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Summary

The initiation of transcription by RNA polymerase 11 is a multistage process. X-ray crystal
structures of transcription complexes containing short RNAs reveal three structural states:
one with 2- and 3-nucleotide RNAs, in which only the 3'-end of the RNA is detectable; a
second state with 4- and 5-nucleotide RNAs, with an RNA-DNA hybrid in a grossly
distorted conformation; and a third state with RNAs of 6 nucleotides and longer, essentially
the same as a stable elongating complex. The transition from the first to the second state
correlates with a markedly reduced frequency of abortive initiation. The transition from the
second to the third state correlates with partial “bubble collapse” and promoter escape.
Polymerase structure is permissive for abortive initiation, thereby setting a lower limit on
polymerase-promoter complex lifetime and allowing the dissociation of nonspecific
complexes. Abortive initiation may be viewed as promoter proofreading, and the structural
transitions as checkpoints for promoter control.

The initiation of RNA polymerase Il (Pol I1) transcription is a focal point of cellular
regulation. Initiation proceeds through multiple stages, each of which may be subject to
intervention by regulatory factors. Stages so far recognized entail synthesis of transcripts
with lengths of about 5, 10, and 25 nucleotides (nt) (1). Transcripts of less than 5 nt are
unstable, resulting in frequent “abortive initiation.” At about 10 nt, interactions with general
factors are disrupted, resulting in “promoter escape.” The initiation process concludes when,
at a transcript length of about 25 nt, a transition is made to a stable “elongation complex.”
Here, we report structures of Pol Il with short transcripts that illuminate some of the earliest
events of transcription initiation.

Previous biochemical studies showed that the synthesis of a 3- to 4-nt transcript confers a
degree of stability, referred to as “escape commitment” (Fig. 1), revealed by a reduced
incidence of abortive initiation and by the end of a requirement for adenosine triphosphate
(ATP) hydrolysis for maintenance of a transcription “bubble” (2-8). A transcript length of
about 7 nt induces partial collapse of the transcription bubble, which coincides with the start
of promoter escape (9). An 8-base pair RNA-DNA hybrid is necessary and sufficient for the
formation of a stable transcribing complex (10). Transcript “slipping,” in which a short RNA
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disassociates from the template DNA and reanneals with a repeating element upstream,
correlates with hybrid strength as well (11, 12).

Interactions with both Pol Il and general transcription factors modulate transcript stability.
Positively charged residues in the switch 2 region of Pol Il are critical for the retention of a
5-nt transcript (13). The finger domain of the general transcription factor TFIIB exerts a
similar stabilizing effect on the early transcribing complex, probably by direct contacts with
both an RNA transcript of up to 5 nt and the DNA template strand (14). Accordingly,
perturbation of TFIIB finger function alters the distribution of abortive transcripts (9). The
mobile “clamp” domain of Pol Il contacts both the hybrid and the downstream duplex DNA,
thereby stabilizing early transcribing complexes (15). The general transcription factors
TFIE and TFIIF, both of which interact with the clamp, have been shown to stabilize short
transcripts and facilitate escape commitment (5, 9, 16, 17).

Our initial attempts to crystallize transcribing complexes containing 4- and 5-nt RNAs were
unsuccessful, resulting in crystals of Pol Il alone with an open clamp (18), probably due to a
low stability of these complexes. Attempts to stabilize the complexes by the addition of full-
length TFIIB also yielded crystals of Pol 1l alone, probably because binding of the TFIIB
zinc ribbon domain to the “dock” domain of the Rpb2 subunit of Pol 1 is incompatible with
crystal packing. However, a TFIIB fragment (residues 50 to 217) from which the zinc ribbon
was deleted, which has been shown to interact with a closed clamp (19), supported the
crystallization of various early transcribing complexes, probably by maintaining a closed
conformation of the clamp.

Structures of early transcribing complexes, formed from RNA oligonucleotides and a
template DNA oligonucleotide with a downstream duplex region (table S1), were solved by
molecular replacement with the structure of Pol Il in the closed-clamp conformation. Models
of the transcript RNA and template DNA strands were built into the unbiased Fobs — Fcalc
electron density map (Fig. 2 and fig. S1). All complexes were in the posttranslocation state,
with an empty nucleotide addition site opposite the i+1 base in the template strand. The
downstream duplex DNA was largely disordered and was therefore omitted from model
building. The clamp domain was not involved in crystal contacts and presumably remained
mobile; this may be important for accommodating small conformational changes due to
interaction with hybrids of different lengths.

A series of individual nucleoside triphosphates (NTPs) and RNA oligonucleotides of 2 to 9
nt were used in the crystallization trials. To facilitate direct comparison, we ensured that the
RNA and DNA oligonucleotides were the same in all complexes, except for additional
nucleotides at the 5’-end of the RNA (Fig. 2, fig. S1, and tables S1 and S2). With DNA
alone, or with DNA and ATP (matched to the coding base in the DNA at i+1), only the
downstream DNA duplex could be seen in Fobs — Fcalc electron density maps, with no
density for the upstream template strand. With a 2- or 3-nt RNA, scattered peaks for the
RNA-DNA hybrid, most significant at the i-1 RNA position, could be seen in Fobs — Fcalc
electron density maps (fig. S2); with RNAs of 4 nt or longer, clear connected density for the
hybrid was observed. The 2- and 3-nt complexes showed no density for the i+1 nucleotide
on the template strand (fig. S2), and modeling in the i+1 nucleotide resulted in strong
negative electron density, indicating that the correct positioning of this nucleotide can only
be achieved through the formation a stable hybrid (and not through nonspecific electrostatic
interactions, as observed for nucleotides upstream on the template DNA strand). These
findings are consistent with biochemical studies showing that 2- and 3-nt RNAs support
expansion of the transcription bubble with ATP hydrolysis and nucleotide addition, whereas
a transcript of at least 4 nt is required for formation of a stable initiation complex (2—-8). The
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transition from a mobile state of the hybrid and i+1 nucleotide to one of strong interaction
with the Pol Il active center provides a molecular rationale for escape commitment.

Mobility of the i-3 ribonucleotide of the 3-nt complex may be explained by a deep cavity in
the hybrid-binding pocket of Rpb2 facing i—-3 and part of i-4 (fig. S3A). A molecular
dynamics simulation supports this idea, showing that the i-3 ribonucleotide of the 3-nt
complex, modeled on the basis of the 4-nt complex structure, is unusually mobile relative to
the terminal ribonucleotide in complexes of 4 nt and longer (fig. S3B and movie S1).

Comparison of the 4-, 5-, and 6-nt complexes reveals both an unusual hybrid conformation
and a second structural transition. In the 4- and 5-nt structures, the i1 and i-2 regions of the
hybrid are most ordered. The densities for DNA bases at positions i—1 and i-2 are not
separated from one another, and density for the template strand from i-5 to the end is
missing altogether (Fig. 2, A and B). The 3'- and 5'-terminal ribonucleotides in both 4- and
5-nt structures are distinctly frayed (fig. S4), with ordering at 3'-end (i—1 position)
apparently due to coordination of the phosphate by Rpb2 residues Lys979 and Lys987 (fig.
S7). The 3'-terminal nucleotide partially overlaps the nucleotide addition site, opposite DNA
nucleotide i+1. Superposition of the hybrid regions of the 5- and 6-nt structures reveals a
shift of template nucleotides i+1 to i—4 in the 5-nt hybrid upstream by an average distance of
1.7 A (Fig. 3, A and B). The conformations of RNA strands are similar in the two structures,
except for the fraying of the 3’ and 5’ termini of the 5-nt hybrid. Thus, the i-2 RNA base
appears to be paired with the i-1 DNA base, and so forth. This distortion of the 4- and 5-nt
hybrids, and the mobility apparent from indistinct or absent electron density, indicate a
degree of instability that would account for a high incidence of abortive initiation, which
persists even after escape commitment (2).

By contrast, the 6-nt complex exhibits a canonical hybrid structure, and the template single
strand upstream of the hybrid is also ordered (Fig. 2C). All hybrids from 6 to 9 nt are
essentially indistinguishable, indicating that in the transition from the 5-nt complex a stable
state has been achieved. This transition coincides with bubble collapse and promoter escape,
shown to occur at around register 7 for human Pol 11 (9).

We next sought to determine whether the unusual hybrid structure of the 4- and 5-nt
complexes was due to the particular sequence used. For example, the i-1 DNA base, a C,
could pair with the i-2 RNA base, a G. Two sequence variants of the 5-nt complex were
therefore investigated to eliminate the possibility of forming such a misaligned base pair. In
one variant, the i-2 RNA base was changed to C, and the structure was the same as that of
the original complex. In the second variant, the i-1 DNA base was changed to G, and the
template strand no longer assumed a shifted conformation, probably because a shift would
result in a steric clash between the G’s on the RNA and DNA strands (fig. S5). Distinctive
features of the 5-nt complex nonetheless persisted: The densities due to neighboring bases
were not separated, and the template DNA strand upstream of the hybrid region was not
observed. Other sequence variants showed the transition to a canonical hybrid structure as
early as 5 nt or as late as 7 nt (fig. S6 and table S1), but mobility and distortion of the hybrid
helix and mobility of the upstream template DNA are apparently general, if not universal,
features of the structure preceding the transition.

To determine whether the 5-nt complex with its distorted hybrid helix was active in
transcription, we soaked crystals of the complex in a cryoprotectant solution containing 2'-
iodo-ATP. An anomalous diffraction peak from the iodine atom demonstrated incorporation
of the analog at the 3'-end of the RNA (Fig. 3C). As a test of the model-building of the
nucleic acids, 5-bromouridine (5-BrU) was introduced at the second position from the 3’-end
in the 5-nt RNA. An anomalous signal from the bromine atom was observed at the i-2
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position, confirming the assignment of the U and the register of the hybrid (Fig. 3D). The 5-
nt hybrid containing 5-BrU adopted the conformation of the 6-base pair hybrid (Fig. 3D),
consistent with previous observations that 5-BrU confers higher stability of base pairing and
that incorporation into RNA decreases the frequency of abortive initiation and transcript
slippage (11, 12).

The effect of 5-BrU incorporation indicates that the 5-nt hybrid helix is on the verge of the
transition to the canonical hybrid conformation. We investigated whether the presence of
NTP in the nucleotide addition (i+1) site would tip the balance in favor of the canonical
conformation. Crystals of a 5-nt complex bearing a 3'-deoxy terminus were soaked in
cryoprotectant solution containing either ATP, matched to the DNA base at i+1, or
guanosine triphosphate (GTP), mismatched to the base at i+1. ATP conferred upon the 5-nt
complex many of the features of the 6-nt complex: alignment of the template DNA and
RNA strands (i-1 RNA base pairing with i-1 DNA base and so forth); a canonical hybrid
helix, except for the 5'-terminal nucleotide, which remained frayed; and partial ordering of
the upstream template DNA strand beyond position i-5 (Fig. 3E). By contrast, the crystal
soaked with GTP retained the original 5-nt complex structure, with the distorted
conformation of the hybrid, shift of the template strand, and absence beyond i-5 (Fig. 3F).
Evidently, the entry of matched NTP in the addition site directs the frayed RNA 3’-end into
position opposite the i-1 DNA base and provides the number of base pairs required for the
transition to a canonical hybrid helix.

Only two positively charged Pol 11 residues are located within 5 A of the RNA in the 2- to 6-
nt complex structures, and as mentioned above, both of these residues (Lys979 and Lys987
of the Rpb2 subunit) interact with the i—1 phosphate. The purpose is presumably the precise
positioning of the 3'-end of the RNA for NTP addition, and consistent with such a critical
role, these two residues are required for cell viability (20). In contrast, multiple lysine and
arginine residues are located in close proximity to the template DNA strand, with one or two
residues in contact with each of the nucleotides from i-1 to i-6 (fig. S7). In the 6-nt
complex, the strictly conserved Rpb2 residues Arg857 and Arg942 contact the phosphate at
i—6 (fig. S7), evidently critical for the 5- to 6-nt transition.

The lack of interaction of Pol 11 residues with short RNAs is counterintuitive. Especially in
the case of 2- and 3-nt RNAs, interaction would be expected if the RNAS are to be retained
in the absence of stable hybrid formation. Rather than contribute to hybrid stability,
however, interactions with the template DNA have the opposite effect: They constrain a
short hybrid in a distorted conformation. It is not impossible for a polymerase to promote
helix formation with small RNAs. For example, crystals of bacteriophage T7 RNA
polymerase complexes have been obtained that show stable retention of initiating NTP and
canonical hybrid helix structure with 3-nt RNA (21, 22). Pol Il structure is evidently
designed to disfavor short hybrid formation, and thus to enhance the rate of abortive
initiation. We suggest that this design enhances the specificity of transcription. DNA
undergoes frequent helix openings, and the resulting incipient transcription bubbles may be
captured by Pol 11, leading to aberrant transcription. Reducing the lifetime of short hybrids
increases the likelihood of Pol Il dissociation from the DNA. Only at a promoter, where
general transcription factors and sequence-specific interactions come into play, will the Pol
II-DNA complex persist and transcription ensue. General factors may not influence abortive
initiation, which is an inherent property of RNA polymerases, but they maintain
polymerase-promoter association during abortive initiation and enhance the stability of
complexes after escape commitment (14, 16).

Abortive initiation is thus the basis of “promoter proofreading,” a form of kinetic
proofreading (23, 24) supported by general transcription factors. The two structural
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transitions reported here, resulting in diminished abortive initiation and stable hybrid
formation, may be viewed as checkpoints for promoter control (Fig. 4). Promoter
proofreading is doubtless required in a cellular context. Nonspecific transcription by Pol 11
would likely have deleterious consequences for cell differentiation and development. By
contrast, bacteriophage infection may be little affected by a high background of more or less
random transcription, and a bacteriophage polymerase (such as the T7 enzyme) sacrifices
specificity for speed of the initiation process.

The 5- to 6-nt transition may make a further contribution to the transcription mechanism.
Elsewhere we have proposed that 5-nt RNA makes a favorable interaction with the TFIIB
finger region, resulting in a conformational switch of TFIIB and the release of its C-terminal
region from contact with promoter DNA (14). Subsequent transcription beyond 5 nt creates
a steric clash with the B finger, the complete release of TFIIB, rewinding of a part of the
upstream DNA (“bubble collapse™), and promoter escape. The flexibility of the 5-nt
complex, shown here by incomplete separation of electron density for the bases in the hybrid
and a lack of density for the upstream template DNA, may facilitate the interaction with the
B finger. Conversely, the rigidity of the 6-nt complex may accentuate the steric clash with
the B finger and provide a driving force for promoter escape (Fig. 4B).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Pol 1l initiation pathway
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Fig. 2. Structures of transcribing complexes with 4- to 7-nt RNAs

Fobs — Fcalc €lectron density maps contoured at 2.0s are shown as gray mesh. Template DNA
structure is cyan; transcript RNA is red. The i+1 nucleotide on the template DNA strand is
blue. The active-site magnesium ion and the bridge helix are shown as a magenta sphere and
a green ribbon, respectively. The sequence and conformation of the nucleic acids are
diagrammed beneath the structures. (A) 4-nt RNA. (B) 5-nt RNA. (C) 6-nt RNA. (D) 7-nt

RNA.
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Fig. 3. Conformational transitions during early initiation

(A) Structures of 5- and 6-nt complexes are superimposed, with colors for the 5-nt complex
as in Fig. 2 and the DNA and RNA of the 6-nt complex in blue and pink. (B) Sugar-
phosphate backbones of the 5- and 6-nt complexes are superimposed and rotated 30° around
the x-axis with respect to the view in (A) to display the shift between the two structures. (C)
Anomalous diffraction peak from iodine incorporated by transcription in situ in the 5-nt
complex is shown as blue mesh. Colors and other features in (C) through (F) are as in Fig. 2.
(D) Anomalous diffraction peak from bromine at the i-2 position of 5-nt RNA is shown as
blue mesh. (E) ATP soaked in crystals of the 5-nt complex, occupying the nucleotide
addition (“A”) site, is shown in orange. (F) GTP soaked in crystals of the 5-nt complex,
occupying the entry (“E”) site, is shown in orange.

Science. Author manuscript; available in PMC 2011 September 23.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Liuetal.

Page 10

—_——
Ai-1 i-5 Ai-1 i-6
ITTITE TT 11711
—_— —_— —
i+1 i+1 ; “®*R942
R857

Fig. 4. Schematic of structural transitions during initiation by pol 11

(A) The 3- to 4-nt transition is depicted with DNA in cyan, RNA in red, and a canonical
hybrid helix in gray. Mobility of the upstream DNA template strand is symbolized by a
dashed line. (B) The 5- to-6-nt transition is depicted as in (A). R857 and R942 mediating the
transition in concert with base pair formation are symbolized by blue circles.

Science. Author manuscript; available in PMC 2011 September 23.



