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Structure of human RNA polymerase III elongation complex
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RNA polymerase lIl (Pol Ill) transcribes essential structured small RNAs, such as tRNAs, 55 rRNA and U6 snRNA. The transcriptional
activity of Pol Il is tightly controlled and its dysregulation is associated with human diseases, such as cancer. Human Pol Ill has two
isoforms with difference only in one of its subunits RPC7 (a and (). Despite structural studies of yeast Pol lll, structure of human Pol
Il remains unsolved. Here, we determined the structures of 17-subunit human Pol Illla complex in the backtracked and post-
translocation states, respectively. Human Pol Ill contains a generally conserved catalytic core, similar to that of yeast counterpart,
and structurally unique RPC3-RPC6—RPC7 heterotrimer and RPC10. The N-ribbon of TFIIS-like RPC10 docks on the RPC4-RPC5
heterodimer and the C-ribbon inserts into the funnel of Pol Il in the backtracked state but is more flexible in the post-translocation
state. RPC7 threads through the heterotrimer and bridges the stalk and Pol Il core module. The winged helix 1 domain of RPC6 and
the N-terminal region of RPC7a stabilize each other and may prevent Maf1-mediated repression of Pol Il activity. The C-terminal
FeS cluster of RPC6 coordinates a network of interactions that mediate core-heterotrimer contacts and stabilize Pol . Our
structural analysis sheds new light on the molecular mechanism of human Pol llla-specific transcriptional regulation and provides
explanations for upregulated Pol Ill activity in RPC7a-dominant cancer cells.
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INTRODUCTION
Eukaryotic transcription is mediated by three classes of structurally
related RNA polymerases, RNA polymerase (Pol) |, Pol Il and Pol
II.'"3 Pol Il is dedicated to generate transfer RNAs (tRNAs), the
most abundant cellular RNAs, and other small noncoding RNAs
including spliceosomal U6 small nuclear RNA (snRNA) and 5S
ribosomal RNA (55 rRNA), many of which are related to the
ribosome biogenesis and protein synthesis.** The transcription of
these RNAs requires highly efficient transition from termination to
reinitiaiton, a characteristic feature of Pol Illl-mediated
transcription.” Dysregulation of Pol lll-mediated transcription is
associated with human diseases, such as cancer.® 12

As the largest member among the three eukaryotic RNA
polymerases, Pol Ill has molecular weight of ~0.7 megadalton
and consists of 17 subunits that are organized into a catalytic
core, a peripheral stalk module, and Pol Ill-specific subcom-
plexes.® The catalytic core and stalk are structurally conserved
across eukaryotic RNA polymerases. The Pol lll-specific TFIIE-
like heterotrimeric subcomplex C82-C34-C31 in yeast (equiva-
lent of human RPC3-RPC6-RPC7) is required for transcription
initiation.">”'® The Pol lll-specific TFIIF-like heterodimeric
subcomplex C53-C37 (equivalent of human RPC4-RPC5) func-
tions in transcription initiation and termination.'””?' The
yeast C11 (equivalent of human RPC10) subunit in the catalytic
core has intrinsic RNA exonuclease activity for error correction
and is functionally similar to TFIIS, the elongating factor of
Pol 1172724

Maf1 is a negative regulator of Pol lll transcription activity. In
yeast, Maf1 binds Brf1, an essential subunit of TFIIIB which recruits
Pol lll to promoter DNA, and prevents assembly of preinitiation
complex (PIC).*> Maf1 also inhibits transcription initiation through
binding C34 of Pol Ill and blocks the active site.® In human cell,
Maf1 interacts with Pol lll through contacting subunits RPC1 and
RPAC2.2” However, how Maf1-Pol Il interaction is regulated
remains elusive.

Human Pol Il has two isoforms with difference only in one of its
subunits RPC7 (a and B). RPC7a and RPC7f3 are highly similar and
share 46% sequence identity?® RPC7a is more abundant in
undifferentiated cells and tumor cells, whereas RPC7p is ubiquitously
expressed. Overexpression of RPC7a enhances tumor transforma-
tion, suggesting that RPC7a may regulate the role of tumor
suppressor MAF1 in repressing Pol Il activity. The regulatory
mechanism underlying the differential expression of two isoforms
of RPC7 remains largely unknown.

Previous structural studies mainly focused on yeast Pol Ill and
elucidated the molecular mechanisms of Pol Il architecture and
transcription initiation.?%?°3® Despite the highly conserved
catalytic mechanism of Pol Il in yeast and human systems,
structural studies of human Pol Il are required for understanding
the human Pol lll-specific regulation and mapping the human
disease-related mutations in Pol Ill. Here, we reported the cryo-
electron microscopy (cryo-EM) structures of human Pol llla
complex in the backtracked and post-translocation states at
3.0A and 3.4 A resolution, respectively. The structures reveal a
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highly conserved catalytic cavity and structural features distinct
from yeast Pol Il and provide novel insights into complex
assembly and regulation of human Pol Il

RESULTS

Complex assembly and structure determination

The expression cassettes of 17 Pol lll subunits were merged into
six modified pCAG plasmids and transiently transfected into HEK
Expi293 cells. The recombinant human Pol lll complex was purified
to homogeneity using immunoprecipitation (protein A-tagged
RPC2), followed by ion exchange (Supplementary information,
Fig. S1a). The Pol lll elongation complex (EC) in the absence of NTP
was assembled by incubating the purified Pol Ill and a DNA/RNA
hybrid mimicking the transcription bubble in the backtracked
state.>® The cryo-EM structure of Pol Ill EC was determined using
single particle reconstruction and the cryo-EM map was refined to
an overall resolution of 3.0 A (Fig. 1b, ¢; Supplementary informa-
tion, Figs. S2, S3, Table S1, and Movie S1). The map around RPC6
was relatively weak and was further improved by focus refinement
(Supplementary information, Movies S2, S3). The structural model
was manually built with yeast Pol Il structure® as template. All the
17 subunits and DNA/RNA scaffold were built in the structural
model except some peripheral regions (Supplementary informa-
tion, Table S2) due to intrinsic flexibility.

Overall structure of human Pol Ill EC

The human Pol Il EC adopts an overall architecture generally
similar to that of yeast Pol Il EC (Supplementary information,
Fig. S4a, b),>° consistent with the high sequence similarity of the
core subunits and highly conserved function across species. Pol lll
consists of a 10-subunit core formed by RPC1, RPC2, RPAC1-2,
RPABC1-5 and RPC10, a stalk formed by RPC8 and RPC9, a Pol llI-
specific TFIIE-like heterotrimer formed by RPC3, RPC6 and RPC7,
and Pol lll-specific TFIIF-like heterodimer formed by RPC4 and
RPC5 (Fig. 1b, ¢; Supplementary information, Movie S3). The cryo-
EM map reveals the mimetic transcription bubble in the active
center and downstream DNA duplex (Fig. 1b, c).

The cryo-EM map is relatively weak around the RNA bases and
does not support unambiguous model building (Supplementary
information, Fig. S7b, d). The map around phosphate groups of 6
RNA nucleotides is fairly good and the 16 bps of DNA duplex are
all well-ordered. We therefore built the structural model of RNA
according to the positions of the phosphate groups and the
putative RNA-DNA base pairing. In the structural model, the
mimetic transcription bubble contains 6 bases of synthetic RNA
complementary to template DNA (Fig. 1a). The downstream DNA
(16 bp) is surrounded by the active cleft, clamp, and jaws, and
extends outward through the DNA entry tunnel (Fig. 1a-c). The Pol
Il structure likely represents a backtracked state because the
nucleotide addition site is occupied by the nucleotide U™’
(relative to transcription start site) while the 3’-end nucleotide
C" is disordered (Supplementary information, Figs. S3b, S7b, d, ).

Structure of human Pol Il in the post-translocation state

We also obtained cryo-EM map of Pol Ill using a DNA-RNA hybrid,
the design of which has been widely used in generating Pol Il EC in
the post-translocation state (Supplementary information, Fig. S2).
The cryo-EM map around RNA bases supports the placement of
three RNA nucleotides (A~U™C™") according to the positions of the
phosphate groups and the putative RNA-DNA base pairing
(Supplementary information, Figs. S2k, S7c, e). As expected, the
nucleotide addition site is empty and placed next to the 3’-end
nucleotide C' (Supplementary information, Fig. S7¢, e, f). Structural
alignment of nucleic acids of Pol Ill in the backtracked and post-
translocation states with yeast Pol Ill (PDB code: 5FJ8)*° in the pre-
translocation state shows that the RNA is tilted towards bridge
helix, consistent with the conformational differences of Pol Il in
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backtracked and elongation states®* (Supplementary information,
Fig. S7g, h). The Pol lll in the two states adopt almost identical
conformation (Supplementary information, Figs. S2, S7a), consis-
tent with highly conserved structural features of Pol Il in distinct
translocation states.>> The structure in the backtracked state was
used in the following analyses.

The Pol Il catalytic cavity is highly conserved in yeast and humans
Previous structural studies of Pol I, Pol Il and Pol Ill indicate high
similarity of the active center.! The “metal A” magnesium cation is
coordinated by side chains of three conserved aspartate residues
(D499, D501, D503) of RPC1 and binds to the growing RNA 3’ end
(Supplementary information, Fig. S3b). The nucleic acid-binding
residues are mainly from core subunits RPC1, RPC2 and RPABCI.
Most of these residues are invariant or highly conserved across
species from yeast to humans (Supplementary information,
Figs. S4c, d, S6). The well-accepted highly conserved catalytic
mechanism suggests that human Pol Il in elongation state
unwinds the downstream double-stranded DNA in the active
center region, where the transcribed RNA forms a hybrid with
template strand.

Despite the generally similar architecture shared by human and
yeast Pol Ill, the human Pol Il structure reveals that Pol lll-specific
RPC3-RPC6-RPC7 heterotrimer and RPC10 adopt conformations
distinct from their counterparts in yeast Pol lll structures (Figs. 2-4).

The human Pol lll-specific heterotrimer RPC3-RPC6-RPC7

The RPC3-RPC6-RPC7 heterotrimer packs against the clamp, seals
the active cleft, and connects to the stalk (RPC8-RPC9) (Figs. 2b,
3a; Supplementary information, Movie S3). RPC3 adopts a rigid
fold, in which the C-terminal coiled-coil (CC) inserts into the
central hole formed by four preceding winged helix (WH1-WH4)
domains, consistent with a previously published crystal structure
of RPC3.'® The extensively packed WH domains and the CC of
RPC3 together nucleate heterotrimer assembly (Fig. 2b). RPC6 has
three predicted winged helix domains (WH1-WHS3) followed by an
iron-sulfur domain.®® Relatively weak cryo-EM map shows that
WH1 and WH2 domains of RPC6 are suspended above the nucleic
acid-binding cleft but leave the DNA exit tunnel open (Figs. 1b, c,
3a-c; Supplementary information, Fig. S9a). The architectural
positioning of WH1 and WH2 domains was further confirmed by
crosslinking mass spectrometry, which reveals a number of
crosslinks between residues of WH1 or WH2 of RPC6 and their
surrounding residues of RPC2 and RPC3 (Supplementary informa-
tion, Fig. S10). The WH3 of RPC6 interacts with the WH3 and WH4
of RPC3 and the iron-sulfur domain packs against the helix pair
(a17, a20) and WH4 of RPC3 (Fig. 2b, h). The RPC7 subunit winds
on the surface of RPC3-RPC6 (Fig. 2b, h, i). The overall fold of RPC3
and the clamp-RPC3 contacts are generally similar to those in
yeast Pol lll EC structure.>® However, RPC6 and RPC7 are largely
distinct from their counterparts in yeast, consistent with their
functions supporting elaborate regulation in mammalian system
(described below).

RPC7 binds Pol Il stalk and clamp
The RPC7 subunit threads through the RPC3-RPC6 and interacts
with the clamp of Pol Il core module and the stalk module
(Fig. 2b, g, i). From the N-terminus to the C-terminus, RPC7 binds
the parallel helices of the clamp at the edge of DNA exit tunnel,
spans over the iron-sulfur domain of RPC6, packs on a V-shaped
groove formed by the CC and WH1-WH2 of RPC3, forms a helix
hairpin that interacts with the stalk on a shallow groove formed by
RPC8, RPC9 and RPC1, and folds back and winds over the other
surfaces of WH1 and WH2 of RPC3 (Fig. 2b, g, i). This conformation
largely differs from that of yeast Pol Ill EC*° and reveals structural
features of human Pol Il

A characteristic structural feature of human Pol Il is that the
heterotrimer module and the stalk module are bridged by a helix
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Fig. 1 Cryo-EM structure of the human Pol Ill EC. a Schematic model of the transcription scaffold used in this study. The template DNA is
shown in blue, the non-template DNA in yellow, and RNA in cyan. RNA is numbered relative to the transcription start site in the elongation
complex. Mismatched bases depict the mimetic transcription bubble. The bases that built in our model are shown with color-filled circles.
b Cryo-EM maps of human Pol Il EC in two different views. The positions of Pol Il subunits are labeled. ¢ Cartoon representation of Pol Il EC
structure. Four modules are highlighted with dashed circles. Color scheme is shown below the figure and used in all figures.

hairpin of RPC7 (RPC7 Met68-Try95) (Fig. 2i). This bridge is the sole during evolution. Since the heterotrimer RPC3-RPC6-RPC7 plays a
connection between the heterotrimer and the stalk and is absent role in Pol lll transcription initiation complex formation, this helix
in the previously reported yeast Pol Il structure,*® suggesting an hairpin may provide stable connection for the heterotrimer to the
acquired structural feature in humans or other higher eukaryotes rest of the enzyme and facilitate transcription.

Cell Research (2021) 31:791-800 SPRINGER NATURE



Article

794

PC1

RPC3¥

Fig. 2 Structural organization of the RPC3-RPC6-RPC7 heterotrimer. a Cryo-EM map of the Pol Ill EC with the heterotrimer and stalk
modaules highlighted. b Close-up views of structural organization of subunits RPC3, RPC6 and RPC7. WH winged helix, CC coiled coil. ¢ Close-
up view of structural model and cryo-EM density of FeS cluster. d-f Intermolecular interactions mediated by the FeS cluster of RPC6. Residues
involved in the interactions are shown in stick representation. g-i Close-up views of contacts between RPC7 and RPC1 (g), RPC6 (h), RPC3 (h, i),

and the stalk (i), respectively.

The RPC6 FeS domain mediates heterotrimer—core contacts

It has been known that human RPC6 contains a C-terminal cubane
[4Fe-4S] cluster.®® The cryo-EM map reveals outstanding density of
iron-sulfur cluster even at high threshold, showing much stronger
density than its surrounding regions. The iron-sulfur cluster adopts
a characteristic FeS fold through coordination with four cysteine
residues (C287, C290, C296, C307) at the C-terminus of RPC6
(Fig. 2¢). The FeS domain of RPC6 establishes multiple interactions
with the heterotrimer subunits RPC3 and RPC7 and the core
subunit RPC1. Residue D294 of RPC6 forms hydrogen bonds with
residues K441 and R438 of RPC3 (Fig. 2d). Residues W313, 1308 and
P286 make hydrophobic contacts with residues F38 and V31 of
RPC7 (Fig. 2e). Residues D295, E301, and H297 of RPC6 establish a
network of hydrogen bonds with residues E26 and R29 of RPC1
(Fig. 2f). Therefore, the FeS domain of RPC6 serves as a molecular
guide that leads the N-terminal loop of RPC7 toward the clamp
and the DNA exit tunnel. Consistent with the observed structural
role of C-terminal FeS domain in mediating contacts between Pol
Il core and the RPC3-PRC6-RPC7 trimer, the C-terminal mutation
of yeast C34 (human RPC6) leads to dissociation of the trimer from
Pol Il and abolishes the elongation activity.>” Nevertheless, the
presence of FeS cluster domain in RPC6 suggests a role in
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stabilizing human Pol lIl. Intriguingly, FeS domain does not exist in
yeast RPC6, in which the equivalent region forms an extended
loop but lacks the four equivalent cysteine residues (Supplemen-
tary information, Fig. $8a).>° The FeS domain in human Pol Il and
the equivalent region in yeast Pol Ill are placed in a similar
position, suggesting a conserved function.

The WH1 and WH2 domains of RPC6 seal the DNA-binding cleft
The cryo-EM map shows that the N-terminal WH1 domain of RPC6
is suspended above the DNA-binding cleft and bridges the RPC1
clamp and the RPC2 protrusion and lobe (Fig. 3a; Supplementary
information, Fig. S9a and Movie S3). The WH1 and WH2 of RPC6
make contacts with RPC4-RPC5 but do not directly bind DNA. The
interaction between WH1 and the N-terminal tail of RPC7a results
in a more closed cleft compared to that of yeast Pol Il EC
(PDB:5FJ8).%° The positioning of WH1 is likely stabilized by the N-
terminal tail of RPC7a (described below). Interestingly, a WH
domain-mediated cleft sealing was observed in yeast Pol | EC,*® in
which the C-terminal tandem winged helix (tWH) domain of A49
(equivalent to RPC5 in Pol Il binds upstream DNA and is
proposed to enhance Pol | processivity. Although the clefts of Pol |
and Pol Il are sealed by WH domains of distinct subunits in

Cell Research (2021) 31:791-800
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Fig. 3 RPC7a binds the WH1 domain of RPC6 and prevents Maf1 binding. a A combined cryo-EM map of human Pol IIl EC shown in two
different views. The localizations of RPC6 (yellow) and RPC7 (blue) are highlighted. b Locally refined cryo-EM map around the WH1 and WH2
domains of RPC6 is shown in transparent surface with the structural model of Pol lll and the predicted model of RPC6 WH1 shown in cartoon.
¢ Cryo-EM map of yeast Pol IlI-Maf1 complex shown as in a, b. Density of RPC6 (yellow), RPC7 (blue) and Maf1 (cyan) are highlighted.

distinct manners, the shared cleft sealing may favor the formation
of a stable transcription elongation complex.

RPC6 and RPC7a prevent Maf1-mediated inhibition of
transcription

In vitro biochemical studies demonstrated that Maf1 binds Pol Il
and prevents PIC formation in both yeast and human cells.>>3°
Direct Maf1-Brf1 interaction was confirmed and the interaction
was shown to inhibit the recruitment of Brfl to TFIIC-DNA
complexes.?>*%4" Recently reported cryo-EM structure of yeast
Maf1-Pol Il complex illustrated that Maf1 binds Pol Il between
the RPC2 protrusion, the clamp CC helices, and the WH2 of RPC6.%°
Aromatic stacking between invariable W319 of Maf1 and W294 of
C160 (yeast counterpart of human RPC1) may stabilize their
binding. Comparison of human Pol Ill EC structure and yeast Pol
lI-Maf1 structure reveals that Maf1 may clash with upstream DNA
and block the DNA exit tunnel, consistent with the finding in yeast
system (Supplementary information, Fig. S5). This may explain why
Maf1 can repress the transcription activity on longer upstream
DNA rather than shorter upstream DNA.*?

Structural comparison of human Pol lll and yeast Pol IlI-Maf1
complex also shows that Maf1l binding would introduce steric
hindrance with the WH1 of RPC6 and the N-terminal region of
RPC74q, suggesting a competitive binding of Pol lll core around the
DNA exit tunnel (Fig. 3b, c). The binding of RPC6-RPC7a is evident,
suggesting a regulatory role of these domains in preventing Maf1-
mediated inhibition of Pol Il activity. This could explain why
the Pol Il activity is upregulated in tumor cells where RPC7a is the
dominant isoform in Pol Il This is in line with the fact that
the WH1 of RPC6 in our structure is positioned differently from

Cell Research (2021) 31:791 -800

that in the yeast Pol Ill PIC structure (PDB: 6F40) (Supplementary
information, Fig. S4e, f) and is missing in the yeast Pol
lI-Maf1 structure (PDB: 6TUT) (Fig. 3c).

TFIIS-like RPC10 is positioned near the active site of Pol lll in the
backtracked state

RPC10 consists of an N-terminal RPB9-like zinc ribbon (N-ribbon)
and a C-terminal TFIIS-like zinc ribbon (C-ribbon) (Fig. 4a, b).
Similar to C11 (counterpart of RPC10) of yeast Pol III°° and RPB9 of
the Pol II,**** the N-ribbon of RPC10 inserts into a pocket formed
by the lobe of RPC2, the jaw of RPC1, and TFIIF-like RPC4-RPC5
heterodimer (Fig. 4c). The linker connecting the two ribbons packs
against the RPC1 jaw (Fig. 4d). The C-ribbon in the backtracked
state inserts into the polymerase funnel formed by the active cleft,
the funnel helices, and the pore (Fig. 4d). In contrast, the C-ribbon
is more flexible in Pol Il in the post-translocation state (Fig. 4a,
right panel; Supplementary information, Fig. S2I), consistent with
its lack of stable positioning during forward elongation.

The cryo-EM map of Pol lll in the backtracked state shows that
the C-ribbon points toward the growing 3’ end of RNA and is ~18
A away from the first modeled RNA phosphate group, indicating
the lack of direct contact with RNA end, consistent with relatively
weak cryo-EM density around the C-ribbon (Fig. 4d). The structural
observation is consistent with the known RNA cleavage activity of
the yeast C11 and its essential role in efficient transcription
termination.>* The architectural placement of the RPC10 C-ribbon
suggests that RPC10 is involved in transcription termination
probably through a mechanism similar to TFIIS-mediated RNA
cleavage in Pol Il proofreading and arrest.*>*° It has been known
that both yeast C11 (human RPC10) and C53-C37 (human

SPRINGER NATURE
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Post-translocation

Fig. 4 TFlIS-like subunit RPC10 in Pol lll EC. a Cryo-EM map of human Pol lll EC with close-up views of RPC10 in the backtracked and post-
translocation states shown. The map of RPC10 (red) is highlighted. b Close-up view of structural model of RPC10 N-ribbon and density map of
RPC10 C-ribbon and contacting regions that are indicated with dashed circles. ¢ Close-up view of structural model of RPC10 N-ribbon and its
interaction with subunits RPC4, RPC5, RPC1 and RPC2. d Close-up view of structural model of the linker and density map of C-ribbon of RPC10
and binding regions of subunit RPC1. Two different views are shown. The density shows that the RPC10 C-ribbon points toward the RNA

3’ end.

RPC4-RPC5) dimer are required for Pol Il transcription termination
at a tract of thymidines.'”?' RPC4-RPC5 may provide a dock to
anchor the N-ribbon of RPC10 to Pol lll. Nevertheless, our Pol I
structure provides a basis for understanding the functional
connection between the N-ribbon-associated RPC4-RPC5 dimer
and the C-ribbon-associated active center.

Potential effects of disease-associated Pol Il mutations

Mutations of Pol lll subunits have been reported to be associated
with human diseases, such as Treacher Collins syndrome (TCS),'°
Wiedemann-Rautenstrauch syndrome (WRS),*” hypomyelinating
leukodystrophy (HLD),*®**° and susceptibility to varicella zoster
virus.>®>" We mapped disease-causative mutations on human Pol
Il structure and found that some mutations are localized at the
intermolecular interface of the core module and possibly impair
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the complex integrity or enzymatic activity (Fig. 5a). For example,
mutation of L51 to arginine (L51R) of RPAC2 in TCS is likely to
disrupt the hydrophobic contact at RPAC1-RPAC2 interface and
mutation R56C likely causes loss of contact with residue E996 of
RPC2 (Fig. 5b). In WRS, mutations G903R and D1292N of RPC1 may
cause instability of RPC1 (Fig. 5¢). In HLD, mutations T26l and N32I
of RPACT may disrupt its interaction with RPAC2, RPABC3, RPC1
and RPC2 (Fig. 5d), and mutation E1261K of RPC1 may disrupt the
interaction between RPC1 and RPABCT (Fig. 5e). In susceptibility to
varicella zoster virus, mutation R582C of RPC1 may lead to loss of
contacts with residue E74 of RPABC3 (Fig. 5f), and mutation R438G
of RPC3 may disrupt its interaction with residues D294 and D295
of RPC6 (Fig. 5g). High-resolution structure of human Pol lll serves
as a scaffold to further investigate the structural-functional
relationship of other disease-associated mutations.

Cell Research (2021) 31:791-800
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Fig. 5 Disease-associated mutations in human Pol Ill. a Overall view of human Pol Il structure. b-g Representative disease-associated
mutations of Pol Ill in Treacher Collins Syndrome (b), Wiedemann-Rautenstrauch Syndrome (c), Hypomyelinating Leukodystrophy (d, e), and
susceptibility to varicella zoster virus (f, g) are shown in close-up views. Mutations are highlighted with dark boxes and their binding residues

are shown in stick representation.

DISCUSSION

In this study, we reconstituted human Pol Ill EC and determined
the cryo-EM structures of Pol Il in the backtracked and post-
translocation states, respectively. The Pol Il EC structures at near-
atomic resolution reveal catalytic core module similar to that of
yeast Pol Il EC. The structures also reveal details of the human Pol
lll-specific TFIIE-like heterotrimeric subcomplex RPC3-RPC6-RPC7,
the TFIIS-like core subunit RPC10, and RPC7a conferring resistance
to Mafl-mediated repression, which were not observed in yeast
Pol lll structures. 26303133

It has been known that dysregulation of Pol Il is associated with
a variety of human diseases and Maf1 is a critical repressor of Pol
1" Intriguingly, no direct association between Maf1 and human
disease has been reported. Our structure shows that the N-
terminal region of RPC7a contacts the WH1 domain of RPC6 and
would prevent Maf1 interaction with Pol lll, indicating that Pol llla
(RPC7a-containing Pol Ill) possesses high transcription activity due,
at least in part, to the lack of Maf1-mediated repression. As RPC7 is
the only subunit that has two isoforms in mammalian Pol lll, the N-
terminal region of two isoforms of RPC7 could be a key Pol IlI
regulatory element that confers distinct transcriptional responses
to the Maf1-mediated repression.

It has been shown that Maf1 overlaps with TFIIIB in Pol Il PIC
and inhibits transcription initiation.?® Comparison of our human
Pol lll EC structure and yeast Pol lll-Maf1 structure suggests that
Maf1 might also directly block the exit tunnel of upstream DNA
and therefore repress Pol lll transcription. As Pol Il transcription
products are essential for protein synthesis and cell growth, it is
reasonable that cells may use redundant mechanisms to ensure

Cell Research (2021) 31:791-800

that the Pol Il activity is under tight control. Further experiments
are required to investigate potential inhibitory role of Maf1 in Pol
lll-mediated transcription beyond the assembly of PIC.

The iron-sulfur cluster at RPC6 C-terminal region was assigned in
the cryo-EM map. Our structure reveals that the iron-sulfur cluster of
RPC6 stabilizes the assembly of heterotrimer by establishing an
interaction network with other two subunits RPC3 and RPC7.
For example, the [4Fe-4S] cluster of the TFEa/f in archaea, an
evolutionary ancestor of TFlIE-like RPC3/RPC6, is essential for
heterodimerization and engagement with the RNAP clamp.® It
has been known that the iron-sulfur cluster can be used as a sensor
for cells to respond to oxidative stress and subsequently regulate
gene expression.”? Therefore, it is tempting to speculate that the
iron-sulfur cluster of RPC6 may provide another layer of regulation
for Pol Il transcription.

In summary, our structures reveal that the FeS cluster, the WH1
domain of RPC6 and the N-terminal region of RPC7 are regulatory
elements for human Pol Il transcription. Our study also reveals a
fundamental mechanism of regulation of Pol Il transcription
activity by Maf1 and RPC7a.

MATERIALS AND METHODS

Protein expression and purification

The ORFs of 17 subunits of human Pol Ill (with RPC7a included)
were individually subcloned into a modified pCAG vector. RPC2 is
N-terminally Protein A tagged and all the rest of subunits are
untagged. The expression cassettes of 17 subunits were merged
into 6 plasmids, in particular, RPC1 and RPC2 were in the first and
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second plasmids, RPC3/RPC4/RPC5 were merged as the third
plasmid, RPC6/RPABC3/RPABC4/RPABC5 were merged as the
fourth plasmid, RPC7/RPC8/RPC9/RPC10 were merged as the fifth
plasmid, and RPAC1/RPAC2/RPABC1/RPABC2 were merged as the
sixth plasmid. Each ORF was driven by a CAG promoter. The six
plasmids were co-transfected into HEK Expi293 cells using PEI.
After being cultured at 37 °C for 48 h, cells were harvested and
lysed for 30 min in buffer containing 20 mM HEPES (pH 8.2), 200
mM NaCl, 0.25% CHAPS, 10 uM ZnCl,, 5 mM ATP, 5 mM MgCl,,
10% glycerol and 2mM DTT supplemented with 1 mM PMSF,
1 pug/mL Aprotinin, 1 ug/mL Pepstatin, 1 pg/mL Leupeptin at 4 °C.
The lysate was centrifuged at 15,000x g for 30 min at 4°C. The
supernatant was incubated with IgG beads (Shanghai Raygene
Biotechnology Co., equilibrated with lysis buffer before use) for
3 h, and beads was washed five times (20 mL each) with buffer
containing 20 mM HEPES (pH 8.2), 200 mM NaCl, 0.05% CHAPS,
10% glycerol, 5 mM ATP, 5 mM MgCl,, 10 uM ZnCl, and 2 mM DTT.
The tags were removed by on-column cleavage overnight
followed by elution with a buffer containing 20 mM HEPES
(pH 8.2), 150 mM NacCl, 0.05% CHAPS, 10% glycerol, 2 mM MgCl,,
10uM ZnCl, and 2mM DTT. The eluted protein was further
purified using an anion exchange column (mono Q) in HEPES
(pH 8.2) buffer with increasing concentrations of NaCl from 150 to
1000 mM. The Pol Il complex was eluted when NaCl concentration
reached 400 mM, followed by dialysis against low salt buffer
(similar to mono Q buffer but containing 150 mM NaCl) overnight.
The complex was concentrated to ~1.8 mg/mL, then flash-frozen
in liquid nitrogen and stored at -80 °C.

Scaffold preparation

For the preparation of elongation complexes, 42-nt long DNA
scaffolds based on human 5S rRNA gene were used. The sequence
contains the 5S rRNA gene promoter from +9 to +50, for
the DNA-RNA hybrid in the backtracked state, a 10-nt mismatch
from 425 to +34 (template strand: 5'-TTCCGAGATCAGACGA
GATCGGGCGCGTTCAGGGTGGTATGG-3/, non-template strand: 5'-
CCATACCACCCTGAACAATGTATCGGTCGTCTGATCTCGGAA-3/, RNA
5-GCGCCCGAUC-3’), and for the post-translocation state, a 10-nt
mismatch from +23 to +32 (template strand: 5-TTCCGAGA
TCAGACGAGATCGGGCTTTCTCAGGGTGGTATGG-3/, non-template
strand:  5’-CCATACCACCCTGAGAAATGTATCGGAAGTCTGATCTCG-
GAA-3’, RNA 5’-GCGCCCGAUC-3'). The oligonucleotides were
suspended in DEPC H,0 to a final concentration of ~5 uM, mixed
in equimolar concentration and heated to 95 °C for 10 min. The
reaction was cooled to 20°C at a rate of 1°C per min. To obtain
DNA-RNA hybrid, DNA duplex was incubated with a 1.2-fold
excess of RNA for 10 min at 40 °C and then cooled to 4 °C.

EC assembly

For in vitro reconstitution of the Pol Ill EC, 20 uL of 1.8 mg/mL
Pol Il was incubated with a 2-fold excess of DNA-RNA scaffold for
30 min on ice. Sample was dialyzed against buffer (20 mM HEPES,
pH 8.0, 150 mM NaCl, 2 mM MgCl,, 2 mM DTT) at 4 °C using Slide-
a-lyzer mini dialysis pins (10,000 MW cut-off, Thermo Fisher).

Cryo-EM sample preparation
For negative staining EM grid preparation, 5 uL of Pol Ill EC sample
were applied onto glow-discharged copper grids supported by a
continuous thin layer of carbon film for 60s before negative
staining by 2% (w/v) uranyl formate solution at room temperature.
The grids were prepared in the Ar/O, mixture for 15s using a
Gatan 950 Solarus plasma cleaning system with a power of 35 W.
The negatively stained grids were loaded onto a Thermo Fisher
Scientific Talos L120C microscope equipped with a Ceta CCD
camera and operated at 120kV at a nominal magnification of
92,000x, corresponding to a pixel size of 1.58 A on the specimen.
For cryo-EM grid preparation, 4uL of the sample at a
concentration of ~0.5mg/mL Pol Ill EC were applied to freshly
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glow-discharged Quantifoil R1.2/1.3 holey carbon grids. After
incubation for 5s at 4°C and 100% humidity, the grids were
blotted for 2-3 s in a Thermo Fisher Scientific Vitrobot Mark IV and
plunge-frozen in liquid ethane at liquid nitrogen temperature. The
grids were prepared in the H,/O, mixture for 60s using a Gatan
950 Solarus plasma cleaning system with a power of 5W. The @
55/20 mm blotting paper is made by TED PELLA used for plunge
freezing.

Data collection

The cryo-EM grids of Pol Il EC were loaded onto a Thermo Fisher
Scientific Titan Krios transmission electron microscope operated at
300 kV for data collection. The dataset 1 (backtracked state) cryo-EM
images were automatically recorded by a Gatan K3 Summit direct
electron detector in the super-resolution counting mode using
Serial-EM® with a nominal magnification of 22,500 in the TEM
mode, which yielded a super-resolution pixel size of 0.53 A on the
image plane, and with defocus values ranging from 1.0 to 2.5 pm.
Each micrograph stack was dose-fractionated to 40 frames with a
total electron dose of ~50 /A% and a total exposure time of 3.2s.
4700 micrographs were collected for further processing.

The dataset 2 (post-translocation state) cryo-EM images were
automatically recorded by a post-GIF Gatan K2 Summit direct
electron detector in the super-resolution counting mode using
Serial-EM>® with a nominal magnification of 130,000 in the EFTEM
mode, which yielded a super-resolution pixel size of 0.522 A on the
image plane, and with defocus values ranging from 1.0 to 2.5 pm.
Each micrograph stack was dose-fractionated to 32 frames with a
total electron dose of ~50 /A2 and a total exposure time of 6.8s.
6500 micrographs were collected for further processing.

Image processing

For cryo-EM dataset 1, drift and beam-induced motion correction
were applied on the super-resolution movie stacks using
MotlonCorZ54 and binned 2-fold to a calibrated pixel size of
1.06 A/pix. The defocus values were estimated by Gctf® from
summed images without dose weighting. Other procedures of
cryo-EM data processing were performed within RELION v3.0°%>7
and cryoSPARC v2°%°7 using the dose-weighted micrographs.

2,377,755 particles were picked by automatic particle picking in
RELION without reference and subjected to reference-free 2D
classification. 1,062,406 particles were selected from good 2D classes
for 3D classification in RELION. 320,170 particles were selected from
good 3D classes, which were used for homogeneous refinement in
cryoSPARC and CTF refinement, yielding a reconstruction of Pol lll EC
(backtracked state) at 3.0 A resolution.

320,170 particles were subjected to Local search 3D classifica-
tion with 1.8 degree. 98,293 particles were selected from good 3D
class, which were used for homogeneous refinement in cryoS-
PARC and CTF refinement, yielding an Insert Funnel conformation
of the Pol Ill EC at 3.5 A resolution.

320,170 particles were subjected to 3D classification with mask
at RPC6 WH2 and WH1 domains. 67,080 particles were selected
from good 3D class, which were used for refinement in RELION,
yielding a masked RPC6 WH2 and WH1 domains of the Pol lll EC at
4.1 A resolution.

For cryo-EM dataset 2, drift and beam-induced motion
correction were applied on the super-resolution movie stacks
using MotlonCorZ and binned 2-fold to a calibrated pixel size of
1.044 A/pix. The defocus values were estimated by Gctf>® from
summed images without dose weighting. Other procedures of
cryo-EM data processing were performed within RELION v3.0 >%%7
and cryoSPARC v2°%°7 using the dose-weighted micrographs.

1,107,487 particles were picked by automatic particle picking in
RELION without reference and subjected to reference-free 2D
classification. 563,769 particles were selected from good 2D
classes for heterogeneous refinement in cryoSPARC. 64,111
particles were selected from good 3D classes, which were used
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for homogeneous refinement in cryoSPARC and CTF refinement,
yielding a reconstruction of Pol lll EC (post-translocation state) at
3.35 A resolution.

All reported resolutions are based on the gold-standard Fourier
shell correlation (FSC) =0.143 criterion. The GSFSC curves were
corrected for the effects of a soft mask with high-resolution noise
substitution. All cryo-EM maps were sharpened by applying a
negative B-factor estimation in cryoSPARC Sharpening Tools. All
the visualization and evaluation of the 3D volume map were
performed within UCSF Chimera or UCSF ChimeraX,>® and the
local resolution variations were calculated using cryoSPARC.

Model building and structure refinement

The cryo-EM maps of the Pol Ill EC in the backtracked and post-
translocation states were used for model fitting, respectively. The
structures of yeast Pol Ill EC (PDB: 5FJ8)*° was used as initial
structural templates, which were docked into the cryo-EM maps
by rigid-body fitting using UCSF Chimera.”® The structural models
of WH1 and WH2 domains of RPC6 were predicted based on
sequences using phyre2®® and docked into the cryo-EM map
associated with RPC6 WH3 domain for structural analysis (shown
in figures and movies) but were not built in structural model due
to the relatively weak cryo-EM map. The two structural models
were built in COOT® and refined in real space using Phenix®' with
secondary structure and geometry restraints using the cryo-EM
map of the Pol Il EC. Disordered regions that could not be built in
each subunit are listed in Supplementary information, Table S2.
Overfitting of the model was monitored by refining the model in
one of the two half maps from the gold-standard refinement
approach and testing the refined model against the other map.®
Statistics of the map reconstruction and model refinement can be
found in Supplementary information, Table S1. The final models
were evaluated using MolProbity.> Map and model representa-
tions in the figures and movies were prepared by PyMOL (https://
pymol.org/),5* UCSF Chimera or UCSF ChimeraX.®®

Crosslinking mass spectrometry

The Pol Il EC (0.75 pg/pL) was crosslinked with disuccinimidyl
suberate (DSS) in a 1:500 molar ratio at room temperature for 1 h.
The reaction was quenched by adding 20mM ammonium
bicarbonate. Crosslinked sample was digested with trypsin over-
night. After being quenched by 5% formic acid, the tryptic peptides
were desalted with Pierce C18 spin column and separated in a
proxeon EASY-nLC liquid chromatography system by applying a
step-wise gradient of 0%-85% acetonitrile in 0.1% formic acid.
Peptides eluted from the liquid chromatography column were
directly electrosprayed into the mass spectrometer with a distal 2 kV
spray voltage. Data-dependent tandem mass spectrometry (MS/MS)
analysis was performed on Thermo Q-Exactive instrument in a
60-min gradient. Raw data was processed with pLink software.5®
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