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Archaeal RNA polymerases (RNAPs) are recruited to promoters through the joint action of three basal
transcription factors: TATA-binding protein, TFB (archaeal homolog of TFIIB), and TFE (archaeal homolog
of TFIIE). Our results demonstrate several new insights into the mechanisms of TFB and TFE during the
transcription cycle. (i) The N-terminal Zn ribbon of TFB displays a surprising degree of redundancy for the
recruitment of RNAP during transcription initiation in the archaeal system. (ii) The B-finger domain of TFB
participates in transcription initiation events by stimulating abortive and productive transcription in a
recruitment-independent function. TFB thus combines physical recruitment of the RNAP with an active role
in influencing the catalytic properties of RNAP during transcription initiation. (iii) TFB mutations are
complemented by TFE, thereby demonstrating that both factors act synergistically during transcription
initiation. (iv) An additional function of TFE is to dynamically alter the nucleic acid-binding properties of
RNAP by stabilizing the initiation complex and destabilizing elongation complexes.

A comprehensive understanding of the molecular mecha-
nisms operating within pro- and eukaryotic basal transcrip-
tional machineries is a formidable intellectual goal. The com-
bination of biochemical, genetic, and structural approaches to
study the functions of basal factors and RNA polymerases
(RNAPs) has started to provide very detailed insights into
some of these events (reviewed in references 6 and 33). These
efforts have more recently been boosted by the development of
unique experimental tools based on archaeal model systems.
Archaea are prokaryotes, but they contain a simplified tran-
scriptional apparatus that is very similar to the eukaryotic core
RNAPII system (reviewed in references 4 and 37). This ma-
chinery consists of TATA-binding protein (TBP), TFB (a ho-
molog of eukaryotic TFIIB), TFE (a homolog of the eukaryotic
TFIIE� subunit), and RNAP (homologous to eukaryotic
RNAPII). Archaeal TBPs, like their eukaryotic counterparts,
are responsible for the recognition of TATA elements that are
located approximately 20 to 30 nucleotides upstream of the
transcription start site. The DNA-bound TBP is subsequently
recognized by TFB, which stabilizes the TBP/DNA complex
and often enhances the sequence specificity of promoter rec-
ognition by making additional contacts with the B-recognition
element (32, 40) located next to the TATA element. This
TBP/TFB complex is then capable of recruiting RNAPs for
promoter-specific transcription. TFE stimulates transcription
from suboptimal promoters but is not strictly essential for in
vitro transcription (5, 22). Unlike eukaryotic systems, no other
basal factors (such as TFIIA, TFIIF, and TFIIH) are required
for transcript initiation/promoter escape, and none of these

steps are dependent on nucleoside triphosphate (NTP) hydro-
lysis to induce specific conformational changes.

The entire transcriptional machinery derived from the hy-
perthermophilic archaeon Methanocaldococcus jannaschii has
recently been reconstituted in recombinant form (47). The
recombinant system is fully responsive to stimulation by tran-
scriptional activators and thus faithfully mimics all known func-
tions of archaeal transcription systems (36). In this study we
sought to investigate the molecular mechanism governing the
early steps of RNAP recruitment and transcription initiation,
with special emphasis on the functional interplay of TFB and
TFE with RNAP. The results reveal previously undocumented
interactions between the basal factors TFB and TFE with
RNAP that occur mostly at the postrecruitment stage and
culminate in a carefully orchestrated modulation of core
RNAP functions. Our data also demonstrate a surprising de-
gree of redundancy of the archaeal N-terminal zinc ribbon of
TFB, a novel transcription stimulatory role of the archaeal
B-finger domain and a role for TFE in promoter melting and
template loading. All these processes have the potential to
influence key aspects of transcript initiation and promoter es-
cape and therefore have implications for our understanding of
core RNAP functions and gene expression mechanisms in ar-
chaeal and eukaryotic systems.

MATERIALS AND METHODS

Recombinant RNA polymerases and transcription factors. The Methanocal-
dococcus jannaschii RNAP subunits and TBP were cloned, expressed, and puri-
fied as described previously (47). The recombinant wild-type (12-subunit) RNAP
was assembled in vitro and purified by heat inactivation and size exclusion
chromatography on an S100HR column as described previously (47).

The open reading frames encoding M. jannaschii TFB and TFE were cloned
from genomic DNA and subcloned into pET21(a)�, eliminating the stop codon
using 5� NdeI and 3� XhoI restriction sites. This creates in-frame fusions of TFB
and TFE to a vector-encoded C-terminal His6 tag. The TFB domain deletion
variants were created by a PCR splice by overlap extension (46) strategy and
subcloned as described above. A complete list of oligonucleotide sequences used
in this study can be requested from the authors. All recombinant expression
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plasmids were transformed into Escherichia coli BL21(DE3)Rosetta (Novagen).
Expression cultures were typically expanded using 50 ml overnight starter culture
per liter expression culture at 37°C under vigorous shaking and induced with 1
mM isopropyl-�-D-thiogalactopyranoside (IPTG) at an A600 of �0.6 to 0.8 in rich
medium. Three hours after induction, the expression cultures were harvested and
soluble recombinant proteins were extracted in N500 buffer (500 mM sodium
chloride, 20 mM Tris-acetate, 10 mM magnesium acetate, 10% glycerol, 100 �M
zinc sulfate, 1 mM �-mercaptoethanol) and purified using cobalt affinity chro-
matography according to the manufacturer’s instructions (Talon resin; BD Clon-
tech).

In vitro transcription assays. Nonspecific and promoter-directed transcription
assays were performed as described previously (47). Briefly, the nonspecific
transcription assay measures the incorporation of �-32P-labeled UTP ([�-
32P]rUTP) into trichloroacetic acid-insoluble material using activated calf thy-
mus DNA template (Fluka). Assays were performed using 0.5 �g RNAP for 30
min at 70°C. The trichloroacetic acid precipitate was collected on glass filters and
quantitated by scintillation counting. In the promoter-directed transcription as-
say, 100 ng TBP and 100 ng TFB were incubated with 0.1 to 1.0 �g RNAP and
100 ng supercoiled template (pGEM-SSV T6) for 30 min at 70°C. Under these
conditions both basal factors are in excess to ensure saturation of the promoter.
The generated RNA transcripts were subsequently detected by primer extension,
and the resulting cDNA was visualized and quantitated by either autoradiogra-
phy or phosphorimaging (Fuji FLA 5000).

Transcription assays using the 3�-tailed template were performed by incubat-
ing 2.0 �g RNAP (200 nM) � 1.0 �g TFB (1 �M) with 130 nM linear template
DNA (see Fig. 3C); 300 �M rGTP, rCTP, and rUTP; 10 �M rATP; 1 �Ci
[�-32P]rATP in 1� transcription buffer (50 mM Tris-HCl [pH 7.5], 75 mM KCl,
25 mM MgCl2, 10 mM dithiothreitol) for 1 h at 65°C. The products were
separated on a 22% denaturing polyacrylamide gel and visualized by autoradiog-
raphy (Kodak Biomax MR film) or a Fuji BAS phosphorimager device. The
abortive transcription assays were performed by incubating 2.0 �g RNAP with or
without 1.0 �g TFB or TFB-	B with 0.6 �g DNase I-treated calf thymus DNA
template, 1 �M dinucleotide ApG (adenine and phosphorylated guanine) or
ApA or UpG, 10 �M rATP, 1 �Ci [�-32P]rATP in 1� transcription buffer for 1 h
at 65°C. The products were separated and visualized as described above.

EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed using
32P-labeled oligonucleotides as probes. Either template or nontemplate strand
was labeled using [
-32P]rATP (5,000 Ci/mmol, Amersham) and polynucleotide
kinase (Roche) and annealed to the unlabeled complementary strand (in 5:4
molar ratio excess of nonlabeled oligonucleotide) or an RNA 9-mer correspond-
ing to a short transcript by heating to 100°C for 2 min and letting the mixture cool
to room temperature for 5 min.

32P-labeled probe (0.1 pmol) was incubated with recombinant TBP (0.5 �g),
TFB (0.5 �g), TFE (0.5 �g), and RNAP (2.0 �g) in HNME buffer (40 mM
HEPES, pH 7.3, 250 mM sodium chloride, 2.5 mM magnesium chloride, 0.1 mM
EDTA, 5% glycerol, and 10 mM dithiothreitol) containing 1 �g bovine serum
albumin in a total volume of 15 �l for 20 min at 65°C. One microliter of heparin
(0.5 mg/ml; Sigma) was added to suppress nonspecific protein-nucleic acid in-
teractions, and the reaction mixture was incubated for another 20 min at 65°C.
Ten microliters of the reaction mixture was transferred into 6 �l of native
Tris-glycine loading buffer and loaded onto a native 4 to 20% Tris-glycine
gradient gel (Invitrogen). The complexes were separated at room temperature
for 1 h at 180 V, and the gel was dried for 2 h at 80°C under vacuum and
subjected to autoradiography (Kodak Biomax MR film) and/or phosphorimager
analysis (Fuji FLA 5000).

RESULTS

The TFB zinc ribbon plays a redundant role during RNAP
recruitment in archaea. In eukaryotic systems TFIIB-mediated
recruitment of RNAPII to promoters has been extensively
investigated (e.g., references 8 and 21). The accumulated data,
together with recent crystallographic studies of the Saccharo-
myces cerevisiae RNAPII-TFIIB complex, have provided un-
precedented insights into the structural basis of the interaction
between TFIIB and RNAPII (9, 11–13). The compact N-ter-
minal zinc ribbon motif of TFIIB (TFIIB-Zn) interacts with
the dock domain in the largest RNAPII subunit, RPB1 (9, 15).
This interaction has been identified as a major stabilizing fac-
tor because mutations in critical residues in TFIIB-Zn inter-

fere with RNAPII recruitment or abolish it altogether (e.g.,
references 1, 7, and 38).

The high degree of structural and functional similarity be-
tween archaeal and eukaryotic RNAPII core transcriptional
machineries can be exploited to shed more light on this mech-
anism. Sequence alignments of eukaryotic RPB1 and eur-
yarchaeal A� RNAP subunits reveal unambiguously the overall
position of the likely dock domain within the M. jannaschii A�
subunit because it lies between the two evolutionarily highly
conserved sequence blocks C and D (Fig. 1A). Interestingly,
the predicted interaction domain itself displays only a rather
low degree of sequence similarity—in fact, M. jannaschii A�
and two other closely related methanogens contain eight
amino acids inserted near the N-terminal part of the putative
dock domain that are not present in other archaea or eu-
karyotes. To test whether this region was playing a role similar
to that of its eukaryotic counterpart, we used a site-directed
mutagenesis approach. In the yeast RNAPII dock domain, a
single residue (RPB1-R412) is crucial for determining the in-
teraction between TFIIB and the polymerase (12, 43). Charge
reversal mutations of arginine 412 cause lethality in vivo, while
a more subtle substitution of the same residue with histidine
results in an RNAPII that cannot be recruited to promoters
under in vitro conditions. Due to the low degree of sequence
conservation between the archaeal and eukaryotic dock do-
mains, the identification of a putative archaeal homolog of
RPB1-R412 is not entirely unambiguous, but the M. jannaschii
A�-K396 residue emerged as the most likely candidate and M.
jannaschii A�-R388 as a weaker, but still feasible alternative
(Fig. 1A). We introduced charge reversal mutations of these
residues into the M. jannaschii A� RNAP subunit and pro-
duced recombinant RNAP variants harboring the mutated
subunits by in vitro assembly (47). In promoter-directed tran-
scription assays, the M. jannaschii A�-R388E mutation dis-
played a reproducible but relatively minor phenotype, whereas
the M. jannaschii A�-K396E RNAP was noticeably impaired
(Fig. 1B). Both mutant enzymes displayed the same catalytic
activity as wild-type RNAP in nonspecific transcription assays
(Fig. 1C), proving that the impairment observed in the pro-
moter-directed transcription assays was not due to damage of
the catalytic center but was most likely caused by diminished
recruitment of the mutant enzymes to the promoter-bound
basal factor platform.

These results are generally compatible with the phenotypes
previously observed in the yeast system. It was, however, sur-
prising that the archaeal mutants with charge reversal muta-
tions in the gene encoding the dock domain did not display
more severe phenotypes in promoter-directed transcription as-
says. A possible explanation is that the interaction between the
RNAP dock domain and the TFB zinc ribbon plays a less
critical role in archaea. To test this hypothesis and to clarify the
roles of individual TFB domains in RNAP recruitment, we
constructed several TFB deletion variants (Fig. 2A). First, we
analyzed the roles of the zinc ribbon and linker in archaeal
RNAP recruitment by examining whether they were capable of
competing with full-length TFB in promoter-directed tran-
scription assays. The addition of either the zinc ribbon (TFB-
Zn), or the zinc ribbon fused to the complete linker sequence
(TFB-Zn-B-L), competitively inhibited promoter-specific tran-
scription in a concentration-dependent manner (Fig. 2B).
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FIG. 1. The RNA polymerase dock domain is involved in promoter-directed transcription. (A) Sequence alignment of euryarchaeal and
eukaryotic dock domains. Euryarchaeal sequences (vertical white bar) and eukaryotic sequences (black bar) are identified to the left of the species.
The sequences of Methanocaldococcus jannaschii, Methanococcus maripaludis, Methanococcus vannielii, Methanothermobacter thermautotrophicus
(M. thermauto.), Pyrococcus furiosus, Pyrococcus horikoshii, Thermococcus celer, Halobacter salinarum, Methanococcoides burtonii, Methanosarcina
barkeri, Methanosarcina acetivorans, Methanosarcina mazei, Archaeoglobus fulgidus, Methanopyrus kandleri, Saccharomyces cerevisiae, Drosophila
melanogaster, Mus musculus, and Homo sapiens are shown. The dock domain is located between the conserved sequence blocks C and D (12). The
Methanocaldococcus jannaschii A� residue R388 (mjA�-R388) and K396 residue and the Saccharomyces cerevisiae RPB1 R412 residue (scRPB1-
R412) are indicated. The alignment was performed using MultAlin (14). All invariant residues are shown in red, and highly conserved residues are
shown in blue. Gaps introduced to maximize alignment are indicated by dashes. (B) The dock mutant M. jannaschii RNAP variants are defective
in promoter-directed transcription assays (reaction mixtures contain 0.1 �g TBP; 0.1 �g TFB; and 0.1, 0.3, or 1.0 �g RNAP). (C) The dock mutant
M. jannaschii RNAP variants display a comparable amount of activity in nonspecific transcription assays (reaction mixtures contain 0.5 �g RNAP).
neg. ctrl., negative control.
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We next examined the abilities of the TFB variants to sup-
port promoter-directed transcription. TFB lacking the Zn rib-
bon altogether (TFB-	Zn) was able to support promoter-spe-
cific transcription (Fig. 2C). This finding is in good agreement
with the previously observed absence of any severe phenotypes
of the archaea with mutations in the gene encoding the RNAP
dock domain (Fig. 1B). Extending the deletion further by re-
moving both the zinc ribbon and the B-finger region of the
flexible linker (creating TFB-	Zn-	B) resulted in a substantial
reduction of transcription that is comparable to the activity of
the TFB core domain (Fig. 2C). This result suggests that the
B-finger domain, in conjunction with the zinc ribbon, contrib-
utes actively to promoter-directed transcription.

To explore the function of the TFB linker region further, we
targeted the B-finger region by deleting it altogether (TFB-
	B) or by introducing a single amino acid substitution. Two
residues, E78 and R92, are thought to form a stabilizing salt
bridge within the B-finger (9, 39). We introduced a charge
reversal mutation (R92E) into full-length TFB (TFB-R92E)
and TFB-	Zn and tested their ability to support promoter-
directed transcription in the presence of TBP and RNAP. Like
wild-type TFB, both TFB-	B and TFB-R92E were capable of
supporting transcription initiation at saturating (200 �M), but
not at low recombinant NTP (rNTP), concentrations (10 �M;
Fig. 2D) (3). The TFB-	Zn/R92E construct, combining the

zinc ribbon deletion with the salt bridge mutation, was inactive
even at saturating rNTP (200 �M) concentrations. Thus, com-
promising two TFB-RNAP interaction sites by deleting the
zinc ribbon and interfering with B-finger stability impairs the
ability of TFB to support transcription initiation in the pro-
moter-directed assay to a level comparable to that of the dou-
ble-deletion variant TFB-	Zn-	B (Fig. 2C).

B-finger mutations in eukaryotic TFIIBs result in altered
start site selection on some promoters (e.g., reference 11). We
do not observe this phenomenon due to the strong Sulfolobus
shibatae virus (SSV) T6 promoter used in this study (see also
reference 3).

In summary, compromising the TFB B-finger interferes with
transcription in a substrate concentration-dependent manner
and therefore suggests a postrecruitment function of this do-
main.

TFB stimulates transcription. All studies involving TFB/
TFIIB in promoter-specific transcription systems are intrinsi-
cally limited by the fact that both factors are essential for
RNAP recruitment. This makes it difficult to dissect the re-
cruitment functions from any postrecruitment contributions
that TFB or TFIIB might be involved in. We overcame this
problem by assaying the effect of TFB on RNAP transcription
directly in recruitment-independent nonspecific transcription
assays. These assays take advantage of the fact that all RNAPs

FIG. 2. Deletion analysis of Methanocaldococcus jannaschii TFB. (A) M. jannaschii TFB is comprised of four distinct regions: N-terminal Zn
ribbon (red), B-finger (yellow), flexible linker (green), and C-terminal core domain (blue). The various domain deletion variants used in this study
are shown. The B-finger sequences of M. jannaschii TFB (mjTFB) and Saccharomyces cerevisiae TFIIB (scTFIIB) are shown at the bottom of the
panel. (B) The N-terminal fragments TFB-Zn and TFB-Zn-B-L are capable of competing for full-length TFB in promoter-directed transcription
assays (reaction mixtures contain 0.1 �g TBP, 0.1 �g TFB, 1.0 �g RNAP, and 0.5 or 1.0 �g TFB-Zn or TFB-Zn-B-L). (C) Activity of the TFB
deletion variants in promoter-directed transcription assays (reaction mixtures contain 0.1 �g TBP, 0.1 �g TFB or TFB variants, and 1.0 �g RNAP).
One lane contains no TFB variant (�). (D) Activity of the TFB B-finger mutants in promoter-directed transcription assays (reaction mixtures
contain 0.1 �g TBP, 0.1 �g TFB or TFB variants, 1.0 �g RNAP, and 10 or 200 �M NTP). wt, wild type.
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are capable of initiating transcription from 3� overhangs and
nicks in double-stranded DNA (dsDNA) templates indepen-
dent of promoter sequences and in the absence of general
transcription factors.

We set up a nonspecific in vitro transcription assay using
activated (nuclease-treated) DNA as the template and mea-
sured the activity of recombinant RNAP in this assay in the
presence of full-length TFB and various TFB domain deletion
variants. Addition of TFB markedly increased the transcrip-

tional activity of RNAP (up to fourfold; Fig. 3A). This stimu-
lation is not due to any recruitment function of TFB because
TFB does not bind DNA in the absence of TBP, even at high
concentrations (23). Neither of the two other basal factors
(TBP and TFE) had any detectable effect under these assay
conditions, either in the presence or absence of TFB (data not
shown). The increased transcriptional activity reveals a novel
RNAP stimulatory function of TFB that is distinct from its
promoter recruitment activity or from other postrecruitment

FIG. 3. The TFB B-finger is stimulating RNAP in a recruitment-independent manner. (A) M. jannaschii TFB stimulates RNAP activity in a
nonspecific transcription assay. This effect is dependent on the B-finger domain but independent of the core domain (reaction mixtures contain
1 �g TFB or TFB variants and 1.0 �g RNAP). (B) Nonspecific abortive initiation assay with RNAP in the presence (�) or absence (�) of TFB
using one of the three dinucleotide substrates (ApG, ApA, or UpG) (reaction mixtures contain 1.0 �g TFB or TFB-	B and 2.0 �g RNAP).
32P-labeled RNA 9-mer marker was run in one lane. (C) Factor-independent transcription initiation using the 3�-tailed template is stimulated by
TFB (reaction mixtures contain 1.0 �g TFB or TFB-	B and 2.0 �g RNAP). nt, nucleotides. (D) RNAP forms heparin-stable complexes with the
3�-tailed template in the presence (�) of TFB, and this effect is dependent on the B-finger (reaction mixtures contain 0.5 �g TFB or TFB-	B and
2.0 �g RNAP). (E) Sequence of the 3�-tailed template based on the SSV6 promoter; the transcription start site of the double-stranded promoter
is indicated by bold type.
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functions documented for archaeal TFBs and eukaryotic
TFIIBs (3, 11). The stimulation is most pronounced at low
rNTP concentrations and results in the formation of transcripts
that can be several hundred nucleotides in length (data not
shown).

In subsequent experiments we tested whether the TFB de-
letion variants described earlier retained the stimulatory activ-
ity of full-length TFB. The zinc ribbon fused to the entire
linker region (TFB-Zn-B-L) was able to stimulate RNAP ac-
tivity on its own but only to a lesser extent (approximately
twofold; Fig. 3A). None of the remaining TFB variants stim-
ulated RNAP activity (Fig. 3A and data not shown). Moreover,
a targeted deletion of the B-finger subdomain from full-length
TFB (TFB-	B) abolished the stimulatory properties of TFB,
indicating that the B-finger was essential for the observed
stimulation (Fig. 3A). All these findings show that the B-finger
contributes actively to transcription and can be delivered to the
RNAP either via the TFB core domain (when bound to the
TBP platform in the promoter-directed assays), via the zinc
ribbon (in nonspecific transcription assays), or by both (in vivo
and in promoter-directed assay with full-length TFB).

The B-finger stimulates abortive transcription. We next set
out to determine at which stage of the transcription cycle the
B-finger acts. The nonspecific transcription assays reveal only
an overall stimulation of RNAP activity which could be due to
increased rates of transcription initiation, elongation, or less
frequent termination. Two observations favor transcription ini-
tiation as the most likely target for the stimulation: the S.
cerevisiae TFIIB-B-finger penetrates deeply into the active site
of RNAPII (9, 13), and archaeal TFB can be cross-linked to
promoter DNA around the transcription start site (2, 41). It is
therefore likely that the B-finger productively interacts with
the template DNA, the DNA/RNA hybrid, and/or the sub-
strate rNTPs during transcription initiation.

We carried out abortive transcription initiation assays to
gain further insights into the stimulatory effect of TFB. During
the initiation stage all known types of RNAPs repeatedly pro-
duce a series of short transcripts (usually 2 to 12 nucleotides in
length) before they successfully enter the elongation stage (re-
viewed in references 16 and 26; see also reference 45). Abor-
tive initiation assays typically employ a DNA template and a
specific diribonucleotide complementary to the �1/�2 (or �1/
�1) position of the promoter in the presence of a single type
of radiolabeled rNTP which are added to the dinucleotide
precursor through RNAP action. We modified this assay by
using nuclease-treated genomic DNA as template. This setup
yields a heterogeneous mixture of short abortive RNA prod-
ucts derived from random initiation sites and therefore sam-
ples the abortive transcripts produced by RNAPs on all sites
capable of transcript initiation. In order to assay a cross-section
of different subsets of abortive transcripts, we used one of
three different dinucleotide substrates (ApG, UpG, and ApA)
in conjunction with [�-32P]rATP. RNAP on its own gave rise to
a reproducible signal of 8 to 10 nucleotides under these assay
conditions. Under the same conditions the addition of TFB
caused a substantial stimulation of the generation of abortive
transcription products with any of the three dinucleotide sub-
strates (Fig. 3B). A hallmark of the generation of abortive
transcripts is the resistance to a nonspecific competitor such as
heparin (10, 20). Heparin precludes reinitiation of RNAP from

the DNA template, and therefore, only elongating RNAPs or
RNAPs engaged in abortive transcription can synthesize tran-
scripts under such conditions. The continuous accumulation of
RNA products under the assay conditions described above is
indeed resistant to heparin, thus strongly supporting the notion
that they are bona fide abortive initiation products (data not
shown). In addition, the substrate limitations of the assay (ri-
bodinucleotide plus rATP), in combination with the high tem-
perature at which the assays are carried out (65°C), may also
cause transcript slippage of the newly formed RNA products.
We therefore conclude that the TFB-mediated stimulation ob-
served in nonspecific transcription assays is mostly (if not en-
tirely) due to a stimulation of the abortive stage.

In a further attempt to characterize the recruitment-inde-
pendent stimulatory role of TFB under more defined condi-
tions, we made use of a 3�-tailed template (Fig. 3E). RNAPs
are able, in a situation very similar to the nuclease-treated
genomic DNA, to initiate transcription approximately three
nucleotides downstream of the 3�-tail junction, albeit with low
efficiency (18, 28). In the absence of factors, M. jannaschii
RNAP utilizes the 3�-tailed template to generate transcripts up
to 18 nucleotides long (Fig. 3C). The addition of TFB increases
the overall amount of transcripts synthesized and, more im-
portantly, generates a predominant transcript that is 20 nucle-
otides in length (Fig. 3C). This result is in good agreement with
our previous observation that TFB stimulates transcription
initiation in a manner that is independent of upstream pro-
moter regions and therefore rules out a conventional, TBP-
dependent recruitment of RNAP to the template DNA.

The TFB-mediated stimulation of transcription on a defined
3�-tailed template allowed us to investigate the molecular basis
of this mechanism in more detail. During promoter melting,
RNAPII undergoes significant conformational changes that
largely consist of closing of the clamp domain over the tem-
plate DNA strand by a hinge movement of 30o (19). In this
closed clamp configuration, the RNAP/nucleic acid complex is
rendered more resistant to heparin, a polyanion acting as a
competitor for DNA binding. M. jannaschii RNAP does not
form heparin-stable complexes with 3�-tailed templates in the
absence of basal factors (Fig. 3D). However, the addition of
TFB, but not TFB-	B, did lead to the formation of heparin-
stable RNAP/tailed template complexes (Fig. 3D; i.e., tem-
plate strand loaded and clamp closed). This result supports the
interpretation that the B-finger of TFB stabilizes the RNAP/
template complex, e.g., by decreasing the rate of dissociation of
RNAP from the DNA template.

The observed stimulatory function of TFB on the abortive
transcription rate of RNAP has not been previously docu-
mented in eukaryotic systems. We therefore expressed and
purified recombinant yeast TFIIB and incubated it with highly
purified yeast RNAPII (gift from Patrick Cramer) in the pres-
ence of nuclease-activated double-stranded DNA and 3�-tailed
templates. No stimulation of RNAPII activity was observed
under these conditions (data not shown), indicating that this
type of functional interaction either does not occur in eu-
karyotes or that the stimulatory role of TFIIB depends on the
presence of other basal factors.

A functional overlap between TFB and TFE: stabilization of
the preinitiation complex. The experiments described in the
previous section took advantage of the fact that only two basal
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transcription factors (TBP and TFB) are necessary and suffi-
cient for promoter-specific archaeal transcription in vitro. This
is a useful experimental setup because it emphasizes the func-
tional contributions that these two factors make by themselves.
The majority of archaeal genomes sequenced so far also en-
code TFE, a homolog of one of the two subunits present in the
eukaryotic TFIIE heterodimer (TFIIE�) (5, 22, 27). In ar-
chaeal in vitro transcription systems, TFE is not strictly neces-
sary, but it stimulates transcription two- to threefold on weak
promoters (5, 22). The mechanism by which TFE acts during
transcription initiation is currently not known. In the RNAPII
system TFIIE has been shown to stimulate promoter melting
(probably through a direct interaction of TFIIE� with the
upstream end of the partially opened transcription bubble; 16)
and through the recruitment of TFIIH (25, 34, 35). Impor-
tantly for our investigation, it has been suggested that TFIIE
changes the template topology of the transcription initiation
complex (24) and thus might be involved in the same process
(template loading/DNA strand separation; 17, 20, 42) in which,
according to data presented earlier, TFB might also be impli-
cated.

We first asked whether recombinant M. jannaschii TFE
could enhance transcription driven by the strong SSV T6 pro-
moter, RNAP, TBP, and wild-type and domain deletion vari-
ants of TFB in promoter-directed transcription assays. In
agreement with published results (5), transcription facilitated
by full-length TFB could not be enhanced any further. Intrigu-
ingly, however, TFE was capable of partially rescuing the re-
duced transcription signals obtained with the weakened TFB
variants that lack the Zn ribbon motif (TFB-	Zn) or contain
the additional B-finger salt bridge mutation (TFB-	Zn-R92E;
Fig. 4A). We therefore conclude that there is at least a partial
overlap between the functional spectra of TFE and TFB. To
study the impact of TFE on RNAP recruitment more directly,
we tested different combinations of RNAP, TBP, TFE, and
TFB variants in EMSAs (Fig. 4B). In the presence of TBP and
TFB, RNAP forms heparin-resistant complexes with the dou-
ble-stranded SSV T6 promoter template (Fig. 4B). Under the
same conditions neither the zinc ribbon nor the B-finger mu-
tants of TFB are capable of recruiting RNAP in a sufficiently
stable manner to yield a signal (Fig. 4B). In EMSAs the sta-
bility of the initiation complex plays a more important role
than in transcription assays because all components need to
remain associated throughout the duration of the experiment.
The addition of TFE led to stable RNAP recruitment by both
TFB-	Zn and TFB-R92E, whereas TFE was not capable of
recruiting RNAP on its own or in combination with TBP (Fig.
4B). The addition of TFE increased the electrophoretic mo-
bility of the initiation complexes in EMSAs only marginally.
This is most likely due to the small contribution of TFE (mo-
lecular mass of �20 kDa) to the overall hydrodynamic radius
of the RNAP/TBP/TFB/promoter complex (molecular mass of
�0.5 MDa).

The results confirm the conclusions derived earlier from the
activity-based assays and demonstrate that TFE increases tran-
scription initiation complex stability. In effect, TFE can com-
pensate for TFB (mutant) defects in promoter-directed tran-
scription assays and in RNAP-recruitment EMSAs through a
direct stabilization of the RNAP/TFB/TBP/DNA complex.

TFB and TFE dynamically alter the nucleic acid-binding
properties of RNAP. In eukaryotes, TFIIE is thought to be
involved in DNA strand separation during transcription initi-
ation by directly influencing the overall template topology (17)
and indirectly by influencing the recruitment and helicase ac-
tivity of TFIIH (25). These effects can be studied experimen-
tally by mimicking different template topologies with pre-
melted DNA templates containing locally mismatched strands
(heteroduplexes) (17, 24). Having shown that TFB and TFE
influence the loading and/or arrangement of the DNA tem-
plate within RNAP, we decided to investigate this phenome-
non in greater detail by designing a series of heteroduplex
variants of the SSV T6 promoter that carry a window of four
noncomplementary bases at different positions relative to the
TATA box and the transcription start site (Fig. 5A). These
promoter variants were used as templates in EMSAs using
RNAP, TBP, TFB, and TFE. Figure 5B illustrates that pro-
moters carrying the heteroduplex region surrounding the tran-
scription start site (�3/�1 and � 2/�5; m3 and m6, respec-
tively, in Fig. 5A) displayed a significantly increased affinity for
RNAP compared to that for the homoduplex promoter. This is
strictly dependent on the presence of TBP and TFB (Fig. 5B,
panels I and II), proving that the effect is specific for initiation
complexes and not simply due to an increased affinity of RNAP
for single-stranded DNA stretches. Moving the heteroduplex
window either upstream or downstream decreased the affinity
to a level comparable to that of the homoduplex promoter.
These experiments demonstrate that premelted sequences in
close proximity to the transcription start site increase the sta-
bility of initiation complexes, most likely by mimicking open
complexes. We next investigated whether TFE could enhance
the recruitment of RNAP, TBP, and TFB to wild-type and
heteroduplex promoter templates. The addition of TFE in-
creased the RNAP/TFB/TBP shift on the wild-type and on the
weak (m1 and m7) heteroduplex promoter templates, but not
on the strong (m3 and m6) heteroduplex templates (Fig. 5B,
panels II and III). It is therefore tempting to speculate that
TFE leads to an increased initiation complex stability by the
same means as the heteroduplex promoter variants, e.g., by
promoting DNA melting and/or template loading (similar to
the properties reported for TFIIE� in reference 17). To inves-
tigate the contributions of the template and nontemplate
strands during initiation complex formation, we performed
EMSAs with both strands separately. Surprisingly, RNAP can
form heparin-stable complexes with the template strand in the
presence of TFB/TFE, but not TFB-	B/TFE (Fig. 4C). This
interaction is quasidependent on the sequence, since the SSV
T6 nontemplate strand and other nonrelated sequences do not
form stable complexes (Fig. 4C and data not shown). More
importantly, although the recruitment of the template strand
into RNAP requires TFB and TFE, there is no requirement for
TBP. This result has two unexpected implications. Firstly, it
shows that TFB and TFE can interact with RNAP in the
absence of TBP and any double-stranded promoter DNA
(reminiscent of the eukaryotic RNAPII holoenzyme com-
plexes) (30). Secondly, it directly demonstrates a degree of
sequence specificity in the interaction between RNAP and the
template strand.

Next we investigated whether TFE altered the interactions
of RNAP with RNA/DNA hybrid templates. During transcrip-
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tion elongation, the RNAP active site accommodates the tem-
plate DNA strand and approximately 9 nucleotides of the
RNA transcript annealed to the template DNA strand. During
the abortive initiation phase, a similar configuration is likely to
occur within the active site, with the important difference that
the RNAP still occupies the promoter and is likely to be asso-
ciated with the basal factors TBP, TFB, and TFE. The elon-
gation/abortive initiation complexes can be mimicked in vitro
by the use of double-stranded DNA templates that have incor-
porated a short RNA oligonucleotide (dsDNA/RNA) (Fig.
5A) (31). We tested the interactions between RNAP and

dsDNA/RNA hybrid templates in the presence and absence of
basal transcription factors. The formation of heparin-stable
complexes on double-stranded DNA templates depends on the
presence of both TBP and TFB (Fig. 4B). In contrast, RNAP
can stably associate—in the absence of TBP and TFB—with
templates consisting of double-stranded DNA containing a
short RNA oligonucleotide (Fig. 5A, dsDNA/RNA). The ad-
dition of TBP/TFB leads to RNAP complex with reduced mo-
bility that can be further stabilized by the addition of TFE in a
manner very similar to double-stranded templates (Fig. 4B and
5C).

FIG. 4. TFE complements TFB mutations in vitro. (A) Promoter-directed transcription assays using RNAP, TBP, full-length TFB, TFB-	Zn,
and TFB-	Zn/R92E in combination with TFE (reaction mixtures contain 0.1 �g TBP, 0.1 �g TFB, 0.25 or 0.5 �g TFE, and 1.0 �g RNAP).
(B) Electrophoretic mobility shift assays using various combinations of RNAP, TBP, and TFE together with full-length and mutant variants of TFB
as indicated (reaction mixtures contain 0.5 �g TBP, 0.5 �g TFB or TFB variant, 0.5 �g TFE, and 2.0 �g RNAP). The presence of TFE causes a
minor decrease in the mobility of the preinitiation complexes. wt, wild type. (C) In the presence (�) of TFB and TFE, RNAP is capable of forming
heparin-stable complexes with the template strand (tDNA) but not with the nontemplate strand (nDNA) of the SSV T6 promoter. This interaction
is dependent on the TFB B-finger. Both single-stranded DNA probes tDNA and nDNA form a nonspecific shift (marked with an asterisk in panel
C) that is presumably due to a stable secondary structure not to be confused with the TBP/DNA shift in panel B. Reaction mixtures contain 0.5
�g TFB or TFB-	B, 0.5 �g TFE, and 2.0 �g RNAP.
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Bacterial RNAPs and eukaryotic RNAPIIs form transcrip-
tion-competent (elongation) complexes with templates consist-
ing of the template DNA strand preannealed to short RNA
transcript but lacking the nontemplate strand (tDNA/RNA)
(Fig. 5A) (31). The M. jannaschii RNAP also forms heparin-
stable elongation complexes of this kind (Fig. 5C). In contrast

to the stabilizing effect of TFE on RNAP/TBP/TFB complexes
bound to dsDNA and dsDNA/RNA templates, TFE destabi-
lizes RNAP complexes bound to the tDNA/RNA complexes
(Fig. 5C). Thus, TFE stabilizes initiation complexes but desta-
bilizes elongation complexes in vitro. A similar conclusion has
emerged from work on the RNAPII system where TFIIE has

FIG. 5. RNAP binding to heteroduplex DNA and DNA/RNA-hybrid templates. (A) Sequences of nucleic acid templates based on the SSV T6
promoter used for EMSAs. The B-recognition element (BRE)/TATA elements are underlined, the transcription start site is indicated by �1 and
bold type, the heteroduplex mutations are boxed and in italic type, and RNA sequences are indicated by bold italic type. wt, wild type. (B) RNAP
was used in EMSAs with various combinations of TBP, TFB, and TFB on the homoduplex and heteroduplex templates m1, m3, m6, and m7
(reaction mixtures contain 0.5 �g TBP, 0.5 �g TFB, 0.5 �g TFE, and 2.0 �g RNAP). wt, wild type. (C) RNAP forms stable complexes with
DNA/RNA-hybrid probes (reaction mixtures contain 0.5 �g TBP, 0.5 �g TFB, 0.5 �g TFE, and 2.0 �g RNAP).
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been shown to play a role during the early (promoter melting)
and late (promoter escape) stages of transcription initiation
(17, 20).

DISCUSSION

A key advantage of the archaeal transcriptional machinery is
the substantially reduced number of accessory basal factors
compared to that of the RNAPII system (typically TBP, TFB,
and TFE versus TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and
TFIIH, respectively). The functional interactions observed in
such a minimal system are likely to be stronger and more
distinct. We therefore believe that at least some of the novel
functions of the archaeal basal factors TFB and TFE uncov-
ered in this study are also part of the functional spectra of their
eukaryotic counterparts but may be less obvious there because
of the increased complexity of the larger eukaryotic nuclear
transcription initiation complexes (4).

The emerging picture of the archaeal transcription initiation
process is summarized in Fig. 6. During the early phase of
transcription initiation, RNAP is recruited to the promoter by

the TBP/TFB/DNA complex. This interaction is mediated by
the TFB Zn ribbon and the RNAP dock domain (Fig. 6A). At
this stage, the closed initiation complex-RNAP makes only
very weak or no direct contacts with the promoter DNA, partly
because (in parallel to the eukaryotic system) the TFB core
domain is probably situated between the major DNA-binding
cleft of RNAP and the template DNA (Fig. 6A) (13). The
conversion of the closed complex into the open complex is
accompanied by conformational changes of both the RNAP
and promoter that most notably result in the separation of the
DNA strands (melting) and loading of the template strand into
the active center of the enzyme (Fig. 6B). In the open complex,
the template strand is then structurally stabilized in the active
site by the B-finger domain of TFB; as a consequence, the rate
of abortive initiation product formation is stimulated, presum-
ably by stabilizing a template DNA-rNTP substrate geometry
that is conducive to catalysis (Fig. 6C) (9). This situation is
reminiscent of the one found in bacteria where many RNAP
functions, ranging from transcript initiation to promoter es-
cape, are directed by the regulatory interplay between core

FIG. 6. Modulation of RNAP core functions by TFB and TFE during transcription initiation. (A) RNAP is recruited to the TBP/TFB/DNA
complex through interactions between the TFB Zn ribbon and the RNAP dock domain. In this closed complex, RNAP makes only superficial
contacts with promoter DNA. F/E, RNAP subunits F and E. (B) During open complex formation, the DNA strands are melted and the template
strand is inserted into the active site where it is stabilized by the TFB B-finger. TFE furthermore stabilizes this complex by influencing the position
of the RNAP clamp by subunits F and E and possibly by interacting directly with the nontemplate strand. (C) The abortive initiation phase is
characterized by the production of short RNA transcripts. This step is stimulated by TFB presumably because the TFB B-finger facilitates a
DNA/rNTP or even DNA/RNA/rNTP configuration that is conducive to catalysis (indicated by the red-orange flash). (D) During the escape of
the RNAP from the promoter, basal transcription factors TBP, TFB, and TFE are shed and the RNA transcript is directed towards RNAP subunits
F and E in the elongation complex.
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RNAP, �-factors and particular promoter sequence elements.
�-factors control the rate, yield, and length of abortive tran-
scripts, resulting in indirect control of the kinetics of promoter
escape (26, 44, 48).

The modulation effect of basal factors on RNAP functions is
further exemplified by the novel roles of TFE uncovered in our
work. This third archaeal basal transcription factor increases
the stability of the initiation complex and functionally interacts
with RNAP subunits F and E (Fig. 6B) (36). The presence of
F/E and the positioning of the RNAP mobile clamp are almost
certainly closely related—as are the nucleic acid-binding prop-
erties of RNAP and the position of the clamp. We therefore
propose a model where TFE stabilizes the transcription initi-
ation complex by closing the clamp via RNAP subunits F and
E. TFIIE can be cross-linked to promoter sequences between
the TATA box and the transcription start site (17, 29, 42). This
places TFE at the upstream face of the initiation complex in
proximity to RNAP subunits F and E, the RNA exit channel,
and the nontemplate strand (Fig. 6B and C). According to this
model, extension of the RNA transcript beyond the size of
abortive product length (approximately 10 nucleotides) (45) is
concomitant with a downstream movement of RNAP and dis-
placement of both TFB and TFE, resulting in a transcription
elongation complex (Fig. 6D).

A remaining challenge is how these observations concerning
the workings of archaeal systems can be correlated with eu-
karyotic transcriptional machineries. The more-complex initi-
ation and promoter escape mechanisms and the involvement
of additional basal factors (TFIIF and TFIIH) imply that the
activities that we have discovered in the archaeal initiation
complex are likely to be more functionally distributed and
entangled in the additional RNAPII-specific basal factors. This
underscores the importance of the archaeal transcriptional ma-
chinery for highlighting the presence of discrete steps that
would be difficult to dissect out experimentally in the more-
complex eukaryotic systems.
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