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Archaea (archaebacteria) constitute a domain of life
that is distinct from Bacteria (eubacteria) and Eucarya
(eukaryotes). Although archaeal cells share many
morphological features with eubacteria, their tran-
scriptional apparatus is more akin to eukaryotic RNA
polymerases 1, Il and Ill than it is to eubacterial
transcription systems. Thus, in addition to possessing
a 10 subunit RNA polymerase and a homologue of
the TATA-binding protein (TBP), Archaea possess a
polypeptide termed TFB that is homologous to eukary-
otic TFIIB. Here, we investigate the factor require-
ments for transcription of several promoters of the
archaeon Sulfolobus shibataeand its associated virus
SSV. Throughin vitro transcription and immunodeple-
tion, we demonstrate that S.shibataeTBP, TFB and
RNA polymerase are not complexed tightly with one
another and that each is required for efficient transcrip-
tion of all promoters tested. Furthermore, full tran-
scription is restored by supplementing respective
depleted extracts with recombinant TBP or TFB,
indicating that TBP-associated factors or TFB-associ-
ated factors are not required. Indeed, gel-filtration
suggests thatSulfolobus TBP and TFB are not associ-
ated stably with other proteins. Finally, all promoters
analysed are transcribed accurately and efficiently in
an in vitro system comprising recombinant TBP and
TFB, together with essentially homogeneous prepar-
ation of RNA polymerase. Transcription in Archaea is
therefore fundamentally homologous to that in eukary-
otes, although factor requirements appear to be much
less complex.
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Introduction
Life has been traditionally divided into two domains—

1990), and it is now generally accepted that life on earth
is divided into three domains termed Eucarya (eukaryotes),
Bacteria (eubacteria) and Archaea (archaebacteria).
Although many characterized archaeal species are capable
of thriving at high temperatures and at extremes of salinity
and/or pH, this does not appear to be a general feature of
these organisms. For example, it has been shown that
Archaea account for up to 30% of picoplankton in certain
Antarctic waters (DeLongt al, 1994). In addition, recent
molecular sampling studies have led to the identification
of a hitherto unsuspected diversity of archaeal species
(Barnset al, 1996). In light of these points, it is clear
that Archaea play very important roles in the biosphere,
and it is therefore of great importance to achieve a better
understanding of their biology and molecular organization.
Unlike the situation for Eucarya and Bacteria, relatively
little is known about the mechanism and regulation of
gene expression in Archaea. However, work over the
past decade has indicated that the archaeal transcription
apparatus is more similar to the RNA polymerase (pol) |,
Il 'and 1l systems of eukaryotic cell nuclei than it is to
the eubacterial transcription apparatus (for reviews see
Qureshi and Jackson, 1997; Baumaetnal., 1995). For
example, although Archaea have only one RNA poly-
merase, it consists of ~10 subunits and is therefore similar
in complexity to the eukaryotic nuclear enzymes (Zillig
et al,, 1993). In contrast, the eubacterial RNA polymerase
is simpler in its molecular composition, comprising a
o-factor and three core subunite—3 and 3’. Signific-
antly, immunochemical and sequence analyses have
revealed that the two largest archaeal RNA polymerase
subunits are more related to their eukaryotic counterparts
than to those of Bacteria (Berghofet al., 1988; Puhler
et al, 1989; Zillig et al, 1993). Furthermore, several
other archaeal RNA polymerase subunits appear to have
counterparts in Eucarya but not in Bacteria (Klestkal.,
1992; Langeet al., 1995). In addition, archaeal promoters
resemble those for eukaryotic pol Il in that they contain
a highly conserved TATA-like A-box sequence (consensus
TTTAA4A), located 25-30 bp upstream from the transcrip-
tional initiation site, and also possess a weakly conserved
initiator element. Several studies have shown that the
A-box element plays an important role in directing the
archaeal RNA polymerase to the correct transcription start
site (Reiteret al.,, 1990; Hausnest al., 1991), and accurate
transcriptional initiation has been shown to require factors

eukaryotes and bacteria. However, analyses of 16S/23Sthat can be separated readily from the archaeal RNA
rRNA sequences by Woese and colleagues in the latepolymerase (Freyet al, 1990; Huwepohlet al., 1990;
1970s led to the proposal that the prokaryotic world is Hausner and Thomm, 1993).

actually divided into two distinct domains, which are at

In Bacteria, the only components required for basal

least as diverged evolutionarily from one another as they transcription are the RNA polymerase core enzyme and a
are from eukaryotes (Woese and Fox, 1977). Subsequentpecificity @) factor that interacts with the core enzyme
studies on other conserved cellular RNAs and proteins and directs it to the promoter DNA (reviewed in Eick

substantiated this view (e.g. Fexal, 1980; Woeset al.,
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et al, 1994). In contrast, eukaryotic RNA polymerases
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require multiple, chromatographically separable, accessory complexed relatively stably with one another, with the
factors to direct them to their respective promoters. For RNA polymerase or with other proteins. Finally, through
example, six distinct general transcription factors—TFIIA, using a highly deffBelfiolobus in vitrotranscription

TFIB, TFIID, TFIE, TFIIF and TFlIIH—function in system, we have addressed the question of whether there
specifying accurate basal transcription by pol Il (reviewed exist other archaeal basal factors. Together, these studies
in Orphanidest al., 1996; Roeder, 1996). In many cases, provide important insights into the mechanism of transcrip-

the first step in pol Il transcription complex assembly tional initiation in Archaea and its relationship to transcrip-

involves interactions between the TATA-box and TFIID, tion in Eucarya.

which is a large multi-subunit complex consisting of the

TATA-binding protein (TBP) and at least eight tightly

associated factors (TAFs) ranging in size from 18 to

250 kDa (e.g. Taneset al, 1991; Verrijzer and Tjian,  Accurate and efficient transcription by crude

1996). This is followed by the binding of TFIIA and the S.shibatae cell extracts

35 kDa basal transcription factor TFIIB. Subsequently, To initiate our analyses of archaeal transcription, we first

TFIIF facilitates the recruitment of pol Il to the TFIID- cloned theS.shibataélFB and 16S/23S rRNA promoters,

TFIA-TFIIB preinitiation complex, and this is followed together with the SSV T5 and T6 promoters (Reitdr

by the sequential binding of TFIIE and TFIIH prior 1988), into plasmid vectors. The resulting constructs were

to transcriptional initiation and promoter clearance. In then tested for their ability to be transcribed using a crude

addition to TFIID, eukaryotic cells contain three other extract of S.shibataecells. In each case, th# vitro

TBP-TAF complexes, each of which has its own unique transcription products were detected by primer extension

set of TAFs that are distinct from those of TFIID (reviewed analysis using an oligonucleotide based on downstream

in White and Jackson, 1992; Hernandez, 1993). The plasmid sequences, and the precise site(s) of transcriptional

additional TBP—TAF complexes are the pol | specificity initiation was determined by electrophoresing the primer

factor SL1, the pol Il specificity factor TFIIIB and the extension product alongside its respective DNA sequenc-

U6 snRNA gene specific pol Il factor SNAPInterest- ing reactions (Figure 1A). This showed that each of the

ingly, one TFIIIB component is the protein BRF, which four promoters initiates transcrifioritro with high

is related in sequence to TFIIB. Like TFIIB, BRF plays efficiency and specificity. Moreover, the sites for transcrip-

an important role in recruiting RNA polymerase to the tional initiation map precisely to those empioyea

promoter (e.g. Kassaveti al, 1990; Werneet al., 1993; (Reiteret al., 1987, 1988; Quresht al., 1995b) and each

Khooet al., 1994). Although somewhat less complex than initiation site lies 25-30 bp downstream from a TATA-

the situation for pol Il, pols | and Ill also require basal like A-box element (Figure 1B). Although no convincing

factors in addition to their respective TBP—TAF complexes. consensus initiator sequence has been established for

Thus, pol | utilizes the protein UBF (Hempat al., archaeal promoters, one feature of the initiation sites

1996), transcription of most pol 11l promoters requires the employed by the four promoters analysed here is that they

multiprotein complex TFIIIC, and transcription of the 5S are all located one nucleotide upstream from a guanine

rRNA gene by pol Il requires TFIIA (White, 1994). residue. Whereas the T5, T6 and 16S/23S promoters
The presence of TATA-box like sequences in most each produce a single major transcription product, two

archaeal promoters, together with the similarities between predominant sites for initiation are observed for the TFB

the archaeal and eukaryotic RNA polymerases, suggestspromoterin vivo (Qureshiet al, 1995b) andin vitro

that the mechanisms of transcription may be similar in (Figure 1), which is consistent with the fact that this

these two groups of organisms. Consistent with this, a promoter contains two A-box elements separated by 24 bp.

TBP homologue has been identified in several archaeal Significantly, the upstream TFB transcriptional initiation

species (Marsbt al., 1994; Rowlandst al., 1994; Qureshi  site is utilized preferentially botim vivo andin vitro.

et al, 1995a; Bultet al, 1996), and it has been shown

that this factor binds specifically to the A-box motif Archaeal TBP, TFB and RNA polymerase are not

(Rowlandset al., 1994; Qureshet al., 1995a). In addition,  stably associated

a homologue of TFIIB/BRF has been identified in several In order to address the question of whethibatae

species of Archaea (Ouzounis and Sander, 1992; CretiTBP and TFB function in transcriptional initiation, we

et al, 1993; Qureshet al., 1995b; Bultet al, 1996), and raised polyclonal rabbit antisera against these proteins and

the Sulfolobus shibata@and Pyrococcus woesegproteins against the ~100 kDa B subunit of tt&shibataeRNA

have been shown to stimulate the binding of their cognate polymerase (see Materials and methods). Importantly,

TBP to the A-box element. Since Archaea contain only Western blotting studies reveal that each antiserum recog-

one RNA polymerase, we refer to the TFIIB homologue nizes its respective protein with high affinity and specifi-

as TFB (Qureshet al.,, 1995b). It is not currently known  city, and does not cross-react significantly with other

whether Archaea possess homologues of other eukaryotic proteins preSestitibataeell extract (data not shown).

basal transcription factors, or whether different archaeal Given that eukaryotic TBP interacts with the TFB homo-

promoters have distinct basal factor requirements. To logue BRF, we were interested to see whether archaeal

address these issues, we have used a combination offBP, TFB and RNA polymerase might be complexed in

immunochemical and biochemical approaches to analyse solution. To address this issue, the anti-TBP and anti-TFB

the involvement ofS.shibataeTBP and TFB in the antisera were used separately to immunodeplete TBP

transcription of several promoters derived fr@shibatae and TFB respectively from crude.shibatadranscription

and its associated virus SSV (Schlegral., 1992). In extracts. The resulting immunodepleted material was then

addition, we have tested whether or not TBP and TFB are tested for the presence of TBP, TFB and RNA polymerase

Results
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TFB: CTTGGGGGAAAGTTTATAAGGAAAGAAATAGAAAAGTTTAAAAGGTTTACTATTCGTGGCTGTATATAATTGGGGTGT
—»
T5: GATAGAGTAAGACTTAAATACTAATTTATCATAGAGTATAGATAGAGTGGGATGGGAATATGGCACAAACTCTAAATT
—>
T6: GATAGAGTAAAGTTTAAATACTTATATAGATAGAGTATAGATAGAGGGTTCAAAAAATGGTTTCACCCCAAACCCGAA
—>

rRNA: ATAGAAGTTAGATTTATATGGGATTTCAGAACAATATGTATAATGCGGATGCCCCCGCGGGAGAAACACTCCCGCCGG

Fig. 1. Mapping of the transcription initiation sites of tieshibataelFB, T5, T6 and rRNA gene promotersA) Primer extension analysis was

carried out using either T3 or T7 sequencing primers to analyséro transcribed RNA with the&S.shibataeextract. Each of the run-off products

(P) was electrophoresed alongside its DNA sequencing reactions (G, A, T and C) also carried out with the corresponding primer. Major transcription
initiation sites are designated by filled arrowheads and the transcript originating from the minor TFB promoter is shown by an open arrowhead.

(B) DNA sequence of the four promoters. In each case the respective positions of the A-box elements and transcription initiation sites are shown. It
should be noted that in each case transcription initiation sites prodocedo correspond to those producedvitro (see text).

by Western blotting. As shown in Figure 2A, depletion of transcription, the anti-TFB antiserum removed TFB but
TBP with the anti-TBP antisera does not significantly alter not TBP or the RNA polymerase. These results therefore
the amount of either TBP or the RNA polymerase in the indicate that archaeal TBP, TFB and RNA polymerase do
extract. Similarly, despite the fact that the immunodeple- not associate appreciably with one another in solution in
tions were conducted under conditions optimalifovitro the absence of DNA.
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Fig. 2. Requirement of TBP and TFB for transcription from the TFB,
T5, T6 and rRNA gene promotersA) Western blot analyses of the
immunodepleted extracts. Total extract (lane 1), TBP and TFB-
depleted extracts (lanes 2 and 3 respectively). The blot was probed
simultaneously with antisera raised agaiSsthibataerBP, TFB and
rpoB. The identity of each of the proteins is showB) Purity of the
Escherichia coliexpressed factors. N-terminally His-tagged TBP and
TFB (~1 g each) were electrophoresed alongside molecular weight
markers (M) on a 12% SDS—polyacrylamide gel and detected by
Coomassie stainingC) In vitro transcription analysis of the TFB, T5,
T6 and rRNA promoters using undepleted and immunodepleted
extracts. Transcription reactions were carried out using undepleted
(lane 1), TBP-depleted (lanes 2 and 3) and TFB-depleted (lanes 4 and
5) extract. Reactions 3 and 5 were supplemented with ~10 and 15 ng
recombinant TFB and TBP respectively. The positions of the major
transcripts are shown by filled arrowheads and the position of the
minor transcript originating from the TFB promoter is depicted by an
open arrowhead. Some sample loss occurred for lane 5 of the T6
panel, and repeats of this experiment indicated that full restoration of
transcription is effected when recombinant TFB is added to the TFB-
immunodepleted extract. Similarly, lane 1 of the rRNA panel is
reduced by sample loss in this particular experiment.

S.shibatae TBP and TFB are required for

transcription of various archaeal promoters

To assess the potential involvement $fshibataeTBP
and TFB in transcription, we expressed N-terminally
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histidine tagged derivatives of these polypeptides in
Escherichia coli and purified these recombinant proteins
by Ni2*-NTA affinity chromatography (Figure 2B). Next,
we tested the TBP and TFB-deplet&dshibataeextracts
described above for their ability to transcribe the TFB,
T5, T6 and 16S/23S rRNA promoter construgtsvitro.

In all cases, undepleted extract (19; Figure 2C, lanes

1) and extract that had been mock-depleted with pre-
immune sera (data not shown) gave rise to high levels of
transcription. Conversely, essentially no transcription was
obtained from any promoter when extracts were used that
had been immunodepleted of TBP or TFB (Figure 2C,
lanes 2 and 4 respectively). Most importantly, full levels
of accurate transcription were restored when the TBP
depleted extract was supplemented with 15 ng recombinant
TBP (lanes 3), or the TFB-depleted extract was supple-
mented with 10 ng recombinant TFB (lanes 5). In contrast,
recombinant TBP did not stimulate transcription when
added to TFB depleted extracts, and TFB did not stimulate
transcription with TBP depleted extracts (data not shown).
As quantified by Western blotting, the amounts of recom-
binant TBP and TFB used in the reconstitution experiments
were roughly equivalent to the amount of these proteins
present in 12ug extract. These studies therefore reveal
that S.shibataeTBP and TFB play essential roles in
transcription and that, for all promoters tested, the recom-
binant factors are as active as their endogenous counter-
parts.

Absence of TBP-associated factors in S.shibatae
In eukaryotes, TBP is found associated with distinct
sets of TBP-associated factors (TAFs) in three different
complexes. Immunoprecipitation of eukaryotic TBP, there-
fore, also leads to the removal of the TAF components of
transcription factors SL-1, TFIID and TFIIIB. Although
the aforementioned data clearly suggest that TBP is
indispensable for transcription from all archaeal promoters,
the possibility that TBP-associated factor(s) exist could
not be ruled out. For instance, if there were an excess of
free TBP-associated factors, these would remain in the
immunodepleted extract. The subsequent addition of
recombinant TBP could then lead to the assembly of TAF
complexes that would participate in the formation of the
preinitiation complex at the promoter. To address this
issue, we employed size exclusion chromatography to
compare the behaviour of endogenous TBP with that of
the recombinant protein. In order to reduce non-specific
interactions, the fractionation was carried out in 150 mM
KCI. Furthermore, ethidium bromide was added to the
S.shibataerude cell extract and recombinant TBP (1.2 mg
and 2 ug protein respectively) prior to fractionation to
eliminate any interactions resulting from proteins binding
to trace amounts of DNA. After size exclusion chromato-
graphy, the resulting fractions were analysed by Western
blotting using anti-TBP antibodies. As shown in Figure
3, both recombinant TBP and endogenous TBP elute in
fractions 23 and 24 from the column, consistent with a
native molecular weight of 35-40 kDa. These results
suggest that, as with eukaryotic TBP (Taggart and Pugh,
1996), S.shibata€lBP exists in solution as a homodimer.
Furthermore, they provide strong support for the notion
that archaeal TBP does not exist in stable complexes with
other factors in solution. Similarly, we have no evidence
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MW (kD) 138 67 & 'ij Next, we used the purified RNA polymerase, both alone
L and in the presence of recombinant TBP and/or TFB, in

Extract | T T e ; I in vitro transcription studies (Figure 5). Significantly, the
Fractions: 19 20 21 22 23 24 25 26 27 minor TFB promoter is transcribed efficiently by the
purified RNA polymerase alone (left panel; lane 1) and is

Rec. TBP | ' B | not stimulated significantly by the addition of TBP and/

or TFB (lanes 2—4). This indicates that the region spanning
Fig. 3. Size exclusion chromatographic analysis of recombinant and the minor transcription initiation site of the TFB gene has
endogenous TBP. Crudgshibataesxtract (1.2 mg) and N-terminally an intrinsic capacity to recruit the RNA polymerase in the
His-tagged TBP (3ug) were subjected to gel filtration on a Superose-6 ..
column and the resulting fractions were analysed by Western blotting @bsence of additional basal faCthS- All other promoters
using anti-TBP antibodies. The elution behaviour of aldolase, bovine ~ tested, however, are not transcribed by the RNA poly-
serum albumin, chymotrypsin and RNase A (mol. wts 158, 67, 25 and merase alone (lanes 1) and, furthermore, no stimulation
13.7 respectively) which were used as calibration markers is shown. ¢ transcription is obtained when the RNA polymerase is
25038 rl‘(%offnn?rgsctﬁ)nndsr;goamng'giﬁt TBP elute as complexes of supplemented with either TBP or TFB alone (Figure 5,
lanes 2 and 3 respectively). In contrast, when the RNA
polymerase is supplemented with both TBP and TFB, the
that TFB exists in large complexes with other factors major upstream TFB promoter as well as the T5, T6 and
(data not shown). Consistent with these observations, 16/23S rRNA promoters are all transcribed very efficiently
immunoaffinity purification of the endogenous TBP and (lanes 4). Although the data in Figure 5 were obtained
TFB under low salt conditions has failed to identify with supercoiled templates, similar high levels of transcrip-
any other proteins that copurify with these factors in tion are also observed when RNA polymerase, TBP and
stoichiometric amounts (data not shown). TFB are used to transcribe linearized templates (data
not shown). These results indicate ttf&shibataeRNA
Accurate and efficient transcription in S.shibatae polymerase, TBP and TFB are sufficient to direct accurate
requires TBP, TFB and RNA polymerase transcription and that, with the exception of the minor
In order to determine whether the archaeal transcription TFB promoter, transcription is abrogated when any one
system employs basal factors in addition to TBP and TFB, of these factors is omitted.
it was necessary to establish a highly defiriadvitro To see whether full levels of transcription are restored
transcription system with purified RNA polymerase. To by the three archaeal factors, we performed transcription
this end, we fractionated extracts 8facidocaldariusas assays in parallel with crude extract and with the purified
depicted in Figure 4A to yield an essentially homogeneous components (Figure 6). As estimated by quantitative
preparation of theSulfolobus RNA polymerase. As  Western blotting, the amounts of purified factors employed
revealed by tricine SDS—PAGE followed by silver staining, in this experiment were equal to the amounts of these
the RNA polymerase preparation is essentially homo- factors present in the crude extract. Importantly, with the
geneous and, as shown previously (Zileg al., 1979), exception of the TFB upstream promoter, recombinant
comprises 10 subunits ranging in size from 10 to 122 kDa TBP and TFB together with purified RNA polymerase
(Figure 4B). Importantly, Western blotting studies revealed yield at least as much transcription as the crude extract.
that the RNA polymerase is devoid of even trace amounts Moreover, as with the crude system, the T6 and T5
of TBP or TFB (data not shown). Althoug8.shibatae promoters produce the highest levels of transcription in
andS.acidocaldariugre relatively closely related archaeal the defined system. These results therefore imply that, at
species, it was necessary to establish that the purified least for the promoters used, no additional factors exist
S.acidocaldariugnzyme is able to function effectively in  in crude S.shibataeextracts that are able to enhance
the S.shibataesystem. To do this,S.shibataeextract transcription directed by RNA polymerase, TBP and
was quantitatively immunodepleted of endogenous RNA TFB. Furthermore, they suggest strongly that the relative

polymerase with an antibody raised against the N-terminal strengths of archaeal promoters are defined primarily by
region of the ~100 kDa B subunit (Figure 4C). Signific- their interactions with the basal transcription apparatus.
antly, this results in the removal of neither TBP nor TFB, Nevertheless, it is noteworthy that the upstream TFB
which again lends support to the idea that these proteinspromoter is transcribed less efficiently in the defined

do not form stable complexes with the RNA polymerase system than in the crude extract, possibly reflecting the
in solution. As shown in Figure 4D, and consistent with existence of a gene-specific transcriptional activator. In

the existence of a single archaeal RNA polymerase, addition, it is clear that the defined system produces higher
immunodepletion leads to the loss of transcription from levels of transcription from the rRNA promoter than is

all promoters tested (compare lanes 1 and 2). Most apparent in the crude system. One explanation for this is

importantly, full levels of transcription are restored when that a factor exists in the crud®.shibataeextract that

purified S.acidocaldariusRNA polymerase (~15-20 ng) negatively regulates the 16S/23S rRNA promoter. Con-

is added to the immunodepleted system (lanes 3 and 4).sistent with this, previous work has shown that a negative
Since Western blot analyses reveal that the amount of regulatory region exists ~90—200 bp upstream of the rRNA
purified RNA polymerase used in these studies is promoter (Reiteet al, 1990).

approximately equal to the amount &fshibataeRNA

polymerase in the undepleted extract, we conclude that . .

the purifiedS.acidocaldariusRNA polymerase has high Discussion

specific activity and is fully able to function in the In this manuscript, we have shownStishibataeRNA
S.shibataesystem. polymerase, TBP and TFB are sufficient to direct accurate
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Fig. 4. Purified S.acidocaldariuRNA polymerase is active in th®.shibataesystem. A) Outline of the scheme used for the purification of the
S.acidocaldariusRNA polymerase.B) Purity of the RNA polymerase was established by electrophoresingg~rotein on a 18% tricine gel

system prior to silver staining. The identity of the 10 RNA polymerase subunits is sh@yiVgstern blot analysis of the RNA polymerase
immunodepleted extract. Total extract (lane 1) and RNA polymerase depleted extract (lane 2). The blot was probed simultaneously with antisera
raised againsb.shibataeTBP, TFB and rpoB. The position of each of the proteins is indicat@ylIrf vitro transcription analysis of the four

promoters using undepleted and RNA polymerase depleted extracts. Transcription reactions were carried Sighitsatgeindepleted (lane 1) and
RNA polymerase depleted (lanes 2, 3 and 4) extract. Reactions 3 and 4 were supplemented with ~3 aSddlocpldariuslRNA polymerase
respectively. The positions of the major transcripts are shown by filled arrowheads whereas the open arrowhead identifies the transcript which
originates from the downstream TFB promoter.
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were supplemented with recombinant TBP (15 ng), while reactions 3
and 4 received 10 ng recombinant TFB. The positions of the major
transcripts are shown by filled arrowheads and the position of the
minor transcript originating from the downstream TFB promoter is
shown by an open arrowhead.
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transcription from a variety of archaeal promoters, and
that transcription is abrogated when any one of these
factors is omitted (see below for the exception of the
downstream TFB promoter). These findings are consistent
with recent studies in théyrococcus furiosusystem, 1
where partially purified factors were employed to study

transcription initiation from the glutamate dehydmge_nase In vitro transcription assays were carried out in parallel on the TFB,

gene promoter (Hethket al., 1996). Although it remains 15 76 and rRNA gene promoters using the cr&ishibataeextract

a formal possibility that transcription is stimulated further (12 ug) and the defined system containing equivalent amounts of

by additional basal factors that are present in the crude S.acidocaldariuRNA polymerase (~15 ng), recombinant TBP and
S.shibataeextract, several lines of evidence indicate that B (15 and 10 ng respectively). The position of each of the major

T ’ - . transcripts is shown by filled arrowheads whereas the position of the
this is not the Ca_'se' First, Whe,n TBP or TFB is remo‘_/ed minor transcript originating from the downstream TFB promoter is
from extracts by immunodepletion, full levels of transcrip- indicated by an open arrowhead.
tion are recovered when the system is complemented by
recombinant TBP or TFB respectively. Second, gel filtra-
tion analyses show that the respective elution profiles of the case for eukaryotic TBP and TFIIB, archaeal TBP
recombinant and endogenous archaeal TBP and TFB arealone only binds to the A-box sequence weakly and
essentially identical. Third, no clear homologues of any requires TFB in order to interact efficiently and stably
additional eukaryotic-type basal transcription factors, with the DNA template (Rowlandst al., 1994; Qureshi
including TAFs, are evident in the recently published et al, 1995b). A further parallel between the archaeal and
complete genomic DNA sequence of the archaeon eukaryotic systems is that, under most circumstances, the
Methanococcus jannaschiBult et al, 1996). Fourth, RNA polymerase is only recruited subsequent to the
using amounts of TBP, TFB and RNA polymerase that establishment of a ternary complex containing the pro-
are equivalent to those found in the crugsshibataecell moter, TBP and TFB (TFIIB). Although a large number
lysate, the defined system directs transcription as efficiently of proteins constitute the general transcriptional apparatus
as crudeS.shibataecell extracts. Finally, we have been of eukaryotes, it has been shown that minimal transcription
unable to detect additional stimulatory activities through of certain supercoiled class Il templates only requires
fractionation of theS.shibataeextract (data not shown). RNA polymerase Il, TBP and TFIIB (Parvin and Sharp,

As is the case in eukaryotes, we have shown that 1993). The minimal eukaryotic system therefore bears a
archaeal TBP, TFB and RNA polymerase do not interact strong resemblance to the archaeal system, which we
with one another stably in the absence of DNA, and have shown employs RNA polymerase, TBP and TFB.
appear to associate only in the context of promoter DNA. Significantly, we find that this set of archaeal factors can
We have also shown that archaeal TBP is like its eukaryotic transcribe negatively supercoiled templates and linearized
counterpart in that it appears to exist in solution as a templates with similar efficiency (unpublished data). This
homodimer (Taggart and Pugh, 1996). Furthermore, as istherefore contrasts with the situation in eukaryotes, where

2 3 4 567 8

Fig. 6. Monitoring the efficiency of the two transcription systems.

2933



S.A.Qureshi, S.D. Bell and S.P.Jackson

additional basal factors are usually required, at least in this promoter can be transcribed in the absence of TBP.
part, to facilitate melting around the initiation site and to Given the strong regulation of the SSY,gl,ceqPromoter,
allow promoter escape by the RNA polymerase (Goodrich it is tempting to speculate that the lack of an A-box motif
and Tjian, 1994). One attractive possibility is that addi- may reduce the basal activity of certain archaeal promoters
tional activities are not required in tt&gulfolobussystem and, thus, provide greater opportunities for regulatory
because promoter opening is already facilitated by the control.
fact that this organism grows at temperatures in the range
70-80°C. the notion that the transcriptional apparatus of Archaea is

One of the most significant conclusions resulting from fundamentally similar to the nuclear transcription systems
our work is that the relative strengths of various archaeal of eukaryotes and is significantly different from that of
promoters are the same in the reconstitugadfolobus Bacteria. From an evolutionary point of view, this suggests
system as they are in crude unfractionated extracts. Thisthat a sophisticated transcription system containing TBP,
suggests that promoter strength in Archaea is defined TFB and a complex RNA polymerase was already in
primarily by interactions with the basal transcriptional place inthe last common ancestor of Archaea and Eucarya,
apparatus. One exception to this general conclusion is before these two lineages diverged. Furthermore, it sug-
the 16S/23S rRNA promoter, which is transcribed more gests that the additional basal factors found in eukaryotic
efficiently in the defined system than in the crude system. systems evolved subsequent to this divergence, presumably
This possibly reflects the existence of a negative regulatory to provide additional scope for regulatory mechanisms
factor in crude extracts, an idea that is consistent with and to allow transcription to be linked to other nuclear
previous studies, which have defined a negative upstreamevents such as DNA repair, RNA processing and RNA

In conclusion, our studies provide strong support for

element (Reiteet al., 1990). In addition, we find that the
reconstitutedn vitro system transcribes the upstream and
downstream TFB promoters with equal efficiency, whereas
transcripts originate predominantly from the upstream
promoterin vivo. Although the reason for this difference
is currently unknown, it is tempting to speculate that the
efficiency of transcription of one or other promoter is
regulatedin vivo to control TFB levels. In this regard, it

is noteworthy that we have recently identified an activity
in Sulfolobusextracts that interacts specifically with the
initiator region of the minor TFB promoter (S.A.Qureshi
and S.P.Jackson, unpublished data), suggesting that thi
factor might positively or negatively regulate the usage
of this transcription start site.

Although it has been reported previously that the
SulfolobusRNA polymerase has an intrinsic ability to
initiate transcription from the 16S/23S rRNA promoter
(Hudepohlet al, 1990), these studies employed a large
molar excess of the purified enzyme. Indeed, our data
reveal that, when present at physiological levels, the
RNA polymerase alone is unable to initiate transcription
accurately from the rRNA promoter and is also unable to
transcribe the T5, T6 and upstream TFB promoters. In
marked contrast, however, we find that the downstream
TFB promoter is transcribed accurately by low amounts
of purified RNA polymerase in the absence of any other
factors. Notably, however, this promoter is not transcribed
by either TBP or TFB depleted crude cell extracts. This
suggests that negatively regulating factors, which may be
competed out by TBP or TFB, might interfere with the
binding of RNA polymerase to DNA in the unfractionated
system. It will clearly be of great interest to define
the mechanism of RNA polymerase recruitment to the
downstream TFB promoter and, in particular, to define
which subunits of the archaeal polymerase mediate pro-
moter recognition. Although most archaeal promoters

export.

Materials and methods

Plasmid construction

All DNA modifying enzymes were purchased from Boehringer
Mannheim and were used according to manufacturer’s instructions.
Sequences of oligonucleotides employed in these studies fead3a

The T5, T6 and TFB promoter regions were amplified by PCR using
the following sets of oligonucleotides: GATCGAATTCGAGTTTGTG-
CCATATTCCCAT and GATCAAGCTTCTTCACTCTCTCTTCTAG-
CTC for T5; GATCGAATTCGATTGGAATCGAAACGGTCAC and
SATCAAGCTTCTTCTTCTTTTCGGGTTTGGG for T6; GATCAA-
GCTTAACGCTTAATTTATACTG and GATCAAGCTTCCCCCCTCT-
CCGCATCGAATA for TFB. PCR was performed under standard
conditions and the products purified on PCR purification columns
(Qiagen). The TFB PCR product was digested wtimdlll and was
cloned into the corresponding site of pBluescript (Stratagene). All other
PCR products were digested witoRl and Hindlll and were cloned
into EcaRI/HindIll digested pBluescript Il SK (Stratagene). The 16S/
23S rRNA promoter region was cloned by excising the 21%al—
Hindlll (-127 to +92) fragment and ligating it intdEcaRV/Hindlll
digested pBluescript. For cloning of the TFB open reading frame, the
following oligonucleotides were used in a standard PCR: GGATGGAT-
CCGTGTTGTATTTGTCTGAAGAAAAT and GTAGAAGCTTATGC-
GGAATCTAACATTCTAGTTA. The resulting fragment was purified
and digested witBanmH| andHindlll and was cloned into the correspond-
ing sites of pQE30 (Qiagen). The plasmid pQErpoB was constructed by
using the oligonucleotides GATCGGATCCAAAGATCCGGGTGGTTA-
CTT and GATCAAGCTTAGCACTAGCTAAATAATATCCTTTCTT,
which were used to generate by PCR a DNA fragment corresponding
to amino acid residues 123-296 of the B subunitSohibataeRNA
polymerase. This was then cloned into tBenH! and Hindlll sites of
PQE30. All plasmids were purified by CsCl density gradient centrifuga-
tion and were sequenced with Sequenase version 2.0 (US Biochemicals).

Expression of proteins and preparation of antisera

TBP was cloned, expressed and purified as described previously (Qureshi
et al, 1995a). For expression of TFB and a region of rpoB (amino acids
123-296) the respective plasmids were used to transform M15[pREP4]
cells. The proteins were expressed and purified according to the instruc-
tions provided in the QIlAexpressionist booklet (Qiagen). Antiserum
against rpoB was generated by injecting 1@Pof the 22 kDa histidine-

to employ TBP for their transcription, it is intriguing to
note that the SSV Jquceq Promoter, which is activated
after cells have been irradiated with UV light, lacks an
A-box (Reiteret al,, 1988). It will therefore be of interest

Preparation of S.shibatae whole cell extracts,

immunodepletion of extracts and Western blotting

Whole cell extracts were prepared according talefohlet al. (1990).
TFB, TBP and RNA polymerase-depleted extracts were prepared by

to ascertain whether the archaeal RNA polymerase has anaking 25ul protein A-Sepharose beads (Pharmacia) and washing them

inherent ability to recognize this promoter and whether
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raised against bacterially expresded/oeseiTFB, S.shibata€TBP and abundance of Archaea in Antarctic marine picoplanktarture 371,
S.shibataeRNA polymerase subunit B was added to the beads and left  695-697.

on ice for 1 h with occasional mixing. After washing with PBS, the Eick,D., Wedel,A. and Heumann,H. (1994) From initiation to elongation:
beads were incubated with 150 (~1.8 mg) extract and the mixture comparison of transcription by prokaryotic and eukaryotic RNA
was left on ice for 3 h with occasional mixing. The beads were then  polymerasesTrends Genet.10, 292—-296.

removed by centrifugation and the depleted extract collected. For Western Fox,G.E., Stackebrandt,E., Hespell,R.B., Gibson,J., Maniloff,J.,
blotting, proteins were transferred from SDS—polyacrylamide gels to  Dyer,T.A., Wolfe,R.S., Balch,W.E., Tanner,R.S., Magrum,L. J.,
nitrocellulose membranes, and these were probed with the appropriate  Zablen,L.B., Blakemore,R., Gupta,R., Bonen,L., Lewis,B.J.,
antibodies (each diluted 1:2000) according to standard procedures. Stahl,D.A., Luehrsen,K.R., Chen,K.N. and Woese,C.R. (1980) The
Detection of bound antibodies was accomplished using the ECL system  phylogeny of prokaryotesScience 209, 457—463.

(Amersham). Frey,G., Thomm,M., Brudigam,B., Gohl,H.P. and Hausner,W. (1990) An

archaebacterial cell-free transcription system. The expression of tRNA
Purification of S.acidocaldarius RNA polymerase genes fromMethanococcus vannielis mediated by a transcription
Twenty-five grammes wet cell weight @&.acidocaldariusDSM 639 factor. Nucleic Acids Res18, 1361-1367.

were resuspended in 100 ml 50 mM Tris—HCI pH 7.8, 100 mM NaCl, Goodrich,J.A. and Tjian,R. (1994) Transcription factors IIE and IIH and
10 mM B-mercaptoethanol and lysed by three passes through a French ATP hydrolysis direct promoter clearance by RNA polymerase II.
press (Gaulin). The extract was clarified by centrifugation at 20000  Cell, 77, 145-156.

r.p.m. in an SS-34 rotor (Sorvall). Solid ammonium sulfate (Sigma) was Hausner,W. and Thomm,M. (1993) Purification and characterization of a
added to 50% saturation at 4°C and the precipitate was collected by general transcription factor, aTFB, from the Metieemtoccus
centrifugation at 20 000 r.p.m. in an SS-34 rotor. The pellet was  thermolithotrophicusJ. Biol. Chem.268 24047-24052.

resuspended in 50 ml buffer A (50 mM Tris—HCI pH 7.8, 10 mM  Hausner,W., Frey,G. and Thomm,M. (1991) Control regions of an
B-mercaptoethanol and 10% glycerol) containing 50 mM NaCl and Archaeal gene. A TATA box and an initiator element promote cell-
dialysed against 100 vol of this buffer overnight. Following dialysis the free transcription of the tRN'&' gene ofMethanococcus vannielii
solution was centrifuged to remove any precipitates and the supernatant J. Mol. Biol,, 222, 495-508.

was applied to a 15 ml Q-Sepharose (Pharmacia) column at a flow rate Hempel, W.M., Cavanaugh,A.H., Hannan,R.D., Taylor,L. and
of one column volume per hour. The column was developed with a  Rothblum,L.I. (1996) The species-specific RNA polymerase |
150 ml gradient, from 50 mMat 1 M NaCl, in buffer A. Based on transcription factor SL-1 binds to upstream binding fackéal. Cell.
Western blotting, using thé&.shibataeanti-rpoB antibody, and non- Biol., 16, 557-563.

specific transcription initiation assays the RNA polymerase was found Hernandez,N. (1993) TBP, a universal eukaryotic transcription factor?
to elute at ~300 mM NacCl. The positive fractions were pooled, dialysed = Genes Dey.7, 1291-1308.

against 100 vol buffer A and applied to a 2.5 ml heparin-agarose Hethke,C., Geerling,A.C., Hausner,W., de Vos,W.M. and Thomm,M.
(Sigma) column which was subsequently developed with a 10 column  (1996) A cell-free transcription system for the hyperthermophilic
volume gradient, from 0 to 1 M KCl in buffer A. RNA polymerase archaeorPyrococcus furiosusNucleic Acids Res24, 2369-2376.
eluted at 350 mM KCI. Positive fractions were concentrated by spin Hiidepohl,U., Reiter,W.-D. and Zillig,W. (1990 vitro transcription of
dialysis through Centricon C100 concentrators (Amicon) and applied to  two rRNA genes of the archaebacterium Sulfolobus sp. B12 indicates
a Superose-6 column (Pharmacia) equilibrated with buffer 200 mM a factor requirement for specific initiatioRroc. Natl Acad. Sci. USA
KCI. The RNA polymerase eluted from this column with an apparent 87, 5851-5855.

molecular weight of 410 kDa, in close agreement with the predicted kassavetis,G.A., Braun,B.R., Nguyen,L.H. and Geiduschek,E.P. (1990)
molecular mass derived from the combined molecular weights of its s, cerevisiaeTFIIIB is the transcription initiation factor proper of

various subunits (Zilliget al., 1979; Klenket al, 1992). RNA polymerase IIl, while TFIIIA and TFIIC are assembly factors.
Cell, 60, 235-245.

In vitro transcription and primer extension analyses Khoo,B., Brophy,B. and Jackson,S.P. (1994) Conserved functional

In vitro transcription reactions and primer extension analyses were carried  domains of the RNA polymerase Il general transcription factor BRF.

out using end-labelled T3 (CGAAATTAACCCTCACTAAAGGGAAC) Genes Dey.8, 2879-2890.

and T7 (TACGACTCACTATAGGGCGAATTGGG) primers as described  Klenk,H.-P., Palm,P., Lottspeich,F. and Zillig,W. (1992) Component H

previously (Qureshet al., 1995a), with the exception that transcription of the DNA-dependent RNA polymerases of Archaea is homologous

buffer was supplemented with 80 mM KCI. All primer extension analyses to a subunit shared by the three eucaryal nuclear RNA polymerases.
were carried out using a large molar excess of either the T3 or T7  Proc. Natl Acad. Sci. US89, 407—410.

oligonucleotide. Langer,D., Hain,J., Thuriaux,P. and Zillig,W. (1995) Transcription in
Archaea: similarity to that in Eucary®roc. Natl Acad. Sci. US/A2,
5768-5772.
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