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Eukaryotic RNA polymerase III (Pol III) relies on a transcription factor TFIIF-like Rpc37/53 subcomplex for
promoter opening, elongation, termination, and reinitiation. By incorporating the photoreactive amino acid
p-benzoyl-L-phenylalanine (BPA) into Rpc37, Rpc53, and the Rpc2 subunit of Pol III, we mapped protein-
protein interactions, revealing the position of Rpc37/53 within the Pol III preinitiation complex (PIC). BPA
photo-cross-linking was combined with site-directed hydroxyl radical probing to localize the Rpc37/53
dimerization module on the lobe/external 2 domains of Rpc2, in similarity to the binding of TFIIF on Pol II.
N terminal to the dimerization domain, Rpc53 binds the Pol III-specific subunits Rpc82 and Rpc34, the Pol III
stalk, and the assembly factor TFIIIC, essential for PIC formation. The C-terminal domain of Rpc37 interacts
extensively with Rpc2 and Rpc34 and contains binding sites for initiation factor Bdp1. We also located the
C-terminal domain of Rpc37 within the Pol III active center in the ternary elongation complex, where it likely
functions in accurate termination. Our work explains how the Rpc37/53 dimer is anchored on the Pol III core
and acts as a hub to integrate a protein network for initiation and termination.

RNA polymerase III (Pol III) catalyzes the RNA synthesis
of diverse untranslated transcripts, including precursor tRNAs,
5S rRNA, and certain small nuclear RNAs, such as U6 and
7SL RNAs. The other two nuclear RNA polymerases, Pol I
and Pol II, transcribe pre-rRNA and mRNA, respectively. In
humans, Pol III also participates in the transcription of a num-
ber of microRNAs (19) and plays a role in tumorigenesis (41,
58). Among the nuclear RNA polymerases, Pol III is the larg-
est enzyme, comprising 17 subunits with a total molecular mass
of approximately 0.7 MDa; its core structure of 12 subunits is
conserved among all nuclear Pols (18). The remaining five
subunits are specific to Pol III and form two subcomplexes with
distinct functions in transcription, Rpc82/34/31 and Rpc37/53.
The former subcomplex interacts with the initiation transcrip-
tion factor TFIIIB for the recruitment of polymerase and also
participates in promoter opening and transcription initiation
(6, 50, 55, 56), whereas the latter participates in promoter
opening and transcription termination and reinitiation (34,
38). Previous yeast two-hybrid screenings provided an overview
of protein-protein interactions among Pol III subunits (26),
and electron microscopy analysis of Pol III suggested the lo-
cation of the subcomplexes on the Pol III core structure (24,
25, 32, 52). However, much more information on protein-
protein interactions between these subcomplexes and the ini-
tiation factors is necessary to understand the mechanisms of
initiation, elongation, and termination and to determine how

the mechanisms used by the Pol III machinery differ from
those used by Pol I and II.

A conserved dimerization module has recently been de-
tected in the Pol I, II, and III machineries as part of Rpa49/
34.5 of Pol I, the general transcription factor TFIIF of Pol II,
and Rpc37/53 of Pol III (8, 13, 18, 36). The presence of the
TFIIF-like complexes is unique to the eukaryotic transcription
systems. However, other than the conserved dimerization mod-
ule and a winged-helix (WH) fold that is present as a single
copy in each of the Tfg1 and Tfg2 subunits of TFIIF and as
tandem repeats in Rpa49, the overall structural characteristics
of the three TFIIF-like complexes differ; thus, their functions
in transcription may also differ. For example, although all three
of these TFIIF-like complexes are involved in transcription
and elongation, they exert opposite effects on elongation, with
Rpa49/34.5 and TFIIF increasing and Rpc37/53 reducing the
elongation rate (36, 38, 59).

Structural and biochemical analyses have suggested how in-
dividual TFIIF-like complexes establish protein interactions
for their respective transcriptional activities. The TFIIF
dimerization module, which resides in subunits Tfg1 and Tfg2,
has been mapped to the Pol II lobe domain above the active
site cleft (15, 21, 52) to determine the transcription start site(s).
In contrast, the Rpa49/34.5 dimerization module has been
assigned near the Pol I funnel on the opposite side of the cleft
(36) to anchor the dimer on the core for 3�-RNA nucleotide
cleavage, transcription, and elongation (27). Investigations of
the cryo-electron microscopic (cryo-EM) structures of Pol III,
in combination with three-dimensional reconstruction based
on the X-ray structure of the Rpc25/17 dimer comprising the
Pol III stalk and homology modeling of the remaining core
subunits, have suggested that Rpc37/53 lies on the Rpc2 (ho-
mologous to Rpb2 of Pol II and the � subunit of bacterial Pol)
lobe domain of the Pol III core, in similarity to the binding of
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TFIIF on Pol II (24, 25, 52). Furthermore, a recent biochem-
ical study indicated that Rpc53 is likely positioned near the Pol
III active center to function in transcription termination and
DNA melting based on protein and 3�-RNA cross-linking and
protein depletion analyses (34). However, direct evidence that
would reveal the positions of the conserved dimerization mod-
ule and the remaining structural regions on the core as well as
on other transcription factors during transcription is lacking.

In this study, we incorporated the site-specific photo-cross-
linker p-benzoyl-L-phenylalanine (BPA) as a nonnatural amino
acid into the second largest subunit of Pol III (Rpc2) and Pol
III-specific subunits Rpc37 and Rpc53 to topologically map
protein-protein interactions within the Pol III preinitiation
complex (PIC). In combination with molecular modeling, po-
sitional mapping derived from site-directed hydroxyl radical
probing, and further mutational and binding analyses, we lo-
cated the Rpc37/53 dimerization module on the lobe/external
surface above the active site cleft of the core within the PIC. In
addition, we found that the Rpc53 N-terminal segment con-
tacts the Rpc82 and Rpc34 subunits of the other Pol III-
specific subcomplex and the Rpc17 and Rpc25 subunits of the
Pol III stalk as well as the transcription initiation factor
TFIIIC. Furthermore, we determined that an essential seg-
ment in the C-terminal region of Rpc37 is located near several
highly conserved motifs within the Pol III active center and
also interacts with Bdp1 of the transcription factor TFIIIB.
These newly uncovered protein-protein interactions for re-
gions in Rpc53 and Rpc37 participate in stabilizing the PIC
and determining accurate transcription termination sites. We
propose a structural model for the binding of the Rpc37/53
dimerization module and a network of interactions and roles
for the Rpc37/53 dimer throughout the transcription cycle.

MATERIALS AND METHODS

Construction of yeast plasmids and strains. For BPA incorporation into three
subunits of Pol III, Saccharomyces cerevisiae RPC2, RPC37, and RPC53 were
cloned into the yeast 2�m plasmid pRS425 with a LEU2 selection marker (17).
A 414-bp ADH1 promoter sequence was inserted upstream of each gene, and
either a 13Myc epitope tag (for RPC2 and RPC53) or a single V5 epitope tag (for
RPC37) was inserted at the C terminus by the use of a QuikChange site-directed
mutagenesis kit (Stratagene), yielding pYL1 (RPC2-Myc 2�m LEU2), pCW1
(RPC53-Myc 2�m LEU2), and pCW2 (RPC37-V5 2�m LEU2). Individual Rpc2,
Rpc53, and Rpc37 amber plasmids containing the TAG codon at a single specific
site were constructed by oligonucleotide-directed phagemid mutagenesis.

To analyze growth defects of Rpc37/53 truncation mutants, RPC37 and RPC53
were individually cloned into CEN/ARS plasmid pRS315 (LEU2�) with a single
V5 epitope inserted in their C termini and were driven by their endogenous
promoters, yielding pCW4 (RPC53-V5) and pCW5 (RPC37-V5). Similarly, each
mutant was derived from pCW4 or pCW5 by oligonucleotide-directed phagemid
mutagenesis.

Yeast shuffle strains for BPA incorporation into Rpc37, Rpc53, and Rpc2 were
all derived from BY4705 (3) with the chromosomal knockout of individual genes

by the KanMX4 cassette, yielding YLy1 {MAT� ade2::his3G his3�200 leu2�
met15� lys2� trp1�63 ura3� [rpc2::KanMX4] RPC2-pRS316(URA3�)}, CWy1
{MAT� ade2::his3G his3�200 leu2� met15� lys2� trp1�63 ura3�
[rpc37::KanMX4] RPC37-pRS316(URA3�)}, and CWy2 {MAT� ade2::his3G
his3�200 leu2� met15� lys2� trp1�63 ura3�0 [rpc53::KanMX4] RPC53-
pRS316(URA3�)}. The amber strains harboring BPA at specific residues in
Rpc37, Rpc53, or Rpc2 were generated from each shuffle strain by cotransform-
ing the pLH157 plasmid containing the tRNA/aminoacyl tRNA synthetase pair
for suppressing the TAG (amber) codon (13, 16, 43) and the amber plasmid of
each gene into respective shuffle strains, followed by selection on medium con-
taining 5-fluoroorotic acid (5-FOA) and BPA. For identifying the cross-linking
targets, candidate genes were tagged with either Flag or hemagglutinin (HA)
epitope at their C termini in the shuffle strains through double-crossover homol-
ogous recombination with PCR-generated DNA containing the selectable
marker cassette hphMX4 resistant to hygromycin B.

PIC isolation by the immobilized template assay and BPA photo-cross-link-
ing. Yeast cultures were grown in yeast extract-peptone-dextrose (YPD) medium
containing BPA (Bachem), and the preparation of yeast cell extract was con-
ducted as described previously (29). For preparation of the DNA fragments used
in the immobilized template assay, SUP4 tRNA, U6 snRNA, and 5S rRNA gene
sequences were amplified by PCR and cloned into pBluescript SK�/�. Each
DNA fragment was then individually amplified with 5�-biotinylated oligonucle-
otides, yielding 603-bp, 531-bp, and 601-bp DNA templates of SUP4, U6, and 5S
promoters, respectively. Details of all constructs and primer sequences are avail-
able upon request. The procedures of the immobilized template assay were
principally as described by Hahn and Roberts, with minor modification (29).
Unless otherwise specified, Pol III PICs were formed on type II promoter genes
(LEU3 or SUP4 tRNA). For a typical BPA photo-cross-linking experiment, 800
�g of whole-cell protein extract was incubated with 4 �g of DNA template
immobilized on Streptavidin magnetic beads (Dynal). After being washed three
times with transcription buffer (20 mM HEPES [pH 7.9], 80 mM KCl, 5 mM
MgCl2, 1 mM EDTA, 2% glycerol) containing 0.01% Tween 20, reaction mix-
tures were divided into two fractions, one for UV irradiation (�UV) and the
other for use as the control (�UV). UV irradiation was conducted with a
Spectrolinker XL-1500 UV oven (Spectronics) with a total energy of 7,500 �J
cm�2. The isolated PICs were then resuspended in NuPAGE loading buffer
(Invitrogen) for Western blot analysis. Bands were visualized by the use of a
LI-COR Bioscience Odyssey infrared imaging system. In parallel, PIC activity
was confirmed by the addition of nucleoside triphosphates (NTPs) and usage of
the transcription start site was verified by primer extension (data not shown).
Given that only crude protein extracts were used in the immobilized template
assay, the preparation of PIC isolation should not be considered homogeneous
and contaminants might have remained bound. The percentage of active PICs
capable of producing correct RNA transcripts from immobilized templates was
not assayed.

In vitro transcription. Pol III PICs isolated by the immobilized template assay
as described above were resuspended in 17 �l of transcription buffer containing
200 ng of �-amanitin, 4 units of RNase inhibitor (Roche), and 1 mM dithiothre-
itol (DTT). Transcription was then initiated by adding ATP (500 �M), UTP (500
�M), CTP (500 �M), GTP (50 �M), and [�-32P]GTP (0.16 �M [3,000 Ci/mmol])
to achieve a total volume of 20 �l, and reaction mixtures were incubated for 30
min at 30°C. Reactions were stopped by adding 180 �l of 0.1 M sodium acetate,
10 mM EDTA, 0.5% sodium dodecyl sulfate (SDS), and 200 �g/ml glycogen.
After phenol-chloroform extraction and ethanol precipitation, RNA transcripts
were analyzed on 6% denaturing polyacrylamide gels and quantitated by Phos-
phorImager analysis. Sizes of transcripts were estimated by comparison to an
RNA ladder (Ambion). For mapping of the SUP4 tRNA start site, transcription
was carried out as described above, except that all four NTPs (at 500 �M) were
used. After phenol-chloroform extraction and ethanol precipitation, the tran-
scripts were subjected to primer extension using a 5�-end 32P-labeled oligonu-

FIG. 1. Photo-cross-linking maps Rpc37/53 on Rpc2 lobe and external 2 domains within the Pol III PIC. (A) Western analysis of Rpc2
cross-links to Rpc37 on the lobe domain. The BPA-substituted Rpc2 residues are indicated above the lanes. Cross-links were visualized by probing
with anti-Myc antibody (left panel). The identity of fusion bands was verified by probing with Flag-tagged Rpc37 (right panel). Rpc2 WCE, Rpc2
whole-cell extract. UV � or �, with or without UV irradiation. WT, wild-type Rpc2 without BPA incorporation. (B) Representative cross-links
on Rpc2 lobe to Rpc53. Rpc2 and cross-links were visualized by probing with anti-Myc antibody on the left panel. The identity of the cross-linked
polypeptide was verified by probing with Flag-tagged Rpc53 (right panel). Asterisk, unidentified cross-linked polypeptide. (C) Representative
cross-links on Rpc2 external 2 domain to Rpc53. (D) Molecular model of the Pol III 11-subunit core. The model was built using Modeler on the
basis of the homology model of Pol II core (PBD 1Y1V) and the X-ray structure of Rpc25/17 (PDB 2CKZ) (32, 35). Rpc2-Rpc37 cross-links are
shown in orange and Rpc2-Rpc53 cross-links are shown in red. The magenta sphere represents magnesium at the active center.

VOL. 31, 2011 Rpc37/53 IN Pol III INITIATION AND ELONGATION 2717



FIG. 2. Photo-cross-links of Rpc37/53. (A) Schematic representation of BPA incorporation in Rpc53 and cross-linked polypeptides. The region
of Rpc53 homologous to the dimerization domain of human TFIIF small subunit RAP30 is shown in red. Numbers labeled above the schematic
bars represent BPA-substituted residues generating cross-links. Color coding of each residue corresponds to the identity of cross-linked polypep-
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cleotide, GATAAATTAAAGTCTTGC. To analyze the Pol III ternary elonga-
tion complex (TEC), ATP (125 �M), CTP (125 �M), and [�-32P]UTP (0.42 �M
[3,000 Ci/mmol]) were added to the isolated PICs to initiate transcription for 5
min at 30°C. After being washed with transcription buffer, the bound transcripts
were analyzed on 16% denaturing polyacrylamide gels.

Pol III immunoprecipitation. Yeast cell extracts containing the Rpc2-Flag and
Rpc37 wild type (WT) or mutants with a C-terminal V5 epitope were used for
immunoprecipitation (IP). Yeast cell extract (1 mg) from each Rpc37 mutant was
mixed with 50 �l of anti-Flag agarose (Sigma) in extract dialysis buffer containing
20 mM HEPES (pH 7.9), 100 mM KCl, 5 mM MgCl2, 1 mM EDTA, and 20%
glycerol and incubated at 4°C for 1 h. The immunoprecipitated Pol III was
washed 3 times with 400 �l of extract dialysis buffer. The bound Pol III was
eluted in 100 �l of extract dialysis buffer containing 0.1 mg/ml triple-Flag peptide
(Sigma) and subjected to Western analysis by probing with anti-V5 antibody.

Structure modeling of the Rpc37/53 dimerization module and Pol III 11-
subunit models. On the basis of HHpred analysis and the method described by
Geiger et al. (27, 48), sequence alignments of dimerization modules conserved in
Rpc37/53 and RAP74/30 were built. The dimerization module model was con-
structed using Modeler software (23). The Pol III 11-subunit core model was also
built using Modeler according to the sequence alignment (32), Pol II (PBD
1Y1V) as the template, and the X-ray structure of Rpc17/25 (PDB 2CKZ). The
model for the Rpc37/53 dimerization module on the Pol III-11-subunit core was
constructed using ZDOCK and distance constraints derived from the hydroxyl
radical cleavage of Rpc2. The strongest cleavage data from FeBABE conjugation
at Gly150 and Gly157 of Rpc37 and Gly383 of Rpc53 were utilized to restrict the
distances between individual Rpc37/53 residues and their corresponding Rpc2
cut sites. The calculation was conducted by using the default settings of the
program. The Rpc37/53-Rpc2 binding interface of the generated model satisfies
the cutting pattern determined from all FeBABE derivatives. The coordinates of
the Pol III core with Rpc37/53 dimerization module model are available at
http://www.imb.sinica.edu.tw/�htchen/p.html.

FeBABE conjugation of Rpc37/53. Gene sequences encoding Rpc37 and
Rpc53 were cloned into pET21a (Novagen) and expressed in Escherichia coli.
The recombinant Rpc37/53 heterodimer was purified with multiple ion exchange
columns to a condition approaching homogeneity. Details of the purification
procedures are available upon request. The FeBABE conjugation procedures
were similar to that described for TFIIF (13). To remove DTT in the protein
sample buffer, purified rRpc37/53 single-cysteine variants were loaded onto a
preequilibrated NAP-5 desalting column (GE Health Care) and subsequently
eluted with storage buffer (20 mM HEPES [pH 7.5], 400 mM KCl, 5 mM MgCl2,
1 mM EDTA, 10% glycerol). DTT-free rRpc37/53 was then incubated with
FeBABE (Dojindo) at room temperature for 30 min and subjected to loading on
a second NAP-5 desalting column to remove the unincorporated FeBABE.
Conjugated proteins were stored in storage buffer at �80°C for further use.

FeBABE cleavage assay and determination of cleavage sites. In a typical
FeBABE cleavage experiment, 400 �g of yeast cell extract containing Rpc2-Flag
and Rpc53 �(2–280) was incubated with 4 �g of rRpc37/53-FeBABE derivative
in a 200-�l reaction mixture before PIC isolation. Pol III PICs were isolated with
immobilized SUP4 template as described above. After being washed to remove
nonspecifically bound proteins, FeBABE cleavage assay was conducted as pre-
viously described (13). For FeBABE cleavage in ternary elongation complex, Pol
III TEC was isolated as described above except for the use of nonradioactive
UTP. After the TEC isolation, FeBABE cleavage was conducted. The Rpc2
cleavage fragments were detected by probing with anti-Flag antibody and visu-
alized as described above for BPA photo-cross-linking experiments. The cleavage
sites were determined by calculating the mobility shift compared to an in vitro-
translated ladder as previously described (12). Each cut site was highlighted as an

11-residue patch (centered at the calculated cleavage site) on the Pol III 11-
subunit model.

RESULTS

Rpc2 lobe and external 2 domain cross-linked to Rpc37/53.
To probe protein-protein interactions for Rpc2 within the PIC,
we incorporated BPA at surface-exposed residues of the Rpc2
lobe based on the previously reported Pol III core model and
the cryo-EM structure of Pol III (32, 52). We utilized the
whole-cell extracts from the Rpc2-BPA strains in the immobi-
lized template assay for PIC isolation and photo-cross-linking.
We observed BPA cross-links to other polypeptides with esti-
mated molecular weights ranging from 40 to 60 kDa, close to
the size of Rpc37 or Rpc53 (Fig. 1A and B). To identify these
cross-linked products, we generated Rpc2-BPA cell extracts
that also contained a C-terminally Flag epitope-tagged Rpc37.
By conducting duplicate Western blot probing with anti-Myc
(Rpc2) and anti-Flag (Rpc37) antibodies, Rpc37 was con-
firmed to be a cross-linked polypeptide (Fig. 1A). The cross-
links corresponding to Rpc2-Rpc53 interaction in the Rpc2
lobe domain were identified in a similar manner by utilizing
Flag-tagged Rpc53 cell extracts (Fig. 1B). In addition, Rpc2-
Rpc53 cross-links were observed in the adjacent external 2
domain of Rpc2 (Fig. 1C). The identified Rpc2 cross-links with
Rpc37 and Rpc53 are summarized in Table S1 in the supple-
mental material, and the Rpc2-Rpc37 and Rpc2-Rpc53 cross-
linking sites on the 11-subunit model of the Pol III core (miss-
ing the less-conserved Rpc11 subunit) are displayed in Fig. 1D.

Our cross-linking data revealed extensive contacts between
the Rpc37/53 dimer and Rpc2 on the lobe and the external 2
domains, suggesting that the location of the Rpc37/53 dimer is
above the central cleft of the Pol III core (Fig. 1D). This
Rpc2-Rpc37/53 binding is in good agreement with the assign-
ment of the Rpc37/53 subcomplex to the additional electron
density measured above the Rpc2 lobe in the EM study (24, 25,
52). Furthermore, as recent studies have shown that TFIIF
makes contact with the similar Pol II structural domains in
Rpb2 (15, 21), our results demonstrate a conserved binding
mechanism between the TFIIF-like complex and the Rpb2
homolog in the two transcription systems.

Rpc37/53 photo-cross-linking within the PIC. As the
Rpc37/53 subcomplex was revealed to be in direct contact with
Rpc2 lobe and external 2 domains, we next incorporated the
photo-cross-linker BPA into these two subunits to further map
interactions of the subcomplex. As summarized in Fig. 2A and
B and documented in Table S2 and Table S3 in the supple-

tide as indicated above the horizontal connecting lines. (B) Schematic representation of BPA incorporation in Rpc37 and cross-linked polypep-
tides. The region of Rpc37 homologous to the dimerization of human TFIIF large subunit Rap74 is shown in orange. Like in panel A,
BPA-substituted residues and the corresponding cross-linked polypeptides are indicated. (C) Representative Rpc37-Rpc53 cross-links in the Rpc37
dimerization domain. Positions of BPA incorporation in Rpc37 are indicated. Anti-V5 antibody was used to reveal C-terminally V5-tagged Rpc37
and its cross-linking fusion bands (left panel). Rpc37-Rpc53 cross-links were verified by Flag epitope tagging at the C terminus of Rpc53 and
probing with anti-Flag antibody (right panel). WT, wild-type without BPA incorporation. (D) Representative Rpc53-Rpc37 cross-links in the
Rpc53 dimerization domain. C-terminally 13Myc-tagged Rpc53 and its cross-links are shown. Rpc53-Rpc37 cross-links were verified by Flag-
epitope tagging in Rpc37 and probing with anti-Flag antibody (data not shown). (E) Rpc37- and Rpc53-Rpc2 cross-links in the Rpc37/53
dimerization domain (Rpc37 Gly157 and Rpc53 Ala386). (F) Structural model of the Rpc37/53 dimerization module, with Rpc37 shown in orange
and Rpc53 shown in red. Light blue spheres indicate residues Ala386 in Rpc53 and Gly157 in Rpc37 that were shown to contact Rpc2 by
photo-cross-linking. These two residues and additional residues (blue spheres) of the dimerization domain were subjected to single-cysteine
substitution for FeBABE-conjugation to probe their interaction with Rpc2.
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FIG. 3. Directed hydroxyl radical probing localizes Rpc37/53 dimerization module on Rpc2 lobe/external 2. (A) SDS-PAGE analysis and
Coomassie staining of the purified recombinant Rpc37/53 dimer. (B) Representative transcription assays of Rpc37/53-FeBABE derivatives.
Whole-cell extracts (Rpc53 WT or �N) and the added Rpc37/53-FeBABE derivatives are indicated above. Each derivative in transcription assay
with Rpc53 �N, deletion of Ser2-Leu280, whole-cell extract was shown to restore full transcription level and termination property on the SUP4
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mental material, Rpc37/53 showed numerous UV-dependent
cross-links in the immobilized template assay. As with the
identification of Rpc2 cross-links, Rpc37 and Rpc53 cross-
linked polypeptides were verified by Western analysis of pho-
to-cross-linking experiments using cell extracts containing
epitope-tagged cross-linking candidates. To better define
Rpc37/53 functional regions derived from our cross-linking
analysis, we applied homology modeling to identify potential
structural domains based on multiple sequence alignments
generated by HHpred and the proposed alignment by Geiger
et al. (27, 48). We then built a structural model of the yeast
Rpc37/53 dimerization module by the use of Modeler software
(23) and used the model in subsequent studies.

BPA-substituted residues in the respective Rpc37 and
Rpc53 dimerization domains showed extensive intersubunit
cross-links (Fig. 2C and D), in good agreement with the do-
main prediction and structural model. In addition, as displayed
in Fig. 2E, we found that residues such as Gly157 in Rpc37 and
Ala386 in Rpc53, which are located on the same side in the
dimerization model (Fig. 2F), cross-linked with Rpc2, suggest-
ing the existence of a protein surface on the dimerization
module for Rpc2 binding.

The Rpc37/53 dimerization module contacts Rpc2 lobe and
external 2 domains. The exact binding interface between
Rpc37/53 dimerization module and Rpc2 remained unknown,
even though the dimerization module was previously modeled
on the surface of Rpc2 lobe based on cryo-EM results. The
Rpc37/53-Rpc2 cross-linking data obtained here revealed the
first direct evidence for the suggested protein-protein interac-
tions. To provide a more detailed insight into the Rpc37/53
binding mode, the hydroxyl radical-generating probe FeBABE
was tethered to specific cysteine residues on the surface of the
Rpc37/53 dimerization module, particularly on the surface pre-
dicted to contact Rpc2 (Fig. 2F). To permit hydroxyl radical
probing in the Pol III PIC, we utilized the FeBABE-tethered
recombinant Rpc37/53 in the immobilized template assay con-
taining the cell extract from a mutant strain lacking the Rpc53
N-terminal fragment (�2–280). All Rpc37/53-FeBABE deriv-
atives were observed to compensate the transcriptional defect
caused by the Rpc53 truncation, indicating that incorporation
of the Rpc37/53-FeBABE derivatives into the Pol III PIC was

successful (Fig. 3A and B). We utilized these FeBABE deriv-
atives to analyze hydroxyl radical protein cleavage and map
binding sites for the respective Rpc37/53 residues on other Pol
III subunits, especially Rpc2.

Rpc2 cleavage fragments generated by Rpc37-FeBABE de-
rivatives were detected by Western blotting; representative
data are shown in Fig. 3C (data are summarized in Table S4 in
the supplemental material). The approximate positions of
Rpc2 cleavages were deduced by calculating the mobility shift
of each fragment based on the molecular-weight ladder gen-
erated using in vitro-translated, C-terminally Flag-tagged Rpc2
(data not shown) (12). The determined cleavage sites were
distributed in the lobe and external 2 domains of Rpc2. The
Rpc2 cleavage from Rpc53-FeBABE derivatives indicated the
presence of similar cut sites with additional positions mapped
to the external 1 domain of Rpc2 (Fig. 3D). The cleavage sites
were then mapped onto the Pol III 11-subunit model to local-
ize the interactions between the dimerization module and
Rpc2 (Fig. 3E). Both the Rpc2 cross-linking and FeBABE
cleavage data are highly consistent (compare Fig. 1D and 3E),
revealing that the Rpc37/53 dimerization module contacts the
Rpc2 lobe and external 2 domains.

Because FeBABE is known to produce hydroxyl radical
cleavage within a range of 30 Å from the Fe-EDTA center
(31), we utilized the Rpc2 cleavage positions from each specific
FeBABE derivative as distance restraints to model the binding
of the Rpc37/53 dimerization module on the Pol III 11-subunit
core model using ZDOCK (Fig. 3F) (14). The model was
cross-validated by inspecting individual Rpc2 BPA cross-links
in the lobe and external 2 domains as shown in Fig. 3G; all
cross-linking and cleavage results were internally consistent.
Additionally, BPA substitutions of residues on the Rpc37/53
dimerization module facing away from the RNA polymerase
did not yield Rpc2 cross-links (Fig. 3G), strongly supporting
our model of the Rpc37/53 dimerization module on the Pol III
core. Furthermore, when the model was fitted into a Pol III
cryo-EM envelope (Fig. 3H), the dimerization module and the
rest of the model were almost entirely enclosed by the enve-
lope, except for Rpc17/25 of the Pol III stalk (25, 32, 52).

Rpc53 extends to the Pol III stalk and contacts Tfc4. Further
expansion of photo-cross-linker incorporation into Rpc53 re-

tRNA gene as the wild type extract. (C) Western analysis of hydroxyl radical cleavage of Rpc2 by FeBABE conjugated to Rpc37 surface residues
in its dimerization domain. Rpc2 and peptide fragments generated from hydroxyl radical cleavage were visualized by probing with anti-Flag
antibody against the C-terminally Flag epitope-tagged Rpc2. The single cysteine substitutions used for FeBABE conjugation in Rpc37 are indicated
on the top, and the positions of the substituted residues are displayed in the dimerization domain model in Fig. 2F. Rpc2-Flag and the
corresponding sites of cleavage fragments are indicated on the right. (D) Rpc2 cleavage from Rpc53-FeBABE derivatives in the dimerization
domain. (E) Hydroxyl radical cleavage sites on the Rpc2 surface from tethered FeBABE in the Rpc37/53 dimerization domain. Calculated cleavage
sites are mapped on the Pol III 11-subunit model. Based on the accuracy of cleavage site calculation, individual cleavage sites are represented by
11-residue patches centered at the cut sites and are colored in blue and cyan for cleavages from Rpc37- and Rpc53-FeBABE derivatives,
respectively. (F) Model of the Rpc37/53 dimerization module on the Pol III 11-subunit core. The model was built by applying FeBABE cleavage
patterns as structural restraints for ZDOCK modeling. Ribbon model represents the dimerization module, with Rpc37 in orange and Rpc53 in red.
Same as in E, the hydroxyl radical cleavage sites in Rpc2 from FeBABE derivatives are colored. (G) Cross-validation of the Rpc37/53 dimerization
domain-Pol III core model by the photo-cross-linking pattern from Rpc2-BPA. Blue and cyan residues on the Pol III 11-subunit (core) surface
model indicate BPA-substitutions in the Rpc2 lobe/external 2 domains that produce cross-links to Rpc37 and Rpc53, respectively. The Rpc37/
Rpc53 dimerization domain is shown as ribbons with Rpc37 in orange and Rpc53 in red. Magenta spheres represent BPA-substituted residues that
are predicted from our model of Rpc37/53 dimerization domain on the Pol III core (shown as the white molecular surface below) to face away
from Rpc2. None of these outward-facing residues in the dimerization domain cross-links to Rpc2. (H) Fit of the Rpc37/53 dimerization
module-Pol III core model into the cryo-EM envelope of Pol III (25). The Pol III core is shown in blue ribbons. Rpc37 and Rpc53 are shown in
orange and red, respectively.
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vealed previously uncharacterized interactions of the N-termi-
nal region of Rpc53 with the Pol III-specific Rpc82/34/31 sub-
complex and with the Rpc17/25 dimer that forms the stalk (Fig.
2A). As shown in Fig. 4A, BPA substitution of Asn19 in Rpc53
produced a cross-link confirmed to be Rpc82 as well as two

other cross-links with Rpc34 and Rpc25 (data not shown).
Located a few residues away, Ser12-BPA also cross-linked to
Rpc82 and Rpc25 (data not shown). Cross-linking to another
stalk subunit, Rpc17, was observed for a BPA substitution of
Leu28 (Fig. 4B). The Rpc53-Rpc17 cross-link was addition-

FIG. 4. The N-terminal region of Rpc53 contacts multiple Pol III subunits and TFIIIC for Pol III recruitment. (A) Western blot analysis
showing that Rpc53 cross-links with the Rpc82/34/31 subcomplex. Rpc53 Asn19-BPA cross-linking was visualized by probing with anti-Myc
antibody in the left panel. The cross-linked polypeptide Rpc82 was validated by Flag tagging Rpc82 as indicated in the right panel (anti Flag).
Rpc34 and Rpc25 cross-links were also separately verified by Flag tagging (data not shown). (B) Rpc53 cross-links with the stalk protein Rpc17
and the Tfc4 subunit of the transcription factor TFIIIC. Rpc53 Leu28-BPA cross-linking was visualized by probing with anti-Myc antibody in the
left panel. Right panel: the shift of Rpc53-Rpc17 fusion band was detected after Flag-tagging Rpc17 (compare lane 4 and 8), and Rpc17 in the
cross-linking band was identified by probing with anti-Flag antibody (lane 8). Similarly, the Rpc53-Tfc4 cross-link in the upper fusion band was
verified by Flag tagging Tfc4 (data not shown). (C) Representative Western analysis showing that BPA substitutions at Rpc53 residues Phe102 and
Arg58 cross-link to Rpc1 and Rpc17 simultaneously. Asterisk, unidentified cross-linked polypeptide. (D) Rpc53 �(11–40) mutant compromises
transcription activity. The autoradiogram shows transcription activities from the indicated Pol III promoters after PIC formation on the
immobilized DNA templates and subsequent addition of NTPs spiked with 32P-labeled GTP. The relative activity of WT and Rpc53 N-terminal
(aa 11 to 40) deletion (�N) mutant is listed below each lane. (E) The Rpc53 �(11–40) mutant affects PIC formation. Immobilized assay was
conducted using Rpc53 mutant or Rpc53 WT whole-cell extracts with three types of Pol III promoters. Anti-Tfc4 and anti-Rpc34 antibodies were
used to quantify Tfc4 and Rpc34 by Western analysis. The relative intensity of Rpc34, normalized to Tfc4, is listed below each lane. Additionally,
Rpc2 was visualized by probing with anti-Flag antibody against C-terminally Flag tagged Rpc2 in the whole-cell extract.
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ally observed for BPA substitutions of Arg58, Phe102, and
Glu105, and these three residues also showed another high-
molecular-weight cross-link verified to be an Rpc53-Rpc1
product (Fig. 4C).

As determined on the basis of a homology search using
HHpred (48), the residues cross-linking simultaneously to
Rpc17 and Rpc1 lie within an N-terminal segment homologous
to KOG0921 (Fig. 2A), a conserved domain present in protein
homologs of the MLE RNA helicase (8). The segment C ter-
minal to KOG0921 showed extensive interactions with Rpc2;
in particular, one segment (amino acids [aa] 211 to 272) con-
currently cross-linked to Rpc1 and Rpc2 (data are summarized
in Fig. 2A). This result suggests that this segment is located
between Rpc1 and Rpc2. Our cross-linking data thus indicate
a multisubunit binding mode for the N-terminal region of
Rpc53 that includes interactions with the stalk, the Rpc82/
34/31 subcomplex, and likely the active site cleft of Rpc1/Rpc2.

In addition to the interactions between Pol III subunits, one
of the two distinct cross-links for Rpc53 Leu28-BPA was ver-
ified to be the Tfc4 subunit of transcription factor TFIIIC (Fig.
4B, lane 4; upper band). Tfc4-Rpc53 cross-links were also
observed at residues Lys31 and Val35 (Fig. 2A). Among the
three types of Pol III promoters in yeast, the type I 5S rRNA
promoter contains an internal control region (ICR) to which
TFIIIA binds to recruit TFIIIC. The type II promoter, exem-
plified by tRNA genes, contains intragenic A and B boxes for
TFIIIC recognition, whereas the type III U6 snRNA promoter
contains a canonical TATA box, an A box, and an unusual
extragenic B box located about 120 bp downstream of the
termination site (5, 9, 22, 33, 45). To examine whether the
interaction between Rpc53 and Tfc4 is specific with respect to
the promoter type, we performed additional cross-linking ex-
periments using BPA-substituted Leu28 and immobilized
DNA containing either the U6 or 5S promoter. Interestingly,
the Rpc53-Tfc4 cross-link also formed at both the U6 and 5S
promoters (data not shown), indicating that the Rpc53-Tfc4
contact is conserved in the three classes of Pol III promoters.
This result is consistent with the notion that recruitment of Pol
III to the U6 promoter is dependent on the presence of TFIIIC
(5), although it has been shown that TFIIIB alone can suffice
for U6 snRNA transcription in vitro (7, 20).

The N-terminal region of Rpc53 contributes to PIC forma-
tion. On the basis of our BPA photo-cross-linking results, we
wondered which regions in Rpc53 and in Rpc37 are essential in
vivo. A series of yeast strains containing internal deletions or
terminal truncations of either Rpc53 or Rpc37 were generated
by plasmid shuffling, and cell viability was scored on YPD
plates (see Table S5 in the supplemental material). Unexpect-
edly, our results showed that the N-terminal region of Rpc53
was not required for cell viability (see Table S5B in the sup-
plemental material [del S2-L280]); the corresponding yeast
strain with this deletion displayed reduced growth at 18°C but
normal growth at permissive temperature. In contrast, the pre-
dicted C-terminal dimerization domain of Rpc53 and, analo-
gously, the dimerization domain of Rpc37 are essential for
growth. A similar phenomenon was observed for the TFIIF
dimerization domain but not for the Rpa49/34.5 dimerization
domain (36, 40). In line with the photo-cross-linking results
and the structural prediction, the conserved Rpc53 segment
(aa 281 to 315) within the dimerization domain is required for

cell viability; by contrast, the nonconserved insertion (aa 316 to
350) that exhibited cross-linking to Rpc1 or Rpc2 was found to
be inessential (see Table S5B in the supplemental material and
Fig. 2A).

To gain more insight into the functional role of the Rpc53
N-terminal region, we assayed in vitro transcription activity of
the Rpc53 �(11–40) mutant that displayed a cold-sensitive
phenotype (see Table S5B in the supplemental material). As
revealed by BPA photo-cross-linking, the deleted segment con-
tains multiple binding sites for Rpc82, Rpc34, the Pol III stalk,
and Tfc4 (Fig. 2A). The transcriptional activity of a whole-cell
extract bearing Rpc53 �(11–40) was reduced to �30% of the
activity of the wild-type extract (Fig. 4D). We further investi-
gated whether the mutant affected PIC formation. In the im-
mobilized template assay, Rpc53 �(11–40) reduced Rpc34 lev-
els on the three types of promoter DNA to 33% to 61% of the
levels obtained with the wild type (Fig. 4E). These results
indicated that the decrease in transcription activity may have
been caused, at least in part, by the reduction of Rpc34 of the
Pol III-specific Rpc82/34/31 subcomplex on promoters, sug-
gesting that the protein interaction network of the Rpc53 N-
terminal segment (aa 11 to 40) is important for a complete
assembly of the PIC.

The C-terminal region of Rpc37 contains binding sites for
Rpc2, Bdp1, and Rpc34. Despite extensive cross-linking of the
region N terminal to the dimerization domain in Rpc37 with
Rpc2, our mutation studies showed that deletion of this region
did not hamper cell growth (see Table S5A in the supplemental
material). In contrast, several internal deletion mutations in
the region C terminal to the dimerization domain resulted in
lethality. Further photo-cross-linking experiments in this re-
gion showed widespread cross-links with Rpc2 and Rpc34 (Fig.
2B), and two consecutive residues, Met214 and Ser215, re-
vealed an unexpected cross-link to Bdp1 (Fig. 5A and data not
shown). Interestingly, Ser215-BPA yielded multiple bands that
were identified as cross-links with three polypeptides, Rpc2,
Rpc34, and Bdp1.

Previous DNA-protein cross-linking studies have shown that
Bdp1 cross-links to DNA regions upstream of the SUP4 tRNA
gene (�2 or �3 to �37 or �38), whereas Rpc53 cross-links to
downstream locations (at �11, �16, and �17); however, no
DNA-Rpc37 cross-link was detected in the PIC (1, 2, 39). The
Rpc37-Bdp1 interaction might therefore occur at some dis-
tance from the promoter DNA. In order to map the interaction
surface between Pol III and the transcription factor Bdp1,
FeBABE was tethered to cysteine residues replacing those
C-terminal residues in Rpc37 that cross-linked to Bdp1. The
Rpc37 Ser215-FeBABE derivative produced a cleavage frag-
ment (at aa 317 to 327) within the lobe domain of Rpc2
(corresponding to Rpb2 aa 347 to 356) (Fig. 5B), which is
consistent with the Rpc2-Rpc37 cross-links observed in the
lobe domain (see Table S1 in the supplemental material). Our
biochemical probing data thus reveal important multiprotein
interactions near the Rpc2 lobe that include the C-terminal
domain of Rpc37, Rpc34, and Bdp1 (Fig. 5C).

The C-terminal region of Rpc37 extends to the Pol III active
center. Direct involvement of Rpc37/53 in transcription termi-
nation was observed in previous biochemical analyses in which
a Pol III� mutant lacking the Rpc37/53 dimer exhibited a
reduced ability to recognize the regular termination site and
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generated additional termination read-through transcripts
from a downstream termination signal (11, 38). Using the
Rpc37 and Rpc53 mutant strains generated in our study that
displayed temperature-dependent growth defects, we further
investigated the molecular basis of how Rpc37/53 facilitates
accurate transcription termination. No viable Rpc53 mutants
displayed termination defects except for an N-terminal �(2–
280) (Rpc53 �N) that produced termination read-through
transcripts on the SUP4 tRNA gene (Fig. 3B). As reported by
Landrieux et al. (38), C-terminal (aa 256 to 282) truncation in
Rpc37 results in complete dissociation of the Rpc37/53 dimer
after Pol III purification and termination read-through. Utili-
zation of the cell extract from the same Rpc37 C-terminal
truncation strain also yielded read-through transcripts (T2) in
our assay (Fig. 5D, lane 4); however, shorter transcripts (T1)
resulting from normal termination were present as the major
transcription products, likely due to inefficient dissociation of
the less tightly associated mutant Rpc37/53 after PIC isolation
from the immobilized template assay. Interestingly, a smaller
internal deletion of the Rpc37 segment (aa 226 to 230) that was
identified by cross-linking experiments as binding to Rpc2 (Fig.
2B) influences termination accuracy in a manner similar to that
seen with the C-terminal truncation mutant (Fig. 5D, lanes 3 and
4) without affecting the transcription start site (data not shown).

As mentioned above, the Rpc37 segment (aa 226 to 230)
interacts with Rpc2 as revealed on the basis of our photo-
cross-linking study; therefore, the defective termination re-
sulting from the presence of the Rpc37 �(226–230) mutant
might be due to a weakened association of Rpc37 or the
Rpc37/53 dimer, as seen with the C-terminal (aa 256 to 282)
truncation mutant. To test this possibility, whole-cell ex-
tracts containing Flag-tagged Rpc2 and wild-type or mutant
Rpc37 were immunoprecipitated (IP) with anti-Flag agarose

gel and analyzed for IP of Rpc37. In good agreement with
previous biochemical analyses (38), Rpc37 �(256–282) se-
verely reduced Rpc37 association (Fig. 5E, lane 4); in con-
trast, Rpc37 �(226–230) did not affect the association of
Rpc37/53 with Rpc2 (Fig. 5E, lane 3). Thus, the termination
defect caused by Rpc37 �(226–230) might have been due to
an Rpc37-Rpc2 interaction specifically required for termi-
nation but not essential for Rpc37-Rpc2 association.

To further localize the Rpc37 (aa 226 to 230) segment on
Rpc2, FeBABE was conjugated to cysteine substitutions at
Gln224, Leu227, Thr228, and Gly229. Utilization of these
Rpc37-FeBABE derivatives in the immobilized template as-
say produced Rpc2 cleavage sites localized to fork loops 1
and 2 and to a conserved loop lying next to the active site in
the E. coli RNA polymerase that was termed �DloopII (49)
(Fig. 5F and 6A). To investigate whether these interactions
change when Pol III elongates, we isolated the ternary elon-
gation complex (TEC) on the SUP4 template in the pres-
ence of ATP, CTP, and UTP (GTP withdrawal) (38). As a
fraction of polymerases might fail to initiate transcription
(1), the cleavage fragments observed in the PIC could also
subsist in the assay for TEC isolation. However, we observed
increased cleavage activity in the �DloopII from the
Thr228-FeBABE derivative in the TEC (Fig. 5G; compare
lanes 3 and 6). Furthermore, we identified two additional
cleavage fragments that were mapped to the lobe domain
and the hybrid binding domain situated close to �DloopII
inside the active site cleft (Fig. 5G and Fig. 6B). Our results
thus showed that the C-terminal segment (aa 226 to 230) of
Rpc37 lies near the Pol III active center, undergoes a con-
formational change upon transition to TEC, and further
participates in transcription termination.

FIG. 5. The C-terminal region of Rpc37 contains binding sites for Bdp1 and lies near the active center for accurate termination. (A) Cross-links
of Rpc37 Ser215-BPA to Bdp1, Rpc2 and Rpc34 identified by Western analysis. Left panel: Rpc37 and its cross-links were detected using anti-V5
antibody (lanes 1 to 4). Right panel: Identification of the cross-linked polypeptide Bdp1 (lanes 5 to 8) was achieved by immunostaining of the Flag
tag containing Bdp1 with anti-Flag antibody. Similarly, verification of Rpc37-Rpc2 cross-link was based on probing with anti-Flag antibody for
epitope tagged target (data not shown). The Rpc37-Rpc34 cross-link was identified by probing with anti-Rpc34 antibody (data not shown).
(B) Position of Rpc37 Ser215 is mapped to the Rpc2 lobe. Western analysis showing Ser215-FeBABE cleaved Rpc2 lobe. The calculated cleavage
site is shown in panel C. (C) Localization of the C-terminal domain of Rpc37 (Rpc37 C). Pol III 11-subunit core (blue ribbon) and Rpc37/53
dimerization module (orange and red ribbons) are fitted in Pol III cryo-EM envelope as in Fig. 2F. The yellow ribbon indicates the cleavage site
in Rpc2 from the Rpc37 Ser215-FeBABE derivative. The orange oval marks the approximate position of Rpc37 C on the Pol III core.
Protein-protein interactions with Bdp1 and Rpc34 are indicated. Template (cyan) and nontemplate DNA (green) are located as observed in the
Pol II elongation complex (1Y1V) (35). The magenta sphere shows the active center of Pol III. Possible location of the N-terminal domain of
Rpc53 (Rpc53 N; red oval) on the Pol III core is also indicated. Protein-protein interactions with Rpc34, Rpc82, Rpc17, Rpc25, and Tfc4 for Rpc53
N are marked by arrows. (D) Rpc37 C-terminal truncation mutants reduce termination efficiency. Transcription assay was conducted with
whole-cell extracts containing indicated Rpc37 mutants following the immobilized template assay on the SUP4 tRNA gene that contains two
consecutive T-stretches at the 3�-end of its coding sequence. T1 and T2 transcription products observed in the autoradiogram are generated from
termination at the upstream and downstream T stretches, respectively. Mutants with reduced termination efficiency shift termination to site T2,
whereas WT is observed to terminate mostly at T1. The relative termination shift, calculated as intensity ratio of T2 over the sum of T1 and T2,
is listed below each lane. (E) Rpc37 �(226–230) mutant does not affect Rpc37 association with Rpc2. Coimmunoprecipitation was conducted with
anti-Flag agarose gel to pull down Flag-tagged Rpc2, and probed for coimmunoprecipiated V5 epitope tagged WT or indicated Rpc37 mutants
with anti-V5 antibody. The relative intensity of Rpc37 WT/mutant immunostaining is normalized to Rpc2 and listed below each lane. In addition,
coimmunoprecipitated Rpc53 was visualized by probing with anti-Rpc53 antibody. In contrast to the observed coimmunoprecipitation of Rpc37
�(226–230) mutant, the association of Rpc37 �(256–282) mutant with Rpc2 was severely compromised. Coimmunoprecipitation of Rpc53
correlates with the association of Rpc37 WT/mutant with Rpc2. (F) The C-terminal region of Rpc37 is located near the Pol III active center.
FeBABE hydroxyl radical cleavage of Rpc2-Flag by Rpc37-FeBABE derivatives is shown in the Western blot. Amino acid positions of Rpc37-
FeBABE derivatives are listed above, and the corresponding Rpc2 cleavage sites for individual Flag epitope containing fragments are indicated
on the right. The asterisk indicates an unmapped Rpc2 fragment. (G) The C-terminal region of Rpc37 moves closer to the �Dloop2 of Pol III active
site in the elongation complex. Rpc2 cleavages from Rpc37-FeBABE derivatives within the Pol III PIC (lanes 1 to 3) and the Pol III TEC (lanes
4 to 6) are shown.
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DISCUSSION

Rpc37/53 participates in multiple steps of transcription, in-
cluding promoter opening, termination, and reinitiation. Al-
though previous biochemical studies revealed some functions
of Rpc37/53 (34, 38), the position of Rpc37/53 within Pol III
and the mechanism that allows Rpc37/53 to function remained
unclear. On the basis of the biochemical characterization of
yeast RNA polymerase III lacking Rpc37, Rpc53, and Rpc11

(Pol III�) and the unassigned additional electron density de-
scribed in a previous cryo-EM study, Rpc37/53 was proposed
to be located at the outer end of the DNA-binding cleft, sens-
ing the incoming DNA (25, 44). In addition, RNA-protein
photo-cross-linking revealed that Rpc53 lies near the catalytic
site of Pol III (34).

Through incorporation of BPA into Rpc2, the positions of
Rpc37 and Rpc53 on the Rpc2 surface in the Pol III 11-subunit
core structure have been mapped (Fig. 1). The position of the
Rpc37/53 dimerization module within the PIC was further ver-
ified in our study by a hydroxyl radical cleavage assay, and a
detailed model for the structure of the Rpc37/53 dimerization
module on the Pol III 11-subunit core was constructed to
illustrate how this conserved module interacts with the core
(Fig. 3). We found that in our model the Rpc37/53 dimeriza-
tion module contacts Rpc2 in a manner similar to that by which
the TFIIF dimerization module contacts Rpb2 of Pol II (21).
This finding suggests that interactions in these two nuclear
transcription machineries are conserved.

Based on our findings that the N-terminal segment (aa 11 to
40) of Rpc53 cross-links with Rpc82, Rpc34, the stalk proteins
Rpc25 and Rpc17, and the Tfc4 subunit of TFIIIC (Fig. 2A),
this 30-residue segment likely functions to integrate a multi-
protein network important for PIC formation. Consistent with
the importance of these interactions, deletion of Rpc53 (aa
11–40) compromised transcription activity and reduced the
protein level of Rpc34 in the PIC formation assay. Since Rpc34
remained bound in the purification of Pol III� lacking the
Rpc37/53 dimer (38), the Rpc53 (aa 11 to 40) deletion might
not influence the association of Rpc34 in the Pol III complex.
Therefore, the destabilization of Rpc34 in the PIC assembly
might result from a dynamic interaction between Rpc53 (aa 11
to 40) and Rpc34 upon PIC formation. In addition, as the Pol
III-specific Rpc82/34/31 subcomplex was previously proposed
to connect the stalk and Rpc1 clamp domain, the Rpc53 (aa 11
to 40) segment as well as Tfc4 could localize to the connection
of the Rpc82/34/31 subcomplex and the stalk (Fig. 5C). The
location for Tfc4 on the Pol III surface is in good agreement
with previous DNA-protein cross-linking studies that showed
that Tfc4 contacts a region upstream of the box A sequence
and the transcriptional start site where Pol III subunits such as
Rpc1, Rpc2, Rpc53, Rpc34, Rpc82, and Rpc25 also make some
contacts (2, 4).

Transcription termination by eukaryotic RNA Pol III resem-
bles rho-independent termination by E. coli RNA polymerase,
because polymerases in both systems directly recognize the
termination signal encoded in the template DNA (44). It has
been demonstrated that mutations in Rpc2 of yeast Pol III as
well as in its counterpart in E. coli RNA polymerase, the �
subunit, alter the termination site(s) (37, 46, 47). The defective
termination mutations in the Rpc2 lobe segments (aa 300 to
325) overlap with the Rpc2-Rpc37 cross-linking sites (Fig. 1A),
while mutations in another segment (aa 489 to 521) are located
near the positions yielding Rpc2-Rpc53 cross-links (Lys531,
Tyr534, and Val535; data not shown). In addition, our model
for binding of the Rpc37/53 dimerization module on the core
deduced from FeBABE-directed hydroxyl radical probing also
places the domain on the Rpc2 lobe and external 2 domains
(Fig. 3F) in close proximity to the aforementioned Rpc2 seg-
ments causing termination defects. Therefore, our biochemical

FIG. 6. Rpc37 influences transcription termination by interacting
with fork loops and �DloopII. (A) Model of the Pol III active center
and residues cleaved by Rpc37 Thr288-FeBABE derivative within Pol
III PIC. The Rpc1 bridge helix and Rpc2 fork loops 1 and 2 are shown
as white ribbons, and the calculated cleavage sites are shown as 11-
residue purple patches. Template (cyan) and nontemplate DNA
(green) strands are as observed in 1Y1V (35) by superimposition of Pol
III 11-subunit model with Pol II structure. (B) Rpc37 Thr228-FeBABE
cleaves �DloopII within Pol III TEC. The bridge helix, fork loops 1
and 2, �DloopII and the helix in hybrid binding domain are shown as
white ribbons and the cleavage sites are indicated in red on �DloopII
and in blue on hybrid binding domain, respectively. Template, non-
template DNA and nascent RNA are as observed in 3HOW (49) and
are shown as cyan, green and orange ribbons, respectively.
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probing analyses and proposed binding model adequately link
an important functional role for Rpc2 in transcription termi-
nation to its structural association with the Rpc37/53 dimeriza-
tion module.

In addition to the dimerization domain, the C-terminal seg-
ment of Rpc37 (aa 226 to 230) contacting Rpc2 is also account-
able for accurate termination. Our FeBABE cleavage analyses
revealed that the binding site for this segment is near Rpc2
fork loops 1 and 2. Fork loop 1 was previously found to stabi-
lize the DNA-RNA hybrid and set the upstream boundary for
DNA-RNA strand separation (57). Interestingly, mutations in
Rpc2 fork loop 2 lead to defective termination (46, 47); this
structural motif in both E. coli RNA Pol and yeast RNA Pol II
has been proposed to stabilize the downstream edge of the
transcription bubble critical for polymerase pausing (28, 51,
54). A recent study also reinforced the role of fork loop 2 in
stabilizing the downstream edge of the DNA-RNA hybrid by
showing that this loop contributes to Pol II pausing when a
frayed RNA 3� end is present (49). As transcription of a stretch
of rU contributes to pausing and termination for Pol III (30,
42) and a run of rU:dA base pairs likely causes frayed RNA at
the 3� end that was previously defined as representing the
elemental pause (10, 49, 51), Rpc37 might thus influence the
pausing and termination intermediation through its contact
with the Rpc2 fork loop 2 near the active site.

Our finding that the Rpc37 segment (aa 226 to 230) is
repositioned closer to the �DloopII in the stalled elongation
complex further supports the notion that Rpc37 is involved in
Pol III pausing and termination. This evolutionarily conserved
active site motif was previously shown to be another important
structural element contacting and stabilizing frayed or back-
tracked RNA (49, 51, 53). In summary, our findings, together
with those of previous crystallographic and biochemical anal-
yses, lead us to propose that Rpc37 participates in transcrip-
tion bubble maintenance and perhaps in DNA-RNA hybrid
base pairing at the 3� end through its contacts with Pol III fork
loops and �DloopII (Fig. 6A and B). Upon encountering a
termination signal, Rpc37 contributes to destabilize the con-
tacts among Pol III active site loops and DNA-RNA hybrids
for efficient termination. Alternatively, Rpc37 might interact
directly with the 3� frayed RNA or the transcription bubble for
subsequent disruption of DNA-RNA base pairs, leading to
destabilization of the ternary complex and dissociation of the
polymerase.
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