1 ends -(Zaret and 

.Sherman, 1982; Henikoff and Cohen, 1984). Polyadenylation in yeast mRNA is 

apparently directly coupled with terminatlon. However, it is still 

possible that these yeast sequences are invQlved in RNA processing rather 
Ir \..... 

than transcription termination. 
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Host' histone mRNAs do not contain poly(A) taUs. Studie. of Saa 

urchin histone genes injected into frog oocyte nuclei have revealad that 

the 3' ends of histone mRNKs are gEmerated by RNA processing (Birchmeier !! 
1 

al, 1984) .. The conserved sequences, which intlude a stem-loop structure 

near the 3' end of the mRNA, and a 3' end ACCA motif, and a CAAGAAAGA 

nonamer· 6 base pairs downstream of the 3' end, are required as a signal for 

pro~essihg of the 3' end. A sea urchin-speci!ic small nuclear RNA (U7) has 

been shown to be'required for the processing. However, the sites and role 

of transcr}ption termination in these histone genes t5 not known. 

Most mRNAs· of higher eukaryotes contain" a long poly(A) taU at their 

3' ends. It is known that these 3' ends are created by en~nuc1eolytic 

cleavage of the pre-mRNA, followed by the addition of polyadenylic acid ta 

the newly exposed 3' end (Nevins and Darnell, 1978). -The hexanucleot ide 

AAUAAA as weIl as additional 3' flanking sequences, are required for the 

cleavag~ and polyadenylation reactions. Both in vivo and in vitro studi8~ 

of transcription of mRNA genes have shown that RNA polymerases transcribe 

through the poly(A) site and terminate at mutiple sites from hundreds to 

./ 
thousands of nucleotides downstream of the poly(A) site. The nature of the 

termination signal ls not yet understood. Many hypothes8S have been 

proposed, some based on facts,. some merely speculation. However. there 15 

evidence' indicating that transcription termination may be l,inked ta 

polyadenylation or ta recognition of a polyadenylatton signal 

(Falcx-Pedersen et al, 1985). 

Lytic Cycle of Polyomavirus. 
$ 

Pol'yomavirus is a ID8Ilber of tha papovavirwtî r .. 11.1' It va. oriainaUy 
. 

isolated by accident whan Gro •• (~953.) mada axtr.cts of tha lov-lau&.ala 

C3B lIica and observed 'tbat • f." lIica lnoculatad with ·the axtracts 
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developed salivary gland (parotid) adenocarcinomas \hile remaining free of 

any trace of leukemia., Gross (1953b) was able to .,separatd the agent which 
~ 

causes salivary gland adenocarcinomas from the leukemia virus, hence he 

named this agent a parotid agent. Although parotid tumors are the most 

frequent gonsequence of inoculation by the parotid agent, a variety df 

other tumors including medullary adrenal tumors, epithelial thymic tumors, 
~ 

mammary "gland carcinomas, 'renal carcinomas, liver hemangiomas, and 

subcutaneous fibrosarcomas also occasionally develop. Because the parotid 

agent was able to transform 50 many different cell types the name "polyoma 

virus" (poly=many oma=tumor) was proposed (Stewart et al, 1958) and now 

this is universally accepted. 

The genome of polyomavirus consists of a circular, double-stranded DNA 

molecule (Dulbecco and' Vogt, 1963; Weil and Vinogard, 1963). It has a 

moleeular weight o'f 3.5 x 106 daltons and is enclosed in an icosahedral 

. caps.id 45 nm in diameter consisting of 72 ,capsomers and ,420 structural 

subunits (Fenner et al, 1974). These capsomers are composed of a major . 

càpsid protein, VP1, and two minor capsid proteins, VP2 and .VP3. The DNA 

within the virion is associated with four host histones'and forms the viral 

chromatin (Freason and Crawford, 1972; Fey and Hirt, 1975). Polyomavirus 

DNA is comprised of 5292 base pairs (the A2 strain) or 5295 base pairs (the 

A3 strain) and has been completely sequenced (Friedmann, et al; 1979; Soeda 

~ al, 1980). 

The lytic infection of polyomavirus takes place in two phases, "earl~" 

and "late". The early phase lasts until the beginning of vira\- D~A, 

replication, which occurs 12 hr after infection at 37°C. Three viral T 

antigens are synthesized during this period. The late phase begins with 

tne onset of vir~ DNA replication and ends at cell death, which Is about 

48 hr after infection. 
\ 

,. 
The three viral structural proteins are synthesized 

• 
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and progeny viral p~~tic18s 

replication, ~ synthesis and 

-the infecteà cell. 
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'Ulu~it--Uurlng the lat. ph.... Vir.l DNA 

ly take place in tqe nucleus, of 

\ Upo~ infection, the virus particles absorb to the surface of the cell. 

The virions are then -talcen into the cytoplasm ",i thin pinocytic vesicles 
, ~ 

• 1 

G shortly after infection (Hattern !! al, 1966). The ,viral caps id proteins 

are removed and viral chromatin is transported to the nucleus. The vi ral 
1 

DNA in the nucleus can now undergo the subsequent steps in the viral lytic 

cycle. 
" . 

Transcription of the polyomavirus genome is temporal,1y r~gu1ated. 

During the early phase of the lytic infection, one of the two DNA strands 

(the EDNA strand)'is transcribed predominantly. TraAscription begins near 

the origin of viral DNA replication (around nucleotide 150) .and proceeds 
~ 

counter-clockwise as shown in Fig. 1. The E strand RNA coding region spans 

approximately one half of the viral genome. The primary RNA transcript is 

spliced into three early mRNAs which encode for three ea~ly proteins known 

as large, Middle and small T antigens (Soeda et al, 1979). The early maNA. 

t'epresent only 0.01-0.02% of the total cytoplasmic RNA (Weil et al,' 1974; .. 
Acheson and Hieville, 1978). During the early phase, transcription of the 

. viral EDNA strand ls terminated efficiently, and E-strand RNA is rapidly . 
transported from nucleus to cytoplasm. Viral mRNA app.ars ln the cytopla.m 

within 6 min of its synthesis; more than half of the viral ~A synthuiz,d 

in the nucleus 15 exported to the cytoplasm '(Ache.on, 1981). The -prilUry 

tLanscript of the E DNA strand may extend bey~nd th~ polyadanylation lite, 

which defines the.,3' end of matura mRNA (K.aaen !! !l. 1974J Ach .. on and 

Hieville, 1978). 
1 

Synthe.1s of polyouv1ru.. T ant1I.~ dur1na \ the euly, phue 

followed by a mitotic bo.t re.pon... Thi. co.pri •••• t~lation of ovarell 

.. 
- .. 
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, ~ellular RNA and protein synthesis, the activaHon of the c:ellular 

DNA-synthesizing apparatus and the duplication of the host cell chromatin 

(for review, see Acheson, 1981a) .. These chànges in the host ce Il 

metabolism provide the materials for the efficient replication of viral DNA 

and production of viral progeny. Large T antigen has been shown to . 
negatively regulate its own synthesis (Cogen, {978; Kamen et al, 1980) . 

. 
Replication of viral DNA can occur 'as early as 12 to 15 hours. after 

infection, and marks the onset of the late phase of lytic infection. Large 

T antigen is required, for the initiation of each round of viral DNA 
. 

replication, but not for continued elongation. The requirement of large T , 

,antigen in viral DNA replication and the negative control on its own 
" 

synthesis has been shown by experiments with temperature-sensitive mutants 

of polyomavirous af.fecting large T antigen (Franke and Eckhart, 1973). 

Viral DNA replieation i5 semieonservative (Hirt, 1969) and bidirectional 

(Crawford et al, 1973; Griffin et al, 1974). 

During the late phase of lytie infection, the opposite strand of DNA 

(the L DNA strand) is tTanscribed. Transcription is in~tiated in a region 

located at the other side of the DNA replieation origin, with respect ta 

the early initiation region, and proceeds in a clociewise direction .(Fig'. 

l). The late coding region spans the right half of the vir~l genome and 
, 

codes for the three viral capsid proteins. VP1, VP2 and VP3. The maximal 

rate 'of RNA synthesis oecurs between 28 and 40 hours after infection, 

because of the incr~ase of viral DNA temPlate1 whieh takes place. At this 

time, Virus-specifie RNA represents more than 10% of the RNA labeled in 

infected ceUs 'during a 5-30 min labeling period (Acheson, ~ al, 1971). 

Late Virus-specifie mRNA aecounts for 1-3% of total cytoplasmie RNA labeled 

during several hours (Buetti, 1974). Nearly aIl of these viral RNAs are 

transeribed from L DNA strand. 

, 
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ligure 1: 

\ 

Physical map of polyomavirus genome. ,. . 

The numbers on the ~nn~r side of the cir~e' represent nucleotides 

numbered according to Soeda et al (1979, 1980). The numbers -on 

the ou~er side of the circle represent map units, with the~ique 
') 

EcoRI site serving at the 0 ref~rence point. 
• -

The E-strand DNA is 
t 

transcribed ~ounter-clockwise and transcripts are processed into 

three early mRNAs which code fer 'large tumor antigen '(LTAg), 

middle tumor antigen (MTAg) and small tumor antigen (STAg). The 
l' 

, 
L-stcand DNA is transcribed clockwise and transcripts are 4 

processed into three late mRNAs which code for three viral capsid 

proteins, VP1, VP2 and VP3. Dashed lines represeut regions where 

transcription ini tiates. , The thickened portions on the outer 

lines represent prote in coding regions on each mRNA. Dotted 

lines represent sequences removed from mRNA precursors by splicing. 

Arrowheads represent the 3 1 ends of mRNAs . . 

" 

• 

o 
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Temination and processing of the L-strand transcripts app.a~o ba 

very Inefficlent. Only about 5% of total viral RNA syntheslzed becomes 

mRNA (AchesQn, 1984). The bulk of late polyomavirus RNA ls 1arger than th@ 

\viral genome; this is caused by RNA p01ymerase II traversing the circular 
1 .' 

~, viral DNA genome severai times before terminating transcription (Acheson, 

1978). 
f 

Acheson (1984) has confirmed .that only lO to 25% of nuclear viral 

RNA i5 polyadenylated and that it is p01yadenylated within less than two 

min of its synthesis. Nuc1ear viral RNA which is polyadenylated exists as 

molecules of discrete lengths of about 2.2 + n(5.3) kilobases. These RNAs 

are a ~amiIy of molecules which have the same st and )t ends but differ in 

size by an' Integral number of viral genome lengths (5.) kilobases) 

(Acheson, 1984). The· mature mRNAs conta in only a single mRNA body sequence 
.c----

" (Buetti, 1974; Kamen ~ al, 1980). which is linked at its st end to one ()r 

more tandemly joined 57-nucleotide leader RNAs (Legon et al, 1979; 

Treisman. 1980) . These multiple copies of the leader must arise 
\ 

by 

splicing between leader sequences present in the giant precursor RNAs. 

Thus, leader ta leader splicing removes almost an ent ire genome-length of 

RNA from a precursor RNA molecule. 

Studies with SV 40 have shown that as soon as vir~l' capsid proteins 

are made, the empty viral capsid is assembled. The viral DNA-histone 

complexe~sequently interact with the empt)' capsids and form intact 

virionsJ' (Oze~ 1972; Ozer and Tegtmeyer, 1972). Although the exact 

mechanism of virus assembly Is still not comp1etely understood. there 

appeau to he no specifie mechanhm for release of viral progeny from th'o 

infected cells, many virions ramain call-associated even after extensive 

cell death (Granboulan ~ al, 1963; Hattem'!l !l, 1966). A •• embly of 

polyomaviru. virIon 15 belleved to he .lmilar to that of SV40. The viral 

.. 

\ 
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, particles begin to appear as early as 20-25 hours cifter infection. and can 

; continue to appe~r up to 60-70 hours post-infection. the time at which cell 

death normally occurs.. The lytic cycle is then complete. 

Polyomavirus as a Model System to Study Transcription Termination. 

At present~ little is known about the sites and signaIs involved in 

the termination of transcription by RNA polymerase II. Polyomavirus lends 

itself particularly weIl to the study of transcription termination for the 

following reasons: 

1. Its molecular biology ~as been extensively studied. 

2. Th~ nucleatide sequence of its small (5.3 kilobase) , 

gename has been determined. \ 

" 
3. It is transcribed as a DNA-histone complex by RNA 

~ 4. 

5. 

., 
polymerase II in the nucleus of mouse cells; therefore 

it is analogous to cellular genes which code for 

t mRNAs. 

The virus has two distinct transcription units, one on 
,~ 

each DNA strand. 

early phase, transcripts of the E ~NA 

terminated and processed very efficiently; 

RNA synthesized is low. 

ng the late phase. transc~pts of the'L DNA strand 
. . . 
termin~ed ~d pr9cessed inefficiently, giving 

rise to giant transcripts which conta in severa! tandem 

repeats of the entire DNA strand. Virus-specifie RNA 

represents about 10% of total RNA synthesized in the 
1 

cell and most of these viral RNAs are L-strànd RNAs. II" 

..... 
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HATIRIALS AND Klfi'llODS 

Preparation of Primary Babv Mouse Kidney Cell Cultures (BMK). 
Jo 

Kidneys were removed from 10-day-oN. baby mice (Canadian Breeding 
() 

Farms) and kept in phosphate-buffered saline lacking Mg" and Ca" (PBS). 

After removal of excess tissue, kidneys were chopped into very fine pieces 

with -sterilized scissors and treated ~ith 20 ml of 0.2~ trypsin (Sigma) in 

PBS containing 0.03~ penicillin (Sigma) and 0.017. streptomycin (Sigma) at 

room temperature for 30 minutes each time. The supernatant from the'first 
,( 

trypsinization was discarded and the supernatants of the next 4 to 5 

digestions were collected. Following centrifugation, the pellet was 

resuspended in Dulbecco's modified 6"'Eagle's medium (DMEM) (Flow 

Laboratories) supplemented with 5~ heat treated newborn calf serum (NCS) or 

fetal bovine serum (~BS) (Flow Laboratories), 2.5 ~g/ml fungizone (Squibb), 
00>, 

50 ~g/ml gentamycin (Schering Canada rnc.) and 2S ~g/ml vancomycin (Lilly). 

The suspension wa5 plat~d onto 90 mm plastic tissue culture petri dishes 

(Nunc. Lux) at a volume of 10 ml. Kidneys from approximately 2S to 30 baby 

mice were pre~ared for 40 90-mm petri dishes. BMK cells were grown at 37 ft C· 

in an atmosphere containing 57. CO 2 • Wi thin 3 to 4 days, the cells were 
r 

nearly confluent (5 x 10 6 cells/petri dish) and were ready for infection. 

BMK cell cultures were mainly used for growing polyomavirus stocks and 
1 

performing p~aque assays. 

Preparation of Mouse Fibroblast 3T6 ,'Cell Cultures. 

Swiss albino 3T6 cell line W4S purchased from the American Type, 

Culture Collection (ATCC-CL96). These cells were maintained in DHEH wlth 
... 

10% FBS and ant~biotics in 90 DIIl petri dishes. Upon reachina confluancy 
, . 

(2-) X 107 cells par petri dish), the cell"were trypsinlzad and raplatad 
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-~ 0 
at ~1: 10 dilution twice a week. After 3 days, the newly plated cells were 

nearly confluent (ap,proximately 1 x 10 7 cells per petri dish), and were 
\ 

resdy to be infected lOi th virus. 

polyomavirus RNAs. 

Polyomavirus Stock. 

3T6 cells were used for preparing 

The polyomavirus used in our laboratory is strain AT3 (Skarnes, 
• 

Tessier and Acheson, in preparation). The DNA genome 1s ~omprised of 5309 

base pairs. This strain resembles the polyomavirus A3 strain (Friedmann'et 

al, 1979) in that 1t has a 11 bp deletion to the early side of the 

. replication' origin (nucleotides 44 to 54 of the A2 strain) (Griffin and 

Maddock, 1979) and an insertion of one nucleotide between nucleotides; 2890 

and 289t of the A2 strain, which leads to a different C-terminal regian in 

large-T antigen (Deininger ~ ~-l. 1980; Soeda ~ al, 1980). Howevsr, 

strain AT3 has a 75-nucleotide direct repeat in tandem in the region of the 

transcriptional,enhancer (nucleotides 5099-5174 and nucleotides 5175-5249), , 
and a 52-nucleotide del-etion (nucleotides 5207 to 5288 in the A2 strain). 

The 75-nuc1eotide repeat resembles that found in ~-.,~ strain (Ruley and 

Fried., 1983). Virus was plaque-purified and grawn ~rimary BMK cells. 

Titers of virus stocks (4-~O x 10 8 pfu/ml) 'were determined by plaque assays 

on BHK cells. Virus stocks were stored ~t -20°C. 

Labeling and Extraction of RNA. 

" 3T6 cells were grown ta subconfluency (about 1 x 10 7 cells) in 90 mm 

dishes and were infected with 0.4 ml of po lyomavi rus at a 

of 20 ta 40 pfu/ cell. The plates lOere swirled every 15 

incubator for 2 hours. Following 

ml of DMEM containing gentamycin, fungizone, vancamycin (but 

\ 
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. ... 
no FBS) was added to each plate. At 28 hours after infection, cells were 

labeled at 37°C with 500 \.ICi of [5- 3 H1 uridine (NEN, ICN t or Amersham; 25 

to 30 Ci/mmol) in 1 ml of DMEM per 90 mm petri dish. Label ing was 

terminated by removing the radioactive med~um a~d flooding monolayers with 

10 ml of ice-cold TD buffer (?5 mM Tris-HCI pH 7.5, 140 mM NaCl, 5 mM KCl, 

Cells were then washed with 10 ml of ice-co1d lytic 

buffer (10 mM triethanolamine-HCl pH 8.5, 10 mM NaCl, 1. 5 ~ MgCl 2 ) 

( 

(Acheson, 1981). Monolayers were scraped in 1 ml of cold lytic buffer and 

cells were lysed by adding Nonidet P-40 (Shell) to a final concentration of 
Q 

0.57., and were gently disrupted with a Pasteur pipette. 

Nuclei were sedimented at 3,000 rpm (Sorvall RC- SB centrifuge, HB-4 

rotor) for 4 minutes at 2°C. The supernatant (cytoplasmic fraction) was 

transfered to another tube, and the nuclear pellet was resuspended in lytic 

buffer (1 ml per 90 mm petri dislil of nuclel). One volume of extraction 

buffer (10 mM triethanolamine-HCl pH 8.5, tao mM NaCl, 10 mM EDTA) -

. 
éontaining 0.5 mM of aurintricarboxylic acid (ATA) (Sigma) was added to 

both cytoplasmic and nuclear portions. ATA was lnc1uded to protect RNA , a 
fcom degradation by nucleases released during extraction procedures 

(Hallick et al, 1977). Sodium tri - isopropylnaphthalene Bulfonate (TNS; 

Serva) (257.) was added to a final concentration of 27.. RNA was extracted 

three times in succession with an ~qual vol~e of Phenol-Chlor~-iSOamYl 
alcohol (50: 50: 1) and once wi th chloroform- isoamy1 alcohol (50: 1) . Nucleic 

acids w~re precipitated three times in suc\ession from 0.2 M NaCl by adding 

2.5 vOlumes of absolute ethanol, and then were treated with 10 Ilg/ml of 

RNase-free DNase l (Worthington Biocl1emical Corp., or BRL) at DoC for 30 

minutes ial DNase buffer (10 mM ~odium acetate pH S. l, 100 mM NaCl, 2 mM 

MnC1 2 ). DNase was inactivated by adding EOTA (3 mM) an~ sodium dodecyl 

sulfate (SDS; BDH) (0.5%). RNA was then extracted with àn equal volume of 

, 
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phenol-ch~oroform~iSoamyl alcohol [:50:1) and ethanol preciPita~ed three 

times (Acheson and Hieville, 1978) The RNA was stored at -20°C as the 

ethano1-precipitated form until fur er use. 

TNS was purified al.ter purchase. First, a 20% solution of TNS was 

prepared, then an equal volume of ethanol was added. The solution was kept 

at -20°C for one hour. Centrifugation was done at 10,000 rpm in Sorvall 

centrifuge to pellet the precipitate. The supernatant was then collected 

and lyophilized. A 257. TNS stock solution was prepared. 

~ 

Glucosamine Treatment. 
. 

Cells were treated with glucosamine (Sigma) for 1 hour to reduce UTP 

pools and increase labeling efficiency when labeling times were to be.2 mi~ 
( . 

or less (Scholtissek, 1971; Wertz, 1975). DMEM containing antibiotics with 

20 mM glUfosamine was neutralized with NaOH, ·then prewarmed and 

equilibrated in 37°C, 5% ,C0 2 incubator. One houri prior to labeling, 

infected 3T6 cell monolayers we~e treated with 20 IJlM glucosamine-DMEM 

medium. After 60 min incubation at 37°C, the medium was removed. Cells 

a ~ 

\ 

were washed 3 times with 5 ml DMEM which was prewarmed at 37°C. Cells were 

then labeled with [5- 3H] uridine as previously described. 

Isolat·on of Recombinant Sin le-stranded NA. 

Restriction endonuclease fragme~ts Of
l 

polyomavirus DNA were cloned 

into single-stranded DNA bacteriophage vect6rs fd103 (Hermann et al, 1980) 

or M13 mp8 (Messing, 1983) by Nicholas Acheson, Michael McLeod, Maureen 

McNally (1984), Thu-Hang Tran, Daniel Tessier and myself in our laboratory. 

Single-stranded recombinant DNAs were prepared from polyethylene glycol 

(Sigma) precipitated phage preparations (Yamamoto et al, 1970) by hot 

phenol extraction. Circular single-stranded DNAs were checked for 

.. 
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integrity by agarose gel electrophoresis • Samples of double-strandad 

rep4lcative form DNA from each preparation wara tested for the presence of 
< 

the correct fragment and absence of daletions by restriction endonucleasa 

digestion. 

DNA-RNA Hybri~ization and Nualeasa Treatment~ 
\ 

.. 

3H-1abeled RNA was hybridized in solution with an exceS5 of 5in81e-

stranded recombinant bacteriophage DNA. Two methods were used. 

A. - Up to 20 ~g of nuclear RNA were mixed with 4 ~g of single-stranded DNA 

in 40 ~l of 807. formamide, 0.4 M NaCl, 40 mM PIPES pH 6.4, 1 mM EDTA (Berk 

and Sharp, 1977; Favaloro et al, 1980)~ The mixture was incubated at 85°C 

or 65°C for 10 min, then transferred to 55°C for 3 hours for hybridizatton 

and cooled rapidly by addingU ,,360 ~l of ice-cold Sl buffer (JO mM sodium 
t, 

acetate pH 4.5,0.3 M NaCl, 1 mM ZnSO .. , 57. glyceroU. The hybrids were 

treated with S1 nuclease (Boehringer-Mannheim) at 45°C for 30 min 

(con~entratio~of 51 nuclease varied i~nt experiments). One unit 

of 51 nuclease ,releases 1 ~g acid-soluble deoxyribonucleotides. from 

denatured DNA in 1 min at 37°C and pH 4.5 (Vogt, 1980). Afler'SI nuc1ease 

treatment, hybrids were extracted once with an equal volume of phenol-
1 

) 
chloroform-isoamyl alcohol (50: 50: 1), and once wi th ch1oroform- fsorunyl 

~. 

alcohol (50: f), and then eth~ol precipitated. The pellet was rosuspended 

iQ 20~ ~l of RNase buffer (10 mM Tris-HCl pH 7.5, l mM EDTA'. 0.3 Pi NaCl) 

'containing 0.1 to O. 5 ~g/ml of RNase'1t. (Sigma) ana incubated al 30 G C for 30 

m~. After'ribonuclease digestion, proteinase K (Boahrinser-Mannheim) was 

added at a concentration of 250 ug/ml ~d the sample was Incubated at 37·C 

for JO min. The hybrids were extractad with phenol-chloroform-iaoamyl 
1 • 

alcohol (50:50:1) and chloro1or-tsoamyl alcohol (50:1), and then ethanol 

precipltated ln the presence of la ~I of carrier tRNA. 
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The amount of RNA and DNA used in' each experiment varied. In general, 

five times as much nuclear RNA as single-stranded DNA was mixed ,for 

hybridization. Transfer RNA was added to the hybridization mixture to 

bring the total amount of nucleic acids to 24 ~g. 

, B. Up to 50 ~g of total nuclear RNA ~as mixed with 10 ~g of single-

stranded DNA in 100 ~1 of 50 mM HEPES pH 7.0, 1 mM EDTA, 0.75 M NaCl. The 

mixture was incubated at 85 Q C for 10 min, then at 55°C for la to 30 min and 

cooled rapidly in an ice-water bath. Hybridization was complete within. 

this period at this DNAoconcentration. Hybrids were diluted 2.5-fold to a 

final concentration of 0.3 ~ NaCl and digested ~ith either ribonuclease Tl 

(200 to 800 units/ml) or ribonuclease A (0.1 to 0.5 ~g/ml) at 30°C for 30 

min. The NaCl concentration was adjilsted to 0.75 M and 300 ~l samples 

containing no more than 1 0 ~g DNA were passed through 13 mm diameter 
, ..... 

nitrocellulose filters (BA-aS, Schleicner and Sehuell) clamped in a lueite 

manifold with one sheet of Whatman 3MM filter paper and two sheets of 

blotting paper to absorb the filtraté. Flow rates were ab~t 1 ml per 30 

seconds. Nit~ocellulose filters were washed t~ice with 1 ml 50 mM HEPE5 pH 

7.0, 1 mM EnTA, 0.75 M NaCl in the manifold. Nitrocellulose filters were 

then transferred to flat-bottomed polypropylene tubes and incubated with 

333 units/ml of 51 nuclease in 0.4 ml of 51 buffer (30 mM sodium acetate pH 
. 

4.5, 300 mM NaCl, 1 mM Zn50,., 57. glycerol) at 37°C for 1 hour. The 

supernatant solution was subjected to phenol-chloroform-isoamyl alcohol 

(50:50:1) 'extraction and chloroform-isoamyl alcohol (50:1) extraction, and 

the hybrids were ethanol precipitated in the presence of carrier tRNA • • 

5light variations in these procedures are noted in Figure Legends. 
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Gel Electrophoresls and Fluorography. 

DNA-RNA hybrids were subjected to elea.trophoresis on non-denaturing 

agarose, polyacrylamide or ~xed agarose-polyacrylamide vertical slab gels 

(3 mm thick) in either !BE buffer (89 mM'Tris-HCl pH 8.3, 89 mM sodium 
\ 

borate, 1 mM ED11A) or TAE butfer (20 mM Tris-HCI pH 7.8, 2.5 mM sodium 

acetate, 1 mM EDTA). 

To prepare mix,!!d 0.5% agarose-2. 5% polyacrylamide gels. 50 ml of 1% 

agarose in, water was equilibrated in a 45°C water bath and 50 ml of 5% 

polyacrylamide (acrylamide:bis-acrylamide 20:1) in 2X TBE ~ buffer was 

equilibrated in a 37°C water bath. Bath solutions were mixed together~ith 

0.5 ml of 10% ammonium persulfate and 0.5 ml of 10% TEMED, and the gel was 

poured immediately. 

Gels were prepared for fluoroaraphy by soaking in Enhance (New England 

Nuclear) according to the manufacturer's instructions~ Briefly, gels were 

agitated gently in three gel volumes of Enhanca for l hour at room 
. 

temperature, then agitated in excess water for 90 min (during thls perlod 

of time water was changed twice). Gels ware transferred to a piace of 

Whatman 3MM fllter paper, and drled with a Bio-Rad gel drier at 60 GC under 

vacuum for 2.5 hours. The gels were then exposed ta Kodak r-s film at 

-70 GC for periods of days ta weeks. 

Gel Slices. 

In sorne experimenls, certain lane. vere removed from the untraated gel 

and were cut into l mm gel sllces using a Bio-bd gel slicer. Each sUce 

was collected into a capped tube.. Pour hundred ul of Proto.ol (Ne" Enaland 

Nuclear) was added and slices were Incubated in a 37·C vater bath 

overnight . Pour' ml of Atomlight (Naw England Nucl.ar) or Univer.ol (ICN 

Radiochemicals) sclnltillation fluid vere add,- and ... ple. vere counted ln 

a LIB scinltillation spectrometer (background ln tritium channel 1. about 

10 Cpll) .. 
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Cloning of Polyomavirus DNA into Plasmid pSP64. 

Polyomavirus DNA was digested with XbaI~ whtch cléaves twice at 

nuc~eotides 2477 and 2522. The 5264-nucleotide ~ragment was cloned into 

the XbaI site of the polylinker on the plasmid pSP64 (Melton ~!l, 1984). 

which was pu~chased fram Promega Btotec. In order to reduce the chance of 

religation of the vec~or and decrease the background of antibiotic 

resistant colonies, the XbaI-digested pSP64 was treated with bacterial 

alkaline phosphatase (BAP) (BRL). 
\ 

The plasmid and insert DNAs were then 

mixed at a 1:2 ratio in 50 ~l of ligation'buffer (50 mM Tris-HCI pH 7.6, la 

mM dithiothreitol [DTT], la mM MgCl 2 , 1 mM ATP., 10 J1g/ml bovine serum 

albumin). Samples were incubated wi th T4 DNA ligase (10 units/ml) (New 

England Nuclear) in a 
"1 • 

25°C water bath for one hour. Iwo volumes of 

ligation buffer were added and the mixture was transferred to a 15°G 

waterbath overnight. The ligation mixture was transformed into E . .E2l!. 

DH-1 competent celIs, and ampicillin-resistant colonies were grown up. 

These transformants were screened for the polyomavirus DNA insert oriented . -

such that the L-strand will be transcribed by SP~ RNA polymerase beginning 

at the'SP6 promoter. The transformant containing the recombinant plasmid 

(pSP64-P~baI-L) was grown in chi broth (50 mM Tris-HGl pH,7.6, 25 gm/l 

yeast extract, 0.8 gm/I glucose, 0.1 gm/l diaminop;i.metic acid, 0.05 gm/l 

thymidine, 20 mM MgG1 2 ) in the presence of ampicillin. • Recombinant plasmid 

DNA was purified by ethidium bromide-cesium chloride gratlient 
~ 

centrifugation. 

In Vitro Synthesis of Polyomavirus L-Strand RNA with SP6 RNA Polymerase. 

Recombinant plasmid pSP64-PyXbaI - L was linearized downstream of the 
.f 

~.2 kb polyomavirus DNA insert via the SmaI rèstriction site of the 

polylinker. In vitro. transcription was carried out by the J)rocedure of 
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~' 

'Melton et' al (1984) with minor modifications. A. 100 III reaction mixture 

containing 40 mM Tris-Hel pH 1.5, 6 mM MgC1 2 ,' 2 mM spermidine, 10 mM . . 

dithiothreitol, 100 units RNasin (Promega Biotec), 0.5 mM each of ATP, GT~, 

CTP and UTP, 100 \lCi 3H-CTP or 3H-UTP (22 Ci/mmol. ICN Radiochemicals). 

22.5 units of SP6 RNA polymerase (Promega Biotec) and 3 ~g ef SmaI-dlgested 

pSP64-PyXbaI-L DNA was incubated at 40°C for 30 min. An equa1 volume of 
, ~ 

, 
transcription buffer containing 0.5, mM each ff ATP, GTP. CTP and UTP was 

1 

then added, and incubation continued for another 30 min at 40°C. The DNA 

template was degraded by adding 20 ~g/ml of ri bonuc1ease free DNase l 

(DPRF, Worthington Biochemicals Corp.) at OOC for 30 min. To remove ONase 

activity, SDS (final concentration 0.5%) and EDTA (final concentration) 

mM) were added and RNA was 'extracted with equal volume of phenol-

chloroform-isoamyl alcohol (50:50:1) and ethanol precipitated . 

... 
Purification of Full-length In Vitro Synthesized Polyomavir~s L-strand RNA. 

In Y!!!2 transcription of SmaI-digested pSP64-PyXbaI-L ONA should give 

a 5305 nucleotide run-off transcript. But . many SP6 RNA polymera ••• 

terminated prematurely at several specifie sites on the DNA tamplate, when 

3H-UTP was present at 41 ~ in the transcription mixture (Fig. 2, lan •• l, 

·2). Even in the reaction mixture containing 41 ~ of 5H-UTP plus 0.5 mM of 

unlabeled UTP. premature termination of transcription wa. observed (Fig. 2, 

Ianes 4. 5). To obtain 5.3 kllobase full-length ln ~ tran.cripta, RNA 

vas S'uspended in 50 mM LiCl, 0.1% SDS. 10 mM Tris-HCl, pH 7.4. Th •• ol\utton 

vas heat-denatured at 95°C for 2 min and cooled rapidly in an lce-vater 

bath. RNA vas size-fractionated in a 15-30% sucro •• gradient. After 

centri:ugation at 55,000 rpm at 20·e for 150 min in a SW 60 Tl rotor. 9 

fraction. vere collected trom the bottom of the tube. PlvA ~I of carrier .. 
tRNA. va. added to .ach fraction which va. then etbanol preclpltate4. 
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Figure 2: In vitro transcription of pofyomavirus t-strand ON! 
-- ("l) 1 

(pSP64-PyXbaI-L) by SP6 RNA polymerase. 
,... 

A. Each 10 ~l of transcription mixtut'~ contained 1 liS of 

SmaI-digested pSP64-PyXbaI-L, 10, mM of OTT, 10 units of RNasin 

RNase inhibitor, 10 ~(i of 3H-UTP (-41 ~). 5 nanomQles each of 

ATP, GTP ~nd CTP (0.5 mM). !wo of the,mixtures)contained an 

additional 5 nanomoles of UTP \Ianes 4 and 5). Either 1.5 units 

(lanes 1 and 4) or 6 units (lanes 2 and 5) of SP6 RNA po1ymerase 

were used in the reaetion. Mixtures were ineubated at 40°C for l 

hour. After ONase l digestion. RNA was phenol extraete.d rand 

ethanol preeipitated. Aliquots of eaeh samp1e were taken 'and 

ehecked for radioactivity. S imilar amounts '-l of radioaetivity 

04,000-76,000 cpm) trom eaeh samp1e were glyoxa1-denatured and . 
anaIyzed in a 17. agarose slab gel as deseribed in Materials and 

Methods. Markers were 3H-uridine labeled cyt.op1asmic poly(A) 

RNAs ( Ianes 3 and 6) . The size of fu11-1ength polyoamvirus 

run-off transcripts i5 about 5.3 kb. 

B. Diagram showing SmaI digested pSP64-PyXbaI-L DNA. Open bo.x 

ls the SP6 promoter. Solid 11ne corresponds to polyomavirus ONA 

cioned at the XbaI site of pSP64. Numbers above th~ line show 

the leng~h of transcribed pSP64 and polyomavir.us DNA. Numbe-rs 

bel"w the line show positions of the enda the of polyomaviru. 

genome. The wavy,line represents the run~off tran.cript. Number 

below the fiavy line shows the size of the expect!llld ~un-off 

transcri",t. 

, 
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( 
. Aliquots of each fraction vere glyoxal-denatured and analyzed 1:>y agarose 

gel electrophoresis and fluorography (Carmichael and McMaster, 1980) (Fig. 

3). 
~ . 

Fractions vqich conta1ned full-length transcripts vere pooled. 

Glyoxal Denaturation. 
(~ 

A sample of RNA vas suspended in 24 ~l of 10 mM phosphate buffer (pH 

6,.9) containlng 507. di~ethyl sulfoxide (DMSO) and 1 M glyoxal. (To prepare 

100 mM p~osPha~ buffer pH 6.9. 40 ml of 0.1 M ~NaH2P04 is mixed vith 60 ml 

of 0.1 M Na 2HP0 4 .) The glyoxal was ~urified by passing through a mixed bed 

resin [Bio-Rad AG501-X8] until the pH was neutral, an~as stored at -20°C. 

The mixture was incubated at SO°C for 60 min (Carmichael and McMaster,-

1980) . 
) , 

The glyoxal-denatured RNA was then analyzed by running on a 1.17. 
• 

agarose gel made in 10 mM phosphate buffer (pH 6.9). Gels vere prepared 

for fluorography as Rreviously described. 

Oligo(dT)-cellulose Chromatography. 
1 

Cytoplasmic RNA (approximately 300 ~g per sample) was suspended in 1 
- • 1 • 

\ 
1 

ml of 10 mM }'ris-HCl..pH 7.4, 0.5 M NaCI, 0.17. SDS and vas passed. through a 

column containing 0.5 gm of oligodaoxy-thymidylic acid [oligo(dT)]-

cellulose equilibrated vith the same buffer. The unbound RNA vas reloaded 

two more times and was collected. The column vas washed with 15 ml of load 

"-
buffer. The first 3 ml of this wash vas collected and pooled vith the 

flow-through as nonpolyadenylated RNA. Polyadenylated RNA vas eluted vith 

5 ml of 10 mM Tris-HCI pH 7.4, 0.17. SDS (Av~v and Leder, 1972). Both~~ 
~nonpolyadenylated aop polyadenylated RNA vere ethanol precipitated. 
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J'igure 3: 

1 

~alysis of in vitro synthesized lH-polyomavirus L-strand RNA 

after sedimentation on a 15-30% linear sucrase gradient. 

In vitro synthesized 3H-polyomavirus RNA was suspended in 2QO ~l 

of 10 mM Tris.-HCl pH 7.4, 50 mM LiCl, 0.1% sodium dodecyl 

sulfate, and was-heat-denatured at 95°C for 2 minutes.'· RNA was 

layered on top of a' 15-307. (wt/wt) linear sucrose gradient in the 

same buffer. Gradient was spun at 55,000 rpm in a Spinco SW-60 
\ 

" rotor at 20°C for 165 minutes. Fractions were collected from the 
.. 

tube bottom (8 drops per fraction), and aliquots were assayed for 

radioactivity. Ten ~g of tRNA was added ta e~h fraction, which 

was then ethanol precipitated twice in succession. Fractions in 

regions of interest were pooled. RNA was then resuspended in 10 

mM Tris-HCI pH 7.4, 1 mM EDTA. Aliquots were talcen and assayed 

for radioactivity. Similar amounts of radioactivity (10,000 cpm) 

wewe talcen from each pool, glyoxal-denatured and analyzed on a 

1.1% agarose slab gel as described in Materials and Methods. 

Above the flUO~graPh are the fraction numbers. The size of 

full-1ength run-Qff polyomavirus RNA is about 5.3 kb. 

.......... 
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SECTIœ 1 

Develo.-mt of a Teclmique for Happing 

S'and 3' Rnds of In Vivo Pulse-labeled RNA.s 

INTRODUCTION 

The aim of the work described in this section was to deve10p a method 

that would enable us 1) ta define transcription initiation sites used at a 

given time, independently of stabilitY,or RNA processing; 2) to study the 

sequence and kinetics of RNA processing events (polyadenylation, spllclng); 

and 3) to map the of 3' ends of RNAs created either by piluslng of RNA 
, 

polymerase on DNA template or by termination ~nd release of RNA chains. 

SI nuclease i5 a single-strand-specific endonuclease isolated from 

Aspergillus oryzae (Vogt, 1973). It degrades both sing1e-stranded DNA and 

RNA to yield a11 four n\,\cleot ide-S' -monophosphates. It does not degrade 

dauble-stranded DNA; nevertheless, supercoiled simian virus 40 (Beard et 

al, 1973) and polyomavirus (Germond et al, 1974) DNA are converted ta unit 

length linear molecules by this enzyme. This could b'Y due to weakly 

hydrogen-bonded br unpaired regions which are susceptible to S1 nuclease. 

Germond et al (1974) also demonstrated that Sl nuclease ls capable of 

cutting DNA molecules containing single-stranded re8~ons opposite to gaps. 

With these properties, SI nuclease is used to detect the location of small 

deletions, insertions or any difference in base sequence between otherwlae 

homologous DNAs (Shenk et al, 1975). 

Berk and Sharp (1977) developed a method for mapping tran.cripl! on 

viral genomes or on cloned DNA fragments. Unlabeled RNA ia hybrldized to 

12P-labeled viral DNA in 80% formamide at a temperature above the meltina 

.... 



c 

54 

tempe rature (Tm) of the DNA duplex, but beldw the Tm of the DNA-RNA hybrid. 

The DNA-RNA hybrids are treatep with SI nuclease under cOnditions which 

allow hydrolysis of sing1e-stranded Nuc1eic acid but do not produce strand 

breaks in hybrids. The size of protected DNA which is compl~entary to the 
" . 

RNA is then detèrmined by electroph,oresis. By performing this technique 

with a series of over1apping restriction fragments of DNA, 5' and 3' ends 

of transcripts can be accurately mapped.-

Since both DNA strands of polyomavirus are transcribed, 1 decided to 

use sin'gle-stranded DNA clones to hybridize with 3H-labeled RNAs. 

Restriction endonuclease fragments of polyomavirus DNA (Fig. 4) were cloned 

into the double-stranded replicative form (RF) DNA of single-stranded DNA 

bacteriophage_ fdl03 (ijermann et al, 1980) or MD mp8 (Messing). These 

phages replicate their DNA intracellularly as double-stranded DNA, but 

package only one DNA strand into the phage partiele. By using thes~d 
single-stranded phage DNAs in hybridization, po'lyomavirus early iAS ("11 , , 

hybridize to the EDNA strand clones and late RNAs will hybridize to the L 

DNA stjf"d~clones only. 

f major problem in pulse-labeling RNA in animal cells is the 

difficulty of getting a high specifie aetivity of radioactive label in RNA. 

This is because large intraeellular pools of RNA precursors çannot be 

diluted out or emptied. Scholtissek (1971) introduced a method for 

c' 

performing RNA pulse-chase experim,ents in primary chicken embryo 

fibroblasts. He demonstrated that, when labeled uridine was used as an RNA 

pre~ursor. glueosamine could- be used to rapidly deplete the UTP pool by 

forming UDP!.N-aeetyl-glucosamine, thus allowing the production of high 

specifie activity pulse-labeled RNA. r 

l orig~nally tried to apply Berk and Sharp' s SI nuclease mapping 

method directly to pulse-labeled nuelear RNA, by hybridizing .labeled RNA to 
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J'igure 4: 

, . 

"\ 

PstI restriction-- endonucleaSe map of polyomavirus ,DNA. 

There are six Pst! sites in polyomavirus DNA. Numbers inside ~the 

nucleatides (1-5309). 

the PstI endonuclease 

c1eavagè s~ of EcoRI (1560), HincII (2962), PvuII (2032), and 

SacI (569) are a1so indicated. Al! the Pst! fragments (except 

fragment 6), HincII (2962) to PvuII (2032) fragment, EcoRI (1650) 

to PstI (484) fragment, PstI (2356) to SacI (569) fra~e~t, and 

ether restriction fragments not indicated in this map (such as 

HpaII fragments) were cloned into single-stranded\ DNA 

bacteriophage M13 or fd103. The outer circles represent L-strand 

transcr ipts; 5 ' and 3' end. are ind i ca ted. A 3' ~nd in nuc lear 

RNA at nucleotide 1230 and a 5' end at nucleotide 1170, as well 

as the L-strand polyadenylation site at nucl~otide 2900, are also 

indicates. 

• 

o 



1- unlabeled single-stranded DNAs. However, ,partially degraded labeled RNAs 

gave rise to unacceptably high backgrounds, which obscured RNA-DNA hybrid 

bands in the gel. Therefore l had to modify Berk and Sharp's method. This 

section describes experiments which led to optimization of conditions for 

SI nuclease mapping of pulse-labeled RNA. 

, 
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RBStn.TS-

Denaturation and Hybridization of Labeled RNA in 807. Formamide Solutions. 

It has been shown that DNA-RNA and DNA-DNA association reactions 

4'proceed at much lower temperatures in aqueous formarnide solutions than in 

aqueous so1vents (Bonner et ~, 1967; McConaughey et al, 1969). And DNA-

RNA hybrids exhibit a significantly higher melting temperature than DNA-DNA 

duplexes in high concentrations of formamide (Casey an~ Davidson, 1977). 

Therefore, in solutions containing high formarnide concentrations ~ DNA-RNA 

- hybridization can be carried out under conditions which avoid reannealing 

of DNA-DNA duplexes. 

Polyomavirus-infected 3T6 cells were labeled with 3H-uridine for 150 

min at 27 hr after infection (see Materials and Methods). The purified 

3H-labeled nuclear RNA~ eUher alone or mixed with single-stranded fd103-

polyomavirus PstI-1L clone (polyomavirus fragment PstI-lL cloned into 

single-stranded bacteriophage fd103, see Fig. 4), were suspended in 40 lJl 
, ) 

of hybridization ~uffer containing 807. formamide, 0.4 M NaCl, 40 mM PIPES 
1 

pH 6.4 and 1 mM EDTA (formamide hybridization buffer). These s~ples were 

incubated -at either 85°C or 65°C for 10 min to denature RNA-RNA hybrids 

(see Materials and Methods). Samples containing only RNA were cooled 

rapidly by adding 10 volumes of S1 nuclease buffer (30 mM sodium acetate pH 

4.5, 0.3 M NaCl~ 1 mM ZnS04 , 57. glycerol). The remaining samples were 

transferred to 55°C (this temperature is above the Tm of DNA-DNA duplexes 
{, 

but below the Tm of DNA-RN~ hybrids) for 3 hr, and then were cooled by 

adding 10 volumes of S1 buffer. All samples were treated with S1 nuclease 

(133 units/ml) and RNase A (2 ~g/ml) as described in Materials and Methods. 

The results are shown in Figure 5. Incubation of the RNA alone at 85°C 

without subsequent incubation at 55°C led to degradation of almost aIl the 
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Figure 5: Effects of denaturation and reannealing in 80% fo~ide 

hybridization 'buffer on background radioactivity. 

A. Twenty ~g l"f nuclear RNA labeled for 150 'minutes was 

suspended in 4 ).11 of hybridization buffer containing 80% , • 
formamide. Four).lg of single-stranded fdl03 bacteriophag~ DNA 

containing cloned polyomavirus PstI-IL was added to two of the 

samples (lan~s 3 and 6). Half of the samples were heated at 85°C 

for 10 mrutes; one of. these was cooled rapidly by adding 360 ).lI 

of ice-cold SI buffer (lane 1), the other tw~ were transferred to 

55°C for 3 hours before ad ding ,360 III of ice-cold SI buffer 

(lanes 2 and 3). The other half of the samples were heated at 

65°C for 10 minutes; one of these was cooled rapidly by adding , 
ice-cold SI buffer (lane 4), while the other two samples were 

C> 
transferred to 55°C for 3 hours ~efore adding ice-cold Sl buffer 

'(lanes 5 and 6). A1>l samples were trea!=ed with 133 uni ts'/ml of 

SI nuclease and 2 ~g/ml of RNase A as described in Materials and 
~ 

Methods. M;arkers were doubl~randed 3H-polyomavtrus DNA 

digested with PstI (lane p) or with MspI (lane M). Sizes and 

positions of expected DNA-RNA hybrids are irtdicated. 

B. Diagram showing polyomavirus DNA fragment PstP-IL. Numbers 

below the 1ine show positions of the ends of 'the fragment (Qts 
- ) . 

484 and 2356) and pos i t~ons of 51 end (nt 1170) and 3 1 end (nt 

1230) of steady-state RNA found. by Treisman and Kamen (1981). 

Thin !ines below the solid line show sizes of expected DNA-RNA. 

hybrids. 
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high molecular weight RNAs by 51 nuclea'Se and RNase A (lane 1), j..mp1ying 

that denaturation Is almost complete at 85°C. In 'contrast, RNA incubated 

at 65°C' (lanè 4) contained many high molecular weight RNAs which were 

resistant to SI nuclease and RNase rÂ digestion, and gave rise to a dark 
'1 

~ background in the fluorogram. 5amples incubated at 85°C (lanes 2 & 3) or 

65°t (lanes 5 & 6) for 10 "min, then incubated at 55°C for 3 hr, showed the 

• 
same background radioactivity upon electrophoresis and fluorography as 

/ 
samples incubated at '65°C for 10 min alone. These findings show that RNase 

and 51 nuclease resistant RNAs can Be generated from nuclear RNA 1 by 

incubating in annealing conditions, but are denatured by incubating at 

85°C. Only the samples containing single-stranded DNA clone showed 3 bands 

of DNA-RNA hybrids (lanes 3 & 6). These 3 hybrid bands represent: 1) RNAs 

hybripized to the full-length polyomavirus fragment Pst! -IL (1872 

nucleotides); 2) RNAs which have 3' ends at nucleotide 1230, which generate 

a 1126 base pair hybrid; 3) RNAs which have 5' end at nucleotide 1176, , 
wnich generate a 686 base pair hybrid (see Fig. 4). 

Determination of the Cause of the Radioactive Background. 

The radioactive background was present in aIl hybri~ization reactions 

containing 3H-labeled nuclear RNA from infected ceUs alone or mixed with 

single-stranded DNA (Fig. 5), as weIl as in reactions containing lH-labeled 

nuclear RNA from uninfected 3T6 cells (data n~t shown). The background was 

resistant to 51 nuclease and RNase A digestions; therefore, it was probably ., 
produced by double-stranded RNA. RNase III is an endonuclease which 

specifically degraqes double-stranded RNA (Robertson et al" 1968) and RNase 

H dégradès the RNA moiety of DNA-RNA hybrids (Stein and Hausen, 1969; 
( 

StaVfianopoulos and Chargaff, 1973). By tr~ating the annealed RNA with 

either RNase III or RNase H after 51 nuclease and RNase A treatment, l 

attempted to identify the nature of the radioactive background. 
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3H-1abeled Nuc1ear RNA eitner alont or with Sing1e:stranded fd103-, 

po lyomav i rus fragment PstI-4L clone vas incubated in the fonnamide 

hybridization buff~ at 85°C for 10 min, th en at SS"C for 3 hr. Samples 

were
o 
digested with Sl nuc1ease (100 units/m1) and RNase A (25 ~g/m1) (Fig. 

6, 1ane 1, RNA alone; 1ane 2, RNA with DNA). Two additiona1 samp1es were 

treated with RNase II] (100 units/m1) at 37°C for 1 hr (Fig. 6, 1ane 3, RNA 

alone; lane 4, RNA wi~h DNA). The backgrounds of both samples were 

reduced. HoweveJ, the ~NA-RNA hybrids, for some unknown reason, migrated 

more slowly and the hybrid bands became more diffuse than those in the 

control. Two other samples vere treated ,vith RNase H (100 units/m1) at 
"'t 

37"C fOr 1 hr (Fig. 6, lane 5, RNA alone; lane 6, RNA 'vith DNA). The 

background remained the same, but the intensity of the DNA-RNA hybrid bands 

in lane 6 vas reduced. Since the background can be reduced by treatment 
• 

with RNase III but not vith RNase H, l conc1uded that double-stranded RNA 

is the most likely cause of tlie-~dioactive background. 

Effect of Fi1ter Binding on Recovery of DNA-RNA ~ybrids t and Background 

Radioactivity. 

In order to reduce the bàckground, l took advantage of the fact that 

single-~tranded nuc1eic acids bind to nitrocellulose filters in high sa1t,~ 

whereas doub1e-stranded nuc1eic acids do not (Nygaard and Hall, 1963; 

Gillespie and Spiegelman, 1965). Hybridization of RNA to s'ing1e-stranded 
1 

recombinant bacteriophage DNA, 7 to n kb long, will 'give rise to DNA-RNA 

hybrids joined ta single-stranded bacteriophage DNA. The hybrids will 

therefore bind to nitrocellulose fi1ters lli their sing1e-stranded DNA 

tails. 

To test the fi1ter binding method, a solution containing'high salt and 

no fo~ide as the hybridization buffer was used (Padgett et al, 1983). l 

, '. 
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ligure 6: Effects of RNase III and RNase H on background radioactivity. 

'" A. Three sets of samples containing either 15 ~g ?f nuclear RNA 

labeled for 150 minutes alone (lanes l, 3, 5) or 'RNA mixed with 3 

Ilg of single-stranded fdl03 bacteriophage DNA cont;aining cloned 

polyomavirus Pstt-4L were suspen~ed in 40. III of 80% formamide 

hybridiza.tion buffer. Samples were incuhated at 85°C for 10 

minutes, then transferred to 55°C for 3 hours~efore addi~ 360 

III of ice-cold SI buffer. Hybrids were treated with SI nu:r~ase 

(100 units/ml) at 45°C for 30 minutes, and RNase A (2.5 Ilg/ml) at 

~00C for 30 minutes followed by Proteinase K (250 ~g/ml) at 37°C 

for 30 minutes, then ethanol precipitated as described in 
;p 

Materials and Methods. One set of 'lamPles was kept at this step 

and served as the cOntrol (Ianes 1 and 2). One set was further 
" . 

treated with RNase III (100 units/ml) at 37°~ for 1 h~ur (lanes 3 

and 4); one ~ther se~ was treated with RNase H (100 units/ml) at 

37°C for 1 ho ur (lanes 5 and 6). Markers were double-stranded 

3H-polyomavirus DNA digested with PstI Oane p} or with MspI 

(Iane M). Sizes and positions of expected DNA-RNA hybrids were 

indicated. 

B. Diagram showing polyomavirus DNA fragment PstI-4L. Numbers 

below thé soli~line show positions of the ends of the fragment. 

The thin !ines below the solid line show sizes of DNA-RNA hybrids 

corresponding to RNAs which read through this region or have 3' 

ends at nucleotide 2900. 

\ 
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first compared DNA-RNA hybridization in buffers with or without formamide. 

Resu~s are shown in Figure 7. 3H-Iabeled nucle~r RNA and single-stranded 

bacteriophage DNA containing a polyomavirus DNA insert were susp~nded 

either in formamide hybridization buff~r or in 50 mM HEPES pH 7.0, 0.75 M 

NaCI, 1 mM EDTA (high salt hybridization buffer). The hybridization 

mixtures were heated at 85°C for 10 min and transferred to 55°C for 2 

hours. Hybrids were treated with SI nuclease (100 units/ml) and th en with 

RNase A (5 ~g/ml) (Fig. 7, Ianes 1 & 2). In both cases, the sarne amount of 

hybrids was observed (same intensity), indicating that hybridization was as 

eff icient in the buffer wi thout formamide as in the buffer wi th formamide 
-.,....--

under the conditions used. Another sample was treated first with RNase A 

(1 ~g/ml), then with SI nuc1ease (100 units/ml) (Fig. 7, lane 3). This 

.resulted in the same amount of hybrid bands as the other samples; however, 

the background was higher due ta the lower concentration of RNase A used. 

To test whether filt~r-binding could reduce the radioactive 

background, 3H-Iabeled nuclear RNAs were hybridized with single-stranded 

fdl03-polyomavirus PstI-4L DNA in high salt hybridization buffer at 85°C 

for 10 min, then at 55°C for 2 hr. Hybrids were treated with RNase A (1 

~g/ml) at 30°C for 30 min, followed by proteinase K (250 ~g/ml) at 37°C for 

30 min to inactivate the RNase. The hybridization mixture was divided into 

3 equal part~ . One part was extracted wi th phenol-chloroform- isoamyl 
, 

alcohol (50:50:1) and th en ethanol precipitated. The pellet was 

resuspended and digested with SI nuclease (100 units/ml) at 45°C for 30 

min, then analyzed on an agarose-acrylamide gel in Tris-borate buffer (Fig. 

8, lane 2). NaCI was added to a final concentration of 0.75 M to the other 
) 

two parts. Subsequ,ently, they were passed through 13 lIDI1 nitrocellulose 

fiiters and were washed with 2 ml of the sarne buffer. One filter was , 

treated with SI nuclease to release DNA-RNA hybrids (Pig. 8, lane 3); 
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ligure 7: 

\ 

Comparison of hybridization in the pres~nce or absence of 

fortnimide. ) 

Fifteen ~g of nuclear RNA labeled for 60 minutes was mixed with 3 

Ilg of single-stranded fd103 bacteriophage DNA containing cloned 

polyomavirus PstI-4L. Mixtures were resuspended either in buffer 

which contains formamide (807. formamide, 0.4 M NaCl, 40 mM PIPES 

pH 6.4, 1 mM EDTA [lane 1]) or in buffer which contains no 

formamide (50 mM HEPES pH 7.0, 0.75 M NaCl, 1 mM EDTA nanes 2 

and 3]). All samples were heated at 85°C for 10 minutes, and 

then transÎerred to 55°C for 2 hours. Hybrids were treated with 

51 nuclease (100 units/ml) and RNase A either at concentrations 

of 5 ~g/ml (lanes 1 and 2) or 1 ~g/ml (lane 3) as described in 

Materia~, and Methods. Markers were 3H-polyomavirus DNA digested 

with MspI} (lane 4). Sizes and positions of expected 'DNA-RNA 

hybrids are indicated. 

.... 
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Figure 8: 

é' 0 
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Effect of filter binding on recovery of DNA-RNA hybrids and 

background radioactivity. 

A... Nuc1ear RNA (37 ]..18, 1.7 x 10 6 cpm) from cells labeled with 

3H-uridine for 60 minutes was hybridized with 7.5 )lg single-

stranded bacteriophage fd103 DNA containir.g cloned polyomavirus 

PstI-4L. Hybrids were treated with RNAse A followed by 

proteinase K. An aliquot was phenol-chloroform extracted, 

ethanol precipitated, and digested with S1 nuc1ease (lane 2). 

!WO other equal aliquots were bound ta nitrocel:lu1ose fi1ters 

(see Materials and Meth~ One filte~ was incubated with S1 

nuclease as above (lane ~the other filter was washed with 1 mM 

EnTA (lane 4) before tncubation with S1 nuclease. The 3 samples 

were analyzed by electrophoresis followed by fluorography as 

described in Materials and Methods. The major band in 1qnes 2 

and 3 is the 862-nucleotide full-length DNA-RNA hybrid; the minor 

band is the 413-nucleotide hybrid formed with polyadenylated RNAs 

'" Who~3' ends are at nucleotid~ 2900 (sea Fig. 8B). Markers were 

3H-polyomavirus DNA digested with PstI (lane 1) or HpaII (lane 

5). 

B. Diagram showing polyoma~irus DNA fragment PstI-4L. Numbers 

above the 1ine show positions of the ends of the fragment. 

Numbers below the lines show expected lengths of hybrids arising 
f' 

from hybridization with RNA which extends throughout the fragment 

or with RNA whose 3' end is at nucleotide 2900. 
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the other filter was further wasbed with 2 ml of 1 mM EDTA solution before 

SI nuclease treatment (Fig. 8, lane 4). As shown on the autoradiogram, the 

fil ter binding step allowed retention of most of the hybrids and 

significantly reduced the background (Fig.. 8, lane 3). However, most 

DNA-RNA hybrids were iost from the filter during washing with l mM EDTA. 

linetics of Formation of DNA-RNA Hybrids in High Salt Hybridization Buffer. 

Since- single-stranded DNA is used in the hybridization experiments~ 

DNA reannealing should hot occur. Therefore denaturation prior to 

hybridization may not be necessary. Results of my experiments have shown 

that hybridization is as efficient in the high salt hybridization buffer as 
, A 

it is in the fo~ide hybridization buffer (see Fig~re 7). It was-

important to know the kipetics of hybridization in the high salt 

hybridization buffer, for use in future experiments. 

, Nuclear RNA labeled in vivo for l hr with 3H-uridine and single-

stranded fdl03-polyomavirus PstI-4L DNA were suspended in the high salt 

hybridization buffer and were incubated at 85°C for 5 min. An aliquot was 

removed from the mixture and cooled rapidly in 9 voltlmes of ice-cold SI 

buffer (Fig. 9, lane 1). The rest of the mixture was transferred to 55°C, 

aliquots were removed at 5, 30, 60 and 120 min intervals (Fig. 9, lanes 2 
Q 

to 5 respectively), and cooled rapidly in SI buffer. AlI samp1es were 

treated with SI nuclease (100 ùuits/ml) and RNase A (2 ~g/ml). As shown in 

tisrre 9, aIl samples showed the same inten~ity of hybrid bands, indicating 

that the hybridization was complete at time O. This means that, at the DNA 

conc~ntration usetl in this experiment (15 ~g/200 ~1), DNA-RNA hybridization 

is so }:'apid that ft is e$sentially complete after 5 min at 85°C plus the 

time to cool the soluti~n to O°C. 
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:Figure 9: 
1 

Kinetics of formation of DNA-RNA hybrids in 50 mM HEPES, 0.15 M 
r 

NaCl, 1 mM EDTA (high salt hybridization buffer). 

Nuclear RNA (75 llg) labeled for 60 minutes at 28 ho urs post 
\ 

infection was hybridized with 15 llg of single-stranded fd103 

bacteriophage DNA containing cloned polyomavirus PstI -4L. The 

hybridization mixture was i~ubated at 85°C for 5 minutes. 

Aliquots (40' lll) were removed before and at different times after~ 

incubation at 55°C and diluted into 360 }lI of ice-cold SI buffer. 

Hybrids were treated with 100 units/ml of S1 nuclease, 2 llg/ml 

RNase A and 125 }lg/ml of proteinase K as described in Materials 

and Methods. Lane 1 is time 0 before hybridization was car~ied 

out at 55°C. Other lanes _represent different times o~ incubation 

at 55°C: ,5 mi~utes (lane 2), 30 minutes (lane 3), 60 minutes 

(lane 4) and 120 minutes (lane 5). Markers we~e 3H-polyomavirus 
-

DNA digested with PstI (l8Oe 6). Sizes and positions of expected 

DNA-RNA hybrids are indicat~d. 
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,Determination of SI Nuclease Concentration Reguired to Release DNA-RNA • 
Hybrids from Nitrocellulose Pilters. 

SI nuclease is used to release the DNA-RNA hybrids from the. filters. 

To de termine the optimum concentration of SI nuclease, a titration 

experilnent was performed. Since the RNase concentratipn' may change the . ~ 

digestion pattern of SI nuclease, two concentrations of RNase A were used. 

oJAfter hy~idization, one set of samples was treated with 0.5 ~g/ml of RNase 

A (Fig. 10, 1anes 2 to 5), and the other set was treated with 5 ~g/ml of 

RNase A (lanes 7 to 9) . SubsequentIy. aIl samples were treateci wi th 

proteinase K to inactivate the RNase, and hybrids were bounq. to filters. 

Pilters were placed in f1at-bottomed tubes containing 0.4 ml of SI buffer 

and different, -amounts of 51 nuclease; 33 units/ml (lanes 2 & 7), 167 

units/mi (lanes 3 & 8). 333 units/mi (Ianes 4 & 9), or 667 units/ml (lanes 

5 & 10). After incubation at 45°C for 30 min the supernatant was collected 

and phenoi-chioroform extracted. 'The hybrids were then TUn on an agarose-

polyacrylamide gel. As shown in Figure 10, 33 units/ml of SI nuclease was 

not enough to rel ease aIl hybrids treated wi th O. 5 ~8/ ml RNase from the 
-

filters (Fig. 10, 1ane 2); however, most of the hybrids treated with S' 

~g/ml RNase were released but were not trimmed to the right size (Fig. 10, 

lane 7: note siower migration of the 1126 and 686 hybrid bands). Treatment 
" , 

with 5 J1g/ml RNase A gave some extra bands in addition to th'. expected 

hybrid bands. Although the other three concentrations of SI nuclease used 

gave rise to very similar results, i.e. théy were aIl efficient in 

releasing a11 hybrids from the filters, 0.5 ~g/ml RNase followed by 333 

units/ml 51 nuclease (Fig. 10, lane 4) gave the best results. 
\ 

" 
, ' . 
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Figure 10: Effects of different concentrations of Sl nuélease on release..l 

/ 
f 

, . 

of DNA-RNA hybrids from'nitrocellulose filters. 

Two samples of nuclear RNA (60 ~g) labeled for 60 minutes were 

separately hybridized to 12 ~g of single-stranded fd103 
1 

bacteriophage DNA containing cloned ·polyomavirus PstI-4L in 120 

~l of 50 mM HEPES pH 7.0, 0.75 M NaCl, 1 mM EDTA buffer at 85°C 

for 5- minutes and then transferred to 55°C for 5 minutes. An 1 

equal volume of 50 mM HEPES pH 7.0, 1 mM EDTA was added ta dilute 

the concentration of NaCl to 0.375 M. One sample was treated 
" 

with 0.5 ~g/ml of RNase A (tanes 2 to 5) and the other was 

treated with 5 ~g/ml of RNase A (lanes 7 to 10) at 30°C for 30 

minutes, both followed by proteinl)se K (125 l-IgLml) treatment. 

NaCI was added to bring the concentration to 0.75 M. Each sample 

was divided into four equal portions and was"passed through four 

13 mm-nitrocellulose filters. Each filter was washed with 2 ml 

of loading buffer. The filters were treated with different 

concentrations of Sl nuclease: 33 units/mi (-Ianes 2, and 7), 167 

units/ml (Ianes 3 and 8), 333 units/ml (lanes 4 and 9),. or 667 

units/ml (Ianes 5 and 10) at,45°C for 30 minutes. Hybrids were , 
anaIyzed by gel electrophoresis. Markers were doubie-stranded 

3H-polyomavirus DNA digested with Pst! (lanes 1 and 6) or MspI 

1 
(lane 11). 1 Sizes and pos itions of expected DNA -RNA hybrids are 

indicated by the numbers on the left hand panel (see Figure 5). 
\~ ;<:. 
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Efféct of RNase Concentrations on DNA-RNA Hybrids. 
• ;;Ml 

In the filter binding method, unhybridized viral and cellular RNA is 

degraded by RNase before binding hybrids to the nitroce~lulose filters. 

This treatment also trims any protruding single-stranded RNA tails from 

DNA-RNA duplexes. RNase A,can nick the RNA portion of DNA-RNA hybrids non-
~ , 

spècificallyat certain sites (for example, see Skarnes f 1985). Nicking'or , 
gapping of RNA may allow SI nuclease to degrade the DNA opposite the RNA 

breaks in DNA-RNA duplexes. Therefore, it is important ta use a 

concentration of RNase which does not nick the RNA portion of DNA-RNA 

hybrids. Both RNase A and Tl are endonucleases. RNase A cleaves RNA after 

pyrimidine residues, and RNase Tl cleaves RNA after G res~dues. Therefore, 

RNase A and T~were compared for ~eir ribonuclease activity and nicking 
(, 

properties. 

After hybridization, the hybrid.s were treated with differeht 

~oncentrations of RNase A or RNase Tl separately, and the~ wer~ bound ta 

nitrac,!!llulose filters. The hybrids wer~ released from the filters by 

incubation with 333 uni ts/ml Sl nuclease and w~re analyzed on an agarose-

polyacryl,amide gel. Results are shawn in Figure 11. When the hybrids were 

incubated at 45°C for 30 min with 10 ~g/ml of RNase A, the full-Iength 

hybrids were completely" degraded into many smaller hybrids (Fig. 11; '"lane 

2). Incubation at ~O°C for 30 min with 5 ~g/ml of RNase A also led to 

degradation of sorne of the full-1ength hybrids and extra hybrid bands were 

seen (lane 3). When hybrids were treated with 0.5 ~g/ml or 0.1 ~g/ml of 
"i 

RNase A (Ianes 4 & 5), or with 5000, 1000 or 100 units/rnl of RNase Tl 

(lanes 6, 7 & 8), litt le or no degradation of DNA-RNA'hybrids was noted. 

The background radioactivity was higher in the samples treated with 10 

units/ml of RNase Tl (lane 9). Therefore, 0.1 ta 0.5 ~g/ml of 'RNase A or 



• 
, 

" 
... 1 

......... 
"",., 

1872 / 

1128 

686 

/ 

\ 
'\ 

• 0/1 



.~ 1_ . ' 
78 -.. 

ligure Il: Effects of RNase concentr~tions on DNA-RNA hybrids. 

Two hundred ~g of 3H-labeled nuclear NRA was hybridized to 40 ~g 
l 

of single-stranded fd103 bacteriophage DNA containing cloned 

~polyomavirus PstI-1L in 400'~1 of 50 mM HEPES pH 7.0, 0.75 NaCl, 

1 mM EDTA at 85°C for 5 minutes followed by 55°C for 5 minutes. 

Hybrids were divided into 8 equal portions and were treated with 

different amounts of RNase A or Tl at 30°C (except for lane 2 at 

45°C) for 30 minutes, followed by proteinase K digestion. The 

concentrations of RNase used were as follows: RNase A 10 ~g/ml 

(lane 2), 5 ~g/ml (lane 3), 0.5 ~g/ml (lane 4), 0.1 ~g ml (lane 

S)i and RNase Tl 5,000 units/ml (lane- 6), 1,000 units/ml (lane 

7), 100 units/ml Oane 8), la units/ml (lane 9). Hybrids were 

bound to nitrocellulose filters and eluted by incubation with 333 

units/ml of SI nuclease at 37°C for 1 hour. Markers were double-

stranded 3H-polymavirus DNA digested either with PstI (lane 1) or 

with MspI (lane la). Sizes and positions of expected DNA-RNA 

hybrids are indicated. 
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100 to 5000 units/m~- of RNase Tl can be used to degrade -unhybridized RNA 

followed by incubation with 333 units/ml Sl nuclease, without leading to 

significant non-specifie degradation of ONA-RNA hybrids. 

Determination of DNA Excess in Solution Hybridizations. 

To ensure that hybridizations between 3H-labeled RNA, and unlabeled 

single-stranded ONA detects a11 RNA' species present, it ls important to 

establish that ONA is in molar excess over c9mkleme~tary RNA. 
. 

To prove ONA 

excess, 5 ~g of single-stranded fd103-polyomavirus PstI-2L DNA was 

separately hybridized to 5, 10, 25, 50, 100 or 200 ~g of 3H-labeled nuclear 

RNA from polyomavirus infected 3T6 cells. Hybr,idization mixtures or RNA 

alone were treated with RNase A (0.1 ~gl ~g RNA in 0.25 ml digestion 

buffer), followed by proteinase K. Hybrids were bound to nitroce~lulose 

filters, \o.'hich were washed and counted by scintillation spectrometry to , 

measure bound 3H raàioactivity. Results are shown in Figure 12. 

Hybridization is linear wi th up to 25 ~g of RNA, and does not reach a 

plateau even at an RNA concentration of 200 ~g. In a11 subsequent 

experiments, hybridization was done with a RNA/DNA ratio of 5:1 to ensure 

DNA excess. 

Binding of Single-stranded ONA to Nitrocellulose Filters. 

In order to determine the optimal amount of single-stranded ONk to use 

in experime?ts, l'hav~ measured the binding of different amounts of single

stranded ONA to 13 mm diameter nitrocellulose filters. ,3H-labeled 
" 

/ 1 
polyomavirus ONA (about 0.5·~g, 60,000 cpm) linearized by EcoRI was mixed 

) 

with 102 ~g of single-stranded fd103 DNA in 50 mM HEPES pH 7.0, 1 mM EDTA. 

Aftet' denaturing at lOO"'C for 10 min and rapid cooling in an ice-water 

bath, NaCI was added to a final concentration of 0.75 M. Aliquots of the 
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ligure 12: Demonst~ation of DNA excess in solution hybridization of 

3H-labeled nuclear RNA with single-stranded bacteriophage-
• f 

polyomavirus DNA. 

J The following amounts of 3H-labeled nuclear RNA were alone or 

were hybridized with 5 ~g of single-stranded fdl02 containing 
it 

polyomavirus PstI-2L fragment: 5, 10, 25, 50, 100, and 200 )Jg. 

Hybrids were treated with RNase A (0.1 ~g per )Jg of RNA in 0.25 

ml of digestion volume), followed by proteinase K. Hybrids were , 

bound on nitrocellulose ,filters. The filters were dried; then 

scintillation fluid was added to each filter which was counted in . 
an \PŒ scintillation spectrometer. '(.) - DNA-RNA hybrids (RNA 

hybridized with DNA). (0) - RNA alone. 
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mixture containing 1, 

filtered separately 

5, 10, 15 or 20 Jlg of single-stranded DNA 

~hrough nitrocellulose filters. The ,f il ters 

were 

were , 
washed with 3 x 1 ml 9f loading buffer (50 mM HEPES pH 7.0, 0.75 M NaCl, 1 " 

mM EDTA) and then countèd in an LKB scintillation spectr~meter. _ Results 

are shown in Fig. 13. The binding 0' single-stranded DNA was qu~titative 

with up to 15 Jlg of DNA per filter. Less radi'1activity bound to filten . 
which received 20 Jlg DNA compared' to those which receive~ 15 Jlg DNA . 

Therefore. the maximum binding capacity of the fnters in t}lis assay is 

approximately 15 Jlg single-stranded fd103 pNA. In most experiments which 

follow. l have used no more. than 10 Jlg DNA per 13 mm filter: 
'7 
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. , 
Figure 13: Saturatiôn curve or single-strande~ DNA binding to 13 mm 

diameter nitrocellulose filters. 

/1 

Singie-stranded bacteriophage fd103 DN~ 102 J,lg) was mix-ed with 

60,000 cpm of EcoRI -digested 3H-polyomavirus DNA in 50 mM HEPES 

• pH 7.0. The mi.xture wa~ inc~bated at 100 0 C for 10 minutes, t~en 1 
cooled rap~dly in an ice-water bath. NaC). was added to a final 

concentration of 0.75 M. Aliquots corresponding to l, S, ~O, 15 

and 20 J,lg of ss DNA were bound on nitroceJlulose filters (2 
"-

filters of éach). .The filters were washed with 2 ml of 50 mM 

HEPES pI! 7.0, ,0~75 M NaCl~ and then dried. Scintillation fluid 

~s added to each filter, which was counted in an LKB 

scintillation spectrometer. 

,. 

" 

t 

----~ .. 

.. 

' . 

\ 



.-. - ' . 

", 

• 

.., 

, . .' . 85 
--, .. . . 

. ' DISCUSSlœ 1 

Cf 

The the,rmâl stabi~ity of nucleic acids affects tl1e temperature of 

denaturation and hybridization. Several factors are known to affectt the 

thermal stabilitYi these are the concentration of the denaturing agent 

(e.g. formamide), the G + C content. the molarity of monovalent cations and 
\ 

the length of the nucleic acids. In general. the thermal stabllity of an 
~ • » 

RNA-RNA duplex is g~ter than that of a DNA-RNA hybrid~ whicR, in,turn, îs 

( 

greater than that of a DNA-DNA duplex (Casèy and Davidson, 1977; Gray ~ 

al, 1981). The Tm (DNA) for a DNA duplex under varying experimentay 

conditi;ns can be estimated àSing the equation Tm{DNA) = 81.5 + 16.-6 (1og 

r 
M) + 0.41 (% G + C) - 0.72 (% formamide); ~here M is the molarity of the 

-monovalent cation, % G + C is the percentage of G + C,· and (% form~ide) is 

the percentage of formamide (Howley et al~ 1979). A. similar equation for '... . ---
RNA-RNA hybrids can be derived which accounts fqr the effect of (G + C) 

)' 

content, the mo-larity qf monovalent cation (Gray èt al, 1981) anà the 

percentage of formamlde JCox et al, 1984). Thus, Tm(RNA) = 79.8 + 18.5 

. 2 
(log M) + 58.4 HG + Il.8 (HG) - 0.35 (% formamide); where HG ls the (G + . . 
c) ëontent represented as a fraction (Kallenbach,- 1968). 

\ 

Polyomavirus DNA contains 48% G + C. Accord1ng to the above formulae, 

the Tm of polyomavirus d~uble-st~ded DNA in the for.mamide hybridizâti?n 

buffer containing 80% formamide and 0.4 M NaCI ls 37°C and in the hlgh salt 

py:bridization buffer containing 0.75 M NaCI and no formamide ls 99°C; the 

·Tm of pol~omavirus ,àouble-stranded RNA (self-annealing) in the formamide 
• 1 

hybridization buffer is 75°C' and in the high salt" hybridizationouffer is 

. 108°C. Thus the Tm of polyomavirus DNA-RNA hybrids sbould be somewhere 
... 

between these values. In the. formamide hybridization buffer,. the' RNAs 

(both' ~elluiar and viral) were comple.tely denatured st 85°C (Fig. .5)., 
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. 
Therefore hybridization was·carried out at 55°C which is above the Tm of 

.-
. polyomavirus DNA: Si~ce, single-stranded DNA is used, theoretically the 

hy~idization should be able to go to compl~tion at ~ny temperature below 
. 

the Tm(RNA). In the high 'salt· hybridization buffer, nybridization was 

complete within a 5 min iQcubation period at 85°C,_s~ggesting that at 85°C 

DNA-RNA hybridization 'occurred and that the ~hybrids formed were stable • 
(Fig. ~). TliIs result can only be achieved by using single-stranded DNA i~' 

the 'hybridization reaction, still qelow' the' fm of , 
, 

) polyomavirus DNA in the high salt buffer. 

.. 

When pulse-labeled nuclear RNA was' hybridized with unlabeled sJngle

stranded DNA in S'olution, a he-avY,.nuclease-resistant radio.ictive background 

was produced. The background was 50 heavy that minor hybrid bands cou Id 

onlx be ~een with diffjculty. The background was also produced in 

reactions êontaining labeled nuclear RNA alone (Fig. 5) and in reactions , 

u~ng labeled nucle~r~RNA frdm uninfected 3T6 cells (~ata not shown). This 
.... 

indicates tha~ the background coul~ b~ due to labeled cellular RNA. ·Since 

the background is reslstant to. digestion by both S1 nuclease and 

ribonuclease A, it is likely tbat it is'due to ~abeled double-stranded RNA. 

The background was reduced when the hybridization mixture digested with 

.. RNase A and S1 nuclease was further treated with RNase III, an enzyme which 

specifically degrade\.~oub1e-stranded RNA (Robertson et al, 1968), bu~ ~as 

not with RNase H, an enzyme that degrades the RNA moiety of DNA-RNA hybrids 

(Fig. 6). This result indicates that the backgro~d was indeed caused by 

doub1e-stranded RNA. Interesting1y, the hybrid bands became diffuse and' 

migrat,ed more ,slowly after RNase III treatment (Fig. 6; .lane 4). The . 
k ." • e 1 reason for this change is not nownj it ~s possible that RNase III binds ta 

the DNA-RNA hybtids and causes'the shift of the hybrid band • 

• J 

,. 

• 



\, 

c 

( 

c 

- 87 .. " 
, , .. 

Single-stranded DNA binds ""efficfently to ni.troc';llulose- filters in . 
. 

high salt, but double-stranded nucleiè acids do not (Nygaard and Hall, ...,H 

( - .'" . 
" ..' '-' 1'963; Gillespie and spiegel.ma9, 1965). The DNA-RNA hybrids in our' 

hybridization reacti'on cont~in long ta ils of bacteriophage fd103 or M13 

single-stranded' DNA. After hybridizatlon thel hybrids were treated with 

RNase to degrade unhybridized RNA, th en bound to nitrocellulose filters and 

released from the filt~rs by SI nuclease treatment. Results showed that 

~ the-filter binding)step did ~ignificantly reduce the radioactive background 

while retaining most DNA-RNA hybrids (Fig. 8). When the filter was washed 

withPl mM EDTA almost aIl the hybrids were lost, indicating tpat bindirlg of 
'" 

single-'stranded DNA to nitrocellulose is reversible in the absence of NaCl. ' 
1 

Since l recovered atl the hybrtds from the filter in 0.75 M NaCl, l did not 
- , 

inv.-estigate the minimal salt concentration required for the binding of 

~~ngle-stranded DNA to nitrocellulose filters~ 

In the filter binding method hybrids are treated with ribonuclease 

before the filter bi~ding step. UnhybridiZJ!d-RNA is deg,raded and/theréfore 

dose not bind to the filters. I,t is' known that high concentrations of 

RNase can nick the RNA portion of -~~-~.A hybrids; in consequence, the 

hybrids could be dêg~aded by SI nuclease (Fig. Il, lane 2). Therefore, a 

concpntration of RNase 'which degrades unhybridized RNA to a ~:mal'ex:ent 

w~thout nicking the hybrids i8 required. As shown in Figure 11~0.1 to 0.5 
. . 
'!JgJml of RNase A . or 100 to 5000 units/ml RNase Tl gave -similar results and 

1 .. .. . 
did -not nick the RNA portion of the hybridsa when 3.3 .. units/ml of, sr 

1 • '. 
nucl~e was used. . . 

When hybrids' were treated with SI nuclease .. in solution," 59 tlo 100 

units/ml of 51 9uclease wa~ enoqgh to trim the hybrids to uniform size and 
\ 

To release hybrids from 
/ 

gave rise to sharp hybrid bands (dala not shown). 

nitrocellulose !ilters, a higher conc~ration of SI nuclease,was r~quired. 

\~ 
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A~ shown in Fitrn-e 10, 333 to 667 uni~s/Jil1 of SI nuclease produced sharp 
., : 

.hybrid. bands wh~n 0.5 ~gfml RNase-A was used. The requirements ~higher 
o .. ). 1 

boncentr~tions of SI nuclease to release th~ hybrids from the filters could , 
~ ... 

be due to the limitation of contact between the enzyme and its filter-bound 

, substrate.. ...\ ... 
-. In ord~r to detect ... a11)· th~ 1 vir-a1- specifie RNA in the hybridization .. ..... . 

f 

mixture, a molar excess of DNA has't~ be used. As shown fn Figure 12, the .... 

curve was 'linear <\Ilhen up to 25 ~g of RNA was used, but .Bd not reach a 

platea~even when 200 ~g of RNA was used. This means that there is still a 

DNA excess when 200 ~g of RNA was
P 

used in the hybric!ization. In ~his 
~ ,\ 1 CI 

e1tperiment, O. 1 J.lg of: RNase . k per ~g of RNA wa~ used to degrade the 

unhybridized -RNA in 0.25 !Ill of digestion !;olution. The rëason- for us ing 

.' 
d:i:fferent -an1ounts of RNase A to di.gest different amounts of RNA was ·to 

l ' • 
ayoi'd uncfer- ,or over-dlgestion when RNase concentration and digestioll 

volume are-fix-:d.' Anoth~r way 0 0 ~oing, this expert~ent v~d be to' use a . 
6. ~ \ • ~ ~ 

f!xed RNase con~entration but' increasing digestion volume when more RNA i~ 
. , 

used in the hybridization. 
• 

The ~ighest amount of RNA used in this 

( experiment (200 ~g) was 40 Umes the .lowest amount of RNA (5 ~g), so the 

digestion volum~ woul~ have to be.increased 40-fold. Therefore l did not .. 
do the experiment this way. Digestion.of high amounts of RNA with higher 

.J. 
concentrations of RNase A may cause more degradation A of RNA including .. 

\ 

hybridized RNA. This èould 'be one of the reasons why with higher amounts 

Qf RNA' the curve is not linear, even though the DNA is probably still in 

excess. The other reason could be that degraded RNA interferes witb the 

binding of single-stranded DNA to the filter. , 
1 • 

The binding capacity of 13 DUn diameter nitrocellulose filters for 

slngle-stranded fdl03 DNÀ ls about 15 ~g per filter (Fig~ "13). More points 

between 'la and 50 llg of DNA would be' required to determine the ~xact , 

'. 
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binding capacity: Ten ~g of DNA should not saturate t~~ filter and should' 

be completel~ r~ained by the filter undèr the exper1mental conditions 

used. \'~ . . . \l, \. 
Taken together, i~ 50 mM ~~~s pH 7.0, ~.75 M NaCl,\\l ~ EDT~buf~r, 

hybridiz~tion was complete ~ithin 5 min incubation at 85°d., The ~A to DNA 

ratio was 5 to 1 to ensure DNA excess and a maximUm of \10 Jlg, of sing1e
'\ . 

• 0 J 

stranded DNA was u~d to avoid saturating the filter. Thérefore, 50 Jlg of ~' 

nuclear RNA and lO-Jlg of DNA clone were used in each h1bridization mixture. . , ' 

0.1 to 0.5 Jl8 of ~ase A· or 100 to 5000 units/ml of RNase Tl did not nick 

DNA-RNA hybrids, and 333 to 667 units/ml oi Si nuclease was used to release 

the hybrids from nitrocellulose fiU,ter~ and gave rise to sharp hybrid ., 

bands. 

-

\ 

, . 
\ 

" • 

• 
• 
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GUIDELDŒS RlGARDIHG DOC'l."ORAL TBBSIS CÇNTAINING 

-QUOTATIONS }'RŒ -POBLIsmm OR SUBKI'rrED HANUSCRIP-.rS , - . 

. 
The Candidate has 

, 

~.' 
the option, 

( 

.J 

subject to the approval 

• 90 

( 

of the 

department, of including as part of the thesis' the text of an original 
~' 

paper, or papers, ~uïtable for submission to learned journal~ for 

p~b1ication. In this case the \ thesis m~st be jti11 conform to a11 other 

• 
requirements explained in Guidelines, Concerning Thesis Preparation, 

Cavjl:ilable at the thesis office). Additional material (experimen1;J1l and 
-. 

" 

design" data as well as description of equipment) mUSt he prévided in /' ' , 
- . 

sufficient detail to allow a clear and precise judgement to be made of the 

importance and, originslity of· the research reported. Abstract, fu:il 

introduction a~d concfuSion must be included', and where more than one 
\ 

manus~ript appears~ connecting texts and common abstracts, introduction and 

conclusions are required. À 'mere collection of manuscripts is net 
1 

acceptable; nor can reprints of published papers be accepted. 
6 0 

While the intlusion of manuscF;pts co:..~thor'ed by the Candidate and \ 

others i:; not proh'lbited by icGill, the Candidate. is warned to malte an 

explici4 stat~ent on ~ho-contributed to such WO~k0 and to what exten:,~nd 
.Supervisor~ and others will have to -bear witness to the iccuracy of' such . 

\ 

claims before the Oral Committee. It- should also be noted that the task of 

the External Examiner is made'much more difficult in ~uch cases, and it is 

in the Candidate's interest to make authorshi'p ~esponsibilities perfectly 
1 
clear. 

- . 
In accordance with University regulations- the above text has been 

quoted 1n full \ from Guidelines Concerning .Thesis Preparation. One 
,/ ,.. 

manuscript hs:s been included as ,... the body of this thesis, and appears 

1$1 fod:hwith. A common abstract, .literature 1;'eview, materials and mathods, . 
1 

D 
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.. . 
and conclusions have been presented as required in the above. guidelines. 

:.The specifie contributions of the authors are presLted in detail below in 
"'" :::1' 

accordance with the sarne guide1ines .• 1 

-Manuscript Tit-led "Use of a novel SI nuclease RNA-mapping' teclmique to 

- -
measur~ efficieney of transcription termination on polyomavirus »NA." R. W. 

Tsen~ and N.H., Acheson. 1986'. Mol. 'Cell. Biol. §.:1624-16;32. 

N.H. Acheson was responsib1e for the design ~f the formula to measure 

the termination efficiency in the preparation· ·of. the and -assisted o 

manuscript. 
,. 

R. YI'. !sang was responsible for all the experiments described in this 

.. 1 
fi> 

paper. 

This manuscript has been incorporated as Section II of this thesis. 
--( 

For the integrity of the thesis. the abstract has been ornitted . and 

materials and methods have been incorporated into the common materials and 

methods with a more detailed description. The method described in Sec~ion 
, 

l was us.ed to measure the efficiency of transcription termination, and 
\ . 

Séctidn II is the paper that describes this work. 

\ 
., 

7 
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SRCTIOH II 

Use of ~ Novel SI Nucleu. RNA Mapplna Technique to Me.auH 

"Eff{~iency :f Transcription Te~tion on P;l~virus DNA. 

\ 
,. 

INTRODUCTION 

92 

, 

RNA pol~~rasQ II does not elfiéientlY terminate transcription on the 

1 • L strand of polyomavirus DNA during the ~ate phase of productive infection 

(Acheson. 1978). As a r~sul.t. some RNA _polym~l"ase molecules trav~rse the 

ci~ular. 5.j kb. double-strânded polyomavirus genome sevèral times before 

dissociating' and releasing their RNA chains. RNA Molecules up to four 

times >'genome length have been detected in the nuclei of productively-
\ 

.infected celis (Acheson et al. 1971 i Acheson, 1984). These multigenome-

length RNAs undergo splicing within the nucleus to form -'195., 185 and 165 . . 
\. -

et al, :1980 i Treisman, 1980) . During this . 
~ 

viral messenger RNAs (Kàmen 

. 
process, 57 -nuc;Leotide long "leade:çs" located 5.3 kb apart in mul tigenome-

length 'transcripts are spliced together, producing mRNAs ~i th multiple, 

tandem copies of the leader near their 5' ends (~egon et !l, 1979; Acheson, 

• l " 
1981a~. ,It has been postulated that the presence of multiple leaders may . , 

increase the ability of polyomavimls L-strand mRNAs to be translélted 
, 

(~reisman, 1980), thereby conferring a selective, advantage t~ ~irus 

. replication. ~n .this lig~t. the low te'rmination ~fficiency which leads .to 

productton o~'multigenome-length mRNA precursors can be seen as a feature 

tl~Signed ultimately to enhancè viral replication. alth9ugh pàradoxically it . , 

leads t~rémoval by splicing and degradation in the nu~leus\of Most of the 

.. 

viràl RNA synthesized (Acheson, 1981à, 1984). ' ~ 
'Y 

..... 

--
o 
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. 
In contrast to the late phase, transcription appears to tenninate 

efficiently during the early phase of.. polyomavirus inféction •. 

Transcription is' restricted primarily to the EDNA strand âuririg the early 

phase (Beard et!,!, 1976). No E-strae-d RNAs greater than genom~ size can 
o. " 

be detected, and' little transcription of~i~ns of the ~ strand .~oynstream 

of the polyadenylation site takes place (Acheson' and Hieville, 1978). . . , 
There is no E-strand region equivalent to the late l'eader sequence,. and 

, 
E-strand transcripts are efficiently exported .tram nucleus .ta cytoplasm 

(Acheson, 1981b). 
~ 

, -

Thus none of' the phenomena associated with multigenome-

length transcripts are present during the early phase. 
, , 

These observations suggest that transcription terminatlon Is regulated . 
. 

during the ~olyomavirus gro~th cycle"perhaps by a viral gene product. ~As 

a preludé to studies on the co~tEol of' transcription termination in thi.s 

system, we have- devised an ~pproach. for mepsuring the efficiency of 

terminat,ion on the L DNA stran~ by RNA polymerase II. 
- \ 

Since .polyomavi-rus 

DNA is circular, RNA polymerase Molecules which do not termlnate during 
r 

transcr~Pt~n of the L DNA strand will traverse the entire genome and w!l~ 
. 

pass through the initiation region again. RNAs synt~esized by polymerases 

which have traversed the genome at least once can be distinguished ,from 
, . ..-

o 
RNAs synthesized by newly-initiated polymerases. When hybridized with a 

DNA fragment which spans the initiatio~ sites, the former'will give rise to 
.. 

full-length DNA-RNA hybHds; the latter will- give rise to hybrids shorter 

than the DNA fragment used, because 'eir S' ends lie within !he fragment . . 
used. Measurement of the' relative amounts of theljle two classes of RNAs 

" 

allow$ -us to estimate the fraction of RNA polymerases whiclÏ. terminate per 

genome traverse. 

To De able to car~ out these' exp\riments, we have modified Berk and 
, • J J" ... , 

5hàrp's (1977).51 nuclease RNA mapping ~ethod to alloW,analysis of" ~ 

1 pulse-Iabeled nuclear RNA. V!fs modified method 18 described here in 

1 

detail. 

'-

\ 
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IŒSULTS 

Transcri ion Initiatiou Ré ion on thel L Strand of Pol mavirus DNA. 
, 

Figure 14 shows the regio~ ~here transcription of the po1yomavirus L . , " 
strand ls inltlated during the late phase of productive infection. , Kamel} 

.. . 
, ,~and coworkers (Cowie et al, 1981; Treisman and Kamen, 1981) have shown that 

t 

transcr.iption -initiates a't multiple sites oveJ a 100-nucleotide region ,. 

, 

( , 
between nucleotides 5050 and 5150 in the A2 stTain of palyomavirus. Heiser 

and Eckhart (1982)- found essentially 'identical results f9r the A3 strain, 
JI' . 1 {. . 

whose DNA sequence does not'significantly differ from the A2 strain in this ... -
fegion (Deininger et al, 1979; SoeiP èt al, 1980; tytidall et al, 198iJ. 

Our strain of polyamavirus, which we call AT3, is closely related to str tin 

A3 but contains a 75-nuéleotide direct repeat inserted immediately to the 
i 0 , 

left of nucleotide 5175 (Fig. 14) (D.C. Tessier, w.e. 'Skarnes and N.H. 

ACheson.~nuscriPt in preparation).' As a result, nucleotides 5101-5175, 
~ 

which inc1ude the major initiatiôn site a~ nuc1eotide 5128, are repeated 

and,'as shown below,'this upstre~ site (nucleotide 5203) is al 50 used for 

- transcription initiation but ta a Itlinor degree. The predominant 

transcription initiation sites in our {train are numbered 1 to 7 in Figure ., 
14; these sites are nearly equally spaced about 25 nucleotidec; .apart. 

Figure 14 also indicates the positions of tl,te HpaII and Pst! sites which 

defi~e. the ends of the DNA fragm~nts -cloned into single-stranded 

bacteriophage vectors for the purposes of this work • 

Strategy of the Experiment. 

Figure 15 outlines the strategy we used to distinguish RNAs made by 
\, -

recently-initiated RNA polymerases from RNA~ made by polymerases which have . . 
comp1eted at least one complete traverse of. the polyomavirus genome before 

~ 

.. 

.. 

.. 
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Figure 14: Region of polyomavirus DNA which contains initiation sites for 

L-strand transcription. .. 
Po1yomavirus strain AT3 differs from strain A3 (Deininger et al, 

1979) prirtcipally by the presence of a 
, 

75-nucleotide direct ., 

repeat (nucleotides 5176-5250) and a 52-nucleotide de1etion 

(after nuc1eotide 5288) b~tween the DNA replication origin and 

the L-strand transcription start sites (D.C. Tessi~r, W.C. 

SkarneS"" and N. H. Acheson, manuscript in preparati0,n). Nucleotide 

numbers are by convention the' same as for strain A2 (Soeda et al, 
~ --

1980j Griffin et al, 1Q81j Tynd~l1 et al, 1981) between 

nucleotideS' 55 and 5175, but differ between nuc1ebtide~ 5176-5309 ' 

and 1 - 54 . because of duplications and de~ions. The 

75-nucleotide duplication is shown as t'Wo adjacent r~ctangu1ar 

boxes. The 57 -nucleotide late leader region, nucleotides 

5020-5076 (Legon et al, 1979), is shown as a hatched .. rectangle. 

V~rtica1 arrows be10w the 1ine denot.e multiple start sites ~for 
L-strand transcription, which progresses in a rightward 

direction. Nucleotide numbers of initiation sites 1 through 7 

( 

are shownj the~re estimated by .. comparison of our data (see 

Results) with those of Treisman (1980), Cowie et al (1981) and -
H.E'iser and Eckhart.(1982). -HpaII and PstI sites are shown ab ove"'" 

the line, a10ng- with the lengths of HpaII fragment 3 and PstI 

fragment ê; " 

J 

t 

. . 
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ligure 15: Strategy of experiment to determine efficiency of transcription 

termination. 

The double circle in the upper left ,Panel depicts polyomavirus 

• 
DNA; the fi1led arc represents a restriction fragment ---within 

which lie the initiation sites for L-strand transcription. The 

spiral lines outside the circle represent transcripts which have 

initiated at a site within this restriction fragment. The inner 

l;ne represents_' RNA synthesized by recently-ipitiated RNA 

polymerase, wh~ch has passed through the fragment only once; the 

outer line represents RNA synthesized by RNA polymerase which has 

made a complete circuit oÎ the DNA and has passed through the 
\ 

fragment a second time. Only the 3'-terminal 2 kb of these RNAs 

arE:' labeled (dashed lined), due to very short exposure of .. .. , 

infected cells to ~H-uridine. These RNAs are hybridized with the 

complementary DNA strand of the restriction fragment cloned into 

a single-stranded bacteriophage vector (second panel). The 

\ 

labeled portion of RNAs made by recently initi,ated RNA 

polymerases will hybridize only with that portion of the DNA 
\,. 

downstream of the initiation site; the labeled portion of RNAs '# 

made by RNA polymerases which have completed at least one circuit. 

of the DNA will- hybridize with the entire restriction fragment. - , 
" For Ïurther description, see Results • 

.. 

) 



c 

L 

99 

•• 
passing through the initiation~region again. RNA$.werè labeled 28 hr after 

~ ~ , 
infeetion by incubating glucos~ine-treated cells with high concentrations 

'-~, of [5- 3HJuridine ror 1 or 2 min at 37°C (see Mate_rials and Methods).' 

'~,ring such a s~or~ labeling pe~io'd, UTP pools are rapidly incr~asing in 

specifie radJoactivity; therefore, most of the incorporation of 3H-uridine 

into RNA, chains takes place in the last 20-30 seconds of thé labeling 

period (Derman et al, 1976). RJA polymerases have been estimated to travel 
- , 

at a speed of about 5000 nucleotides per min (Greenberg and Penmin, 1966). 
Q 

Thus the average length of RNA labeled at growing 3' ends should be about 

2000 nu?leotides, significantly less than a full genome trav~rse (5.3 kb). 

'Derman et al (1976) showed that, in HeLa cells, the effective average 

length of the labeled portions of growing RNA chains did not change rf the 
, 

labeling period varied between. 10 and 45 seconds. We have' shown that the 

• average length of the radioactive portions. of polyomavirus RNAs !abeled 

under these conditions is 2 kb (N.H. Acheson, unpublished ~esuIts). Thus, 

every RNA chain which is growing through the initiation reglon at the time 

cells are harvested should be labeled only near its 3' end andJ! in 
. il 

particular, chains which initiateq. one or more genome traverses ea-rlier 

will not c.ontain radioactivity in their 5 1 -terminal portions. This is 

depicted in the upper left-hand panel in Figure 15. The short labelïng 

-time used also ensures that nascent RNAs which have undergone minimal 
• li .. • 

processing are analyzed; this is èovered more fully in the Discussion. 

3H-Iabeled nuclear RNA was hybridized in solution with' circular, 

sin~le-stranded bacteriophage DNA containing an insert of the L strand of 

the appropriatè polyomavirus restriction fragment (2nd panel, Figure 15) . 
• 

Treatment of these DNA-RNA hybrids with ribonuclease A ~d -51 nuclease 
_ J , 

should degrade aIl unhybridized RNA and slngle-stranded RNA and DNA tails, 

a~lowing analysis of the remaining duplex structures by ~el electrophoresis 
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as in' ;he S1 nuclease màp~ing 'emth~d of Berk and Sharp (1977). Although 

th~s method gave good resu1ts when labeled Fytoplasmic RNA was hybridized, 
• ~ .... - 1 ~. , . 

-
use of labeled nuc.lear RNA led to very' high level~ of ribonuclease-

resistant background radioactivity throughout the area' of interest in gel 
" . 

iàn~ (Fig. "s, lane '2). We found that this background was due to doti'ble- , \ " 

stranded RNA fôrm~d during reannealing of nuclear RNA. ' Denaturation of 

labeled nu~lear RNA followed immediately by ribonuclease treatment reduced 

the background significantly; reannealing of denqatured nuclear' RNA by 

itself brought back the background radioactivity. Treatment of hybridized 

nuclear RNA with doub!e-strand spe;ific ribonuclease III (iobertson et al, o '" __ 

1968) 'removed much of the background radioactivi~ without affecting DNA

" RNA hybrids. Treatment with ribonuclease H (Stein and Hausen, 1969) . 
~emoved DNA-RNA hybtid bands ,but did not affect the background (Fig. 6). 

To ge~ around this prqblem, we took advantage of the fact that the 

• 
DNA-RN~ hybrids formed in our hybridi~ation reaction have l~g single-

stranded DNA tails consisting of bacteriophage fdl03 or Ml3 DN.... This 

allowed us ta .bind hybrids (as well as unhybridized DNA) to nitrocellulose • 

filtets in high salt after ribonuclease treatment (3rd panel, Figure 15). 

Degraded RNA and doub1e-.strand"ed RNA 'do not bind ta nitrocellulose under 

the conditions we üse. 
- /' 

After washing, the filters are incubated with Sl 

nuclease, which releases the duplex DNA~RNA hybrids into soluti~n and tri~s 

off any single-stranded DNA tails (4th panel,' Figut;'e 15). Figure 8 (lane 

3) shows that, using' this method, DNA-RNA hybrid bands were recovered r 

quantitatively and Most back~ro~d radipac~ivity was 'remdved.· It should be 

noted that the DNA-RNA hybrids are not irreversihly bound to the nitro-

cellulo&e filter; washing (filters with 1 mM EDTA before 81 nuelease 

treatment r\j mest of the hy~rids (Fig. 8, lane 4). 

.) 

.. 
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Sy using this modiried 51 nuclease~mapping technique we were able to 

map S' ends -o~ 'newly.:synthesized pulse-labeled ~As. We could also 
- . 

~uantitate levels of tra\scriPtion thr~Ugh the ini~iatio~ regio~ due either 

ta recent1y-initiated RNA polymerases, or to RNA polymerases which have 

made at least one complete circuit of the viral genome "before passing 

through ~he initiation region a8ain. The former gave risi to DNA-RNA' 
1 

, . '" 
hybrids shorter than the length of the restriction fragment used; the 

latter gave rise to full-length DNA-RNA hybrids tlower right-hand p~nel •. 

Figure 15). 

~ Analysi~ of Nucl~ar RNA: Mapping Sites"of Transcription Initiation. Q 

!, ' 

Figure 16 shows the pattern of DNA-RNA hybrid bands generated by . , 

" . . 
hybridization ,of 2 min labeled nuclear' RNA with either Pst! fragment 2L 

(nl!cleotides 4225 to 5177. lane 2): or HpaII .fragment 3L (nucleotides '4409 
. 

~to 12, lane 4) (see Figure 14 for map positions). In both cases the most 
... . 

intense band was at the position of full-Iength DNA.iRNA hybrids (952 
',/ 

;hucleotid~s for PstI-2Lj 912 nuc1eotides for HpaII-3L). Faster-migrating 
" 

less int~nse bands showed a characteristic pattern of a major band followed 

by three closely-spaced minor bands. Size estimates derived from . 
; 

comparison with double-stranded DNA markers (Fig. 16) and DNA-RNA hybrids 

,of known size (not shown) ~tablished that these fou~ bands corresponà ta 

RNAs 'which have initiated at sites 1 through 4 (Fig. 14), with the major 

band being at site 4, nucleot-idè 5128. Two additional minor bands, 

correspondin~ to si tes 5 al}d 7, can be seen in lane 4 j they are not pre'sent_ 
, \ 

in lane 2 as these initiation sites are upstream of the Pst! fragment used. 

Comparison of the patter?s_ in lanes 2 and 4 confirms that bands 1-.1 
. 

correspond to RNAs whose S' ends lie ~ithin HpaII fragment 3. lf the bands 

in lane 4 wer~ generated by RNAs whose 3' ends lie within HpaII • 

" 

( 
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li~ 16: 
.. 

Hybridiza~ion of 3H-RNA synthesized in vitro or in vivo to 
, - --

polyomavirus DNA fragments PstI':"2L or HpaII-~L'. 

3H-uridine labeled RNAs described-below were hybridized to 10 ~g 

single'-stranded fd103 DNA cont'aining cloned polyomavirus PstI, 
o 

fragment 2L (lanes 1-3) or M13 mpa, DN.A. coqtaining cloned 

pqlyomavirus HpaII fragment 3L (lanes 4-6) (see text 'and Fig. 

., 

14). Lanes 1 and 6: c3H-!abeled RNA ~40 x ~03 cpm) transcribed J 
in vitro by_ SP6 RNA polymerase from aS. 25 kb XbaI fragment. of 

\ ." 
polyo1Il4virus DNA inserte!Ï into plasmid SP64 (see Materials and 

, " Methods); Ianes ~ and 4: nuclear RNA (50 ~g; 0.4 x 10 6
' cpm) 

\. 
labele~ for 2 minutes in vivo at 28 hours post infection; lanes 3 

---r' .. 
and 5: nucleart, RNA (21 }Jg/; 1 x 10 6 cpm) labeled for 60 minute$ , 

in ~ from 27 ta 28 hours post infection. Hybrids were tre~ted 

widt 500 units/ml RNAse .Tl,_ bound to nitrocellulose iilters, and 

eluted by inc~bation with Sl nuclease as described in Materials 
\ 

and Methods. Marker DNAs were as in Figure 8. Electrophoresis • 
4 

was at 50 V (20 mA) for· 12 hours. 

• 
l 
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fragment 3, they would become smaller, no~ larger, when these RNAs were 

,hYbridized to Pst! fragment" 2 (Fig. 14). 
-

As a control, genome-lengtll 

polyomavirus L-strand RNA was synthesized in vitro by using SP6 RNA poly-

merase (see M~terials and Met~ods);. When such 3H-labeled RNA wa~ 
.Q -hybridized wtth either PstI-2L or'HpaII-3L sin&le-stranded DNA, and hybrids\ 

") 

were processéd as outlined above, no bands shorter than full-Iength DNA-RNA 

tiybrids were formed (Fig. 16, lanes 1 and 6). This important control 

cenfitms that bands 1-7 correspond to authentic 5' ends of'labeled RNAs and 

are,?ot artifacts~qaused by RNAse or SI nuc1ease C1e~Vage\of longer DNA-RNA 

hybrids. 1 

Lanes 3 and 5 of Figure 16 show the pattern of hybrids ge~erated when 

60 min l,abeled riuclear _RNA was used. 
',,-

Although the overall patterns of 
• 

~ 

less-than-fu11-1ength bands are similar to those cseen- with 2 min labeled 

RNA, the MOSt prominent band now corresp,onds to site 2 (nucleotide 5076) "" . 
" 

tather than site 4 (nuc1eotide 5128). This result can_ be explained. by 
6 

leader-ta-leader splicing. The 5' end (nucleotide 5076) of an internaI 

leader- cao be splice~ to the 3' end (nuc1e~tide 50201 of the next upstream . 
leader in multigenom~-length RNAs (Tr~isman~ 1980). An! RNAs in which this 

(\ 
leader-to-leader 

HpaII - 3L only up 

(see below, Fig. 

splice has occurred will form a continuous hybrid wi th 
) L 

tq nubleotide 5076, the position of the splice junction 
-) 

18B{. This experiment sho~s that 60 min labeled riuclear 

RNA ,"'contains much unspliced RNA (full-length DNA-RNA hybrids) as well as 

some spliced RNA (band 2). 
- , . 

Further separation- 0\ .60-min l:-abeled nuclear 
1 

RNA into size classes and into poly(A +) and po~y(A-) f~actions would be • 

req?ir~d to fully ex~lain the distribution. of DNA-RNA hybrid sizes ~een in 

these lanes. 

A 'hi~-resolution pat~êrn generated by hybridization of pulse

labeled RNA to DNA fragtent.PstI-2L ·iS·Sho~ in'Pigure 17. This gel also , 
(! 

) .-

, . 
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~igur8 17: Hybridization of ~B-labeled nuclear RNA to polyomavirus DNA 

. , 

fragment PstI-2L. 
Q 

'Each of the following 3B-uridine labefed- RNA samples was 

hybridized with ~ingle-stranded bacterioph~ge M13 mp8 ."NA 

containing cloned-- polyomavirus DNA fragment PstI-2L. Lane 2: 

nuc1ear RNA (lpO ~g'~ 0.73 X 106 cpm) labeled for-1 minute at 28 
( 

~ 
hours post infection, hybridized with 30 ~g DNA; lane 3: nuclear 

~ 

RNA (80 ~g, 1.1 x 10 6 cpm) _labèled for 2 minutes at 28 hours post 

infeceion, hybridized with 20 ug DNA; lane 4: nuc1e.Jr RNA (31· 
\ 

~g, 4.2 x 102 cpm) labeled for 60 mim~tes from ~7 to 28 hours 

post infection, hybridized with 10 ~g DNA. - Hybr-ids were treated 
, 

as described in Materials and Methods. Marker DNAs were as in 
\ 1 

Figure 8: Electrophoresis was at 50 V (26 mA) for 16 hours. 
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FigUre 18: Hybridization of 3H-1abeled nuclear or cytoplasmic RNA to ,. 
polyomavkus DNA fragment HpaII-3L. , 

A. Each of the following 3H-uridine -labeled RNA samples 'was 

hybridized with "10.5 ~g single-st:anded bacteriophage M13 mp8 DNA 

~. containlng c10ned po1yomavirus DNA fragment HpaII-3L. Lane 2: 

nuclear RNA (57 ~g, 0.33 x 10 6 cpm) labeled for 2 minutes at 28 
iJ-'{ 

hours post infection; lan~ 3: nuclear RNA (50 ~g, 1.5 x 10 6 cpm) 

labeled for 60 minutes frb~ 28 to 29 hours post infection; lane 
- ~ 

4: poly(A+) cytop1asmic RNA (0.79 x 10 6 cpm) .labe1ed for 120 

minutes from 27 to 29 hours post infection. Hybrids were treated 

as described .in Materials and Methods., Marker DNAs wer~ as in . 
Figure 8. 

B. Diagram showing hybridization between 19S L-strand rnRNA apd 

• 
HpaII-3L DNA. Only unspliced RNA with a single leader sequence 

forros continuous hybrids up to the 5' end of the RNA; 5' ends of 

RNAs with multiple 'leaders will remain unpaired and will be 

digested by RNase treatment. 

J 

• 
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'0 
~ , 

.- --.. u 
.JI '. \ # , 

• 
sh~ws 

. 
gènerated vith RNA '~abeled that the pattern for 1 min (larte 2) or 2 

- . ~ ~ 

min (lane ~_ is identicâl, justifyillg the 'use o~ RNA labeled for 2 min, ....... - .. . • 
, whiçh generally has a specifie radioactivity 3-5 times that of RNA labeled 

fpr 1 min . 

Ànalysis of Cytoplasmic mRNA. 

Figure 18A (lane ,4) 
• 

shows 
. , 

that hybridization of cytoplasmic , 
polyadeny1ated mRNA with HpaII-3L DNA generatèd no full-lfilgth DNA-~A 

~ hy~rids. 
, , , 

Th~s was ~xpectèd, since multigeno~-length polyomavirus RNAs are 

confined to the nucleus (Acheson, 1984); all RNA sequenk between the SI 

end of a leader and the 3' end 'of the next upstream leader ar~ removed by 
,.... • 'fJ. ., 

sp1icing before transport of maNAs to the cytoplasm (Treisman, 1980). 
~ 1 t 

Of th~ three classes of polyomavirus L-~trand mRNAs (Kamen et al, 
, ~ 

1980), only unspliced 19S mRNA will generate DNA-RNA hybrids which extend 
~ . 

f;om the HpaII site at nucleotide 4409' up to the initiation region (Fig: 

(nu~leotide 5020) and the mRNA body Cnucleotide 4707 or 4122) and ~herefore 

will not form continuous DNA-RNA hybrids with HPetI-3L. Thus, aH bands 

seen in lane 4 must arise from 195 mRNA.. Those mRNAs with a single, 

unsp1iced leader generate hybrid bands côrresponding ~o mRNA S' ends, some 

of which can be seen as minor bands in lane 4 of Figure 18A.~ 195 mRNAs 

with multiple, sp)iced leaders generate a singl~d correspon~ing to the -S'end of the leader sequence at nucleotide 5076 (major band in lane 4), 
- \ f 

bec~useonone of the~leaders upstream of the m6s~ distal one will be able to 

hybridize ta tne single-stranded DNA clone, which contains only one copy of 

the leader sequence' (Fig. 18B). Some 19S mRNAs wi th a single leader May 
. 1 

'* ~ 0 _ -!t'_ 
also have S' ends at. this site ·(site 2 in Figure~'14), as. it i8 used 

'\ 
'v-

, 
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fre9uently as an initiation site (Figs. 16-18). Therefore. an und&tarmined 

fraction of the radioactivity in this band may arise from l~S mRNAs 

~ntaining a single leader. 

( Lanes 2 and 3 ·of Figure 18 show the hybrid pattern formed' by nuclear 
'\ . . 

RNA 1abeled for 2 or -60 min at higher reso1ution tl;lan seen ln Figure 16. 

In 1ane 2, bands èorresponding ta 5' ends at si tes 1-5 and 7 can be 

, .distinguished, and site 4 is seen to be the most frequent1y used iniziation 

site. rln 1ane 3, a11 7 bands can be s:en-(band 6 Is faint), and the band 
, Q 

corresponding to site 2 is predominant for reasons explained above. 

Determination of Transcription Termination Freguency. 

Gel 1anes s'lmilar ta 1ane 2 o,f Figure 18 were sliced and the 

radioÇlctivity in eacÀ sUce was meaJ;ured. Figure 19 shows the profile of 

radioactivity from su ch a gel. As is already evident from the preceedlng 
- .' '~ 

autot'adiograms, the fu11-length band, which arises from transcription by 

RNA po1ymerases which have a1ready made ~at least a comp~ete gename 

t~~~se, contains more radiaaétivity than any of the shorter bands . 

"Seven indep~ndent nuclear RNA samples labeled for l or 2 min woro 

hybridized with HpaII-3L DNA and , DNA-RNA hybrids werc ~ilnJllyzod by . ~ 

'lectrophores~s followed by s licing. 

. -... ) ". 

Results are shown in Tatlo l. . Ta be 
~ . 

c-
able ta compar~ molar amounts bf hybrids of d1f(erent .lengths, rosulis w.(ro 

~ ~ 
normalized by dividing radioactivity associa1:\d witp each bllnd by' tho 

'0 . 

num~~.of U residües, calcu1ated to be presentr" each RNA, thOn multl

, plying the 4-esult by 100. The sums of normal1ze4 valuas Jor a11 bands 

shorter than ful1-1ength ,DNA-RNA hybrids (column A) corr •• pond to th. 
, 

relative num~er of RNA polymerase molecu1es which initiAtad -and troveldd at 

least as far 48 the end of HpaII-3L during th. 14o.11nl per1od. The 
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Yigure 19: Radioaètivity profile from sliced gel: nuclear RNA hybridizad 

with DNA fragment HpaII-3L. ' 

Nuclear RNA (101 J,lg, 690 x 10 3 cpm) .1abeled for 2 minutes at 28 
, 

hours post infection was hybridizeci with 20 J,lg sil1g1e-stranded 

Ml3 mp8 DNA containing cloned polyomavirus HpaII fragment 3L. 
t, 

'"" f ' 

Hybrids were treated as described in Hateri4ts 'and 'Hethods, 
. 

except that 400 ~its/ml RNase Tl were used. Af~er e1ectro... 
phoresis, the gel lane was sliced and !:llices were counted as 

. described ~n Materials- and Methods. Only Ehat' portion of the gel. 

containing DNA-RNA hybrid bands is shown, F corresponds to 
t- ~ 

full-Iength hybrids, and band numbers 1 to 7 correspo.nd to 

initiation sites 1 to 7 shown in Figure 14. 
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-TABLE 1 

Efficiency of termination per genome traverse by RNA polym~rase II , 
. . a O 

at 28 hr post inf~tion by polyo~virus. 

Column A 
cpm per 100 U resid~s 

in DNA/RNA pybrids 
Column A + Column B 

. Experiment A. \Less-than-full-length B. Full-length 
= Termination 

efficieflcy 

1 1050 

2 '\' 1040 

? 1750 

4 1220 

"'--- 5 540 

6 320 

7 570 

1180 

990 

145Q 

1440 

730 

250 

460 

... 

l' 

• 0.55 

0.46 

0.43 

0.~6 

'0:55 

~,Nuclear RNA labeled with 3H-uridine for 1 minute (expe~iment~) or.2 

minutes (experiments 1, 3-7) at 28 hours post infection was hybridized . ' 

- b 

, 

1 

with HpaII-3L. Hybrids, treated with RNAse and SI nuclease, were 

subjected to electrophoresis and.gel slices were counted as described in 

Experimental Proced~res. 

cpm in full-length hybrid band (912 nuclëotides) or in hybrid bands 

corresponding to'RNA 5' ends at sites 1 through 7 (647-796 nucle?tides) 
111 

,were ~ivided by the number of U residues present in each RNA (determined' 

from the known nucleotide se~ce of polyomavirus DNA), then multiplied 
'. .' , r J 
.~y 100. Normalized cpm in. aIl fess-than-full-length b~4s were s~d. 

\ 

1 ,. 

, 
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normalized values for full-length DNA-RNA hybrids (column B) correspond to 
• , 

the relative number of RNA polymerase mo1ecules which completed at 1east 
\., , 

one genome traverse bef?re passing tnrough HpaI~-3L again • 
. 

We have. used these, data to estimate the frequency of tralHicription 

termination per genome traverse of RNA po1ymerase by use of the model shown 
,J_ _ 

in Figure 20. To simplify the discussion, polyomavirus DNA is shown as an . 
infinitely long -1inear tandem répeat, each repeat_ unit consisÙng ~f an 

entire 5.3 i&.' 1genome. This is formally equivalent to a circle from the 

point of view of a RNA polymerase Molecule which 15 traversing the DNA 

unidirectionally, and is in fact the fotm in which multigenome transcripts \ 

are produced ÇAcheson, 1978). The left-hand end of this linear DNA ., 
"Molecule is, def ined as the si te where transcription ini tiatés, wnich we 

shall consider unique for the sake of argument. 

1 - -
RNA polymerase Molecules initiate transcr~ption and travel rightward, 

. 
terminating with a fractiona1 efficiency T (O<T<1) somewhere upstream ,of 

'1-
the next DNA repeat. For simplicity. Figure 20 shows there to be a sinile 

" 0 

-
termination site, but termination could (and probably doès) takeoplace at 

multiple ,sites (R.W. Tseng and N.H. Acheson, manusctfipt in preparation); 
r 

the number and location of termination sites Is lrrelevant to th~resent , . ~ 

discussion. Downstream of the 'termination site, there will be only ,O-T) 

times as -maey RN~ poiymerase molecules".per unit length of DNA as began 
, ' 

'transcription. Thus for every polymerase ~lecule which transcribés 

through the initiation region (shown' as a rectangle labled "a") ln the 

Urst repeat, only (1-T) po1ymerases will transcribe through the in.Hiation 

region (shown as a rectangle labeled lib;") at the, beginning of, the second 

repeat. For example, H the termi,!1ation efficiency T vere 0.4 (40% of aU , 
polymerases terminate per genome traverse), then l - 0.4, or 0.6 '(that b. 

\60%) of the polymerlses wh1ch initiate would trav.~ ~t le.st a. far a. th. 

• 6 
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Figure 20: Model used for estimation of terminati,on frequency par 8enome .... 

traverse by RNA polymerase. 

\ 
Po~yomavirus DNA is depicted as a linear Molecule of n genpme 

\ 

repeats, whose left-hand end is an initiation site for L-strand 

transcription. Transcription progresses 1 from lat? to -right on' .. 
the L DNA strand: "a" designates the / reglon between the 

initiation· site and the end of the DNA fragme"t used for 
1 

hybridization with pulse-labeled RNA (HpaII-3L in this paper). A 
. 

fraction, T, of the RNA polymerases terminates somewhe~e between 

the distal end of this fragment and the distal end of the same 

fragment in the next downstream rep.e~t. Simllarly, an identical 

fraction, T, of the polymerases which' have 5uccessfàlly 

transcrlbed beyond the end of b l termln~tes before passing the 

end of b 2 in the next genome repeat, and sa on. The model ls 

drawn assumingo a ~ermination frequency of 0.5 
. 

per Benome 

traverse~ See text for derivation of formula,to calculate T from 

hybridization data. 
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.end of the second initiatiQn region. Similarly, (l-T) (1-1) of tqe 

polymerases wqiéh "initiate will transcribe through the initiation reglan 

(IIb 2 ") at the beginning of the third' repeat unit, a\ld sa forth. The sum of 
\ ~ 

~ , 
aIl polymerases which wi~l transcribe thraugh the !ritiation regions in n 
repeats after having campleted at least one genome trave~se 1s therefare 

_ \ n ... 1 • 

(l-T) + (l-TF + (l-T)3 +'.:' .,+ <t-V .. Thtr expression can-be recognized 

as a binomial series, which convenie~tlY reduces ta the expression, liT -

1. This formula allows us to'calcula~e the termination efficiency, T, from 
\ . 

the data in Table 1. The molar ratio of full'-length transcripts to less-
, 

than-full-length transcri~ts, or column B/calumn A, is equal to the ratio .. 
of ·palymerases transcribing downstream initiation regians to polymerases 

trahscribing the t first initiation region, or 1/T .1. h simple 
. 

rearrangement gives T = colUllltl ~AI (côlumn A + ~olumn B). Values for the 
• , 

termina~on eff~ciency calculated ~r~~ this formula are give~in the right

hand column in Table 1. The, average value for seven independent , , 
~xperi~ents was 0.50. Thus, approximatrely 50% of RNA polymerase molecules . 

, , 
termina te .transctiption per traverse of the L strand o'f the polyomavirus 

genome durins the late phase of productive infection. 

l. 

, 

1 

• 1 
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We have devised a strategy to measure in !!:t2 the efHeieney of 

termination of transcription by RNA polymerase on a circular DNÀ molecule 
~ . 

s~ch as po lyomav i rus • - Polymerases that have made lit least one~ complete 

genome traverse will transeribe the entire length of a restriction fragment 
- ~ 

which contains the transcription initia~ion sites; in,contrast~ polymerases 
J 

that have just begun transcription will tra~scribe only that part of the 

restriction fragment downstream of the initiation site.- We can therefore 

distinguish between ~As arising from these two classes of. po lymerase, \ . 
~hich allows us to calculate termination. frequepcy per ~enome ~raver5e • .. 

The interpretation of our data rests 'on two assumptions. First, we 

assume that all transcripts which extend ,through the initiation region to 

the end of the DNA fragment used have lifetimes signific~y longer than 

the effective labeling time. If 40this were not the case, the amount of 

label in DNA-'RNA hybrids might 0 not be proportional to the number 'Of 

pol'ymerases transcribing that region, for some RNAs might be leu stable' 

than others. A~thoug~ ~ have not r~gorously proven t~i~ assumptl~n, use 

. " of very short labeling times, who~e effective length 15 on the order of 

20-30 seconds (see Results), helps to ensure that_this condition is met. 

"Previous experiments have shown - that a fraction (15-25%) of lata 

4 polyomavirus RNAs i5 polyadenylated in the nucleus within 1-2 min 'of th.Ir 

synthesis, the remainder never baing polyadenylated (Ache.on, 1984). 

Little or no polyadenylation cao ha datactad ln sampl •• labelad (or 1 or 2 

mi~ and analyzed ~s descrlbed in th1s papar (data not .hown). Tran,port of , 

. splieed la te rnRNAs- to the cytopla.m belin. approximataly 15 mln after thelr 
f 

synthe.is (Acheson, 1981b). No 'p'l1cina can he datactad ln .-.pla. labelad , 

for 1 or 2 min (Figura,. 16-18). However, polyadanylatad )' and. and 

" 
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\ ) 
-splice junctions are readily detected by our 81 mapping technique in RNA 

samples labeled for 8 as little as 10 min (data not shown). 

assumption that we are analyzillg 'unprocessed na~cent RNAs in 

appears justified • . 

Thus, the 

this paper 

We also assum~ that the likelihood that a
J 

given RNA polymerase 
~ 

molecule will terminate is independenll of the number of genome traverses 

that polymerase hasomade. This is implicit in the formula developed from 

the model shown in Figure 20. This assumption seems r~aso~able,_for It ls 

difficult to imagine tha_t an RNA polymerase molecule c,?uld "know" h~~ long 

an RNA chain it cardes, or how long a time it has been since h began 

If termination did vary a~ a function of the number of 

genome traverses, the termination frequency we have calculated could be 
" 

interpreted as an average rate per gënome traverse by RNA polymerase. 

In order to carlt-y out these experiments, we have .mo<j.ified Berk and 

Sharp' s ( 1977) 51 nuclease mapping method so that .in ~-labeled RNAs, 

rather than unlabeled steady-state'RNAs, can be mapped. Hybridization of 

labeled RNA to reoombinant, sing~e-stranded bacteriophage DNAs allows 

detection of RNÀs transcribed from a specifie reglon on a defined DNA 
Ut f' 

strand. Furthermore, DNA-RNA hybrids can be b6und to nitrocellulose 

fllters 'via unhybridized single-stranded bacteriophage DNA tails (Padgett 

~ al, 1983). This, step remgye.s-..--è?uble-stranded RNAs which are formed 
, .J 

during reannealing 'of nuclear RNA and which gi ve rise to background upon 

analysis of hybrids by electrophoresis. The bound DNA-RNA hybrids are . 
subsequently released from the filters, and single-stranded DNA tails are 

-, 
trimmed by incubation with 51 nuclease. 

This method sho~ld be of general use for detection of RNAs ~ith 

unstable S'or 3'· ends which are present in pulse-labe~d RNA but may be 

found in- vanishingly small amour:s in s1:eady-state RNA. In parti~ular, 

'-' ,-. 
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• unprocessed or partially processad primary transcripts c:an ba analyzed. 

Transcription initiation sites'can be mapped and quantitatad indapendently 

of differential turnover of RNA. 31 ends of RNAs formed by term!nation of 

transcription'can in principle be detected by this method, whereas analysis 

of steady-state RNA aHows detection primarily of 3 1 ends of $table RNA 
. 

species such_ as' fuHy-processed mRNA. This technique should also enable 

• the detection And I1i~PP\ing ?\, unstab}~ 
proc?ssing or splicing. A d;Jwback is 

.. 

intermediates .iormed dudng 3' -end 
\. 

·that pulse-labeling !n .Y..!.Y.2. 5,.annot 

provide KNAs of high specifie radioactivity, which limits this technique to 

~tudY of ge~es which-are transcribed ~t veiy high rates, such as those of a 
- ' .. 

number of viruses or highly reiterated cellular genes. 

Our re~ults show that about one in every two RNA polymerase molecules .. 
which ini tiate. tr,scription of the L strand' j of polyomavirus DNA will ~ ~ 

• terminate transcription per genome traverse. This agrees well with the 

termination frequency (607. per genome traverse) estimated by quantitation 

of the molar ratios of unspliced, polyadenylated L-strand RNAs whièh differ 

in length by integral multiples of the genome length (Acheson, 1984) . 
. 

These RNAs are found exclusively in the nucleus and are presumably 

precursors to mRNAs which contain multiple spliced leaders. That estimate 
- . . 

was based on the assumptions that transcription -termination downstream of a 

polyadenylation site precedes cleavage and- polyadenylation at th1:. site, 

and that the 'fraçt1on .'of such RNAs which be~ome polyadenylated 15 

independent of the num~er o! genome traverses made by the polymerase bafora 

terminating. .Gi.ven these· assumptions.. tha n~~er, of po,lyadenylated .. r 
transcripts in each size clus should reflect the number of transcripts 

which terminate downstream of the polyadenylation site during each ,_nome . ' 
ttave~se • 

ft 
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What i8 responsible fdt the 10w efficiency of termination on the' 

"" polyomavirus ·L strand? Transcription termination signaIs encoded in viral 

DNA. ~ay be inherently weak; on the other hand, the machinery which 

recognizes such signaIs may be defectlve during the late phase in 

POlYOma~irus - infected cells . W~ have rec!ently tried to test the former 

hypothesis by ins,erting a second p01adenylation signal into polyomavifUs 

DNA (Lanoix ~ al, 1986). We reasoned that, since both polyadenylation and 

.tennination are inefficient in this system, th~ may be controled by the 

same s'ignal elements. Nei ther the overall efficiency of polyadenylation 

n~r the\ fr.equency of transcription termination on the L DNA strand 

(measured, as described in this paper) was increased in ceUs infected with 

virus containing duplicated polyadenylation signals'/' We concluded that a 

viral gene product reduces the efficiency of both pro cesses during the late 
, \ . 

phase of productive infection. It will be of interest to measure 

termination efficiency at -different t~es during the late phase ,to see 

whethe~ it i5 progressively reduced. 

In th~ cou~se of these experiments, we have detected seven distinct 

sites where L-strand transcription initiates in our strain Jf polyomavirus . 

Due to the length of DNA-RNA hybrids ~nalyzed, the position of • each 

initiation site is subject ta an uncertainty of +/ - 5 nucléotides'. The 

'> 
positions shown in Figure 14 are, based partly on more precise SI nuclease 

'mapping of the 5' ends of steady-state nuclear or mRNAs (Treisman, 1980; 

Cowie et al, 1981; Heiser and Eckhart, 1982). The major initiation site we 

find ls near nucleotide 5128 (site 4); initiation is significantly ~ 
frequent and approx~tely equimolar near nucleotides 5050 (site 1), 5076 

(site 2), and 5100 (site 3). Site 5 (nucleotide 5150) is used even less 

frequently. Sites 6 (nucleotide 5077) and 7 (nucleotide 5103) lie within 

the 75-nucleotide repeated sequence fn our virus strain, and probably 

correspond to initiation within the upstream repeat at nucleotide sequences 

homologous to those at sites.",l. Md ~ig. 14). 
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Changes in Major Initiation Sites ~ in TeminatioD Efficiency for 

L':strand Transéripti011 Durina ~ Lat. ~h... of Lyt.ic Infection 
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\ 

During the early pha~e of lytic infection of mouse cells by 

poly~avirUs, -RNA ls transcribed mostly-from one strand (the E strand) of 

the viral DNA (Kamerr et al, 1974). Transcription of the E strand ls 

terminated efficiently- during the 'early phase (Acheson and Hieville, 1978). 

There is ~ microheterogeneity in the initiation sites of E strand RNA: the 

major initiation sites are locatêd between nucleotides 145 and 153, and a 

n~er of' minor sites ar~ located. ei ther downstrEiam (nucleotide 300) or 

upstream -(nucleotides 14 and 20) of the major init!ation sites (Kamen et 
1 

.!!, 1982). However, during the late phase of infection, major E strand 

initiation sites are shifted further upstream between nucleotides 5230 and 
\ 

5260, which are minor initiation sites during the early phase of infection 

(Kamen et al, 1982;~Fenton and Basilico~ 1982). This shift could be due to 

repression of initiation at nucleotides 14S~153 because o~ large T antigen 

binding to the early promoterc in th!1t area. At the same time. E strand 

transcripts complemen~ary to a11 EDNA sequences can De detectBd; th'is 
~ 

implies that the termination of EDNA transcrijtion is not very efficient 

'if during the 1ate phase (Kamen !! al, 1974: Beard !1 al, 1976; Kamen !! !.l, 

1982). Upstream start sites are al~o observed on the E strand of SV40 DNA 

during the late phase of infection (Ghosh and Labowitz, 1981: Han •• n ~ Al, 

1981). ---

\.. ( 
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Very little can be detected during the eari~ phase of the 
1 

lytic infection • ntrast, mest of the viral RNA' synthesized Auring the 

late pHase is cep' d from the L DN~ strand. These L-strand RNAs are up t? 

4 times gf!nome length a!1d consist of tandem repeats of the entire vi'râl 

genome (Aches6n ~ al. 1971; Rosenthal .!!! al, 1976; Birg et !l, 1977; 

Acheson, 1978). This is due to inefficient termination of transcription by 

RNA polymerase (see Part II of this thesis). SI nuclease mapping of the 51 

ends of ~A or steady ~tate nuclear RNA has.revealed that the ini~on 

sites for r;-strand RNAs are extremely heterogenous. These 51 ends are 

scattered over a 100 nucleotide stretch of the promo ter regien on the L DNA 
• b--

\ 
strand. The major initiation site is located at nucleotide 5128 (Treisman, \ 

1~80; Cowie et al, 1981; Heiser and Eckhart. 1982). 

USi1'\g the SI nuclease mapping technique that we have developè'tl, we, 
~ 

ha~e fQund that at 16 h~rs after infecti~ (that is, during the .arly part 

of the la te phase), the major initiation site for L str~d transcription is 

located at n~cleotide 5050, in'stead of nucleotide 5128. Furthermore, we , ~ 

have found that termination of transcription 1is substantially more 

efficient at 16 hr after infection than at 28 h~ after infection. 
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RBSULTS 

H bridization of \uclear RNA Label'ed at 16 Hours or 18 Hours After 

Infection ~o Polyomavirus Fragment HpaII-3L. 

Nuclear RNAs of p01yomavirus-infected 3T6 ceUs 1 IBbeled with 

li 3H-uridine fo~ 2 minutes st 

hybridized to - s~le-stran~éd 

fragment HPaII-3L\ Figure 21 

or 18 hours after infection were 

containing~cloned polyomav~rus 

lane 3) shows the DNA-RNA hybrid bands of ., 

nuclear RNA labeled,at 18 hours after infection. The pattern 15 similar t~ 

that of nuclear RNA labeled at 28 hours after infection (Iane 1). The 
u • 

full-length hybrid is the most intense band. The hybrid band$corrcsponding 

to initiation site 1 (the fastest migrating band) contains.Jn if lcant 1; 
more radioactivity than the bands corresponding to sites 2 <'\IOd 3, and aven 

slightly more than that corresponding to site 4,'\the major initiation site 

at 28 hours post infection. The pattern of DNA-RNA hybrids formed by 

nuclJjtr RNA labeled for ,2 minutes at 16 hours after infact ~.on 15 shown in 

rJ 
Figu~ 22, O;ne 2). Only four of the 1ess.:than-full-lèngth hybrid bands, 

corresponding to initiation si tes 1 through 4, as wall as Il fu llc-1ongth 

hybrid band, can be observed. In the four 1ess~,than-full-lon8th hybrld 

bands, site 1 (at nucleotide 5050. within the leadér) is th,· mo~l intense 

band. About the same a.(D0unt of radioactivity 15 prosent if} hybrid bands 
( 

corresponding to sites 2 to 4. These resul ts indicate that s 1 te 1 11 the 

Jllajor initiation site on the L-DNA strand at 16 houTS ~ ... ft8r i nfftction. 

There is a minor band which migrated' f aster t.han the band corro.pond ln, t: 0 

Sit3 1; this band WBS ~ot usually seen ln nuclear RNA label.d At 28 hours • 
( 

after infection, ànd cou Id represent a dist inct lnit lat 10n si te loc.tad 
# 

downstream of the leader region, at approxlmatel~ nucleotlda 5020. A. 

ob •• rved on this autoradio$ram, sit •• 5 ta 7 ara rar.ly or n.ver u •• d at 16 

hours post infection. 
\ 
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'" /' 
ligure 21: Bybridization of nuclear RNA labeled with sB-uridine at 18 ~ 

, . 
hours or 28 hours-post infection to polyomavirus DNA fragment 

" BpaII-3L. .1 

Each of the ~OllOWing,;H-Uridine labeled RNA samples was 

hybridize~ with 10 Ilg (l'anes 1 and 3) or 20 118 jlane 2) single

stranded bacteriophage- Ml3 mp8 DNA containing cl,oned polyomavirus 

DNA fragment. HpaII - 3L. Lane.1 : - nue l •• ~ RNA ( 50 "g \0 • 4 x 10' 

cpm) labeled for 2 minutes at 28 hours post infection; lane 2: 

nuclear RNA (100 Ilg,' 0.41 X 10 6 cpm) (from ce Us lnfected with 

insertion jutant lns 4) labeled for 2 minutes at 28 hours post 
-

l'nfeetion; lane 3: nuclear RNA ~100 )Jg, 0.8 x ~ epm) labeled' 

for 2 minutes at 18 hours post i~fection. Hybrids were treated 

'as described in Materials and Methods. Marker DNAs were as ln 

Figure 8. Elec~rophoresis was at SOV (16 mA) for 15 hours. 
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Figure 22: 
• 

Hybridization of nuclear RNA labeled with sB-uridine at 16 '- 1 . -
hours or 28 hou~s post infection to polyomavirus DNA fragment 

1 HpaII-3L. 1 
Each' of the following ~H-uridine ~abeled RNA samples was 

hybridized w{th 10 ~g (lane 1) or 15 ~g (lane 2) single-stranded 

bacteriophage Ml3 mp8 DNA containing cloned polyomavirus DNA 
J 

fragment HpaII - 3L. Lane 1: nuclear RNA .( 50 ~g JO. 35 x 10 6 <cpm) 

labeled fo~ 2 minutes at 28 hours post infection; lane 2: nuclear 

RNA (300 ~g, 4.25 x 10 6 cpm) labeled for 2 minutes at 16 hours 

post infection. Hybrids were treated as described in Materials 

and Methods. Markers were 3H-polyomavirus DN.t\ digested wi tlv 

MspI. Lengths of double-stranded DNA fragments are shown 

adjacent to each band. Electrophoresis was at 50 V (15 mA) for 

15.5 hours. 
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Hybridizatlon of Pulse-Iabeled L~te Nuclear RNA from.Mutànt ins 4-infected 
. -

Cells to Polyomavirus Fragment HpaII-3L. 
., 

Ins 4 is a viable mutant of polyomavirus constructed by. Jacqueline 

Lanoix in our 1aboratory (Lanoix et al, 1986)-. A po1yomavirus DNA fragment 

~rom nuc1eotides 2821 \ to 2964 was inserted into {the Hinc~I cleavage site 

between nucleotides 7964 and 2965 of wild-type po1yomavirus DNA. This 

fragment con tains polyadenylation signaIs (AATAAA) for both DNA Strands and 

is inserted in the sam~ orientation as in wild-type DNA. Therefore, this 

mutant contains two tandemly repeated functional po1yadeny1ation signaIs. 

~oth ear1y RNAs during the 1ate phase and late RNAs were found to be 

po1yadeny1ated within the insert and at the normally used polyadenylation 

site (Lanoix et al, 1986). 

RNA in ins 4->infected 3T6 ce Us 

minutes at 28 hours after infection. 

was labeled with 3H-uridin~for 2 

Labeled nuclear RNA was hybtidized to ' 

po1yomavirus fragment HpaII-3L. The results are shawn in Figure 21 Clane 

2). 
. 

The pattern of DNA-RNA hybrid bands is very similar 'to that shown by 

wi1d-type virus at 28 ho~rs after infection Clane 1), i.e. initiation site . . 
4 (at ~ucleotidec 512~) is the major initiation site. However, the hybrid 

• 
band corresponding to initiation site 1 is more intense than those 

~orresponding to sites 2 and 3. This suggests that a greater number of RNA 

polymerase molecules initiated at 4 site 1 than at sites 2 and 3,' in contrast 

to the pattern seen with wild-type virus. This may be a result of slower 

pattern nqrmally seen at 18 hrs. 

Termination Efficiency During the Early Part of the Late Phase. 

Gel lanes similar to lane 3- of Figure 21 C 18 hr post infection) and 

" lane 2- of ~igure 22 (16 hr post infection) were sliced and th: 



1-

J-

.' 

2 
0.. 
() 

100 
r---

.:f 50 

. . 

., . J 

) 

/0. • 

( . ' 

F 
• 

40 

" 

. , 



, 

1 

, 
131 . \ 

1 

. 
ligure 23: Radioactivi~ profile ~om sliced gel: . nuclear RNA labeled for 

, . 
2 minutes at 18 hours post infection hybridized with 

polyomavirus DNA fragment'HpaII-~L.' . 

Nuclear RNA (130 J.l.~ 1.1 x 10 6~. cpm) labeled for 2 minùtes at 18 

hours post infection was hybridized' with 10 ~g of single-stranded 

Ml3 mp8 DNA containing cloned polyomavirus' fragment Hpa.II-3L. 
'--

Hybrids were trëated as' describad in Mat'erials and Methods. 

After electrophoresis the gel lane was sliced and gel slice~ were 

counted as described in Matèrials and Methods. Only that portion 

of the gel containing DNA-RNA hybrids bands is shown. F 

corresponds to full-length hybrids, . and band nubmers l to 7 
1 

correspond to initiation sites 1 to 7 shown in Figure 14. 
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Pi~ 24: Radioactivity profile from sliced gel:, nuclear RNA labeled for . , 
2' minutes at 16 hours post infection hybridiz~d wi·th l 
polyomavirus DNA fragment HpaII-3L. 

Nuclear RNA (300 ~g, 4~35 x 106 cpm) labeled for 2 minutes at 16 
l ') 

hours post infection was hybridized with 15 ~g of single-stranded 

M13 mp8 DNA containing (;;loned polyomavirus ~ fragment HpaII-3L. 

Hybrids were treated a~ descnibed in Materiafs and Methods. 
-. 

After electrophoresis the gel larie was sliced and gel sliees were 

counted ~s described in Materials and Methods. 1 Only that portion 

of ·the gel containing DNA-RNA hybrid bands is shwon. F 

corresponds to full-length hybrids, and band numbers 1 to 7 
, 

correspond ta initiation sites 1 to 7 shown in Figure 14. 
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ràdioactivity of each slice was measured. Figure 23 shows the profile çf 

radioactivity present in a sample isolated 18 hours after infection, 'and 
" 

Figure 24 that in a'sample isolated 16 hours after infection. 

Table II shows the termination efficiency, calculated as explained in 

Section II for three independant nuclear RNA samples labeled at' 16 hours 

after infection (experiments 1 to 3), and one nuç1ear RNA sample 1abe~ed at 

18 hours after infection (experiment.4). At 16 hours sfter infection, the 

termination efficiency was calculated 'to be about 707., meaning, that seven 

-
out of ten RNA polymerase molecules transcribing the viral DNA ,stop 

transcription before comp1eting a single cycle of the clrcular genome. At 

18 hours sfter inf~ction, theV termination ~ffic.iency calculated for a 

sIngle experiment was 607.. These rèsults suggest that transcription 

terminatibn 15 more efficient during the early part of the late phase than 

it is during the Iate part of Iate phase. 

Termination Efficiency of Mutant ins 4 Late RNAs. 

• Figure 25 shows the profile of radioactivity in nuc1ear RNA labeled 

wi th ,3H-urid,ine for 2 minutes at 28 hours after infection of 3T6 cells wi th 

lns 4 and hybridized to polyomavirus fragment HpaII-3L. Table III shows 

"-
the termination efficiency calculated from three independent experiments 

carried out with ins 4. The termination ~Fficiency per genome traverse at 

28.hours is about 48%, similar to that of- wild-type po1yomavirus at 28 

hours, suggesting that duplication of the L-strand polyadenylation signal 

does rrQ! tncrease the efficiency of termination of L-strand tf8nscription. 

t Other experiments a1so showed that the overall effic1ency of 

polyadenylation of L-strand RNA 18 not increased in cells infected wlth 

t ~tant ins 4 (Lanoix et al. 1986). 
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TABLE II 

/" 

Effi~iency of termination per genome traverse by"RNA polymerase II 

at 16 to 18 hr post infection by polyomavirus. a 

L . Co1umn A 
cpur per 100 U residges 

in DNA-RNA hybrids , 
Column A + Column' B 

Experiment A. Less~than-full-length B. Full-length 
::II Termination 

efficiency 

1 220 100 0.69 

2 180 70 0.72 
, 

"l"'"\ 
3 430 150 0.74 

4 220 140 0.61 

a Nuclear RNA labeled with 3H-uridine for 2 minutes·at 16 hours 

\ (experiments 1-3) or 18 hours (experiment 4) post infection'was 

hybriaized with polyomavirus DNA fragment HpaII-3L. Hybrids, treated 
i _ 

with RNase Tl and S1 nuclease, were subjected to electrophoresis and gel 
• '~.. c 

slices were counted as described in Materials and Metbods. ,.>, 

b As descr!bed in Table 1 . . , 
1./ 
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Figure 25: Rad~oactivity profile from sliced gel: nuclear RNA from ins 4-
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infected cells labeled for~ minutes at <28 hours post infection 

hybridized with polyçmavirus DNA fragment HpaII-3L. 
, 

Nuclear "RNA (120'j1g, 0.4 x 10 6 cpm) from ceUs infected with 

mutant ins 4 (Lanoix et al, 1986) labeled for 2 minutes at 28 

hours post infection wa~ hybridized with 20 j1g of single-stranded 

~ Ml3 mp8 DNA containing cloned polyomavirus HpaII-3L fragment. 

Hybrids were treated -as described in Materials and Methods. 

After electrophoresis the gel lane was sliced and gel slices were 

counted as described in Materials and Methods. Only that portion 

of the gel containing DNA-RNA hybrid bands is shown. F 

corresponds to full-Iength DNA-RNA hybrids. and band numbers 1 to 

/ 7 correspond to initiation s~es 1 to 7, shown in Figure 14. 
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TABLK In 

Efficiency of termination per genome traverse by RNA polymerase II 

• . • a at 28 hr post infection by polyomaviru~ mutant ins.4. 

~ 
Column A 

cpm per 100 U nesidges 
in DNA-RNA hybrids 

Co1umn A + Column B 

Experiment A. Less-than-full-length B. Ful111ength 
- TerminatiOn 

efficiency 

1 210 250 

2 340 420 0.45 

3 760 630 0.55 

a Nuclear RNA was labeled with 3H-uridine for 2 minutes at 28 hours post 

infection of cells with polyomavirus mutant ins 4. RNA was hybridized, 
-

with polyomavirus DNA HpgII-3L fragment. Hybrids, treated with ~ase Tl 
~ , \ 

and SI nuclease, were subjeeted to electrophoresis and gel sliees were , . 
counted as described in Materials and Methods. 

b As described in Table I. 

. \ 

\ 
. , 

• 

'. 



... 

1 
" 

• 

c 

( 

.. 
139 

DISCUSSION 

Preferential Usage of Initiation Sites at Different Stages of the Lytic " 

Cycle. . 
• 

Transcription initiation sites on the polyomavirus L-DNA strand have 

been studied extensively ~y S1 nuc~ease mapping of the S' ends of mRNA or 

steady-state nuc1ear RNAs (Treisman, 1980; Treisman and Kamén, 1981; Heiser 

and Eckhart, 1982), or by decapping and enzymatically labeling S' ends of 

mRNA (Cowie et al, 1981). These studies have revea1ed an extreme'S' end 
~ 

heterogeneity within a 100 nucleotide region (between nucleotides 5150-

5050) immediately preceding the 57 nucleotide leader region (between 

nuc1eotides 5076-5020). 

-
The resu1ts of our S1 mapping of S' ends of pulse-labeled nuclear RNA 

isolated from cells infected 'with the AT3 strain of polyomavirus are in 

genera1 agreement with( these' rep;orts. H~wever, due to the duplication of 
1 

the region where initiation 01curs (nucleotides 5099-5174), our virus 

strain ha: a higher degree of ~'-end het[ogeneity , S!reading over a 150 

nucleotide region \nucleotides 5050-5202) Mo~t RNA polymerases initiate 

transcription within an 80 nucleotide regi n, between huc1eotides 5050 and 
\, .. , 

5128 (s~\ Fig. 21 a~d Fig. 14 for the map of the initiation region). With-

in :;iS region, there are four major initiation sites, nattely; site' 1 at 

nucleotide 5050; site 2 at nucleotide 5076; site 3 at Qudeot1de 5100 and 

site 4 at nucl~otide 5128 (see Section II for more oetailed d~ription). 

As shown in the result&section, although aIl sites are used, there is 

a preferred major initiation site at differe~t stages of lytic infection. 

At' 28 hours after infection, the major initiation site is at nucleotide 
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5128 (site 4); the other 3 sites (sites 1 to 3) being used less frequently . ' 
but at roughly.equa1 frequencies. ' When 60 minute-labeled nuc1ear RNA W4S 

~sed. the DNA-RNA hybrid band correspondIng to site 2, at nucleotide 5076, 

became the Most intense band (Fig. 17, lane 4). '" This can be explained by 

the fact that there is little or no processing of nu~lear RNA dur~ng a 1 or 

2' min labeling period, whereas at 6,0 min Most nucleàr RNA is' processed. 

The hybrid band corresponding to site 2 m~ps the 5' end of the last leader 

that is spliced to the Vpf mRNA coding sequences (Fig. 18). Slnce they 

only analysed steady-state nuc1ear RNA O~A. other investlgato~s 

(Treisman, 1980; Treisman and Kamen, 1981; Heiser and Eckhart, 1982) could 

not . disti~guish between initiation at this site and splicing. When 

attempts were made to kinase the 5' ends of la te RNAs, in~estigators cou1d 
('(". 

not me~sure the fr~quency at" which this si te was used because S' ~nds 

loeated at nucleotide 5128 did not g( t kinased, showing that the k lnase 

reaetion can be selective (Cowie et al, 1981) and therefore inconclusive . 
./ '1'-,. _ 

Although we found a substanUal level of in i t iation wi t:'nrn"'" the leader 
, ~~ 

region, at nucleotide 5050, previous'authors (op. cit.) found on1y very 10w 

~vels within this region. This discrepancy in results May be nttributed 
. 

to: 1) the difference in virus strain. although the sequences of the major __ -;---', 
. -~ 

initiation region are exactly the srune; 2) the use of cytQp.lasmlê--poly (A)' 
~-~~ 

aNA or steady-state nucl~ar RNA instead of-mrsCent nuc1ear RNA,. Some RNA 

precursors initiated, at' certain sites May never be processed lnto mature 
t 

mRNA and therefore analysis of 5' ends of mRNAs present-in t~e cytoplasmic 

poly (A)· fraction or in steady state'nuclear RNA would not reves1 al1 the 
, 

initiation . sites used during transcription. Bince theile precursor 

transcri~ts mlght be rapidly ~e8raded. no~ proce.sed or not transportad to 
• 

the cytoplasm. 
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~At 18 hr post infection. site 1 (nucleotide 5050) and site 4 

(nucleotide 5128)------were used to the sarne extent (Fig. 21,' lane 3). in 

contrast to the preferential use of slte 4 at 28 hr. Furthermore. at 16 hr 

post infection, there was a preferential usage of site 1 (nuc1eotide 5050), 

• which oecame the major initiation site. This initiation site lies within 

- 1 the le~der region. A similar shi ft of>initiation site has been observed in 

both polyomavirus and SV40 E-strand RNA synthesized during the early ph~se, 
-, 

as compared ta that of E-strand transcrlpts synthesized during the late 

phase of the lytic cycle (Fenton and Basil:ico, 1982;. Ghosh and Lebowitz, . . 
198..1; Hansen et al, 1981). A possible explanation for the shift in 

initia~on sites of E-strand transcription is that the binding of large T 
" - "\ 

antigen to the nucleotide 94-152 region (Pomerantz et al, 1983) may prevent , 
RNA polymerase from initiating at the major early initiation sites (between ..... 

nucleotides 145 and 153) during the late phase. 

The reason for the shift of initiation sites we have observed between 

the early and late parts of the late phase is not at aIL ~lea~ We propose 

the following .a~ possible mechanisms: 1) Both auxiliary elements for DNA 

r-aplication are located between nucleotides 5097 and 5202 (Muller ~ al, . . 
1983). , " During. the early part of tl}e late phase, this region may be 

occupied by proteins involved in DNA replication, which would force RNA 

polymerase to initiate more freq~ at the more downstream site. As the 

late phase progresses. and more DNA templates become available for 

transcription. a smaller fraction of the DNA may be en~aged in replication, 

and the upstream sites May therefore be used more frequently. 2) The s~e 

region aiso contains enhancer sequences required for bath early and late 
, , 

gene expression (Mueller et al, 1984; Veldman ~ !!,!, 1985); binding of 
\ 

large T antig~n to this region could have the same effect of blocking 

access of RNA polymerase to these'Jsites. 3) ~ring the la~e fart of the 

cO • • 
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late phase, increas:irng numbers of viral capsid proteins may bind to the 
) 

viral DNA and cause changes in the chroma tin conformation, shifting the .. 
major initiation site to the more up~tream site. 4) An AT-:ich region 

TAATTAAAAG (nucleotides 5158-5149) occurs in the DNA 30 nucleotides 5' to 
~ , 

the initiation site at nucleotide 5128. This region is similar to the 

"Goldberg-Uogness" (TATA) box found at the sarne ,distance from most mRNAs 

capped termini (Gannon et al, 1979). 'The l'ole of this sequence in genes 

that show high leve~s of heteiogeneity at the rnRNA start site is not known. 

Mutants that lack this sequence are fully viable (Cowie et al. 19B1). It 

is possible that this sequence functions as a "'tÂTA" box for polyomavirus 

late gene expression. This region may not be availab1e whenl DNA 

replication is taking place during the early part of the late phase. 

Therefore. RNA polymerase is forced to use another AT-rich region TATTTTAAG 

(nucleotides 5085-5077) located further downstrearn, 35 nucleotides up9t~eam 

of the initiation site at nucleotide 5050. Clearly further studies are 

required for ,a better understanding of this shift of in~tiation site. 

Variations in Termination Efficienc at Different ta es of the L tic 

Cycle. 

During the early phase of the lytic cycle. most E-strand RNAs are 

terminated and processed' very efficiently (Acheson and Hieville, 1978). 

However'e duriog the la te phase"'l (28 hl' post infection) termlnation and 
• 1 

processing of L-strand RNAs are not effic~nt at all (A~heson. 1978, 1984). 

The results preseoted in this section show that the efficiency of 

transcription termination declines as the late phase progresses. During 

the early part ,of the la te phase (at 16 hr post infection). the efflciency 

of termination i8 about 70%; it decreases to 60% at 18 hr. ~nd further to 

50% at 28 hr post infection. 

,. 
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, An analogous phenomenon occurs with SV40~ 

monkey cells ls very rapid and efficient throughout the lytic _ycle; very 

little unprocessed precursor being found in nuclei of infected cells (Chiu 

~ al~ 1978; Ford and Hsu, 1978). However, when SV40 DNA is injected into 

Xenopus oocyte nuclei, multigenomi~ length viral RNA molecules are 
~ 

synthesized, and proce~sing of these g:tant molecules is very inefficien,t 

(Miller et al, 1982). Studies of the .synthesis and degradatiQn of 
\ 

heterogenous nuclear RNA in stage 6 oocytes of Xenopus laevis have shown 

that ~pproximately 957. of this RNA tu ms over in the nucleus (Anderson and 
r 

Smith, 1977). Diaz et al (1981) have shown that termination of histone -- . . 
gene transcription , in lampbrush chromosomes is inefficient. Talcen 

together, these results suggest that stage 6 oocytes of Xenopus ,laevis lack 

some processing factor(s). Thus, although the transcription rate is 

normal, most transcripts accumulate and tum over in the nucl~s. 
\, 

Termination, ~ splicing and polyadenylation of these transcripts are not 

efficient. Therefore, only a smalt port-ion of RNA precursors. is fully 

• 
processed to mature mRNA and transported to the cytoplasm. 

This situation is very similar to, that observed in polyomavirus
\ .. 

infected mouse cells during the ~ate phase of infection. Transcription of 
, 

vital DNA is still very active, but transcription termination and 

processing are very inefficient. Giant viral RNA molecules accumulate in 
• 

the nuclei; only a small portion (5%) of th~se transcripts is processed an~· 

transported to the cytoplasm (Acheson, 1984). When an' additional 
. " 

polyadenylation signal is insert~d into the wilg-type DNA (ins' 4), the 

efficiency of polyadenylation and that of termination are not increased at 

28 hr post-infection. This sttg~ests that inerficient termination and 
, 

polyadenylation (processing) are the result of limiting amounts of cellular 

If 
factQr{s) required for both these processes. However, we cannot rule out 

of 

ri 
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other possibilities; for example, viral late gene produets mày aet as 
.. 

'antitermination factors. It wou Id be intere.sting to know whether the 

• 1 

efficiency of termination and that of polyadenylation are hlgher ln lns 

4- infected cells at 16 hr post infection compared ta that at 28 hr. 
, l 'III 

Howeyer, this experiment may be difficu1t ta achieve, because of the 10wer 

titers of ins 4 virus stocks and 'the smal\ amaunt of 1ate. vi ra1 RNAs 

present in infected cells during the ear1y part 9f the late phtse: in wild . , 

type-infect~d cells, about 0.057. of 2 min-labeled nuclear RNA hybrid~zed to 

P01YOmaVirés fragment HpaII-3L at 16 hl' post infection (data not shown). 

Each l~ne on the gel described in the resui ts section (Fig. 22, Iané' 2) 

c0ntains 2 to 3 90 mm petri dishes worth of total nuclear RNA, and the 
\.. 

autora~iograms ha{e to be exposed for 4 to 5 weeks or longer, in order 'to 

60btain a reasonable signa,l. At 18 hr post infection', about o)Ut of 2 min 

1abe1ed viral RNA in the infected ceU ,nucleus hybridized te polyomav~rus 

~ fragment HpaII-3L, and at 28 hl' about 37.. In contrast, ln lns 4-infected 
. 

cells, only about 0.87. of 2 min-fabeled nuclear RNA extracted at 28 hr post 

infection hy~ridized ta fragment HpaII-3L. 
1 

As noted above, transcription of E-strand RNA i8 eff ic1ently 

'-terminated during the early phase of - the lytic cycle. - However. there i. 

. . 
evidencé that during the late phase of infection, E-strand transcripts are . 
comp1ementary to the entire L DNA strand (Kamen !! al, 1974; Beard!! !!. 

1976; Kamen ~ al, 1982). The same results have. bean obt"Ained in our 

laboratory with in vivo \abel~d RNA isolated 28 hr post infection (He~ally. 
1983) and with RNA labeled in ill.!.2 in isolated nucle1 or ln viral 

t;anscription complexes (Skar~e8. 1985). 

we1l, inefficient termination during the 

In the case of P.-strand RNA a~ 

late phase of the lytlc, cycle m/y' 
he due to limiting amounts of term~n.tion .nd eroe.l.lng factors. Hovaver. 

-more studies are required to prove th1. pOint. Por exampl., it vould ~ of 
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interest to study the kinetics of accumUiation and process~ng of 

transcrip,ts \.of a cellular gene during polyomavirus infection, especiJllly 
1 • 

during the late phase, to determine whether the processing of these 
\ 

cellular RNAs is effici~nt or not . 
• 

If termination is înefficient 'during the late phase of polyomavirus 

infection because °of limiting amounts of termination factors, one would 

expect cellular genes to behave in th~ same fashion, competing for 

available factors. .. 
~ 

If, on the other hand, termination is inefficient 

because of an inherently weak termination signal on the L strand of , 
polyomavirus, transcription of the cellular gen,e would be expect.ed to be 

effiaiently terminated . 
• 

• 

\ 

• . • , 
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III 1: • 
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1 • 
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SECTION IV 
,1$ 

,... 
Identification of In !!!2 Transcriptïon Teraination 

• 
and/or Pausing SItes on the L-Strand'of-Pol~irUs DRA 

) 

V". 
In higher eukaryC?tes, the lqéJture 3' ends of mRNAs are created by 

endonucleolytic cleapage ef precursor RNAs followed by the addition of a 

poly(A) tr~ct to t~e newly exposed 3' ends (Nevins ~nd Darnell Jr .• 197fo). 

The hexanucleotide, AAUAAA,' is found 10 to 30 nuc{eotide~ upstream 'of 

" polyadenylation sites of. many. mRNAs 
~ 

'-!, 

(Proudfoot and Brownlee, 1976). 

Removal or alterat)on of this AAUAAAt motif prevents cleavage of the pre-
, 

mRNAs (Fitzgerald and Shenk, 1981; Monte~l et al; 1983; Wickens and 

Stephenson; 19~4). 

Not much is known about the sites at which RNA polymerase 'II 

terminatés transcription of mRNA 'coding genes, nqr is the nature of the 

sdqu~nces which ~ignal transcription termination understood. There 15 
........ "1 

evidence that RNA polymprases transcribe past polyadenylation sites and 
).. 

terminate up to several kilobases downstràam of these sites (Ford and Hsu, 
1 0 . . 

1978; Nevins!! al,. 1~80; Hofer and Darnel! Jr., 1981). 

In vitro nuclear run-on experiments have revealed a Jearly equimolar 

distribution of label in the spacer DNA immediately downstream of , 

po~yade~ylation sit~s when compared to label ln sequences upstream of the •• 

sites (PraYne ~!l, 1984; Mathe~'~!l, 1984). Other studie. have shown a 
. . 

progr8~~ive reduction in the "'transcription of regions downstrsam of the 
"1 r ./) 

polyadenylation site (Citron !S!l. r984; Hagenbuehle !! !l,' 1984; ~aH.ur , . 
.!S al, 1984; Rohrbaugh !! al,' 1985). Sl nuel .... mapplng of .!!! vitro 

. . 

J 

.. 
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, " steady state nuclear RNA labeled nuclear RNA (Ci tron ~ ar: 1984) , or 
-

(Hagenbuchle et al, 1984) have suggested that ~erminat~on of transcription 

occurred at multiple .s::i.tes within a region severàl .hundred nucleotides 

long. 
. 

Falck-Pedersen ~ al (1985) .inserted into 'the adenovirus-5 ElA gene 

segments of the mouse major ~-globin gene, which eontained a transcription 
1 

termination region. Analysis of RNA labeled in isolated nuelei 

demonstrated that transcription terminated .within the insert when it 

contained the mouse ~~globin gene POlyadenYlatio1 site plus 1.4 kb of DNA, 
-

including the region where heterogeneous transcription termin~on was 

observed. When inserted in the opposite orientation, this DNA fragment did 
1 -

not signal transcription termination. Insertion of the segmen~ that 
~ 

contains the heterogeneous termination region alone in" either orientation 

did not • direct any termination.. suggestmg that termination of 
. 

tr~seription might be linked to the polyadenylation event. 

During the lat:.. phase of lytic infection, at 28 hr post infection, 

termination of transcription of polyomavirus L DNA strand by RNA polymerase 

II is inefficient. RNA polymeras:s can therefore traverse the viral genome 

\ several times without terminating. which gives risl! to giant transcrip~s 

that eontain tandem repeats of the viral genome (Aeheson, 1978). We have 
< 

shown that' approximately 50% of RNA polymerases terminate transcription per 

genome traverse (This thesis: Tseng and Acheson, 1986). Hybridization of . 
~ vivo pulse-labeled nuclear RNA (McNally, 1983), ~ labeled 1a vitro 

in isolated nuclei or in viral transcription comple~es (Skarnes, 1985) to 

various restriction fragments of polyomavirus L DNA strand has revealed ~ 
. l' 

cP 

lower level of hybridization to fragments down~tream of the polyadenylation 
\ 

site when compared tQ the amount. of radioact,ivity hybridized to upstream 
• 0 

fragments. 

.. 

( 
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Polyadénylation oeeurs within . . 1-t' min after tmA polymerase passes 

through the poly(A) site (Aeheson, 1984) • 'Ï'ranseripts downstream of 
. 

sttes p,olyadenylation are extremely uns table (Hofer and Dame11 , 1981; 

Citron et al, 1984). Sinee proeessing of mRNA oecur~ 50 fa~t, unproeessed 

transeripts must OI)ly represent - a very sma11 proportion of total steady 
\, -

state RNAs. Therefore, in arder ta be able to detect 3 1 ends of RNAs which 

might correspond ta termination sites, one must analyze nascent nuclear RNA 

labeled in vivo for éJ. very brief period. Nuclear RNA labeled for 1 or 2 

minutes (naseent RNA) should contain a mixture of processed and unp~oeessed 

RNA, and should allow us to map 3 1 ends that are created by terminati.on. 

_~y use of our S1 nuelease~pping method (described in Section 1; Tseng and 

Acheson, 1986), we have detected ..RNAs with a series of 3 1 ends whieh may 

• repres~t sites where RNA polymerase II eithe~ pauses during elongation, or 

terminates transcription. 

l 

J 

• 
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RBSULTS 

Transcription Does Not Terminate at a Single- Major Site on Polyomavirus 

L-strand DNA. 

3T6 cells infected with polyomavirus were labeled with SR-uridine for 

60 min from 27 to 28 hr after infection. Nuclear RNA was hybridized to the 

L strand of polyomavirus PstI fragments 1 to 5, as weIl as to HincII-PvuII 

fragment 2L (nt 2032 to 2962) 
" 

(see Figure 4) • After ribonuclease 

treatment, filter binding and SI nuclease treeement, DNA-RNA nybrids were 

analyzed by gel,electrophoresis. The rp.sults are shown in Figure 26. The 

most prominent band present in a11 lanes represents fUl~ength DNA-RNA 

hybrids (arrowheads). Lane 1 shows the results of hybridization of RNA 

with fragment PstI-IL. There are two other major hybrid bands besides 

fu11-1ength hybrids. These two bands correspond to RNAs with a 3' end at\. 

nucleotide 1230 (upper band), and a 5' end at nucleotide 1170 (lower band), 

first 0 detected by Treisman and Kamen (981) in steady-state nuclear RNA 

('see below, Figure 30)., Lan~ 2 shows hybrids ,fo;med with f~agment PstI-2L. 

Bands just ~w the full-Iength hybrid correspond to RNAs whose 5' ends 

are 10cated at the trapscription initiation sites contained within this 
,1, 

fr~gment, and which are continuous with the remainder of the fragment fsee 

Section IÎ). The minor band about 480 nucleotides long corresponds to the 

5' end of the body of VP3 mRNA w~ich is spliced at nucleotide 4707 to the 

leader at nûcleotide 5020 (see Figure 1). 

Lane 3 shows the results of hybridization with fragmènt PstI-3L. 

Besides the fu~l-length hybrid, the band about 810 nucleotides long 

corresponds to the 5' end of the body of VPl mRNA which is spliced from 

nucleotide 4122 to~the leader (see Figur~ 1). 0 Lane 4 shows hybrids fo~ed 

... ~ 
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1 

Pigure 26: Hybridization of nuclear RNA labelèd with 3B-uridine for 60 min 

, 

\ 
( 

• 

to polyomavirus DNA fragments. 

Polyomav·irus infected 3T6 cells were labeled with 3H-uridine at 

2~t post-inf~tion for 60 min. Total nucle~r RNA (50 ~g, 4.4 x 
l ,? 

10 6 cpm) was hybridized with la J.lg of single'-stranded bacterio-
</'. 

phage fdl03 or Ml3 mp8 DNA containing cloned polyomavirus DNA 
1 

fragment PstI-lL (lane l), PstI -2L (lane 2),. PstI-3L (lane 3), 

PstI-4L (.lane 4), PstI-51 (lane 5), or HindII-PvuII-2L (lane 6) 

\ 
(see ~Figure 4 for the restriction map). Hybrids were treated 

with 200 units/ml of RNase Tl, bound to nitrocellulose filters, 

and eluted by incubation wi th 333 uni ts/ml o( SI nuc1ease as 

described in Materials and Methods. Position of full-length DNA-

RNA hybrids are iadicated by an arrowhead. Marker DNAs Oanes'M)n 

were 3H-polyom~virus DNA digested with PstI or MspI as iri Figu+ ~ 
8. ! 

\ 

o 

o 

( 

./ 

.0 
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with fragment PstI-4L. This fragment contains the polyalilenylation site for 

L-strand RNA!f'" at nucleotide 2900 (Ramen et al. 1980). A hybrid band 410 

nucleot ides in length -corresponds to RNAs wi th 3' ends at this site. 

Lane 5 shows hybrids with fragment PstI-SL. Surprisingly. two hybrid 

bands m~ gr a ted III<lre s 10ly than the full -1ength hybr id ( 621 nue leo tides ) , 

no hybrid larger than full length is expected after S1 nuclease treatment 

of DNA-RNA hybrids. We believe that these bands migrated more slowly . 
because of secondary structure in theL DNA-RNA hybrids (see below). A 

prominent minor hybrid band about 400 nucleotides long was also observed in 

lane S. This band would correspond to an 'RNA whose 3' end is at nucleotide 

80. located just downstream of a GC-rich palindrome between the two large.T 
\ , 

étntigen binding sites A and B (see Figure 31B) and .will be further 
, \ 

discussed below. Lane 6 shows hybrids with HincII-PvuII fragment 2L. This 

fragment covers nea;ly 800 nucleotides downstream from the polyadenylatïon 

site and 'overlaps ~ith fragments PstI-4L and PstI-lL. There were no major 

bands in addition to the fUl~length hybrid band. 

Having established patterns of hybrids with 1 hr-labeled.RNAs, l th~n 

analyzed late polyomavirus nuclear RNAs labeled for 2 ,min by using the same 

set of cloned DNA fragments (Fig. 27). ,Two minute-labeled. RNA should 
r, 

conta in mostly growing RNA chains and RNAs which have been terminated and 

released but not yet processed into mature mRNAs. 

be'revealed by the presence of RNAs with specifie 

Te~i~ion sites should 

3' endsijin pulse-labeled 

RNA. Again. the Most prominent ~ands were full-length hybrids. In lane l, 

• 
the two smaller bands which were present in 1 hr-labeled RNA (Figure 26) 

were present at \nlY low \ levels. This suggests that the 3' end at 

nuele9tide 1230 aÂ- the 5' end at nue1eotide 1170 are er~ post

transcriptional cleavage of longer RNAs. and that very little cleavage . 
takes place within l minutes of their synthesis. in lane 2, bands 

" 

-. 
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Figure 27: Hybridization of nuclear RNA labeled with 3H-uridine for 2 min 

" 

to polyomavirus DNA fragments. 

Polyomavirus infected 3T6 cells were labeled with 3R-uridine for 

2 min at 28 hr post infection. Total nuclear RNA (50 ~g, 1.1 x 

10 6 cpfu) was hybridized with 10 ~g of single-stranded bacterio

phage fdlO'3 or M13 mp8 DNA containing cloned polyomavirus DNÂ-' 

'fragment PstI-1L (lane 1), PstI-2L (lane 2), PstI-3L (lane 3), 

PsU-4L (lane 4), PsU-5L (lane 5), or HindII-PvuII,.2L (lane 6) .. \ 
(see Figure 4 for the restrictiqn map). Hybrids were treated 

. 
with 200 uni ts/ml of RNase Tl, bound to nitrocellulose filte1:s, 

VI 
and eluted by incubation with 333 units/ml of Sl nuclease as 

described in Materials,and Methods. Position of full-length DNA-

RNA hybrids are indicated by ,an arrowhead. Marker DNAs (lanes M) 

were 3H-polyomavirus DNA digested with PstI or MspI as in Figure 

8. 

,. 
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corrésponding ... to RNAs whose 5 tends are at the transcription ini tiation 

sites were present. This is expected,. as initiation of transcription 

""" should talce place continuousiy , and therefore some newly-initiated RNAs 

should be synt,hesiz'ed during the 2-minute labeling periode On the other 

h~d, bands which correspond to the splicing sites ~t nucleoides 4707 and 

4122 (Ianes 2 and 3-) and to the polyade~ylation site at nucleotide 2900 

(lane 4), were not present'in significant amounts. Since polyadenylation 

and splicing are post-~ranscriptional events, proc~ssed RNAs are not 

expected to be seen in briefly pulse-la~led RNA. Interestingly, the 400-

nucleotide band in Iane 5 which corresponds to an RNA wi th a 3 tend at' 

nucleotide 80 was as intense in 2 min-labeled RNA as in 1 hr-Iabeled RNA. 

Therefore, this 3 tend may represent a strong pausing or termination site 

for RNA polymerase on polyomavirus DNA (see below). Finally, numerous 

minor bands were present in aIl Ianes when 2 min~labeled RNA was analyzed, 

in contrast to the 1 hr-labeled RNA. These minor bands, if they represent 

3' ends of RNAs, could rev~al sites where RNA polymerase II either pauses 

or tez:minates transcription. 

Kinetics of Processing of Viral RNAs. 

The rate of appearance of viral RNAs whose 3', or 5' ends are created 

by processing events was examined more closely. Nuclear RNA was --labeled 

" 
with 3B-uridine for 2, 10 or 60 minutes at 28 hr after infection and 

hybridized to PstI fragment IL (Figure 28) or PstI fragment 4L (Figure 29). 

(In both cases, the most· prominent band was full-Iength hybrids, as noted 

previously. RNA labeled for 2 min gave rise to a series of discrete minor 

hybrid bands, which are reproducible in relative intensity and position in 

different experiments. As labeling time -increa~ed to 10 an~ 60 min, the 

intensity of bands corresponding to the major processed RNAs increased 

relative to that of the minor bands. 
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ligure 28: Hybridization of 3H-labeled nuclea~RNA ta polyomavirus DNA 

fragment PstI-IL •. 

. Each ,of thl following l~-uridine 
hybridized 1 with sinfle-~tranded 

labeled RNA samples 

b~cteriophage fdl03 
~ 

was 

DNA 

• containing cloned polyomavirus DNA fragment PstI -IL. Lane 1: 

nuclear RNA (90 j.Jg, 8.6 x 10 5 ~cpm) lab~led for 2 min at 28 hr 

post-infec:t;ion, hybridized .with 18 J..Ig DNA; !ane 2: nuclear RNA , 
(45 ~g, 9.1 x lOs epm) labeled for 10 Jilin at 28 hr post 

infection, hybridized with 9 J..Ig DNA; lane 3: nuclear RNA (20 j.Jg, 

9.5 X 10 5 cpm) labeled for 60 min from 27 to 28' hr post 

infection, hybridized with 4 J..Ig DNA. Hybrids were treated with 1 

J..Ig/m~ of RNase A, followed by 125 j.Jg/ml of proteinase K, bound to 

nitrocellulose filters, and eluted by SI nuclease as described in 

Materials and Methods. Sizes and positions of expected DNA-RNA 

hybrids.. are indicated. Marker DNAs were 3H-polyomavirus DNA 

digested with PstI (lane M) • ... 
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. ~ 
Figure 29: Hybrifilzation of 3H-labeled nuc!ear RNA to polyomavirus DNA. 

fragment PstI-4L. 
, ~ 

Each 9f the' following 3H-uridine labeled RNA samples was 

hybridized with sïngle-stranded bacteriophage fdl03 DNA 

contai~ clone~ polyomavirus DNA ~rfgment PstI -4L. Lane 1: 
b 

nuclear RNA (90 ~g, 8.6 x 10 5 cpm) 1abeled for 2 min at 28 hours 
Q 

post infection, hybridized with 18 ~g DNA; lane 2: rtuclear RNA 

(45 ~g, 9. 1 x 10 S cpm) labeled' for 10' min at 28 ho urs post 

infection, 'hybridized with 9 ~g DNA; lane 3: nuclear RNA (20 ~g," . 
9.5 X 10 5 cpm) labeied for 60 min from 27 ta 28 hours" post 

infection, hybridized with 4 ~g DNA. Hybrids were treated with 1 

Jg/ml of RNase A, followed by 125 ~g/ml of proteinase K, bound ta 
, 

nitrocellulose filters, and eluteB by SI nuclease as described in 

Materials and Methods. Sizes and positions of expected DNA-RNA 
"-

hybrids are indica~ed. Mark~~ DNAs were 3H-polyamavirus DNA 
• 

digested with MspI (lane M): 

•' ~ \ 

( 

o 
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Ideally, to compare relative intensities of these bands. among 

different RNA sample~, identical levels of S1 nuclease-resistant viral RNA 

shou1d be loaded onto eaeh gel 1ane. However, this was difficult to 
1 

achieve in praetice, since specifie radioactivities of RNAs varied from 

samp1e to sample, and t-he proportion of 1abeled RNA which was virus-

specifie a1so varied. In the experiments shown in Figures 28 and 29, more 

1abe1ed virus-specifie RNA was present in samples labeled for 2 min (lane 

1) than in samples labeled for 10 or 60 min (l:mes 2 and 3). It ean 

. nevertheless be .coneluded that only very low levels of proeessed RNAs 

examined (RNAs with a S'end at nt 1170 or a 3' end at nt 1230 in PstI , 

fragment IL, Figure 28; RNA with a polyadenylated 3' _end at nt 2900 in PstI 

fragment 4L, Figure 29) were present in the 2 min-labeled RNAs. Therefore, 

the assumption t)lat 2 min-labe1ed RNA contains mainly unproeessed and 

naseent RNA chains is largely justified, at least insofar as these 

particular processing events are eoneerned. 

It 1s known that eleavage of mRNA precursors to farm the 

po1yadeny1ated 3 ,- end of mature mRNA oecurs within 1-2 min of the'ir. 

synthesis (Nevins and Darne1l, 1978; Ach~son, 1984). Sinee very little of 

th~ 2 min~làbeled RNA has been cleaved at this site (Figure 29, lane 1), l 

conclude that the effective labeling time in this sample is 1 min or less 

(see Section II, Tseng 
\. 

and '\ Aches.0n 1986). By 10 min of label:ing, 

sUbstan\ial levels of aIl three proeessed RNAs examined here have been 

made. Therefore, the cleavage of RNAs at liucleotides 1170, and 1230 must 

t_lace within a féw minutes of the synthesis of their -p 

~ thà~ in'neither case' is a majority of the RNA processe 
- . 

RNA. 

60 

min (the intensity of ful1-length hybrids being mueh greater than ha~ of 

the processed species, taking inta 8ecount the relative lengths of 

'r 
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the different bands). This suggests that some of the viral RNA synthesized 

i9 rapidly processed. and ëhat much of it is nève~ processed (see Acheson, 
P' 

1981b) • 

There is no evidence for the accumulation of an RNA species whose 5' 

end would be created by cleavage of a precursor at the polyadenylation site 
~ , . 

and.whose 3' end wou1d be 10cated somewhere downstream of the end of PstI 

fragment 4L. Such an RNA would appear in Figure 29 as a band 450 

nucleotides long, which should migrate somewhat more slowly than the 

413-nucleotide band which corresponds to polyadenylated RNA. This suggests 

that the distal portion of the precursor RNA is very uns table after 

cleavage at the p01yadenylation site, and that it is rapidly degraded. 

Most of the Minor Bands -C'orrfiP.;pond to RNAs wi th Distinct' 3' Ends. 
? 

. . 
It was important to determine whether 

o 
the numerous minor bands 

detected in pulse-Iabeled RNA correspond to RNAs with specifie 5' or 3' , . 
, ends. If RNA p01ymerase either pauses_ during chain e1~ngation or 

terminates transcription at specific sites on the template DNA. RNAs with 

specifie 3' ends will be generated. On the other hand, rapid 

endonuc1eolytic cleavage at specifie sites on precutsor RNAs would give 

rise to a population of RNAs of which one-half would have 5' ends at those 

sites, and one-half would have 3' ends at those sites (see Figure 30B). 
, " 

To' determine whether the numerouS minor bands detected in pulse-

labeled RNA correspond to RNAs wi th specifie 5' or 3 1 ends. l hybridized 

RNA with two cloned DNA fragments which differed on1y in their distal ends. 

PstI fragment 1 was cleaved wi th SaoJ and the resul ting fragment was 

recloned into Ml3 mp8. This was carried out by Thu-Hang Tran in our 

iaboratory. The resulting clone is 85 nucleotides shorter than PstI 

fragment 1 (see Figure 30B.). RNf\s whose 3' ends lie w~thin this fragment 
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ligure 30.: 

::::::::::::nD:: ;:::::'~:~::~::dO:np:::::L::a:: ;:::j:~t. 
A. 3H-labeled RNAs deSCri+.d below ~ere hybridized to 10 J,Jg 

single-stranded, M13 mp8 DNA containing cionea polyomavirus PstI 

fragment IL (Ianes 1-4) or PstI -IL-SacI subfragment _ (Ianes 5-8) 

(see text). Lanes 1 and 8: ~H-Iabeled RNA (4.5 x 10 3 cpm) 

transcribed in vitro by SP6 RNA polymerase from aS. 25 kb XbaI 

fragment of polyoIqavirus DNA inserted into plasmid SP64 (see 
- , 

Materials and Methods); Ianes 2 and 7: 3H-labeled RNA (90 x 103 

cpm), same as Ianes 1 and 8; lanes 3 and 5: nuclear RNA (50 J,Jg, 

0.45 X 10 6 cpm) Iabeled for 2 minutes in ~ at 28 hours post 

infection; Ianes 4 and 6; nucirar RNA (21 ).1g, 1. 3 X 10 6 cpmf 

labeled fgr 60 min in vivo from 27 to 28 hours post infection. 

Hybrids were treated~ with 400 units/ml RNase Tl, bound to 

nitrocellulose filters, and eluted by incubation with SI nuclease 

. as described in Materials and Methods. Marker DNAs were as in 

Figure 8. Electrophoresis was at 50V (20 mA) for 10 hours. 

B. Diagram showing DNA-RNA hybrids generated by SI nuclease 

mapping using polyo~virus DNA fragment PstI-lL and PstI-1L-SacI 

subfragment. SoÜ.d line represents polyomavirus DNA - fragment 

PstI-1L. SacI restriction site is indicated. Numbers below the 
. 

line show the positions of .PstI and SacI sites, and S'end (nt 

1170) and 3' end (nt 1230) found in steady·state RNA by Treisman 

and Kamen (1981). Numbers above thè line\ show sizes o~ these two 

DN~ fragments. _ Lines below the solid lin~ show sizes of DNA-RNA 

hYbrldS which correspond to RNAs whose 5' ends at nt 11.70 and ~, 

ends at nt 1230 when hybridized to these two DNA f}:'agments. , , 
Arrows indicâte positions of 3' ends of 2 min-labeled RNA. 
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will generate bands of equal length whether hybridized to the· truncated 

Pst! -Sac! fragment l'Or to th-è full-length Pst! fragment 1L. On the ather 

,hand, RNAs whose S' ends lie within this regian will generate shorter 

hybrid bands when hybridized with the PstI-SacI ~ragment than when 

hybridized with the full-length Pst! fragment 1L. 

Nuc1ear RNA labe1ed in vivo for 2 or 60 min at 28 hr after infection, 

1 

or polyomavirus L-strand RNA synthesized in vitro with SP6 RNA polymerase 

(see Mate~s and Methads), were. hybridized to single-stranded DNAs 

corresponding to Pst! fragment 1L ar to the PstI -SacI subclone. The 

r~su1ts are shown in Figure 30A. Fu1l-1ength hybrids were slight1y shorter 

in the samples hybridized to PstI-Sac! fragment (lanes 5 to 8) than in the 
~ 

sarnp1es hybridized to Pst! fragment 1L (lanes 1 ta 4), as expected. Wh en 

~60 min-1abeled RNA wa~ used (lanes 4 and 6), the band 1126 nuc1eotides long 

which correspan~ to ~A with a 3',end at nucleotide 1230 migrated at the 

sarne position w1fn hybridized with either DNA. The band 686 nucleotides 

long which corresponds to RNA with a S'end at nuc1eotide 1170 was shifted, 

as expected, to a size of about 600 nucleotides when hybridized with the 

truncated fragment .. 

When 2 min-1abeled RNA was used (lanes 3 and 5), most of the discrete 
~ 

minor bands migrateq at the sarne positions regard1ess of which DNA fragment 

was used. These results demonstrate that most of the minor bands seen 

after hybridization .with pulse-1abe1ed RNA represent RNAs with 3' ends at 

numero~s sites within this fragment. Therefore, these 3'\ ends represent 

either sites at which RNA polymerase pauses or sites at which the 

transcription is terminated and nascent RNA chains are released. 

When in vitro synthesized RNA was hybridized to these DNA fragments, 

two ether hybrid bands besides the full-length hybrid were detected (lanes. 
". 

2 and 7). These two bands were present at very low levels, if at aIl, when 

, 
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~ 
in ~ RNA was used. It is 1ikely that they represent artifacts caused by 

ribonuc1ease or S1 nuclease, sit:lce on1y fu11":length run-off transcripts 
. J ' v 

were use~ (see Materia:; and Methods). A nick could have, been created 

around nucleotide 1770 which would generate hybrids 1282 (5' end) and 590 

~ (3 tend) nucleotides long when PstI fragment 11 was used (lane 2) or 1197 

(5' end) and 590 0' end) nucleotides long when the PstI -SacI fragment was 

used Hane 7). Lan,es 1 and 8 show that when 20 fold-less in vitrq RNA ,was , 
used in hybridization, only the ful\-length hybrids could be sean . 

. 
A DNA-RNA Hybrid Band Which Migrates' Moke SlowlY Than Full-Iength Hybrids 

~ ) , 
Ma be Caused b InternaI Seconda ture. 

!>s noted above, a hybrJ!d band w more slowly than the 

.., full-length hybrid waS observed in RNA samples hybrid1zed to polyomavi:zrus 

14"f> PstI fragment 5L (Fig. 3IA, lane ,1) (two slowly-migrating bands were 

observed in Figuzg 26, lane 5)0' We have verified the 'PstI-5L DNA insert in 
; 

the ~ouble-strand~ fd103 clone by cuttirig out the polyomavirus DNA insert 

with restriction endonuclease PstI, and' found that the insert was correct 

(datâ not shawn). 'The PstI-5L DNA fragment was also independently recloned 
\ 

into single-stranded bacterioph~ge M13 mp8. When nuélear RNÀ' was 
( 

hybridized ta palyamavirus HpaII fra~ent 5L~leotides 399 to 9), which 

overlaps with PstI fragment ,5L, an addi7Jonal hybrid band' a1so migrated 

more slawly than the full-length hybrid (390 bp) (data not !hown). 
< 

However, when hybridization was carried out in the presence of 8070 

formamide, 0.4 M NaCI at 55°C, instead of in ,.D7. fôrmamide, O.15M NaCI at 

85°C (see. Mater-ials and Methods), this' slower migrating ,band .. disappeared 
1 

(c~mp~~e Fig. 31A~' lanes 1 and 1.i: This result suggested that the slower 

migratirig band r~presents the full-length Dl~,-RNA hybrid' which contained 
o 

secon~ary strUcture·that alterea its mobility. This seconda~ stru~ture 

" ... 
" .... ~ 
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, 
Figure 31: Hybridization of sH-ùridine labeled nuclear RNA to polyomavirus 

... 

DNA fragment PstI-SL in the presence or absence of formamide. 

'A. sH-uridine labeled nuclear RNA (18 llg, 1. 8 X 106 cpm) was 

hybridized with 10 llg of single-stranded bacteriophage _M13 mp8 

DNA containing polyomavirus DNA fragment PstI-SL in buffer 

containing no formamide, 0.75 M N~Cl (lane 1) o~ in buffer 

~aining 80% formamide, o:~ M NaCl (lane 2) as described in 

Materials and Methods. Hybrids were treated with 200 units/ml of 
r 

RNase '" Tl, bound ,to nitrocellulose filters, and eluted by 
'-s 

incubation with SI nualease as desc~ibed in Materials and 

Methods. Arrowheads indicate positions of ful1-1ength DNA-RNA 

hybrids. Dots, indicates prominent less-than-full~leQgth hybrids 1 

Marker DNAs were,\ 3H-polyomavirus DNA digested with PstI (lane M). 

B. Diagram showing polyomavirus DNA ,fràgment PstI-SL. The ori 

is the replic~tion origin. (Cl) indicates position of ,GC-rich 

palindromes (see Figures 32 and 33) . Arrows above the line 

indic:ate the large T antigen binding sites. Arrows below the 

1ine show positions and nucleotide numbers o~ the prominent less

than-full-length hybrids which correspond to 3' ends. 
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• 
apparent1y do es not form when nybridization is done in 807. formamide. In 

fact, sequeace analysis revea. a possible GC-rich stem-loop structure .. 
between nucleotides 84 and 100 (Fig. 32). 

A Possible Strong ~aUSing and/~enoination Site(.) on Fragment PstI 5L. 

'As mentioned earlier, nuclear RNA labeled for 2 min revealed a series 

of minor hybrid bands when hybridized to Pst! fragmenf... 5L (Fig. 27. lane 

5) (These bands were more clearly visible in the original
l 
autoradiogram). 

When 60 min labeled nuclear .RNA was hy~ridized, four minor hyj:>rid bands 

were detected, comparable ta those seen in the samples of 2 min 'RNA (Fig. 

26, lane 5; Fig. 31A, lanes 1 and\2), ~e most prominent hybrid band in 

both the' 2 min and 60 min labeled samples is 400 nucleotides in length and 

corresponds 'to an RNA whose 3 1 end is at nucleotide 80 (Fig. 32). This is 

just downstream of the GC-rich dyad synunetry element, and lies betweeJl 
1 

large. T-anti.gen binding sites A and ,B (Cowie and Kamen, 1984 ~nd 1986). 

This band, could represent a pa~sing and/or termination site fOL RNA 

polymerase. The other 3 minor hybrids have sizes of about 350, 435, and 
',,-

480 base pairs, which, wpuld correspond to RNAs whose 31 ends are at 

nucleotides 140, 50 and 5. It is interesting to note that nucleotides 140 
" 

and 50,are locateq'within large T-antigen binding sites A and C (Fig. '31B) 

(Cowie and Kamen, 1984). Nucleptide 5 is located at the origin of 

replication, within a 32 base pair GC-rich palindrome (Muller ~ al, .1.983) 

(Fig. 33). The,sQ three sites could a1so be termination or pause sites • 

• 
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Figure 32: Nucleotide sequence of polyomavirus L DNA"strand from 

nucleotides 117 to 67. 
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A GC-rich stem-loop structure can be formed between nucleotides 

84 and 100. A putative strong pause and/or termination site at 

~ucléotide 80 is located immed!a~ely downst~eam of the GC-rich . 
palindrome. 
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This region is part of.DNA replication ?rigin (nuc~eotides 5265-

90; Muller ~,al, 1983). • A putative 32 base. pair GC-rich 

palindrome can be drawn between nucleotides 21 and ~280. 
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\ 

/ 'Irr 0\ 

1 '. \ 

~i 
1 



( 

\ 

( 

• 

\ . 
171 

DISCUSSION 

RNA polymerase does not elongate RNA chains at a constant rate, but; 

rather hesitates at specifie sites in vitro. 'It is génerally accepted that' 

a transient pause is a prerequisite for termination in Y!Y2. Termination 

.of t~anscription is usually thought of as three separate events: 1) 

cessation of movement of RNA polymerase and of RNA chain elongation; 2) 

release of the completed RNA chain from the polymerase; 3) dissociation of 

RNA polymerase from the DNA template. \ 
f'nalysis of 2 1 min pulse-labeled RNA with our SI nuclease mapping 

method revealed a series of minor hybrid bands. Most of these hybrid bands 

correspond ta the 3' ends of nasce~~ RNAs and therefore represent 

t~rmination and/or pause sit~s. This conclusion is based on the following 
" <l 

\ observations: 1) no processing wls detected in 2 min.pulse-Iabeled nuclear 

RNA, suggesting that RNA labeled for this period of time represents nascent 

RNA; 2) the min6r hybrid bands observed are not generated by ribonuclease 
• ~'lI 

or by SI nuclease cleavage during our hybridization procedure since they 

were not detected in hybrids wi th RNA synthesized i!! vi. tro; 3) the 
, 

experiment with the PstI-SacI subfragment of the PstI fragment IL (Fig. 30) , 

revealed no difference in the size of most hybrid bands, showing that they 

correspond ta RNAs with 3' ends within the fragment. 
" 

It is impossible ta detérmine the exact sizes of the hybrids ~by 

),. measuring their migration on a gel because DNA-RNA hybrids ~o not seem ta 

migrate sole1y according to size. For example, the full-length hybrid 

between RNA and PstI fragment 3L (912 base pairs) migrated more s~ow1y than 

the hybrid with the PstI fragment 2L (947 base pairs) (Figures 26 and 27). 

Apparent formation of secondary structure also can affect the migration of 
---- -~-~ 

'! hybrids on a gel, as shown for the full-Iength hybrid between RNA and PstI 
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fragment 5L. In general, the best method for' determfnlng the size of DNA 

or RNA is to· carry out electrophoresis on a denaturing gel. However, the 

RNA part of DNA-RNA hybrids is very sensitive to ribonucleasesj nicKing of 

the RNA would create artificial bands on the denaturing gel, and would 

further complicate the pattern. Therefore the most satisfactory method, 

for our purpose, was to de termine tha size of these DNA-RNA hybrids on a 

nondenaturing gel. 
, 

RNA labeled in vitro in isolated nuclei was analy~ed in the reports on 

transcription of the mouse .. I3-g10bin gene (Citron ~!!, 1984", the mOuse 
" 

a-amylase gene (Hagenbuchle et.al, 1984), and the ovalbumin gene (LeMeur ~ 

!l, 1984). This method of labeling offers severai advantages: 1)· the rate 

of elongation by RNA polymérase II 15 better controlled, e.g., in a 10 min 

labeling period, under' certain condi~ions, the polymerase elongated nascent 

chalns only about 500 nucleotides (Weber et al, 1977); 2) 32p isotope can 

be used ~or labeling the nascent 3' ends of the RNA, allowing one to ob(ain 
1 

a st~onger signal and, to use less RNA in each experiment. However, a major 

disadvantage of the technique concerns the interPretation of the results 

themselves. The multiple bands' these authors 'observed may represent RNA 

polymerase pause sites created by the in vitro conditions and not sites of 

trfmscription termination. They may also represent extended pjiuse sites 

downstream from sites where RNA POlymeraJes.paused prior ta termination. 

~ vivo labeling of RNA also has its drawbacks~ 1) It is diffieult to 
,-

control the rate of el~ngation by ~A. poiymerase under .in vivo labeling 
I? " 

condi tians. ~~) 3H -uridine must be used for labeling, which means that a 

greater amount of labeled RNA is required in each experiment because: a) 

the maximum specifie aetivity of 3H-uridine is lower than that of 32p 

labeled NTPs; b) _.the exoge.!lOusly added uridine is diluted by internaI \UTP 

pools. 3) 3H emits very weak l3-particles; fluorography has to be used to 

ci 
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convert the energy of the ~-particle to visible light, , therefore 

fluorogt~phy has to be carried out for a ~~ longer periode However, the 

in !!Y!! \- labeling technique offers a unique advantago in that cells are 

maintain~d in the natural physical state during the labeling periode 

ThereforJ, one can be. sure that 3 1 ends found on the pulse-Iabeled RNA 
\ .,. 

\ represent\ the sites at which RNA polymerase II pauses or termina tes 
1 

transcription of th~.DNA template, 

It is still not clear what causes RNA polymerase to pause. There is 

evidence that secondary structure such as a stem-loop structure on either 

the DNA or the RNA of the ~. coli trypt06han operon causes RNA polymerase 
1 

to pause and eventually release the RNA from the transtription complexes 

(Adhya ~ al, 1979; Oxender et al, 1979; Farnham and Flatt, 1981~ 
Howevèr~ studies with several different templates have shown that pausing 

sites, al~o occur in locations where RNA secondary s.tructure is weak or , , 

absent (Kingston and Chamberlin, 1981; Lau ~!!, 1983; Morgan ~ !!, 
" 

19~3). In a cell-f,ree eukaryotic system~ it has been shown that RNA 

polymerase II pauses at the bacteriophage T7 (Kadesch and Chamberlin, 1982) 

and lambda 4S RNA t~rminator (Hatfield et al, 1983). 
. --. 

It is known that polyomavirus large T antigen binds specifically to 

multiple sites within the " regula~ory region on PstI fragment 5. 
;-

Immuno-precipitation of protein-DNA complexes revealed two binding sites in 
" 

the region upstream of early start sites for-transcription: One is located 

between nucleotides 94 and 152, the other ls located betweèn nucleotides 

5292 and 90 (Pomerantz et al, 1983). Using purified large T antigen, Cowie , 

and Kamen (1984) revealed three closely spaced binding sites A (between 

nucleotides 25 and 75), B (between nucleotides 86 an~ 120) and C (between 

nucleotides 124 and 163). Two GC-rich palindromes are located within this 

region; one lies between riucleotides 84 and 100 (see Fig. 32), the other is 
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at the replication origin. between nucleotides 5280 and 21 (sie Fig. 33)~ 

Thé four prominent minor hybrid bands located wi thin this PstI fragment 5 

would correspond to RNAs whose 3' ends arè a t nucleotides 5. 50, 80 and 

140. A11 of them are located within the large T ant:Ï$en binding region. 

~s suggests that the binding of large T antigen to th,is region, -together 

with the GC-rfch palindrome, may cause RNA polymerase~II to pause at these 

sites and may subsequently lead to termination of transcription. 

In ~ddition, in our labora~ory, McNally (1983) has shown that there is 

a decrease in hybridization of in vivo pulse-labeled, nuclear RNA to 
/- - ---

sequences downstream of the polyadenylation site, on ~he polyomavirus L DNA 

strand; she found an excess of hybridization to the fragment PstI-5L which 

is located upstream of the initiation sites for L strand RNA (see Figure 

4) • The same resul ts were 0 btained by Tess ier (Skarnes , Tess ier • and 
• 

Acheson, manusFript in preparation) using a solution hybridization 

technique, or with MA labeled in vitro in isolated nuclei or on viral 

transcription complexes (Skarnes, 198?). .. Taken ·togethe~, these results 

suggest that there 1s an excess of RNA polymerases stalling on fragment 

PstI-5L, implying the presence of strong pause sites within this fragment. 

In the light of these results, it is most li~ely that the 3' ends located 

Çl~ about nucleçtides 5,. 50, 80 and 140 with/n fragment PstI-SL correspond 

to those strong pausing sites. 

In conclusion, it is difficult to distinguish between pausing and 

termination. 
(t 

We have shown that sorne of the 3' ends detected in my 

experiments correspond to pausing sites (above). S ince ftie have 

demonstrated that about 507. of RNA polymerase molecules terminate 

transcription per traverse of1the polyomavirus genome (Section II), it is 

reasonable to believe that most ~f the other 3' ends we detected represent ---
the sites at which RNA polymerase II terminate transcription of the 

polyomavirus genome. 
,0 
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CONCLUSIONS , 

In prokaryotes, transcription termination plays an important ro1e in 

r gene expre.ssion, contro11ing the type and amount of genes to be expressed: 

. \ 

It has been studied veliY extensive1y on ~. ~, and two kinds of 

terminators have been found. One is the factor- in.dependent terminator, 

which requires 'RNA. polymer'ase on1y in vitro. It consists of a GC-rich 

seSJDent of dyad symmetry and a stretch of dA residues in the temp1ate 

strand, which are transcribed as U residues in the RNA transcript. 

Termination occurs via formation of a stem-loop structure on the 

transcrlpt, which causes RNA p~lyme~ase to pause and interrupts the ~A-DNA 
hybrid complex. The consecutive uridine residues then faci~i~ate 

\ 
, ' 

dissociation of the transcript from the template. The other terminltors 
\ 

require a prote in factor, such _ ,as rho, to" function effiCiejÎtly. 

Comparison of rho-dependent terminators reveal very little sequ nce 

homo10gy, if any, between them. It is not known what recognition elem nts 

govern the behavior of rho-dependent termination sites. 

the complexity of the eukaryotic system,there is 1: c~ntrast, ~~ to 

st:i11 very little known about termination, despite considerable effor s. 

However, it is recog~zed that termination also plays an important role in 
.. 

the control of eukaryotic gene expression, especialJY within gene'clusters 

(Mather ~ al, 1984; Proudfoot, 1986; Grummt et al, 1986; Labhart and 

Reeder, 1986) . Termination by RNA polymerase III and l are the Most 

well-studied. For example, it is known that termination by RNA polymerase 

III requires only the polymerase itself. Tt can recognize, the stretch of 

thymidine residues on the noncoding DNA strand and terminate transcription. 

RN

J 
polymerase l requires protein factors which bind to specifie 

~, 
Ve X little is known about termination of transcription by RNA 

\ 

sequences. 

pOlymlrase 
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II despite a great deai of effort. It is known however that transcription 

f 
extends beyond the polyadenylation site and termina tes hundreds or 

thousands of nucleotides downstream of the poly (A) site. No control 

sequences or factors have yet been identified. 

In this study, l have modified the S1 nuclease mapping method to allow 

me to map the 5' and 3' ends of in vivo pulse -labeled nuclear RNAs which 

represent mostly unprocessed RNA precurssors. This method can have a wide 

range of applications. For example, by pulse-labeling for different time 

1 
periods, one can determine the kineti~s of RNA processing, polyadenylation 

and alsq splicing, or determine which ?f these two processes occurs first; 

if there are more than one splicing sites which site is preferentially 

used. 

Using this method, l have identified an initiation site of polyoma-

virus late RNA at nucleotide 5076 which is aiso a S' splicing site of the 

late leader. The" other initiation sites l mapped correspond to those 

reported by other investigators (Treisman et al, 1980; Treisman and Kamen, 

1982; Heiser and Eckhart, 1982). ~I have also found a shift of the major 

initiation site from nuéleotide 5050 at 16 hr post infection to a site 
. 

further upstream at nucleotide 5128. at 28 hr post infection. Further 

investigation is required to under~tand the meaning ~f this change. 

Calculation of the termin~tion efficiency of polyomavirus L-stra~d RNA 

\has revealed ,that- termination is more efficient during the early part (:6 

hr post infection) than the late part (28 hr post infection) of the late 

phase. Perhaps a factpr required for termination is present in limiting 
! 

amounts during the Iate phase; it is aiso possible that sorne late gene 

product acts as an antiterminator, acting in a way similar to the N and Q 

or example. 

Mapping the 3' ends of pulse-labeled polyomavirus late RNAs has 
1 
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revealed multiple stop sites instead of a single termination site. Similar 
~ -

results have been found for other eukaryotic mRNA genes, for example the 

mouse ~-major globin gene' (Citron et al,' 1984), the mouse a-amylase gene 

(Hagenbuchle et al, 1984), an~ the chicken ovalbumin gene (LeMur et al, 

1984). We have reason to belie~e that sorne of these sites represent pause 

sites and some termination sites. However, our method does not allow us to 
? , 

distingQish between pause sites and termination sites. Furthermore, the 

precise location of these sites cannot be 

lîmUation of our gel .system and possible - -

accurately defin~ due to 

secondary structure within 

the 

the 

hybrids themselves~ Therefore the sequences surrounding them c nnot be 
1 

determined •. 

Both termination and polyadenylation are inefficient during th!'! ~te 

phase of polyomavirus lytic infection. 'This suggests that these 

processes May be linked. The same observation is made when the termination 

region of the mouse ~-globin is inserted into the ElA transcription unit of 

adenovirus 5 (Falck-Pedersen, 1985'). Same polyadenylation fac~ors may give 

a signal to the polymerase to stop transcript~on either by itself or, with 

the help of other factors. In contrast, in the case of the adenovirus 

major. ·late transcription unit, aIl polymerases pass five polyadenylaton 
• 

sites and terminate within the terminal 650 nuc-leotides_ without reaching 

the ~nd of the genome (Nevins and Darnell, 1978; Fraser ~ al, 1979; Fraser 
. 

and Hsu. 1980). Therefore, ther~ could be more than one type of mechanism 

in eukaryotic mRNA transcription termination. 

It was geperally believed that common function -required common 

sequence, and that-the key to understanding gene expression and regulation 

lies simply in determining the nucleic acid sequence. We hav~ very li-tr.le 

information about the nature of the signaIs. To carry out the function of .. 
such signaIs, aIl sorts of higher level structures of both nucleic acids 

et ....... 

\ 

\ 
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and'proteins might be required, not just a simple DNA-protein interaction •. 

Also, many different factors may be involved. The na~ure o~ transcription 

terminatlon ls far more complic;:ated (han we first believed, e~en in the 

simplest case. A reliable in .Y:.ill.2: transcription system' 15 needed to 

anSWer many ot the unanswered q~estions. 
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