[}
The Journal of
Biological Chemistry

AFFINITY SITES

AW oY oY oY .o

ASBMB

= .-':I::-‘:.:.:Q.%.‘ Amarican Soclety for Biochemistry and Molecular Biology
Gene Regulation: .._ R~ . @ .
Evolution of Two Modes of Intrinsic RNA GENE REGULATIOSSSNE , o SLRER
Polymerase Transcript Cleavage _ o
RNA R0 0000000, 0

Wenjie Ruan, Elisabeth Lehmann, Michael
Thomm, Dirk Kostrewa and Patrick Cramer
J. Biol. Chem. 2011, 286:18701-18707.

doi: 10.1074/jbc.M111.222273 originally published online March 23, 2011

Access the most updated version of this article at doi: 10.1074/jbc.M111.222273
Find articles, minireviews, Reflections and Classics on similar topics on the JBC Affinity Sites.

Alerts:
* When this article is cited
» When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

Read an Author Profile for this article at
http://www.jbc.org/content/suppl/2011/05/20/M111.222273.DCAuthor_profile.html

This article cites 34 references, 15 of which can be accessed free at
http://www.jbc.org/content/286/21/18701.full. html#ref-list-1

¥T02 ‘92 Ateniged uo usbBunieoo 8TO/E'TH8Z Id'|d19 UUeH ono'siweyd ayosiey sAydoig sul youeld Xe A 1 /B10°0g:mmmy/:dny woiy papeojumod


http://affinity.jbc.org/
http://genereg.jbc.org
http://rna.jbc.org
http://www.jbc.org/lookup/doi/10.1074/jbc.M111.222273
http://www.jbc.org/lookup/doi/10.1074/jbc.M111.222273
http://affinity.jbc.org
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;286/21/18701&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/286/21/18701
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;286/21/18701&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/286/21/18701
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=286/21/18701&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/286/21/18701
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=286/21/18701&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/286/21/18701
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/suppl/2011/05/20/M111.222273.DCAuthor_profile.html
http://www.jbc.org/content/suppl/2011/05/20/M111.222273.DCAuthor_profile.html
http://www.jbc.org/content/286/21/18701.full.html#ref-list-1
http://www.jbc.org/content/286/21/18701.full.html#ref-list-1
http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 21, pp. 18701-18707, May 27,2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Evolution of Two Modes of Intrinsic RNA Polymerase

Transcript Cleavage®

Received for publication, January 19,2011, and in revised form, February 22,2011 Published, JBC Papers in Press, March 23, 2011, DOI 10.1074/jbc.M111.222273

Wenjie Ruan®, Elisabeth Lehmann*, Michael Thomm®', Dirk Kostrewa®, and Patrick Cramer*’

From the *Gene Center and Department of Biochemistry, Center for Integrated Protein Science Munich (CIPSM),
Ludwig-Maximilians-Universitdt Miinchen, Feodor-Lynen-Strasse 25, 81377 Munich and the SInstitut fiir Mikrobiologie,
Universitdt Regensburg, Universitdtsstrasse 31, D-93053 Regensburg, Germany

During gene transcription, the RNA polymerase (Pol) active
center can catalyze RNA cleavage. This intrinsic cleavage activ-
ity is strong for Pol I and Pol III but very weak for Pol II. The
reason for this difference is unclear because the active centers of
the polymerases are virtually identical. Here we show that Pol II
gains strong cleavage activity when the C-terminal zinc ribbon
domain (C-ribbon) of subunit Rpb9 is replaced by its counter-
part from the Pol III subunit C11. X-ray analysis shows that the
C-ribbon has detached from its site on the Pol II surface and is
mobile. Mutagenesis indicates that the C-ribbon transiently
inserts into the Pol II pore to complement the active center. This
mechanism is also used by transcription factor IIS, a factor that
can bind Pol II and induce strong RNA cleavage. Together with
published data, our results indicate that Pol I and Pol III contain
catalytic C-ribbons that complement the active center, whereas
Pol II contains a non-catalytic C-ribbon that is immobilized on
the enzyme surface. Evolution of the Pol II system may have
rendered mRNA transcript cleavage controllable by the disso-
ciable factor transcription factor IIS to enable promoter-proxi-
mal gene regulation and elaborate 3'-processing and transcrip-
tion termination.

The eukaryotic RNA polymerases Pol® I, II, and III share a
highly conserved active center (1-3) that catalyzes DNA-de-
pendent RNA synthesis during gene transcription. The same
active center also catalyzes cleavage of the nascent transcript
during proofreading and recovery from transcription arrest (4,
5). Transcript cleavage is essential for cell viability (6). Despite
the active center conservation, the strength of this intrinsic
cleavage activity greatly differs between polymerases. Although
the cleavage activity is very strong for Pol I (3) and Pol I1I (7, 8),
it is very weak for Pol II. The molecular basis for this phenom-
enon remains unknown.

¢ This article was selected as a Paper of the Week.
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Intrinsic transcript cleavage requires the homologous sub-
units A12.2, Rpb9, and C11 in Pol I, I, and 111, respectively (3, 9,
10). Archaea contain a related protein, TFS, which is required
for RNA cleavage by the polymerase (11, 12). All these proteins
consist of two zinc-binding B-ribbon domains. Rpb9 resides on
the enzyme surface, where its N-terminal zinc ribbon (N-rib-
bon) forms part of the Rpb1/9 jaw, and its C-terminal zinc rib-
bon (C-ribbon) binds between the Rpb1 funnel domain and the
Rpb2 domains lobe and external-1 (Fig. 1). The very weak cleav-
age activity of Pol Il is greatly stimulated by TFIIS, which con-
tains a Pol II-binding domain that is located at the Rpb1/9 jaw
and a C-ribbon (5, 13). The TFIIS C-ribbon binds the pore
beneath the Pol II active center and reaches the active site with
a hairpin containing the invariant residues Arg-287, Asp-290,
and Glu-291 that are required for function (5, 14-18).
Although A12.2 and C11 contain these three hairpin residues,
Rpb9 lacks the residue corresponding to Glu-291. It remains
unclear how the ribbon domains are related evolutionarily and
mechanistically and how this may result in different cleavage
activities. Here we used a combination of mutagenesis, cleavage
assays, and x-ray crystallography to unravel the molecular basis
for differential intrinsic RNA cleavage activities of Pol Il and Pol
III and suggest how the C-ribbon domains are related evolu-
tionarily and how different cleavage activities arose during
evolution.

EXPERIMENTAL PROCEDURES

Purification of RNA Polymerases—The Arpb9 strain was cre-
ated from strain BJ5464 Rpb3 His-Bio (19) by homologous
recombination. The natNT2 cassette was amplified by poly-
merase chain reaction (PCR) from pFA6a-natNT2 (20) and was
used to replace the RPB9 ORF. The gene replacement was ver-
ified by PCR. Pol ITA9 was purified essentially as described (21).
Pyrococcus furiosus RNA polymerase was purified as described
(22).

Mutagenesis—Fragments containing wild-type Rpb9 coding
regions or C11 coding regions were amplified by PCR using
Ndel and Xhol restriction sites at the 5'- and 3’-terminus,
respectively. The same strategy was used for other fusion pro-
teins. Each PCR product was digested with restriction endonu-
cleases and inserted into the pET 28b(+) expression vector
(Novagen) to generate a fusion protein with an N-terminal
hexahistidine tag. All plasmids were verified by sequencing.

Preparation of Recombinant Proteins—BL21(DE3) cells con-
taining the plasmid were grown to Ay, = 0.6 at 37 °C. Expres-
sion was induced overnight at 18 °C by the addition of 40 um
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FIGURE 1. Structure of the Pol II-TFIIS complex with nucleic acids (18)
viewed from the side (A) and proposed evolutionary relationship
between zinc ribbon domains in TFS, A12.2, C11, Rpb9, and TFIIS (B).
Highlighted are Rpb9 (orange) and TFIIS (green).

isopropyl-1-thio-3-p-galactopyranoside. Cells were sonicated
in PBS buffer containing 10 um ZnCl,. All subsequent steps
were performed at 4 °C. The supernatant of the resulting crude
extract was collected by centrifugation and applied to a 1-ml
HisTrap column (GE Healthcare), charged with 100 mm NiSO,,
and equilibrated in purification buffer (50 mm Hepes, pH 7.5, 10
M ZnCl,, 10% glycerol) containing 100 mm NaCl. The column
was washed with 10 column volumes of purification buffer con-
taining 2 M NaCl and 40 mM imidazole followed by another 10
column volumes of purification buffer containing 100 mm NaCl
and 100 mm imidazole. The fusion protein was eluted from the
column with purification buffer containing 100 mm NaCl and
300 mMm imidazole. The eluate was concentrated and further
purified on a gel filtration column (Superdex 75, GE Health-
care), equilibrated with transcription buffer (20 mm Hepes, pH
7.6,60 mm (NH,),SO,, 8 mm MgCl,, 10 um ZnCl,, 10% glycerol,
10 mm DTT), and stored at —80 °C. For archaeal TFS and its
TFS-DE/AA variant, heat treatment (90 °C, 20 min) was per-
formed after cell lysis. After ultracentrifugation (1 h at 30,000
rpm), the proteins remained in the supernatant and were puri-
fied as above. The final preparation for each protein had a pro-
tein concentration between 0.2 and 0.5 mg/ml.

Transcript Cleavage Assay—5 pmol of Pol IIA9 were assem-
bled on a hybrid of the DNA template strand annealed to the
RNA (2-fold molar excess) in transcription buffer for 15 min at
20 °C followed by the biotinylated non-template DNA strand
(4-fold molar excess) for 10 min at 25 °C and then by recombi-
nant Rpb4/7 (5-fold molar excess) for 10 min at 25 °C. The
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bead-based cleavage assay was carried out as described (21, 23).
Briefly, after elongation complex assembly, streptavidin-coated
beads (Dynabeads MyOne Streptavidin T1, Invitrogen) were
added (20 ul of beads per reaction, 30 min at 25 °C). Beads were
resuspended in transcription buffer, and the purified recombi-
nant proteins (5-fold molar excess) were added followed by
incubation at 28 °C. For assays with P. furiosus RNA polymer-
ase, purified TFS and its variants (5-fold molar excess) were
added to the reaction mixture followed by incubation at 70 °C
for 10 min. The reactions were stopped by adding an equal
volume of 100 mm EDTA. Samples were loaded on a 20% poly-
acrylamide gel containing 7 M urea. The FAM 5'-labeled RNA
products were visualized with a Typhoon 9400 scanner (GE
Healthcare). All gel bands were quantified using ImageQuant7
(GE Healthcare).

Crystal Structure Determination—Pol IIA9 was incubated
with 5-fold molar excess of recombinant Rpb4/7 for 20 min at
20 °C. The complex was purified on a Superose 6 gel filtration
column (GE Healthcare), which was equilibrated with buffer (5
mwm HEPES, pH 7.25, 40 mm (NH,),SO,, 10 um ZnCl,, 5 mm
DTT) to generate the 11-subunit Pol IIA9. For buffer exchange,
a single gel filtration run was performed with Rpb9-C11-1.
Equal molar amounts of 11-subunit Pol IIA9 and Rpb9-C11-1
were mixed and incubated for 30 min at 20 °C and concentrated
to a final concentration of 4.5 mg/ml. Crystals were grown at
20 °C using the hanging drop vapor diffusion method by mixing
2.5 ul of the protein mixture solution with 1 ul of reservoir
solution (50 mMm Hepes, pH 7.0, 200 mm NH,Ac, 300 mm NaAc,
5-6% w/v PEG 6000, 5 mMm tris(2-carboxyethyl)phosphine).
Crystals grew to a maximum size of ~0.1 X 0.1 X 0.1 mm?. For
cryo-protection, crystals were transferred stepwise over 5 h to
the reservoir solution containing additionally 0-22% (v/v) glyc-
erol. After incubation at 8 °C for 24 h in the presence of cryo-
protectant, crystals were flash-cooled by plunging them into
liquid nitrogen. Diffraction data were collected as consecutive
series of 0.25° rotation images at cryo-temperature at the beam-
line X06SA at the Swiss Light Source. Diffraction data were
processed with XDS and scaled with XSCALE (24). The struc-
ture was solved by molecular replacement with PHASER (25)
using the structure of the 12-subunit Pol II (Protein Data Bank
(PDB) code 3HOU (21)) with Rpb9 omitted as a search model.
The structure was refined with PHENIX (26), using additional
hydrogen-bond distance restraints for secondary structure ele-
ments (27), against the observed data that were sharpened with
a B-factor of —80 A% Coordinates and structure factors were
deposited in the Protein Data Bank under accession code 3QT1.

RESULTS

A Pol II Variant with Strong Intrinsic RNA Cleavage—DPrevi-
ous studies suggested that the weak intrinsic transcript cleavage
activity of Pol II depends on Rpb9 and would thus be allosteric
(9). We aimed at investigating the basis for intrinsic RNA cleav-
age by preparing Pol II lacking Rpb9 (Pol IIA9), complementing
the Pol IIA9 enzyme with Rpb9 variants, and investigating the
resulting Pol II variants for their cleavage activity. We prepared
Pol ITA9 from a yeast strain lacking the rpb9 gene (20) (“Exper-
imental Procedures”). As expected, Pol IIA9 was inactive in
cleaving the RNA 3'-end in reconstituted elongation com-
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FIGURE 2. Pol Il cleavage activity strongly depends on the addition of protein variants shown in Fig. 3. A, nucleic acid scaffold used for the assays.
Non-template and template DNA are shown in cyan and blue, respectively, and RNA is in red. A mismatched nucleotide at the RNA 3’-end is shown in brown.
B, electrophoretic separation of RNA products in cleavage assay using different protein variants (compare “Experimental Procedures” and compare Fig. 3). RNA
bands obtained after cleavage of two or four nucleotides are indicated by arrows (—2 and —4, respectively). React. time, reaction time.

plexes with a 3’-RNA-DNA G-G mismatch (Fig. 24 and
“Experimental Procedures”) (3, 21), whereas the addition of
Rpb9 led to mild cleavage stimulation (Fig. 2B, lanes 2 and 3,
and Fig. 3).

To explore whether the Pol III subunit C11 may replace Rpb9
function in Pol II, we prepared a Rpb9-C11 fusion protein that
contains the Rpb9 N-ribbon fused to the C11 C-ribbon. We
fused Rpb9 residues 1-74 to C11 residues 69 —110 (protein var-
iant Rpb9-C11-0, Fig. 3) because the Rpb9 N-ribbon and the
linker between the two ribbon domains, including the con-
served residues 65—70, interact with Pol II (28). Surprisingly,
this fusion protein conferred very strong RNA cleavage activity
to Pol II (Fig. 2B, lane 4, and Fig. 3).

To investigate this interesting gain-of-function mutation, we
prepared and functionally analyzed a total of 27 fusion protein
variants (variants Rpb9-C11-0 to -24, Rpb9-C11-26, -27, Fig. 3).
These experiments revealed that the minimal C11 region
required to transfer strong cleavage to Pol II comprised C11
residues 84 -110 (Figs. 2B and 3, variants Rpb9-C11-1, -2, -3, -4,
-7, -8). This region forms the core of the zinc-binding C-ribbon
fold, suggesting that the C-ribbon domain must be structurally
intact to induce strong cleavage. Indeed, the N- and C-ribbon
are both required for strong cleavage (Figs. 2B and 3, variants
Rpb9-C11-5, -6, -18, -19).

The Cleavage-active Pol II Variant Contains a Mobile
C-ribbon—To investigate the structural basis for the observed
strong RNA cleavage, we crystallized the Pol II variant contain-
ing the fusion protein Rpb9-C11-1. Despite extensive efforts,
only poorly diffracting crystals could be obtained, but eventu-
ally we solved the structure at 4.3 A resolution (“Experimental

MAY 27,2011+VOLUME 286-NUMBER 21

Procedures” and Table 1). The structure revealed that the con-
formation of Pol II around the active center was unchanged,
with the bridge helix straight and the trigger loop open and
mobile. The Rpb9-C11-1 N-ribbon and the Rpb9 linker strand
B4 (residues 1-48) were located at the Rpb1 jaw as in wild-type
Pol II. However, the C-ribbon was mobile and did not occupy
the position of the Rpb9 C-ribbon on the surface (Fig. 4). These
results indicated that strong cleavage was not due to enhanced
allostery.

Inspection of the Pol II structure suggested that detachment
of the C-ribbon from the lobe requires weakening or loss of
several contacts (Fig. 5). First, a contact of Rpb9 residue Arg-92
with the lobe residues Glu-262 and Asp-391 is lost in the Rpb9-
C11 variant because the arginine is replaced by a serine. Second,
Rpb9 residue Lys-93 is within contact distance with Rpb2 resi-
due Asp-391 in the lobe, but this lysine is not present in C11,
leading to loss of a potential salt bridge. Third, the C-ribbon
residue Arg-91 forms a salt bridge with Rpb1 residue Asp-781
(Fig. 5). This arginine is invariant in all C-ribbons; thus the salt
bridge could in principle be maintained. However, the preced-
ing Rpb9 residues Ser-88 and GIn-90 buttress C-ribbon resi-
dues that interact with the Pol II surface. In particular, residue
GIn-90 buttresses Rpb9 residues 50 —52, which bind the Pol II
lobe, and the preceding residue GIn-87 interacts with the Pol II
funnel domain (Fig. 5). Because the counterparts of Ser-88 and
GIn-90 are hydrophobic in C11 (Leu-85 and Ile-87) and also in
the C-ribbons of TFIIS, A12.2, and TES (Fig. 3), C-ribbon bind-
ing to the polymerase surface is apparently weakened. Consis-
tent with this prediction, replacing the two hydrophobic resi-
dues in the cleavage-inducing variant Rpb9-C11-1 with valines
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Sc Rpb9 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---@P---KEHSRENVFFQSQORRKDTSMVLFFVELSESHIFTSDQKNKRTQFS
Sc C11 42 DRKKLPRKEVDD---VLGGGWDNVDQTKTQ---BPNYDTEGGESAYFFQLOIRSADEPMTTFYKEVNEGHRWKEN
Sc TFIIS 238 PAPLKQKIEEIAKQNLYNAQGATIERSVTDRFTEG---KEKEKKVSYYQLOTRSADEPLTTFCTCEAGGNRWKES

- - = 7 7 N — I — -

240 250 260 270 280 290 300

Rpb9-C11-0 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CPNYDTCGGESAYFFQLQIRSADEPMTTFYKCVNCGHRWKEN
Rpb9-C11-1 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLOIRSADEPMTTFYKCVNCGHRWKEN
Rpb9-C11-2 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQSQQORRKDTSMVTFYKCVNCGHRWKEN
Rpb9-C11-3 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTLFFVCLSCSHIFTSDQKNKRTQFS
Rpb9-C11-4 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQSQQORSADEPMTTFYKCVNCGHRWKEN
Rpb9-C11-5 45 RHEL
Rpb9-C11-6 45 RHELITNIG
Rpb9-C11-7 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQSQQRSADEPMTLFFVCLSCSHIFTSDQKNKRTQFS
Rpb9-C11-8 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTLFFVCLSCSHIFT
Rpb9-C11-9 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQVQVRSADEPMTTFYKCVNCGHRWKEN
Rpb9-C11-10 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTTFYKCVNCGHRWTSDQOKNKRTQFS
Rpb9-C11-11 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTTFYKCVNCGHIFTSDQKNKRTQFS

Rpb9-C11-12 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTTFYVCLSCSHIFTSDQKNKRTQFS
Rpb9-C11-13 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTTFYKCVNCGHRW

Rpb9-C11-14 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTTFYKCVNCGH

Rpb9-C11-15 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTTFYKCVNCGHRWKENQKNKRTQFS
Rpb9-C11-16 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSAAAPMTTFYKCVNCGHRWKEN
Rpb9-C11-17 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSAAEPMTTFYKCVNCGHRWKEN

Rpb9-C11-18 1 CP---KCHSRENVFFQLQIRSADEPMTTFYKCVNCGHRWKEN
Rpb9-C11-19 1 ITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTTFYKCVNCGHRWKEN
Rpb9-C11-20 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTTFYKCVNCGHIWTEN
Rpb9-C11-21 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADTPMTTFYKCVNCGHIWTEN

Rpb9-C11-22 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTTFYKCVNCGHRWK
Rpb9-C11-23 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTTFYKCVNCGHRWKE
Rpb9-C11-24 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTTFYKCVNCGHRWTEN
Rpb9-C11-26 45 RHEL--——-======= DIGSDPTLPRSDRE---CP---KCHSRENVFFQLQIRSADEPMTTFYKCVNCGHRWKEN
Rpb9-C11-27 45 RHELITNIGETAGVVQ---============== CP---KCHSRENVFFQLQIRSADEPMTTFYKCVNCGHRWKEN
Rpb9-TFIIS-1 45 RHELKQKIEEIAKQNLYNAQGATIERSVTDRFTCG---KCKEKKVSYYQLQTRSADEPLTTFCTCEACGNRWKES
Rpb9-TFIIS-2 45 RHELITNIGETAGVVQDIGSDPTLPRSVTDRFTCG---KCKEKKVSYYQLQTRSADEPLTTFCTCEACGNRWKES
Rpb9-TFIIS-3 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CG---KCKEKKVSYYQLQTRSADEPLTTFCTCEACGNRWKES
Rpb9-TFIIS-4 45 RHELITNIGETAGVVQDIGSDPTLPRSDRE---CP---KCHSRENVFFQLQTRSADEPLTTFCTCEACGNRWKES
TFIIS-C11-2 108 PAPLKQKIEEIAKQNLYNAQGATIERSVTDRFTCPNYDTCGGESAYFFQLQIRSADEPMTTFYKCVNCGHRWKEN
TFIIS-C11-3 108 PAPLKQKIEEIAKQNLYNAQGATIERSVTDRFTCG---KCKEKKVSYYQLQIRSADEPMTTFYKCVNCGHRWKEN

-DE/AA AR
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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.

side

last ordered residue (Leu48)

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

Two Modes of RNA Polymerase Transcript Cleavage

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

18706 JOURNAL OF BIOLOGICAL CHEMISTRY

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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