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ABSTRACT

Ribosomil RNA i s synthesized from template molecules that are act ivated
by a s t a b l e a s s o c i a t i o n with e s s e n t i a l t r a n s c r i p t i o n f a c t o r s . This
a c t i v a t e d t empla te a s sembles pr ior to the onse t of t r a n s c r i p t i o n as a
p r e i n i t i a t i o n c o i p l e i and f a c t o r s remain f i r m l y a t tached during a c t i v e
elongation as w e l l . Sequential addition of d i f f e r e n t l y marked rRNA genes to
an S-100 mouse c e l l extract shows that the DNA binding factors of the s table
complex are present in l i m i t i n g q u a n t i t i e s . They a s s o c i a t e r a p i d l y with
template molecules and the resultant transcription complex remains intact
over prolonged periods of incubation in the presence of competitor DNA. The
resistance of the stable complex to the usual inhibitory effect of high DNA
concentration suggests that more than one DNA binding factor recognizes the
rDNA promoter region and i s needed to d i rec t f a i t h f u l t r a n s c r i p t i o n .
F i n a l l y , although the s t a b l e complex i s s p e c i f i c for the rRNA i n i t i a t i o n
region, added vec tor sequences can n e u t r a l i z e nonspec i f i c DNA binding
components that are a l s o present in the c e l l e x t r a c t . This lowers the
requirement for rDNA template and demonstrates that each activated rRNA gene
can direct at least 10 round* of elongation and re in i t ia t ion .

IOTBOPUCnOH

With the recent advent of manipulable in v i tro transcription systems,

many significant advances have been made toward understanding eukaryotic

t r a n s c r i p t i o n . Unlike the case in prokaryotes, the three eukaryotic RNA

polymerase c lasses can in i t ia te accurately in crude c e l l extracts but not in

the pur i f i ed form (1-10) . Certain t r a n s c r i p t i o n f a c t o r s thus act to

supplement each c l a s s of polymerase in d i r e c t i n g template s p e c i f i c i t y .

However, the i d e n t i t y and mechanism of ac t ion of these f a c t o r s remains

largely unknown.

Studies on t r a n s c r i p t i o n ca ta lyzed by RNA polymerise I I I have

progressed the most rapidly. A purified in i t ia t ion factor has been shown to

interact d irec t ly with the nucleotide sequences identif ied ear l i er as the

intragenic contro l region of 5S RNA genes (4 ,11 ,12 ,13) . Two addi t iona l

factors are required for specif ic transcription of 5S and tRNA genes as well

© IRL Press Limited, Oxford, England. 7043

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/11/20/7043/2381357 by guest on 24 April 2024



Nucleic Acids Research

( 4 , 5 ) . Analogous s t u d i e s in polymerase II system! have r e s u l t e d in the

part ia l puri f icat ion of at least three transcription factors (7,14,15), each

of which p l a y s an undefined bat e s s e n t i a l r o l e in d i r e c t i n g accurate

synthesis of hnfiNA. However, far l e s s is known about the transcriptiona1

machinery associated with polynerase I. The template regions required for

i n i t i a t i o n by t h i s polymerase have r e c e n t l y been e l u c i d a t e d (16-22) , and

i n i t i a l t i t r a t i o n and f r a c t i o n a t i o n s t u d i e s i n d i c a t e that at l e a s t three

factors are required for accurate rRNA synthesis (9,23).

Transcription by RNA polymerase III has been shown to occur on template

molecules that are s tably activated for synthesis by associat ion with one or

more factors (24,25). More r e c e n t l y , s t a b l e t r a n s c r i p t i o n c o n p l e i e s were

a l s o found to a c t as t e m p l a t e for ENA p o l y m e r a s e I I ( 2 6 ) . The

i d e n t i f i c a t i o n of such complexes is va luable for understanding the

mechanises of transcriptional init iation and gene activation; in addition,

the ir i s o l a t i o n could g r e a t l y f a c i l i t a t e the c h a r a c t e r i z a t i o n of

transcription factors.

In t h i s study, we demonstrate that s tab le complexes mediate the

a c t i v a t i o n and transcr ipt ion of mouse rRNA genes by RNA polymerase I in

vitro. These complexes form rapidly, even in the absence of transcription,

remain s tab le over extended periods of time and are spec i f i c for the rRNA

i n i t i a t i o n region. We a l s o show that mul t ip le rounds of synthesis can be

directed by each transcript ion complex. While th i s manuscript was in

review, a study reaching similar conclusions on polymerase I transcription

complexes was published (27).

AW) HHTBOPS

S—100 extracts were prepared from logar i thmical ly growing mouse t i ssue

culture c e l l s (L1210) and stored as previously described (1). Transcription

r e a c t i o n s (25 u l ) conta in ing 7 ul of e x t r a c t were made to 15 mH Hepes (pH

7.5) , 10* g l y c e r o l , 1 mM DTT, 0.1 mH EDTA, 90 • • ICL, 5 mH MgClj and 300

ug/ml a -amani t in . Keaotions a l s o contained 10 ug/ml template DNA, 500 uM

ATP, UTP and GTP and 50 uM a-32P-CTP (2.5 Ci/mM). The template i s a mouse

rDNA c l o n e (p5 'Sa l -Pvu; 1) truncated with e i t h e r Sma I or Pvu II (Figure

1A). To a l low s table complex formation, reactions were f i r s t incubated at

30°C for 10 minutes with 10 ug/ml template DNA in the presence or absence of

u n l a b e l e d r ibonuc 1 eot ide triphosphates (rXTPs). Competitor DNA (10 ug/ml)

and radioact ive nucleot ides were then added in 2 ul and incubation proceeded

for an a d d i t i o n a l 45 minutes at 30°C. To terminate r e a c t i o n s , 185 ul of a
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so lu t ion containing 0.15 H NaCl, SO mM Tri«-HCl (pH 8.0), 0.3 N NaOAc, 0.5%

SDS, 60 ug/ml tRNA and 6 nH EDTA was added. Nucleic acids were then phenol

extracted, ethanol prec ip i ta ted , resaipended in 4 ul of 95% deionized

formamide, 0.05% xylene cyanol and 0.05% bromophenol blue and heated at

100°C for 2 minutes. Transcripts were resolved on a 4% polyacrylamide, 9 H

urea sequencing gel (28) and visualized by autoradiography.

Transcripts from closed circular templates were analysed by SI nuclease

napping as previously described (1). The probe used for these studies was a

mouse ribosomal DNA clone (p5'Sal-Pvu) c leaved with Sma I at nuc leot ide

+155, 3 2 P labeled at the 5' termini and made s ing le stranded by Exo III

treatment. RNA prepared from unlabeled transcript ion react ions was

hybridzed in probe excess to ~8 t ines the Cot^/2 * n d treated with SI

nuclease; the protected fragments were e 1 ec trophoret ica 1 ly reso lved and

visualized by autoradiography.

HSH3J2
AaseoblT of Stab 1 o Troaicrlotion Complexes

We have prev ious ly demonstrated that cloned mouse rRNA genes are

accurate ly transcribed in v i t r o using an S-100 extract of mouse t i s sue

culture c e l l s (1). To investigate whether stable transcription complexes

are responsible for this synthesis, we allowed differently marked rRNA genes

to compete for the l imit ing transcr ipt ion factors present in the extract .

The DNA template used in these s tudies i s a cloned mouse rRNA i n i t i a t i o n

region (p5'Sal-Pvu) that was truncated either at nucleotide +155 with Sna I

or at nucleot ide +300 with Pvu II (Figure 1A). Both of these run-off

templates contain a l l the sequences that promote transcript ion in v i t r o

(22). For convenience, they s h a l l be designated as 'pl55' and 'p300',

according to the characteristic length of transcripts produced (Figure IB,

lanes a-d). The abi l i ty of these two templates to compete for transcription

factors in vitro is demonstrated in Figure IB. When equal amounts of pl55

and p300 are simultaneously added to the reaction, equimolar quantities of

the two run-off transcr ipts are produced (lane e). However, if pl55 i s

preincubated in a transcr ipt ion react ion for 10 minutes prior to the

addition of p300 competitor, only the 155 nucleotide long RNA is produced

(lane f ) . [To detect only those RNAs transcribed when both templates are

present, the labelled nucleotide was added along with the competitor DNA.]

In the reciprocal sequential addit ion, where p300 i s added f i r s t ,

transcr ipt ion from pl55 introduced ten minutes l a ter i s completely
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Figaro 1: Bnn-off transcription and sequential addition studies
A: The cloned rDNA tenplate (p5'S»l-Pvu) tnd re levant r e s t r i c t i o n

endonuclease cleavage s i tes tre shown above; Hi— transcribed rDNA region
(nucleotide +1 to +300); CZ3 - nontranscribed rDNA region (nucleotide -170
to +1); pBE322 vector. The run-off RNA transcribed from template
cleaved with Sma I at +1SS (pl55) or with Pvu II at +300 (p300) is depicted
below.

B: Transcription reactions were allowed to preincubate with 10 |ig/ml
of the f i r s t DNA for 10 minutes in the absence of rXTPs. Then 10 ug/ml of
the seoond DNA, a- P-CTP snd rXTPs were added and transcript ion was
terminated 43 ninutes later: (lane a) Ist-pl55, 2nd-no additions; (lane b)
Ist-pl55, 2nd-pl55; (lane c) lst-p300, 2nd-no additions; (lane d) lst-p300.
2nd-p300; ( lane e) I s t -p l55 ind p300, 2nd-nothing; (lane f) I s t - p l 5 5 , 2nd-
p300; (lane g) l s t -p300 , 2nd-plS5. An e lec trophoret i c ana lys i s of the
purified RNA is shown. (K) is Hpa II cleaved pBR322 marker.
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Figure 2: Preincubation oith DMA lacking the rHNA proooter
Sequential addition experiment* were let op at in

Figure IB: (lane a) I s t - p l 5 5 , 2nd-no addit ions; (lane b)
l»t-pBE322, 2nd-pl55; (lane c) l 8 t - a mouse rDNA clone
spanning from nucleotide +300 to +3000 and thus lacking the
init iat ion s i te , 2nd-pl55. High molecular weight RNAs at the
top of the gel result from nonspecific end-to-end
transcription. Similar results to lanes b and c are
obtained when calf thymus DNA is added f irst and pl55 second.

155

suppressed (lane g). The same suppression of synthes is of subsequently

added pl55 competitor is observed when the transcription reaction is f irst

preincubated with c losed c i rcu lar rDNA. Thus, a s tab le transcript ion

complex is formed on the template added f i r s t ; the e s s e n t i a l factors

involved must be present in l imit ing amounts and are not transferable to

other rDNAs subsequently added.

We have previously shown that omitting rXTPs from the in vitro reaction

prevents transcriptional init iation (29). Yet results identical to Figure 1

are obtained whether or not exogenous rXTPs are present during the

pre incubation. This demonstrates that a 'pre ini t is t ion complex' assembles

on the template in the absence of UNA synthes i s . However, since th i s

assoc ia t ion can a l s o form and p e r s i s t in the presence of rXTPs, an

'elongation complex' is stably bound during transcription as wel l .

In contrast to the experiment of Figure 1, when the c e l l extract is
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a b c d e f a b e d ©

300 300

155 — — • • <— « •
155 ^ - . '

Figmr* 3: Time coarse for formation and s t a b i l i t y of the p r e i n i t i a t i o n
coaplex

A: Sequential addition experiment» were tet up as in Figure 16, except
that the time of preincubation with the pl55 f irst DNA was varied prior to
addition of the p300 competitor DNA: (lane a) 30 seconds; (lane b) 1 minute;
(lane c) 2 minutes; (lane d) S minutes; (lane e) 10 ninutes; (lane f) IS
minutes.

B: Sequential addition experiments were preincubated for 10 minutes
with pl5S. fol lowed by the addit ion of p300 (but no rITP). After the
indicated times of further incubation, a 43 ainute transcr ipt ion was
i n i t i a t e d by addition of rXTPs and a- 2P-CTP: (lane a) 0 ninutes; (lane b)
IS minutes; (lane c) 30 minutea; (lane d) 43 minutes; (lane e) 1 1/2 hours.

first preincubated with veotor DNA, rDNA that lacks the init iat ion s i te or

bulk cal f thymus DNA, there is no suppression of transcription from the plSS

template added 10 minutes later (Figure 2). Thus, formation of the stable

oomplex i s specific for template sequences surrounding the rRNA init iat ion

site . The essential factors either do not bind to the other DNA sequences

or they do so in a readily reversible manner.

Tiat Courte for Coarelei For—t Ion lad Stabil ity

To study the kinetics of oomplex assembly, plSS was preincubated with

c e l l extract for various tines prior to the addition of competitor p300. As

shown in Figure 3A, the complex assembles very rapidly; there i s

pre ferent ia l transcr ipt ion of the f i r s t DNA after only a 30 second
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A
a b c d e

300

. - 155

Figure 4: DNA oonoemtrmtion requirement for complex formatiom
A: Sequential addition experiments were set np as in Figure IB, exoept

that the amount of pl55 f irst DNA was varied as indicated. To a l l reactions
10 (ig/nl of p300 competitor was added 10 minutes l a t er : (lane a) 1 |ig/ml;
(lane b) 2 (ig/ml; (lane c) 5 |ig/ml; (lane d) 7 1/2 ng/ml; (lane e) 10 |ig/ml.
[The apparent decrease in signal in lane e is not reproducible.]

B: An analagous experiment was set up using the indicated amounts of
plS5 template but no conpetitor DNA: (lane a) 1 ng/ml; (lane b) 2 |ig/ml;
(lane c) 5 |ig/ml; (lane d) 7 1/2 |ig/ml; (lane e) 10 Mg/ml; ( lane f) IS
lig/nl.

preincubation, and within 5 minutes complex formation is complete.

Once the p r e i n i t i a t i o n complex i s formed, the factors remain s tab ly

bound during prolonged incubation. This was demonstrated as follows: After

preincubation with pl55, competitor p300 was added and the react ions were

incubated for various lengths of time before initiating transcription with

rXTPs. Even after a 1 1/2 hour incubation, subsequent transcr ipt ion is

almost exclusively from the f irs t template (Figure 3B). A small amount of

the 300 noc leot ide long transcript does appear with time, but th i s

constitutes less than 5% of the total synthetic capacity and may represent a

very slow rate of complex disassembly. Thus, over extended periods of

preincubation v ir tua l ly a l l of the transcription complexes remain s tably
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Figure 5: Coaplex formation prevents transcriptional suppression at high DNA
concentration

A: T r a n s c r i p t i o n r e a c t i o n s were s e t up with the f o l l o w i n g
concentrations of pl55 DNA: (lane a) 10 ug/ml; (lane b) 15 ug/ml; (lane c)
20 (ig/ml; ( lane d) 30 |ig/ml; (lane e) SO ug/ml.

B: Sequential additions were set up as in Figure IB, using 10 |ig/ml
pl55 f i r s t DNA, but adding p300 competitor to the indicated t o t a l DNA
concentration, equaling that of part A: ( lane a) 10 ug/ml, i .e . , no
addit ion; (lane b) IS ug/ml; (lane c) 20 ug/ml; (lane d) 30 ug/ml; (lane e)
SO jig/ml.

C: The bands of the ge l s in parts A ( • ) and B (A) were quantitated
by densitometry.

bound to the template on which they or ig inal ly formed.

DNA Concentration Requirements for rRNA Transcription and Comiolei Assembly

The template concentration needed for complete complex formation was

determined by titrating the amount of preincubated pl55 required to suppress

synthesis from subsequently added p300 competitor. In the experiment shown

in Figure 4A, approximately 7 1/2 ug/ml of plSS i s needed to saturate the

limiting, nontransferable factors and thereby prevent transcription of p300.

Although this saturating value varies s l i g h t l y between different extracts.
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it always coincidei with the template concentration needed for maximal rKNA

synthesis in reactions without competitor (Figure 4B). Therefore, the

amount of stable coup lex assenbly direct ly correlates with the l eve l of rRNA

synthesis.

At the other end of the concentration range, increasing the template to

SO ug/ml appears to exceed the capacity of the transcript ion factors , for

there i s a narked reduction in rRNA production (Figure 5A). A s imi lar

suppression of synthesis at e l eva ted template concentrations has been

observed in other systems (3,9) and attr ibuted to a part i t ioning of the

di f ferent e s s e n t i a l transcr ipt ion factors onto separate DNA molecules

(9,24). If th i s explanation for the decreased synthesis i s correct , then

pre-fomed stable coaplexes should not be affected by subsequent addition of

excess tenplate , for the factors w i l l remain bound to the f i r s t DNA. The

experiment of Figure 5B-C shows that this prediction is correct: Conplexes

pre-formed at the opt imal 10 ug/ml of pl55 e x h i b i t v i r t u a l l y no

transcriptiona 1 inhibition when the DNA concentration is raised to 50 ug/ml

with conpetitor p300. The magnitude of the transcriptional signal at high

DNA concentration therefore depends on the history of the reaction; only if

factors are f i r s t allowed to assemble into intact complexes are they

resistant to partitioning onto the additional DNA molecules.

Stable Transcription Com) 1 exes Dnderao Multiple Rouads of Reinitiation

The precipitous decrease in transcriptional signal below 5-7 ug/ml of

template DNA (Figures 4B) as w e l l as a p lateau in synthesis at high

concentrations of extract (data not shown) suggests that our c e l l extract

also contains DNA binding factors that can limit template ava i lab i l i ty . In

an attempt to maximize the synthesis per input rDNA molecule, we transcribed

low amounts of template in the presence of 10 ug/ml vector DNA which night

absorb such putative nonspecific DNA binding proteins. As shown in Figure

6B, t h i s treatment permits h igh l e v e l s of t r a n s c r i p t i o n at rDNA

concentrations as low as 0.25 ug/ml. This cons t i tu te s a -10 reduction of

the nornal template requirement for this extract (Figure 6A). From the known

specific act iv i ty of the RNA and quantitation of the autoradiographic bands,

we calculate that ~1 run-off transcript was synthesized per input template

molecule (see legend to Figure 6). This value can be further raised to

about 10 RNAs per DNA molecule when closed circular templates are used: S,

nuclease analysis of transcripts made at reduced DNA concentrations (where

synthesis per template i s maximized) shows that the s table complexes on

closed circular rDNA molecules direct 10 fold more initiation events than
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A B C
a b c d c f g h l a b c d e f a h l n h c

155

Fignre 6: Addition of Teotor seqnenees raise the rRNA : rDNA ratio
A: Transcription retotiont were preincubated with the indicated amounts

of pl55 template (in ug/ml), but no competitor DNA was added: (lane a) 7.5;
(lane b) 5.0; (lane c) 2.5; ( lane d) 1.25; (lane e) 0.75; (lane f) 0.5;
(lane g) 0.25; (lane h) 0.125; ( lane i) 0.075.

B: I d e n t i c a l r e a c t i o n s were se t up as in part A except that
10 ug/ml l inear ized pBR3 22 DNA was added with rITPs after the 10 minute
preincubation.

C: Closed circular and linear templates were transcribed in onlabelled
react ions and the resu l tant RNAwas quantitated by SI nuclease a n a l y s i s :
(lane a) no template added; (lane b) 0.25 ug/ml l inear template; (lane c)
0.25 ug/ml closed circular templates. Lane a represents the endogenous rRNA
in the c e l l extract that Bust be subtracted from the signals of lanes b and
c in order to determine the iioant of rRNA transcribed in vitro.

For quanti tat ion of this experiaent, s c i n t i l l a t i o n gpectroscopv
demonstrated that the input 5|iCi/1250 pmo 1 CTP corresponds to 8xl0 3

cpm/pnole CTP. The autoradiographic standard for the experiment of 6A «t i a
end l a b e l l e d DNA fragment t h a t was q u a n t i t a t e d by s c i n t i l l a t i o n
spectroscopy, and then subjected to electrophoresis and autoradiography in
paral le l with run-off transcripts. By this analysis, lane g corresponds to
1300 cpm, or 0.16 pmoles of CTP, or 0.004 pmoles of the 155 nncleot ide RNA;
it derives from 0.003 pnoles of tenplate rDNA. Densitometer scanning of the
bands of part C demonstrate that 10—11 t ines as such rRNA is made from
closed ciroular as linear templates.

those on linearized templates. We therefore conclude that the transcription

complex can remain stably bound to the template through at least 10 rounds

of init iat ion and elongation. This calculation, in fact, leads to a minimal

estimate of the extent of reinit iation, for not a l l the genes may be engaged

in transcription.
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In t h i s paper, we describe a s tab le RNA polymerase I transcript ion

complex which assembles as a prereqnisite to nouse ribosomal RNA synthesis.

Then rRNA genes are incubated with extracts prepared from growing c e l l s , DNA

molecules are rapidly assembled into active templates by interaction with

one or more transcription factors. This nucleoprotein complex is indeed a

stable association as indicated by i t s resistance to competitor DNA: When

two rDNA templates are sequentially added to the in vitro reaction, complex

formation on the f i r s t DNA completely suppresses transcript ion from the

subsequently added competitor (Figure 1). Such transcriptional preference

is observed even when the competitor i s present in a vast molar excess

(Figure 5). The activating factors associate rapidly with the template and

remain bound to these sane DNA molecules during prolonged incubation with

competitor DNA and through nul t ip le rounds of transcription (Figures 3 and

6). Ribosomal RNA gene a c t i v a t i o n is indeed due to complex formation and

not to covalent modification of the template for factors can be released at

e l eva ted s a l t concentrations and w i l l then product ive ly rebind to other

templates upon reduction of the ionic strength (Tower, J. and Sollner-Webb,

B., unpublished observat ions) . Thus one or more factors of the complex

stably binds to the template and is responsible for maintaining the rDNA in

a transcriptionally active state.

Assembly of a s t a b l e complex does not reqnire r ibonuc leot ide

triphosphates, and i t therefore occurs prior to the onset of RNA synthesis

forming a 'p r e in i t i a t i on complex'. Since these same act ivated tenplate

molecules are s e l e c t i v e l y transcribed upon addition of rITPs, e s s e n t i a l

factors aust a l s o remain associated with the template during ac t ive

synthes is . Therefore, a s table 'e longat ion complex' i s responsible for

directing transcription. In other experiments (30), we have found that a l l

the transcription factors are bound in the preinitiation complex but only a

subset of these factors remain s tab ly assoc iated with the a c t i v e l y

transcribing conplex.

The data of Figure 2 demonstrates that DNA molecules lacking the rRNA

i n i t i a t i o n region do not compete with the a c t i v e templates for e s s e n t i a l

transcription factors. Therefore, stable complexes have a high specif icity

for the rDNA i n i t i a t i o n region. In fact , s tudies current ly underway with

various deletion mutants suggest that precisely the rDNA promoter region is

required for stable complex formation (Cizewski, V., K i l l er , K. and Sollner-

ffebb, B., unpublished observations). Overall, these data demonstrate that
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the polyner i te I transcript ion complex described in th i s paper cannot be

attributed to nonspecific events. For instance, one conld propose that oar

c e l l extract contains an excess of transcriptional ly inhibitory factors and

a l imited amount of a nonspecif ic a n t i - i n h i b i t o r (31). While such models

would account for the preferent ia l transcript ion of the f i r s t added DNA,

they are invalidated by the specif icity for the rDNA promoter region (Figure

2) .

In our in vitro system, a minimal DNA concentration of ~7 1/2 |ig/ml is

required both for rRNA synthesis (Figure 4B) and for saturating the

nontransferable transcription factors (Figure 4A), reflecting the importance

of complex formation in the synthet ic process. However, the minimal

template requirement can be dramatical ly reduced when the transcr ipt ion

react ion i s supplemented with vector DNA (Figure 6). These nonspecif ic

sequences apparently absorb DNA binding proteins of the c e l l extract that

otherwise reduce the e f f e c t i v e concentration of a v a i l a b l e tenplate

molecules. Thus, only a small proportion of input DNA actually serves to

direct transcr ipt ion while the renainder is ev ident ly needed to absorb

nonspecific DNA binding components (32).

The r e l a t i v e order of veotor and rDNA addition strongly a f f e c t s the

amount of transcr ipt ion obtained at the low template concentrat ions.

Synthesis is maximally stimulated when extract was f irst preincubated with

rDNA (Figure 6). suggesting that transcription complexes remain stably bound

to the ribosomal template while nonspecif ic components transfer to the

subsequently added DNA. In the reverse case, where extract i s f i r s t

preincubated with the nonspecific DNA, there is only minimal stimulation of

transcription from the small amount of ribosomal template re la t ive to that

obtained without the nonspecif ic DNA (data not shown). Transcription

factors presumably bind to the vector in a transient manner thereby slowing

their search for, and transfer to, the very small amount of subsequently

added rDNA. Laboratories investigating transcription by RNA polymerase II

have similarly found that adding nonspecific DNAs s iginif icantly lowers the

template requirement for in vitro transcription (26,33). Poly I-poly C was

highly e f f e c t i v e in these s tudies , but in our system, i t does l i t t l e to

st imulate transcr ipt ion by RNA polymerase I (data not shown). Thus,

d i f ferent DNA sequences e f f i c i e n t l y reduce the template requirement in

different transcription systens; th i s presumably depends on the r e l a t i v e

a f f i n i t i e s of template and nonspecif ic sequences for the transcr ipt ion

factors and the other DNA binding component!.
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The synthet ic capacity of our in v i t r o system i t reduced i t high DNA

concentrations (Figure 5A). This i t due to a suppression of stable complex

formation, for rais ing the template concentration in react ions with pre-

formed complexes has no inhibitory effect (Figure 5B). Activation of rRNA

tenplates evidently reqnires multiple factors which must interact with the

promoter region in concert. In the presence of excess DNA, these limiting

factors partition nonproductively onto different tenplate molecules unless

they are f i r s t al lowed to asseabl* into s tab le transcr ipt ion complexes.

Similarly, transcription of 5S RNA genes by polymerase III is also reduced

at high DNA concentrations unless complexes are f irst formed with optimal

amounts of template (24).

Finally, we present evidence that polynerase I stable complexes direct

multiple rounds of transcriptional init iat ion and elongation. By lowering

the template requirement with vector DNA, at l e a s t 10 transcr ipts can be

synthesized per rDNA molecule (Figure 6). This may in fact be an

underestimation of the number of reinit iation events for not a l l the input

template molecules may be engaged in transcr ipt ion . Corroborating this

conclusion of multiple reiniation events, when the sa l t concentration of an

ongoing transcription reaction is raised to or above 180 mli, production of

the 155 nucleotide run-off RNA abruptly ceases (Cizewski, V. and Sollner-

Webb, B., unpublished observat ions) . Since these s a l t condit ions should

allow elongation of nascent RNA chains while preventing further initiation

by RNA polymerase I (34), this provides independent evidence that the vast

aajority of the in vitro rRNA synthesis is due to reinit iat ion.

Electron microscopic v i s u a l i z a t i o n of in v i v o rRNA transcript ion

demonstrates that not a l l the rRNA genes in somatic c e l l s are

transcriptional ly active (35). However, the active genes are f u l l y loaded

with nascent transcr ipts and are apparently r e i n i t i a t i n g at the maximal

rate. This se lec t ive all-or-none gene activation in vivo could be readily

accounted for by stable complex formation that occurs in vitro: Once a rRNA

gene is activated for transcription, the essential components remain firmly

bound through many rounds of synthesis. However, DNA binding inhibitors can

preclude this in i t ia l productive interaction. Ribosomal RNA synthesis in

v ivo may s i m i l a r l y be regulated by the r e l a t i v e a v a i l a b i l i t y of s tably

binding transcription factors and inhibitors.
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