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Real-time observation of the initiation of RNA
polymerase II transcription
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Biochemical and structural studies have shown that the initiation
of RNA polymerase II transcription proceeds in the following
stages: assembly of the polymerase with general transcription fac-
tors and promoter DNA in a ‘closed’ preinitiation complex
(PIC)"?* unwinding of about 15 base pairs of the promoter DNA
to form an ‘open’ complex™*; scanning downstream to a transcrip-
tion start site; synthesis of a short transcript, thought to be about
10 nucleotides long; and promoter escape. Here we have assembled
a 32-protein, 1.5-megadalton PIC> derived from Saccharomyces
cerevisiae, and observe subsequent initiation processes in real time
with optical tweezers®. Contrary to expectation, scanning driven by
the transcription factor IIH’"'? involved the rapid opening of an
extended transcription bubble, averaging 85 base pairs, accompan-
ied by the synthesis of a transcript up to the entire length of the
extended bubble, followed by promoter escape. PICs that failed to
achieve promoter escape nevertheless formed open complexes and
extended bubbles, which collapsed back to closed or open com-
plexes, resulting in repeated futile scanning.

Optical tweezers have been used in studies of transcript elongation
by RNA polymerase II (Pol II)"*""* with the use of a ‘dumbbell’ con-
figuration, consisting of two beads held in separate optical traps, con-
nected by a segment of DNA. One bead was directly attached to Pol II,
and the other was attached to the opposite end of the template DNA,
minimally around 3 kilobases (kb), for traversing the distance between
the traps. For the study of transcription initiation, we adapted a similar
approach to the PIC. Pol II, biotinylated for attachment to one bead,
was assembled together with transcription factors on DNA, and end-
labelled with digoxigenin for attachment to the other bead. The tran-
scription factors consisted of six general transcription factors (GTFs
including TATA-binding protein (TBP), transcription factor IIB
(TFIIB), TFIIE, TFIIF, TFIIH and TFIIA) and Subl (yeast homologue
of human PC4), which is thought to stabilize the PIC'® (Extended Data
Fig. 1). The DNA contained the SNR20 (also known as LSRI) pro-
moter fused to an additional 2.7 kb length of DNA, sufficient to sepa-
rate the beads by roughly the wavelength of light. The SNR20 promoter
bore a mutation resulting in one, rather than many, transcription start
sites (TSSs). Two versions of the promoter were used: the otherwise
wild-type promoter with the single TSS located 91 base pairs (bp)
downstream of the TATA box (referred to as SNR20* long), and a
deleted version, in which the TSS was situated 31bp downstream
(SNR20* short), a distance characteristic of metazoan transcription.
Both versions of the promoter have been characterized in bulk tran-
scription experiments'. The PIC, assembled without the peripheral
component TFIIK'*", was mixed with a 25-fold molar excess of PIC
without the additional 2.7 kb DNA, to achieve an overall PIC concen-
tration sufficient to avoid dissociation. A twofold excess of TFIIK was
added, and dumbbells were formed by reaction of the PIC mixture
with anti-digoxigenin-coated and avidin-coated beads (Extended Data
Fig. 2).

In a dumbbell carrying digoxigenin on the upstream end of the
DNA, the tension exerted by the optical trap tends to pull the poly-
merase downstream, in the same direction as transcription, resulting
in an ‘assisting-load’ assay (Fig. 1a). Transcription was initiated by the
addition of saturating concentrations of all four ribonucleoside tripho-
sphates (rNTPs). Force was maintained during measurements by the
use of an optical force clamp, as the location of the polymerase on
DNA was tracked with sub-nanometre-level precision. Transcription
was signalled by movement of the polymerase (Fig. 1b, SNR20* short
promoter) at 29 * 3bp s ! (n= 10, mean = s.e.m.), consistent with
elongation rates observed in previous assays of transcription under
similar assisting loads'*"*. To confirm the identification of the moving
molecules as transcription elongation complexes, we raised the force
instantaneously to a value (1015 pN) that, in our experience, can only
be sustained by a stable elongation complex (Fig. 1b, black arrows).
Only 2-3% of dumbbells gave rise to transcription elongation com-
plexes, whereas in biochemical assays, about 18% of PICs gave rise to
runoff transcripts (Extended Data Fig. 3a). The lower efficiency of
initiation in the single-molecule system was attributable to the much
lower protein concentrations used (<1 nM, at least tenfold lower than
biochemical assays; Extended Data Fig. 3b).

The onset of polymerase movement at a rate characteristic of tran-
script elongation was preceded by an almost instantaneous jump
(Fig. 1b, red arrows), occurring around 15 * 2 s (n = 10) after the addi-
tion of rNTPs. No such movement was observed in the absence of
rNTPs. An interpretation consistent with all other available information
is that the polymerase draws downstream DNA into the active centre
region to form an extended unwound region, or transcription bubble,
and then lurches forward after DNA rewinding and bubble collapse
(Fig. 1c). Because one bead is attached to the upstream end of the
DNA and the other bead to the polymerase, there is no change in the
distance between them when DNA is drawn in from the downstream
side. Only once the polymerase is released from its point of attachment
at the upstream edge of the bubble (promoter escape), and DNA
rewinds to collapse the bubble, does the distance between the beads
change and lengthen (Fig. 1c). The size of the jump at the transition
to a transcription elongation complex was 70 = 13bp (n =9, mean =
s.e.m.), with a minimum of 32-34 bp and a maximum of about 140 bp.

The jump after promoter release and the corresponding transition
to a stable elongation complex are notable in two further respects. First,
the bubble does not collapse completely at the jump, because about
15bp remain unwound in the Pol II active centre as a transcription
bubble from the time of open complex formation until the end of
transcript elongation®. Therefore, the entire length of the unwound
region in this initial transcribing complex (ITC) is, on average,
approximately 85bp (70 + 15bp). Second, because this experiment
was performed with the SNR20* short promoter (in which the TSS is
located 31bp downstream of the TATA box), transcription was
initiated within the open complex, and the nascent transcript extended
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Figure 1 | Transcription initiation in assisting-load assay. a, A dumbbell
tether (not to scale; subunit Subl not shown) is formed between beads (blue)
held in separate optical tweezers (pink), with one attached to Pol II (green) in
the PIC via an avidin-biotin linkage (yellow, black), and the other to upstream
DNA via a digoxigenin linkage (brown, black). As transcription proceeds
(green arrow indicates direction), the tether extension increases.

b, Representative records of Pol II elongation (dashed grey line denotes the TSS
location) after promoter escape (red arrows), with the applied force often
stepped up after ~10's to confirm elongation (black arrows; the associated

to the downstream end of the unwound region before the jump
(Fig. 1¢). Evidently, a transcript averaging 70 nucleotides, and as long
as around 140 nucleotides, is synthesized before promoter clearance
and the transition to a stable elongation complex.

To observe the process occurring before the jump, presumed to
involve the drawing of downstream DNA into the Pol IT active centre,
we moved the point of attachment of the bead to DNA from the
upstream to the downstream end of the template. In this configuration,
external forces applied to polymerase tend to pull it upstream, opposite
to the direction of transcription, resulting in a ‘hindering-load’ assay
(Fig. 2a). Fewer dumbbells (<2%) yielded transcription elongation
complexes in this assay, consistent with previous studies showing that

a Hindering-load assay c

Hindering

vertical discontinuity is due to tether stretch). ¢, SsI2 subunit in TFITH (orange)
unwinds the template (blue) and non-template (green) strands of DNA around
the active site (white circle, black outline) of Pol II (beige), and creates a
transcription bubble (open complex formation). RNA synthesis while still
bound to the promoter results in DNA scrunching at the upstream edge of
transcription bubble (ITC), which re-anneals after Pol II enters productive
elongation (elongation complex). Distances measured by the assays are
indicated (double-headed red arrows). Not to scale.

hindering loads reduce polymerase processivity. Dumbbells that elon-
gated did so at 17-18bps™ ' (Fig. 2b), consistent with previous mea-
surements of Pol II transcription under hinderingloads'*". In contrast
to the assisting-load assay, there was no jump at the transition to a
stable elongation complex, but rather a gradual distance change
(Fig. 2b). The distance change was the same size as the jump in the
assisting-load assay, and was observed for both forms of the SNR20*
promoter. In the case of the SNR20* long promoter, which initiates
transcription downstream (Fig. 2, dashed line), the distance change
reflects open complex formation and scanning to the TSS; in the case
of the SNR20* short promoter, which initiates transcription in the
open complex (dashed line, Fig. 2b), the distance change reflects open

Figure 2 | Transcription initiation in hindering-
load assay. a, By attaching one bead to
‘ downstream DNA, a hindering-load assay was
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complex formation, extension of the bubble, and transcription in the
ITC (Fig. 2¢).

In the single-molecule system, it was possible to investigate not only
PICs that initiated transcription, but also those that failed to do so.
Approximately 20% of dumbbells showed movement downstream
without the initiation of transcription (Fig. 3 and Extended Data
Fig. 4). The downstream movement began with an initial distance
change of about 24 bp, which was often punctuated, at the temporal
resolution of our assay (~0.1 s), by brief (<2 s) pauses (Fig. 3a, b). After
the initial 24bp, movement continued to a maximum of about
150-200bp downstream (Fig. 3e), until either the bubble collapsed
back to a distance of 24 bp or 0 bp, or the PIC dissociated, as evidenced
by rupture of the dumbbell (Fig. 3b, black arrows). Bubble collapse was
often followed by a repetition of the downstream movement.

The downstream movement was processive, and was observed under
all three conditions examined: SNR20* short with rNTPs (n = 40)
(Fig. 3a-d); SNR20* long with rNTPs (n=19) (Extended Data
Fig. 4a); and SNR20* long with dATP (n=15) (Extended Data
Fig. 4b). No movement was observed in the absence of rNTPs or
dATP. There were no significant differences in either processivity
or velocity in the three conditions. Combining these data yielded a
pause-free velocity for downstream movement of 36 = 1bps™'
(n =24). Because the velocity was unchanged when only dATP was
present (and no rNTPs), it must have been produced by TFIIH activity,
and not by polymerase. The extent of the downstream movement was
94 £ 36bp (mean *s.d.) (Fig. 3e). TFIIK, which contains a kinase
responsible for phosphorylation of the carboxy-terminal domain of
Pol II (refs 18, 19), could be omitted without effect. There was no
change in the absence of TFIIK in either the distance (92 = 33 bp,
n = 34) or the velocity (36 = 2bp s~1, n=4) of downstream move-
ment. In about 20% (n = 15 out of 74) of dumbbells that displayed
TFIIH activity but failed to initiate transcription, there was a transition
to a ‘fast state’, characterized by a velocity of 61 = 2bps™" and down-
stream movement through hundreds of base pairs (Fig. 3d). The trans-
ition to the fast state was irreversible, and must reflect action of the
TFIIH helicase subject to little or no restraint by other GTFs or Pol II.
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Figure 3 | Records of TFIIH motion for the SNR20* short construct with
rNTPs present in hindering-load assay. a, Initial transition from the closed
(0bp) to open (~24bp predicted distance change, grey line) complex.

b, Scanning behaviour, with occasional bubble collapse to the closed complex
(blue record) or open complex (green record). ¢, Infrequent slips in the records
(n =10 of 74) were observed (red arrows). d, Occasional irreversible transi-
tion from scanning (shaded region) to a highly processive fast state, occurring at
a distance of 130 £ 21 bp (n =9, mean * s.e.m.). In all records, black arrows
mark tether breakage, probably due to PIC dissociation. e, Histogram of TFITH
processivity, with a peak between 40 and 140 bp (n = 78).
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Biochemical evidence for movement driven by the TFIIH helicase
was obtained by exonuclease III footprinting of the PIC (Extended
Data Fig. 5). Extended regions of unwound DNA were previously
revealed by KMnOy, reactivity of yeast and Drosophila promoters in
studies of transcriptional activity in vivo®**. The regions were similar
in all cases, extending from about 20-60 bp downstream of the TATA
box, with the TSSs of the Drosophila promoters near the upstream edge
of the unwound region nearest the TATA box, and the TSSs of the
yeast promoters near the downstream edge furthest from the TATA
box. It had been thought that transcribing polymerases with 15-bp
bubbles, at different locations on individual promoters and then
revealed collectively in the KMnO, analysis, gave the appearance of
an extended bubble. Our examination of single molecules suggests
instead that an extensive unwound region is a characteristic of every
individual promoter, rather than some collective property. We
obtained similar results for a yeast promoter in which the TSS was
located near the downstream edge of the unwound region, and for the
same promoter in which the TSS was moved to the upstream edge, as
in Drosophila and other metazoans.

The formation of the unwound region is not a consequence of
transcription, but instead of TFIIH action, because it occurs in the
presence of dATP without rNTPs, and because it is observed even
when the TSS is located at the downstream end of the unwound region.
TFITH must act continuously to maintain the unwound region, con-
sistent with previous biochemical studies showing a requirement of
TFIIH to prevent premature arrest of ITCs***. It is not known what
determines the length of the unwound region, nor where the unwound
DNA resides in the complex. In the case of bacterial polymerase tran-
scription, approximately 10 bp of DNA drawn into the active centre
before the transition to elongation are thought to be accommodated by
a ‘scrunching’ mechanism**”. The possibility of scrunching in eukar-
yotic transcription has previously been considered®, but no evidence
obtained. Because of rotation in the direction of unwinding by TFITH,
there is unlikely to be associated torsional strain, as presumed to occur
in the bacterial system. The location and conformational state of the
approximately 85bp of DNA unwound in the Pol IT PIC thus remain
open questions.

Although most PICs (~80% of PICs in biochemical assay conditions,
and 97-98% of PICs under single-molecule assay conditions) fail to yield
stable elongation complexes, they are not inert. About 20% of the dumb-
bells showed downstream movements of polymerase along DNA in the
hindering-load assay. There was often an initial movement of 24 = 2 bp
(mean * s.d.), which we attribute to the formation of an open complex,
on the basis of previous studies of the PIC* (see Methods).

After open complex formation, downstream movement continued
for a total distance of 94 bp, on average, with bubble collapse back to
the open or closed complexes and repetition of downstream move-
ment, before either final dissociation of the PIC or rupture of the
dumbbell (Extended Data Fig. 6). The movement of 94 bp in the hin-
dering-load assay is noteworthy for two reasons. First, it is in excellent
agreement with the results of the assisting-load assays, in which a jump
of about 70 bp was observed before the onset of transcription elonga-
tion. This jump is attributed to collapse of an extended bubble, leaving
the original open complex in place, and 70 + 24 bp (open complex) =
94 bp. Second, the distance of downstream movement in the hinder-
ing-load assay ranged from about 30 to 150 bp, that is, about 37-157 bp
from the TATA box, similar to the distribution of TSSs in yeast, which
are located 40-120bp downstream from the TATA box. Therefore,
downstream movements in the hindering-load assay may be attributed
to TSS scanning, which precedes the onset of transcription elongation,
as observed in the assisting-load assay, and the initiation of transcrip-
tion in yeast in vivo®*.

It is commonly noted that TSSs for yeast promoters are spread over a
wide region, rather than concentrated near the TATA box, as in metazo-
ans. Nevertheless, as discussed above, our evidence for an extended
bubble in the yeast PIC corresponds well with extended bubbles mapped
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by KMnO, reactivity in Drosophila®'. Moreover, TATA-less promoters,
which predominate in metazoans as well as in yeast, have several TSSs
spread over regions of 50-100bp in human cells*. Our findings from
single-molecule studies of the yeast PIC are therefore likely to hold true
for other eukaryotes as well, including metazoans.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Single-molecule optical-trapping assay. The 29-subunit yeast PIC containing
biotinylated Pol II was assembled on SNR20* promoter DNA fused to a 2.7kb
DNA ‘handle’. The DNA handle allowed us to form tethers in both the hindering-
load and assisting-load assays by incorporating a digoxigenin tag via PCR at either the
downstream or upstream end of the DNA, respectively. The constructs containing
the handle were mixed in a 1:25 molar ratio with identical PICs assembled on the
same promoter DNA, but without the handle, such that the overall concentration of
the PIC was 100 nM. PIC complexes assembled on DNA lacking a handle sequence
are unable to form tethers, and instead serve to increase the overall concentration of
PIC by mass action. The resulting mixture was incubated with twofold excess of
TFIIK'®'**"** at room temperature for 20 min to form the complete 32-subunit PIC.
This complete PIC was incubated with both anti-digoxigenin-coated 0.9-pum dia-
meter beads and avidin-coated 0.6-pum diameter beads, resulting in tethers being
formed with the digoxigenin-containing handle at one end and the biotinylated Pol IT
in the PIC at the other end. On completion of this step, the concentration of PIC was
~25 nM. In this latter step (and all subsequent steps), the buffer used (50 mM HEPES,
pH 7.5, 80 mM potassium acetate, 5 mM MgSO,, 10 mM dithiothreitol (DTT), 10%
glycerol) was always supplemented with 250 nM TFIIB and 250 nM TFIIE to stabilize
and maintain the PIC. The assembled dumbbell tethers were flowed into a ~5 pl flow
chamber, and rinsed with ~10 pl of additional buffer to remove excess beads. Each
bead that formed the tether was held in a separate optical trap, allowing controlled
load to be applied on the dumbbell by using an active force clamp as previously
described'. Force uncertainties were estimated at ~15% owing to variations in bead
size and systematic calibration errors. The temperature on the trap was estimated to
be 26 = 1 °C (mean * s.d.)*. Single tethers were identified as described*, and held at
~4 pN constant force for ~15-20's, after which transcription buffer (50 mM HEPES,
pH 7.5, 80mM potassium acetate, 10 mM magnesium acetate, 10 mM DTT, 10%
glycerol, 1 U of RNaseOUT (Life Technologies), 250 nM TFIIB and 250 nM TFIIE)
containing either 1.6 mM (2X) NTPs or 1.6 mM (2X) dATP, was flowed into the
flow cell while holding the tether at the same force. In the absence of nucleotides, the
dumbbells could be held at about 4 pN without breakage for extended periods. An
oxygen-scavenging system (8.3 mg ml~" glucose (Sigma), 46 U ml ™" glucose oxidase
(Calbiochem), 94 Uml ! catalase (Sigma)) was used to reduce photodamage. Data
were collected at 2 kHz sampling frequency, filtered at 1kHz with an 8-pole Bessel
filter (Krohn-Hite) and boxcar averaged over a 20-point window to provide posi-
tional feedback to an active force clamp at a rate of 100 Hz. The resulting data was
analysed using Igor Pro (Wavemetrics).

Protein purification. TFIIA, TFIIB and TBP were expressed in bacteria, and TFIIE,
TFIIF and TFITH were isolated from yeast™”***. Biotinylated Pol II was isolated as
previously published'. For the expression of recombinant Sub1 (refs 16, 35-37), the
Escherichia coli Rosetta2 (DE3) strain (Stratagene) was transformed with pCold II
vector (Clontech) containing the SUBI (also known as TSP1I) gene fused to sequence
encoding a C-terminal His6-tag. The cells were grown in 2X YT media at 30 °C, and
induced with 1mM isopropyl-1-thio-B-D-galactopyranoside (IPTG) for 16h at
15 °C. The cells were then lysed by sonication in a lysis buffer (20 mM Na/K-phos-
phate buffer, pH 7.5, 500 mM potassium acetate, 10 mM imidazole, 0.1% Triton
X-100, I mM DTT, 1 mM benzamidine, 100 uM leupeptin, 10 uM pepstatin A and
1 mM PMSF), and was eluted by a gradient of 10-500 mM imidazole in a buffer
containing 20 mM Na/K-phosphate buffer, pH 7.5, 300 mM potassium acetate and
5% glycerol. The eluent was further purified using HiTrap Heparin 1 ml (GE health-
care) and CaptoSP ImpRes (GE Healthcare).

DNA constructs for single-molecule experiments

SNR20* short (—62/+96) promoter sequence for hindering-load assay. The
sequence of the non-template DNA strand was as follows: 5'-GCCGTTTCC
GATGGGCCACTCGGTGAAAACATATAAAAAGGGCTCTACATTCATTTT
TTTTAAATGCCCACGAATCTCTTTTCCTTTCGGGTGGATCAAGTGTAGT
ATCTGTTCTTTTCAGTGTAACAACTGAAATGACCTCAATGAGGCTCATT
ACC-3'".

SNR20* long (—122/+96) promoter sequence for hindering-load assay. The
SNR20* long differed from the SNR20* short by containing an additional 60 bp of
DNA between the TATA site and the start site. The sequence of non-template
strand of the longer promoter is shown, with the bases underlined not present in
the shorter promoter: 5'-GCCGTTTCCGATGGGCCACTCGGTGAAAACATA
TAAAAAGGGCTCTACATTCATTTTTTCATCGATGAGTACTTTACTTGTT
ATCAGATTTATTCATTTTGTTTCTACTTGTTTTTTTTTTAAATGCCCACG
AATCTCTTTTCCTTTCGGGTGGATCAAGTGTAGTATCTGTTCTTTTCAGT
GTAACAACTGAAATGACCTCAATGAGGCTCATTACC-3'.

SNR20* short (—62/+636) promoter sequence for assisting-load assay. The
SNR20* short sequence for the assisting-load assay contained an additional 540 bp
of DNA downstream derived from the wild-type SNR20 gene relative to the
hindering-load assay, as is shown below: 5'-GCCGTTTCCGATGGGCCACT

CGGTGAAAACATATAAAAAGGGCTCTACATTCATTTTTTTTAAATGCCC
ACGAATCTCTTTTCCTTTCGGGTGGATCAAGTGTAGTATCTGTTCTTTTC
AGTGTAACAACTGAAATGACCTCAATGAGGCTCATTACCTTTTAATTTG
TTACAATACACATTTTTTGGCACCCAAAATAATAAAATGGACGGGAAG
AGACTTTTTAAGCAAGTTGTTTTCCGCTAATGTCAGGTCTCACTACTTT
TTGCTGCTATTTTTCTTCGCTCATGGTTTCTTCATAAGGCGTTTTTATG
ATGGTTTTTCGAAATTGGTTTTTGAGACGACGGAATCACGAATTCTGG
ATCCTTGCTCAAGGTTATTGTTTTTGTTTTCTTCTGGTTGTTTTCTATTT
TCTTTTTTTTAGCTTTCTGTTTCTCCCTTAGTTTGGCTTTTTGCTTCATA
CTCTTCCCTGTCTTTCCGAGCCGTTTATGTCCAACGCGGGATTTGGTTT
TTCTTTATCGATGGGAAGAAATGGTGCTATAGTAGGTTGGGAGATAAT
ATTTATGGTATGGGGTGCTAGTGCGGATGGGGCGCTCTTATTGTTGAT
TTCTTCGCTCGTCTTCTTTTTCTGGTGGCGCTGCAAGAGGAAGTTTTTC
GACTTTGTTATGATTTTTGGTTTGCAAGGAAAGGTGTCTTAC-3'.
Generation of DNA templates. A 2.7 kb DNA fragment that served as a ‘handle’ in
our single-molecule assay was amplified by PCR from the plasmid pRL702 as prev-
iously described', and was subcloned into the pDrive Cloning Vector (Qiagen). To
obtain the three DNA constructs used in this study, three different plasmids were
constructed, each containing the handle adjacent to one of the following promoter
sequences: SNR20* short (—62/+636), SNR20* short (—62/+96), and SNR20* long
(—122/496). For the assisting-load assay, the handle was located upstream of the
SNR20* short (—62/+636) promoter sequence. For the hindering-load assay, the
handle was situated downstream of the SNR20* short (—62/+96) or SNR20* long
(—122/+96) promoter sequence. Regions containing the promoter and the handle
were amplified by PCR, using a 5’-digoxigenin labelled primer (IDT) that anneals to
the end of the handle, such that PCR products carry a digoxigenin tag on the
upstream end of DNA for the assisting-load assay, and on the downstream end of
DNA for the hindering-load assay. The generated PCR products were loaded onto
TSKgel DEAE-5PW (Tosoh), eluted by a gradient of 0.1-1 MNaCl in a buffer
containing 20 mM Tris, pH 7.5, and 2mM DTT, and concentrated up to 5-10 uM
using Vivacon 500 5K MWCO (Vivaproducts), yielding ~0.15-0.3 nmol from
4-8 ml PCR reaction.

PIC assembly and isolation. The PIC was isolated as previously published® with
minor modifications. First, 0.15 nmol of SNR20* promoter DNA with or without
the 2.7 kb handle was separately mixed with 1.5 nmol of TFIIB, 1.5 nmol of TFIIA,
0.8 nmol of TBP, 0.65 nmol of TFIIE, 0.24 nmol of TFIIH-ATFIIK, and 0.8 nmol of
Sub1 in 90 pl of buffer (500) (20 mM HEPES, pH 7.6, 5mM DTT, 2 mM MgSO,
and 5% glycerol, with the mM concentration of potassium acetate in parentheses).
The mixture was dialysed into buffer (300), buffer (220), buffer (150), and then
combined with 0.2 nmol of biotinylated Pol II-TFIIF complex. The mixture was
further dialysed into buffer (80), and loaded onto a 10-40% (v/v) glycerol gradient
containing 20 mM HEPES, pH 7.6, 5mM DTT, 2 mM magnesium acetate and
80 mM potassium acetate, and was ultra-centrifuged for 4h at 48,000 r.p.m.
(Beckman SW60 Ti rotor). The presence of the 2.7-kb handle did not significantly
affect the efficiency of assembly of the PIC.

In vitro transcription assay. Transcription assay was performed as described
before®. In brief, 1.5 pmol of DNA fragment was combined with 3.7 pmol of
TFIIB, 3.7 pmol of TFIIA, 1.5pmol of TBP, 3.7 pmol of TFIIE, 1.5pmol of
TFIIH, 1.5 pmol of Pol II, 2.1 pmol of TFIIF, 2.5 pmol of Subl in 5 pl of buffer
(300) (50 mM HEPES, pH 7.6, 300 mM potassium acetate, 5mM DTT and 5%
glycerol), diluted with 5 pl of buffer (10) (20 mM HEPES, pH 7.6, 10 mM pot-
assium acetate, 5 mM MgSO, and 5 mM DTT), and incubated for more than 1h
on ice. The transcription was initiated by adding an equal volume of buffer con-
taining 20 mM HEPES, pH 7.6, 10 mM potassium acetate, 5 mM MgSO,4, 10 mM
magnesium acetate, 1 U of RNaseOUT, 5mM DTT, 1.6 mM ATP, 1.6 mM GTP,
1.6 mM CTP, 40 uM UTP and 0.83 pM [a->*P] UTP (2.5 puCi). The reaction was
stopped after 15 min by adding 185 pl of stop buffer (300 mM sodium acetate (pH
5.5), 5mM EDTA, 0.7% SDS, 0.1 mgml ™" glycogen, 0.013 mgml ™" of proteinase
K (Sigma)). Transcripts were precipitated by adding 700 pl of ethanol, dried and
analysed by a denaturing 4-12% acrylamide gel.

Exonuclease footprinting. Exonuclease footprinting was performed as described
before®. SNR20* long (—122/+147) was amplified by PCR in 2 ml reaction using
*2p_labelled upstream primer (5'-GCCGTTTCCGATGGGCCACTC-3') and
downstream primer (5'-CCATTTTATTATTTTGGGTGCC-3'), and was puri-
fied by electrophoresis in a 2% agarose gel. The labelled DNA (1.5 pmol) was
incubated with 3.7 pmol of TFIIB, 3.7 pmol of TFIIA, 2.0 pmol of TBP, 3.7 pmol
of TFIIE, 2.0 pmol of TFIIH, 2.0 pmol of Pol II-TFIIF complex, and 3.8 pmol of
Subl in 5 pl of buffer (300) (50 mM HEPES, pH 7.6, 300 mM potassium acetate,
5mMDTT and 5% glycerol), then combined with 5 pl of buffer (30) (50 mM
HEPES, pH 7.6, 5mMMgSO,, 30mM potassium acetate and 5mMDTT),
and incubated for more than 1h at 4 °C. The reconstituted PIC was combined
with an equal volume of 2X NTP buffer (1.6 mMNTP(s) or 1.6 mM dATP,
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50 mM HEPES, pH 7.6, 5mM MgSO,4, 30mM potassium acetate, 5mM DTT,
10 mM magnesium acetate and 5 U of RNaseOUT) and incubated for 4 min at
30 °C. Exonuclease III digestion was performed with 5-10 U of the exonuclease
(NEB) for 9min at 30°C, and was stopped by adding 185pl of stop buffer
(300 mM sodium acetate, pH 5.5, 5mM EDTA, 0.7% SDS, 0.1 mgml ™" glycogen,
0.013mgml~" of proteinase K (Sigma), 0.5mgml~" salmon sperm DNA
(Invitrogen)). DNAs were precipitated by adding 700 ul of ethanol, dried and
analysed by a denaturing 6% acrylamide gel.

Data analysis of single-molecule records. Transcription in the expected dir-
ection resulted in a decrease in extension of the DNA tether in the hindering load
assay, and an extension increase the assisting-load assay. In both geometries, the
change in extension of the DNA tether, which is a function of the applied force, was
converted to a distance on the template in bp (~0.313 nmbp " at ~4 pN load™).
The data acquired was smoothed in software by applying a low-pass filter to it (end
of pass band = 0.1 Hz; start of reject band = 50 Hz, number of coefficients = 500).
To align the records so that motion was defined to start at 0 bp, the mean value of
the region ~1-2 s of positional data before the start of processive motion was set to
be the starting (0bp) distance. The velocities of Pol IT and TFIIH reported were
obtained by dividing the observed change in distance by the time over which the
molecule moved. For both Pol IT and TFIIH, these velocities were calculated over a
region of at least 50 bp that did not contain any resolved pauses (>0.1-0.2s). As
some of the pauses were short lived, especially owing to TFIIH motion, we did not
have sufficient information to characterize the pause lifetimes or distributions, nor
could we reliably use previous techniques' to get a pause-free velocity. We were
also unable to determine pause-free velocities from the distributions of instant-
aneous velocities®, as there was often insufficient data to obtain reliable fits. For
the TFIIH records, velocities of the scanning state and fast states, when observed,
were occasionally calculated by examining different regions of the molecules that
were separated in time by a relatively sharp transition (change within 0.5s) in
velocity. To estimate the processivity of TFITH during scanning, we only included
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molecules that travelled at least 30 bp, sufficient to move beyond the noise thresh-
old and extend past the distance of the open complex (24 + 2 bp).

Calculating expected open-complex distance. Biochemical studies have shown
that the minimal distance of a TSS from the TATA box is about 30 bp, and that
transcription begins at this location in the initial open complex*. In the structure of
the closed PIC*, this location in the promoter DNA is about 80 A from the
nucleotide addition site of Pol II. Open complex formation must bring the TSS
to the nucleotide addition site, which therefore requires drawing 80 A of down-
stream DNA into the Pol II cleft. In the structure of a transcribing complex®, all
but 3 bp of downstream DNA are double-stranded, and 80 A corresponds to 24 bp
of dsDNA, the same as the initial movement observed in the hindering-load assay.
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Extended Data Figure 1 | The 29-component PIC assembled on SNR20* components were retained, confirming that the complex reconstituted fully
short promoter. a, PIC excluding the kinase domain (TFIIK) was assembled  from the component proteins. The subunit(s) of Pol II are labelled in black,
on SNR20* short (adjacent to the 2.7-kb downstream handle sequence) and TFIIF in blue, TFIIE in magenta, TFIIH in orange, TFIIA in cyan, TFIIB in red,
sedimented on a glycerol gradient; fractions were analysed by SDS-PAGE. TBP in light green, and Subl in dark green. TFIIK (3-subunits) was later added
b, The results from fraction 12, annotated in detail, indicate that all PIC to the PIC.
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2.7kb DNA handle

Extended Data Figure 2 | Schematic diagram showing assembly of digoxigenin-coated beads (black and brown) via a 2.7-kb DNA handle. PICs
dumbbells, in cross-section. PICs were attached to one bead via biotin-avidin  not involved in tether formation served to increase the local concentration of
linkages (yellow). To form dumbbell tethers, the other end of a small fraction =~ PIC components.

of the PICs (4%) had digoxigenin linkages that could be tethered to anti-
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Extended Data Figure 3 | Run-off transcription under single-molecule
assay conditions. a, Isolated PICs (0.1 pmol), formed on the SNR20* short
promoter fragment fused to the transcription template (covering the region
—62/+636), and attached to a 2.7 kb DNA handle, was combined with
increasing amounts of PICs assembled on the SNR20* short promoter, but
without the handle, hereafter referred to as PIC (—62/+96). These constituents
were incubated with an equal volume of a 2X NTP solution (10 ml) containing
1.6mM ATP, 1.6 mM GTP, 1.6mM CTP, 40 mM UTP, and 0.83 mM [o->*P]
UTP (2.5 uCi). The resulting transcripts were analyzed by gel electrophoresis.
PICs fused to the DNA handle failed to support transcription alone (lane 1), but
transcription activity was restored (red arrow) when a 4-fold (lane 2), 8-fold
(lane 3), 12-fold (lane 4), or 15-fold (lane 5) excess of PIC (—62/+96)

was added to the reactions. In lane 6, the reaction contains 1.5 pmol PIC
(—62/+96). The 96-nt run-off transcription from PIC (—62/+96) is indicated
(black arrow). A 25-fold excess of PIC (—62/+96) was used for single-molecule
assays (Extended Figure. 2). b, 1.5 pmol aliquots of PIC (—62/+96) were
introduced into different volumes of transcription buffer, such that assayed
concentration of PIC varied from 37 nM to 4.5 nM. Transcription efficiency
(run-off band, black) decreased with PIC concentration from ~18% to

just 2-3%. The low concentrations used in single-molecule assays (<1 nM)
could not be assayed directly using gels, but we expect that the transcription

efficiency is correspondingly low.
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Extended Data Figure 4 | Records of TFIIH scanning on SNR20* long with either the PIC dissociates (black arrows), or the bubble collapses to the closed
rNTPs or dATP. a, b, Just as for SNR20* short (Fig. 3), the longer promoter  (blue and green records) or open (grey line) complex and TFIIH moves again.
shows TFIIH scanning with both rNTPs (a) or dATP only (b), after which The dashed line indicates the position of the TSS (+1).
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Extended Data Figure 5 | Exonuclease III footprinting assay of the PIC on
SNR20*long. In the absence of nucleotides in vitro, PIC complexes bound to
the SNR20* long promoter produced barriers to exonuclease III digestion
located ~50 bp downstream of the TATA box (about —40 nucleotides from the
TSS, black arrows). These barriers depended on the presence of TFIIH and also
TFIIE, which interacts with TFIIH. After the addition of dATP, the barriers
disappeared, and the bands at pause positions were intensified between
positions —30 and +30 (~60-120 bp downstream of the TATA box, bracket).
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Extended Data Figure 6 | The transcription initiation pathway for SNR20*
long (left) and SNR20* short (right) promoters. Left, a model for the
initiation pathway on the SNR20* long promoter. States starting from the top:
Pol IT (beige) with attached GTFs (blue) and Ssl2 (orange) binds in its ‘closed’
form to the promoter element upstream of the TSS (arrow) on the DNA
template (green and blue lines). Positions of the enzyme active site (open white
circle) and TATA box (closed black square) are indicated. Unwinding by
TFIIH produces an open complex (OC) that leads to bubble formation.
Arrival of the open complex at the TSS owing to scanning, driven by TFIIH,
leads to the formation of an extended bubble (dashed lines indicate the
speculative position of single-stranded DNA). If the complex fails to recognize
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the TSS, it can be driven beyond it by TFIIH, resulting in a ‘fast state’ that
produces no RNA but advances at roughly twice the normal rate (black box; see
text). When Pol IT recognizes the TSS, it begins transcription of RNA (red line),
corresponding to the ITC. Formation of the ITC leads to bubble collapse,
followed by the loss of GTFs and transition to the elongation complex (EC).
Right, corresponding model for the initiation pathway on the SNR20* short
promoter. Similar states as for SNR20* long. In this case, the open complex does
not need to scan for the TSS, which is found within its DNA footprint. As a
consequence, the ITC can form and begin RNA synthesis once the active site
has recognized the TSS. A longer segment of RNA can thereby be produced
before the transition to the elongation complex (EC).
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