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~ ‘A novel S1 nuclease mapping method was devised to measure the
efficiency and sites of transcription termin:;tion in vivo by RNA polymerase
I1 on polyomavirus DNA. To determine terminatioh efficiency, pulse-labeled
nucleir RNA was hybridized with a DNA fragmt;nt which: spans the -
transcription initiation region. Since polyomavirus‘DNA is circular, any

RNA polymerases which do not terminate- transcription will traverse the

*

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

-

treated with ribonuclease, bound to nitrocellulode filters, eluted from the

«

filters by degrading single-stranded DNA with Sl nuclease, and analyzed by

gel electroploresis. The results show that about 707% of polymerases
Y

terminate transcription per genome traverse at 16 hours post infection;
only 507 terminate at 28 hours, At 16 hours, the major transcription
iRitiation sif® on the L DNA strand is at nucleotide- 5‘050;' b‘ut at 28 hours,
the major initiation site is shifted upstream to nucleotide 5198. RNA

4]

polymerase terminates and/or pauses ‘at many discrete sites which lie mgstly
- - [ 28
downstream of the polyadenylation site. Some pausing and/or- termination

sites are also ¢observed upstream of the, polyadenylation site a,nd are

- 1] L ] L
¥probably created by polymerases that traverse the genome more than once.

Our experiments also show that the 3' endeat nucleotide 1230‘ found' b

Triesman and Kamen (1981) in stleady state ‘nuclear RNA is created by a
: .

post-transcriptional RNA processing event and not by termination of

transcription. _ . ‘ /
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Nous avons mis au point une nouvelle technique, ayant recours a la

nucléase S1, afin de mesurer ¥efficacité. et de déterminer les sites de

" terminaison de’ la transcription par 1'ARN polymérase II chez le virus du

polyome. , \ - ! '

&
“Pour déterminer l‘'effic¢acité de 1la terminaison,.nous avons hybridé
]

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

- v

ol *s'effectue 1l'initiation de la- nscription. Les hybrides ADN-ARN

obtenus ont été traités avec la ribonycléase, fixés® sur des filtres de

traités avec la analysés par

nitrocellulose, HUCIéSie £81, et enfin

électrophorése sur gel. Les résultats obtenus nous démontrent qu'environ

707 des polymérases terminént 1la transcription du génome du virus du

16 heures aprés 1l'infection; et se‘ulement 50% terminent la

polyome

transcription & 28 heures. A 16 heyres, le site principal d'in}tiation-de

v

la transcription se situe au ruclfotide 5050; mais 3 28 heures ce site

d'initiation est déplacé en amont au nucléotide 5128. L'ARN polymérase
' ' )

. . s X » - . ;
termine ou fait unet'pause a4 plusieurs sites précis qui sont localisds dans

v f
les 3 kilobases, en aval du site de polyadénylation. Nous alvo'ns également

observé quelques sites de pause et/ou de terminaison en amont du 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 1l'extrémité 3' qui avaitl été localisée au nucléotide -

1230 par Triesman et Kamen (1981) en analysant 1'ARN nuclléaire 'steady

-

state", est crée par coupure endonucléolytique et n'est do p‘/gs di a la

terminaison-de la transcription. ,
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‘ . CLATM OF CONTRIBUTIONS TO ENOWLEDGE ;\\s
v . . .
T, 1. I haVe developed an improwved S1 nuclease mapping methoq for mapping in
’ " vivo pulse labeled nuclear RNAs, which is potentlally usef\ltl for study\hg
\
unstable cellular or viral RNAs. .\ '
.\ \! N ‘
i
2. I have devised a strategy to measure' the efficiency of t#anscription

Al

tei'mination in wvivo by RNA polymerase II on polyomavii'us DNA. Thris
} -

~

strategy allows one to determine the proportion of RNA polymerases passing
through- the Eranscription initiation region which have not terminated

during a previous round of transcription of a circular DNA.

1

3.. I have determined that the efficiency of termination by RNA pol}{meras.e
ITI on polyomavirus DNA is about 707 at 16 hOLJ:rS post ‘E,nfection, and 507 at
) - 28 hours post infection. |

- o \/\\¥ . .
‘4. L have used oin:’ improved S1 nuclease method to detect the sites of ‘
initiation of transcription by analyzing pulse—label\ed RNA, thereby
i avoid;ng i)roblems of interpretation that arise when steady-state RNA is I

used. ) ; |

5. I have established that transcotiptionrof the L -strand of the AT3
strain of .polyo;navirus DNA ~initiates near at least 7 different site”s:
nucleotides- 5050, “5076, 5100, 5128, 5154, 5177 and 5203. 1In particular,
the initiation site located near nucleotide 5076‘ (the 5' end of the late

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

( site. '



s

I
—

¢ .

) . - ' '
6. I 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

infection, the major site is shifted upstream, to nucleotoide 5128.

< ) ‘

7. I have shown that 1little or* no processing (splicing or 3' end

-

foﬁation) is detected in nuclear RNA labeled for 1 or 2 minutes in yvivo. p

[

8. I have detected multiple 3' ends o‘f pulse-labeled- RNA, mostly

downstream of the polyadenylatior; site of the L DNA strand; some 3' ends '
are alsqklocated upstream of the polyadenylation site within the coding
region. These 3' ends may represent sites at which Ri\IA polymerase I;

pausas or terminates transcription.

L

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

‘ste'ady-ététe L-strand nutlear RNA is probably created by c’eavage of a

larger transcript and not by termination of transcription.

o A
.
-
.
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LITERATURE REVIEW

Control of transcription termination in specific opegons provides an
v ’ ¢

-

important mechanism of genetic regulation in bacteria, and very likely in

eukaryotes as well. Although a great deal is known about transcripti&n

-

. - .
termination in bacteria, much less is kpown 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, all tyﬁés of RNA (ribosomal RNA, messenger RNA and

’

transfer RNA) are transcribed by a single ,RNA polymerase. Efficient:

transcription of the bacterial genome depends on the abﬁlity of the cell to

. 13 ‘/
regulate the type and amount of mRNA produced from each of its thousands of
genes. This not only requires the information to specify precise starting

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

or operons (functional polycistronic units of genes) may-be\define by the

o

occurrence of an efficient termination site. This simple housekkeping

function prevents trahscriptiohal read-through by*® RNA polymerase iEFo
downstream genes or operons (Wu et al, 1980). In addition, a termination
site can be utilized within a regulatory region to alter gene expression by
controlling the ability of .RNA polymerase to transcribe beygnd that site
(Adhya and Gottesman, 1978; Rosenberg and Court, 1979). ‘
Thus, sites of transeription terminatiqn may serve several purposes in
the cell: 1) as the stop signals at the ends” of transcription ‘units, they
‘allow adjacent genes agpd/or operons to be transcribed: and"‘regulated

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

to permit the elongation or termination‘response to be sensitive-to th¥



+

- \ ) )
requirements of_,the cell for the p;oducts of genes located distal to the

attenuator; 3) as conditional abortive elements in .mutational polarity,

.
1

they prevent wasteful depletion of cellular metabolites.
Transcription termination is a very complicated event involwving the*
following: cessation of transcription, release of the completed RNA

molecule and dissociation of the RNA polymerase from the DNA template.

c
-

Analysis of the primary structure of termination regions has revealed
{
common features that may be involved in, the Qrecognitior'l of termination

(Adhya and éottesman, 1978)., The stretch of BNA” preceeding a transcription

”

terminajion site is often GC-rich and usually contains a dyad symmetry
Q " X Co

element. As 3 result, the RNA transcripts can form a hairpin structure.

These transcripts typically end in 8 series of uridine residues. In

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

’

A -

termination in vivo. With the use of an in vitro transcription s\ystem, two
L]

different types of termination sites have been distinguished. Certain

terminators can function efficiently with purified RNA polymerase alone and

v

are called factor-independent terminators; others require in addition the

A )

protein factor rho; these are called factor-dependent” terminators. This
classification must be considered loosely, because the respdnse at

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

‘

vivo, complicating interpretations and predictions about their behavior.

- : ’

< .

-

1. Factor-independent Termination.

Terminators that can function efficiently with purified RNA polymerase
°

holoenzyme and that do not require additional factors (such as rho protein)

L
are called factor-independent terminators. In general, rho-independent

" termination sites consist of a GC-rich segment of dyad symmetry centered

about 20 nucleotides before the Stap site, followed by a- stretch of 4-8
( L ]
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consecutive uridine residues in the transcript (Adhya and Gottesman, 1978).

.
L

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 hairp&n structure in the nascent RNA, causing the
polymerase to pause and dis'rupting the RNA-DNA hybrid helix (Rosenberg and

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

near the 3' end of the RNA facilitate dissociation of the transcr‘ipt from
the template (Farnham.and Platt, 1980; Martin and Tinoco, 1980) since
) RNA-DNA hybrids w1t31 rU-dA pairing are exceptionally unstable (Chamberlin,
1965; Riley et aly 1966). N

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

stem-loop, structure region’ and the consective T-residues support’ this

- model. In general, mutations that decrease the predicted stability of the
RNA hairpin structure ;150 decrease te:;minalion efficiency, whereas

! mutations that increa;e the predicted stability of the hairpin structure
increase termination efficiency (Rosentl_erg and Court, '1979; Zurawski and
Yanofsky, 1980)'. Accordingly, mutations that reéuce the number of te'rminal
uridines also decrease the termination ef'ficiency; only minimal termination

is observed with a sequence/ of four uridines ' (Bertrand _;a_‘t:: al, \197"1_;

+ Zurawski and Yanofsky, 19‘80). Using synfhetic sites for transcription
termination, Christie et al (1981) have shown that unde‘r the normal

®

conditions of transcription in vitro, termination became more efficient

with an increase  in qh& length: of the stem in the RNA hairpin or an
increase in the number of consecutive uridine residues. ,

! Incorporation of base analogs into the nascent transcript and the DNA

o !
i

- ‘ template confirm the same findings. Base analogs, such as iodo~CTP ’and

' i -

J

A

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

*




increase termination efficiency. On the other hané, base analog; like
. ' inosine-5'-triphosphate (ITP), which can replace GTP and form I:C base
pair’s which are weaker than normal‘ G:C base paiirs, decrease termination
efficiency. _And base anaxlogs such as bromo-UTP and allylamine-UTP, which
for@ stronger base pairs with dA residues than normal UTP, elevate
readthrough of termination sites (Neff and Fhamberlin, 1978;'Adhya $£ al,
1979; Farnham and Platt, 1980). Farnham a,nd Platt (1982) have de\.rised— a.
method to incorporate deoxyribonucleotide base analogs in vitro into eitker
strand of the tryptophan operon attenuator region. The results showed that
base anal'ogs which strengthen A:}‘ or A:U base pairing enhance readthrough;“

A

but analogs which increase the strength of G:C base pairing in DNA have no
effect on termination. ~

r) 1
\
2. Factor-dependent Termination ‘ .

Some in vivo termination sigpals are not recognized in vitro by
[

purified RNA{polymerase alone, but require additional factors to function
o T

" efficiently. These terminators are called factor-dependent terminators.

Rho was diS/6\7ered by Roberts (1969) as an E. coli factor that facilitates

~

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

wide variety of DNA templates from E. coli and various bactériophages

(Roberts, 1979; Adhya and Gottesman, 1978).l Genetic studies on rho mutants

confirm the requirement for rho -as a transcription termination factor in

s

vivo, and its activity is essential for cell growth (Richardson et al,

- 1975; Das et al, 1976).

Investigations of biochemical properties of rho have shown that it can

bind to: single-stranded RNA and has an RNA-dependent nucleotide

[

( triphosphatase (NTPase) activity that appears to be necessary for rho-
dependent termination. The rho-NTPase activity ha‘s been studied‘
‘ - \



N [

extensively on the uncoupled system, that is the NTPase activity stimulated
by RNA alone in ti1e .absence of RNA transcription and termination of
transc;ription. - Synthetic polyribonucleoti’c’fes containing cytosine are
required for the rhOFI:ITPase acitivity and chain length has to be greater
than 50 nucleeotides. P.oly(dC) binds tightly to'rho but does not stimulate
the NTP&'se'e‘activity by itself. However, single-stranded poly(dC), when
supplemented with small RNA fragments (poly[rC]), is capable of stimul.;ating
the rho-NTPase activity (Richardson, 1982). This suggests that rho-
dependent termination may involve recognition of DNA sequence. Random
copolymers of poly(rU, rC) which contain only 5% rC and poly(rA, rC) which
contain as little as 107 rC are also efficient activitors (Lowrey an(i
Richardson, 1977a,b). Moreover, in vitro studies show that rho has a
strong affinity for cytosine-containing RNA, d&specially with the highest
affin\ity for the synthetic poly(rC). The binding of rho to RNA appears to
correlate with the stimulation of the NTPase acitvity (Galluppj. and
Richardson, 1980). Therefore, rho may.func}:ion by binding to either a
specif}fsite on DNA or to a site-c;n the nascent mRNA, subséquently;
stimuiating 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 M;cy, 1981). .

Using ATP ;amalogs that have nonhydrolyzable f-y _bonds not only
1nhibits‘ the rho-NTPase activity but also abolishes rho-dependent
termination (Galluppi et al, 1976; Howard and deCrombrugghe, 1976).
Genetic studies have shown that the rho mutants which are defective in

3

termination and ATPase activity can be compensated by particular RNA

polyme-ase mutations (Das et al, 1978; Guarente and Beckwith, 1978). This

. ’

indicates the possible role of rho-RNA polymerase interaction which may

link to termination-NTPase activity. RNA appears to be an essential
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cofactor in both the temi{lation-coupléd and .-uncoupled NTPase acitivity,
and hydrolysis “of ATP is coupled to teminati;an of transcription. A
possible role for the RNA-dependent ATPase activity is in‘ translocation of
a rho molecule along nascent RNA in the search for ﬂa RNA polymerase
molecule paused at a terminatilon site (Galluppi and Richardson, 1980).
However, this hypothesis has not yet been proved. -

Current studies? of the rho-dépendent termina}’tion site in the
tryptophan operon, trp t', reveal several interesting featﬁrés. ‘Trp t'is
located " about 250 nucleotides past the last structural gene trpA, in a
region that has few G-residues and is rich in AT-residues (Wu et al, 19815.
In vitro, rho-dependent terlgl‘inati;Jn at trp t' is tightly coupled to the
NTPa-se activity. Deletion of the trpb t' region abolishes rho-dependent
termination and rho NTPase activity. Transcript—:'ion ﬁi:ermination and rho
NTPase act}vity‘ are also diminished when ribonuclease Tl is present in the
transcription readtion. These observations indicate that a specific RNA
component within the trp t' transcript is required for NTPase activation

i !
and rho-dependent transcription term%natioﬁ“n (Sharp and Platt, 1984). |

Unlike the rho-independent ‘t;rminat'ors, analysis of sequences of
several rho-depéndent teminatorg reveals very little sequence homology.
In rho-dependent termin(atién, conditions which favor reduced hsecondgry

s\tructure 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,: enhancement of secondary

structure in the RNA stem-loop regults in increased termination (Rosenberg

and Court, 1979). The trp t' 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

RNA that is unstructured to catalyze termination of transcription.
‘ .
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3. Attenuation. _ T
‘ The exXpression of many prokaryotic amslno ac{%%:l biosynthe‘tic operons is ,

regulated by a phenomenon known as attenuation (Kjlter and Yanofsl;y, 1982).

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

operon, hence preventing distal gene .éxpression. The sites at w};ich this
- .kind of termination occui‘s‘are called attenuators. They have the features
of {rho-independent terminators (GC-rich dyad s\;;{netry followed by. a stretch
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 (Kolter

- and Yanofsky, 1982). lg‘ vitro, the attenuator cap.termfnate transcription

efficiently with I'{NA‘_ polymerase alone; however, under in vivo conditions,
factorg can n}odulate thﬁ termination response and permit a certain frz _ion
; ‘ of the RNA p.olymerases to cont}inue transcribing into the structural genes.

The tryptophan operon of E. coli has been studied extensi\fely as a
rho-independent terminator and as anbattenuator (Bertrand et al, 1977;
Oxer}der ‘et al, 1979; Farnham and Platt, 1980; Yanofsky, .1981)“. 'f'he
trypfophan attenuator is located within the transcribed 162 base pair

3

leader region that precedes the ,structural genes of the operon".
8 ) .
_ Transcription of this leader region is either terminated to give .a 140-
s . ' . -

BEFTE R Y

¢
nucleotide leader transcript or allowed to proceed into the structural
genes. This leader RNA codes for a l4-amino acid peptide containing two

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

B
' o

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

structures. Region 1 (nucleotides 54-68) which incl;des the tandex;1 trp
] e codons and the leader peptide translation stop codon, can form,b.ase-pairs
with region 2 (nucleotides 76-91) which is immed‘iatgly distal to the
> ’ translation 'stbp codon. Region 2 (nucleotides’ 7‘2;-85) is " capable of

- e , .
base-pairing with region 3 (nucleotides 108-119). Region 3 (nucleotides
(] . AN
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114-121) can also form base-pairing with region 4 (nucleotides 126-134). "

And Tegion 4 is followed immediately by seven consecutive U residues

(nucleotldes 134- 140) within which 1lies thé?k3‘ end of the 1leader RNA

(Oxender et al, 1979)

Terminatidh of 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 is more efficient. This is

- because the ribosome translating the newly transcribed leader RNA is ;Ble

to synthesize the complete leade; beptide., During this synthesis the
ribosome masks regioné 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
structure and signal the transcribing polymerase to ter&inate transcription

at the stretch of U residues; the downstream 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 formed as regions 2 and 3 are transcribed. Formation

of stem-lbop 2-3 excludes the formation of stem-loop 3-4, which is required
to signal transcription termination. Therefore, RNA polymerage is able to

continue -to transcribe the downstream structural .genes, and hence lead to

the production of tryptophan. t Y,

1

4. Antitermination. . - v

In bacﬂé:;;phage A some protein factors have been shown to paéticipate
in transcriptional regulation as antitermination factors. Two major

” .
antitermination factors have been identified as the products of the N and Q

’ t
genes {Greenblatt, 1981; Grayhack and Roberts, 1982), and their function is

v




~

critical for the\lytic/lysogenic‘state in the life cycle of A. There are
several transcriptional terminators within each of the early operons aof A,
such at tLl, tL2, tL3 of the leftward transcriptién and tRl, tR2 of the

rightwafd transcription. Following A infection, trénscription by E. coli

RNA polymerase is initiated at the PL and PR promoters, and is terminated

at. rho-dependent terminators tL1l and tR1l #respectively. The Ieftward

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

antiterminator to prevent transcription termination of all the early operon
terminators, thus allowing RNA polymerase to transcribe the X genes that

©

are essentig@l for growth of the phage and that are located distal to the

\

various terminators.
N The N protein of X stimulates anxit;rmination at both rhé-depegdent
and rho-independent terminators. For N protein to work, however, a variety
vt R

of other phage and host functioh; appear to be required. One phage
fﬁnction.is to previde nut (N utilization? sjtes in DNA or RNA that are
recognized by N ?fotein. Two nut sites, nutlL and nutR, have been
ihentified. They contain an identical region of dyad symmetry and a common
sequenéeﬂlocated 8-9 base pairs upstream of this dyad element. This common
sequence has been called "box A" (Salstrom and Szybalski, 1978;
deCrombrugghe et al, 1979; Friedmann and Olson, 1983). Molecular analysis
-o% the nut sites has demonstrated that dyad symmetry and 'box A" aré
crucial for the function of N-mediated antitermination. In addition, a
nu;ber of host-encoded factors (NusA, NusB, NusC and NusE) are known to
participate in the antitesyination events (Friedman et al, 198l; Greenblatt
and Li, 198la,b).

1t has been suggested that N protein functions directly on those RNA
polymer%§es that pass throdgh the nut site, altering them. in such a way

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

!
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nut site need not be located next to a '‘promoter qr“a termit}etor implying
that the events occurring at the nut site take place independént_:ly of
transcription, initiation or tgrmination. \ The hpst protein factor NusA has
been shown to binjl tightly to N and is required for its action, perh:aps by

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

*

protein also binds directly to RNA polymerase core enzyme (Greenblatt and

-

Li, 198la) and the "box A" 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 polymerase 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 protein to NusA. This modification renders the RNA polymerase

unresponsive to termination signals. f

Y

Genetic studies ' of mutants have revealed that several host-encoded

/

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

antitermin3dtion. These include NusB, a 15.5 kd protein essential for
bacterial grawth (Strauch and Friedman, 1981); NusC, probably identical
with the B subunit of RNA polymerase ~(Friedman et al, 1983); and NusE,
identical to the ribosomal protein S10 (Friedman et al, 1981). The
functions of these Nus proteins are still not understood.

Another X phage.protein, Q, has been shown to mediate antifemination
at the A 6S terminator ’in the presence of rho and NusA protein (Grayhack
and Roberts, 198;). This protein seems to functi—on in a manner similar to
N protein, although there is no apparent sequence homology between the two
proteins., Besides NusA protein, Q protein ’requires a qut (Q utililization)
site for its antitermination function. The qut site is similar to nut

’

sites, containing a "box A" sequence and a dyad symmetry region. " Unlike N

v
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protein, Q protein can,h exert its antitermimation effect in a purified
transcription system containing RNA polym@rase, NusA protein, and a DNA

®

template encoding the X 6S transcript (Grayhack and Roberts, 1982).

Termination of Transcription in Eukaryotes.

The transcription pi‘oéess is much more complex ‘in eukaryotes tha’n it
is in prokaryotes. Transcription takes place_ in the nucleus; the mature
RNAs are tmransp9rted to éhe 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 I, II, and iII (for review, see Chambon, 1975; Roedér, 1976).
RNA polymerase I is not affected by a-amanitin, a toxin of the poisc.)nOus

mushroom Amanita phalloides, and is localized in the nucleolus (Roeder and

gRutter, 1970). This enzyme is responsible for synthesis of ribosomal RNA

(rRNA) (Roeder and Reeder, 1972). RNA polymerase II is completely
inhibited by very low concentrations of a-amanitin (1 ug/ml\ and

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

&

RNA polymerase III is inhibited by high concentrations of a-amanitin (100

3

ug/ml) and is responsible for the synthesis of transfer RNA (tRNA) amd 58

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

Y

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

transcribe each different class of genes accurately and specifically

(Birkenmeier et al, 1978; Weil et al, 1979; Manley et al, 1980; Grummt,
b —r

1981). These systems provide a powerful tool for understandif® the

mechanism of transcription.
¢

<



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 58 ribosomal DNA of
Xenopus laevis and Xenopus borealis 'have been isolated and sequenced

»
(Fedéroff‘)anfi Brown, 1978; Komrn %nd Brown, 1978; Miller et al, 1978).

Individuagl'l epeating units of cloned Xenopus 55 DNA can be faithfully
transcribed either when injected into oagytes (Brown and Gurdon, 1978) or
in oocyte nuclear extracts (Birkenmeier et al,1978). Using an oocyte
nuclear extract for in wvitro transcription, Bogenhagen and Brown (1981)
have shown that termination of Xenopus 5S DNA transcription occurs” within
a cluster of four or more consecutive T residues 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 nucleotide sequences adjacent to the T cluster
influence the efficiency of termination. Efficient termination is observed
whenever GC-rich sequences surround the T cluster, reminiscent of ‘fthe
prokaryotic rho-independent termination signal. However, in contrast to
the termination site in prokaryotes, neither a dyad symmetry element ne;r
the end of the gene, nor a secondary structure in the transcript appear fo

be required in this case. Furthermore, purified RNA polymerase III from

Xenopus laevis alone can terminate transcription.at precisely the same site

that 1is recognized in vivo and in complete transcription extracts
(Cozzarelli et al, 1983). The purified polymerase also distinguishes

between weak and “strong terminator sequences with the same relative

efficiency as the enzyme in complete extracts. Thus the information
required for termination resides in the ability of RNA polymerase III to°

recognize a simple nucleotide sequence (such™as a cluster of four or more

* 4
consecutive T residues) at the end of the 5S gene,

- [
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a . B. Termination of Transcription by RNA Polfgera;e I~

O r,;/ In most euk®ryotic species, 100-5,000 copies of ribosomal RNA (rRNA)

Iad

genes per haploid genome are arranged in tandem arrays of repeated units

(for review, see Long and Dawid, 1980). These genes are transcribed solgly

by RNA polymerase 1 (Roeder apd Reeder, 1972). The primary rRNA

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

are processed into the mature 285, 18S :imd 5.85 RNAs (Bowman et al, 1983)
and incorporated into the ribosome. —i

Transcription of ribosomal DNA (rDNA) has been studied _extensively

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

the 3' end of the pre-rRNA of Xenopus laevis (Sollher-Webb and Reeder,

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

1981) 1is coincident with the matute end of 28S RNA. The 3' end of the
pre-rRNA of yeast (Veldman et al, 1980) and mouse (Kominami et al, 1982)
appears to extend a few nucleotides into the 3' spacer. However, more
recent studies’have shown that RNA polymt;r'ase I does not stop transcription
at the,efr’xd of 285 RNA and that the correct 285 RNA 'terminus is generated by

a procéssing event and not by termination (Grummt et al, 1985a, 1985b;

Labhart and Reeder, 1986).

In nuclear run-off expéfiments using X. laevis rDNA, Labhart and

- Reeder (1986) have recently shown that trar;sctiption of the rRNA gene does

k not terminate at site Tl which was believed to be the termination site;
| instead,ﬁ_{ranscription continues past Tl, into T2, another "site located 235

nucleotides downstream of T1, and terminates at site T3 1located 215

nucleotides upstream of the next rRNA start point. Site T3 seems to be the

(Y

< Sites Tl and T2 are sites at which the primary transcript is rapidly

processed to expose the mature 3' ends of 285 rRNA. A conserved 7 bp

only site at which RNA polymerase 1 is released from the DNA template. '
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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\ial’ part of the terminator for
Xenopus RNA polymerase'l' (McStay and Reeder, 1986). In‘ addition to its
teminaj:or activity, the T3 region can also act as an upstream element of
the promoter for the adjacent gene and stimulate its function. Mutatiolns
within tthe T3 box eliminate the terminator activity and cause significant
readthrough. The same mutations also eliminate the promoter stimulating
function, suggesting that the T3 box is important for both acativities.

In the mouse, Grummt et al (1985a) have shown that RNA polymerase I
terminates- transcription of rDNA’565 bp downstream of the 3' end of mature
285 rRNA, both -in vivo and _i_r;jgig_g. This termination site is located
immediately upstream of egight tandemly arranged repeated sequences. This

*

repeated domain consists of 18 highly conserved nucleotides that contain a
Sall restriction site (called the Sall box) surrounded b;' stretches of
pyrimidine‘s. In vivo, transcription terminates 25 bp upstream of the first
Sall site (Tl), within the pyrimidine-rich region. This site is also
preferéntially used in vitro at low template concentrations in a nuclear
extract system. At_increasing DNA concentrations a termination site (T2)
upstream of the second Sall box is used. Compet:ltion experiments have
sugges{:ed that the interaction of some factor (or factors) with the
- —
repetitive element in the 3' spacer 4is required .‘for transcription
termination by mouse RNA polymerase I. Exonuclease III protection
experiments reveal the bindiftg of a nuclear protein to the Sall box (Grumn?t{:
et al, 1986b). Deletions, insertions, or point mutations within the Sall
box eliminate or severely reduce tr:anscripj:ion termination. Therefore,
i

termination appears very specific and requires a repeated 18 bp Sall box

that is presaent eight times in the spacer region downstream of the 3' end

of pre-rRNA (Grummt et al, 1986b).
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In addition, Grummt et al (1986a) have demonstrated the presence of a
. ¥ o)
- transcription termination sequence extending from -171 to -154 with respact

-

,to the pre~-rRNA initiation site. This sequence (termed T0) exhibits
\ striking structural and functional similarifies with the conserved 18 bp

Sall box. This upstream terminator -(TQ) is recognized by the same protein

factor as the 3' terminal sitgs and is able o cause termination by RNA

-

polymerase I in _v_i:t_r?_; it also increases the efficiency of initiation of
the adjacent promoter. -Henderson and Sollner-Webb (1986) have obtained
sihilar results for the mouse rRNA gene. An upstream promotér element also‘
functions as a transcription terminafor, although in this case, it is the
upstream termination site that enhandes promoter activity. The exact

mechanism for this dual role is not yet understood.

C. Termination of Transcription by RNA Polymerase II.

4

There are many differences between prokaryotic and eukaryotic mRNA
synthesis. In prokaryotes, the mRNA is polycistronic: that {is, a single

mRNA can code for several proteins. In eukaryotes, most mRNAs are

monocistronic: that is, a single .mRNA can code for only one protein.

4‘Eu.kar},'ot::lc mRNAs are capped at their\ 5' ends. This cap structure s a

7-methyl guanine which is added to the $' terminalétriphosphate shortly

[}

after initiation of transcription (Salditt-Georgieff ,et al, 1980).

—— .
Messenger RNAs are internally spliced and methylated, and a 100-200

/
q

nucleotide long polyadenylic acid tail is added to their 1' ends by a

poly-A synthetase. Once the fully processed eukaryotfc mRNA s formed, it

is then transported td the C);toplasm vhere translation takes place. In
-

contrast, bacterial mRNA does not undergo these processing events, and

begins to be translated even before transcription is completed.
S '




.
‘ *

Transcription termination appearg to be a very important gvent in

prokaryotic gene expression as previoﬁ§ly described. It is not known
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 siia

rand 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
&iscovered by researchers using the nucleési&e analog 5,6-dichloro-1-beta-
D-rfbofurano;sylbenzimidazole (DRB) (Eéyhazi, 1974). The DRB-resistant RNA
molecules are about 100 to 400 nucleotides long (Tamm, 1977), their
synthesis is sensitive to low concentrations (1 upg/ml) of a-amanitin 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 HeL; cells (Segal et
al, 1976), adenovirus (Fraser et al, 1978; Maderious and Chen-Kiang, 1984),
SV40 (Laub et al, 1980), and polyomavirus (Montandon and Acheson, 1982).

Studies of* transcription of SV40 late mRNA, adenovirus early and late

mRNAs'apd mouse B-globin mRNA have revealed that RNA polymerdse traverses

‘the poly;denylation site (the 3' end of mature mRNA) and terminates up to

several kilobases downstream (Ford and Hsu, 1978; Nevins andvDarnell, 1978;
Nevins et al, 1980; Hofer and Darnell, 1981). The 3' end of the mature

mRNA is created by endonucleolytic cleavage of a 1lqnger precursor RNA
\

+subsequently followed by addition of polyadenylic acid. A highly conserved

hexanucleotide AAUAAA is found 10-30 nucleotides upstream of most poly(A)
e .

sites (Proudfoot and Brownlee, 1976), and deletion of this sequence

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

sections summarize what is known about termination of transcription by RNA

)

polymerase II.
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Sherman, 1982). This suggests that either 1) this region  contains a
' AN

1. Yeast. .

(3

A spontaneous mutant cycl-512 has a 38 base pair deletion in the 3'

nontranslated region of the CYCl - locus .in the yeast Saccharomyces

cerevisige. The deletion is loéated 130 base pairs downs;ream of the CYQI
translation termination codon, and about 15 L;se pairs upstream of the
polyadenylation site. The sequence TATTTAT is found at bqth ends of the
deleted region in CYCl; as a' result of the déletion, only one copy of
TATTTAT is left in cycl-512 mitant. This mutant produces discrete sizes of
CYCl mRNAs ranging from 630 to 2400 nucleotides, while wild type CYC1l mRNA
is approximately 630 nucleotides long including the poly(ﬁ) tail (Zaret and
termination signal, deletion of which causes RNA polymerase to read thro;gh

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

contains a polyadenylation signal, deletion of which 1leads to

. polyadenylation at aberrant sites.

’ .
It is known that AAUAAA is required for polyadenylation in higher

eukaryotes (Fitzgerald and Shenk, 1981). An -examination of the DNA
sequence of the 3' non-translated tegion of CYC1 reveals no. sequence
related to ~AAUAAA in CYCl] mRNA. Analysis of a mﬁ)er of yeast genes that
code for 'mRNAs indicates that most yeast mRNAs do not contain an AAUAAA-
tgpe"sequence in the appgopriate region. . This suggests thagéfignals other
than AAéKAA may be used for polyadenylation in yeast. Analysis of steady-
st;te polyaéehylated &poly(A)+] RNAs from total cellular RNA of cycl-512
reveals tﬁlﬁ all the aberrantly sized RNAs are pslyadenylated. Iﬁ'contrant
to ﬁigher eukaryoﬁes, yeast histone mRNA is polyadenylated (Fahrner at al,
1980). It appears that all or nearly all mRNAs become polyadenylated in

yesast. This leads to the conclusion that in yeast polyadcnylﬁtion say be

tightly coupled to transcription termination (Zaret and Sherman, 1982).

2

il
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Since only steady-state RNA was analyzed fa this work, it is possible that
non-polyadenylated RNA is degréded 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 polyadenylation rather than a termination
S

.

signal.

-

The muéant cycl-512 not only produces several discrete sizes of CYCl
mRNAs, but also the combined steady-state levels “of all the CYCl mRNAs are
approximately 10% of the normal ameunt of 630-nucleotide wild type CYC1

-

mRN&. Interestingly enouéh,Fthe;e is a gene (OSM1) located downstream of
the CYC1l locus that‘is transcribed from the opposite strand and terminates
near the 3' end of CYCl. This gene normally produces a 1450-Aucleotide
transcript, but in cycl-512, this transcript is absent and is replaced by a
2000-nucleotide transcript.- The steady-state level of this 2000-nucleotide
transcript in cycl-512 is reduced by a factor o£ 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 CYCl1 and OSM1
transcripts so that they do not terminate and polyadenylaté at the correct
positioﬁé, and the ﬁraﬁscription of ‘both genes is now overlapping. The
reduced amount of mRNA transc;ibgd from these two genes in the mutant could
be Ehe result of collisions between RNA polymerases transcribing the same
region in opposite directions. Alternatively, the addition oé sequernces
beyond the normal 3' end of the mRNAs may affect the stability of these
aberran£ mRNAs. These results suggest that transcription termination may
pl;y an important role in the reguf&tion of gene expression in yeast.

Since the 38-base pair region deleted in cyc1-51%_shows functional
importance, it is 1likely that some sequences within this region bare

important for transcription termination and/or polyadenylation. Comparison

of 3' non-translated regions of CYCl and 14 other yeast genes has revealed

~
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that the sequences- TAGT or TAIGT, which are located in the center of th?
38-bage” pai? region, showed homology in 13 out of 14 yeast genes examined
(Zaret and Sherman, 1982). This homologous sequence is located 10 to 40
nucleotides upstream of the known poly(A) sitézﬁ A sequence TAG gn{f;eam/of
the TATGT, and a sequence TTT downstream from the TATGT are often seean in
thése genes, suggesting Eﬁ;t this tripartite structure could form the
signal for transcription termination and polyadenylation. The 3"
nontranslated regions of yeast genes are extremely AT-rich,.and no dyad
symmetry structure can be formed in this region; resémbling the rho-
dependent terminators in prokaryotes (Platt, 1981). ' Zaret and Sherman
(1982) therefore suggest that the region deleted in cycl-512 may rgpresent‘
a eukaryotic counterpart to the rho-dependent bacterial terminator.

¢

Recently, Henikoff and Cohen (1984) investigated sequences responsible

for transcription termination in the yeast Saccharomyces cereviseae. They

studied ‘termination of transcription on a segment of Drosophila

melanogaster DNA that complements an adenine-8 (ADE8) mutation in

Saccharomyces cerevisiae and codes , for the enzyme glyéinamido
ribonucleotide transformylase (Henikoff et al, 1981). The Dro;;ghila ADES
gene was cloned into the BamHI site of yeast plasmid YEpl3 such that the 3'
portion of the FLP gene of 2 um plasmid DNA is Ot;ented ﬁ!L the same
direction as -the ADE8 gene. This Drosophila ADES me;sagegin yeast is about
1 kilobase (kb) in length (Henikoff et al, 1981). Although the initiation
sites of ADE8 mRNAs isolated from yeast ang’ Dfo;ophila cells differ
considerably, the 3' end of these mRNAs are nearly the sams. °

Henikoff et al, (1983) have constructed deletions in the vicinity of
thé 3' end of ADES gan; to _dctormini the 3' boundary of a po:iibl‘
s termination contrél signal. A fusion of ADBS (about 1 kilobase) go ibout

0.5 kb of the FLP gene should increase the length of thq'n.lllb. to about




1.5 kb if the"put':ativ‘e ADE8 termination signal is deleted. Analysis of

J:oly(A)+ RNAs extract-ed from cells that carry various‘deleted Plas,mids has
revealed that messages from deletions 712 and 753 are abo\utx'l.S kb long
+
indicating fusion transcripts, Qv‘lhereas those from deletioms 782, 802 and
T
822 are about 1 kb long indicating unaltered terminatior. These numbers

-represent the nux‘?ber. Jf nucleotides between the AUG start codon in ADES

mRNA ar;d_ the beﬁinning 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

<y

required for polyadenylation. The termination control signal must be

located between nucleotides 753 and “782. .Two 8 base pair re;;eats,
TTTTTATA, separated by a 17-nucleotide ir.xterva}, may be important for this
termination cgntrol. "Further 3' end deletion analysis reveals that inserts
which contain ;1p' to Qnucleotid'e 769 shc;w fully normal te¥mination, but
deletion up to nucleotide 768 produces about 507 readthrough. The deletion
769 leaves TTTTTATA intact, while deletion 768 removes the last A-)residue.

4 M
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 nofmal termination, while

13

removal of sequences beyond this point shows increasing amounts of

;eadthrough- transcripts. From these resn:}ts, the authors suggest that the
termination signal is no more than 21 base pair long (from nucleotides 748
to 769), and par:t of the signal is the sequence TI'I'?I'I'ATA, which is seen in
the 3' nontranslated region of other yeast genes. Sequences downstream

of the 21 base .pair signal sequence are also required for efficient

\
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terminatioa. gla;lysis of these downstream sequences within yeast mRNAs
showed that there is not much homology among different gar\.e&; howaver, all
such regions are AT-rich. Henikoff and Cohen (1984) came up with the same
hypot‘hes'is as ~ Zaret and Sherman (1982), that the mechanism for

transcription termin:ftion in yeast' may resemble bacterial rho-dependent

° »

termination (Platt, 1981).

& A
: . r1

2. Sea Urchin Histone Genes. \ <

The histone gene repeat unit of the sea urchin Psammechinus miliaris

b Y

has been isolated and cloned (Gross et al; 1976). This histone genejunit

contains.all 5 histone mRNA genes, Hl, H2A, H2B, H3 and H4. Injection of
cloned sea urchin histone genes into Xenopus oocyte nuclei produces high
levels of H2A and H2B mRNAs indistinguishable from authentic sea urchin.
histone mRNAs, and low levels of Hl, H3 and 'H4 mRNAs (Hentschel et al,
1980b). S1 nuclease papping has shown that authentic 5' ends of ajll 5 sea
urcilin ‘histone mRNAs ’are produced in injected frog oocyte nuclei; }mdwavar,
5' ends of H4 mRNA are at low levels. “Correct 3' ends are (found for HI,

H2A, HZE/aqd H4 mRNAs, but not for }.13 mRNAs‘ There is a deficiency in the

production of the correct 3' terminus for the H3 mRNA, presumably as a
\

result of poor processing.

Althougl} histone ;enes are transcribed by R_NA polymarasae II,‘ most
histone mRNAsS are not polyadenylated. The conserved AAUAAA 'motlf ‘found in
polyadenylated mRNA i{s missing from histone mRNAs. ‘'Instead, a 23 base-pair
cqnserved DNA sequence has been identified at t..ho 3' ends of histox‘w genes
in many different species (Hentschel and Birnstiel, 1981). This sequence

cqntiins a '16 base-pair hyphenated inverted repest and the }' termini of -

histone mRNAslies near an ACCA motif (Hentschel et al, 1980a). It has

s
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been suggested that this homology sequence represents a regulatory signal

either Tor transcription terminatien or maturation of a longer precursor

(Busslinger et al, 1979). ’ g ’

To understand the possible function of this 23 base-pair conserved
sequenge a series of. mutants were constructed in which deletion, insertion
;r poin.tﬁmutat;ions were introduced into the H2A gene of, the cloned sea
urchin histone gene, repeat unit h22 (Birchmeier et al, 1982, 1983). These
mutated h22 DNAs were injected into Xenog\“fs oocyte; nuclei and histone mRNAs
were analyzed. The results have shown thaat sequences immediately upstream
of the conserved inverted repeat, as well as pro’tein\codting sequences of
the H2A gene, can be removed without any serious effects on transcription
initiation and 3' end, fo‘rmation. The inverted DNA repeat at the 3' end of
t;he H2A gene is required for the generation of authentic 3' ends of H2A
mRNA. A 12 base pair deletion which ren;ov?s this palindrome and point
mut'ationé which destroy the symmetry o¢f the inverted repeét prevent the
formation of 3! termini. However,‘the presence of t}}e terminal DNA repeat
with the ACCA motif by itself is not sufficient for the generation of

¥
¥
base-pairs downstream of this region are also required. Transcri

authentic 3' H2A mRNA tennigi; additional spacer sequences, about ,80

p/[ion

analysis of point mutations which prevent 3' end formation and

pseudorevertants, which allow the pg_cg_cjig;qtion of H2A mRNA with authentic 3'

ends,’ have revealed that an RNA hairpin structure ;.'ather than a ~DNA
cruciform structure is essential for the formation ?f the 3' termini.

In vitro synthesized transcripts of the H2A gene with 3' extensions

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

into Xenopus laevis oocyte nuclei (Birchmeier et al, 19849. Injection into

Xenopus oocyte nuclei of RNA synthesized in vitro from'deletion mutants gf

the H2A gene has r?vealed that the inverted repeat and 200 nucleotides of

’
¢ [
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3r qucér sequence are required for the efficient processing of 3! termini.
Injection of mutant H2A DNA from which the terminal inverted repeat is
deleted do€s not produce an§ H2A RNA with authentic 3' termini due to lack
of processing. Studies of a series of H2A s;acer DNA deletion mutants.
which were processing-deficienp have shown that the transcription has been
terminated heterogeneusly within the first 130 to 230 nucleotides of H2A 3!

spacet region. The reghilts suggest that termination of transcription of
a0 \

sea urchin histone gene ‘transcription in Xenopus oocyte .nuclei occurs
ﬁeterogeneously within tﬂ; first 130 to 230 nucleotides of H2A spacer
region, downstream of the )terminal ~inveEFed DNA repeat of sea urchin
histone genes. These transcripts are then rapidly proc;ssed into mature
histone mRNAs.

Injection, of the cloned sea urchin histone gene repeat h22 DNA into
Xenopus oocyte nuclei results in faithful initiation of the histone mRNAs,
but transcription termination or RNA érocessing to yield the ;3 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 mRﬁA (Hentschel et al, 1980b). The simplest‘explanatfon of
this finding 1is that the frog oocyte lacks a factor required for
transcription termination of the H3 gene ;r processing of the 3' ends of
transcripts.‘ A 12 S protein component derived from a &hromosomal salt wash
fnact}on of sea urchin embryos was partially purified. Coinjection of this
prbtein component with h22 DNA into Xenopus oocyte nuclei resulted in the
foqmation of authentic 3' ends of. H3 ?RNA (SQunnenberg and Birnstiel,
1982,. The generation of histone H} mRNA 3' termini{ could also be enhanced
by the injection of a small sea urchin RNA, U7 snRNA (about 60 nucleotides
in length), into the oocyte one day prior to injection of the h22 sea

>
urchin histone DNA. Furthermore, this 60 nucleotide RNA could ba isolated

’ .
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from the 12S protein component (Galli et al, 1\983). :rhef'efore: it a‘ppears
that the formation of H3 mRNA 3' ‘ends requ‘;res a small nuclear
ribonucleoprotein (snRNP). ’ Injection of 60-nucleotide small nuclear RNA
“into oocytes two days prior to injection of in _\Li_t_x_'_o: synthesized H3 RNA
with 3! Lpacer'extensions results in the formation of authentic 3' termini
of H3 mRNA. The results suggest that the 3' ends of H3 mRNA are created by
processing, not by termination (Birchmeier et al, 1984).

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

nucleotides downstream of the 3' termini of histone mRNA, which is

a
-

conserved. in all the sea urchin histone genesl(Hentschel and Birstiel,
1981). Analysis of the cDNA sequence of the 60 nucleotide U7 RNA has
revealed that there are sequences near the 5' terminus of the U7 RNA y(bichr
are complementary to the conserved sea urchin histone 3' inverted DNA
repeat and the CAAGAAAGA motif (Strub ‘_e_t al, 198{;)'. Studies of the
processing of Ri‘iAs 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-lbop structure of the mRNA, deletion-

of the CAAGP:AAGA motif abolishes the synthesis of mature 3' termini of H3
mRNA. When the terminal ACCA sequence was replaced b;r a linker sequence,
RNA processing was reduced but not completely abolished. Therefore, the
ACCA sequence is requiz?ed for maximal RNA processing'but is not essential;
the same is true of sequences within 50 nucleotides immediately downstream
of the CAAGAAAGA motif. An insertion of 6 nuéleotides between the 3!
inverted repeat and CAAGAAAGA also abolished processing. Therefore, these
two sequence blocks can be seen as a single sig‘nal for RNA processing, with
a narrov;ly defined topology directing 3' maturation of histone mRNAs
(Georgiev and Birnstiel, 1985).

¢

/




3. Mouse f-major Globin Gene.

The mouse B-major globin gene has been isolated and sgqu!mcedh (Konkél
\g_t; al, 1978). The tia,nscription unit that encodes B-major globin mRNA has
been investigated in DMSO-induced murine erythroleukemia cells using mainly
_RNA labeled in vitro in isolated nuclei (Hofer and Darnell, 1981). Studies
of RNA -labeledr in vitro with 3?P-UTP for > min in isolated Hela cell
nuclei hgge shown that there 1is no re-initiation of RNA chains, but

i
elongation of already initiated chains proceeds for about 500 nucleotides

- or less (Weber et al, 1979); very little processing of previously labeled

completed chains occurs (Blanchard et al, 1978). In vitro labeled nascent
RNA was hybridized to cloned restriction fragments of the genomic B-globin -
DNA Equimolar amounts of labeled nascent RNA hybridized to .all the
fragments encoding for the mRNA and to’ fragments extending at least 1400
nucleotides beyond the poly(A) addition site (Hofer and Darnell, 1981;
Hofer et al, 1982). This result indicates that transcription of B-globin
gene terminates within a region 1400 nuclec/)tides downstream frc;m the
polyadenylation site. However', when in vivo pulse-labeled (20 min) nuclear
RNA was used in? the hybridization, much less RNA was hybridized to
fragments containing sequences downstream of the poly(A) site. The result
indicates that RNA synthesized from regions downstream of the poly(A) site
is extremely unstable in vivo. Nevertheless, this finding reveals that
there is substantial transcription past the poly(A) site in vivo (Hofaer and
Darnell, 1981). '

In search of transcription termination sites, RNA labelad in isolated
nucl{ei was hybr‘iidized to DNA fragments containing sequences downstream of
the poly(A) site. The hybrids were treated with S1 nuclease and analyzed
by polyacrylamide gel electrophoresis. There was no RNA species with a 3'

end that would correspond to a single termination site; @nntcn'd. RNA

°
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molecules with ‘many discrete 3' ends were detected. This result probably

termination occurs at many sites t}iroughout the region batween
1500 nucleotides past the poly(A) site. Sequence analysis of this
reglon reveals the presence of some i;xverted repeats gx{l}d. some homology
among 43} ffarent globin genes (Citron et al, 1984).

To determine whether the termination region of the mouse B-globin gene

functions to terminate transcription when moved to another genomic site,

portions of the termination region have been inserted into the El -~

JE

transcription unit of adenovirus 5 (Falck-Pedersen et al, 1985). The 51te
of insertion is at a unique Xbal site at 3.85 map units, within the 3' exon
of the ElA region, and lies upstream of the ElA poly(A) site. The ElA
promoter in this construction is also replaced by the 'promoter of
adenovirus major late transcription unit (Logan and §henk, 1984). This
replacement leads to an increased accumulation of RNA from the ElA region
late in virus infection witﬁ“llittle effect ea;'ly in infection. The ilouse
B-globin DNA fragments used to construct insertion mutants were fragment D
(509 base pairs, containing the poly(A) site), E (443 base pairs,
immediately downstream of fragment Ds), and F (809 base pairs, (immediately
downstream of fragment E). The putative termination region is located
within fragment F. RNAs labeled either in isolated nuclei or in whole
cells which were infected with recombinant virus were analyzed. In
recombinant viruses which contain either the 5' portion (503 nucleotides)
of the F region, inserted in either orientation, or the F+ﬁ+D fragment
inserted opposite to its normal orientation, ElA transcripts were
synthesized and polyadenylated z;t the normal ElA poly(A) site and contained
the linserted globin sequences. Recombinant virus containing the D+E+F
region of B-globin DNA in /the normal orientation produces smaller EiA

-

mRNAs. Analysis of the 3' ends of these mRNAs showed that the globin

e

N 5,
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poly(A) site was used exclusively. RNA labeled in nuclei isolated from
I’ -

4

£ .cells infected with recombinant virus containing the mouse B-globin D+E+F
;egion was hybridized 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 c¢ompared with

\ transcription of ufstream regions. In addition, transcription of the EIB

N

gene is strongly reduced.

These results suggest that sequences between the mouse S-globin

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

and that termination might only occur after an active polyadenylation site

v

is utilized. During the late phase of infection, transcription of El1A DNA

: downstream from the globin F region is detected, and actjve transcrintlon

«

of the EIB gene is also resumed. The termination event in the late phase
A

of infection is apparently not as efficient as during the early phase; this

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

shown that the major late transcription unit is transcribed to the extreme

righthand end”of the adenovirus genome without an identifiable termination

A
event during the late phase of infection (Fraser et al, 1979). This could
be due to an antitermination event or to the deficlency of a termination —
factor during the late phase of adenovirus infection. q
4, Othenk"\}ligher Eukarvotic Genes and Viruses. e
Studies of many viruses and eukaryotic mRNA coding genes have shown

that RNA polymerase II transcribes across the polyadenylation site and
terminates somewhere downstream of the poly(A) sita. So far, the sequencas

-~ at \whic: transcription actually ceases are not known.

‘f During the late phase of 5V40 infection, RNA was labeled in vivo with

YH-uridine for 1 min. Hybridization of the in vivo labeled RNA to SV40

L 4

£
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L-strand DNA has shown that nearly equimolar amounts of labeled RNA

hybridizes to the late mRNA coding region and to a region extending about"

1000 nucleotides downstream of the poly(A) site (Ford and Hsu, 19783. ’ This
result indicates that trar‘lscription of L-strand DNA terminates beyondfl kb
past the poly(A) site.

In the case of polyomavirus, early in 1lytic infection E-strand RNA
lappears to be terminated and Erocessed very rapidly and efficiently. By
examining 15 min pulse labeled early nuclear RNA, Acheson _and Mieville
(1978) concluded that more that 892 of E-strand RNA terminated near the 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 the
labeling period was long compared to turnover and processing times. 1In
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-—labelegl nuclear late RNA (McNally, 1983;
Tessier, D. and Acheson, N. H. personal communication) anc\l late RNA labeled
in isolated nuclei or viral transcription complexes (Skarnes, 1985) have
revealed t};at only about half the amoynt 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
RNA polymeraseﬂ may terminate transcription of the L DNA strand downstream
of the poly(A) site with an efficiency’ of about 507%.

In adenovirus 2 transcription has been shown to proceed f’ar beyond the
polyadenylation sites of two early transcription units, E2 and E4 (Nevins
et al, 1980). Late in adenovirus 2 infection, transcription of the wmajor
late transcription unit encompasses five poly(A) sites, and terminates

within the terminal 650 nucleotides without reaching the end of the genome
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Y al, 1979; Fraser and Hsu, 1980). A
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(Nevins and Darnell, 1978; Fraser
wide variety of mRNAs-ate processed from this primary transcript and fall
into five groups (Ll'go LS) which possess common polyadenylation sites. In
c-ontrast, during the early phase of infection, transcripts of the major
latie unit terminat$ near the ‘middle of the genome, and only_the mRNA of L1

7
family is produced (Shaw and Ziff, 1980; Nevins and Wilson, 1981). The

reason for the difference in transcription pattern between earl‘y and late
phase of ir;fect:ion is not clear, There are several possibilities: 1)
after DNA replication, the viral chromatin structure may have changed,
hencé preventing termination in the middle of the genome; 25 some viral
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 labeled in vitro in isolated nuclei, LeMé\?r et al (1984)
have analyzed the 3' ends of primary transcripts of the chicken ovalbumin
gene. Hybridization of in vitro labeled nuclear RNA with DNA fragments
cove};ing—the 3' region of the gene indicates that more than 90I1 of
transcription terminates in a discrete region of 170 base pairs located 900
nucleotides downstream from the main ;;QIyadenylation site. Analysis qf
sequences within this 170 base Yair region reveals two sequences analogous
to a putative yeast ‘termination signal, TTTTTATA (Zaret and Sherman, 1982).
Therefore, the autho:rs propose th'at this sequence may be involved in the
process of ttanscript;ion ‘termination in the chicken ovalbumin gana.‘

The site of transcription termination in the mouse a-amylase gene
I‘.my--Za was determined by in vitro transcription’' in isolated nucleif buf
panc.eati¢ cells (Hagenbuchle et al, "1984). Hybridization of 1%/‘135_;3

elohgated nascent trauscripts to Amy-Z‘ restriction fragments findicates

that over 90X of RNA polymerases terminate transcription in a regton
- L4

LY
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"between 2.5 and 4 kb downstream of the Amy-Za polyaduenylatmion site and that

polymerases are éradually diluted out over the last 1.2‘ kb. Sl nuclease
mapping of steady state nuclear RNA indicates that RNA polymerases
terminate at multiple sites ‘within this region. However, primary
transcripts may be prqcessed very rapidly into matur‘e mRI‘iAs; lthe 3' ends of
primary transcripts may be very unstable. Therefore, 3' ends defined by Sl
mappilng of steady state nuclear RNA do not necessarily correspgngl to
teémin)ation sites but may rdpresent partially processed RNAs.

Rohrbaugh et al (1985) have localized the 3' termination rggionq of the
rabbit Bl globin gene in fetal liver by using in vitro labeled RNA in
isolated nuclei. Their results indicate '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 trar{scription contains an inverted - repeat andq encodes a short
RNA transcribed by RNA polymerase II from the opposite strand of the Bl
globin gene. Therefore, the authors suggest thit the inverted repeat and

.

the opposite transcript may play a role in the termination of Bl globin
|

gene transcription.
N4 . o~

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...TTT and
TTTTTATA, have been proposed to mediate formation of 3' ends <{Zaret and
_Shermar;, 1982; Henikoff and Cohen, 1984). Polyadenylation in yeast mRNA is
apparently directly coupled wi;:h terlminati‘on. However, it is _still
possible that these yeast sequences are invelved in RNA processing rather

“
than transcription termination.
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Most *histone mRNAs do not contain poly(A) tails. Studies of sea
urchin histone genes injected into frog oocyte nuclei have ravealed that

-

the 3' ends of histone mRNKs are genarated by RNA processing (Birchmeier et

al, 1984).. The conserved sequences, which intlude a stem-lcop'structute
near the 3' end of the mRNA, and a 3' end ACCA mo;if, and a‘CAAGAAAGA
nonamer- 6 base pairs downstream of the 3' end, are required as a signal for
proéessiﬁg of the 3' end. A sea urchin-specific small nuclear RNA (U7) has
been shgwn to be required for the brocessing. However, the sites and role
of transcription termination in these histone genes is not known.

Most mRNAs of higher eukaryotes contain a long poly(A) tail at their
3} ends. It is known that these 3' ends are created by enﬁgnucleolytic
cleavage of the pre-mRﬂA, followed by the addition of polyadenylic acid to
the newly exposed 3' end (Nevins and Darnell, 1978). -The hexapucleotide
AAUAAA as well as additional 3' flanking sequences, are required for the
cleavage* and polyadenylafion reactions. Both in vivo and in vitro studies
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

- = 1

termination signal is not yet wunderstood. Many hypotheses have been
proposed, some gased on facts, some merely speculation. However, there is
evidence indicating that transcription termination may be linked to

polyadenylation or to recognition of a polyadenylation signal

(Falck-Pedersen et al, 1985).

o

Lytic Cycle of Polyomavirus. s

Polyomavirus is a member of the papovavirusfamily. It vas originally

-

4

isolated by accident when Gross (1953a) made extracts of the low-leukemia

C3H mice and observed ‘that a few mice inoculated with the extracts
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developed salivar; gland (parotid) adenocarcinomas Khile remaining free of 9
any trace of leukemia.. Gross (1953b) was able to »separaté 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
freguent gonsequence of inoculation by the parotid agent, a variety of
other tumors including medullary adrenal tumors, spithelial thymic tumors,
mammary gland caArcinomas, ‘renal carcinomas, liver hemangiomas, and

subcutaneous fibrosarcomas also occasionally develop. Because the parotid !
|
|
|

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

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

this is universally accepted. ° R
The genome of polyomavirus consists of a circular, double-stranded DNA

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

moleéular weight of 3.5 x 106 daltons and is enclosed in an icosahedral

-capsid 45 nm in diameter consisting of 72 capsomers and 420 structural

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

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

within the virion is associated with four host i’listones’and forms the viral
chromatin (Freason and Crawford, 1972; Fey and Hirt, 1975). Polyomavir.us

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

a ‘

A3 strain) and has been completely sequenced (Friedmann, et al,” 1979; Soeda -~
et al, 1980).

The lytic infection of polyomavirus takes place in two phases, "early"
and ''late". The early phase lasts until the beginning of viral- DNA.
replication, which occurs 12 hr after infection at 37°C. Three viral T
antigens are synthesized during this period. The late phase begins with
the onset of viral DNA replicati.on and ends at cell death, which is about

48 hr after infection. The three viral structural proteins are synthesized

a
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‘the infected cell. ' .
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and progeny viral particles are ass uring.the late phase. Viral DNA

replication, RNA synth;sis and virion ,ass

ly take place in the nucleus of
{ 4 -

-

L]
+

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

The virions are then -taken into the cytoplasm within pinocytic vesicles
\ F .

shortly after infection (Mattern et al, 1966). The viral capsid protains
are.removed and viral chromatin is transported to the nucleus. The viral

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

" eycle.

Transcription of the polyomavirus genome ’is temporally regulated.
During the early phase of the lytic infection, one of the two DNA strands
(the E DNA strand) is transcribed predominantly. Tranmscription begins near
;he origin of Qiral DNA replication (around nucleotide 150) .and proceeds
counf;r-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 early proteins known

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

[

represent only 0.01-0.Q02% of the total cytoplasmic RNA (Weil et al,

1974;

o

Acheson and Mieville,'1978). During the early phase, transcription of the

“viral E DNA strand is terminated efficiently, and E-strand RNA {s rapidly‘

transported from nucleus to cytoplasm. Viral mRNA appears in the cytoplasm
within 6 min of its synthesis; more than half of the viral RNA synthesized
in the nucleus is exported to the cytoplasm T(Acheson, 1981). The primary
transcript of the E DNA strand may extend beyond the polyadenylation site,
whiéh defines the s3' end of mature mRNA (Kamen et al, 1974; Acheson and
Mieville, 1578). '

Synthesis of polyomavirus T antigens during the early phase is

\
followed by a mitotic host responss. This comprises stimulation of overall
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‘ ' %ellular RNA and protein synthesis, the activét-ion of the qellular
DNA-sy'nthesizinglapparatus a;id the duplication of the host cell chromatin
(for review, see Acheson, 1981a).. These changes in the host’ cell
metabolism provide the materials for the e‘fficient replication of viral DNA
and production of v{ral progeny. Large T antigen has been shown to
negatively regulate its own syntrhesis (Cogen, 1978; Kamen et al, 1980).

©

Replication of wviral DNA can occur -as early as 12 to 15 hours, after

Q
infection, and marks the onset of the late phase of lytic infection. Large
T antigen is required for the initiation of each round of wviral DNA

replication, but not for continued elongation. The requirement of large T

+antigen in viral DNA replication and the negative control on its own

of polyomavirus affecting large T antigen (Franke and Eckhart, 1973).
Viral DNA replication is semiconservative (Hirt, 1969) and bidirectional

-~

(Crawford et al, 1973; Griffin et al, 1974).

During the late phase of lytic infection, the opposite strand of DNA

‘

(the L DNA strand) is transcribed. Transcription is initjated in a region
located at the other side of the DNA replication o}.'igin, with respect to
the early initiation region, and proceeds in a clockwise direction (Fig.
1). The late coding region spans the right half of the viral genome and
codes for the three viral capsid prnoteins, VP1l, VP2 and VP3. The maximal
rat?e ‘of RNA synthesis occurs be;;ween 28 and 40 hours after infection,
because of the increase of'viral DNA templateﬁ/ which takes place. At this

time, virus-specific RNA represents more than 107 of the RNA labeled in

infected cells "during a 5-30 min labeling period (Acheson et al, 1971).

| Late virus-specific mRNA accounts for 1-3% of total cytoplasmic RNA labeled
1 ‘ during several hours (Buetti, 1974). Nearly all of these viral RNAs are

transcribed from L DNA strand.

synthesis has been shown by experiments with temperature-sensitive mutants
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Figure 1:

Physical map of polyomavirus genome.

The numbers on the inner side of the cirA&e‘represent nucleotides
numbered according to Soeda et al (1979, 1980). The numbers -on
the outer side of the circle represent map units, with thé\ﬁnique

b} .
EcoRI site serving at the 0 refqrence point. The E-strand DN% is

transcribed qounter-clockwise‘énd 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-strand DNA is transcribed1 clockwise and transcripts are-
processed into three late mRNAs which code for three viral capsid

proteins, VP1, VP2 and VP3. Dashed lines represent regions where
transcription initiates. The thickened portions on the outer

lines represent protein coding 'regioﬁs on each mRNA. Dotted

lines represent sequences removed from mRNA precursors by splicing.

Arrowheads represent the 3' ends of mRNAs.

»
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Termination and processing of the L-strand transcripts appoaAo ba
very inefficient. Only about 5% of total viral RNA synthesized becomes
mRNA (Acheson, 1984). The bulk of late polyomavirus RNA is larger than the
yiral genome; this is caused by RNA polymerase II traversing the circular
;iral DNA genome several times before terminating transcripti&g (Acheson,
£978). Acheson (1984) has confirmed‘théf only 10 to 25%Z of nuclear viral
RNA is polyadenylated and that it is polyadenylated within‘ less than two
min of its synthesis. Nuclear viral RNA which is polyadenylated exists as
molecules of discrete lengths of about 2.2 + n(5.3) kilobases. These RNAs
are & family of molecules which have the same 5' and 3' ends but differ in
size by an‘' integral numbezj of wviral genome lengths (5.3 kilobases)
(Acheson, 1984). The mature mRNAs contain only a single mRNA body sequeneg\v
(Buetti, 1974; Kamen et al, 1980), which is linked at its 5' e;h to one or
more tandemly joined 57-nucleotide leader RNAs (Legon et al, 1979;
Treisman, 1980). These multiple copies of the leader must  arise by
spliéing between leader sequences present in the giant precursor RNAs.
Thus, leader to leader splicing removes almost an entire genome-length of"
RNA from a precursor RNA molecule.

Studies with SV 40 have shown that as soon as viragl® capsid proteins
are made, the empty viral capsid is assembled. The viral DNA-histone
complexes _subsequently interact ;ith the empty cabsid; and form intact
virions//?;zZE\ 1972; Ozer and Tegtmeyer, 1972). Although the e;act
mechanism of virus assembly is still not completely understood, there
appears to be no specific mechanism for release of viral progeny from the
infected cells, many virions remain cell-associated even after extensive

cell death (Granboulan et al, 1963; Mattern et al, 1966). Assembly of

polyomavirus virion is believed to be similar to that of SV40. The viral

+
[}
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-4
« particles begin to appear as early as 20-25 hours after infection, and can

b
»

continue to appear up to 60-70 hours post-infection, the time at which cell

death normally occurs. The lytic cycle is then complete.

a

Polyomavirus as a Model System to Study Transcrigtion Termination.

At present, little is known about the sites and signals involved in

the termination of transcription by RNA polymerase II. Polyomavirus lends

itself particularly well to the study of transcription termination for the

following reasons:

1. Its molecular biology has been extensively studied.
2.  The nucleotide sequence of its small (5.3 kilobase)
N
genome has been determined. N

3. It is transcribed as a DNA-histone complex by RNA

polymerase II in the nucleus of mouse cells; therefore
it is analogous to cellular genes which code for

’ . mR.NAS-

¥ 4. The virus has two distinct transcription units, one on
[

each DNA strand. -

. v v
termina{ed and processed inefficiently, giving

rise to giant transcripts which contain several tandem
repeats of the entire DNA strand. Virus-specific RNA
represents about 10Z of total RNA synthesized in the

cell and most of these viral RNAs are L-str?nd RNAs. -~
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MATERTALS AND METHODS

¢

Pregaratioq of Primary Babvy Mouse Kidney Cell Cultures (BMK).

Kidneys were removed from 10-day-old 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

4
with “sterilized scissors and treated with 20 ml of 0.2% trypsin (Sigma) in
PBS containing 0.037 peﬁicillin (Sigma) and 0.017 streptomycin (Sigma) at
room temperature for 30 minutes each time. The supernatant fr9m the "first
trypgféization was discarded and the supernatants of the next 4 to 5
digestions were collected. Following centrifugation, the pellet was
resuspended in Dulbecco's modified < Eagle's medium (DMEM) (Flow
Laboratories) supplemented with 5% heat treated newborn calf serum (NCS) or
fetal bovi%g serum (FBS) (Flow Laboratories), 2.5 ug/ml fungizone (Squibb),
50 ug/ml gentamycin (Schering Canada Inc.) and 25 ug/ml vancomycin (Lilly).
The suspension was pla€>d onto 90 mm plastic tissue culture pétri dishes
(Nunc, Lux) at a volume of 10 ml. Kidneys from approximately 25 to 30 baby
mice were prePared for 40 90-mm petri dishes. BMK cells were grown at 37°C.
in an atmosphere containing 57 CO,. Within 3 to 4 days, the cells were
nearly confluent (5 x 10% cells/petri dish) aig.wera ready for infection.

BMK cell cultures were mainly used for growing polyomavirus stocks and

performing ptaque assays.

Preparation of Mouse Fibroblast 3IT6 Call Cultures.

Swiss albino 3T6 cell line was purchased from the American Type
Culture Collection (ATCC-CL96). These cells were maintained in DMEM with
10Z FBS and antibiotics in 90 mm petri dishes. Upon reaching confluency

(2-3 x 107 cells per petri dish), the cells were trypsinized and replated




‘ ~
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at as1:10 dilution twice a week. After 3 days, the newly plated cells were
nearly confluent (approximately 1 x 107 cells per petri dish), and were

resdy to be infected with virus. 3T6 cells were used for preparing

polyomavirus RNAs.

L3

Polyomavirus Stock.

The polyomavirus used in our laboratory is strain AT3 (Skarnes,

Tessier and Acheson, in preparation). The DNA genome is comprised of 5309

base pairs. This strain resembles the polyomavirus A3 strain (Friedmann'et

¥

al, 1979) in that 1t has a 1l bp deletion to the early side of the

. replication’ origin (nucleotides 44 to 54 of the A2 strain) (Griffin and

N &

Maddock, 1979) and an insertion of one nucleotide between nucleotidess 2890
and 289% of the A2 strain, which leads to a different C-terminal region in

large-T antigen (Deininger et al, 1980; Soeda et al, 1980). However,

strain AT3 has a 75-nucleotide direct repeat in tandem in the region of the

transcriptional ,enhancer (nucleotides 5099-5174 and nucleotidss 5175-5249),
and a 52-nucleotide deletion (nucleotides 5207 to 5288 in the A2 strain).
The 75-nucleotide repeat resembles that found in he\'MV strain (Ruley and
Fried, 1983). Virus was plaque-purified and grown \n primary BMK cells.
Titers of virus stocks (4-10 x 10® pfu/ml) were determined by plaque assays
on QBMK cells. Virus stocks were stored -at -20°C.

v

Labeling and Extraction of RNA. ; | .

3T6 cells were grown to subconfluency (about 1 x 107 cells) in 90 mm
etri dishes and were infected with 0.4 ml of polyomavirus at a
m;ltiplicity of 20 to 40 pfu/cell. The plates were swirled every 15
minutés_ ‘and kept in a 37°C, 57 CO, incubator for 2 hours. Following

s

infection, 10 ml of DMEM containing gentamycin, fungizone, vancomycin (but

©

%
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no I;'BS) was added to each plate. At 28 hours a"fter infection, cells were
labeled at 37°C with 500 puCi of [5-3H] uridine (NEN, ICN, or Amersham; 25
to 30 Cifmmol) in 1 ml of DMEM per 90 mm petri dish. Labeling was
terminated by removing the radioactive medium and flooding monolayers with
10 ml of ice-cold TD buffer (25 mM Tgis-HCl pH 7.5, 140 mM NaCl, 5 mM KCl,
0.3 mM Na,HPO,). Cells were then washed with 10 ml of ice-cold 1lytic

[3

buffer (10 mM triethanolamine-HCl1 pH 8.5, 10 mM NaCl, 1.5 tQM MgCl,)
(Acheson, 1981). Monolayers were s(craped in 1 ml of cold lytic buffer and
cells were lysed by adding Nonidet P-40 (Shell) to a final concentration of
0.57%, and were gently di.;rupted with a Pasteur pipette.

Nuclei were sedimented at 3,000 rp;ﬁ (Sorvall RC-5B 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 ir; lytic
buffer (1 ml per 90 mm petri dish of r;uclei). One volume of extraction
buffer (10 mM triethanolamine-HCl pH 8.5, $00 mM NaCl, 10 mM EDTA)
containing 0.5 mM of aurintricarboxylic acid (ATA) (Siéma) was added to
both cytoplasmic and nuclear portions. ATA was included ‘to prgtect RNA
from degradation by nucleases released during extraction procedures
(Hallick et al, 1977). Sodium tri-isopropylnaphthalene sulfonate (TNS;
Serva) (257%) was added to a final concentration of 27. RNA was extracted
three times in succession with an zqual volume of phenol-chlorofoxm-isoamyl
alcohol (50:50:1) and once with ct;loroform-isoamyl alcohol (50:1). Nucleic
acids were precipitated three t'imes in sucﬁession from 0.2 M NaCl by adding
2.5 voiumes of absolute ethanol, and then were treated with 10 pg/ml of
RNase-free DNase I (Worthington Biochemical Corp., or BRL) at 0°C for 30
minutes iu DNase buffer (10 mM Sodium acetate pH 5.1, 100 mM NaCl, 2 mM
MnCl,). DNase was inactivated by adding EDTA (3 ~nM) and sodium dodecyl

sulfate (SDS; BDH) (0.57). RNA was then extracted with dn equal volume of
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phenol-chjoroform-isoamyl alcohol 0:50:1) and ethanol precipitated three
! P

timés (Acheson and Mieville, 1978) The RNA was stored at =-20°C as the

ethanol-precipitated form until further use. )

INS was purified aiter purchase. First, a 207 solution of TNS was
prepared, then an equal volume of ethanol was added. The solutior} 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.

Celis were treated with glucosamine (Sigma) for 1 hour to reduce UTP
pools and increase labeling efficiency when labeling times were to be, 2 mip,
or less (Scholtissek, 1971; Wertz, 1975). DMEM containing antibiotics with
20 mM glugosamine was neutralized with NaOH, <then prewarmed and
equilibrated in 37°C, 57 «CO, incubator. One hourf prior to labeling,
infected 3T6 cell monolayers were treated with 20 mM glucosamine-DMEM
medium. After 60 min incubation at 37°C, the medium was _renloved. Cells

were washed 3 times with 5 ml DMEM which was prewarmed ;t 37°C. Cells were

then labeled with [5-°H] uridine as previously described.

Isolatjon of Recombinant Single-stranded |DNA.
e

into single-stranded DNA bacteriophage vec)ors £d103 (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

Restriction endonuclease fragments of_ polyomavirus DNA were cloned

L




s 43

integrity by agarose gel electrophoresis. Samples of double-stranded

repl.bative form DNA from each preparation were tested for the presence of

the correct fragment and absence of deletions by restriction endonuclease

digestion. o .

'DNA-RNA Hybridization and Nuclease Treatment.

\

3H-labeled RNA was hybridized in solution with an excess of ;ingle-

stranded recombinant bacteriophage DNA. Two methods were used.

A.. Up to 20 ug of nuclear RNA were mixed with 4 pg of single-stranded DNA
in 40 pl 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°& for 10 min, then transferred to 55°C for 3 hours for hybridization‘
and cooled rapidly by adding’360 pl of ice-cold S1 buffer (30 mM sodium
acetate pH 4.5, 0.3 M NaCl, ! mM ZnSO,, 5% glycerol). The hybrids were
trea;ed with S1 nuclease (Boehringer-Mthheim) at 45°C for 30 min
(conpentratioﬁ/;f S1 nuclease varief ﬁ?\diﬁéefént experiments). One unit
of S1 nuclease ,releases 1 ug acid-soluble deoxyribonucleotides. from
denatured DNA in 1 min at 37°C and pH 4.5 (Vogt, 1980). After Sl nuclease
treatment, hybrids were extractgd once with an equal volume of phenol-
chloroform-isoamyl alcohol (50:%0:1), _and once with éghloroform-ihoamyl
alcohol (50:1), and then ethanol precipitated. The pellet was resuspandad
in 200 ul of RNase buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.3 M NaCl)
containing 0.1 to 0.5 ug/ml of RNaseA (Sigma) ani incubated at 30°C for 30
miq. After ribonuclease digestion, proteinase K (Boehringer-Mannheim) was
added at a concentration of 250 ug/ml and the sample was incubated at 37°C
for 30 min. The hybrids were extracted with phenol-chloroform-isoamyl

alcohol (50:50:1) and chlordfofh-isoamyl alcohol (50:1), and then ethanol

precipitated in the presence of 10 ug 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 ug. ’

- B. Up to 50 pg of total nuclear RNA was mixed with 10 pg of single-
stranded DNA in 100 ul of 50 mM HEPES pH 7.0, 1 mM EDTA, 0.75 M NaCl. The
mixture was incubated at 85°C for 10 min, then at 55°C for 10 to 30 min and
cooled rapidly in an ice-water bath. Hybridization was complete within
this period at this DNchoncentraFion. Hybrids were diluted 2.5-fold to a
final concentration of 0.3 M NaCl and digested with either ribonuclease Tl
(200 to 800 units/ml) or ribonuclease A (0.1 to 0.5 ug/ml) at 30°C for 30
min. The NaCl c;ncentration was adjusted to 0.75 M and 300 pl samples
containing no more than 10 npg DNA were passed through 13 mm diameter

S
nitrocellulose filters (BA-85, Schleicher and Schuell) clamped in a lucite
manifold with one sheet of Whatman 3MM filter paper and two sheets of
blottihg paper to absorb the filtrate. Flow rates were abgut 1 ml per 30
seconds. Nitrocellulose filters were washed twice with 1 ml 50 mM HEPES pH -
7.0, 1 mM EbTA, 0.75 M NaCl in the manifold. Nitrocellulose filters were
then transferred to flat-bottomed polypropylene tubes and incubated with
333 units/ml of S1 nuclease in 0.4 ml of S1 buffer (30 mM sodium acetate pH
4.5, 300 mM t:IaCl, 1 mM ZnSO,, 57 glycerol) at 37°C for 1 hour. The
supernatant solution was ‘subjected to phenol-chloroform-isocamyl alcohol
(50:50:1) extraction and chloroform-isoamyl alcohol (50:1) extraction, and
.

the hybrids were ethanol precipitated in the presence of carrier tRNA.

Slight variations in these procedures are noted in Figure Legends.

¢
'




45

Gel Electrophoresis and Fluorography.

v

DNA-RNA hybrids were subjected to eleatrophoresis on non-denaturing
agarose, polyacrylamide or mMxed agarose-polyacrylamide vertical slab gels
(3kmm thick) in either TBE buffer (89 mM Tris-HC1 pH 8.3, 89 mM sodi&m
borate, 1 mM EDTA) or TAE buffer (20 mM Tris-HC1 pH 7.8, 2.5 mM sodium

acetate, 1 mM EDTA).

To prepare mixed 0.57 agérose-Z.SZ polyacrylamide gels, 50 ml of 1%
agarose in_water was equilibrated in a 45°C water bath and 50 ml of 57
polyacrylamide (acrylamide:bis-acrylamide 20:1) in 2X TBE “buffer was
equilibrated in a 37°C water bath. Both solutions were mixed together“&ith
0.5 ml of 107 ammonium persulfate and 0.5 ml of 10Z7 TEMED, and the gel was
poured immediately.

Gels were prepared for fluorography by soaking in Enhance (New England
Nuclear) according to the manufacturer's instructions. Briefly, gels were
agitated gently in three gel volumes of Enhance for 1 hour at room
temperature, then agitated in excess water for 90 min (during this period
of time water was changed twice). Gels were transferred to a piece of
Whatman 3MM filter paper, and dried with a Bio-Rad gel drier at 60°C under

vacuum for 2.5 hours. The gels were then exposed to Kodak %AR-S film at

-70°C for periods of days to weeks.

Gel Slices.

In some experimen8s, certain lanes were removed from the untreated gel
and were cut into 1 mm gel slices using a ﬁgo-Rnd gel slicer. Each slice
was collected into a capped tub;. Four hundred ul of Protosol (New England
Nuclear) was added and slices were incubated in a 37°C water bath
overnight. Four ml of Atomlight (New England Nuclear) or Universol (ICN

Radiochemicals) scinitillation fluid were addeg and samples wers counted in

a8 LKB scinitillation spectrometer (background in tritium channel {s about

10 cpm).
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Cloning of Polyomavirus DNA into Plasmid pSP64.

Polyomavirus DNA was digested ‘with Xbaly which cleaves twice at
nucleotides 2477 and 2522. The 5264-nucleotide fragment was cloned into
the Xbal site of the polylinker on the-plésmid pSP64 (Melton et al, 1984),
which was punchasea from Promega Biotec. In order to reduce the chance of
religation of the vector and decrease the background of antibiotic
resista;t colonies, the Xbal-digested pSP64 was treated with bacterial
alkaline phosphotase (BAP) (BRLj. The plasmid and’insert DNAs were then
mixed at a 1:2 ratio in 50 ul of ligation ‘buffer (50 mM Tris-HC1 pH 7.6, 10
mM dithiothreitol [DIT]), 10 mM MgCl,, 1 mM ATP, 10 ug/ml bovine serum
albumin). Samples were incubated with T4 DNA ligase (10 units/ml) (New
England Nuclear) in a 25°C water bath‘afor“ one hour. Two volumes of

ligation buffer were added and the mixture was transferred to a 15°C

waterbath overnight. The ligation mixture was transformed into E. coli
DH-1 competent cells, and ampicillin-resistant colonies were grown up.
Thgse transformants were screened for the polyomavirus DNA insert oriented
such that the L-strand will be transcribed by SP6 RNA polymerase beginning
at the:  SP6 promoter. The‘transfdrmant containing the recombinant plasmid
(pSPé&-Py&baI-L) was grown in chi broth (50 mM Tris-HCl1 pH 7.6, 25 gm/1
yeast extract, 0.8 gm/l glucose, 0.1 gm/l diaminopimetic acid, 0.05 gm/1
thymidine, 20 mM MgCl;) in the presence of ampicillin. Recombinant pi%smid

v

DNA was purified by ethidium Dbromide-cesium chloride gradient

centrifugation.
¢

.
.

v .

In Vitro Synthesis of Polyomavirus L-Strand RNA with SP6 RNA Polvmerase.

Recombinant plasmid pSP64~-PyXbal-L was linearized downstream of the

d

3.2 kb polyoﬂavirus DNA insert via the Smal reéstriction site of the

polylinker. In vitro transcription was carried out by the procedure of
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@; . ‘Melton et al (1984) with minor modifications. A 100 ul reaction mixture
containing 40 mM Tris-HCl pH' 7.5, 6 mM MgCl,,” 2 mM spermidine, 10 mM
dithiothreitol, 100 units RNasin (Promega Biotec), 0.5 mM each of ATP, GTP,
CTP and UTP, 100 uCi 3H-CTP or 3H-UTP (22 Ci/mmol, ICN Radiochemicals).
22.5 units of SP6 RNA polymerase (Promega Biotec) and 3 ug of Smal-digested
pSP64-PyXbal-L DNA was incubeted at 40°C for 30 min. An equal volume of
transcription buffer containing;O.S mM each ¢f ATF, CfP, CTP and UTP was

/& then’added, and incubation contiﬁued for another 130 min at 40°C. The DNA
template was degraded by adding 20 upg/ml of ribonuclease free DNase 1
(DPRF, Worthington Biochemicals Corp.) at 0°C for 30 min. To remove DNase
activity, SDS (final concentration 0.5Z) and EDTA (final concentration 3
mM) were added and RNA was ‘extracted with equal volume .of phenol-
chloroform-isoamyl alcohol (50:50:1) and ethanol precipitated.

e

Purification of Full-length In Vitro Synthesized Polyomavirus L-strand RNA.

w

!

In vitro transcription of Smal-digested pSP64-PyXbal-L DNA should give

a 5305 nucleotide run-off transcript. But "many SP6 RNA polymerasas

terminated prematurely at several specific sites on the DNA template, when
3H-UTP was present at 41 uM in the transcription mixture (Fig. 2, lanes 1,
“2). Even in the reaction mixture containing 41 uM of *H-UTP plus 0.5 mM of
unlabeled UTP, premature termination of transcription was observed (Fig. 2,

IS

lanes 4, 5). To obtain 5.3 kilobase full-length in vitro transcripts, RNA

vas suspended in 50 mM LiCl, 0.1% SDS, 10 mM Tris-HCl pH 7.4. The solution

was heat-denatured at 95°C for 2 min and cooled rapidly in an ice-water

bath. RNA was size-fractionated in a 15-30% sucrose gradient. After

centrilugation at 55,000 rpm at 20°C for 150 min in & SW 60 T{ rotor, 9

@ . fractions were collected fromnthe bottom of the tube. FPive ug of carriaer
tRNA was added to each fraction which was then ethanol ptoclpqlnud.

3
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Figure 2: 1In vitro transcription of pofyomavirus L-strand DNA

. 0

(pSP64-PyXbaI-L) by SP6 RNA polymerase. / o
- ‘ B
A. Each 10 ul of transcription mixture/ contained 1 ug of

Smal-digested pSP64-PyXbaI-L, 10 mM of DTT, 10 units of RNasin

RNase inhibitor, 10 uCi of 3H-UTP (~41 uM), 5 nanomqles each of
. .

ATP, GTP and CTP (0.5 mM). Two of thevmixtures)containad an

additional 5 nanomoles of UTP (lanes 4 and 5). Either 1.5 units

(lanes 1 and 4) or 6 units (lanes 2 and 5) of SP6 RNA polymerase
13 " ’
were used in the reaction. Mixtures were incubated at 40°C for 1

hour. After DNase I digestion, RNA was phenol extracted!and
ethanol precipitated. Aliquots of each sample were taken ‘and
checked for radioactivity. Similar amounts of ‘radioactivity

(74,000-76,000 cpm) from each sample were glyoxal-denatured and

analyzed in a 17 agarose slab gel as described in Materials and

. Methods. Markers were 3H-uridine labeled cytoplasmic poly(A)

RNAs (lanes 3 and 6). The size of full-length polyoamvirus
run-off transcripts is about 5.3 kb.

B. Diagram showing émaI diéested pSP64-PyXbal-L DNA. Open box
%s the SP6 promoter. Solid line corresponds to polyomavirun,DNA
cloned at th; Xbal site of pSP64. Numbers above thé‘llne show
the lenth of transcribed pSP64 and poiyomavinus DNA. Numbers
belnw t%e line show positions of the ends the of polyomavirus
genome. The wavy-line represents the runzoff transcript. Number
below the wavy line shows the size of the expected run-off

transcriot.
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- Aliquots of each fraction were glyoxal-denatured and analyzed by agarose
gel electrophoresis and fluorography (Carmichael and McMaster, 1980) (Fig.

3). Fractions which contained full-length transcripts were pooled.

Glyoxal Denaturation.

~
, A sample of RNA was suspended(in 24 pl of 10 mM phosphate buffer (pH

6.9) containing 507 dimethyl sulfoxide (DMSO) and 1 M glyoxal. (To prepare
100 mM phospha%gibuffer pH 6.9, 40 ml of 0.1 M NaH,PO, is mixed with 60 ml
of 0.1 M Na,HPO,.) The glyoxal was ﬁurified by passing through a mixed bed

resin [Bio-Rad AG501-X8] until the pH was neutral, an®twas stored at -20°C.

The mixture was incubated at 50°C for 60 min (Carmichael and McMaster, -

1980). The glyoxal-dengtured RNA was then anéiyzed by rumnning on a 1.17

agarose gel made in 10 mM phosphate buffer (pH 6.9). Gels were prepared

for fluorography as previously described.

0ligo(dT)-cellulose Chromatography.

Cytoplasmlc RNA (approximately 300 pg per sample) was suspended in 1
ml of 10 mM Tris-HCl.pH 7.4, 0. 5 M NaCl, 0.17 SDS and was passed. through a
column containing 0.5 gm of oligodeoxy-thymidylic acid [oligo(dT)]-
cellulose equilibrated with the same buffer: The unbound RNA was reloaded
two more times and was collected. The column was washed with 15 ml of load
buffer. The first 3 ml of this wash was collected and poSléd with the

flow-through as nonpolyadenylated RNA. Polyadenylated RNA was eluted with

5 mi of 10 mM Tris-HC1 pH 7.4, 0.17Z SDS (Aviv and Leder, 1972). Both Q

-nonpolyadenylated and polyadenylated RNA were ethang} precipitated.
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Figure 3: Ar;alysis of in vitro synthesized 3H-polyomavirus L-strand RNA \
after sedimentation on a 15-30% linear sucrose gradient. 7 @

In vitro synthesized 3H-polyomavirus RNA was suspended in 200 ul ¢
of 10 oM Tris-HC1 pH 7.4, 50 mM LiCl, 0.1Z sodium dodecyl
sulfate, and was- heat-denatured at 95°C for 2 minutes. - RNA was
layered on top of a- 15-30% (wt/wt) linear sucrose gradient in the
same buffer. Gradignt was spun at 55,000 rpm in a Spinco SW-60
rotor at 20°C for 165 minutes. Fractions wer; collected from the
tube bottom (8 drops per fraction), and aliquots were assayed for
radioactivity. Ten ug of tRNA was added to e\ch fraction, which
was then ethanol prec‘ipitated twice in succession. Fractions in
regions of interest were pooled. RNA was then resuspended in 10
mM Tris-HC1 pH 7.4, 1 mM EDTA. Aliquots were taken and assayed
for radicactivity. Similar amounts of radioactivity (10,000 cpm)
wewe taken from each pool, glyoxal-denatured and analyzed on a
1.17%7 agarose slab gel as described in Materials and Methods.

Above the fluokograph are the fraction numbers. The size of

full-length run-off polyomavirus RNA is about 5.3 kb.

’

&
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SECTION I
Development of a Technique for Mapping

S5' and 3' Ends of In Vivo Pulse-labeled RNAs

. INTRODUCTION
~N

The aim of the work described in this section was to develop a method
that would enable u; 1) to 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, splicing);
and 3) to map the of 3' ends of RNAs created either by pausing of RNA
polymerase on DNA template or by termination\hnd release of RNA chains.

S1 nuclease is a single-strand-specific endonuclease isolated from

Aspergillus oryzae (Vogt, 1973). It degrades both single-stranded DNA and

RNA to yield all four nycleotide-5'-monophosphates. It does not degrade
double.-st:randed DNA; nevertheless, supercoiled simian virus 40 (Beard et
al, 1973) and polyomavirus (Germond et al, 1974) DNA are converted to unit
length linear molecules by this enzyme.. This could beg due to weakly
hydrogen-bonded br unpaired regions which are susceptible to Sl nuclease.
Germond et al (1974) also demonstrated that S1 nuclease is capable of
c,utting DNA molecules containing single-stranded regions opposite to gaps.
With these properties, S1 nuclease is used to detect the location of small
deletions, insertions or any difference in base sequence between otherwise
homologous DNAs (Shenk et al, 1975).

Berk and Sharp (1977) developed a method for mapping tramcrip&g on

viral genomes or on cloned DNA fragments. Unlabelad RNA is hybridized to

$2p-jabeled viral DNA in 807 formamide at a temperature above the melting




54

!

temperature (Tm) of the DNA duplex, but beldw the Tm of the DbiA-RNA hybrid.
The DNA-RNA h;'brids are treated with S1 nuclease under coénditions which
allow hydrolysis of single-stranded nucleic acid but do not produce strand
breaks in hybrids. The size of protected DNA which is complementary to the
RNA is then de_t{e‘rmined by electrophoresis. By performing this technique
with a series of overlapping restriction fragments of DNA, 5' and 3' ends
of transcripts can be accurately mapped.-

Since both DNA strands of polyomavirus are transcribed, I decided to
use single-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 fd103 (Hermann et al, 1980) or M13 mp8 (Messing). These
phages replicate their DNA intracellularly as double-stranded DNA, but
package only one DNA strand into the phage particle. By using these/clongd
single-stranded phage DNAs in hybridization, pdlyomavirus early As will
hybridize to the E DNA strand clones and late RNAs will hybridize to the L
DNA strandasclones only.

major problem in pulse-labeling RNA in animal cellsy is the
difficulty of getting a high specific activity of radioactive label in RNA.
This is because large intracellular pools of RNA precursors cannot be
diluted out or emptied. Scholtissek (1971) introduced a methpd for

performing RNA pulse-chase experiments in (primary chicken embryo

‘ o

fibroblasts. He demonstrated that, when l:abeled uridine was used as an RNA
pregursor, glucosamine 'could\ be used to rapidly deplete the UTP pocl by
forming UDP\-N-acetyl-glucosa.mine, thus allowing the production of high
specific activity pulse-l_abeled RNA. p

I orig%nally tried t’o apply Berk and Sharp's S1 nuclease mapping

method directly to pulse-labeled nuclear RNA, by hybridizing .labeled RNA to

5 : N
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Figure 4:

.

PstI restriction” endonuclease map of polyomavirus DNA.
Thére are six Pstl sites in polyomavirus DNA. Numbers inside the
circle represent the polyomavirus DNA nucleotides .(1-5309)
Numbers outsige twcle represent the PstI endonuclease
cleavage; 51 es. Replication origin is indicated as ORI. The
cleavage s:Lt of EcoRI (1560), HincII (2962), Pvull (2032), and
SacI (569) are also indicated. All the PstI fragments (except
fragment 6), HincII (2962) to PvuIIl (2032) fragment, EcoRI (1650)
to PstI (484) fragment, PstI (2356) to SacI (569) fragment, and
cther restriction fragments not indicated in this map (such as
Hpall fragments) were cloned into single-strandeci\ DNA
bacteriophage M13 or £d103. The outer circles represent L-strand
transcripts; S5' and 3' ends are indicated. A 3' pnd in nuclear
RNA at nucleotide 1230 and a 5' end at nucleotide 1170, as well
as the L-strand polyadenylation site at nucleotide 2900, are also

indicated.




x ) unlabeled single-stranded DNAs. However, A partially degraded labeled RNAs

gave rise to unacceptably high backgrounds.which obscured RNA-DNA hybrid
bands in the gel. Therefore I had to modify Berk and Sharp's method. This
section describes experiments which led to optimization of conditions ‘for

‘ S1 nuclease mapping of pulse-labeled RNA.
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RESULTS-

Dendturation and Hybridization of Labeled RNA in 80% Formamide Solutions.

It has been shown that DNA-RNA and DNA-DNA association reactions
fproceed at much lower temperatures in aqueous formamide solutions than in
aqueous solvents (Bonner et al, 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 formamide concentrations, DNA-RNA

" hybridization can be carried out under conditions which avoid reannealing

of DNA-DNA duplexes.

Polyomavirus-infected 3T6 cells were labeled witlh 3H-uridine for 150
min at 27 hr after infection (see Materials and Methods). The purified
3H-labeled nuclear RNA, either alone or mixed with single-stranded fd103-
polyomavirus PstI-1L clone (polyomavirus fragment PstI-1L cloned into
s'ingle-stranded bacteriophage £d103, see Fig. 4), were suspended in 40 ul
of hybridiza::ion Buffer containing 807 formamide, 0.4 M NaC}, 40 I:lM PIPES
pH 6.4 and 1 mM EDTA (formamide hybridization buffer). Thes;a sgmples 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 Sl nuclease buffer (30 mM sodium ;cetate pH
4,5, 0.3 M NaCl, 1 mM ZnSO,, 5% glycerol). The remaining samplés vere

v

transferred to 55°C (this temperature is above the Tm of DNA-DNA ‘duplexes
but below the Tm of DNA-RNA hybrids) for 3 hr, and then were cooled by
adding 10 volumes of S1 buffer. All s.;xmples were treated with Sl nuclease
(133 units/ml) and RNase A (2 pg/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 all the
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I;:lgure 5:

Effects of denaturation and reannealing in 80%Z formamide
hyb;idization buffer on background radioactivity.
A. Twenty ug (of nuclear RNA labeled for 150 'minutes was
;uspended, in 40 ul of\ }lybridization buffer containing 80Z
formamide. Four ug of single-stranded f£d103 ubacteriophage_ DNA

containing cloned polyomavirus Pstl-lL was added to two of the

samples (lanes 3 and 6). Half of the samples were heated at 85°C

for 10 minutes; one of these was cooled rapidly by adding 360 ul
of ice-cold S1 buffer (lane 1), the other two were transferred to
55°C for 3 hours before adding. 360 pl of ice-cold S1 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 S1 buffer (lane 4), while the ot;er two samples were

©
transferred to 55°C for 3 hours before adding ice-cold S1 buffer

"(lanes 5 and 6). Akl samples were treated with 133 units/ml of

S1 Puclease and 2 pg/ml of RNase A as described in Materials and
Methods. Markers were doublengtranded 3H-polyomavirus DNA
digested with PstI (lane P) or with MspI (lane M). Sizes and
positions of expected DNA-RNA hybrids are indica'ted.

B. Diagram showing polyomavirus DNA fragment PstI*ilL. Numbers

below the line show positions of the ends of ‘the fragment (nts

484 and 2356) and positions of 5' end (nt 1170) and 3' end (nt~

1230) of steady-state RNA found by Treisman and Kamen (1981).

Thin lines below the solid line show sizes of expected DNA-RNA

hybrids.
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high molecular weight RNAs by S1 nuclease and RNase A (lane 1), implying

Ll

that denaturation is almost complete at 85°C. In contrast, RNA incubated

at 65°C (lane 4) contained many high molecular weight RNAs vhich were

S

resistant to S1 nuclease and RNase .A digestion, and gave rise to a dark
background in the fluorogram. Samples incubat'ed at 85°C (lanes 72 & 3) or
65°t (lanes 5 & 6) for 10 *min, then incubated at _;»5°C for 3 hr, showed the
same background radiocactivity wupon electrophoresis and fluorography as
samples incuba{:ed at '65°C for 10 min alone. These findings show that RNase

and S1 nuclease resistant RNAs can Be generated from nuclear RNAl 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

hybridized to the full-length polyomavirus fragment PstI-1L (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,

AV
which generate a 686 base pair hybrid (see Fig. 4).

Determination of the Cause of the Radioactive Background.

The radioactive background was present in all hybriﬁization reactions
containing 3H-labeled nuclear RNA from infected cells alone or mixed with
single-stranded DNA (i?ig. 5), as well as in reactions containing 3H-labeled
nuclear RNA f;:om uninfected 3T6 cells (data not shown). The backgr;und was
resistant to Sl nuclease and RNase A digestions; therefore, it was proba:)ly
produced by doubl_e-stranded RNA. RNase III is an endonuclease which
specifically degrades double-stranded RNA (Robertson et al, 1968) and RNase
H degrades the RNA moiety of DNA-RNA hybrids (Stein and Hausen, 1969;
Stav;ianopou;.os and Chargaff, 1973). By treating the annealed RNA with

. .

either RNase III or RNase H after Sl nuclease and RNase A treatment, I

attempted to identify the nature of the radioactive background.

1



3H-labeled Nuclear RNA either alon® or with éingle:stranded £d103-
polyomavirus fragment PstI-4L clone was incuba‘ted in 'the formamide
hybridization buff‘esé at 85°C for 10 min, then ’at 55°C for 3 hr. Samples
were digested with S1 nuclease (100 units/ml) and RNase A (25 pg/ml) (Fig.
6, lane 1, RNA alone; lane 2, RNA with DNA). Two additional samples were
treated with RNase IIF (100 units/ml) at 37°C for 1 hr (Fig. 6, lane 3, RNA
alone; lane 4, BRNA wing:h DNA). The backgrounds of both samples were
reduced. However, the DNA-RNA hybrids, for some unknown reason, migrated
more slowly and the hybrid bands became more diffuse than those in the
control. Two other samples were treated I,witix RNase H (100 units/ml) at
37°C for 1 hr (Fig. 6, lane 5, RNA alone; iane 6, RNA 'with DNA). The
background remaine)d the same, but the intensity of the DNA-RNA hybrid bands
in lane 6 was rﬂeduced. Since the background can be reduced by treatment
with RNase III but not with RNase H, I concluded that double-stranded RNA
is the most likely cause of the- r\a\dioactive background.

Y

Effect of Filter Binding on Recovery of DNA-RNA Hybrids  and Background

¢

Radioactivity.

In order to reduce the background, I took advantage of the fact that

~

single-&tranded nucleic acids bind to nitrocellulose filters in high salt,
whereas double-stranded nucl'eic acids :10 not (Nygaard and Hall, 1963;
Gi\lles:pie and Spiegelm;n, 1965). Hybridization of RNA to gingle-stranded
recombinant bacteriophage DNA, 7 to 11 kb long, will ‘give, rise to DNA~RNA
hybrids joined to single-stranded bact;eriophage DNA. The hybrids will
therefore bind to nitrocellulose filters yia their single-stranded DNA
tails. . ‘

To test the filter binding method, a solution containing high salt and

no formamide as the hybridization buffer was used (Padgett et al, 1983). I

2
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Figure 6:

Effects of RNase III and RNase H on background radioactivity.

A. Three sets of samples containing either 15 ug ;f nuclear RNA
labeled for 150 minutes alone (lanes 1, 3, 5) or RNA mixed with 3
ug of single-stranded £d4103 bacteriophage DNA containing cloned
polyomavjrus PstI-4L were suspended in 40, ul of '802 \formamide
hybridization buffer. Samples were incubated at 85°C for 10
miqutes, then transferred to 55°C for 3 hours%efore addi 360
ul of ice-cold S1 buffer. Hybrids were treated with Sl nucllease
(100 units/ml) at 45°C for 30 minutes, and RNase A (2.5 pg/ml) at
30°C for 30 minutes followed by Proteinase K (250 pg/ml) at 37°C
for 30 minutes, then ethanol precipitated as described in
Materials and Methods. One s;t of samples was kept at this step
and served d4s the control (lanes 1 and 2). One set was further
treated with RNase IIJ (100 units/ml) at 37°C for 1 hour (lanes 3
and 4); one other sef was treated with RNase H (100 units/ml) at
37°C for 1 hour (lanes Smand 6). Markers were double-stranded
*H-polyomavirus DNA digested with PstI (lane P) or with Mspl
(lane M). Sizes and positions of expected DNA-RNA hybrids were
indicated. -

B. Diagran; showing polyomavirus DNA fragment PstI.-lsL. Nu:qbers
below the solid line show positions of the ends of the fragment.
The thin lines 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.

v
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fi'rst compared DNA-RNA hybridization in buffers wi;:h or without formamide.
Resul}ts are shown in Figure 7. 3H-labeled nuclear I_RNA and single-stranded
bacteriophage DNA containing a polyomavirus DNA insert were suqunded
either in formamide hybridization buffrgr or in 50 mM HEPES pH 7.0, 0.75 M
NaCl, 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 S1 nuclease (100 units/ml) and then with
RNase A (5 pg/ml) (Fig. 7, lanes 1 & 2). 1In both cases, the same amount of
hybrids was observed (same intensity), indicating that hybridization was as
efficient in the buffer without formamide as in the buffer with formamide
—_—

under the conditions used. Another sample was treated first with RNase A

(1 pg/ml), then with S1 nuclease (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 to the lower concentration of RNase A used.
To test whether filter-binding could reduce the radioactive

background, 3H-labeled nuclear RNAs were hybridized with single-stranded

fd103-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

pg/ml) at 30°C for 30 min, followed by proteinase K (250 ug/ml) at 37°C for

30 min to inactivate the RNase. The hybridization mixture was divided into

3 equal partsd. One part was extracted with phenol-chloroform-isoamyl

¥

alcohol (50:50:1) and then ethanol precipitated. The pellet was
resuspended and digested with S1 nuclease (100 units/ml) at 45°C for 30
min, then anaiyzed on an ;gardse-acrylamide gel in Tris-borate buffer (Fig.
8, lane 2). NaCl was added to a final concentration of 0.75 M to the other
tw)o parts. Subsequently, they were passed through 13 mm nitt:ocrellulose
filters and were washed with 2 ml of the same buffer. 0;1e filter was

treated with S1 nuclease to release DNA-RNA hybrids (Fig. 8, lane 3);
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Pigure 7:

Comparison of hybridization in the presence or absence of
formamide. )

Fifteen ug of nuclear RNA labeled for 60 minutes was mixed with 3
ug of single-stranded £d103 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 n;M EDTA [lane 1]) or in buffer which contains no
formamide (50 mM HEPES pH 7.0, 0.75 M NaCl, 1 mM EDTA [lanes 2
and 3]). All samples were heated at 85°C for 10 minutes, and
then transferred to 55°C for 2 hours. Hybrids were treated with
S1 nuclease (100 units/ml) and RNase A either at concentrations
of 5 pg/ml (lanes 1 and 2) or 1 ug/ml (lane 3) as described in
Materia%f;and Methods. Markers were’aﬂ-polyomavirus DNA digested

with MspI y(lane 4). Sizes and positions of expected DNA-RNA

hybrids are indicated.
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Figure 8:

Effect of filter binding on recovery of DNA-RNA hybrids and .

background radioactivity.
A. Nuclear RNA (37 ug, 1.7 x 10° cpm) from ;ells labeled with
3H-uridine for 60 minutes was hybridized with 7.5 ug single-
stranded bacteriophage f£d103 DNA containing 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 nuclease (lane 2).
Two other equal aliquots were bound to nitrocellulose filters
(see Materials and Meth%fifT One filt;> was incubated with S1
nuclease as above (lane 3)3 the other filter was washed with 1 mM
EDTA (lane 4) before incubation with Sl nuclease. The 3 samples
were analyzed by electro;horesis followed by fluorography as
described in Materials and Methods. The major band in lanes 2
and 3 is the 862-nucleotide full-length DNA-RNA hybrid; the minor
band is the 413-nucleotide hybrid formed with polyadenylated RNAs
whos%KB' ends are at nucleotide\ESOO (see Fig. 8B). Markers were
3H-polyomavirus DNA digested with PstI (lane 1) or Hpall (lane
5). , p
B. Diagram showing polyomav%rus DNA fragment PstI-4L. Numbers
above the line show positions ‘of the ends of the fragment.
Numbers below the lines show e%pected lengéﬁs ;f hybrids arising

$

from hybridization with RNA which extends throughout the fragment

or with RNA whose 3' end is at nucleotide 2900.




the other filter was further washed with 2 ml of 1 mM EDTA solution before
S1 nuclease treatment (Fig. 8, lane 4). As shown on the autoradiogram, the
filter binding step allowed retention of most of the hybrids and
significantly reduced the background (Fig; 8, lane 3). Hoﬁever, most

DNA-RNA hybrids were lost from the filter during washing with 1 mM EDTA.

Kinetics of Formation of DNA-RNA Hvybrids in High Salt Hybridization Buffer.

S%nce'single-stranded DNA is used in the hybridization experiments,
DNA reannealing should hot ‘occur. Therefore denaturation priér to
hybridization may not be necessary. Results of my experiments have shown
that hybridization is as efficient in thg high saléﬂhybridization buffer as “
it is in the formamide hyb;idization buffer (see Figure 7). It was
important to know the kinetics of hybridization in the high salt
hybridization buffer, for use in future experiments.

- Nuclear RNA labeled in vivo for 1 hr with 3H-uridine and single-
stranded f£d103-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 volumes of ice-cold Slﬁ
buffer (Fig. 9, lane 1). The rest of the mixture was transferred to 55°C,
aliquots were reméved at 5, 30, 60 and 120 min integvals (Fig. 9, lanes 2
to 5 respectively), and cooled rapidly in S1 buffer. All samples were
treated with S1 nuclease (100 units/ml) and RNase A (2 ug/ml). As shown in
Fﬁgyre 9, all samples showed the same inten§ity of hybrid bands, indicating
that the hybridization was complete at time 0., This means that, at the DNA
concentration uséd in this experiment (15 ug/200 pl), DNA-RNA hybridization

is so rapid that it is essentially complete after 5 min at 85°C plus the

time to cool the solution to 0°C.
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Figure 9: Kinetics of formation of DNA-RNA hybrids in 30 mM HEPES, 0.75 M

NaCl, 1 mM EDTA (high salt hybridization buffer). - .
Nuclear RNA (75 ug) labeled for 60 min}ltes at 28 hours post |
infection was hybridized with 15 pg of single-stranded £4103
bacteriophage DNA containing cloned polyomavirus PstI-4L. The
hybridization mixture was ingubated at 85°C for 5 minutes.
Aliquots (40 pl) were removed before and at different times after-
T incubation at 55°C and diluted into 360 ul of ice-cold S1 buffer.
Hybrids were treated with 100 units/¥1 of S1 nuclease, 2 ug/mlty
RNase A and 125 pg/ml of proteinase K as described in Materi;is
~ and Methods. Lane 1 is time 0 before hybridization was carried
"out at 55°C. Otheralaﬁés‘represent different times of incubation
at 55°C: , 5 minutes (lane 2), 30 minutes (lane 3), 60 minutes
(lane 4) and 120 minutes (lane 5). Markers wete 3H-polyoma;irus

DNA digesled with PstI (lane 6). Sizes and positions of expected

DNA-RNA hybrids are indicatgd.
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.Determination of 51 Nuclease Concentration Required to Release DNA-RNA

”

Hybrids from Nitrocellulose Filters. -
Sl nuclease is used to release the DNA-RNA hybrids from the filters.

To determine the optimum concentration of S1 nuclease, a titration
experiment was performed. Since the RNase concentratipn‘may change the
’ e

digestion pattern of S1 nuclease, two concentrations of RNase A were used.

o
“ After hybridization, one set of samples was treated with 0.5 ug/ml of RNase

A ;?ig. 10, lanes 2 to 5), and the other set was treated with 5 ug/ml of
RNase A (lanes 7 to 9). Subsequently, all samples were treated with
proteinase X to inactivate the'RNase, and>hybrids were bound to filters.
Filters were placed in flat-bottomed tubes containing 0.4 ml of S1 buffer
and different_ -amounts of S! nuclease; 33 units/ml (lanes 2 & 7), 167
units/ml (lanes 3 & 8), 333 units/ml (lanes 4 & 9), or 667 units/ml (lanes
5 & 10). After incubation at 45°C for 30 min the supernafant was collected
and phenol-chloroform extracted. ¥The hybrids were then TLn on an agarose-
polyacrylamide gel. As shown in Figure iO, 33 units/ml of S1 nuclease was
not enough to release all hybrids treated with 0.5 ug/ml RNase from the
filters (Fig. 10, lane 2); however, most of the hybrids treated with 5
pg/ml RNase were released but were not trimmed to the right size (Fig. 10,
lane 7: note slower migration of the 1126 and 686 hybrid bands). Treatmené
with 5 upg/ml RNase A gave some extra bands in addition to th-. expected
hybrid bands. Aithough the other three concentrations of S1 nuclease used

gave rise to very similar Tresults, i.e. they were all efficient in

feleasing all hybrids from the filters, 0.5 ug/ml RNase followed by 333

units/ml S1 nuclease (Fig. 10, lane 4) gave the best results.

\
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Figure 10: Effects of different concentrations of s1 nuclease on teleaseJ

of DNA-RNA hybrids from nitrocellulose filters.

Two samples of nuclear RNA (60 ug) labeled for 60 minutes were

separately' hybridized to 12 (ug of single-stranded £d103
bacteriophage DNA containing cloned -polyomavirus PstI-4L in 120
ul 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
eqyal vslume of 50 mM HEPES pH 7.0, 1 mM EDTA was added to dilute
the concentration of NaCl to 0.375 M. One sample was treated
with 0.5 ug/ml of RNase A (lanes 2 to 5) and thg other ;as
treated with 5 pg/ml of RNase A (lanes 7 to 10) at 30°C for 30
minutes, both followed by proteingse K (125 ug/ml) treatment.
NaCl was added to bring the concentration to 0.75 M. Each sample
was divided into four equ;l 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 S1 nuclease: 33 units/ml (lanes % and 7), 167
units/ml (lanes 3 and 8), 333 units/ml (lanes 4 and 9), or 667
units/ml (lanes 5 and 10) at, 45°C for 30 minutes. Hybrids were
analyzed by gel electrophoresis.' Markers were doubie-stranded
3H-polyomavirus DNA digested with PstI (lanes 1 and g) or Mspl
(lane 11). : Sizes and positions of expectéﬁ DNA-RNA hybrids are
indicated by the numbers on the left hand égnel (see Figure 5).

Kh

i




76

Effect of RNase Concentrations on DNA-RNA Hybrids. o

In the filter binding method, unhybridized viral and cellular RNA is
degraded by RNase before binding hybrids to the nitrocellulose 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-
specifically at ce:ti}n sites (for’example, seé Skarnes, 1985). Nicking or
gapping of RNA may allow S1 nuclease to degrade the DNA opposite the RNA
breaks in DNA-RNA duplexes. Therefore, it is important to wuse a

/
concentration of RNase w@ich 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 resggues. Therefore,

RNase A and 2;Pwere compared for their ribonuclease activity and nic¢king

properties. . i .
| After hybridization, the hybrids were treatqd with different
concentrations of RNase A or RNase Tl seé;rately, and then vere bound to
nitrocellulose filters. The hybrids were released from the filters by
incubation with 333 units/ml S1 nucle;se and were analyzed on an agarose-
polyacrylamide gel. Results are shown in Figure 11. When the hybrids were
incubaped at 45°C for 30 min with 10 ug/ml of RNase A, the full-length
hybrids were completely ‘degraded into many smaller hybrids (Fig. 11, "lane
2). Incubation at %0°C for 30 min witﬁ 5 ug/ml of RNase A also led to

degradation of some of the full-length hybrids and extra g;brid bands were
seen (lane 3). When hybrids were treated with 0.5 pg/ml or 0.1 pg/ml of
RNasqu (lanes 4 & 5), or with 5000, 1000 or 100 units/ml of RNase Tl
(lanes 6, 7 & 8), little 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 to 0.5 ug/ml of RNase A or

¢
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Figure 11: Effects of RNase concentrations on DNA-RNA hybrids.

Two hundred ug of *H-labeled nuclear NRA was hybridized to 40 ug
of single-stranded fd103q bacteriophage DNA containing cloned
gboiyomavirus PstI-1L in 400 ul of 50 mM HEPES pH 7.0, 0.75 NaCl;
1 mM ﬁDTA at 85°C for 5 minutes followed by 55°C for 5 minutes.
Hybrids were divided ingo 8 equal portions and were treated with
diffgrent amounts of RNase A or Tl at 30°C (except for lane 2 at
.A5°C)~for 30 minutes, followed.by proteinase K digestion. The
concentratiops of RNase used were as follows: RNase A 10 ug/ml
(lane 2), 5 pg/ml (lane 3), 0.5 pg/ml (lane 4), 0.1 pg ml (lane
5); and RNase Tl 5,000 units/ml (lane  6), 1,000 units/ml (lane
7), 100 units/ml (lane 8), }0 units/ml (lane 9). Hybrids were
tbound to nitrocellulose filters and eluted by incubation with 333
'units/ml of S1 nuclease at 37°C for 1 hour. Markers were double-
stranded 3H-polymavirus DNA digested either with PstI (lane 1) or
with MspI (lane 10). Sizes and positions of expected DNA-RNA

hybrids are indicated.
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i
100 to 5000 units/ml.of RNase Tl can be used to degrade’unhybridized.RNA

followed by incubation with 333 units/ml S1 nuclease, without leading to

significant non-specific degradation of DNA-RNA hybrids.

Determination of DNA Excess in Solution Hybridizations.

To ensure that hybridizations between 3H-labeled RNA. and unlabeled
single~stranded DNA detects all RNA‘species present, it is important to
establish that DNA is in molar excess over cqmélementary RNA. To prove DNA
excess, 5 ug of single-stranded fd103-polyomaviru§ PstI-2L DNA was
separately hybridized to 5, 10, 25, 50, 100 or 200 pg of 3H-labeled nuclear
RNA from polyomavirus infected 3T6 cells. Hybridization mixtures or RNA
alone were treated with RNase A (0.1 ug/ug RNA in 0.25 ml digestion
buffer), followed by proteinase K. Hybrids were bound to nitrocellulose
filters, which were wéshed and counted by scintillation spectrometrg to
measure bopn@ H radioactivity. Results are shown in Figure 12.
Hybridization is linear with up to 25 pug of RNA, and does not reach a
plateau even at an RNA concentration of 200 ug. In all subsequent
experiments, hybridization was done with a RNA/DNA ratio of 5:1 to ensure
DNA excess.

-

Binding of Single-stranded DNA to Nitrocellulose Filters.

In order to determine the optimal amount of single-strandea DNA' to use

D s

in experiments, I have measured the binding of different amounts of single-
stranded DNA to 13 mm diameter nitrocellulose filters. JsH-labeled
i
/ /
polyomavirus DNA (about 0.5 ug, 60,000 cpm) linearized by EcoRI was mixed

}
with 102 ug of single-stranded £d103 DNA in 50 mM HEPES pH 7.0, 1 mM EDTA.

- After denaturing at 100°C for 10 min and rapid cooling in an ice-water

bath, NaCl was added to a final concentration of 0.75 M. Aliquots of the
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Figure 12: Demonstration of DNA excess in solution hybridization of

3H-labeled nuclear RNA with single-stranded bacteriophage-

-

1

polyoma\;irus DNA.. i
The following amounts of 3H-labeled nuclear RNA were aloné or
were hybridized'with 5 ug of single-stranded £fd103 containing
polyom:virus PstI-2L fragment: 5, 10, 25, 50, 100, and 200 ug. °
: Hybrids were treated with RNase A (0.1 pg per pg of RNA in 0,25 |
ml of d'igestion volume), fgllowed by proteinase K. Hybrids were
bound on nitrocellulose ,filters. The filters were dried; then
sFintillation fluid was added to each filter which was counted in
an‘ LKB scintillation spectrometer. "(e) - DNA-RNA hybrids (RNA

4

hybridized with DNA). (o) - RNA alone. : 1

e,




! -

on . . . *-.82 _"{3-

°

1)

mixture COntaininé 1, 5, 10, 15 or 20 pg of single-stranded DNA were

filtered separately t;hx;ough nitrocellulose filters. The -filters  were

-

washed with 3 x 1 ml of loading buffer (50 mM HEPES pB 7.0, 0.75 M NaCl, 1 ,.

’ -

mM EI;TA) and then counted 11,1 an LKB scintillation spectrometer. _ Results e
are shown ;n Fig. 13. T}‘le binding o single-stranded DNA was quam:itative' !
with up to 15 g of DNA per filter. Less radioactivity bound to filters
which‘ received 20 ug DNA compared - to those which receivefi 15‘ug DNA.
Therefore, the maximum binding capacity of the filters in this assay— is

approximately 15 pg single-stranded. £d4103 bNA. In most experiments which

follow, I have used no more. than 10 pg DNA per 13 mm filter.
. i

//
y
~
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Figure 13: Saturation curve of single-straﬁde_d DNA binding to 13 mm

.

diameter nitrocellulose filters.
Singl'e-stranded bécterfophage £4103 DNM/( 102 pg) was miked with
p 60,000 cpm of EcoRI-digested 3¥H-polyomavirus DNA in 50 mM HEPES

+pH 7.0. The mixture was incﬁgbated at 100°C for 10 minutes, then

{ cooled rapjidly in an ice-water bath. NaCl was added to a final
concentration of 0.75 M. Aliquots corresponding to i, 5, 10, 15

and 20 pg of ss DNA were bound on nitr"oce__llulose filters (2
= N

filters of dach). The filters were washed with 2 ml of 50 mM

HEPES pH 7.0, :0.75 M NaCl, and then dried. Scintillation fluid
) . )
was addedi to each filter, which was counted in an LKB

scintillation spectrometer.

-

<
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The thermal stability of nucleic acids affects tHe temperature of

?

denaturation and hybridization. Several factors are known to affect the
thermal stability; 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 stability of an

RNA-RNA duple.:a‘is g@ter than that of a DNA-RNA hybrid, v:vhich, in .turn, is
greater than that of a DNA-DNA duplex (Casey and Davi';:lson, 1977; Gray et
al, 1981). The Tm (DNA) for a DNA duplex under varying experimeﬁt;;/
conditions can be estimated L\tsing the equation Tm(DNA) = 81.5 + 16.6 (log
M) + 041 (Z G +C) - 0.72 (Z f:)rmamide); shere M is the molarity of the
“monovalent cation, 7 G + C is the percentagla of G+ C, and (% formamide) is
the percentage of formamide (Howley et al, 1979). A similar equation for
RNA-RNA hybrids can be derived which accounts for the effect of (G + C)
‘con.tent, the molarity of monovalent cation (Gray g_t;‘g;, 1981) an&"the
percentage of formamide (Cox et al, 1984). Thus, Tm(RNA) = 79.8 + 18.5

(log M) + 58.4 H, + 11.8 {H)? - 0.35 (% formamide); where Hy is the (G +

G
C) content represented as a fraction (Kgllenbach,— 1968).

Polyomavirus DNA contains 487 G + C. According to the above formulae,
the Tm of polyomavirus double-st®nded DN; in the formamide hybridiza‘tign
buffer containing 807 formamide and 0.4 M NaCl is 37°C and in the high salt
hybridization buffer cor;taining 0.-75 M NaCl and no formamide is 99°C; the
-Tm of polxomavirus f}ouble-stranded RNA (self-annealing) in the formamide

: §
hybridization buffer is 75°C and in the high salt hybridization"buffer is

.108°C. Thus the Tm of polyomavirus DNA~RNA hybrids should be somewhere

- 4
between these values. In the formamide hybridization buffer, . the 'RNAs

-

(both’ cellular and viral) were completely denatured at 85°C (Fig. 5).




Therefore hybridization was carried out at 55°C which is above the Tm of

_polyomavirus DNA. Sincetsingle-stranded DNA is used, theoretically the

hyhridization should be able‘to go\to completion at gny temperature below
) . .

the Tm(RNA). 1In the high 'salt. hybridization buffer, hybridization was

complete W1th1n as m1n 1ncubat10n period at 85° » _suggesting that at 85°C

DNA -RNA hybridization ‘occurred and that the hybr1ds formed were stable

(Fig. % . This result can only be achieved by using single-stranded DNA in~

the 'hybridization reaction, because 85°C’' "is still bhelow the' Tm of

polyomavirus DNA in the high salt buffer.

When pulse-labeled nuclear RNA was’ hybridized with unlabeled single-
stranded DNA in $olution, a heévy”nuclease-resistant radioactive background
was produced. The background was.;o heavy that minor hybrid bands coeld
only be <een with difficulty. The background was also produced 1&
reactions contalnlng labeled nuclear RNA alone (Fig. 5) and in reactions
using labeled nuclear RNA frdm uninfected 3T6 cells (data not shown). This
indicates that the background could bg due to labeled cellular RNA. - Since
the baekground is resistant to. diges?}on by both S1 nuclease and

\
The background was reduced when the hybridization mixture digested with

ribonuclease A, it is likely that it is due to labeled double-stranded RNA.

RNase A and Sl nuclease was further treated with RNase III, an en;yme which
specifically degradein@ouble—stranded RNA (Robertson et al, 1968), but was
not with RNase H, an enzyme that degrades the RNA moiety of DNA-RNA hyﬁrids
(Fig. 6). This result indicages that the bac%grodhd was indeed caused by
double-stranded RNA. Intereseingly, the hyb{ld bands became diffuse and -
migrated more slowly after Rﬁase III treatment (Fig. 6, .lane 4). The
reason for thls change is not knoﬁ%; it is possiBi% that RNase IlI binds to i

the DNA-RNA hybrids and causes the shift of the hybrid band.




- hybridization redction contain long tails of bacteriophage fd103 or M13

LY
<

Single-stranded DNA binds Eéffici’ehtly to ni,trocglluloée' filters in
high salt, but double-stranded nucleié acids do not (Nygaard and Hall,

( .
1963; Gillespie and Spiegelmaf), 1965). The DNA-RNA hyl;rids in our’

sing%e-stranded' DNA. After hybridization the; hybrids were treated w;.th
RNase to degrade unhybridized RNA, then bo’und to nitrocellulose filters and
released from the filtgrs by 851 nu.c"}ease treatment. Results showed that
the filter binding) step did éigx'xificahtl'y reduce the radicactive background
while retaining most DNA-RNA hybrids (Fig. 8). When the filter was washed
withr» 1 mM EDTA almost all the hyl;rids were lost, indicating that binding of
single-'strand%d DNA to nitrocellulecse is reversible in the absence of NaCl: .
Since I recovered all the hybrids from the filter in 0.75 M NaCl, I did not
in\.r.es\tigalte the minimal salt concentration Ljequired for thé bindiqg of
single-stranded DNA to nitrocellulose filters. ~

In the filter binding metimd hybrids are treated with ribon;xclease
befor.e the filter binding step. UnhybridizgdwRNA is degraded and‘therefore
tiose not bind to the filtersn. It is known that high concentrations of
RNase can nick the RNA portion of 'MA-R}{A hybrids; in consequence, the
hyb;:ids could be degraded by Sl nuclease (Fig. 11, lane 2). Tht-.;refore, a

-

conc,entratio'n of RNase 'which degfades unhybridized RNA to a maximal: extent
%,\

without nicking the hybrids is required. As shown in Figure 11,\0.1 to 0.5

'i.lg,/ml of RNase A ‘or 100 to 5000 units/ml RNase Tl gave similar resurlts and

L]

did not nick the RNA portion of the hybrids. when 333  units/ml of SI

nuclé%ee was used. @ ° o - .
When hybrias' were treated with S1 nu;:lease: in solution,; 50 ‘t’é 100
units/ml of S1 quclease was- enough to trim.‘the hybrids to uniform‘size and
gave rise to sharp hybrid bands (data not shown). To release 'hytjridé f\rom
nitrocelluloose filters, a higher conc’q/ﬂtration of S1 nu::lease_r was required.

\ K~
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As shown in F}ﬁfxre 10, 333 to 667 units/ml of Sl nuclease produced shar:p

.hybrid bands when 0.5 pg/ml RNase A was used. The requlrements fw\lhigher

concentrations of 81 nuclease to release the hybrids from the fllters could

»
be due to the limitation of contact between the enzyme and its filter-bound

- {

' substrate. : . Yy 4

. -»
- L3 - *

~. In order to detect'a11’~the,vir—al~ specific ~ll“NA in the hybridization
] { - T " «
mixture, a molar excess of DNA has to be used. As shown ¥n Figure 12, the

’

curve was -linear when up to 25 ug of RNA was used, but did not reach a

plateat_;,eilen when 200 pg of RNA was used. This means that there is still a

DNA excess when 200 MB c‘)f RNA was” used in the hybric{ization. In 4&his
P A ’ >

experiment, 0.1 ug of :RNase ‘& per ug of RNA wasg used to _degrade the
unhybridized ‘RNA in 0.25 ml of digestion solution. The reason for busing :
different “amounts of RNpr;\se A to digest different amounts of R\NA- was_-to
avoid under- or ovel:-di/gestion when RNas"e concentration and 'digestion
volume are~fixgd.' A}nothgr way«os czloing' this \experinlent wg};l‘d be to’use a“,
fixed RNase contentration but increasing digestion volume 'when more RNA ils.
used in the hyi)ridizat‘ion. The %ighest amount of RNA used in thlsr
¢ Moy
experiment (200 ug) was 40 times the_lowest“amount of RNA (5 ug), so the
(ligestion volumé would have to be‘iﬁcreased 40-fold. Therefore‘ I did not
rlo the experiment this w‘ay.— Digestion.of high amounts of RNA with higher
concentrations of RNase A may cause more degra;dationnof RNA including
hybridized RNA. Thi§ dould be ’one of the reasons why with highér amounts
Qi:: RNA' the curve is not linear, even though the DNA is probably still in
excess. The other reason could be that degraded RNA interferes with the
binding of single-stranded DNA to the filter. ° t
The binding capacity of 13 mm diameter nitrocellulose filters for
single-stranded £4103 DNA is about 15 ug per filter (Fig. "13). More points

between 10 and 50 pg of DNA would be required to determine the pxact

A '




strandéd DNA was used to avoid saturating the filter. Thérefore, 50 ug of o

v " o co8

0 .
binding capacity. Ten ug of DNA should not saturate ttg% filter and should”

be completely. re}tained by the filter under the exper"‘imental conditions

used. > . . ﬂ' ]

g2
A

‘Taken together, in 50 mM HEPES pH 7.0, 0.75 M NaCl,('\:l mM ED%R\ buffir,

hj(bridizétion was complete within 5 min incubation at 85°C.. The RNA to DNA |

ratio was 5 to 1 to ensure DNA excess and a maximum of ‘10 ug of single-
: .

’ -

nuclear RNA and 10-ug of DNA clone were used in each hybridization mixture.
‘ ~ ‘

0.1 to 0.5 ug of RNase A" or 100 to 5000 units/ml of RNase Tl did not nick
DNA-RNA hybrids, and 333 to 667 units/ml of S1 nuclease was used to release

the hybrids from nitrocellulose fi\lter§ and ga\‘re risé to sharp hybrid

3

bands. . . 5
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QUOTATIONS FROM -PUBLISHED OR SUBMITTED MANUSCRIPTS

3

The Candida;:e has t:l:e o’pt&ion, subject to the approval of 'éhe
department, of including astart of the thesis the text of an original
baper, or papers, suitable for submission to learned j\ournagl.g for
pu_bhcation. In this case the\thesis mtfst be Btill conform to allf other

requirements explained in Guidelines. Concerning Thesis Preparation,

(avgilable at the thesis office). Additional material (experimental and’

.

design data as well as description of equipment) must be provided in
sufficient detail to allow a clear and precise judgement to be made of the

importance and, originmlity of the research reported. Abstract, full

in\troduction and concfusion must be included, and where more than one
manuscript appears, conmecting texts and common abstracts, introduction and

conclusions are required. A ‘mere collection of manuscripts is neot
|

acceptable; nor can reprints of published papers be accepted.

rl <

While the intlusion of manuscripts co-adthored by the Candidate and
others is not proh:‘tbited by l/cGill, the Candidate. is warned to make an

N 3
explicit statement on who contributed to such work and to what extent,fnd

-

—

’ PR ~ ! .
Supervisort and others will have to bear witness to the accuracy 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 such cases, and it is

- “

in the Candidate's interest to make authorship responsibilities perfectly
Y . .
clear. ) ,

In accordance with 'Unigrersit-y regulations’ the above text has been

' - . .
quoted in full) from Guidelines Concerning .Thesis Preparation. One
-~ . - .
manuscript hds b;en inc}.uded as the body of this thesis, and appears

¥ forthwith. A common abstract, .literature review, materials and mathods,

o
S

3,

s
¥
«
3
§
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and conclusions have been presented as required in the above.guidelines.

- \

. "’,The specific contributions of the authors are prisﬁ\teld in detail below in

. 4

accordance with the same guidelines. .
“Manuscript Titled "Use of a novel Sl nuclease RNA-mapping technique to

¢ - -
measure efficiemey of transcription termination on polyomavirus DNA.' R.W.

Tseng and N.H. Acheson. 1986. Mol. 'Cell. Biol. 6:1624-1632.

N.H. Acheson was responsible for the design ,of the formula to measure

®

- the termination efficiency and -assisted in the preparation:-of, the

manuscript.

R.W. e:I‘_sang was responsible for all the experiments described in this
,
. [

paper. ‘ .

" This manuscript has been incorporated as Section II of this thesj;s.

¢
For the integrity of the thesis, the abstract has been omitted :and
materials and methods have been incorporated into the common materials and

methods with a more detailed description. The method described in Section

I was used to meas\ﬁre the efficiency of transcription termination, and

Sectidn II is the paper that describes this work. '

o

O
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.infected cells (Acheson et al,

"replication.

Use of a No:el S1 Nuclease RNA Napping Tuchniquu to Ncuun

/.
+Efficiency of Transcription Terminat1on on Pol virus DNA

A R} - 1
o \
INTRODUCTION N\

Y 4 P
- ' ¢

RNA polymérase IT does not egfiéiently terminate transcription on the

- L strand of polyomavirus DNA during the late phase of productive infection

[}

1978). As a result,

(Acheson, some RNA polymerase molecules traverse the

circular, 5.3 kb, double-stranded polyomavirus genome several times before

dissociating and releasing their RNA chains. RNA molecules up to four

times “genome length have been detected in the nuclei of productively-

1971; Acheson, 1984). These multigenome-

length RNAs undergo splicing within the m.{cleus_ to form~19S, 18S and 16S

viralgmessenger RNAs (Kdmen et a_l; 1980; Treisman, 1980). During this

process, 57-nucleotide long "leaders" located 5.3 kb apart in mtltigenome=-

. . » \
length transcripts are spliced together, producing mRNAs with multiple,

tandem copies of the leader near their 5' ends (Legon et al, 1979; Acheson,

.

B ‘ /
1981a{. It has been postulated that the preseﬁce of multiple leaders may
increase the ability of polyemavirus L-strand mRNAs to be transldted
(‘I‘relsman, 1980), thereby conferring a selectlve advantage t? \{irus

In this lig’lt, the low termination eff1ciency which leads to

production of multigenome-length mRNA precursors can be seen as a feature

h'esi'gned ultimately to enhance viral repiicaticn, although paradoxically it

" leads to/ rémoval by splicing and degradation in the nuéleuswf most of the

viral RNA synthesized (Acheson, 1981a, 1984). -
h
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In contrast to the late phase, transcription appears to terminate

Ay

efficiently during the early phase of polyomavirus inféction..

.

Transcription is” restricted primarily to the E DNA strand during the early

’ «

phase (Beard et al, 1976). No E-stragd RNAs greater than genome size can
. . A

.

be detected, and little transcription oi?giqns of the E strand downstream

of the polyadenylation site takes place (Acheson: ar;d‘ Mievilie, 1978).

There is no E-strand region equivalent to the late leader sequence,, and
T . a '

E-strand transcripts are efficiently exported from nucleus %o cytoplasm
- 1 -

(Acheson, 1981b). Thus none of the phenoinena associated with multigepome-

-

length transéripts are present during the early phase.

, s :
These observations suggest that transcription termination is regulated

during the polyomavirus growth cycle,. perhaps' by a viral gene product. “As

" a prelude to studies on the control of “transcription termination in this

-

system, we have de\‘rised an aipproach. for measuring the efficiency of
termination on the L DNA strand by RNA polymerase II. Since ,pbl}*omavi'rus
DNA is circular, RNA polymerase molecules which do not,_‘terminate during
transcr’iptﬁn of the L DNA strand will traverse the entire genome and will
pass through the linitiation region again. RNAs synthesized by polymerasés
which have traversed the gexﬂxon;e at least once can be distinguished .from
RNAs synthesized by newly-initiated ;;olymgerases. When hybridized with a
DNA \fragm‘ent which spans the initiation’ sites, the former will give rise to
full-length DNA-RNA hybfids; the latter will-give rise to };ybrids shorter
t_han the DNA fragment uséd, because &eir 5' ends lie within The fragment

. P N
used. Measurement of the  relative amounts of these two classes of RNAs

allows *us to estimate the fraction of RNA polymerases which. terminate per

genome traverse.

. To be able to carry out these' expgriments, wé have modified Berk and
. . . "
Sharp's (1977).S1 nuclease RNA mappin‘i method to allow analysis of w vivo

pulse-labeled nuclear RNA. ’I@’is modified method is described here in

A

L

°




‘ ‘ RESULTS .

Transcription Initiation l}égion on thel Ii Strand of Polvomavirus DNA.

ngure 14 shows the region where transcription of the polyomavirus L

N -

[ . .
strand is initiated during the late phase of productive infection. Kamen

- \ ,

¢ - "and coworkers (Cowie et al, 1981; Treisman and Kamen, 1981) have shown that

2

“

A

[

-

transcription .initiates at multiple sites over, a iOO-r;ucleotide region
betweén nucleotides 5050 and 5150‘iﬁ the kZ strain of polyomavirus. Heiser
and Eckhart &1982)'-.‘fc‘>und esse{ntia1-1y ‘identical results for the A3 strain,
whose DNA sequence does not ‘significantly differ from the A2 strain in this

fegion (Deininger et al, 1979; Soeda et al, 1980; Tyndall et al, 1981).

]
- 3

Our strain of polyomavirus, which we call AT3, is closely reiated to striin
A3 but contains a 75°-nucfleotide direct r;apeat inserted immediately to the
left of nuclt;_otide 5175 (Fig. 14) (D.C. Tessier, W.€. Skarnes and N.H.
Acheson‘NlJnuscrjipt in preparation).‘ As a result, nucfeotides 5101-517_5,
which include the,‘ major initiation site at nucleotide 5128, are repeated
and, as shown below,'this uﬁstregm‘lsite (nucleotide 5203) is also used for
transcription dinitiation but to a minor degree. The predominant
transcription initiation sites ip our s/train are numbered 1 to 7 in Figure

‘ .
14; these sites are nearly equally spaced about 25 nucleotides apart.

Figure 14 also indicates the positions of the HpalI and Pstl sites which

. defige,, the ends of the DNA fragments -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

recet\'tly-initiated RNA polymerases from RNAs m;de by polymerases which hayve

conipleted at least one complete traverse of.'the polyomavirus genome hefore
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Figure 14: Region of polyomavirus DNA which contains initiation sites for

L-strand transcription.

Polyomavirus strain AT3 differs from strain A3 (Deininger et al,
1979) principally by the presence of a 75-1;1ucl;otide direct
repeat (nucleotides 5176-5250) and a 52-nucleotide deletion .. e
(after nucleotide 5288) between the DNA replication origin and
the L-strand transcription start sites (D.C. Tessier, W.C. | ¢
Skarnes  and N.H. Acheson, manuscript in preparatio.n). Nucleotide
numbers are by convention the samea?as for strain A2 (Soeda et al,
1980; Griffin et al, 1981; Tyndall et al, 1981) between
nucleotideg 55 and 5175, but differ between nucleotidek 5176-5309
and 1-54 - because of duplications and delI®tions. The
75-nucleotide duplication is shown as two adjacent. rgctangular
boxes. The 57-n3c1eotide }ate leade;: region, nucleotides.
5020-5076 (Legon et al, 1979), is shown as a hatched ‘rectangle. .
V:artical arrows below thevline denote multiple start s%‘.es for

L-strand transcription, which 'progresses in a «rightward .
-~ direction. Nucleotide .number's of initiation sites 1 through 7

are shown; the are estimated by, comparison of our data ((see R

Results) with those of Treisman (1980), Cowie e~_t g_l (1981) and

Heiser and Eckhart.(1982). - Hpall and PstI sites are shown above\ -

the line, along-with the lengths of Hpall fragment 3 and Pstl

fragment 2 . } . ) \ ' .
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Figure 15: Strategy of experiment to determihe‘efficiency of transcription

»

e

\ -

termination.
The double circle in the upper left panel depicts polyomavirus
DNA; the filled arc represents a restriction fragmer;t--within

which lie the initiation sites for L-strand transcription. The

i

spiral lines outside the circle represent transcripts which have
initiated at a site within this restriction fragment. The inner
line represents- RNA synthesized, by recently-initiated RNA
poiymerase, whi;ch has passed through the fragment only once; the
outer line represents RNA synthesized by RNA polymerase which has
made a complete circuit of 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

la\l?eled portion of RNAs made by recently initiated RNA

polymerases will hybridize only with that pgrtion of the DNA

downstream of the initiation site; the labeled portion of RNAs

made by RNA polymérases which have completed at least one circuit .

of the DNA will hybridize with the entire restriction fragment. '

AN

For further description, see Results.

¥

\\
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. Pbassing through the initiation region again. RNAs.were labeled 28 hr after
. oA 4
infeetion by incubating glucosamine-treated cells with high concentrations

“~._ of [5-3H]Juridine for 1 or 2 min at 37°C (see Materials and Methods).

~

‘ Bq\ring such a s}_lortf labeling period, UTP pools are rapidly increasing in
specific radioactivity; therefore, most of the incorporation of 3H-uridine
into RNA,ciuains takes place in the las;: 20-30 lseconds of the labeling
period (Derman et al, 1976). RNA polymerases have been estimated to travel

* at a speed of about 5000 nucleotides per min (Greenl;erg and Penman, 1966).

Thus the average length of RNA labeled at growing 3' ends should be about

L4

2000 nucleotides, significantly less than a full genome traverse (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 c]’iange if the

. labeling period varied between 10 and 45 seconds. We have shown that the

‘average length of the radiocactive portions of polyomavirus RNAs Tabeled

4 o

under these conditions is 2 kb (N.H. Acheson, unpublished ;:esults). Thus,
évery RNA chain which is growing through the initiation region at the time
cells are harvested should be labeled only near its 3' end and, in

& '
particular, chains which initiateqd one or more genome traverses earlier

-«

will not contain radioactivity in their 5'-terminal portions. This is

»

depicted in the upper left-hand panel in Figure 15. The short labeling

time used also ensures that nascent RNAs which have undergone minimal
- .

[ i . .
processing are analyzed; this is tovered more fully in the Discussion.
3H-labeled nuclear RNA was hybridized in solution with circular,

single-stranded bacteriophage DNA containing an insert of the L strand of

the appropriaté polyomavirus restriction fragmen}: (2nd panel, ﬁ'igure 15).

Treatment of these DNA-RNA hybrids with ribonuclease A*,{d ‘51 nuclease

should degrade all unhybridized RNA and single-stranded RNA and DNA tails,

allowing analysis of the remaining duplex structures by mel electrophoresis

- . Ly
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as in‘.the S1 nuclease mapp\ing emthod of Berk and Sharp (1977). Although

this method gave good results ‘vihen labeled cytoplasmic RNA was hybridized,

use of labeled nuclear RNA led to very -high levelgy of ribonuclease-

resistant background radioactivity throughout the area’ of interest in gel

ién$ (Fig. ‘8, lane '2). We found that this background was due to double-

stranded RNA formed during reannealing of nuclear RNA. ' Denaturation of

labeled nuglear RNA followed immediately by ribonuclease treatment reduced

L4
o

the background significantly; reannealing of denqatured nuclear' RNA by

itse‘lf brought i>ack the background radioac.tivity. Treatment of ﬁybridized
nuclear RNA with double-strand specvifi%c ribonuclease III (ﬁobertson et al,
1968) ‘remov(ed much of the background radioactivi@y without‘affecting DNA-
RNA hybrids. "\I‘reatment with ribonuclease H (Stein and Hausen, 1969)
removed DNA-RNA hybtid bands but did not affect’ .the background (¥ig. 6).‘ »

To ée!: arou;xd this problem, we took advantage of the facé that the
DNA-RNQ: hybrids formed i;l our hybridization reaction ha;.ve long single-

-

stranded DNA tails consisting of bacteriophage fd103 or M13 DNA. This

allowed us to bind hybrids (as well as unhyéridized DNA) to nitrocellulose

filters in high salt after ribonuclease treatment (3rd panel, Figure 15).
Degraded RNA and double-stranded RNA 'do not bind to nitroc:allulose under
the conditions we use. After washing, the filtérs are in;ubated with S1
nuclease, which releases the duplex DNA-RNA hyl‘>rids 'into solution and trims
iof‘f any single-stranded DNA tails (4th panel, Figure 15). Figure 8 (lane
3) shows that, using’ this method-, DNA—R&A hybrid bands were recovered
quantitatively and most background radi,oac!:iviﬁy was 'remdved. " It should be
noted that the DNA-RNA hybrids al‘e not irreversihly bound to the nitro-
cellulose filter;n washing . filters with 1 mM EDTA before S1 nuelease

treatment rempves most of the hybrids (Fig. 8, lane 4). 5

[ 4
A

-
V4 - ~
.




By using this modi"f‘ied S1 nucleaseﬁ’mappihg technique we were able to
map 5' ends 'o’g' ‘newly-synthesized pulse-labeled RNAs. We could also
duar;titate ievels of traxiscription through the init‘iation region due either
tao recently-initiated RNA polymerases; or to RNAQ polymerases which have

-

made at least one complete circuit of the viral genome before passing

'through the initiation region again. The former gave 1:is/p,r to DNA-RNA

hybrids shorter than the length of the restriction fragmént used; the
latter gave rise to full-length DNA-RNA hybrids {lower right-hand panel,

Figure 15). ®

~

Analysis of Nuclear RNA: Mapping Sites of Transcription Initiatio.n. %
Figure 16 shows the pattern of DNA-RNA hybrid bands generated by

hybridlzation of 2 min labeled nuclear  RNA with either PstI fragment 2L

(nucleotldes 4225 to 5177 lane 2)' or Hpall fragment 3L (nucleotides 4409

o 12, lane 4) (see Figure 14 for map positions). In both cases the most

intense band was at the position of full-length DNA@RNA hyb;ids (952

vy

hucleotides for PstI-2L; 912 nucleotides for HpaII-3L). Faster migrating

less intense bands showed a characterlstic 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 shox;m) g‘stablished that these four bands correspond to

RNAs ‘which have initiated at sites 1 through 4 (Fig. 14), with the major

band being at site 4, nucleotide 5128. Two additional minor bands,

-

corresponding to sites 5 and 7, can be seen in lane 4; they are not present

-

' Al \
in lane 2 as these initiation sites are upstream of the PstI fragment used.
Comparison of the patterns in lanes 2 and 4 confirms that bands 1-7

correspond to RNAs whose 5' ends lie within HpaII fragment 3. If the bands

L4

in lane 4 were generated by RNAs whose 3' ends lie within Hpall

1

>
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Fi_gm‘e 16: Hybridization of 3H-RNA synthesized in vitzo or in vivo to N

»

BERY

polyomavirus DNA fragméﬁts PstI-2L or HpalI-3L.

SH-uridine labeled RNAs described  below were hybridized to 10 ng

single-stranded fle% DNA containing cloned polyomavirus PstI
{ L]

fragment 2L (lanes 1-3) or M13 mp8 DNA containing cloned

polyomavirus Hpall fragment 3L (lanes 4-6) (see text "and Fig.

14). Lanes 1 and 6: "‘Hiabeled mNA (40 x 10° cpm) transcribed

in vitro by. SP6 RNA polymerase from a 5.25 kb Xbal fragment .of

polyomavirus DNA inserteg'i into pla'smid SP64 (see Materials and

'@Methods); lanes 2 and 4: nuclear RNA (50 ug; 0.4 x 10° cpm)

labeled for 2 minutes in vivo at 28 hours post infection; lanes 3
\ ) ~

and 5: nuclearr RNA (21 g3 1 x 10° cpm) labeled for 60 minutes *

in vivo from 27 to 28 hours post infection. Hybrids were treated

with 500 units/ml RNAse Tl, bound to nitrocellulose filters, and

eluted by incuba}:ion with S1 nuclease as described in Materials
\

and Methods. Marker DNAs were as in Figtire 8. Electrophoresis
&
was at 50 V (20 mA) for. 12 hours. -
1] . i ‘ \' s -
| C
Y
. L]
A \ ‘ .
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fragment 3, they w<;uld become smaller, not. larger, when these RNAs were
_‘}';y‘bridized to Psti[ fragment™ 2 (Fig.' 14). As a control, 'genome-lengtfi
i:;olyomavirus L-strand RNA was synthesized in vitro iay us’in‘g SP6 RNA poly-
merase (see Mdterials 'and Methods):. When such S3H-labeled RNI.&G was

-

hybridized with either PstI-2L or HpalI-3L single-stranded DNA, and hybéids\
” -

were proceséé;l as outlined abo-ve, no bands shorter than full-length DNA-RNA
h(ybrids were formed (Fig. 16, lanes 1 and 6). This important contrfvl
cenfi}ms that bands 1-7 correspond to authentic 5' ends o{‘labeled RNAs and
are fiot artifacts ‘caused by RNAse or Sl nuclease clea;vage of longer DNA-RNA
hybrids: ' : ¢

Lanes 3 and 5 of Figure 16 show the pattern of hybrids generated ‘when
60 min labeled nuclear RNA was used. Although the overall patterns of

P .

les;-than-full-length bands are similar to those ‘seen- with 2 min labeled
RNA, the most prominent band now corre‘spfgmds to site 2 (nucleoti@e 5076)
father than site & (nucleotide 5128). ThJ.s result can be explained. by
leader-to-leader splicing. The 5' end (nucleotlde 5076) of an internal
leader can be splice.d’ to tfhe 3' end (nucleotide 5020} of the next upstream
ledder in multigenome-length RNAs (Trqisman, 1980).’ An‘y RNAs in which this
leader- afzo 1eader spllce has occurred will form a continuous hybr1d with
HpalI-3L only up tq nubleotlde 5076, the posztion of the §plice junction
(see below, ’F1g. 18B{. This experiment shows that 60 min labeled nuclear
BNA“contaiqs much unspliced RNA (full-lengt-:h. DNA-RNA hyt?rids) as well as
some spliced RNA (band 2). Further.separat:.io;x' 6{ 60-min ]:abele;l nuclear
RNA into size classes and into poly(A*) and po}.y(A") fractions would be
req_u'irgd to fully explain the distribution. of -DNA-RNA hybrid sizes seen in
these lanes..

, \ |
A hig;&'-resolution pattern generated by hybridization of pulse-

labeled RNA to DNA fraﬁent .PstI-2L ‘is ‘shown in'Figure 17. This gel also

-
.
. ‘ .
R .
.
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*  TFigure 17: Hybridization of *H-labeled Auclear RNA ;o polyomavirus DNA
' fraément Pst%-ZL. |

‘Bach of the following 3*H-uridine labe'ied' RNA samples was
hybridizedl with s;i.ngle-str_anded bacteriophage M13 ’ mp8 <*DNA

) containing cloned polyomavirus DNA fragment PstI-2L. Lane 2:
nuclear RNA (160 pg, 0.73 x 10 cpm) labeled for-l1 minute at 28
hours post infection, hybridized with 30 ug DNA; lane 3: nuc{earx
RNA (80 pg, 1.1 x 10° cpm) .labeled for 2 minutes at 28 hours post
infection, hybridized with 20 ug DNA; lane 4: nuclear RNA (31-
ug, 4.2 x 105 cpm) 1al;eled for 60 minutes from %7 to\ 28 hours
post infection, hybridized with 10 pg DNA. - Hybrids were treated

) als described\ in Materials and Methods. Marker DNAs were as in

! -

Figure 8+ Electrophoresis was at 50 V (26 mA) for 16 hours.

[

/
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Figure 18: Hybridization of °H-labeled nuclear or cytoplasmic RNA to !
. ‘ .

4 polyomavi;:us DNA fragment HpaII-3L. R (

A. Each of the following 3H-uridine -labeled RNA samples °was -

hybridized with 10.5 ug single-stranded bacteriophage M13 mp8 DNA

@‘ containing cloned polyomavirus DNA fragment HpaII-BI:. Lane 2:
nu;lear RNA (57 upg, 0.33 x 10° cpm) labeled for 2 minutes at 28
hours post infection; lane 3i:}€nuclear RNA (50 upg, 1.5 x 10% cpm)
labeled for 60 minutes from 28 to 29 hours post infection; lane
4:  poly(A*) cyi:oplasmic RNA ‘(0.79 x 10% cpm) labeled for 120
minutes from 27 t;o 29 hours post infection. Hybrids were treated 3
as described .in Materials and Methods., Marker DNAs werL as in

F]

Figure 8.

B. Diagram showing hybridization between 19S5 L-strand mRNA and
HpaII-3L BNA. Only unspliced RNA with a single 1eade.r sequence
forms continuous hybrids up to the 5' end of the RNA; 5' ends of
RNAs with \\mulgiple ‘leaders will remain unpaired and will be

. digested by RNase treatment.

. J}v
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shows that t;he pattern g:enerated with RNA ‘labeled for 1 min (lane 2) or 2

_min (lane 3). ‘i\s_-identica'l, justifyihg the use of RNA labeled for 2 min,

which generally has a specific radiocactivity 3-5 times that of RNA labeled

for 1 min. - \

Analysis of Cytoplasmic mRNA. ’ .

& « * .
Figure 184 (lane ,4) shows that hybridization of cytoplasmic
- , ¢ .

polyadenylated mRNA with HpalI-3L DNA generated no full-lghgth DNA-RNA
. ] s . .

hybrids. This was expected, since multigenome-length polyomavirus RNAs are
confined to the nucleus (Acheson, 1984); all RNA sequences- between the 5!

end of a leader and the 3' end of the next upstream leader are removed by
. ] . .

) 1

splicing before transport of mRNAs to the cytoplasm (Treisman, 1980).

of th% three classes of polyomavirus L-strand mRNAs (Kamen et al,

. ~ .
1980), only unspliced 19S5 mRNA will generate DNA~RNA hybrids which extand .

g

from the Hpall site at nucleotide 4409 up to the initiation region (Fig:

18B).  18S and 165 mRNAs are .spliced between the distal end of the leader.

(nucleotide 5620) and the mRNA body (nucleotide 4707 or 4122) and therefore
will not form continuous DNA-RNA hybrids with Hpa‘II-BL. Thus, all bands

seen in lane 4 must arise from 195 mRNA.. Those mRNAs with a single,

ES

unspliced leader generate hybrid bands corresponding to mRNA 5' ends, some

of which can be seen as minor bands in lane 4 of Figure 18A." 19S mRNAs

~

with multiple, spliced leaders generate a singléu-b.;id corresponding to the

—
5' end of the leader sequence at nucleotide 5076 (major band in lane 4),
c /

because-none of the leaders upstream of the most distal one will be able to
hybridize to the single-stranded DNA clone, which contains only one copy of

the leader sequence‘ (Fig. 18B). Some 195 mRNAs with a single leade:; may

- % ) N o PR, . 3
also have 5' ends at this site -(site 2 in Figure 14), as. it is used

\
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;ﬂp}' frequently as an initiation site (Figs. 16-18). Therefore, an undetermined

s

fraction of the radioactivity in this band may arise from 19S mRNAs

e

-

ﬁzpontalning a single leader
\ Lanes 2 and 3-of Figure 18 show the hybrid pattern formed by nuclear
A

RNA labeled for 2 or -60 min at higher reéolution_than seen in Figure 16.
In lane 2, bands corresponding to S5' ends at sites 1-5 and 7 can be
.distihguished, and site 4 is seen to be the most frequently usod initiation
site.IfIn lane 3, all 7 bands can be séZn’(band 6 is faint), ond the band

corresponding to site 2 is predominant for reasons explained above.

Determination of Tranécription Termination Frequency.

Gel 1lanes similar to lane 2 of Figure 18 were sliced and the

e

' radiogctivity in each slice was measured. Figure 19 shows the profile of

» — -~

radioactivity from such a gel. As is already evident from the preceeding

autoradiograms, the full-length band, which arises from transcription by

RNA polymerases which have already made ,at least a comp&eto genome

[

E t%ng%se, contains more radioaotivity than any of the shorter bands.

> ‘5 A _ *Seven indep@ndent nuclear RNA samples labeled %or 1 or 2 min were
| : hybridized with HpalI-3L DNA and DNA-RNA hybrids werewanalyzed by
N ~ -

. é&ectrophoresis followed by slicing Results are shown in Table 1. 'To be
- o -
able to compare molar amounts of hybrids of different lengths, rosulﬁs wera
4
normalized by dividing radioactivity associa€§d with each band by "the

o . so

number of U residues. calculated to be present in each RNA. thén multi-
’ TN '

plying thei&esult by 100. The sums of normalized values for all bands
shorter than full-length .DNA-RNA hybrids (column A) correspond to the

relative number of RNA polymo}ase molacules which initistad ‘and traveled at

)

R

¢

least as far as the end of HpalIl-3L during the labollns period. The
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Figure 19: Ra&ioaétivity profile from sliced gel: nuclear RNA hybridized .
with DNA fragment HpaII-3L.
Nucleér f{NA (101 pg, 660 x 10° cpm) labeled for 2 minutes at 28

Y s
hours post infection was hybridized with 20 ug single-stranded

-

M13 mp8 DNA containing cloned polyomavTrus Hpa;'II fragment 3L.

%, ; ) ‘
- Hybrids were treated as described in Materi&s ‘and Methods,

except that 400 gnits/ml RNase T1 were used. After electro-
. n ’ .
. phoresis, the gel lane was sliced and &lices were counted a3s

" described in Materials and Methods. Only that portion of the gel .
’ containing DNA-RNA hybrid bands is showni F corresponds to

. ¢ ¢
full-length hybrids, and band numbers 1 to 7 correspond to

e
. I3 ’ k3 ) : 'ﬁ‘
initiation sites 1 to 7 shown in Figure l4.
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Efficiency of termination per genome traverse by RNA polymdrase II

. 4
at 28 hr post infistien by polyomavirus.a .
*

. : A Column A
cpm per 100 U residues Column A + Column B
in DNA/RNA hybrids

= Termination

'Ekperimegt A. \Less-than-full-length B. Full-léngth ~ efficiehcy
1 o 1050 S o180 . 0.47
2 1040 9% 0,51
1750 1450 0.55
4 : 1220 1440 ; - 0.46
~ 5 ) 540 730 ; " 0.43
6 320 250 . 0.56
7 570° " 460 " olss

% Nuclear RNA labeled with *H-uridine for 1 minute (experiment 2) or 2
minutes (experiments 1, 3;7) at 28 hours post infection was hybridized
'
with HpaIIl-3L. Hybrids, treated with RNAse and Sl nuclease, were

subjected to electroﬁhoresis and .gel slices were counted as described in

4 \

Experimental Procedures.

-

b cpm in full-length hybrid band (912 nucleotides) or in hybrid bands

corresponding to RNA 5' ends at sites 1 through 7 (647-796 nucleotides)

» +

were divided by the number of U residues present in each RNA (determined -
‘from the known nucleotide segu@nce of polyomavirus DNA), then multiplied
by 100. Normalized cbm in. al}l fhss-than-full-length bands were summed.

3
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normalized values for full-length DNA-RNA hybrids (columq B) corraspond to
the relative number of RNA polymerase molecules which completed’at least

R .

one genome traverse bef?re passing through HpalI-3L again. R

We have. used thg;e§data to estimate the frequency of transcriptioy
termination per genome traverse of RNA polymerase by use of the merl shown
in’Figure 20. To simpiify'the discussion, polyomavirus DNA is shéQn as an
infinitel}f long -linear tandem répe.at, each reépeat_ unit consistfing qf an
entire 5.3 kﬁ‘)ggnome. This is formally equivalent to a c.ircle from the
point of view of'a RNA polymerase molecyle which is traversing the DNA
unidirectionally, and is in;fact the fogm‘in which multigenome traAscriptsl
are produced (Acheson, 1978). The 1left-hand end of g&}s linear DNA
molecule is defined as the site where transcription initiatés, which we
shall considgr unique fqr the sake of argument.

RNA polymerase molecules inig}ate transcr}ption‘and travel rightward,
terminating with a'f;actional efficiency T (0<T<1);somewhere upstream .of
the next DNA repeat. For simplicity, Figure.ZO shows there to be a g}ngle
termination site, but termination could (and probably does) taiéoplace at
multiple .sites (R.W. Tseng and N.H. Acheson, manu;cﬂﬁpg in preparation);

i

the number and location of termination sites is irrelevant to thdﬁpresant
\ A

“discussion. Downstream of the ‘termination site, there will be only (1-T)

times as "magy RNA polymerase molecules. per unit length of DNA as began

‘transcription. Thus for every polymerase molecule which transcribés

* through the initiation region (shown-as a rectangle labled "a") in the

first repeat, only (1-T) polymerases will transcribe through the initiation
region (shown as a rectangle labeled "b;") at the: beginning of the second
repeat. for example, if the termination efficiency T were 0.4 (40X of all

polymerases tarﬁinate per genome traverse), then 1 -~ 0.4, or 0.6 (that is,

'\602) of the polymergses which initiate would travel at laast as far as the

-~ .
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Figure 20:

Model used for estimation of termination frequency per gencme -»
traverse by RNA polymerase.

3 .
Polyomavirus DNA is depicted as a linear molecule of n genpme

- repeats, whose left-hand end is‘an initiation site for L-strand

transcription. Transcription progr'esses from 1&2 to right on
the L DNA strand. "a" designates the fééion _between the
initiation : site and the end of the DNA fragment used for
hybridization with pulse-labeled RgA (HpaIl-3L in this paper). A
fréction, T, of the RNA polymerases terminates somewhere between
the distal en& of this fragment and the distal end of the same
fragment in the next downstream repeat. Similarly, an identical_.
fraction, T, of the polymerases which 7h;ve’ successfilly
transcribed beyond the end of b, terminates before passing the
end of b, in the next éenome repeat, and so on. The model is
drawn assuming. a termination frgquency of 0.5 paf génome

traverse. See text for derivation of formula to calculate T from

hybridization data.
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. #nd of the second initiation region. Similarly, (1-T) (1-T) of the

polymerases which ~initiate will transcribe through the initiation region

("b,") at the beginning of the third repeat unit, apd so forth. The sum of
- \ CI

all polymerases which will transcribe through the i?itiation regions in n
repeats after having completed at least one genome traverse is therefore
3

. . .
(1-T) + (1-T)2 + (1-T)® + ...+ (1-T)"." This expression can be recognized
TN ¥

as a binomial series, which conveniently reduces to the expression, 1/T -
1. This formula allow§ us to‘calculaﬁe the termination efficiency, T, from

v

the data in Table I. The molar ratio of fullvlength tfanscripts to less-

v r

thaﬁ-full-length transcripts, or column B/column A, is equal to the Yatio’

of -polymerases transcribing downstream initiation regions to polymerases

trahscribing the: first initiation region, or 1/T - L. A& simple

rearrangement gives T = colump -A/(column A +.column B). Values for the
termina%?on efficienicy calculated §r6m this formula are giveﬁ‘in the right-

hand column in Table I. The, average value for seven independent
- '

experiments was 0.50. Thus, approximately 507 of RNA polymerase molecules.

+ . ’ R LAY )

terminate transcription per %raverse of the L strand of the polyomavirus

L] -
3

genome during the late phase of ‘productive infection.

@
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‘ J _ DISCUSSION

I3
4

We have devised a strategy to measure in vivo the efficiency of

- -

termination of transcription by RNA polymerase on a circular DNA molecule
é - .

such as polyomavirus. -Polymerases that have made 4t least one’ complete

genome traverse will transcribe the entire length of a restriction fragment

1 &
which contains the transcription initiation sites} in.contrast;, polymerasas
- -

that have just begun transcription will transcribe only that part of the -

, restriction fragment downstream of the initiation site.- We can thereforae

distinguish between RNAs arising from these two classes of polymerase,
which allows us to calculate termination. frequency per genome traverse.

{mThe interpreéatioh of our data rests ‘on two assumptions. Fir;t, wve
assume that all transcripts‘which extend -through the initiagion region to
the end of the DNA fragment used have lifetimes signifiqpnfgy longar than
the effective 1a§eling time. If ¢this were not the casa, the amount of
label in DNA-RNA hybrids might not be proportional to the number ‘of
polymerases tr;nscfibing that region, for some RNAs might be less stable’

than others. A;thougaiwa have not rigorously proven this assumption, Qae

of very short labeling times, whose effective length is on the order of

20-30 seconds (see Results), helps to ensure that this condition is mat.

"Previous experiments have shown - that a fraction (15-25%) of late

s

polyomavirus RNAs is polyadenylated in the nucleus within 1-2 min of their
synthesis, .the remainder never being polyadenylated (Achoson. 1984).
Little Sr no polyadenylation can be detected in samples labelad for 1| or 2

min and analyzed as described in this paper (data not shown). Transport of

. Spliced late mRﬂAs-to the cytoplasm bagins approximately 15 min sfter their
¥ N 1

synthesis (Acheson, 1981b). No splicing can be detected in samples labeled

for ‘1 or 2 min (Pigures. 16-18). However, polysdenylated 3' ends and
. - - .

)

<
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»spiice Junctions are readily detected by our Sl maf)ping technique in RNA

»

samples labeled for ‘as little as 10 min (data not shown) Thus, the

assumption that we are analyzing unprocessed' nascent RNAs in this paper
appears justified. 4

We also assume. that  the hkelihood that a’ given RNA polymerase
’

molecule will terminate is independentz of the number of genome traverses

that polymerase has made. This is implicit in the formula developed from

the model shown in Figure 20. This assumption seems reasonable,.for it is

difficult to imagine that an RNA polymerase molecule could "know" how long

an RNA chain it carries, or how long a time it has been since \t began

transcription. If termination did vary as a function of the number of

genome traverses, the termination frequency we have calculated could be
a4

" interpreted as an average rate per génome traverse by RNA polymerase.

. In order to‘ catz:y out these experiments, we have .modified Berk and
Sharp's (1977) S1 nuchease mapping method so that din vivo-labeled RNAs,
rather than unlabeled steady-state ‘RNAs, can be mappeci. Hybr:idization of
labeled RNA to recombinant, single-stranded bact‘eriophage DNAs allows
detection of RNAs transcc:ibed from a specific .region on a defined DNA
strand. Furthermore, DNA-RNA ‘r}ybrids can ber bound to nitrocellulose
filters 'via unhybridized single-stranded bacteriophage DNA tails~(‘Padget}:
et al, 1983). This:step remo_yes,\@uble-stratxded‘RNAs which are formed
during reannealing of nuclear RNA and which glive rise to bac'kgrouilld upon

analysis of hybrids by electrophoresis. The bound DNA-RNA ﬁyprids are

subsequently released from the filters, and single-stranded DNA tails are

i

t.r."immed by incubation with Sl nuclease.

This method should be of general use for detection of RNAs %ith
unstable 5' or 3'- ends which are present in pulse labelffd RNA but may be
found in.‘vanishingly small amou?ts in steady-state RNA. In particular,

1 13 _
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unprocessed or p.artially processed primary transcripts can be analyzed.
Transcription initiation sites'can be maéped and quantitated independently
of differential turnover of RNA. 3' ends of RNAs formed by termination of
transcriptions<can in principle be detected by this method, whéreas analysis
of steady-state RNA ailpws detection péimarily of 3' ends of stablg RNA
species sﬁch_as‘fully-processed mRNA. Thi; technique should also enable
(f . the detection 4nd mapping 9{‘unstab}{ intermediates formed during 3'-end

\
processing or splicing. A drgwback is 'that pulse-labeling in vivo cannot

- )

provide RNAs ofkhigh specific radioactivity, which limits this technique to
study of genes which.are transcribed at vely high rates, such as those of a

number of viruses or highly reiterated cellular genes.

Our results show that about one in every two RNA polymerase molecules

which initiate trawscription of the L strand .of polyomavirus DNA will‘
) e

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 which differ

<

in length by integral multiples of the genome lengéh (Acheson, 1984).
These RNAs are found 'exclusively in the nucleus and are presumably
precu;sors to mRNAs which contain multiple spliced leaders. That estimate
was based on the aséu@ptions that‘transcrip;ion'terminatzon downstream of a
polyadgqylation site precedes cleavage and polyadenylation at th§t site,
and that the Eragéioh of such RNAs which Legome polyadenylated |is

independent of the num?er of genome traverses made by the polymerase befora

terminating. Given these. assumptions, the numberi of polyadenylatad
' > / . -
transcripts in each size class should reflect the number of transcripts

§n§ vhich terminate downstream of the polyadenylatiog site during each ginoma
2 . »
- travelrse. -
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What is~ responsible f:l' the low efficiency of termination on the’
. -
polyomavirus -L strand? Transcription termination signals encoded in viral

DNA, may be inherently weak; on the other hand, the machinery which

. .

recogniz‘es such signals may i>e defectlve during the late phase in
: polyomavirus-infected cel)s. We have recently tried to test the former
hypothes?.s by inserting a second polyadenylation signal into polyomavi}‘us
DNA_(Lanoix et al, 198§). We reasoned that, since both polyadenylation and
termination are inefficient in this system, they m:aly be controled by the
same signal elements. Neither the ‘overall effici\ency of polyadenylation

-

nér the, frequency of transcription termination on the L DNA strand

1

(measured. as described in this paper) was increased in cells infected with
virus containing duplicated polyadenylation signals./ ' We concluded that a .
viral gene product reduces the efficiency of both processes during the late

pflase of productive infection. It will be of interest to measure

termination efficiency at different times during the late phase to see

whether it is progressively reduced. :

In th“: course of these exi:eriments, we have detected seven distinct
sites where L-strand transcription initiates in our strain S‘f polyomavirus.
Due to the 1length of DNA-RNA hybrids e§nalyzed, the position of each
initia_tion site is subject to an uncertainty of +/- 5 nuclBotides. The
positions shown in Figure 14 are based ;)artly on more precise Sl 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 is near nucleotide 5128 (site A)A; initiation is significantly l-g/\

frequent and approximately 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 repeaf:ed sequence In our virus strain, and probably

\ correspond to initiation within the upstream repeat at nucleotide sequences

homologous to those at sites 3.apd 4alFig. 14).
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Changes in Major Initiation Sites an{l in Termination Rfficiency for
s L-strand Transcription During the Late Phase of Lytic Infection

 INTRODUCTTON A

During the early phase of 1lytic infection of mouse cells by

polyamavirus, ‘RNA is transcribed mostly—fr;m one strand (the E strand) of

- the viral DNA (Kamerr et al, 1974). Transcription of the E strand is
terminated efficiently during the ‘early phase (Acheson and Mieville, 1978).

\ There is a microheterogeneity in the initiation sites of E strand RNA; the
major initiation site; are located between nucleotides 145 and 153, énd a
n&)er of ‘minor sites are located either downstream (nucleotide 300) or
u'pstream ~(nucleotides 14 and 20) of the major initiation sites (Kamen et
al, 1982). However, during the late phase of infection, major E strand
initiatio;l sites are shifted further upstream between nucleotides 5230 and
5260,~ which a;:e minor initiation sites during the e;arly phase of infection

LY

- (Kamen et al, 1982; Fenton and Basilico, 1982). This shift could be due to

-

repression of initiation at nucleotides 145<153 because of large T antigen

<. binding to the early promoter- in that area. At the same time, E strand
transcripts complementary to all E DNA sequences can.Be c;et:e—ctad; this
implies that the termination of E DNA transcrigtion mi.t: not very efficient
¥ during the late phase (Kamen et al, 1974; Beard et al, 1976; Kamen et al,
1982). AUpstrea.m start sites are also observed on the E strand of SVA0 DNA
ﬂ during the late phase of infection (Ghosh and Lebowitz, 1981; Hansen et al, "
s . - .

1981). ~ : _ -
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can be detected during the earix phase of the

Very little L-strand

lytic infection. In ¢fntrast, most of the viral RNA' éynthesized during the

late phase is copjéd from the L DNA' strand. These L-strand RNAs are up to
4 times genome length and consist of tandem repeats of the entire virél
genome (Acheson et al, 1971; Rosenthal et al, 1976; Birg et al, 1977;
Acheson, 1978). ‘This is d;.le to inefficient termination of transcription by
RNA polymeras;a (see Part II of this thesis). Sl nuclease mapping of the 5'
ends of mRNA or steady atate nuclear RNA has. revealed that the ini\gi)rt?.on
sites for L-strand RNAs are extremely heterogenous. These 5' ends are

scattered over a 100 nucleotide stretch of the promoter region on the L DNA

strand. The major initiation site is located at nucleotide 5128 (Treisman,\\

1980; Cowie et al, 1981; Heiser and Eckhart, 1982).

Usiqg the S1 nuclease mapping technique that we have developed, we
hav;e found that at'16 h?&rs after infectign (that is, during the garly part
of the late phase), the major initiation site for L strand transcription is
located at nucleotide 5050, instead of nucleotide 5128.‘“Furthermore, we
;:a've found that termination of transcription is subs\tantially more

-

efficient at 16 hr after infection than at 28 hr after infection.

a

N
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Hybridization of \Nuclear RNA Labeled at 16 Hours or, 18 Hours After

Infection to Polyomavirus' Fragment Hpall-3L.

Nuclear RNAs of polyomavirus-infected 3T6 cells, labeled with
3H-uridine fo;? 2 minutes at 16 houys or 18 hours after infection were
hybridized to sipgle-stranded\M13 mp8 DNA containingscloned polyomavirus

s

laneQB) shows the DNA-RNA hybrid bands of

fragment Hpall-3L Figure'Zl
nuclear RNA labeled at 18 hours after infection. The pattern is similar to
that of nuclear RNA labeled at 28 hours after infection (I‘ane 1). The
full-length hybrid is the~most intense band. The hybrid band’corresponding
to initiation site 1 (the fastest migrating band) contains /st}nificantl;é
more radioacti\;ity than the bands corresponding to sites 2 and 3, and aven
slightly more than that corresponding to site 4,*the major initiation site
at 28 hours post infection. The péttem of DNA-RNA hybrids formed by
nucl‘.&ar RNA labeled for 2 minutes at 16 hours after 1nfect}on s shown in
Figure 22, (l;ne 2). Only fﬁur of the less-than-full-length hybrid bands,
corresponding to initiation sites 1! through 4, as well as a full-langth
hybrid band, can be observed. In the four less-"thén-full-lcngrh. hybrid
bands, site 1 (at nucleotide 5050, within the leadér) is the moit intt;nsn_
band. LAbout the same ;j{nount of radioactivity is present ip hybrid bands
corresponding to sites 2 to 4. These results indicate that site ] ls the
major initiation site on the L-ﬁNA strand at 16 hours "aftar infaction.
There is a minor band which migrated’ faster than the band corresponding to
sita l; this band was {.\Ot usually seen in nuclear RNA labelad at 28 hours
after infection, 4and could represent a(distinct inftiation site locatdd
downstream of the leader region, at approximately nuclno:ldn 5020. A=
observed on this autoradiogram, sites SU to 7 are rarely or never used at 16

{

hours post infection.
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Pigure 21:

e - ¢ Qz 2 /
Hybridization of nuclear RNA labeled with *H-uridine at 18 °

hours or 28 hours- post infection to polyomavirus DNA fragnent

HpalI-3L. 8 o .
Each of the following ‘H-uridine labeled ‘RNA samples was
hybridized with 10 pg (lanes 1 and 3) or 20 g flane 2) single-

stranded bacteriophage— M13 mp8 DNA containing cloned polyomavirus

-—

DNA fragment HpaII-3L. Lane 1: nuclea® RNA (50 pg,\0.4 x 10% °

cpm) labeled for 2 minutes at 28 hours post infection; lane 2:
nuclear RNA (100 pg, 0.41 x 10° cpm) (from cells infected with
insertion guﬁant ins 4) labeled for 2 minutes at 28 hours post

infection; lane 3: nuclear RNA (100 ug, 0.8 x I'l? cpm) labeled

for 2 minutes at 18 hours post ir_‘nfection. Hybrids were treated

‘as described in Materials and Methods. Marker DNAs were as in

4

Figure 8. Electrophoresis was at 50V (16 mA) for 15 hours.

\Y/
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Hybridization of npcle#r RNA labeled with ‘H-uridine at 16
- / .

hours or 28 hours post infection to polyomavirus DNA fragment

. Lid
. ) HpaII-3L. /

Each® of the following 3H-uridine .labeied RNA samples was

hybridized with 10 ug (lane 1) or 15 pg (lane 2) single-stranded
bacteriophage M13 mp8 DNA contaiﬁing cloned polyomavirus DNA
fragment HpalI-3L. Lang 1: nuclear RNA (50 pg, 0.35 x 108 <pm)
labeled for, 2 minutes at 28 hours post infectiop; lane.Z: nuclear
RNA (300 ug, 4.55 x 10° cpm) labeled for 2 minutes at 16 hours

* -

post infection. Hybrids were treated as described in Materials

and Methbds. Markers were 3H-polyomavirus DNA digested withr
/

MspI. Lengths of double-stranded DNA fragments are shown

adjacent to each band. Electrophoresis was at 50 V (15 mA) for

15.5 hours.

s~

“
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Hybridization of Pulse-labeled L#ite Nuclear RNA from,Mutant ins 4-infected

. Cells to Pélyomavirus Frz;ﬂnent HpalI-3L.

%

Ins 4 is a viable mutant of p;)lyomavirus constructed by, 3acqueline
Lanoix in our laboratory (Lanoix et al, 1986). A polyomavirus DNA fragment
from nucleotides 2821kt0 2964 was inserted into (the HincII cleavage site
between nucleotides 2964 and 2965 of wild-type polyomavirus DNA.Q This
fragment contair;s polyadenylation signals (AATAAA) for both DNA $trands and
is inserfed in the same orientation as in wild-type DNA. Therefore, this
mutant contains two tandemly repeated functional polyadenylation si(gnals.
Both early RNAs dL;ring the late phase and late RNAs were found to be

[y

polyadenylated within the insert and at the normally used polyadenylation

o

site (Lanoix et al, 1986).

RNA in ins 4-dnfected 3T6 cells was labe}ed with 3H-uridin&for 2
minutes at 28 hours\ after infection. Labeled nuclear RNA was hybridized to
polyomavirus fragment HpaII-3L. The results are shown in Figure 21 (lane

2). The pattern of DNA-RNA hybrid bandé is very similar fo that shown by

wild-type virus at 28 hours after infection (lane 1), i.e. initiation site

4 (at ‘nucleotideo 5'128') is the major initiation site. However, the hybrid

band corresponding to initiation site 1 is more intense than those
gorresponding to sites 2 and 3. This suggests that a greater number of RNA
polymerase molecules initiated at®site 1 than at sites 2 and 3,‘ in contrast
to the pattern seen with wild-type virus. This may be ; result of slower

grc;wth of ins 4 virus, resulting in persistence of the transcription

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 (18 hr post infection) and

lane 2- of Figure 22 (16 hr post infection) were sliced and—t:hs
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% Figure 23: Radioactivitty profile fwom sliced gel:" nuclear RNA labeled fo"r‘

2 minutes at 18 hours post infection hyﬁridized with

polyomavirus DNA fragment ‘HpaII-3L.

Nuclear RNA (130 ug> 1.1 x 10° cpm) labeled for 2 minutes at 18 -
Y hours post infection was hybridized with 10 pg of single-stranded
- M13 mp8 DNA containing cloned polyomavirus' fragment HpalI-3L. i
~— .

Q

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 tha.t portion
of the gel containing DNA-RNA hybrids bands is shown. F
cofre§ponds to full-length hybrids, .and band nubmers 1 to 7

s correSpon;i to initiation sites 1 to 7 shown in Figure 14.
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Figuie 24: Radioactivity profilg fr;m sliced gelé nuclear RNA labeled for
2 minutes at 16 hoﬂrs post infection'hybridizéd with L .
polyomavirus DNA fragment HpaII-3L. -

Nuclear RNA (300 ug, 4.35 x 10° cpm) labeled for 2 minutes at 16
- hours post infection &as hybridizeé with 15 u; of single-stranded
M13 mp8 DNA containing eioned polyomavirus‘f;agment HpaIl-3L.

Hybrids were treated as described in Materials and Methods.

f " After electrophoresis the gel lane was sliced and gel slices were

1 céunted as described in Materials and Methods. ' Only that portion
of .the gel containing DNA-RNA hybrid bands is shwon. F
corresponds to fullglength hybrids, and band numbers 1 to' 7
correspond tao initiation éites 1 to 7 shown in Figure 14,

2

- 7

2




134

rédioactivity_ of each slice was measured. Figure .23 shows the profile of
radioactivity present in a sample isolated 18 h’ours after infection, ‘and
Figure 24 that in a‘sample isolated 16 hours after infect{on.

\ Tab_le II shows the termination efficiency, calculated a(s explained in
Section II for three independent nuclear RNA samples labeled af 16 hours
after infection (experiments 1 to 3), and one nuclear RNA sample labe‘led at
18 hours after infection (experimentzh). At 16 hours after infection; the
termination efficiency was calculate_ad ‘to be about 707, meaning.that seven
‘ g’ut of ten_RNA pélymerase molecules transcribing the viral DNA .st:c;p
transcription before completing a single cycle of the circular genome. At
18 hours after infection, £he‘" termination qffic_ienéy calculated for a
single expet:'iment was 607%. These results suggest that transcription

termination is more efficient during the early part of the late phése than

it is during the late part of late phase.

Term;nation Efficiency of Muta_mt ins 4 Lat;’. RNAs. .

Figure 25 shows the profile of radiocactivity in nuclear RNA la{)eled
with \SH-urid.ine for 2 mir;utes at 28 hours after infection of 3T6 cells with
ins 4 and hybridized to polyomavirus fragment HpalI-3L. Table III shows
the termination_ efficiency calculated from three ;ndepandgnt experiments
carried out with it;s 4. The termination efficiency per genome traverse at
28 hours is about 487, similar to that of- wild-type polyomavirus‘ at 28
hc;urs, suggesting that duplication of the L-strand polyadenylation signal
does not increase the efficiency of termination of L-strand transcription.

4

Other experiments also showed that the overall efficiency of

polyadenylation of L-strand RNA is not increased in cells infected with

%, mutant ins 4 (Lanoix et al, 1986).

e A
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Efficiency of termination per genohe traverse by RNA polymerase II

at 16 to 18 hr post infection by polyomavirus.a

( -

v . Column A

- cprr per 100 U residges Column A + Column B
in DNA-RNA hybrids
= Termination

Experiment A. Less-than-full-length B. Full-length efficiency
1 220 100 0.69
2 180 70 0.72
« - . .
3 430 150 0.74,
4 220 7140 ‘ 0.61
a

3

b As described in Table I:

Nuclear RNA labeled with 3H-uridine for 2 minutes.at 16 hours
(experiments 1-3) or 18 hours (experiment 4) post infection was

hybridized with polyomavirus DNA fragment HpalI-3L. Hybrids, treated

5 .
with RNase Tl and Sl nuclease, were subjected to electrophoresis and gel

L -

slices were counted as described in Materials and Method%.
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Figure 25: RadYoactivity profile from sliced gel: nuclear RNA from ins 4~

infected cells labeled for+2 minutes at 28 hours post infection @

hybridized with polygmavirus DNA fragme;nt HpalI-3L.

<

Nuclear ~RNA (120 ug, 0.4 x 108 cpm) from cells infected with

mutant ins 4 (Lanoix et al, 1986) labeled for 2 minutes at 28

.
L 3

hours post infection was hybridized with 20 npg of single-stranded

M13 mp8 DNA containing cloned polyomavirus HpaIl-3L fragment. °

<

Hybrids were treated -as described in Materials and Methods.

-

i After electrophoresis the gel lane was sliced and gel slices were
E ’ counted as described in Materials and Methods. Only that portion
i of the gel containing DNA-RNA hybrid bands is shown. F
gl ]
:L ' corresponds to full-length DNA-RNA hybrids, and band numbers 1 to
) L%
. / 7 correspond to initiation s%tes 1 to 7.shown in Figure 14. ’
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-
TABLE IIT
i
Efficiency of termination per genome traverse by RNA polymerase II
at 28 hr post infection by polyomavirus mutant ins. 4.2
. Column A
cpm per 100 U residues Columm A + Column B
in DNA-RNA hybrids .
= Termination
Experiment A. Less-than-full-length B. Full-length efficiency
1 210 250 0.46
2 . 340 o 420 0.45 .
3 760 630 ' 0.55

¥? -
? 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 HpzII-3L fragment. Hybrids, treated with fNase Tl
and Sl nuclease, were subjected to flgétrophoresis and gel slices were

counted as described in Materials and Methodé.

<

b As described in Table I.

N~—
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. . ® DISCUSSION

-

Preferential Usage of Initiation Sites at Different Stages of the Lytic
- - s -

Cycle. \

. Tranécript{on initiation sites on the polyomavirus L-DNA strand have

been studied extensively by S1 nuclease mappiﬁg of the 5' ends of mRNA or
;teady-state nuclear RNAs (Treisman, 1980; Treisman and Kamén, 1981; Heiser
ané Eckhart, 1982), or by decapping and enzymatically 1ageling 5' ends of
mRNA (Cowie et al, 1981). These studies have revealed an extreme *5' end

a
heterogeneity within a 100 nucleotide region (between nucleotides 5150-

5050) immediately preceding the 57 nucleotide leader region (between
nucleotides 5076-5020).

The results of our Sl mapping of 5' ends of pulse-labeled nuclear RNA
isolated from cells infected 'with the AT3 strain of polyomavirus are in
general agreement with these’ reports. However, due ﬂ% the duplication of

|
the region where initiation ogcurs (nucleotides 5099-5174), our virus

" strain has a higher degree of 5'-end hetprogeneity, spreadiné over a 150

»

nucleotidg region (nucleotides 5050-5202)) Most RNA polymerases initiate
transcriptién within an 80 nucleotide regidn, between nucleotides 5050 and
5128 (s;% Fig. 21 and Fig. 14 for the map of the initiation regi:;). With-
in Tiis region, there are four major initiation sites, nahely; sitevl‘at
nucleéotide 5050; §ife 2 at nucleotide 5076; site 3 at nucleotide 5100 and
site 4 at nucléotide 5128 (see Section II for more detailed déggiiption).
As shown 1A the results- section, although all sites are used, there is

a preferred major initiation site at different stages of lytic infection.

At' 28 hours after infection, the major initiation site is at nucleotide
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5128 (si;e 4); the other 3 sites (sites & to 3) being used less frequently
but at roughly.equal frequencies. - When 60 minute-labeled nuclear RNA was
used, the DNA-RNA hybrid’band corresponding to site 2, at nucleotide 5076,
became the most intense band (Fig. 17,'1ane 4), This ;an be explainea by
the fact that there is little or no processing of nuglear RNA during a | 6}~

2" min labéling period, whereas at 60 min most nuclear RNA is’ processed.

The hybrid band corresponding to site 2 mips the 5' end of the last leader

that is spliced to the VPl mRNA coding sequences (Fig. 18). Since they
only analysed steady-state nuclear RNA on/ggtﬁre—msNA. other investigators
(Treisman, 1980; Treisman and Kamen, 1981; Heiser and Eckhart, 1982) could
not ° disfipguish between initjation at this site and splicing. When
attempts were made to kinase the 5' ends of late RNAs, investigators could
not measure the frequency agjwhich this site was used because 5' ends
located at nucleotide 5128 did not gect kinased, showing that the kinase
reaction can be selective (Cowie et al, 1981) and therefore inconclusive.

~ Although we found a substangi;l leve] of initiatio; ;T?ﬁTﬁ/z;; leader
region, at nucleotide 5050, previous-authors (op. cit.) found‘only very low

v ’

\Qﬁvels within this region. This discrepancy in results may be attributed

to: 1) the diffefence in virus strain, although the sequences of the miigg,“ '

initiation region are exactly the same; 2) the use of cyEngasﬁiEJgély (A)*
/’ .
iANA or steady-state nuclear RNA instead of nascent nuclear RNA. Some RNA

precursors initiated: at” certain sites may never be processed into mature

.

. N . - 3
mRNA and theérefore analysis of 5' ends of mRNAs present in the cytoplasmic

poly (A)* fraction or in steady state nuclear RNA would not revaal all the
initiation -sites wused during transcription, since these precursor

transcripts might be rapidly degraded, not processed or not transported to

the cytopliasm. ’ 1?\ .




]
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‘ YAt 18 hr post infection, site 1 (nucleotide 5050) and site 4 -
(nucleotide 5128)-were used to the same extent (Fig. 21; lane 3), in
contrast to the preferential use of si'te.ls at 28 hr. Furthermore, at 16 hr )

-

post infection, there was a preferential usage of site 1 (nucleotide 5050),
which Became the major initiatio;i site. This initiation site lies within
the leader regic;n. A simila; shift of ‘initiation site has been observed in
both polyomavirus a—nd SV40 E-strand RNA synthesized during the early phase,
as compared to that of E-strand transcripts syntjhesized during the late
phase of the lytic cycle (Fenton and aBas'ileico, 1982, VGhosh and Lebowitz,
1981; Hansen et al, 1981). A possible explanation for the shift in |
ir;itia;ion sites of E-strand tra}.nscription is that the binding of large T
antigen to the nucleotide 94-152 region (Pomerantz et al, 1983) may prevent
RN;; polymerase from initiating at the majo\r 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 <;f the late phase is not at all c‘lea . We propose
the following ,a‘ possible mechanisms: 1) Both auxiliary elements for DNA
replication are‘Z,Located between nixcleotides 5097 and 5202 (Muller et al,
1983). During the early part of the late phase, this region may be
ocicupied by proteins involved in DNA replication, which would for;:e RNA
polymerase to initiate more freqw at the more downstream site. As the
late phase progresses, and more DNA tempiates' become available for
transcription, a smaller fraction of the DNA may be engaged in re})lication,

v and the upstream sites may therefore be used more frequently. 2) The sape

-

region also contains enhancer sequences fequired for both early and late
4 3
gene expression (Mueller et al, 1984; Veldman et al, 1985); binding of
\ .
l ‘ large T antigen to this region could have the same effect of blocking

access of RNA polymerase to thase,sites. 3) During the late part of the
2) : ,\f

-~ '

©

» .
’
.
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. A

late phase, increasing numbers of viral capsid proteins may bind to the

)
viral DNA and cause changes in the chromatin conformation, shifting the
v ) o

major initiation site to the more upétream site. 4) An AT-rich region

TAATTAAAAG (nucleotides 5158-5149) occurs in the’PNA 30 nucleotides 5' to

-~

é

the initiation site at nucleotide 5128. This region is similar to the
"Goldberg-Hogness" (TATA) box found at the same distance from most mRNAs
capped termini (Gannon et al, 1979). 'The role of Lhis sequence in genes
that show high levels of heterogeneity at the mRNA start site is not known.
Mutants that lack this sequence are fully ;iable (Co;;e et al, 1981). It
is possible that this sequence functions as a "TKTA" box for polyomavirus
late gene expression. This region may not be available when‘ 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 downstream, 35 nucleotides upstream
of the initiation site at nucleotide 5050. C%early further studies are
required for a better understanding of this shift of inﬂtiation site, .

-

Variations in Tefmination Efficiency at Different Stages of the Lytic

Cycle.

During the earl; phase of the lytic cycle, most E-strand RNAs are
terminated and processed very efficiently (Acheson an@ Mieville, 1978).
However,g d%ring the late phase' (28 hr post %nfection) termination and
processing of L-strand RNAs are not efficibnt at all (Acheson, 1978, 1984).
The results presented in this section ghow that the efficlency of
transcription termination declines as the iate phase progresses. During
the earl§ partiof the late phase (at 16 hr post infection), the efficiency

of termination is about 70%; it decreases to 60Z at 18 hr, and further to

50Z at 28 hr post infection.
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" An analogous phenomenon occurs with SV40, Pgocessing}of SV40 mRNAs in

-

monkey cells is verf rapid and efficient throughout the lytic wycle;, very
little unprocessed precursor being found in nuclei of.infected cells (Chiu
et al, 1978; Ford and Hsu, 1978). However, when SV40 DNA is iﬂj;;ted into
Xenopus oocyte nuclei, multigenomig length viral RNA molecules are
synthesized, and processing of these éfant molecules is very i;efficient
(Miller et al, 1982). Studies of the synthesis and degradaéiqn of

\

heterogenous nuclear RNA in stage 6 ococytes of Xenopus laevis have shown

that approximately 95% of this RNA turns over in the nucleus (Anderson and
r

Smith, 1977). Diaz et al (1981) have, shown that termination of histone

gene trapscription in lampbrush chromosomes is inefficient. Taken

-

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 turn over in the nuclBus.

\

Termination,. splicing and polyadenylation of these transcripts are not
efficient. Therefore, only a small portion of RNA precursors. is fully
1

processed to mature mRNA and transported to the cytoplasm.

This situation is very similar to, that observed (in polyomavirus-

o

infected mouse cells during the late phase of infection. Transcription of .
viral ﬁNA is still very active,. but transcription termination gpd
procéésing_are very in?fficient. Giant viral ﬁNA molecules accumulate in
the nuclei; only ; small portion (5%) of these transc;ipts is processed and’
transported to the cytoplasm (Acheson, 1984). When an - additional
;oiyadenylation signal is inéerted. into the wil@-fype DNA (ins: 4), the
effigzéncy of polyadenylation and that of termination are not inéreased at
28 hr post-inchfion. This suggests that inefficient termination and

polyadenylation (processing) are the result of limiting amounts of cellular

. .
factor{s) required for both these processes. However, we_cannot rule out
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other possibilities; fér example, viral late gene products may act as
‘antitermination factors. It wo;ld be interesting to know whether the
efficiency of terminafion and that of polyadeéylation are higher 1n«ins
4-infected cells at 16 hr post infection compared to that at 28 hr.
Howeyer, this experimené may be difficult SZ achieve, because of the lower °
titer§ of ins 4 virus stocks and the smal] amount of léte‘viral RNAs
present in infected c?lls during £he early part of the late phése: in wild
type-infectpd cells, about 0.057 of 2 min-labeled Auclear‘RNA hybridized to
polyomaviris fragment HpaII-3L at 16 hr post infection (data not shown).
Eacﬁ lane on the gel described in the results section (Fig. 22, lane 2)

contains 2 to 3 90 mm petri dishes worth of total nuclear RNA, and the
\

autoradiograms ha(é to be exposed for 4 to 5 weeks or longer, in order ‘to

cfjobtain a reasonable signal. At 18 hr post infection, about 0}>IZ of 2 min

labeled viral RNA in the infected cell pucleus hybridized to polyomavﬁrus

~ fragment HpaII-3L, and at 28 hr about 37. In contrast, in ins 4-infected

cells, only about 0.87 of 2 min-éﬁbeled nuclear RNA extracted at 28 hr post
infection hypﬁidized to fragment HpaiI-BL.

As noted above, transcribtiﬁn of E-strand RNA' is efficlently
terminated during the early phase of the i;tic cycle. However, there is

evidence that dﬁring the late phase of infection, E-strand transcripts are

complementary to the entire L DNA strand (Kamen et al, 1974; Beard et al,

-~

1976; Kamen et al, 1982). The same results have. been obtained in our
laboratory with in vivo g%beled RNA isolated 28 hr post infaction (McNally,

1983) and with RNA labeled 1| vitro in isolated nuclef or n viral

transcription complexes (Skarges, 1985). In the case of E-strand RNAm;>
well, inefficient termination during the late phase of the lytic. cycle mfy
be due to limiting amounts of termination and processing factors. However,

-more studies are required to prove this point. For example, it would pe of

z v




interest to study the kinetics of accumfation and processing of

i:ranscrip,ts‘of a cellular gene during polyomavirus infection, especially

d'u'r:ing the late phase, to determine whether the processing of these

A
cellular RNAs is efficient or not.

[N

If termination is inefficient during the late phase of 'polyomavirus

infection because ‘of limiting amounts of termination factors, one would

-
a2

expect cellular genes to behave in the same fashion, competing for
" T '
available factors. If, on the other hand, termination is inefficient :

. because of an inherently weak termination signal on the L strand of
-7 1

polyomavirus, transcription of the cellular gene would be expected to be

3

efficiently terminated.

-
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SECTION IV .
TR ———

f

[ R

— :
Identification of In Vivo Transcription Termination
and/or Pausing Sites on the L-Strand ‘of.Polyomavirius DNA

Inrnouucrxoﬁ. . )

In higher eukaryotes, the hature 3' ends of mRNAs are created by
endonucleolytic cleayvage of precursor RNAs followed by the addition of a
poly(A) tract to the newly exposed 3' ends (Nevins and Darnell Jr., 1978).

The hexanucleotide, AAUAAA," is found 10 to 30 nucleotides upstream of
~ ' -

poiyadenylation sites of. many mRNAs (Proudfoot and Browﬁiee, 1976).
Removal or alteratjon of this :AUAAA‘motif prevents c¢leavage of the pra;
mRNAs (Fitzgerald and Shenk, 1081; Montell et al, 1983; Wickens and
Stephenson, 1984).

Not much is known about the sites at which RNA polymerase °'II
terminates transcription of mRNA :coding genes, nqQr is the nature of the

séqu§nces which A;ign;l transcription termination understood. There |is
evidence that RNA polymerases t:;;scribe p;st polyadenylation sites ;nd
terminate up to several kilobases downstream of these sitas (Fost and H;u,
1978; Nevins et ;l,.iqéo; Hofer and Darmell Jr., 1981).

In vitro nuclear run-on experiments have revealed a Aearly equimolar

distribution of 1label in the spacer DNA gmme&intaly downstream of

°

poﬁyadehylation sités when compared to label in sequences upstream of these

sites (Frayne et al, 1984; Mather-et al, 1984). Other studies have shown a

i
°

ptogréééive reduction in theatra?jfription of regions downstream of the
? L

polyadenylation site (Citron et al, 1984; Hagenbuchle st al, 1984; LiaeMeur
- “ “

et al, 1984; Kohrbaugh et al, 1985). Sl nuclease mapping of in vitro
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{ .
labeled nuclear RNA (Citroﬁ et ggi 1984), or steady state nuclear RNA
(Hagenbuchle—gg al, 1984) have suggested that termination of transcription
occurred at multiple asitesg within a region sevérél hundred nucleotides

long.
. Falck-Pedersen et al (1985) .inserted into ‘the adenovirus-5 ElA gene
segments of the mouse major B-globin g;ne, which contained a transcription
termination Feé&on. Analysis of RNA labeled in isolated nuclei
demonstrated that transcription éerminated -within the insert when it
conta;ned éhe mouse B-globin gene polyadenylatiow site plu;'l.A kb of DNA,
including the region " where «heterogeneous transcription terminigion was
observed. When inserted in the opposite orientation, this DNA fragment did

’ —

not signaiM transcription termination. Insertion of the segment that
contains the %eterogeneous terminat;on region alone in either orientation
did not -*direct any ) termination, suggesting that termination _of
transcription might be 1i;ked to the polyadenylation event.

During the latg'phase of lytic infection, at 28 hr post infection,~
termination of transcription of polyomavirus L DNA strand by RNA polymerase
IT is inefficient.‘ RNA polymeraggs can therefore traverse th; Qiral genome
several times withouf terminating, which gives rise to giant transcripts
that contain tandem repeats of the viral genome (Acheson, 1978): We have
shown that' approximately 507 of RNA polymerases ferminate transcription per
genome Eraverse (This thesis: Tseng and Ac@gson, 1986). Hybridization ;f
ig vivo pulse-labeled nuclear RNA (McNally, 1983), oe”RNA labeled in vitro

in isolated nuclei or in viral transcription complexes (Skarnes, 1985) to

various restriction fragments of polyomavirus L DNA strand has revealed 3
#

A

lower level of hybridization to fragments downstream of the polyadenylation
}

site when compared to the amount. of radiocactivity hybridized to upstream

o

fragments.

‘
- .
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Poly_adény;létion occurs within 1-Z min after RNA polymerase passes
through the poly(A) site (Acheson, 1984). Transcripts downstream of
pplyadenylatioh s?fes are extremely unstagle (Hofer and Darnell, 1981;
Citron et al, 1984). Since processing of mRNA occurs so fast, unprocessed
transcripts must oqéy represent a very small proportion of total steady
state RNA;. Therefofe, in order to'be able to detect 3' ends of RNAs which
might correspond to termination sites, one must analyze‘nascent nuclear RNA
labeled in vivo for 4 very brief perio&. Nuclear RNA labeled for 1 or 2
minu;es (nascent'RNA) shoild contain a mixture of processed and unprocessed
RNA, and should allow us to map 3' ends that are created by termination.
gpy use of our Sl nuclea;egmapping method (described in Section I; Tseng and
Acheson, 19865, we have detected .RNAs yith a series of 3; ends which may

represént sites where RNA polymerase II eithei pauées during elongation,'or

terminates transcription,

\
-
-~
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RESULTS

~

Transcription Does Not Terminate at a Single Major Site on Polyomavirus

L-strand DNA.

3T6 cells infected with polyomavirus were labeled with 3H-uridine for
60 min from 27 to 28 ilr after infection. Nuclear RNA was hybridized to the
L strand of polyomavirus Psti fragments 1 to 5, as well as to HincII-Pvull
fragment 2L (nt 2032 to \2962) (see Figure 4). After ribonuclease
treatment, filter binding and Sl nuclease treatment, DNA-RNA hybrids were
analyzed by gel electrophoresw The results are shown in Fi;ure 26. The
most prominent band present in all lanes represents full‘length DNA -RNA
hybrids (arrowheads). Lane 1 shows the results of hybridization of RNA
with fragment PstI-1L. There are two other major hybrid bands besides
full-length 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 detected by Treisman and Kamen (1981) in steady-state nuclear RNA
(see below, Figure 30). Lan€2 shows hybrids formed with fragment PstI-2L.
Bands just )w the full- -length hybrid correspond to RNAs whose 5' ends
are located at the trapscription initiation s}tes contained within this
fragment, and which are continuous with the remainder of the fragment (see
Section If). The minor band about ASO nucleotides long corresponds to the
5' end of the body of VP3 mRNA which is spliced at nucleotide 4707 to the
leader at nucleotide 5020 (see Figure 1).
_ Lane 3 shows the results of hybridization with fragment PstI-3L.
Besides the full-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 Figuré 1). . Lane 4 shows hybrids formed
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Figure 26: Hybridization of nuclear RNA labeléd with 3H-uridine for 60 min

=, %

'

to polyomavirus DNA fragments.

- - . ~

Polyomavirus infected 3T6 cells were labeled with 3H-uridine at

-

2hyg post-inf&tion for 60 min. Total nuclear RNA (50 ug, 4.4 x

10® cpm) was hybridized with 10 urg of single-stranded bacterio-
7.

""‘a_‘:—‘;r:\“ "'1':’90 o
>

phage £d103 or M13 mp8 DNA containing cloned polyomavirus DNA
fragment PstI-1L (<lane 1), PstI-2L (lane 2),.PstI-3L (lane 3), ¢
PstI-4L (lane 4), PstI-5L (lane 5), or HindII-PvuII-2L (lane 6)

ésee Figure 4 for the restriction map). Hybrids were treated
with 200 units/ml of RNase Tl, bound to nitrocellulose filters,
and eluted by incubation with 333 units/ml of 51 nuclease as
described in Materials(and Methods. Position of full-length DNA-
RNA hybrids are indicated by an arrowhead. Marker DNAs (lanes-M) y
were 3H-polyomgvirus DNA digested with PstI or Mspl as in Figu

[

8. -~
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with fragment PstI-4L. This fragment contains the polﬁraﬂienylation gite for
L-stra;d RNAs™ at nucleotide 2900 (Kamen et al, ,1980). A hybrid band 410
nucleotides in length corresponds to RNAs with 3' ends at this site.

Lane 5 shows hybrids with fragment PstI-5L. Surprigingly, two hybrid
bands m:&grated more slowly than the full-length hybrid (621 nucleotides);
no hybrid larger than full length is expectad after Sl nuclease treatment
of DNA-T\;NA hybr‘ids. We believe that these bands migrated ’more slowly
because of seco;ldary structure in theLDNA—RNA hybrids (see below). A
prominent minor hybrid band about 400 nucleotides long was also obs;rved !in
lane 5. This band would correspond to an RNA whose 3' end is at nucleotide
80, located just downstream of‘a GC-rich palinfirome between the two large.T
antigen binding sites A and B (see Figure 31B) and .will be further
discussed\below. Lane 6 shows hybrids with HincII-Pvull fragment 2L. This
fragment covers neafly‘ 800 nucleotides downstream from the polyadenylation
site and overlaps with fragments PstI-4L and PstI-1L. There were no\ major
bands in additiox:l to the ful’(length hybrid band.

vaing established patterns of hybrids with 1 hr-labeled RNAs, I thgn
analyzed late pBlyomavirus nuclear RNAs labeled for 2 min by using the same

set of cloned DNA fragments (Fig. 27). Two minute-labeled RNA should

contain mostly growing RNA chains and RNAs which have been terminated and

released but not yet processed into mature mRNAs. Termin}jion sites should

be ‘revealed by the presence of RNAs with specific 3' endsfin pulse-labeled

RNA. Again, the most prominent bands were full-length hybrids. In lane 1,

' the two smaller bands which were present in 1 hr-labeled RNA (Figure 26)

were present at Ynly low levels. This suggests that the 3' end at
nucleotide 1230 ahd” the 5' end at nucleotide 1170 are creat y post-
transcriptional cleavage of longer RNAs, and that very little cleavage

takes place within 3 minutes of their synthesis. In l;ne 2, bands
, b .

\
-
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Figure 27! Hybridization of nuclear RNA labeled with *H-uridine for 2 min

to polyomavirus DNA fragments. )
Sepmoe,

Polyomavirus infected 3T6 cells were labeled with 3-yridine for

2 min at 28 hr post infection. Total nuclear RNA (50 yug, 1.1 x

10° cpim) was hybridized with 10 pg of single-stranded bacterio-

phage fd103 or M13 mp8 DNA containing cloned polyomavirus DNA

fragment PstI-1L (lane 1), PstI-2L (lane 2), PstI-3L (lane 3),

PstI-4L (lane 4), PstI-5L (lane S), or HindII-PvulI-2L (lane 6)
(see Figure 4 for the restriction map). Hybrids were treated
with 200 units/ml of RNase '1“1, bound t‘:o nitrocellulose filters,
and eluted by incubation with 333 units/ml of Sl nucle‘:se as
described in Materialsgand Methods. Position of full-length DNA-
RNA hybrids are indicated by an arrowhead. Marker DNAs (lanes‘ M)

were *H-polyomavirus DNA digested with PstI or Mspl as in Figure

8.

fro
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‘ | corresponding “to RNAs whose 5' ends are at the transcription initiation
4 4 «

s

"sites were present. Thi.s is expected, as initiation of transcription
should take place continuousiy, and thereff)re some nedly-initia;d RNAs
) should be synthesized during theLZ-minute labeling period. On the other
" hand, bands which correspond to the splicing sites at nucleoides 4707 and
4122 (lanes 2 and 3) and to the polyadenylation site at nucleotide 2900
(lane 4), were not present-in significant amounts. Since polyadenylation
and splicing are post-transcriptional e;rents, processed RNAs are not
expected~ to be seen in briefly pulse-la?eled RNA. Interestingly, the 400-
nucleotide band in lane 5 which corresponds to an RNA with a 3' end at’
nucleotide 80 was as intense in 2 min-labeled RNA as il"l 1 hr-labeled RNA.
Therefore, this 3' end may represent a strong pausing or terminatjion site
for RNA polymerase on polyomavirus DNA (see below). Finally, numerous
minor bands were present in all lanes when 2 min'zlab;aled 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 terminates transcription. .

Kinet:ics 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 3H-uridine for 2, 10 or 60 minutes at 28 hr after infection and
hybridized to PstI fragment 1L (Figure 28) or Pstl fragment 4L (Figure 29).
"In both cases, the most: p.rominent band was full-length 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 -increased to 10 and 60 min, the

intensity of bands corresponding to the major processed RNAs increased

relative to that of the minor bands.

P .
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Figure 28:

~

Hybridization of SH-labeled nuclear) RNA to polyomavirus DNA

_ fragment PstI-1L.,

.Each . of the following 3}-1-uridine labeled RNA samples was

hybridized ! with single-étranded bacteriophage £d4103 DNA
&_ a
containing cloned polyomavirus DNA fragment PstI-1L. Lane 1:

nuclear RNA (90 ug, 8.6 x 10° "cpm) labeled for 2 min at 28 hr
post-inf’ec:tion, hybridized .with 18~ug DNA; 1lane 2: nuclear RNA
(45 (pg, 9.1 x 10°% epm) labeled for 10 min at 28 hr post
infection, hybridized with 9 ug DNA; lane 3: nuclear RNA (20 g,
9.5 x 10° cpm) labeled for 60 min from 27 to 28 hr post
infection, hybridized .with 4 ug DNA. Hybrzids were treated with 1
ug/m} of R;Jase A, followed by 125 ug/ml of proteinase K, bound to
nitrocellulose filters, and eluted by Sl nuclease as described in
Materials and Methods. Sizes and positions of expected DNA-RNA
’ 3H-polyomavirus DNA

hybrids. are indicated. Marker DNAs were

digested with Pst] (lane M).

¢
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Figure 29: Hybriflization of 3H-labeled nuclear RNA to polyomavirus DNA

. <
fragment PstI-4L. :

’ Each of the following 3H-uridine labeled RNA samples was

contai/rg&g cloned polyomavirus DNA fr§gment PstI-4L. Lane 1:
nuclear RNA (90 pg, 8.6 x 10° cpm) labeled for 2 min at 28 hours
post infection, hybridized with 18 ug DNA; lane 2: nuclear RNA

(45 ug, 9.1 x 10% cpm) labeled” for 10 min at 28 hours post

infection, hybridized with 9 ug DNA; lane 3: nuclear RNA (20 ug,-

9.5 x 10° cpm) labeled for 60 min from 27 to 28 hours " post
infection, hybridized wi;:h 4 yg DNA. Hybrids were treated with 1
u‘g/ml of RNase A, followed by 125 nug/ml o-f proteinase K, bound to
nitrocellulose filters, and elutefl by S1 nuclease as described in
. Materials and Methods. Sizes and positions of expected DNA-RNA
hybrids are indicated. Ma\;ké?\ DNAs were 3I-I--polyomavirus DNA

digested with MspI (lane M.

.hybridized with  single-stranded bacteriophage £d103 DNA
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@ Ideally, to compare relative intensities of these bands . among
’ different RNA samples, identica}. levels of S1 nuclease-resistant viral RNA

should be loaded onto each gel lane. However, this was difficult to

achieve in practice, since specific radiocactivities of RNAs vafried from
sample to sample, and the proportion of 1ab;eled RNA which' was Virus-
specific also varied. In the experiments shown in Figures 28 and 29, more
labeled virus-specific RNA was present in samples labeled for 2 min (lane
1) than in samples labeled for 10 or 60 min (lanes 2 and 3). It can
. n:avertheless be concluded that only very low levels of processed RNAs
examined (ﬁNAs with a 5' end at nt 1170 or a 3' end at nt 1230 in PstI
fragment 1L, 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 that 2 min-labeled RNA contains mainly unprocessed and
nascent RNA chains is 1largely justified, at least insofar as these
particular processing events are concerned.

. It is known that cleavage of mRNA precursors to form the
polyadenylated 3" end of mature mRNA occurs within 1-2 min of their
synthesig (Nevins and Darnell,’ 1978; Achéson, 1984). Since very little of
the 2 min-l4beled RNA has been cleaved at this site (Figure 29, lane 1), I
conclude that the effective labeling time in this sample is 1 min or less
(see Section 1II, Tse;lg am}\Aches.on 1986). By lb min of labeling,
substankia]j levels of all three processed RNAs examined here have been
made. Therefore, the cleavage of RNAs at nucleotides 1170 and 1230 must

sor RNA.

t lace within a féw minutes of the synthesis of their -p
e that in neither case: is a majority of the RNA processed even\after 60
ﬂ ) min (the intensity of full—-length hybrids being much greater than that of

- the processed species, taking into account the relative lengths of
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the different bands). This suggests that some of the viral RNA synthesized
is rapidly processed, and that much of it is never processed (see Acheson;

e

1981b).

There is no evidence for the accumulation of an RNA species whose 5
end would be created t‘>y clfaavage of a precursor at the pglyader;ylatiOn site
and whose 3' end would be located somewhere downstream of the end of PstI
fragment 4L. Such an RNA would appear in Figure 29 as a band 450
nucleotides 1long, which should migrate somewhat more slowly than the
413-nucleotide ba;xd which corresponds to polyadenylated RNA. This suggests
that the distal portion of the precursor RNA is very unstable after '
cleavage at the polyadenylation site, and that it is rapidly degraded.

§

Most of the Minor Bands -Corrgspond to RNAs with Distinct 3' Ends.
v

.. ) |
It was important to determine whether the numerous minor bands

detected in pu}se-labeled RNA correspond to RNAs with specific 5' or 3!

‘ ends. If RNA polymerase either pauses during chain elongation or

terminates transcription at specific sites on the template DNA, RNAs with

specific 3' ends will be generated. On the other hand, rapid

endonucleolytic cleavage at specific sites on precursor RNAs would give

\
.

rise to a populatfion of RNAs of which one-half would have 5' ends at those
\sites, an\g one-half would have 3' ends at those sites (see 'Figure_BOB).

To determine whether the numerous n;inor bands detected in pulse-
labeled RNA correspond to RNAs with specific 5' or 3' ends, I Ahybridized
RNA with two cloned DNA fragments which differed only in their distal ends.
Pstl fragment 1 was cleaved with Sacl and the resulting fragment was

recloned into M13 mp8. This was carried out by Thu-Hang Tran in our

'1aboratory. The resulting clone is 85 nucleotides shorter than PstI

fragment 1 (see Pigure 30B). RMAs whose 3' ends lie within this fragment

Y

vy

- .
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Figure 30; Hybridization of H-RNA synthesized in m or in vivo to
— polyomavirus DNA fragmentk PstI-1L or PstI-1L-Sacl gubfr/agment. @
.l'\. 3g-labeled RNAs described below were hybridized to 10 ug
single-stranded\ M13 mp8 DNA containing clonea polyomavirus Pstl
fragment 1L (lanes 1-4) or PstI-}L-SécI subfragment (lanes 5-8)
(see text). Lanes 1 and 8: ?H-labeled RNA (4.5 x 103 cpm)
ltranscribed in vitro by SP6 RNA polymerase from a 5.25 kb Xbal
fragment of polyomavirus DNA inserted into plasmid SP64 (see
Materials and Methods); lanes 2 and 7: ‘H-labeled RNA (90 x 103
cpm), same as lanes 1 and 8; lanes 3 and 5: nuclear RNA (50 ug,
0.45 x 10° cpm) labeled for 2 minutes in vivo at 28 hours post
infection; lanes 4 and 6; nucl?ar RNA (21 ug, 1.3 x 10© cpm)d
labeled for 60 min in vivo from 27 to 28 hours post infection. .
Hybrids were treated- with 400 units/ml RNase _T1, bound to
nitrocellulose filters, and eluted by incubation with S1 nuclease
as described in Materials and Methods. Marker DNAs were as in
Figure 8. Electrophoresis was at 50V (20 mA) fo‘r 10 hours.
B. Diagram showing DN;%-RNA hybrids geperated by Sl nuclea'se
mapping using polyomsvirm's DNA fragment PstI-1L and PstI-1L-Sacl
subfragment. Solid line represents polyomavirus DNA  fragment
PstI-1L. Sacl restriction sité is indicated. Numbers below the
. line show t‘the positions of -PstI and Sacl sites, and. 5' end (nt
1170) and 3' end (nt 1230) found in steady-state RNA by Treisman
and Kamen (1981). Numbers above the line, show sizes of these two

DNA fragments.. Lines below the solid lined show sizes of DNA-RNA
hybrjds which correspond to RNAs whose 5' ends at nt 1170 and ;3/',

ends at nt 1230 when hybridized to these two DNA fragments. ’ @
L

Arrows indicate positions of 3! ends of 2 min-labeled RNA.

e . g
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will generate bands ;f equal length whether hybridized to the: truncated
PstI-SacIl fragment'o; to thé full-length PstIl fragment 1L. On the other
hand, RNAs whose 5' ends lie within this regio; will generate shorter
hybrid bands when hybridized with the PstI-SacIl fragment than when
hybridized with the full-length ?stI frégment 1L. |

Nuclear RNA labeled in vivo for 2 or 60 min at 28 hr after infection,
or polyomavirus L-strand RNA synthesized in vitro with SP6 RNA polymerase
(seeG Materggls and Methods), were. hybridized to single-stranded DNAs
corresponding to PstI fragment lﬁ or to ‘the PstI-S5acI subclone. The
results are shown in Figure 30A. Full-length hybrids were slightly shorter
in the samples hybridized to PstI-Sacl fragment (lanes 5 to 8) than in the

~——
samples hybridized to PstI fragment 1L (lanes 1 to 4), as expected. When

‘PO min-labeled RNA was used (lanes 4 and 6), the band 1126 nucleotides long

which correspon¢§ to RNA with a 3'-end at nucleotide 1230 migrated at the
same position wdﬁn hybridized with either DNA. The band 686 nucleotides
long which corresponds to RNA with a 5' end at nucleotide 1170 was shifted,

as expected, to a size of about 600 nucleotides when hybridized with the

truncated fragment..

¢

When 2 min-labeled RNA was used (lanes 3 aﬁd 5), most of the discrete
‘ < "
minor bands migrated at the same positions regardless of which DNA fragment

was used. These results demonstrate that most of the minor bands seen

’

after hybridization with pulse-labeled RNA represent RNAs with 3' ends at
numerous 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.

.
3

When in vitro synthesized RNA was hybridized to these DNA fragments,

two other hybrid bands besides the full-length hybrid were detected (lanes.
- - ) - .
2 and 7). These two bands were present at very low levels, if at all, when

——y
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in vivo RNA was used. It is likely that they reprl-esent' artifacts caused by

ribonuclease or S1 nuclease, since only full-length run-off transcripts

. p '
were used (see Materia}3 and Methods). A nick could have.been created
around nucleotide 1770 which would generate hybrids 1282 (5' end) and 590

,(3' end) nucleotides long when PstI fragment 1L was used (lane 2) or 1197

r

(5' end) and 590 (3' end) nucleotides long when the PStI SacI fragment was

H

used (lane 7). Lanes 1 and 8 show that when 20 fold-less in vitrq RNA was
¢

used in hybridization, only the ful‘i-length hybrids could be seen.

: A <

* A DNA-RNA Hybrid ‘Band Which Migrates: More Slowly Than I':ull-length Hybrids
| o)
May be Caused by Internal Secondary Strugture. ’ .
T

As noted above, a hybri’d band which migrated more slowly than the

~—

, full-length hybrid was observed in RNA samples hybridized to polyomavirus
7 pstI ‘f‘ragment 5L (Fig. 31A, 1lane .1) (two slowly-migrating bands were

observed in Figurg 26, lane 5). We have verified the PstI-5L DNA insert in

>

the ,doulile-strandga fd103 clone by cutting out the polyomavirus DNA insert

” -

with restriction endonuclease Pstl, and found& that the insert was correct
(&ata: not shown). The PstI 5L DNA fragment was also independently recloned

into single-stranded bacterlophqge M13 mp8. When nuclear RNA was
f

hybridized to polyomavirus HpaIl fragment SL%hcleotJ.des 399 to 9), which

overlaps w1th PstI fragment 5L, an additilonal hybrid band also migrated
more slowly than the fuil-length hybrid (390 bp) (data not ~ shown).

a

However, when hybridization was carried out in the presence of 80%

formamide, 0.4 M NaCl at 55°C, instead of in 0% formamide, 0.75M NaCl at
85°C (see,Materials and Methods), this' slower migrating band disappeared °

[
(compare Fig. 31A 1anes 1 and Zj This result suggested that the slower

migrating band represents the full- length DNh-RNA hybr1d which contained

secondary structure:.that altered its mobility. This secondary stru&ture
e N ' & N

o
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Figure 31:

o
’

Hybridlzation of 3H-uridine la'xbeled nuclear RNA to polyomavirus
DNA ‘fragment PstI-5L in the presence or absence of formamide.
A. 3H-uridine labeled nuclear RﬁA (18 pg, 1.8 x 10° cpm) was
hybridized with 10 pg of single-stranded bacteriophage M13 mp8
DNA containing polyomavirus DNA fragment PstI-5L in buffer

containing no formamide, 0.75 M NaCl (lane 1) or in buffer

s

taining 807 formamide, 0.4 M NaCl (lane 2) as described in
Materials and Methods. Hybrids were treated with 200 units/ml of
RNase r.‘Tl, bound .to nitrocellulose filters, \;and eluted by
incubation with S1 nuclease as described in Materials and
M,ethods. Arrowheads indicate positions of ful'l-'le:lgth DNA-RNA
hybrids. Dots indicates prominent less-than-full=length hyblrids,
Marker DNAs were' *H-polyomavirus DNA digested with Pstl (lane M).
B. Diagréx; showing \polyomavirus DNA .fragment PstI-5L. The ori
is the replic_atio;l origin. (Q) indicates position of .GC-rich
palindromes (see Figures 32 and 33). Arrows above the line
ind\icate the 1large T antigen binding si.tes. Arrows below the
line show positions and nucleotide numbers of the prominent less-

[

than-full-length hybrids which correspond to 3' ends.
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“»
apparently does not form when hybridization is done in 807 formamide. In

fact, sequence analysis reveal® a possible GC-rich stem-loop structure

. -

between nucleotides 84 and 100 (Fig. 32). y

A Possible Strong Pausing and/é\)remination Site(s) on Fragment PstI 5L. ,

fa

‘As mentioned earlier, nuclear RNA labeled for 2 min revealed a series

.

of minor hybrid bands when hybridized to Pstl fragmen;; 5L (Fig. 27, lane

5) (These bands were more clearly visible in the originalk autoradiogram).
[ )

When 60 min labeled nuclear RNA was hybridized, four minor hybrid ;)andé
were detected, cor;xparable to those seen in the samples of 2 min 'RNA (Fig.
26-,.' lane 5; Fig. 31A, lanes 1 and\Z). Yhe mos_t 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' end is at nucleotide 80 (Fig. 32). This is
just downstream of the GC-rich dyad symmetry element, and lies between

large T-antlihgen binding sites A and B (Cowie and Kamen, 1984 and 1986).

~

This band, could represent a pausing and/or termination site for RNA

polymerase. The other 3 minor hybrids have sizes of about 350,‘ 435, and -
/‘\ .
480 base pairs, which, would correspond to RNAS whose 3' ends are at
nucleotides 140, 50 and 5. It is interesting to note that nucleotides 140
o f N IS

and 50 are located within large T-antigen binding sites A and C kFig. ‘31B)

" (Cowie and Kamen, 1984). Nucleotide 5 is located at the origin of

replication, within a 32 base pair GC-rich palindrome (Muller et al, .1.§83)

(Fig. 33). These three sites could also be termination or pause sites.

. .

.
P53
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5'- AATTTGGGTGQCCCCACA CAGTCCTGTTTTGACAAG -3!

: 110 100 80 4 70

Figure 32: Nucleotide sequence of polyomavirus L DNA ‘strand from
”
nucleotides 117 to 67. . ) .Y

A GC-rich stem-loop structure can be formed between nucleotides
84 and 100. A putative st}ong pause and/or termination site at .
" nucléotide 80 is located immediapely downstream of the GC~rich

ﬁélindrome.
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Figure 33: Nucleotide sequence of polyomavirus L DNA st#and between
- ’ I

1

nucleotides 5260 and 40. Ny
This region is part of DNA replication origin (nuc}eotides 5265-
[

90; Muller et .al, 1983). A putafive 32 base_ pair éC-rich

palindrome can be drawn between nucleotides 21 and 5280.
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(’: DISCUSSION
RNA polymerase does not elongate RNA chains‘at a constant rate, butf
rather hesitates at specific sites in vitro. It is generally aécepted that
a transient pause is a prerequisite for termination in vivo. Terminati;n
_of‘ transcription is wusually thought of as three separate events: 1)
cessation ofomovement of RNA polymerase and of RNA chain elongation; 2)
. release of the completed RNA cha;n from the polymerase; 3) dissociation of
RNA polymerase from the DNA template. \

{@nalysis of 2'min pulse-labeled RNA with our S1 nuclease mapping
method revealed a series of minor hybrid bands. Most of these hybrid bands
correspond to the 3' ends of nascent RNAs and therefore represent
K “ t#rmination and/or pause sitgs. This conclusion is based on the following

4
A observations: 1) no processing wds detected in 2 min, pulse-~labeled nuclear

RNA, suggesting that RNA labeled for this period of time represents nascent

ﬁNA; 2) the minér hybrid bands observed are not generated by ribonuclease
* i
%

or by S1 nuclease cleavage during our hybridization procedure since they
were not detected in hybrids with RNA synthesized in witro; 3) the
experiment with the PstI-SacI subfragment of the Pstl fragment 1L (Fig. 30)

revealed no difference in the size of most hybrid bands, showing that they

correspond to RNAs with 3' ends within the fragment. 7

It is impossible to determine the exact sizes of the hybrids /by

measuring their migration on a gel because DNA-RNA hybrids do not seem to

migrate solely according to size. For example, the full-length hybrid
between RNA and PstI fragment 3L (912 base pairs) migrated more slowly than

the hybrid with the PstI fragment 2L (947 base pairs) (Figures 26 and 27).

‘E' Apparent formation of secondary structure also can affect the migration of

.. hybrids on a gel, as shown for the full-length hybrid between RNA and PstI

1
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fragment 5L. In general, the best method for determi!nﬂing the size of DNA
or RNA is to carry out electrophoresis on a de;laturing gel. However, the
RNA part of DNA-RNA hybrids is very sensitive to ribonucleases; nicking of
" the RNA would create artificial bands on the denaturing gel, and would
further complicate the pattern. T-herefore the most satisfactory method,
for our purpose, was to determine the size of these DNA-RNA hybrids on a
nondenaturing gel.
RNA labeled _1_r3 vitro in isolated nuclei was analyzed in the reports on
transcr.;iption of the mouse.B-globin gene (Citron g_t_:_\_a_l_, 1984Y, the mouse

. a-amylase gene (Hagenbuchle _e_i:_ .al, 1984), and the ovalbumin gene (LeMeur et

al, 1984). This method of l:abeling offers several advantages: 1)- the rate

- of elongation by RNA polymérase II 1is better controlled, e.g., in a 10 min
1abe.1:;ng period, under certain conditions, the polymerase elongated nascent
chains only about 500 nucleotides (Weber et al, 1977); 2) *?P isotope can
be used Jc:or labeling the na;cené 3' ends of the RNA, allowing one to obfain
a stronger signal axid‘ to use less RNA in each experiment. However, a major
disadvantage of the t,echnique concerns the interi)retation of the results
themselves. The multiple bands’ these author’sn observed may represent RNA
polymerase pause sites created by the in vitro conditions and not sites of

transcription termination. They may also represent extended pause sites

downstream from sites where RNA polymera}es‘paused prior to termination.

‘ In vivo labeling of RNA also has its drawbacks: 1) It is difficult to

control the rate of el&ngation by RNA, polymerase under in vivo labeling
. ] -
conditions. X?.) 3H-uridine must be used for labeling, which means that a

greater amount of labeled RNA is required in each experiment because: a)

R ﬂ the maximum specific activity of 3*H-uridine is lower than that of 3?P

= labeled NTPs; b) the exogenously added uridine is diluted by internal <UTP

A“-— ',:,,
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convert the energy ' of the PB-particle t;’, visible 1light,  therefore
fluorography has to be carried out fozA' a mych longer period. However, the
in vivo| labeling technique offers a unique advantage in- that cells are
maintained in the natural physical s‘tate during the labeling périod.

-

Thereforekv one can be, sure that 3' ends found on the pulse-labeled RNA
i @ - v -

represent\ the sites at which RNA polymerase II pauses or terminates

transcription of the DNA templates

i

It is still not clear what causes RNA polymerase to pause. There is

A
>

evidence that secondary structure such as a stem-ldop structure on either
the DNA or the RNA of the E. coli tryptoghan operon causes RNA polymerase
to pause and eventually release the RNA from the transi:ription complexes
(Adhya (;{E al, 1979; Oxender et al, 1979; Farnham and Platt, 1981)
However, studies with several different templates have shown that pausing
sites, also occur in locations where’RNA sec;)ndary structure”is weak or
absent (Kingston and Chamberlin, 1981; Lau et al, 1983; Morgan et al,
1983). In a cell-free eukaryotic system, it has bet;.ln shown that RNA
polymerase II pauses at the bacteriophage T7 (Kadesch and Chamberlin, 1982)
and lambda 4S RNA terminator (Hatfield et al, 1983).

It is known that polyomavirus large T antigen binds specifically to
multiple sites within the regulai;éry region on Pstl fragment 5.

f
Immuno-precipitation of protein-DNA complexes revealed two binding sites in

f
the region upstream of early start sites for-transcription. One is located
between nucleotides 94 and 152, the other is located betweén 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 and 120) and C (between

nucleotides 124 and 163). Two GC-rich palindromes are located within this

region; one lies between nucleotides 84 and 100 (see Fig. 32), the other is

~

4
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at the replication origin, between nucleotides 5280 and 21 (see Fig. 33).

[y

The four prominent minor hybrid bands located within this PstI fragment 5
would correspond to RNAs whose 3' ends are at nucleotides 5, 50, 80 and
140. All of them are located within the large T antjgen binding region.

Th\is suggests that the binding of large T antigen to this region, together

<

5

with the GC-rich palindrome, may cause RNA polymerase-II to pause at these

sites and may subsequently lead to termination of trénscription.

-

In addition, in our 1abora}: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 the 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 Figgre
l’o). The same results were obtained by Tessier (Skarnes, Tessier', and
Acheson, .manus‘cript in prepa‘ration) using a solution hybridization
technique, or with RNA labeled in vitro in isolated nuclei or on viral
transcription complexes (Skarnes, 1985). * Taken -together, these results
suggest that there is an excess /of RNA polymerases stalling on fragment
PstI-5L, implying the presence of strong pause si\tes within this fragment.
In the iight of these results, it is most likely that the 3' ends located
at about nuclegtides 5, 50, 80 and 140 withg}n 'fragment PstI-5L correspond '
to those strong pausing sites.

In conclusion, it is difficult to distinguish between pausing and
termination. We have shown that some of the 3' ends detected in ny
experiments correspond to pausing sites (above). Since ye Thave
demonstrated that about 507 of RNA polymerase molecules terminate
transcription per traverse of)the polyomavirus genome (Section II), it is
reasonable to believe that most of the other 3' ends we"’cletected represent
the sites at which RNA polymerase II terminate transcription of the

polyomavirus genome.
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CONCLUSIONS C e

~

Ay

In prokaryotes, transcription termination plays an important role in

¢ gene expression, 'controlling the type and amount of genes to be expressed.
It has been studied vexy éxtensively on E. coli, and two kinds of
terminators have been found. One is the faétor-in_dependent terminator,
which requires 'RNA.;)olymer'ase only in vitro. It consists of a GC-rich

' segment of dyad symmetry and a stretch of dA .residues in the template
strand, which are transcribed as U residueﬁs in the RNA transcript.
Termination occurs via formation of a stem-loop structure on the
transcript, which causes RNA polymerase to pause and interrupts 1l:he A-DNA

-~ ‘

hybrid complex. The consecutive uridine residues then facil‘itate

dissociation of the transcript from the template. The other termin%tors

require a protein factor, such _as rho, to . function efficie ‘\tly‘
Comparison of' rho-dependent terminators reveal ve-ry little sequence
homology, if any, between them. It is not known what recognition elements
govern the behavior of rho-dependent termination sites.

In co_ntrast, dL\? to the complexity of the eukaryotic system,there isﬁ*
still ;rery little known about tgrmination, despite considerable efforts.
However, it is recoggized that termination also plays an important role in
the control of eul(aryotic gene gxpression,"especial,ly within gene ‘clusters
(Mather et al, 1984; Proudfoot, 1986; Grummt et al, 1986; Labhart and
Reeder, 1986). Termination by RNA polymerase IIT and I are ¢he most

s

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.

. c RN} polymerase I requires protein factors which bind to specific sequences.

Ve . little 1s known about termination of transcription by RNA polymlrase

)
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s
IT despite a great deal of effort. It is known however that transcription
extendg beyond the polya@enylatién site and t{erminates hundreds or
thousands of nucleotides downstream of the poly (A) site. No control
seé;ue:nces or factors have yet been identified.

In this study, I 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

periods, one can determir}e tlje kinetics of RNA processing, polyade]nylation
\and alsq splicing, or determine which of these two processes occurs first;
if there are more than one splicing sites which site is preferentially
used. .

Using this method, I have identified an initiation site of éolyoma-
virus late RNA at nucleotide 5076 which is also a 5 splicing site of the
late Jleader. Th(;,’ other initiation sites I mapbed correspond to those
. reported by other investigators (Treisman et al, 1980; Treisman and 'Ka.men,
1982; Heiser and Eckhart, 1982). %I have also found a shift of the major
initiation site from nucleotide 5050 at 16 hr post infection to a site
further upstream :alt nucleotide 5—128, at 28 hr post infection. Further
investi—gatioxi is required to understand the meaning ©of this changﬂe.

Calculation of the termination efficiency of polyomavirus L-strand RNA
(has ;evealed that- termination is more efficient during the early part (16
hr post infection) than the late part (28 hr post infection)-of the late
phase. Perh‘aps a factpr required for termination is present in limiting
amounts during the latée phase; it is also possible that some late gene

product acts as an antiterminator, acting in a way similar to the N and Q

"proteins of bacteriophage ), for example.

~=

Mapping the 3' ends of pulse-labeled polyomavirus late RNAs has

~ — |
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‘revealed multiple stop sites instead of a single termination site. Similar

-

results havg been found for other eukaryotic mRNA genZs, for example the
mouse B’-—major globin gene' (Citron et al, "1984), the mouse a-amylase gene
(Hagenbuchle et al, 1984), and the chicken ovalbum;n gene (LeMur et al,
1984). We have reason to believe that some of these‘ sites represent pause
sites and some termination sites. However, our method does not allow us to
disting{;ish bgtween— pause sites and termination 7sites. Furthermore, thé
precise location of these sites cannot be accurately defined, due to the

limitation of our gel system and possible secondary structure within the

hybrids themselves. Therefore the sequences surrounding them cinnot be

determined. .

ha

Boti’x termination \and polyadenylation are inefficient during the late
phase of polyomavirus lytic infection. 'This suggests that these t
processe; may be linked. The same observation is made when the termination
region of the mouse B-globin is inserted i_nto the ElA transcrip;tion unit of
adenovirus 5 (Falck—Peders;n, 1985). Same polyadenylation factors may give
a signal ‘to the polymerase to stop transcription either by itself or with -
the help of other factors. In contrast, in the case of the adenovirus
major. - late transcripgiofl 1vmit, all polymefases pass five polyadenylaton
sites and terminate within the terminal 650 nucleotides. without reaching
the t;.nd of the genome (Nevins and Darnell, 1978; Fraser et al, 1979; Fraser
and H;u, 1980). Therefore, _there could be more than one type of mechanism
in eukaryotic mRNA transcription termination,

It was generally 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 have very little

information about the nature of the signals. To carry out the function of

*®
such signals, all sorts of higher level structures of both nucleic acids

Y

aaad- B



and proteins might be required, not just a simple DNA-protein interaction.

Also, many diffex:ent factors may be involved. The nature of transcription

termination is far more complicated {han we first believed, even in the

simplest case. A reliable in wvitro transéription system 'is needed to

N
L4

answer many of the unanswered questions.

N
.
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