














TABLE 1

Crystallographic data and refinement statistics for the cleavage-in-
ducing Pol Il variant containing the fusion protein Rpb9-C11-1

Data collection

Space group C222,
Cell dimensions 222.4,393.4,281.4
a, b c(A)

Resolution (A) 48.6-4.3 (4.4-4.3)*

R, (%) 10.6 (103.3)

I/a(1) 8.6 (2.1)

Completeness (%) 98.4(99.0)

Redundancy 3.8(3.9)

Wavelength (A) 1.2664
Refinement

Resolution (A) 48.6-4.3 (4.4-4.3)

No. of reflections 82,532 (6065)
Ry Rivee (%) 23.5/28.1
No. of atoms 30,544
r.m.s.” deviations

Bond lengths (A) 0.011

Bond angles (°) 1.099

Seven zinc peaks in anomalous 9.4,11.7,9.9,°9.2,8.2,13.0, 11.6

difference Fourier (o)

“ Values in parentheses correspond to the highest resolution shell.
? r.m.s., root mean square.
¢ Peak for zinc ion in the N-ribbon of Rpb9-C11-1.
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FIGURE 4. Crystallographic analysis of the highly cleavage-active Pol Il
variant containing Rpb9-C11-1 (Fig. 3 and Table 1). Shown is the differ-
ence electron density map contoured at 2.50 (green mesh) for the N-ribbon of
Rpb9-C11-1 (orange ribbon model). A peak in the anomalous difference elec-
tron density map (magenta mesh) coincides with the position of the N-ribbon
zincion Zn3 (cyan sphere).

retained strong cleavage (Figs. 2B and 3, variant Rpb9-C11-9).
These results help rationalize why the C-ribbon is detached
from the polymerase surface and mobile in the cleavage-active
Pol II variant.

Evidence That the C-ribbon Is Catalytic and Enters the Pol 11
Pore—The above results suggested that cleavage stimulation by
the Rpb9-C11 fusion protein is not due to enhanced allostery
but that a switch in cleavage mechanism occurred and the
C-ribbon transiently inserted into the pore to directly stimulate
cleavage by complementation of the active center with catalytic
residues in the hairpin. This model predicted that the hairpin
residues are required for cleavage stimulation, just like the
corresponding catalytic residues in TFIIS. Indeed, mutation of
C11 residues Asp-91 and Glu-92 in the 6-B7 hairpin of the
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fusion protein or just residue Asp-91 to alanine abolished cleav-
age (Figs. 2B and 3, variants Rpb9-C11-16/17). The model also
predicted that the residue Lys-108 in the C-ribbon forms a salt
bridge with Rpb1 pore residue Asp-1359, as observed in the Pol
II-TFIIS complex structure (5). Indeed, mutation of Lys-108
leads to a strong reduction in cleavage stimulation (Figs. 2B and
3, variant Rpb9-C11-20,-21,-24). In addition, the conserved res-
idue Glu-109 in the C-ribbon forms a salt bridge with the Rpb1
residue Lys-619 that is also located in the pore and is invariant
in Pol III enzymes. Consistent with this proposal, deletion of the
C-terminal C11 residue Glu-109 leads to a strong reduction in
cleavage stimulation (Figs. 2B and 3, variant Rpb9-C11-22, -23).
Variants that do not contain this residue also lost activity (Figs.
2B and 3, variant Rpb9-C11-13,-14).

We next asked whether and how the C-ribbon could reach
the pore and active center. Modeling showed that the Rpb9
linker residues 48 —53 are not long enough to link the Rpb9-C11
N-ribbon located on the jaw with a C-ribbon located in the
pore. However, residues 54— 85 could additionally be used to
link the domains if their limited interactions with the Rpb9
C-ribbon would be broken in the Rpb9-C11-1 variant. This is
apparently achieved in the variant because Rpb9 C-ribbon res-
idues Ile-109 and Thr-111, which interact with linker residues,
are replaced with arginine and lysine, respectively, in the fusion
protein, which apparently breaks the hydrophobic contacts
between the linker and C-ribbon. Consistent with this proposal,
mutations in the cleavage-inducing variant Rpb9-C11-1 that
were predicted to prevent detachment of the Rpb9 linker from
the C-ribbon could not stimulate strong cleavage (Figs. 2B and
3, Rpb9-C11-3, -7, -8, -10, -11, -12, -20, -21, -24).

We also tested whether shortening of the linker between the
two ribbons would abolish cleavage because the C-ribbon could
not reach the active center. Indeed, variants with shorter linkers
did not induce strong RNA cleavage (Figs. 2B and 3, variants
Rpb9-C11-26, -27). In addition, Rpb9 contains a salt bridge
between the linker residue Glu-54 and Arg-118 in the C-ribbon
(Fig. 5), but this is lost in cleavage-inducing variants that lack
the C-terminal arginine. In variants that could form this inter-
action, strong cleavage activity was lost (Figs. 2B and 3, variant
Rpb9-C11-3, -7, -10, -11, -12, -15).

The C11 C-ribbon Functions in the Pol II Pore—All the above
results support the model that in the Rpb9-C11-1 variant, the
N-ribbon remains on the jaw, whereas the C-ribbon transiently
occupies the pore to induce strong RNA cleavage. This requires
that the C11 C-ribbon can function in the Pol II pore. To test
this, we prepared TFIIS variants in which the TFIIS C-ribbon is
replaced by the C11 C-ribbon. Indeed, such fusion proteins
were as active as wild-type TFIIS (Figs. 2B and 3, variant TFIIS-
C11-2/3). Further, the model predicted that replacing the C11
C-ribbon in the Rpb9-C11-1 variant by the TFIIS C-ribbon
should also induce strong RNA cleavage. This was indeed

FIGURE 3. Protein variants used in functional and structural analysis. A, top, an alignment of amino acid sequences of the C-ribbons in Saccharomyces
cerevisiae (Sc) Rpb9, A12.2, C11, and TFIIS and P. furiosus (Pfu) TFS is shown. Secondary structure elements in Rpb9 and TFIIS are in orange and green,
respectively. Below the alignment, the C-terminal sequences of the fusion protein variants are shown. B, quantification of cleavage activities determined in Fig.
2.For each reaction, the amounts of uncleaved RNA and —2 and —4 cleavage products were quantified. The cleavage activity was calculated as the percentage
of —2 and —4 cleavage products with respect to total RNA observed. Reaction times (React.time) of 10 and 60 min are indicated as red and dark green bars,
respectively. Average values for two independent experiments are shown. Experiments were highly reproducible.
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FIGURE 5. Interface between the Rpb9 C-ribbon and linker (orange) and Pol Il domains in different colors as indicated (PDB 1TWCM). A, side view as in
Figs. 1 and 4. Orange spheres indicate the location of Rpb9 amino acid residues referred to under “Results.” B, view rotated by 90 degrees with respect to that
in A as indicated. Important interface residues in Rpb9 and Rpb1 are depicted. Dashed lines indicate salt bridges or hydrogen bonds.
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FIGURE 6. The C11 C-ribbon functions in the archaeal system. A, electrophoretic analysis of RNA products in a cleavage assay with different protein
variants (Fig. 3). RNA bands obtained after cleavage of two or four nucleotides are indicated by arrows (—2 and —4, respectively). Lane 1 shows the

reactant RNA. B, quantification of cleavage activities as in Fig. 3B.

observed, although cleavage was weaker when we replaced the
TFIIS linker with the Rpb9 linker (Figs. 2B and 3, variants Rpb9-
TFIIS-1-4). Weaker cleavage induction by the variants Rpb9-
TFIIS-3/4 when compared with the variants Rpb9-TFIIS-1/2
can, however, be explained by a loss of TFIIS residues Asp-267
and Arg-268 that form salt bridges with Pol I at the entrance to
the pore (5). These results show that the C11 C-ribbon can bind
the Pol II pore and induce strong RNA cleavage and that a
cleavage-inducing C-ribbon can reach the pore if tethered to
the Rpb9 N-ribbon located on the jaw.

Catalytic C-ribbons Are Conserved between Archaea and
Eukaryotes—The above analysis suggested a simple evolution-
ary relationship between A12.2, Rpb9, C11, and TFIIS (Fig. 1B).
First, A12.2 and C11 correspond to the archaeal TFS. In A12.2,
C11, and TFS, the N-ribbon corresponds to that of Rpb9,
whereas the C-ribbon corresponds to that in TFIIS. To test this
prediction, we performed cleavage assays with the archaeal
RNA polymerase from P. furiosus (Pfu). The polymerase alone
could not induce cleavage, but the addition of recombinant Pfu
TES enabled strong cleavage (Fig. 6), consistent with previous
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reports (11, 12). Mutagenesis revealed that cleavage required
the TFS hairpin residues Asp-90 and Glu-91 as predicted (Figs.
3 and 6). The addition of a fusion protein in which the TFS
N-ribbon was fused to the C11 C-ribbon (Figs. 3 and 6) also
enabled cleavage, strongly arguing that the pore-binding cleav-
age-inducing function of the C-ribbon was conserved between
archaea and eukaryotes during evolution and supporting our
model for the domain relationships.

DISCUSSION

Our results unravel the molecular basis for the difference in
RNA cleavage activities of Pol II and Pol III. We show that
replacement of the Rpb9 C-ribbon by the C11 C-ribbon confers
strong intrinsic cleavage to Pol II. This unexpected gain of func-
tion stems from a switch in the cleavage mechanism, as sug-
gested by x-ray crystallography and mutagenesis. Although the
Rpb9 C-ribbon acts allosterically from the polymerase surface,
the C11 C-ribbon acts directly by binding the pore and comple-
menting the active center with its catalytic hairpin. Thus two
modes exist for polymerase-intrinsic RNA cleavage, an allo-
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steric, weak mode used by Rpb9, and a direct, strong mode used
by C11 and TFIIS.

Our results also suggest a model for how polymerase cleavage
activities evolved (Fig. 1B). PolI and Pol III have strong intrinsic
cleavage activities because they contain homologues of archaeal
TES (A12.2 and C11, respectively) that contain C-ribbons with
catalytic hairpins that can enter the pore to directly stimulate
cleavage. In the Pol II system, the two domains are, however,
part of two different polypeptides. Although the N-ribbon is
part of Rpb9, the C-ribbon is part of TFIIS. During evolution,
the C-ribbon likely duplicated and was altered in Rpb9 to attach
the domain to the surface and to allow only for weak, allosteric
cleavage induction.

Our results are consistent with published data. First, muta-
tion of the C11 hairpin residues is lethal (10). Second, the C11
C-ribbon is not observed on the surface in a recent electron
microscopic structure of Pol III, consistent with transient bind-
ing to the pore (29). Third, C11 and A12.2 are required for
transcription termination by Pol I and Pol III (10, 30), and the
termination mechanism likely resembles that of archaeal
polymerase (31) but is different in Pol II. Fourth, the A12.2 and
C11 C-ribbon domains may be able to swing between surface
and pore locations because some density for the A12.2 C-rib-
bon was observed near the lobe in a Pol I EM reconstruction (3)
and because the strong Pol III cleavage can be even further
enhanced by a mutation of the largest subunit that is predicted
to disrupt a salt bridge between the Pol III counterpart of Rpb1
residue Asp-781 in the funnel domain F-loop and the C11 res-
idue Arg-88 (corresponding to Rpb9 Arg-91) (8). It remains to
be confirmed that A12.2 uses the same mechanism as C11.
Unfortunately, replacing the Rpb9 C-ribbon with the A12.2
C-ribbon did not confer strong cleavage to Pol II (not shown),
likely because Pol I has diverged much more from Pol II than
Pol I1L.

These results unveil the exceptional nature of Pol 11, in con-
trast to Pol I, Pol 11, and the archaeal polymerase, with respect
to RNA cleavage. In the Pol II system, implementation of allo-
steric and direct cleavage stimulatory modes on two different
proteins may have enabled new mechanisms of transcription
regulation such as regulation by release of promoter-proxi-
mally stalled Pol II (18, 32-34). It may also have prevented
premature Pol II termination at sites that would terminate Pol
III and may have enabled elaborate 3'-end processing of Pol II
transcripts. The weak intrinsic cleavage activity of Pol II may,
however, suffice for proofreading after ubiquitous misincorpo-
ration events.
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