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During transcription initiation by RNA polymerase (Pol) II,

a transient open promoter complex (OC) is converted to

an initially transcribing complex (ITC) containing short

RNAs, and to a stable elongation complex (EC). We report

structures of a Pol II–DNA complex mimicking part of the

OC, and of complexes representing minimal ITCs with 2, 4,

5, 6, and 7 nucleotide (nt) RNAs, with and without a non-

hydrolyzable nucleoside triphosphate (NTP) in the inser-

tion site þ 1. The partial OC structure reveals that Pol II

positions the melted template strand opposite the active

site. The ITC-mimicking structures show that two invar-

iant lysine residues anchor the 30-proximal phosphate

of short RNAs. Short DNA–RNA hybrids adopt a tilted

conformation that excludes the þ 1 template nt from the

active site. NTP binding induces complete DNA transloca-

tion and the standard hybrid conformation. Conserved

NTP contacts indicate a universal mechanism of NTP

selection. The essential residue Q1078 in the closed trigger

loop binds the NTP 20-OH group, explaining how the

trigger loop couples catalysis to NTP selection, suppres-

sing dNTP binding and DNA synthesis.
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Introduction

During transcription initiation, RNA polymerase (Pol) II first

assembles with initiation factors at promoter DNA to form the

closed promoter complex (Figure 1A). Subsequent DNA

melting results in an open complex (OC), which contains a

DNA bubble with the template single strand at the active site.

The polymerase then scans the template downstream until it

reaches an initiator sequence (Zhang and Dietrich, 2005).

In the presence of nucleoside triphosphate (NTP) substrates,

template-directed RNA synthesis is initiated, leading to the

initially transcribing complex (ITC). RNA growth beyond a

critical length releases initiation factors and converts the

unstable ITC to a stable elongation complex (EC) that con-

tains an 8–9 basepair (bp) DNA–RNA hybrid. Conversion of

the ITC to the EC is often unsuccessful, resulting in abortive

initiation and release of short RNAs.

Transcription initiation requires the general transcription

factors TFIIB, –D, E, –F, and –H (Roeder, 1996). However,

initial RNA synthesis does not require additional protein

factors, since Pol II alone can initiate RNA synthesis from a

DNA duplex with a single-stranded 30-extension (Kadesch

and Chamberlin, 1982). Such a ‘tailed template’ apparently

mimics the downstream duplex and the template single

strand in the OC (Figure 1B), as it can direct RNA synthesis

from the single-strand extension, starting near the duplex

junction. Thus, the Pol II active centre has primase-like

activity that can catalyse de novo RNA synthesis during the

formation of the first few phosphodiester bonds.

Structural studies provided models for the closed complex

and the OC of bacterial and eukaryotic RNA polymerases

(Murakami et al, 2002; Kostrewa et al, 2009; Liu et al, 2010).

The structure of the EC is known (Gnatt et al, 2001;

Kettenberger et al, 2004; Westover et al, 2004; Wang et al,

2006; Vassylyev et al, 2007; Andrecka et al, 2009), and

revealed the location of downstream DNA in the active centre

cleft, the DNA–RNA hybrid at the active site, and non-

template DNA and upstream DNA above the cleft. However,

there is currently no structural data on the OC and the ITC

and thus it remains unclear how DNA is positioned on Pol II

after promoter opening, and which structural rearrangements

occur during formation of ITC intermediates containing short

RNAs. Here, we present Pol II–nucleic acid complex crystal

structures that describe structures that resemble intermedi-

ates during the transition from a transient OC to a stable EC.

After this work was completed, an independent study

reported similar structures of ITC-like complexes (Liu et al,

2011) and is compared in the discussion.

Results

Pol II–DNA complex and template positioning

In previous work, we modelled the Pol II OC assuming that

melted downstream promoter DNA binds to the Pol II cleft as

in the EC (Kostrewa et al, 2009). This model assumed that

there are binding sites for the downstream duplex in the cleft

and for the template single strand opposite the active site.

To provide evidence for this, we solved the crystal structure

of a binary Pol II–DNA complex that mimics the OC (see

Materials and methods). We incubated purified Pol II with

tailed-template DNA scaffolds of different sequence, crystal-

lized the resulting complexes, or soaked Pol II crystals with

DNA scaffolds. Then, we examined DNA binding by phasing

the crystals with the free Pol II structure (Armache et al,

2005), to avoid any nucleic acid model bias. One DNA

scaffold (Figure 1B) resulted in strong difference density for

DNA in the cleft, and enabled structure determination at

3.8 Å resolution (Tables I and II).
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The structure revealed that the downstream DNA duplex

resides in the cleft as in the EC (1Y1W) (Kettenberger et al,

2004) (Figure 2A). The template strand extends over the

bridge helix into the active centre (Figure 2B) generally

along the path it takes in the EC. Five DNA nts were observed

in the single-stranded template, from position þ 1 opposite

the NTP-binding site to the upstream position �4. The

location of the backbone phosphate groups in the single-

stranded region deviates from those in the EC by up to 1.7 Å.

These results show that Pol II contains a binding site for the

downstream DNA duplex and its 30-template strand extension

opposite the active site, explaining how the DNA is stabilized

in the active centre cleft upon conversion of the closed

complex to the OC.
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Figure 1 Initiation–elongation transition during Pol II transcription. (A) Schematic of transitions in nucleic acid structure. Closed complex,
OC, ITC, EC. (B) Nucleic acid scaffold sequences used in this study. The DNA template strand is in blue, the DNA non-template strand is in
cyan, and the RNA is in red.

Table I Pol II–nucleic acid complex structures elucidating initial transcription

Complex Tailed-template
DNAa

RNA (�1
and upstream)

NTP (+1) Resolution
(Å)

Rfree (%) Hybrid
conformationb

Trigger
loopc

PDB code

1 DNA-1 — — 3.8 19.1 – (Open complex) Open 4A3I
2 DNA-1 2 nt — 3.5 20.2 Standard Open 4A3G
3 DNA-2 2 nt GMPCPP 3.7 19.6 Standard Closed 4A3J
4 4 nt — 3.5 20.1 Tilted Open 4A3B
5 4 nt AMPCPP 3.9 20.7 Standard Closed 4A3M
6 5 nt — 3.5 20.1 Tilted Open 4A3C
7 5 nt AMPCPP 3.4 20.6 Standard Closed 4A3E
8 6 nt — 3.4 18.7 Tilted Open 4A3D
9 6 nt AMPCPP 3.5 20.7 Standard Closed 4A3F

10 7 nt — 3.5 19.0 Tilted Open 4A3K
11 7 nt AMPCPP 3.5 21.1 Standard Closed 4A3L

aSequences for nucleic acids are in Figure 1B.
bHybrid conformation (standard, tilted).
cTrigger loop conformation (mainly closed or entirely open).
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Pol II–DNA–RNA dinucleotide complex and initiating

events

To initiate RNA synthesis, the Pol II OC apparently binds two

NTPs opposite the template strand in positions �1 and þ 1,

and orients them to catalyse formation of the first phospho-

diester bond. In this ‘initiating complex’, the þ 1 NTP may

bind the insertion site as during elongation, whereas the

triphosphate of the �1 NTP may bind the invariant basic

residues R497, K775, H1096, and R1097 of the second largest

Pol II subunit Rpb2. Unfortunately, we could not trap the

initiating complex in crystals, despite extensive trials, likely

because of its transient nature. We could, however, trap the

next intermediate, a complex of Pol II with DNA template and

RNA dinucleotide (Figure 3). We soaked binary Pol II–DNA

crystals with a 2-nucleotide (nt) RNA, and refined this

structure at 3.5 Å resolution (Figure 3; Table I). A bromine

label on the DNA nt �4 defined the register of the nucleic

acids (Figure 3A; Table II).

The structure revealed that the 2-nt RNA occupies posi-

tions �2 and �1, and forms base pairs with the DNA

template (Figure 3A). The complex is thus post-translocated

with respect to the initiating complex. The RNA 30-end is

located at the active site metal ion A and the NTP site is free.

The phosphate group connecting the two RNA nts interacts

with the invariant Rpb2 residues K979 and K987 (Figure 3A).

These contacts likely stabilize short RNAs in the ITC. Binding

of the 2-nt RNA apparently stabilized the DNA template

single strand, as judged from the well-defined unbiased

electron density. These results indicate that the initiating

complex containing the two first NTPs is transient and that

formation of the first phosphodiester bond leads to a complex

that is stabilized by binding of the RNA dinucleotide opposite

the template strand, to facilitate RNA extension.

ITCs and tilted hybrid

We next aimed at trapping in crystals all intermediates during

initial transcription until a mature EC with an 8-bp hybrid is

formed. We could obtain ITC-mimicking complexes with 4, 5,

6, and 7 nt RNAs (Figures 1B and 4). We used different DNA

template sequences in the structure determinations since

attempts to generate all structures with a single sequence

were unsuccessful for unknown reasons. The structures were

refined at resolutions between 3.4 and 3.8 Å and show very

good R-factors and stereochemistry (Tables I and II). The

register of the nucleic acids could be defined by bromine

labelling of the template except for the structure containing

Table II Data collection, refinement, and stereochemistry statistics

Com-
plexa

Unit cell (Å) Resolution (Å) Unique
reflections

I/s(I) Rsym Non-H
atoms

Rcryst/
Rfree

Ramachandran
plotb

RMSD bond
lengths/angles

(Å/deg)

Bromine
anomalous

peak
height (s)c

1 221.1, 393.2, 282.5 50–3.8 (3.90–3.80) 120 259 10.9 (1.7) 12.5 (89.3) 31 358 15.9/19.1 84.9/9.1/6.0 0.011/1.38 —
2 220.7, 394.1, 282.7 50–3.5 (3.59–3.50) 153185 10.1 (1.9) 11.8 (96.2) 31 395 16.8/20.2 87.5/7.5/5.0 0.010/1.34 6.7
3 223.3, 392.8 282.7 80–3.7 (3.90–3.70) 128 404 6.8 (1.8) 11.6 (65.2) 31 446 16.7/20.3 86.7/8.4/4.9 0.009/1.25 4.4
4 222.1, 393.0, 281.8 50–3.5 (3.69–3.50) 152 991 6.3 (1.9) 17.7 (85.0) 31 462 17.8/20.1 87.1/7.9/5.0 0.010/1.31 4.0
5 222.3, 393.0, 282.1 59–3.9 (4.11–3.90) 111 231 6.1 (1.9) 17.1 (86.9) 31 909 17.3/20.7 87.5/7.9/4.6 0.009/1.20 3.0
6 221.4, 393.1, 282.5 50–3.5 (3.69–3.50) 154 318 8.1 (2.2) 18.0 (88.6) 31 360 18.2/21.0 86.7/7.9/5.4 0.010/1.33 8.0
7 223.7, 394.2, 283.3 55–3.4 (3.58–3.40) 167046 8.6 (2.0) 10.0 (63.2) 31 543 17.6/20.6 86.1/8.9/5.0 0.011/1.40 4.6
8 221.9, 391.3, 283.9 50–3.4 (3.58–3.40) 168 619 9.4 (2.2) 16.1 (93.2) 31 703 16.0/18.3 87.5/7.5/5.0 0.010/1.36 10.7
9 221.6, 391.3, 283.2 50–3.5 (3.59–3.50) 151 373 8.0 (2.1) 12.3 (67.9) 31 856 16.9/19.0 85.3/8.9/5.8 0.011/1.44 13.9

10 222.4, 392.5, 282.4 50–3.5 (3.54–3.45) 161 513 18.7 (2.5) 11.6 (109.4) 31 706 16.5/19.0 88.7/7.0/4.3 0.010/1.34 7.4
11 222.8, 392.4, 279.8 48–3.5 (3.69–3.50) 146 482 6.8 (1.7) 10.3 (76.9) 31 668 17.3/21.2 86.7/8.0/5.3 0.010/1.35 5.1

Values in parenthesis are for the highest resolution shell. All data were collected with a radiation wavelength of 0.9188 Å.
aSee Table I for details.
bRamachandran plot percent of residues in preferred/allowed/disallowed regions.
cThe sigma level of the Br peak from the anomalous difference Fourier map of the 5-bromouracil marker in the DNA template strand.
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Figure 2 Structure of a Pol II–DNA complex mimicking part of the
OC. (A) Overview. A ribbon model of Pol II is shown in silver, and
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side. (B) Unbiased Fo�Fc difference electron density for DNA
contoured at 3s.

Initial RNA Pol II transcription
ACM Cheung et al

&2011 European Molecular Biology Organization The EMBO Journal VOL 30 | NO 23 | 2011 4757



4 nt RNA. The nucleic acid density was well defined, except

that the complexes with 4 and 5 nt RNAs lacked density for

the 50-terminal nt.

The structures containing 4–7 nt RNA show similar hybrid

conformations, except for minor differences at the upstream

end (Figure 4A). The RNA product always occupies the

position of the RNA in the post-translocated EC, whereas

the position of the DNA template strand was shifted down-

stream (Figure 4B). This shift results in a tilting of the DNA–

RNA hybrid, with a tilt of around 15 degrees at the �1 bp,

similar as in the recent backtracked EC (Cheung and Cramer,

2011), and in a structure of a bacterial EC bound by the

inhibitor Gfh1 (Tagami et al, 2010) (Figure 4C). In the tilted

conformation, DNA is shifted by one position downstream

with respect to the EC. Thus, the DNA �1 nt is located in the

position normally occupied by the þ 1 nt, which instead

resides above the bridge helix. The downstream DNA is in

the standard position of the EC (PDB code 1Y1W)

(Kettenberger et al, 2004) (6 nt) or in an alternative position

previously observed for a DNA lesion-containing complex

(PDB code 2JA6) (Brueckner et al, 2007) (4 nt), or as

a mixture of these two states (5 nt). Thus, in these ITC

structures, RNA binds the position it occupies in the EC,

whereas the DNA template strand is shifted, resulting in a

tilted hybrid, which excludes the templating DNA þ 1 nt from

the active site, but leaves the NTP site free.

NTP binding and DNA translocation

To investigate whether the ITC structures can bind NTP and

whether this changes the DNA position, we soaked ITCs with

the non-reactive NTP analogue a, b-methyleneadenosine

50-triphosphate (AMPCPP, or GMPCPP in case of the 2-nt

RNA), and solved the structures at resolutions between 3.4

and 3.9 Å (Table I; Figures 1B, 3B, and 5). The AMPCPP

bound in the insertion site as revealed by strong difference

density (Figure 5B). Whereas the RNA position was essen-

tially unchanged by NTP binding, the DNA translocated

upstream, such that the tilted hybrid was converted to the

standard conformation of the EC (Figure 5C). The DNA þ 1

template base was now in its templating position and base

paired with the NTP, as expected for nt insertion. The down-

stream DNA was either in the standard position (6 nt-

AMPCPP) or in both known states (4/5 nt-AMPCPP, see

above). These results reveal plasticity in the DNA template

register and positioning during initial transcription. They also

show that NTP binding can stabilize the post-translocated

state of the nucleic acids, and that the NTP position is

independent of RNA length.

Conserved mechanism of NTP selection

Upon AMPCPP binding, the mobile trigger loop moved from

the open to the closed conformation observed previously

(Wang et al, 2006; Vassylyev et al, 2007), and the central

bridge helix moved away from the trigger loop by up to 1.5 Å.

In the 6-nt structure with AMPCPP, the closed trigger loop

was best ordered (Figure 6), although in all structures

densities for the alternative open conformation were also

observed, consistent with two defined, rapidly inter-convert-

ing states of the trigger loop. Whereas the part of the trigger

loop that interacts with the NTP was well defined (residues

1078–1083), the part of the trigger loop facing away from the

NTP remained mobile (residues 1084–1092).

We used this structure to analyse NTP interactions with

Pol II and nucleic acids, and for comparisons with previous

NTP-containing structures (Figures 6 and 7). As described

(Wang et al, 2006; Vassylyev et al, 2007), the NTP

base stacked between the �1 RNA base and L1081 of the

trigger loop (corresponding to M1238 in Thermus thermo-

philus RNA polymerase). The NTP triphosphate interacts

with the conserved Rpb2 residues R766 and R1020

(Figure 6A). The NTP position and interactions are essen-

tially identical in the previous structure of a bacterial RNA

polymerase EC with AMPCPP (Vassylyev et al, 2007) (Figures

6C and 7), indicating a universally conserved mechanism of

nt selection and incorporation fidelity in all cellular RNA

polymerases.

NTP/dNTP discrimination

Contacts of the 20-OH group of the NTP ribose moiety with

Pol II explain how NTPs are discriminated from dNTPs. The

NTP 20-OH contacts the side chains of Rpb1 residues R446,

N479, and Q1078, the latter being part of the trigger loop
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Figure 3 Structures of a Pol II–DNA–RNA dinucleotide complex.
(A) Unbiased Fo�Fc difference electron density for RNA dinucleo-
tide and DNA template strand contoured at 3s (blue mesh). The
anomalous difference density peak for a bromine atom is contoured
at 5s (pink mesh). The view is from the front, rotated by 901 with
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(Figure 6A and B). The counterpart residues of Rpb1 residues

R446 and N479, b0-subunit residues R704 and N737 in

T. thermophilus RNA polymerase, were proposed to select

NTPs over dNTPs (Vassylyev et al, 2007), and the invariant

asparagine was shown to function in NTP over dNTP selec-

tion (Svetlov et al, 2004). Contacts of N479 with the 20-OH

were, however, not observed in a previous Pol II structure

with bound NTP (Wang et al, 2006), likely because a non-

reactive RNA that lacked the 30-OH group was used that may

have stabilized a slightly different conformation.

In our structure, the NTP is positioned slightly closer to the

active site (Figure 6D), and the contact between N479 and the

20-OH is observed. In addition to N479 and R446, NTP/dNTP

discrimination may involve the trigger loop residue Q1078,

which could couple the presence of an NTP with a 20-OH

group to closing of the trigger loop, thereby restricting

catalysis to NTPs and explaining the role of the trigger loop

in NTP selection and transcription fidelity (Wang et al, 2006).

Deletion of the trigger loop in Escherichia coli resulted in a

100-fold decrease in selectivity of ATP over dATP (Zhang et al,

2010) and mutation of Q1078 to either asparagine or serine is

lethal in yeast (Kaplan et al, 2008), consistent with a key role

of this residue in NTP/dNTP discrimination.

Discussion

Here, we report 11 crystallographic snapshots that elucidate

initial Pol II transcription. A structure of a Pol II–DNA

complex that mimics the OC reveals that Pol II can bind

free DNA that resembles a melted promoter, with the down-

stream duplex in the active centre cleft and the template

single strand opposite the active site. This DNA-binding site

apparently corresponds to a downstream DNA site that was

inferred from biochemical studies of bacterial RNA polymerase

(Nudler et al, 1998), and likely traps downstream DNA in the

cleft during extension of the DNA bubble downstream to the

transcription start site (Mekler et al, 2011). The site for the

template single strand apparently serves to position the first

two NTPs, directing RNA chain initiation. We could not trap

this initiating complex, but a related intermediate was struc-

turally resolved for RNA polymerases of bacteriophages T7

(Kennedy et al, 2007) and N4 (Gleghorn et al, 2011). After
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formation of the first phosphodiester bond, the 2-nt RNA

product is translocated, to free the NTP site and stabilize

the template strand. We could trap the corresponding struc-

ture, and observed that two invariant lysine residues bind the

2-nt RNA.

We further resolved complexes with 4, 5, 6, and 7 nt RNAs,

which mimic ITCs on the pathway from the OC to the EC.

In these complexes, a tilted DNA–RNA hybrid occludes the

site for the templating þ 1 DNA nt, but leaves the NTP site

free. Binding of the NTP substrate to the tilted complexes

induces the standard conformation of the hybrid and stabi-

lizes the fully post-translocated state. By soaking ITC crystals

with an NTP analogue, we observed that NTP binding can

complete DNA translocation. NTP binding leads to transloca-

tion of the template strand by one position and insertion of

the templating þ 1 nt into the active centre, where it base-

pairs with the NTP. Comparison of these minimal ITC struc-

tures reveals that the RNA transcript always occupies a

similar position with its 30-end at the active site metal ion

A, whereas the DNA template strand and downstream DNA

can adopt different positions. This keeps the RNA 30-end

aligned with the active site, as required for catalysis, whereas

DNA plasticity may help to stabilize the transient ITCs by

optimizing polymerase–nucleic acid contacts. The tilted

hybrid conformation may compensate for the reduced bind-

ing affinity of a shorter hybrid, thus assisting in the formation

of early transcripts. Whether the tilted conformation is part of

the translocation pathway (Tagami et al, 2010) or rather an

off-line state that is suppressed by NTP binding remains

unclear, although we favour the latter.

Whereas the 4–7 nt RNA-containing complexes show

similar structures and behave similarly upon NTP binding,

we observed an exceptional behaviour of 2 and 3 nt

RNA-containing complexes that may be related to abortive

transcription. In the ITC structure with the 2-nt RNA, the

hybrid is not in the tilted conformation, and we were unable

to trap an ITC with a 3-nt RNA. Although it cannot be

excluded that these observations result from the use of a

different DNA sequence, we suggest that they are related to

the phenomenon of abortive transcription. It has been ob-

served in initiation assays with human Pol II that a dinucleo-

tide primer can be extended accurately by 1 nt and that the

resulting trimers are released as abortive transcripts (Luse

and Jacob, 1987). We suggest that it is the intrinsic unstable

nature of the 3-nt RNA-containing ITC that has prevented us

from trapping this state and is responsible to a large extent for

abortive transcription.

Analysis of the NTP contacts with Pol II indicates a

universally conserved mechanism of NTP selection in all

cellular RNA polymerases. Whereas contacts of the NTP

base with the DNA template ensure that the cognate NTP is

selected, contacts of the ribose 20-OH group with invariant

polymerase residue N479, and likely the trigger loop residue

Q1078, ensure selection of NTPs over dNTPs. The contact of

the 20-OH group with trigger loop residue Q1078 was not

observed before, whereas the contact with N479 was

observed in the bacterial but not in the eukaryotic system.

Comparisons with previous structures of ECs with bound

NTP (Kettenberger et al, 2004; Wang et al, 2006; Vassylyev

et al, 2007) indicate that the exact positioning of the NTP

depends on the experimental design. To prevent catalysis in

the crystal, one must either use a non-reactive NTP analogue

or remove the RNA 30-OH group. In the latter case, the

triphosphate and ribose are closer to the active site metal

A, and the NTP/dNTP discriminating contact with N479 is

not observed. These observations are consistent with a two-

step mechanism for nt incorporation. NTPs are first sampled

in the pre-insertion state in an open active centre conforma-

tion. Only the cognate, 20-OH-containing NTP induces trigger

loop closing, resulting in a catalytically competent conforma-

tion and phosphodiester bond formation.

After this work was completed, a publication by the

Kornberg laboratory described Pol II–nucleic acid structures

that correspond to our structures with 4, 5, 6, 7 nt RNAs with

and without NTP substrate. A comparison of our results with

those obtained by Liu et al (2011) reveals four general

differences. First, we used the complete 12-subunit Pol II,

whereas Liu et al used the 10-subunit Pol II core enzyme.

Second, the downstream duplex was visible in our structures,

but is disordered in the structures by Liu and coworkers.

Third, TFIIB was not required in our experiments to generate

ITCs, whereas Liu et al used TFIIB for crystallization,

although they did not observe TFIIB binding in crystals.

Forth, we have additionally resolved structures with DNA

alone and with 2 nt RNA, both with and without NTP,

providing evidence that Pol II is able to bind free DNA and

a very short hybrid with some stability, in contrast to a

conclusion reached by Liu and coworkers.

A detailed comparison of our ITC-mimetic structures with

the structures by Liu et al reveals generally good agreement,

and a similar change induced by NTP binding. However, the

corresponding structures with 4 and 5 nt RNA differ in the

modelling of the nucleic acids. After superposition of the

Rpb1 subunits, the hybrid backbones and base positions are

virtually identical (Figure 4D). However, our structures show

tilted Watson-Crick basepairs throughout the hybrid, whereas

the structures by Liu et al contain mismatches (Figure 4E)

that were described as distorted basepairs. Since the DNA

and RNA sequences used by Liu et al are complementary,

matched basepairs could be obtained if the DNA template

strand would be shifted by one register. Since Liu et al

labelled the RNA, rather than the DNA, as done here, it is

possible that the DNA template strand register may be shifted

in the published 4 and 5 nt structures (PDB codes 3RZO,

3RZD). If so, the results obtained by Liu and coworkers and

us would essentially be the same, with one difference. The

transition from a tilted hybrid to the normal hybrid confor-

mation occurs for the 8-nt RNA in our work, whereas it

occurs already for the 6-nt RNA in the study by Liu and

coworkers, but this is likely due to differences in the nucleic

acid sequences.

Materials and methods

Saccharomyces cerevisiae 12-subunit Pol II was prepared as
described (Sydow et al, 2009). Purified Pol II (B3.5 mg ml�1) was
mixed with a two-fold molar excess of nucleic acid scaffold
prepared as described (Kettenberger et al, 2004) and incubated for
1 h at 201C before crystallization by hanging drop vapour diffusion
with 4–7% PEG 6000, 200 mM ammonium acetate, 300 mM sodium
acetate, 50 mM HEPES pH 7.0 and 5 mM TCEP as reservoir solution.
Crystals were grown for 5–10 days, cryo-protected in mother
solution supplemented with 22% glycerol, followed by overnight
incubation at 81C before harvesting and freezing in liquid nitrogen.
For the Pol II complex with dinucleotide RNA, crystals of the binary
complex were soaked for 10 min in cryo protectant supplemented
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with 35 mM 50-CA-30 dinucleotide before freezing. For complexes
containing AMPCPP/GMPCPP, Pol II was co-crystallized with
nucleic acids in the presence of 8 mM magnesium chloride and
were soaked with NTP ligand by including 2 mM AMPCPP/
GMPCPP in all cryo protectant solutions. Diffraction data were
collected at 100 K at beamline X06SA of the Swiss Light Source or
beamline ID29 of the European Synchrotron Radiation Facility, and
structures were solved with molecular replacement using the 12-
subunit Pol II structure (1WCM) in program PHASER (McCoy et al,
2007). Data were collected at 13.494 keV, the K-absorption peak of
bromine. Diffraction images were processed with XDS (Kabsch,
2010) and MOSFLM/SCALA (CCP4, 1994), and models built with
COOT (Emsley and Cowtan, 2004). Refinement was carried out with
autoBUSTER (Bricogne et al, 2011) and phenix.refine (Adams et al,
2010).

Accession codes
Coordinates and structure factors for the described Pol II–nucleic
acid complexes have been deposited with the protein data bank
under the accession codes provided in Table I.
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