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ABSTRACT

ATP hydrolysis is required for transcriptional initiation
by RNA polymerase Il in vitro . Reconstituted transcrip-
tion using purified initiation factors and RNA polymer-
ase Il have revealed that the step dependent on ATP
hydrolysis occurs at the same time as initiation of RNA
synthesis. We report here that ATP hydrolysis is also
required for formation of the preinitiation complex in
crude extracts. Two distinct preinitiation complexes
were identified, one formed in the presence and the
other in the absence of ATP. These complexes were
isolated by glycerol gradient centrifugation. The pre-
initiation complex formed in the presence of ATP was
able to synthesize transcripts with addition of only
ribonucleotide triphosphates, whereas the preinitiation
complex formed in the absence of ATP was inactive and
required addition of protein fractions and ATP. These
results suggest that the inactive preinitiation complex
is activated by addition of the protein fractions and ATP
hydrolysis. The active preinitiation complex sedi-
mented at [40 S in glycerol gradient centrifugation, a
rate similar to that of RNA polymerase Il holoenzyme

reported by Maldonado et al. [ Nature (1996), 381, 86—89].

INTRODUCTION

Discovery of RNA polymerase Il holoenzyme has led to
another model of preinitiation complex formatidh 7(8—11).

RNA polymerase Il holoenzyme is a multifunctional complex
containing RNA polymerase Il. RNA polymerase Il holoenzyme
in yeast contains the SRB proteins and the SWI/SNF protein
complex, in addition to a subset of basal initiation factiizd ).

The SRB proteins were identified as factors capable of supp-
ressing mutations in the C-terminal domain (CTD) of the RNA
polymerase Il large subunil@ and references therein). The
SWI/SNF complex in the yeast RNA polymerase Il holoenzyme
appears to remodel chromatin using the energy generated by ATP
hydrolysis (3). The mammalian RNA polymerase Il holo-
enzyme, thought to be equivalent to the yeast RNA polymerase
Il holoenzyme, has been reported to contain the mammalian
homolog of SRB7 and also Cdk8 and cyclins C and,B).(It
contains factors involved in DNA repair, including DNA
polymerase (6). These reports suggest that the multiple factors
which form the RNA polymerase Il holoenzyme could form a
preinitiation complex under physiological conditions.

The molecular size of the RNA polymerase Il holoenzyme has
been shown to be equivalent to that of the ribosodnd. (
However, the holoenzymes in crude extracts and in purified
fractions showed different sedimentation speeds in sucrose
gradient centrifugation and the holoenzyme in crude extracts is
heavier than that in purified fractions. These data suggest that the
holoenzyme is unstable in purification procedures, including
sucrose gradient centrifugation, and that components in the

Transcriptional initiation by RNA polymerase Il is preceded byholoenzyme dissociate easily. Despite the fact that it is important
assembly of the preinitiation complex, which is composed db investigate the mechanism of preinitiation complex formation
RNA polymerase and initiation factord,Z and references by the holoenzyme, neither a biochemical method to stabilize the
therein). TFIIB, TFIID, TFIIE, TFIIF and TFIIH are essential holoenzyme nor a reconstituted transcription system with the
initiation factors in formation of the preinitiation complex. Gelholoenzyme has been established. Investigation of the transcrip-
retardation, DNA template challenge and restriction site praional mechanism of the holoenzyme in crude extracts should
tection experiments have demonstrated intermediates of thield useful results.

preinitiation complex 5). TFIID is the TATA box binding ATP is a substrate for RNA synthesis and has also been shown
factor and forms a complex with the promoter DNA. TFIIBto be hydrolyzed in transcription. The requirement for ATP
subsequently binds to the complex of TFIID and the promotdrydrolysis in transcription was initially identified using AMP-
DNA. RNA polymerase Il and the rest of the initiation factorsPNP, which is an unhydrolyzable ATP analdgf)( Although

form the complete preinitiation complex on the promoter DNAAMP-PNP is a potent substrate for RNA chain elongation,
in a stepwise manner. Thus, formation of the preinitiatiotranscription requires hydrolyzable adenosine nucleotides, in-
complex is accomplished by the stepwise assembly of tl@uding dATP, in the presence of AMP-PNP5)Y. Because
initiation factors and RNA polymerase II. hydrolysis of thef—y phosphate bond of ATP (dATP) is not
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directly used for RNA chain elongation, ATP hydrolysis isTranscription reactions
thought to be required for initiation. Indeed, data from recon-
stituted transcription reactions have revealed that a st
dependent on ATP hydrolysis is involved in initiatidr6,(7).
Luse and Jacob used the method of dinucleotide-primed t
nucleotide formation to demonstrate that ATP hydrolysis i
required for synthesis of the first phosphodiester bond on
promoter-specific transcript8). Gralla and co-workers showed
that ATP hydrolysis is needed to open the double strands of t
DNA template at the transcription start site using KM a
probe for DNA local melting1(9). Among the initiation factors,
only TFIIH possesses DNA-dependent ATPase, DNA helica

and CTD kinase activitie€(-32). In the reconstituted reaction, caclons were 'nle)bated at|°3_D forb60 dm'r?-hAﬁef incubation,
however, CTD phosphorylation by TFIIH is dispensable f0|Iranscrlpts were subsequently incubated with proteinase K, tRNA

initiation, suggesting that CTD phosphorylation is not involve Gand SDS. The transcripts were extracted by phenol, precipitated with

in the ATP-dependent step3-35). Furthermore, recent reports ethanol dand anal;:jz_ed bthﬁhPAGE with st (ljJrea. ﬁels vlvere

by Conaway, Timmers and co-workers have indicated that AT%Xp_OSiI to dauf:ora :;)_grap_ Y. fe r:a ;;)ac(';lve ands on t edge were

hydrolysis is required immediately prior to phosphodiester bon cyze .af.‘" the radioactivity of the bands was measured using a

formation of the transcript36,37). This suggests that ATP quid scintiiation counter.

hydrolysis could play a role in promoter opening. Taken togethe . . .

TFIIH could play a role in promoter opening in the élycerol gradient centrifugation

ATP-dependent step. Reaction mixtures of 200l were incubated for 60 min at 30
Intermediates of the preinitiation complex formed by purifiedwith HeLa cell whole cell extract in the absence or the presence

initiation factors were stable even in the matrix of a polyof ATP and 3Qug/ml Sma/Xba-digested pSmaF() in Safer’s

acrylamide gel in the absence of AT3. (The step dependent on buffer (38). The reactions were overlaid on a 15-40% glycerol

ATP hydrolysis in initiation is not involved in formation of the gradientin SW 50.1 tubes (Beckman) and centrifugetiGiasd

preinitiation complex using purified factors. However, data fron50 000 r.p.m. for 3 h. Twelve fractions were collected from the

biochemical and genetic studies suggest that factors involvedi#ttom of the tubes. Except as indicated in the figure legends,

ATP hydrolysis, such as the SWI/SNF complex, could be areactions containing 128 of an aliquot from the fractions were

inherent part of the preinitiation compled3|. It is possible that incubated for 30 min at 3@ in Safer's system. The reactions

factors including the SWI/SNF complex could play an importangontained 200uM each ATP, CTP and UTP with 50M

role in the ATP hydrolysis-dependent step. [a-32P]GTP. Transcripts produced by the reactions were analyzed
In this report we focus on the ATP hydrolysis-dependent stegy the same method as described previously. Transcriptional

in crude transcription reactions. Two transcription conditiongctivity in the fractions of the glycerol gradient was stable after

reported by Manley, Safer and their co-workers were usedlsingle cycle of freezing in liquid nitrogen and thawing on ice.

(38,39). The primary difference between these methods is that in

Manley's method the salt used is KCI, while in Safer’s it iSFractionation of HelLa cell nuclear extract

(NH4)2SOy. To find the better reaction system for analysis of the .

ATP hydrolysis-dependent step in transcription, we comparérgeLa cell nuclear extract was fract_lonated on a phosphocellulose

these methods in the presence and absence of ATP. We obseiett) column as described by Reinberg and Roedgr (

a requirement for ATP hydrolysis in Safer's system, but not in . o

Manley's system. In Safer's system an active preinitiatiofyTotein determination

complex was formed on the DNA template in the presence @fotein concentrations were determined using the Bradford

ATP. In the absence of ATP this complex was inactive. The actiyRethod with bovine serum albumin as the standésy (

complex was capable of synthesizing run-off transcripts with the

addition of ribonucleotide triphosphates. The inactive complegesyLTS

was activated by addition of protein fractions and ribonucleotide

triphosphates including ATP. These results suggest that ATEhe use of Safer’s crude transcription reaction

hydrolysis is required for formation of the preinitiation complexindicates a stronger requirement for ATP hydrolysis

in crude extracts. To compare Safer's and Manley’s transcription systems on the
ATP hydrolysis-dependent step in transcription, various con-
centrations of dATP were added to reactions containing HelLa

cept as indicated in the figure legends, reactiongl26ntained
pg/ml Sma-digested pSmaF(l), 4 mM phosphoenol pyruvate,
l%00 pg/ml pyruvate kinase and 30 whole cell extract dialyzed
gainst Manley's or Safer’s buffer. These also containgd/B&€ach
MP-PNP, CTP and UTP with SuM [a-32P]GTP. Final
concentrations of salts in the reactions are as follows: Manley's
stem 89), 8 mM HEPES—NaOH, pH 7.9, 40 mM KCI, 5 mM
gCly, 0.04 mM EDTA, 0.8 mM DTT and 8% glycerol; Safer's
system 88), 20 mM Tris—HCI, pH 8.0, 6 mM Mggl 40 mM
S(@IH;;)ZSQ;, 0.2 mM EDTA, 2 mM DTT and 15% glycerol. The

MATERIALS AND METHODS whole cell extracts and AMP-PNP, GTP, UTP and CI&30).
Non-hydrolyzable AMP-PNP was included for RNA chain
Hela cell extracts elongation and dATP for the ATP hydrolysis-dependent step in

the presence of AMP-PNR4). Manley'’s transcription reactions
HelLa S3 cells were cultured in the presence of 5% serum derivdidl not require the addition of dATP (Fit). In the absence of
from newborn calves in spinner bottles at @7 Extracts were dATP, transcripts from adenovirus major late promoter were
prepared from whole cells and nuclei as described by Manley addtected. About 2-fold activation of transcription was observed in
Dignam B9,40). The whole cell extract was dialyzed againstthe presence of 1Q@M dATP. In contrast, Safer’s transcription
buffer, as described by Safgral, for 8 h (38). system required the addition of dATP for transcriptional activity.
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A Preincubation of ATP or dATP in crude extract
activates transcription in Safer’s system

M) — 5 — 1 5 10 50100 . o , -
s —_ 12 18 oL The requirement for ATP hydrolysis in Safer’s transcription

system was extensively analyzed, because the dependency in
Safer’s system was stronger than that in Manley’s (igafer

et al. (38) reported that a stable preinitiation complex is formed

in the presence of 40 mM (M}BSO4. When preincubation of the
crude extracts and template DNA was carried out in the presence

) S sor of ATP, transcription activity was unaffected by the addition of
AL e = -2 100 mM (NHy)>SOy (Fig. 2A, lanes 1-6). When AMP-PNP was

= added to the preincubation reaction, transcription was not

LR . activated (Fig.2A, lanes 7-12). These data suggest that the

preinitiation complex is formed in the presence of 40 mM
(NH)2SOy and ATP and furthermore that this preinitiation
- complex is functional under these conditions. These data suggest
- that ATP hydrolysis is required for formation of the preinitiation
1 2 3 4 5§ 6 78 9 101112 13 .
complex in the crude extracts.
B To determine whether other nucleotide triphosphates are
available for formation of the preinitiation complex, we included
GTP, UTP and CTP in the preincubation reaction. When ATP or

- 287

E dATP was included, transcription from the adenovirus major late

i promoter was strongly activated (FBA). Addition of GTP,

3 UTP, CTP and AMP-PNP did not activate transcription. These

% 2000 L data suggest that only ATP and dATP are capable of activating

£ transcription under these conditions.

g In order to investigate whether the structure of the template DNA

u‘i_ 1000 |- is involved in the requirement for ATP hydrolysis in transcription,

e the EF promoter was used for the transcription reactions (Fig.

2 3B). DNA sequences surrounding transcription initiation sites of

0 50 100 the adenovirus major late and EF1promoters are

JATP (4M) 5-GTCCTC(A+1)CTCTCTTCC-3and 5-AACGTT(C+L)TTT-

TTCGCA-3 respectively §7,44). The first nucleotide of the

EFla transcript is a cytosine residue, whereas that of the
Figure 1. Titrations of dATP in the transcription reactions in the presence of @denovirus major late promoter is an adenosine residue. The first
AMP-PNP. ) The transcription reactions were carried out in HeLa cell whole adenosine residue in the ERtanscript appears at residue 10 from

cell extract by Manley's (lane 1-6) and Safer’s (lane 7-12) systems as describeghe CAP site. Furthermore, the adenovirus major late promoter

in Materials and Methods. Various concentrations of dATP were added to thet:é)ntains a typical TATA box sequence, whereas theaEF1
reactions as indicated in the figure. The transcripts were extracted and analyze

by PAGE as described in Materials and Methods. The arrowhead indicates thBfomoter does not. FiguB shows that only addition of ATP
transcript from the adenovirus major late promoter. Land4agll-digested activates transcription from the EdFlpromoter. These results
pBR322. Portions of this and subsequent figures were prepared from digitasuggest that the requirement for ATP hydrolysis is unaffected by

replicas of data scanned using a UMAX UC840 Max Vision digital scanner.the first nucleotide of the transcript or by the structure of the
(B) The radioactivity of the bands presented in (A) was measured as descrlbe[%mpI ate DNA

in Materials and Methods. Manley’s systenr, Safer’s systen®®.

Isolation of the preinitiation complex by glycerol
gradient centrifugation

This was not detected under conditions where the dATPhe preinitiation complex formed on the adenovirus major late
concentration was <pM. Strong transcription activity was promoter was isolated by glycerol gradient centrifugation 4ig.
detected in the presence of Bl dATP. These results suggest Preincubation of the crude extracts was carried out in the presence
that addition of dATP is essential in Safer’s transcription systemr absence of ATP in Safer’s buffer. The reaction mixtures were
in the presence of AMP-PNP. The difference between theseibjected to glycerol gradient centrifugation and subsequently
transcription systems is the salts. (J4$0O, was used in Safer’s fractionated. Transcription activity was detected in the fractions
reaction conditions, whereas KCl was used in Manley’s reactioon addition of ATP, GTP, CTP and UTP. The active preinitiation
conditions. When reactions from Safer’'s system were dialyzezbmplex formed in the presence of ATP sedimented somewhat
against Manley’s system, the biphasic titration curve in Saferisiore slowly than théltemia salina40S ribosome (Figt, lanes
reactions changed to the same linear titration as observed1in6). The preinitiation complex formed in the absence of ATP
Manley's system (not shown). This suggests that the strengthwhs inactive (Fig.4, lanes 7-12). However, the inactive
the ATP hydrolysis requirement in these transcription systengeinitiation complex could be activated by addition of the 0.1,
changes upon dialysis. The transcripts produced were sensitivédtd and 1.0 M KCl phosphocellulose fractions derived from HeLa
o-amanitin (1ug/ml), demonstrating that they were synthesizedell nuclear extract and sedimented faster than the active complex
by RNA polymerase Il (data not shown). (Fig. 4, lanes 13-18). These data strongly suggest that an ATP
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- 234 Figure 3. ATP or dATP is required for transcription from the adenovirus major

- 212 late and EFd promotersSma-digested pSmaF at 2@/ml (A) andApa- and
12 3 4 5 6 7 8 8 10 11 12 Sph-digested pEFgenl} at 50pg/ml (44) 8) were preincubated with HeLa
whole cell extract in the presence of 1 and 1.5% polyvinyl alcohol, respectively.
Nucleotide triphosphates were added to the preincubation reactions at a
concentration of 10QM as indicated in the figure. Preincubations were carried
out and the transcripts extracted and analyzed by PAGE, as described in the
legend to Figure 2. The arrowheads indicate transcripts from the adenovirus
major late and EFd promoters.
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Figure 2. Time course experiments on the preincubation of crude extracts in the
presence of ATP or AMP-PNRA) Sma-digested pSmaF at 30g/ml was
preincubated with HeLa whole cell extract in the presence oful@TP
(lanes 1-6) and 100M AMP-PNP (lanes 7-12). Preincubation of the crude
extracts was carried out with 5 mM phosphoenolpyruvate andugsl
pyruvate kinase under the condition described by Safer and co-workers (38).
After preincubation for the times indicated in the figureps0[a-32P]GTP
and 20QuM each ATP, CTP and UTP were added to the reactions at the final Figure 4. Isolation of the preinitiation complexes by glycerol gradient
concentrations and the reactions were further incubated for 15 min. Thecentrifugation. The preinitiation complexes were formed in the presence (lanes
transcripts were extracted and analyzed by PAGE, as described in Materials and—6) or absence (lanes 7-18) of ATP and isolated by glycerol gradient
Methods. The arrowhead indicates the transcript from the adenovirus major latecentrifugation as described in Materials and Methods. The fractions of glycerol
promoter. Lane 13ladll-digested pBR322.K) Radioactivity of the bands gradient centrifugation were incubated with ribonucleotide triphosphates in the
presented in (A) was measured as described in Materials and Methodsabsence (lanes 1-12) or presence (lanes 13-18) of phosphocellulose 0.1, 0.5
Preincubations in the presence of IMAMP-PNP,O; preincubations in the and 1.0 M KCI fractions. Each phosphocellulose fraction containpd 1
presence of 100M ATP, @. protein. The transcripts were extracted and analyzed by PAGE, as described in
Materials and Methods. The arrowheads indicate the position dftdraia
salina40S ribosome in the glycerol gradient centrifugation and the transcript
from the adenovirus major late promoter.

1 2 3 4 5§ 5 7T B % 101112 13 14 15 16 17 18

ATP hydrolysis is required to activate the inactive

. . . . reinitiation complex formed in th n f ATP
hydrolysis-dependent step is involved in formation of thé) einitiation complex formed in the absence o

preinitiation complex and also suggest that an inactive preinitif&xperiments were carried out to investigate whether ATP
tion complex is formed in the absence of ATP. The inactivlydrolysis is required to activate the inactive complex which
complex requires addition of the HeLa phosphocellulose fraderms in the absence of ATP (Fif). The inactive complex

tions for activation. When the preinitiation complex was formedsolated by glycerol gradient centrifugation was activated by
in the presence of AMP-PNP, a similar inactive complex waaddition of the 0.1 and 1.0 M KCI phosphocellulose fractions in
formed. This complex could also be activated by addition of thihe presence of ATP (FigA). The 0.5 M KCI fraction was

phosphocellulose fractions (not shown). dispensable. AMP-PNP could not substitute for ATP to activate
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A B (6). The difference in these sedimentation speeds suggests that
POOAMBION — + & & + & components of the holoenzyme are dissociated by sucrose gradient
koo complex . =+ + + 4 ATP &+ — — - centrifugation and, furthermore, that the molecular size of the
e T T L . APPNP — — b b+ b holoenzyme decreases during purification. The instability of the
PCOAME1OM o+ dATP (b)) 5 20 60 holoenzyme in purification hampers studies of the mechanism of
transcription by the holoenzyme and it is not understood which are
AL pr - - - AL pe = - . = subunits of the holoenzyme or how a preinitiation complex is

formed by the holoenzyme. A reconstituted transcription system
using purified general transcription factors and the RNA
polymerase Il core enzyme has been established to investigate the
transcription mechanism in detail. Nevertheless, biochemical
studies of a transcription complex formed in crude extracts are still
=9 & 12 3 4 5 & important to understand the transcriptional mechanism of the
holoenzyme because it has not been established how the system ha
been reconstituted.
Figure 5.Activation of the inactive preinitiation complex formed in the absence ~ Sedimentation of the active preinitiation complex formed in the
of ATP. (A) The active or inactive preinitiation complexes isolated by glycerol presence of ATP was slightly slower than the 40S marker on
gradient centrifugation (Fig. 3, lanes 4 and 15) were incubated with : : f - ;
ribonucleotide triphosphates and phosphocellulose 0.1, 0.5 and 1.0 M chlycer()l gra(_:hent_ centrl_fu_gat!on, whereas the .Sedlmematlon
fractions as indicated in the figure. Each phosphocellulose fraction containedP€€d Of the inactive preinitiation complex formed in the absence
1 pg protein. The reaction in lane 5 containedug@ protein of the  Of ATP was almost same as that of the 40S maker. It is possible
phosphocellulose 0.5 M KCl fraction. The transcription reactions were carriedthat factors associated with the inactive complex might dissociate
out as described in Materials and Methods. The arrowhead indicates transcripyhen it is activated. The sedimentation speeds of the active and
from the adenovirus major late promotBj. The inactive preinitiation complex . ti | ' imilar to that of RNA | 1
isolated by glycerol gradient centrifugation (Fig. 3, lane 15) was incubated withi@&ctivé: comp e)_(_eS are similar to that o po ymer_ase
ATP, dATP, AMP-PNP or phosphocellulose 0.1 and 1.0 M KCl fractions as holoenzyme purified from HeLa cell nuclear extraétg)( It is
indicated in the figure. Each phosphocellulose fraction contaipgcpiotein. possible that the active and inactive complexes might contain the
e Afz‘rng Qc'l\g';’;"’g'ir:’éerf:aac?gﬁg ata %%Ug:{‘et&a_tr'lo?hgﬁggio“Tcr“ae”ttfgg(‘j_pt_o holoenzyme. It is also possible that some factors associated with
| Inai | jgure. 1Pt H H H .
reactions were carried out as described in Materials and Methods. Th he h0|oen.zyme could be dISS.OCIated from the inactive complex
arrowhead indicates transcript from the adenovirus major late promoter. y the action of ATP hydrolysis when the holoenzyme forms a
preinitiation complex on template DNA. Yeast RNA polymerase

Il holoenzyme has been reported to contain SRBs, a subset of the

the inactive complex (FigB). However, when dATP was added initiation factors, and SWI/SNF protein compleg,1¢,13).

to the reactions in the presence of AMP-PNP the inactivi¥lammalian RNA polymerase Il holoenzyme has been reported
complex was activated in the presence of the 0.1 and 1.0 M Kt91 contain a mammalian homolog of SRB7, cyclin dependent
phosphocellulose fractions (FigB), suggesting that dATP kinases and DNA repair factos). The preinitiation complex
substituted for hydrolysis of ATP in the presence oformed in the presence of ATP may contain SRBs,
unhydrolyzable AMP-PNP. These data suggest that ATPyclin-dependent kinases and SWI/SNF complex. _
hydrolysis and the phosphocellulose 0.1 and 1.0 M KCl fractions A strong requirement for ATP hydrolysis was observed in

are required to activate the inactive complex. Safer’s transcription buffer containing (WSO (Fig. 1).
Manley’s transcription buffer, containing KCI, did not require
DISCUSSION ATP hydrolysis. ATP hydrolysis has not been reported to be

required for formation of the preinitiation complex in

We report here that there is a requirement for ATP hydrolysis ii¢constituted transcription systems using purified general
formation of an active preinitiation complex in crude extracts. W&anscription factors and RNA polymerasell2(11,17). These
conclude that the requirement for ATP hydrolysis is implicated ifactors and RNA polymerase Il were purified using buffer
formation of the preinitiation complex, based on the followingcontaining KClI as separate entities and are thought to dissociate
results. First, the preinitiation complex formed in the presence #fom the holoenzyme in crude extracts. Holoenzyme from calf
ATP and isolated by glycerol gradient centrifugation was activéhymus was purified using buffer containing (3504 (9). In
The active preinitiation complex was capable of synthesizing lanley’s transcription buffer the holoenzyme might dissociate to
transcript with the addition of ribonucleotide triphosphatesthe core RNA polymerase Il and the factors in crude extracts and
Second, a complex formed in the absence of ATP was inactiide preinitiation complex formed in Manley’s buffer may not
This inactive complex required ATP hydrolysis and the additiogontain the factors associated with the holoenzyme. It is possible
of the phosphocellulose 0.1 and 1.0 M KCI fractions fotthat Safer’s transcription buffer, containing (34504, could
activation. These data suggest that the inactive complex wemre easily form a preinitiation complex containing the
converted to the active configuration by ATP hydrolysis and theoloenzyme on template DNA.
presence of protein fractions. To activate the inactive preinitiation complex formed in the

RNA polymerase Il holoenzyme has been reported to babsence of ATP, ATP hydrolysis and phosphocellulose 0.1 and
composed of factors involved in transcription, the cell cycle andi.0 M KCI fractions derived from HelLa nuclear extracts were
DNA repair 6,7,9,11-13). The purified holoenzyme sedimented required (Figg and5). The phosphocellulose 0.5 M KCl fraction
somewhat more slowly than 60 S in sucrose gradient centrifugaas not needed to activate the inactive complex @rig-hese
tion, although the holoenzyme in crude extracts sedimented fagtrosphocellulose fractions did not contain RNA polymerase I
than the purified holoenzyme on sucrose gradient centrifugatiG@ttivity, suggesting that proteins supplied to activate the complex
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did not include RNA polymerase Il (not shown). It is possible that2
protein components in the phosphocellulose fractions could forf?
the active complex or could change the conformation of thg,
inactive complex by the action of ATP hydrolysis. The DNA

helicase activity of TFIIH, a component of the holoenzymejs
might change the conformation of the inactive complexX6

(6,9,23,24). It is also possible that an inhibitor might associaté’
with the inactive preinitiation complex and, furthermore, that the,

[oe]

inhibitor might dissociate from the inactive complex in theyg

presence of ATP and the phosphocellulose fractions. Factors
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complex has been reported to be a component of the holoenzy
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tion complexes identified in this report will provide information
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light on mechanisms of preinitiation complex formation undef’
physiological conditions.

28

ACKNOWLEDGEMENTS

We thank Drs Ronald and Joan Conaway and Drs Helen Causton Wessling,H.C., Morgan,D.O. and Reinberg,D. (199&jure 374
and Yoshito Kaziro for reading the manuscript. This report wag_ 283-287.

based on the PhD thesis of H.S. at the University of Tokyo in 199%
under the supervision of Dr Yoshito Kaziro. This work was
supported by grants from the Ministry of Education and Scienc& Feaver,W.J., Svejstrup,J.Q., Henry,N.L. and Kornberg,R.D. (T394)
in Japan. H.S. was a Japanese Government Scholar and an79 1103-1109.

Iwadare fellow. 32

REFERENCES

1

2

29

33

34

Conaway,R.C. and Conaway,J.W. (1988ju. Rev. Biochen62,

161-190.

Zawel,L. and Reinberg,D. (1998Jog. Nucleic Acid Res. Mol. Bip#4,
67-108.

Buratowski,S., Hahn,S., Guarente,L. and Sharp,P.A. (18896,
549-561.

Flores,O., Lu,H., Killeen,M., Greenblatt,J., Burton,Z.F. and Reinberg,D.
(1991)Proc. Natl. Acad. Sci. US88, 9999-10003.

Conaway,R.C., Garrett,K.P., Hanley,J.P. and Conaway,J.W. (R881)
Natl. Acad. Sci. US/88, 6205-6209. 39
Maldonado,E., Shiekhattar,R., Sheldon,M., Cho,H., Drapkin,R., Rickert,P.,
Lees,E., Anderson,C.W., Linn,S. and Reinberg,D. (18&&)re 381, 0
86-89.

Bjorklund,S. and Kim,Y.J. (199@yends Biochem. SgP1, 335-337. 41
Kim,Y.J., Bjorklund,S., Li,Y., Sayre,M.H. and Kornberg,R.D. (1994}, 42
77, 599-608. 43
Chao,D.M., Gadbois,E.L., Murray,P.J., Anderson,S.F., Sonu,M.S., 44
Parvin,J.D. and Young,R.A. (1998pature 380, 82-85.

Koleske,A.J. and Young,R.A. (199BEnds Biochem. ScP0, 113-116.
Serizawa,H., Conaway,J.C. and Conaway,R.C. (1994) In Conaway,R.C.
and Conaway,J.C. (ed3yanscription: Mechanisms and Regulation
Raven Press, New York, NY.

35

36

37

38

45

46

17300-17308.
Drapkin,R., Reardon,J.T., Ansari,A., Huang,J.C., Zawel,L., Ahn,K.,
Sancar,A. and Reinberg,D. (19%ature 368 769-772.

Extensive purification of the active and the inactive preinitiags schaeffer,L., Moncollin,V., Roy,R., Staub,A., Mezzina,M., Sarasin,A.,

Weeda,G., Hoeijmakers,J.H. and Egly,J.M. (1MIBO J, 13,

Roy,R., Adamczewski,J.P., Seroz,T., Vermeulen,W., Tassan,J.P.,
Schaeffer,L., Nigg,E.A., Hoeijmakers,J.H. and Egly,J.M. (193=1), 79,
1093-1101.

Serizawa,H., Makela, T.P., Conaway,J.W., Conaway,R.C., Weinberg,R.A.
and Young,R.A. (1999)ature 374, 280-282.

Shiekhattar,R., Mermelstein,F., Fisher,R.P., Drapkin,R., Dynlacht,B.,

Feaver,W.J., Svejstrup,J.Q., Bardwell,L., Bardwell,A.J., Buratowski,S.,
Gulyas,K.D., Donahue,T.F., Friedberg,E.C. and Kornberg,R.D. (1993)
Cell, 75, 1379-1387.

Feaver,W.J., Gileadi,O., Li,Y. and Kornberg,R.D. (1924l}, 67,
1223-1230.

Serizawa,H., Conaway,J.W. and Conaway,R.C. (1988)re 363
371-374.

Li,Y. and Kornberg,R.D. (1998roc. Natl. Acad. Sci. USA1,
2362-2366.

Makela,T.P., Parvin,J.D., Kim,J., Huber,L.J., Sharp,P.A. and Weinberg,R.A.
(1995)Proc. Natl. Acad. Sci. USA2, 5174-5178.

Dvir,A., Garrett,K.P., Chalut,C., Egly,J.M., Conaway,J.W. and
Conaway,R.C. (1996). Biol. Chem 271, 7245-7248.

Holstege,F.C.P., Vandervliet,P.C. and Timmers,H.T.M. (1B8B0 J,
15, 1666-1677.

Safer,B., Yang,L., Tolunay,H.E. and Anderson,W.F. (19853. Natl.
Acad. Sci. US/82, 2632-2636.

Manley,J.L., Fire,A., Cano,A., Sharp,P.A. and Gefter,M.L. (18803.
Natl. Acad. Sci. USA’7, 3855-3859.

Dignam,J.D., Lebovitz,R.M. and Roeder,R.G. (1983}leic Acids Res
11, 1475-1489.

Weil,P.A., Luse,D.S., Segall,J. and Roeder,R.G. (1G@8)18, 469-484.
Reinberg,D. and Roeder,R.G. (1987Biol. Chem 262, 3310-3321.
Bradford,M.M. (1976Anal. Biochem 72, 248-254.

Uetsuki,T., Naito,A., Nagata,S. and Kaziro,Y. (198%iol. Chem 264,
5791-5798.

Imbalzano,A.N., Kwon,H., Green,M.R. and Kingston,R.E. (188#)re
370, 481-485.

Kwon,H., Imbalzano,A.N., Khavari,P.A., Kingston,R.E. and Green,M.R.
(1994)Nature 370, 477-481.



