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SUMMARY

RNA polymerase lll (Pol lll) is responsible for transcribing 5S ribosomal RNA (5S rRNA), tRNAs, and other
short non-coding RNAs. Its recruitment to the 5S rRNA promoter requires transcription factors TFIIIA,
TFIIIC, and TFIIIB. Here, we use cryoelectron microscopy (cryo-EM) to visualize the S. cerevisiae complex
of TFIIIA and TFIIIC bound to the promoter. Gene-specific factor TFIIIA interacts with DNA and acts as an
adaptor for TFIlIC-promoter interactions. We also visualize DNA binding of TFIIIB subunits, Brf1 and TBP
(TATA-box binding protein), which results in the full-length 5S rRNA gene wrapping around the complex.
Our smFRET study reveals that the DNA within the complex undergoes both sharp bending and partial
dissociation on a slow timescale, consistent with the model predicted from our cryo-EM results. Our findings
provide new insights into the transcription initiation complex assembly on the 5S rRNA promoter and allow us
to directly compare Pol Il and Pol Il transcription adaptations.

INTRODUCTION

RNA polymerase Il (Pol Ill) transcribes various types of short,
non-coding, and abundant RNAs from three types of promoters.
Only type | and Il promoters are known in yeast. The type | pro-
moter is found in the 5S ribosomal RNA (rRNA) gene, the type Il
promoter is associated with transfer RNA (tRNA) genes, and the
type lll promoter is used in U6 small nuclear RNA (snRNA) genes
and others.' Both type | and type Il promoters contain internal
control regions (ICRs) in the gene body.*° The ICRs of type | pro-
moter harbor an A-box, an intermediate element (IE), and a
C-box, while type Il promoter consists of an A-box and a
B-box.® Generally, Pol Il transcription initiation requires tran-
scription factors (TFs), including TFIIIC and TFIIB.” TFIIIA is a
specific TF for type | promoters and consists of nine zinc-finger
(ZF) repeats in S. cerevisiae.® TFIIIA was the first gene-specific
TF identified in eukaryotes.” It also represents the first cloned
and sequenced eukaryotic TF, which led to the discovery of ZF
motif.%'® TFIIIA is the first factor that recognizes and binds the
58S rRNA promoter. The large, six-subunit TFIIIC is recruited to
the type | promoter via TFIIIA. In the case of type Il promoters,
TFIIIC can directly recognize and bind to A-box and B-box
elements and recruits TFIIIB, positioning it upstream of the
transcription start site (TSS)."" TFIIIB, which consists of three

subunits —TATA-box binding protein (TBP), TFIIB-related factor
(Brf1), and B double prime factor (B”)—may support Pol llI
transcription alone once stably assembled on the promoter,
as shown for S. cerevisiae."' Subunits of TFIIIB only form a stable
complex when all of them are bound to DNA."? Interestingly, 5S
rRNA gene transcription initiation requires both gene-specific
(TFIIIA) and general TFs (TFIIIC and TFIIB)."® The six subunits
of the TFIIIC complex are organized into two lobes: subunits
7131, 195, and 755 form the 7A lobe, and subunits 7138, 791,
and 760 form the 7B lobe. The two lobes are proposed to
be connected via a flexible linker that helps TFIIC to bind
ICRs of different lengths.'*'® Although several structures
of TFIIC subcomplexes and domains are solved, including
the 7A lobe,'® the 1131 N-terminal tetra-trico peptide repeats
(TPR) array,’ the histidine phosphatase domain (HPD) of
755,"" the 7138 extended winged-helix (eWH) domain,’* and a
subcomplex of 60 and t91,'® the structure of the complete
TFINIC complex remains elusive, possibly due to its high flexi-
bility. Structures of TFIlIB components have been solved as a
part of the Pol lll transcription pre-initiation complex (PIC)."%"
To date, structures of TFIIIA include ZF 1-3 bound to DNA,??
ZF 4-6 bound to 5S rRNA,”® and ZF 1-6 bound to 5S rRNA
gene.’* However, the full-length structure of TFIIA has not
been solved.
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Figure 1. Cryo-EM structures of the TFIIIA-
.« TFIIC complex and the TFIIIA-TFIIIC-Brf1-

cCaT

TBP complex bound to the 5S rRNA gene
(A) Schematic representation of the DNA tem-
plate, with transcription start site (TSS) and inter-
mediate element (IE) indicated.

(B) Density map of the TFIIA-TFIIIC complex (left)
and the corresponding model of the TFIIIA-TFIIC
complex (right). The internal control region (ICR)
is highlighted.

(C) Composite density map of the TFIIIA-TFIIIC-
Brf1-TBP complex (left, see STAR Methods) and
the corresponding model of the TFIIA-TFIIIC-
Brf1-TBP complex (right).

(D) Schematic domain representation of TFIIIA,
TFIIC, and Brf1-TBP subunits. The amino-acid
lengths of the subunits are labeled at the C termini.
Black lines above the bars show the portions for
which models were built. Dim., dimerization do-
mains; DBD, DNA-binding domain; HMG, high
mobility group box domain; WH, winged helix;
eWH, extended winged helix; 7IR, 7131-interac-
tion region; ZR, zinc ribbon; CF1,2, cyclin fold 1,2;
H. block Il, homology block II; TFIIIA 1-9, TFIIIA
zinc fingers 1-9; HTH, helix-turn-helix.

See also Figures S1-S4, Tables 1 and 2, and
Videos S1 and S2.
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how the two largest subunits, 7138 and
7131, hold together the two lobes of
TFIIC. The full-length 5S rRNA gene
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Misregulation of Pol Ill transcription has been linked to can-
cer,?> 28 with changes in the expression of TFIIIC subunits being
associated with infection and disease.? Several TFIIIC subunits
have been found to be overexpressed in ovarian tumors.*° Stress
conditions have been shown to result in TFIIIC’s increased occu-
pancy at tDNAs in yeast and at Alu elements in human cells.®'*?
Additionally, research suggests that human TFIIIC bound to extra
TFIIIC (ETC) sites may play a role in chromosome organization, as
shown for yeast and humans.*>** Despite the importance of
these findings, the mechanism by which TFIIIC recruits Pol lll to
its promoters is not well understood.

Here, we have used cryoelectron microscopy (cryo-EM) to
visualize an S. cerevisiae complex of TFIIIA and TFIIIC bound
to the 5S rRNA gene in the absence of TFIIIB. Additionally,
we present a cryo-EM structure of TFIIIA, TFIIC, and TFIIIB
subunits, Brf1 and TBP, bound to the 5S rRNA promoter. We
were able to identify all nine TFIIIA ZFs and locate all six sub-
units of TFIIIC within the complex. Our structure demonstrates
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reveals the dynamic nature of the DNA
bound to the complex. We discuss the
role of TFIIC in Pol lll PIC assembly and propose a model for
how the TFIIIA-TFIIIC complex, bound to ICR, may help
TFIIB in finding its binding site upstream of the TSS.

RESULTS

Assembly of the TFIIIA-TFIIIC complex on promoter DNA
facilitates loading of Brf1-TBP

The TFIIA-TFIIC and TFIIIA-TFIIC-Brf1-TBP complexes were
assembled on a double-stranded (ds) DNA template composed
ofthe S. cerevisiae 5S rRNA gene, including the upstream TFIIIB-
binding site and the gene body containing ICR (Figure 1A; see
STAR Methods). The complexes were assembled in a step-
wise manner using individually purified S. cerevisiae factors.
Cryo-EM datasets were collected for both complexes, with
a subset of 109,548 particles refined to 6.6 A resolution for
the TFIIIA-TFIIIC complex (Figures 1B and S1; Table 1), and a
subset of 78,512 particles refined to 3.8 A resolution for the
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Table 1. Cryo-EM data collection, refinement, and validation statistics
TFINA-TFIIC-Brf1-TBP complex Focused refinement on the Brf1-TBP-DNA TFINA-TFIIIC complex

PDB code 8FFZ - -
EMDB code 29071 29356 29358
Data collection and processing

Microscope Titan Krios 3 - -
Voltage (kV) 300 - -
Camera Gatan K3 = =
Magnification 30k - -
Pixel size at detector (A/pixel) 1.056 1.056 1.079
Total electron exposure (e‘/Az) 60 60 50
Defocus range (um) —2to -5 —2to -5 —1.5t0 -3
Micrographs used (no.) 23,211 23,211 11,645
Total extracted particles (no.) 5,748,589 5,748,589 2,176,308
Refinement

Refined particles (no.) 78,512 12,232 109,548
Point-group or helical symmetry C1 C1 C1
parameters

Resolution (global, A) 3.83 7.14 6.62
FSC threshold 0.143 0.143 0.143
Model composition

Protein 4,045 - —
Ligands 9 - —
RNA/DNA 302 - -
Model refinement

Refinement package Phenix - -
-real or reciprocal space real - -
Model-map CC score 0.66 - -

B factors (A9 - -
Protein residues 66.73 - -
Ligands 134.61 - -
RNA/DNA 193.74 - -
RMS deviations from ideal values

Bond lengths (,3\) 0.013 - -
Bond angles (°) 1.971 - -
Validation

MolProbity score 1.01 - -
CaBLAM ouitliers (%) 1.48 - -
Clashscore 0.35 = =
Poor rotamers (%) 0.38 - -
C-beta deviations 0.44 - -
Ramachandran plot

Favored (%) 94.38 - -
Outliers (%) 0.13 - -

TFHIA-TFIIIC-Brf1-TBP complex (Figures 1C and S2; Tables 1 (Figures 1B, 1C, and S3A). All six subunits of TFIIIC are visible
and 2; Videos S1 and S2). in both complexes (Figures 1B-1D). The two lobes of TFIIIC, TA

The TFINA-TFHIC and TFIIA-TFIIIC-Brf1-TBP complexes are  and 7B, are in close contact with each other, held together by
assembled on identical DNA templates. The overall conforma- multiple interactions with DNA and the 7138 subunit, which is
tion of TFIIIC is similar between the two complexes, and the shared between the two lobes. The 7A lobe comprises a 795-
ZF array of TFIIIA interacts with the ICR in a similar manner 155 dimer, 7131, and the C-terminal half of t138. The 7B lobe
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Table 2. Model-building starting models and model confidence

Alphafold

Experimental prediction
Subunit/domain Chain ID structures (UniProt ID) Level of confidence
TFIIA ZF 1-8 A PDB: 1TF3 (Xenopus) P39933 atomic level/backbone trace
TFIIA ZF9 A - P39933 rigid body fit
7138 B PDB: 5AIM P34111 atomic level/backbone trace
7131 N-term TPR C PDB: 6YJ6 P33339 rigid body fit
7131 C-term TPR (¢} PDB: 6YJ6 P33339 atomic level/backbone trace
795 D PDB: 6YJ6 P32367 atomic level/backbone trace
791 E PDB: 2J04 Q06339 atomic level/backbone trace
760 F PDB: 2J04 Q12308 atomic level/backbone trace
755 G PDB: 6YJ6 Q12415 atomic level/backbone trace
Brf1-TBP H PDB: 6CNB - rigid body fit

includes subunits 791, 760, and the N-terminal half of t138. The
interaction between 7A and TFIIIA, as well as those between 1B
and DNA, are identical in the two complexes.

The presence of Brf1-TBP in the complex alters the interac-
tions between TFIIC A lobe and DNA (Figures 1B and 1C). In
the TFIIIA-TFIIC-Brf1-TBP complex, the DNA upstream of ICR
is visible and is stabilized by multiple interactions with TFIIIC
7A lobe. The addition of Brf1-TBP dramatically changes
the position of 1131 N-terminal TPR array. This part of 1131 is
not well resolved in the TFIIIA-TFIIIC complex, possibly due
to its unconstrained movement relative to the rest of the
complex (Figures S3C and S3D). The residues connecting the
N-terminal and C-terminal TPR arrays are not resolved in both
structures, suggesting that the two arrays are connected by a
flexible “hinge” domain. Interactions between 1131 N-terminal
TPR, upstream DNA, and Brf1-TBP lead to the extended confor-
mation of 1131. This state is additionally stabilized by contacts
between the “ring” domain of 1131 (residues 390-428) and 191
(Figures 1B and 1C). TFIlIA ZF 9, bound to the beginning of
ICR, becomes visible in this structure. The TFIIIA-TFIIC-Brf1-
TBP complex is resolved to higher resolution; thus, it is used to
describe protein-protein interactions within TFIIIC.

7138 bridges TFIIIC 7A and 7B lobes

The two largest subunits of TFIIIC, 138 and 7131, facilitate inter-
actions between the TA and B lobes (Figures 2A and 2B). This is
consistent with previous genetic studies that identified functional
connections between 1138 and 7131 in S. cerevisiae.>® These
two large subunits also play a role in supporting interactions
between subunits within each lobe. TFIIIC is known to accom-
modate varying lengths of DNA within ICR."®*® The observed
interactions between the two lobes may contribute to this
intriguing ability of TFIIIC.

The domains of 7138, the largest TFIIIC subunit, are distributed
between the two lobes (Figure 2A). The N terminus of 7138 be-
longs to the 7B lobe, the middle region is situated in the center,
and C terminus is a part of the TA lobe. The compact A and
7B regions of 138 are connected by a less-structured region
(residues 418-739) that contains the eWH4 domain in the middle.
Part of this region (residues 641-693) has been shown to be the
main link between the two lobes of TFIIIC in S. cerevisiae."* Sub-
unit 7138 comprises seven WH domains, three of which are eWH
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(Figures 1D and 2A). The HMG, WH2, and eWH3 domains bind to
760 subunit, and eWH3 contacts 191 (Figure S4A), consistent
with previous biochemical work in yeast.'®*” The “latch” domain
of 7138 (residues 425-470) is attached to the surface of 191
WD40 (Figure 2C). The eWH4 domain interacts with the helical
domain of 7131 (residues 612-732), and the linker (residues
643-657) connects eWH4 with the 755-t95 dimer (Figure S4B).
The helical domain of 138 resides in the A lobe and interacts
with the 155-195 dimer (Figure 2D). eWH5, WH6, and WH7
form a compact structure, interacting with the t55-795 dimer
and C-terminal region of 195 (residues 612-647) (Figure S4C),
consistent with previous crosslinking mass spectrometry re-
sults.’ Subunit 7138 serves as a hub that brings together all
other parts of the complex by interacting with five other TFIIIC
subunits, TFIIIA and DNA (Figures 2A, 3C, and 4B). Additionally,
the two largest subunits, t138 and 7131, also interact with each
other (Figure 2E).

7131 is a component of the TA lobe and is located in the middle
of the structure (Figure 2B). The TPRs of 7131 are divided into
two modules: N-terminal TPR and C-terminal TPR. The N-termi-
nal TPR is further subdivided into two “arms” with a “ring”
domain between them."**® The concave surface of the C-termi-
nal 1131 TPR array accommodates the “disc” domain (residues
161-236) of 195 (Figure S4D), which is in agreement with previ-
ous studies in yeast and humans.'*'%*° The ring domain of
N-terminal TPR also contacts 791 (residues 259-280) (Figure 2F).
Notably, the area of contact between the lobes is smaller in com-
parison to the area of contact within each lobe (Figures 2C-2F
and S4A-S4D). 7B lobe has a buried surface area of 6,669 Az,
while 7A lobe buries a large area of 15,828 A2, However, the
buried surface area between tA and 7B is only 675 Az,

58 rRNA gene wraps around the complex

The DNA construct used in the experiment is composed of the
5S rRNA gene sequence extended to the upstream TFIIIB-bind-
ing region (Figure 1A).*%*" The TFIIIB-binding sequence (bp —31
to —9)is followed by the TSS (position 1), the ICR (bp 50-94), and
the downstream region. The location of Brf1-TBP and TFIIIA are
in excellent agreement with the registers of the TFIIIB-binding
site and the ICR in the 5S rRNA gene, as determined by tracing
the DNA density in the full complex reconstruction. The DNA
wraps around the complex and makes multiple contacts with
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Figure 2. Bridging of TFIIIC 7A and 7B lobes
by the two largest subunits, 1138 and 1131
(A) The 7138 subunit acts as a scaffold for the body
%,M\ of TFIIIC and mediates the interaction between TA
J)’ and 7B lobes. The 7138 subunit is shown as
- cartoon, while other TFIIIC subunits are shown as
{ transparent surfaces. The 7138 subunit is colored
from N terminus to C terminus in a rainbow
pattern.
(B) The 7131 subunit is located in the middle of the

= = i W e .
”v\'z/vfr i‘\“’bx\ . 160 % con.1ple).<. The C-terminal TPR array of 'r.1 31 is
\‘Z s buried in the body of the complex, while the

TS N-terminal TPR array is extended away from

the body of the TFIIIA-TFIIIC-Brf1-TBP complex.
The 7131 subunit is shown as cartoon, with other
TFIIC subunits depicted as transparent surfaces.
(C) The latch of 1138 (residues 425-470) is
attached to the surface of 191.

(D) The helical domain and linker (residues 842-
862) of 1138 bind to 755.

(E) Contacts between 1138 and 1131. The C-ter-
minal TPR of 7131 interacts with eWH4 (residues
1,000-1,023) and WH7 of 7138.

T131

(F) The N-terminal TPR array of 7131 is in the extended state, protruding away from the C-terminal TPR array and the body of TFIIIC. This position is stabilized

through interactions of the 131 ring domain with the 91 subunit.
See also Figure S4.

TFHIA, TFIIIC, and Brf1-TBP (Figures 3 and 4A). The path of the
bound DNA appears to make a roughly 180° turn, bringing the
upstream and downstream regions closer together. The ICR is
the most sharply bent region of the DNA (Figure 3A). These find-
ings align with previous research in which both TFIIIA and TFIIIC
were shown to introduce bending within DNA in X. laevis and
S. cerevisiae.”™*° To our knowledge, Pol Ill system represents
the first eukaryotic visualized complex that requires sharp DNA
bending in the middle of promoter, which helps one TF (TFIIIC)
to position another TF (TFIIIB). Interestingly, similar sharp DNA
bending and wrapping is required for transcription initiation in
E. coli, which was observed in FRET experiments.“°

The upstream TFIIIB-binding region is recognized by TBP and
Brf1.*"*” The resolution of this part of the map is not sufficient to
allow de novo model building; hence, the Brf1-TBP-DNA model
(PDB: 6¢nb) was docked in the map as a rigid body (Figures 3B
and S3B). The DNA upstream of the ICR is bound to positively
charged patches on the 7A lobe, primarily 7131 (residues 192-
252; 667-718; 832-841; 924-931) (Figures 3A, S5A, and S5B).
The binding of 1131 to the upstream region of the S. cerevisiae
5S rRNA and SUP4 tRNA Tyr genes has also been previously
shown through site-specific DNA-protein photocrosslinking.*”
The first three WH domains of 7138 are wrapped around the DNA
downstream of the ICR, following the minor groove of DNA (Fig-
ure 3C). The positively charged regions of WH1 and eWH3 have
close contacts with the DNA minor and major groove, and similar
examples of WH-DNA interactions can be found in other tran-
scription initiation complexes (Figure S4D). The DNA-binding
surfaces of 7138 and 7131 have highly conserved residues form-
ing positively charged patches (Figures S5A-S5C, S5E, and
S5F). The downstream region of the DNA is bound by the
WD40 domain of 791 subunit (Figures 3D and S5C). This subunit
has been shown to photo-crosslink to the very end of the 5S
rRNA gene,”” while the S. pombe homolog of 91, Sfcép, has

been shown to recognize the B-box in type Il promoter.*® This
part of the DNA is additionally supported by the 7138 latch
(residues 449-470) (Figure 3D).

TFIIA binds the ICR of the 5S rRNA gene
DNA footprinting assay has revealed that both X. /aevis and
S. cerevisiae TFIIIA bind to the ICR of the 5S rRNA gene.”' DNA
binding of the first three ZF in our model is identical to the
X. laevis TFIIIA-DNA structures but deviates for the following
ZF, likely due to the presence of its binding partner, TFIIIC, in
the full complex (Figure S6A).2**°C All nine ZFs share the
same fold, but ZF 9 has alonger helix (Figure S6B). The ICR is pro-
tected by TFIIIA ZF 1-5 and ZF 9, while ZF 6-8 point away from
DNA (Figures 3A and 4A). Previous study has shown that purified
TFIIA protects the ICR of the 5S rRNA gene (bp 66-95) from
DNase | cleavage, with enhanced cleavage at bp 50 and 65,
consistent with our structural model.*' The footprints of the five
N-terminal ZF bound to 5S rRNA gene were indistinguishable
from binding of full-length TFIIIA, and it was previously suggested
that ZF 6-9 do not bind DNA tightly.°°°? Consistently, ZF 1-3 in
our model bind in the DNA major groove (Figures 4A and
S6C).?>° ZF 4 traverses the minor groove, while ZF 5 and 9
bind the major groove again (Figures 4A and S6C). The sharpest
part ofthe DNAbend islocated between ZF 5and ZF 9 (Figure 4A).
All DNA-binding ZF show positive charge and high conservation
of their DNA-contacting surface (Figures 4C, 4D, and S6D).
7138 was previously suggested to bracket TFIIIA on 5S rRNA
gene.”” Our observation reveals that the contact between
TFIIA and TFIIIC is maintained through 7138, with a large surface
area between ZF 6-8 of TFIlIA and residues 980-1,072 of 138
(Figure 4B). Additionally, ZF 1 and helix-turn-helix domains
(residues 331-363) of TFIIIA also contribute to this interaction.
This region within the C terminus of Xenopus TFIIIA has been
identified as a TFIIIC binding and non-DNA-binding site.>* ZF 7

Molecular Cell 83, 2641-2652, August 3, 2023 2645




¢? CellPress

OPEN ACCESS

Figure 3. Brf1-TBP binding leads to the 5S rRNA gene wrapping
around the TFIIA-TFIIIC body

(A) DNA wraps around the TFIIIA-TFIIIC-Brf1-TBP complex. The largest protein
surfaces that interact with DNA are 1131 and TFIIIA. DNA is shown as cartoon,
and proteins are shown as transparent surfaces.

(B) TBP bends upstream DNA region. This part of DNA is stabilized by 7131,
TBP, and Brf1.

(C) 7138 WH1, WH2, and eWH3 wrap around downstream DNA.

(D) The end of the 5S rRNA gene is supported by the 7B lobe. Both 791 and the
7138 latch (residues 425-470) are associated with this part of the DNA.

See also Figure S5.

was found to be essential for the assembly of transcriptionally
active complex in yeast.°® The presence of ZF 7-9 has also
been shown to be necessary for the transcription activity of the
complex, likely due to higher-order interactions in the com-
plex.®"*? A flexible linker between ZF 8 and 9 is not visible in
the map, except for the helix-turn-helix domain (residues 331-
363) right next to ZF 9 (Figure 4A). TFIIIA lacking this region (res-
idues 283-364) has been shown to be able to recruit TFIIIC but
unable to promote transcription in yeast.®' Specifically, the dele-
tion of a leucine-rich segment 352-NGLNLLLN-359, a small helix
next to ZF 9, resulted in the loss of transcription activity in
S. cerevisiae.°® This helix appears to be an anchor point of ZF
9 on the surface of 1138 (Figure 4B).

smFRET shows the dynamic nature of the complex

To understand the conformational dynamics of the complex and
independently verify our structural model, we perform smFRET
assay using the full TFIIIA-TFHIC-Brf1-TBP complex (Figure 5A).
We purified the complex using a dsDNA molecule labeled with
Cy3 and Cy5, following the same protocol as for the cryo-EM
sample preparation (see STAR Methods). The positions of Cy3
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and Cy5 were chosen such that, based on our structure, they
are 66 A apart in the assembled complex, which would allow
for efficient FRET (Figure 3A). The DNA-only sample shows
stable FRET close to zero, indicating an extended conformation
of the DNA (Figures 5B and S7A). The TFIIIA-TFIIIC-Brf1-TBP
complex assembled on the DNA shows two higher FRET states
(Figures 5C and S7B). The FRET histogram shifts to higher FRET,
indicating a decrease in the distance between the fluorophores
(Figure 5D). Notably, most traces (62%) display slow transitions
between the two FRET states at 0.07 and 0.22 before photo-
bleaching (Figures 5C, 5E, and S7B). The second FRET peak
for the full complex at a FRET value of 0.22 corresponds to a
generic distance of 66 A, which is consistent with our prediction
from the structure, confirming that this is the wrapped DNA
conformation. To further investigate the nature of the low FRET
state, we conduct the experiment on the complex that is assem-
bled without Brf1-TBP (Figure S7C). The FRET histogram for this
complex shows a single major peak at a FRET value of 0.07,
similar to the lower FRET peak for the full complex, suggesting
that this represents a dynamic, partially unwrapped intermediate
(Figure 5D). The presence of this lower FRET state in TFIIA-
TFINC-Brf1-TBP complex trajectories suggests that this com-
plex is dynamic and the upstream DNA is not always bound by
both TFIIIC and Brf1-TBP. We performed the experiment with
the DNA and TFIIIA only (Figures S7D and S7E). Interestingly,
we observed a small percentage of DNA molecules showing
very brief and infrequent visits to a higher FRET state, consistent
with the possibility that TFIIIA alone can induce transient bending
of DNA. The frequency and lifetime of these bent states were
much shorter than what we observed in the presence of all the
three proteins, suggesting that TFIIIC and Brf1-TBP are essential
for supporting the bent DNA.

DISCUSSION

Historically, biochemical studies of Pol lll transcription machinery
have shaped our understanding of eukaryotic transcription. How-
ever, structural basis of TFIIIC-dependent Pol lll promoter recruit-
ment remained elusive. In this study, we have visualized TFIIIA-
TFIIC and TFIIIA-TFIIIC-Brf1-TBP complexes assembled on 5S
rRNA gene. The overall conformation of TFIIIC in both complexes
is similar, but the N-terminal TPR of 7131 is poorly resolved in the
TFINA-TFIIIC complex. This part of 1131 is stabilized by interac-
tions with Brf1-TBP and upstream DNA in our second structure.
The largest TFIIIC subunit 7138 links the two lobes of TFIIIC and
interacts with the other five TFIIIC subunits, TFIIIA, and DNA.
TFIIA ZF 1-5 and 9 are bound to the ICR of 5S rRNA gene, while
ZF 6-8 interacts with 7138, representing a major contact between
TFIIA and TFIIIC. The DNA makes a 180° turn within the TFIIIA-
TFINC-Brf1-TBP complex. We used smFRET to investigate the
conformational dynamics of the DNA within TFIIA-TFIIIC-Brf1-
TBP complex. The DNA-only control exhibited stable FRET close
to zero, while the TFIIIA-TFIIIC-Brf1-TBP complex assembled on
the DNA showed two higher FRET states at 0.07 and 0.22, with
the latter corresponding to a 66 A distance of the two fluoro-
phores, consistent with our cryo-EM structure. The FRET value
of 0.07 was also observed in the TFIIIA-TFIIIC-DNA complex,
indicating a partially unwrapped intermediate.
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Based on the cryo-EM structures and smFRET data, we pro-
pose a model for the TFIIIA-TFIIIC-mediated assembly of the
Pol Il PIC. Before the complex assembles, the two lobes of
TFIIC, connected by the 7138 linker, may move relative to
each other (Figure 6, state 1). This relative flexibility of the lobes
has been previously observed by EM in yeast.'® We also observe
different positions of the TFIIIC lobes by negative stain EM (Fig-
ure S8A). The assembly of the Pol lll PIC is thought to begin with
TFIIIA locating the 5S rRNA gene,*'*"*® likely introducing initial
bending that is mostly localized within the ICR.**** In our
structure, only ZF 1-5 and ZF 9 are bound to DNA. However,
when TFIIIA first binds DNA, all nine ZF may make DNA contacts,
similar to X. laevis TFIIIA.>%°° In our structure, ZF 1-5 bind 29 bp,
while ZF 9 protects 5 bp of the ICR. This leaves about one turn of
DNA (11 bp) that, in principle, can be occupied by ZF 6-8 in this
initial phase. The binding of ZF 6-8 may be similar to the DNA-
binding mode of ZF 1-3. Compared with the first five ZF, ZF
6-8 have smaller positively charged areas, which may make
them easier to be peeled off from DNA when the TFIIIA-TFIIC
complex forms (Figures 4C and 4D). Alternatively, ZF 6-8 may
be in search of TFIIIC instead of binding to DNA. This first
“searching” state can be characterized by the flexibility of the
TFINA-DNA complex and within the unrestrained TFIIIC.

Once TFIIIC binds TFIIIA and downstream DNA, the mobility
between the A and 7B lobes becomes limited (Figure 6, state
2). The ICR and downstream DNA is fixed via interactions with
ZF 1-5 of TFIIIA and 7B lobe. The upstream DNA may still move
due to the presence of a flexible linker within TFIIIA. This move-
ment of upstream DNA can assist in the search for 1131 and/or
Brf1-TBP binding. The lower FRET state of 0.07 may correspond
to this complex (Figure 5D). The C-terminal TPR array of 7131 is
locked inthe body of the complex, while the N-terminal TPR array
is not restrained. The hinge region between the N-terminal and
C-terminal TPRs allows for the potential movement of the N-ter-
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Figure 4. TFIIIA binds the ICR of the 5S rRNA
gene

(A) ZF 1-5 and ZF 9 bind DNA in the ICR, while ZF 6-
8 protrude away from ICR. The most sharply bent
region of DNA is located between ZF 5 and 9.

(B) TFIIIA has a large interaction surface with 7138.
ZF 1, 6-8, and a helix near ZF 9 contribute to the
interaction.

(C) DNA-binding residues of ZF 1-5 form a large,
extended, positively charged surface. TFIIIA is
shown as surface and colored according to
Coulombic potential. The model is colored in arange
from red for negative potential to blue for positive
potential.

(D) ZF 6-8 do not interact with DNA as closely as the
first five ZFs, but their positively charged surfaces
are directed toward DNA and away from 7138. ZF 9
DNA-binding surface is positively charged. TFIIIA is
shown as surface and colored according to
Coulombic potential. The model is colored in arange
from red for negative potential to blue for positive
potential.

See also Figure S6.

minal TPR array from the closed state, where it contacts the
C-terminal TPR, ' to the fully open state, where it is rotated by
approximately 180° relative to its position in the closed state (Fig-
ure S3D). In this “ruling” phase, the conformational sampling of
the 7131 N terminus may help to search for Brf1-TBP and DNA.
The variable distance between the N-terminal and C-terminal
TPR arrays of 7131 can act as a ruler: simultaneous interactions
of 7131 with TFIlIB and the TFIIIB-binding region of DNA are
possible only when 7131 N terminus is located within a certain
distance from the C-terminal TPR (Video S2). We propose this
model of TFIlIC-aided TFIIIB recruitment as an extension of the
previously communicated models.'6-6'-%%

The TFIIA-TFIIC-Brf1-TBP complex, which we observe after
adding Brf1-TBP to TFIIIA-TFIIIC complex, corresponds to the
“locking” state (Figure 6, state 3). In this state, the N-terminal
TPR array of 1131 is fixed in the open conformation. This position
of 7131 opens a positively charged patch on its surface
(Figures S5A-S5C). Yeast two-hybrid assays have shown that
Brf1 interacts with the N terminus of 1131 subunit, and this result
has been supported by mutagenesis analysis and binding as-
says.®®%% " The sharpest bend in DNA is located between
TFIIA ZF 5 and 9 within the ICR region. This bent DNA is stabi-
lized through interactions with TFIIIA and 1131 (Figures 3A, 4A,
and S5A-S5C). Upstream DNA is bound by TBP, Brf1, and the
N terminus of 7131. In the smFRET assay, this state is repre-
sented by the 0.22 FRET efficiency state (Figure 5D). DNAse |
footprinting has shown that TFIIIA protects the ICR of the 5S
rRNA gene, and the binding of TFIIIC to TFIIIA-DNA can extend
the footprint in two ways: a “core” footprint on the downstream
DNA or “extended” footprint up to upstream DNA region bp
—20.*" The addition of TFIIIB extends DNA protection up to bp
—45, and the TFIIA-TFIIIC-TFIIIB complex protects the DNA
from bp —45 to 120.*" Similar footprinting patterns have been

observed for tRNA genes as well.®®
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Figure 5. smFRET reveals DNA bending that is consistent with the
cryo-EM study

(A) Schematic representation of the smFRET assay. Left, labeled DNA,; right,
labeled DNA + TFIIIA-TFIIIC-Brf1-TBP complex.

(B) Representative single-molecule time traces of DNA-only sample showing
donor (green) and acceptor (red) intensities and the corresponding FRET (blue).
(C) Representative single-molecule time traces of the TFIIIA-TFIIIC-Brf1-TBP
complex showing donor (green) and acceptor (red) intensities and the corre-
sponding FRET (blue). The FRET data show the presence of two states.

(D) smFRET population histogram of DNA only, DNA + TFIIA-TFIIIC, and
DNA + TFIIIA-TFIIC-Brf1-TBP. Data represents mean + SEM. The histogram
of DNA + TFIIIA-TFIIC is fitted to two Gaussian distributions (blue dashed line)
centered on 0.07 and 0.22, respectively. The histogram of the full complex,
DNA + TFIIIA-TFIIIC-Brf1-TBP, is also fitted to two Gaussian distributions (red
dashed line) centered on 0.07 and 0.22, respectively.

(E) Transition density plot of the full complex, DNA + TFIIA-TFIIIC-Brf1-TBP.
Transitions are from two independent measurements.

See also Figure S7.

The TFHIA-TFIIIC-Brf1-TBP state that we capture in this study
is not compatible with Pol Ill binding. Alignment of Brf1-TBP from
Pol lll PIC structures with Brf1-TBP in our model results in severe
clashes between Pol Ill and TFIIC (Figure S8D). Therefore, it is
suggested that direct interaction between Pol Il and TFIIC
may be not necessary for Pol Il recruitment to promoter. Previ-
ous study has shown that once TFIIIB is assembled on DNA,
TFIIC is dispensable for in vitro transcription.”’ Additionally,
yeast TFIIC and Pol Il occupancy on DNA is inversely
correlated, as shown by chromatin immunoprecipitation.®" The
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interaction between Brf1, B”, and 7131 also increases during
transcription repression.31 Furthermore, smFRET data demon-
strate that the DNA within the TFIIIA-TFIIIC-Brf1-TBP complex
is not static and undergoes spontaneous transitions on slow
timescales (10 s of seconds) to a partially unwrapped state (Fig-
ure 5C). This state could be crucial for allowing Pol Ill to bind
productively.

Finally, the TFIIIC complex needs to be displaced from DNA to
allow Pol Ill transcription. The B” binding and completion of
TFIIIB may trigger a transition to a new state where the contact
between 1131 and Brf1-TBP is broken, resulting in the detach-
ment of TFIIIC 7A lobe from DNA (Figure 6, state 4). At the
same time, the stable TFIIIB-DNA complex is assembled and
can recruit Pol 11I.""+°8 This “Pol Ill loading” state may resemble
yeast and human Pol lll PIC structures.'®™' Once the PIC is
formed, Pol lll may initiate transcription. For transcription to
occur over the full length of the gene, both TFIIIC and TFIIA
need to be displaced from the DNA.

TFIIC in Pol lll system and TFIID in Pol Il system play similar
roles in transcription initiation (Figure S8). TFIIIC and TFIID are
large protein complexes with multiple lobes. TFIIC is split into
two lobes A and 7B, while TFIID has three lobes: A, B, and C
(Figures S8B and S8E). Both TFIIIC and TFIID extensively bind
promoter DNA in the intragenic regions using several binding sur-
faces (Figures S8B, S8C, and S8F). Both factors can position TBP
near its DNA-binding site (Figures S8C and S8F). This TBP posi-
tioning requires a large structural rearrangement of 7131 N-termi-
nal TPR in TFIIIC (Figure S8, compare B and C). Similarly, lobe A
moves relative to the rest of TFIID to load TBP on DNA (Figure S8,
compare E and F). However, PIC assembly will likely look different
between Pol Ill and Pol Il. Superposition of the Pol Il PIC on
TFIIA-TFIIIC-Brf1-TBP showed severe clashes between Pol llI
and TFIIIC (Figure S8D). This suggests that TFIIIC must be dis-
placed from promoter to allow Pol Il transcription initiation.
TFIID, on the contrary, can accommodate Pol Il PIC assembly
with minimal rearrangements (Figure S8G). This difference be-
tween TFllIC-assisted and TFlID-assisted PIC assembly may
reflect functional differences between Pol lll and Pol II. Although
Pol lll is recognized for its fast and high-throughput transcription,
the initiation of Pol Il transcription requires precise control.

Finally, we would like to discuss the role of the TFIIIA-TFIIIC
complex in the context of chromatin. The 5S rRNA gene contains
a strong nucleosome positioning sequence, and the nucleosome
dyad position overlaps with TSS.°*’° Untimely 5S nucleosome
assembly can impede transcription initiation by Pol Ill. The
TFINA-TFIIIC complex may play an important role in displacing
the nucleosome, allowing for the formation of the transcription
initiation complex. Once the nucleosome is removed and
TFINA-TFIIIC is bound to the promoter region, TFIIIC assists in
assembling TFIIIB. In contrast to the 5S nucleosome, DNA-bound
TFIIIC enables TFIIB and Pol lll to access the DNA and initiate
transcription promptly. We suggest that the DNA is wrapped
around the TFIIIA-TFIIIC complex to ensure fast access to the
promoter region and protect the DNA from 5S nucleosome reas-
sembly. Therefore, the sharp bending of DNA and the extensive
contact between TFIIIA-TFIIIC and DNAin our structure can serve
two purposes simultaneously: guiding TBP toward its binding
sequence and preventing the reassembly of the 5S nucleosome.
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1. Searching state (model) 2. Ruling state (this study)

Brf1
TBP

—

Brf1
TBP
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3. Locking state (this study)

4. Pol |l loading state (model)

Figure 6. Model of TFIlIC-dependent Pol Ill PIC assembly on 5S
rRNA gene

(1) Searching state (model): the two lobes of TFIIIC are not restrained by DNA
binding and may move relative to each other. TFIIIA recognizes the ICR of the
58 rRNA gene. ZF 6-9 are shown as semi-transparent cartoons to reflect the
uncertainty in their position.

(2) Ruling state (formation of the TFIIIA-TFIIIC-DNA complex, visualized in this
study): TFIIIC binds TFIIA and DNA downstream of ICR. These interactions
restrain mobility between the TA and 7B lobes of TFIIIC. The ”hinge” region
between the N-terminal TPR and C-terminal TPR of 7131 allows the N-terminal
TPR (shown as semi-transparent surface) to transition from the closed state
(N-terminal TPR contacts C-terminal TPR) to the fully open state (N-terminal
TPR array is turned by 180° relative to its position in the closed state). This
sampling movement may help 7131 N-terminal TPR to search for Brf1 and/or
DNA for binding. The ICR and downstream DNA is fixed via interactions with ZF
1-5 of TFIIIA and the 7B lobe. The flexibility within the upstream DNA helps to
search for 7131 and/or Brf1 binding. This complex may represent the "ruling”
state of 7131 because the distance between the N-terminal and C-terminal
TPRs of 7131 is variable, but strong 7131-DNA interaction is only possible
when N-terminal TPR is in the extended conformation. This allows 7131 to
measure the distance from ICR to the TFIIIB-binding region. Upstream DNA,
not visible in the structure, is depicted as a dashede line.

(3) Locking state (formation of the TFIIIA-TFIIIC-Brf1-TBP-DNA complex,
visualized in this study): N-terminal TPR array of 7131 is in the extended state.
DNA is bent within the ICR, and upstream DNA is bound to the surface of the 1A
lobe. DNA upstream of TSS is bound by TBP, Brf1, and the N terminus of t131.
(4) Pol lll loading state (model): once Brf1 and TBP locate the TFIlIB-binding
site and bind it, B” and Pol lll can be recruited. Pol lll may then initiate tran-
scription, while TFIIIC and TFIIIA (both shown as semi-transparent surfaces)
have to be displaced from DNA to allow Pol Ill to transcribe the full length of
the gene.

See also Figure S8.

Limitations of the study

Our studies provide a basis to understand how TFIIA-TFIIIC
complex guides TBP toward its DNA-binding site and therefore
prepares the promoter for TFIIIB loading, followed by Pol llI
recruitment. However, Brf1-TBP fusion protein is used instead
of the two separate factors. This fusion protein was shown to
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effectively replace Brf1 and TBP in TFIIIC-dependent transcrip-
tion.”" Nevertheless, future studies are necessary to investigate
the details of the three separate TFIIIB subunits interacting with
DNA and TFIIIC in the context of Pol Ill promoter recruitment.
Moreover, the ICR within 5S rRNA promoter (type ) is different
from tRNA promoters (type Il). Furthermore, tRNA promoters
have variable distances between the elements of ICR. Hence,
structural studies of TFIIIC interactions with different tRNA pro-
moters can potentially explain how a single TFIIIC factor may
accommodate both type | and type Il Pol lll promoters.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli BL21 (DE3) pRARE Invitrogen N/A

Chemicals, peptides, and recombinant proteins

S. cerevisiae TFIIIA This study N/A

S. cerevisiae TFIIIC Han et al.™® N/A

BrfiN-TBPc-Brf1C Kassavetis et al.”"’ N/A

His-Pur Ni-NTA resin Fisher Scientific Cat#: 88221

IgG Sepharose 6 Fast Flow affinity resin Cytiva Cat#: 17096901

TEV protease Han et al.™® N/A

Calmodulin Affinity Resin
EcoRI-HF

Glutaraldehyde 25%

Nonidet P40 Substitute
Dynabeads Streptavidin T1
NHS ester-conjugated Cy3 dye
NHS ester-conjugated Cy5 dye
mPEG

biotin-PEG 1% (w/w)
NeutrAvidin

Trolox

protocatechuic acid

bacterial protocatechuate 3,4-
dioxygenase (rPCO)

Agilent Technologies
New England Biolabs
Sigma-Aldrich

Roche

Fisher Scientific

Click Chemistry Tools
Click Chemistry Tools
Laysan Bio

Laysan Bio
ThermoFisher Scientific
Sigma

Sigma

Oriental Yeast

Cat#: 214303-52
Cat#: R3101T

Cat#: G5882

Cat#: 11754599001
Catt: 65602

Cat#: 1075-1

Cat#: 1076-1

Cat#: MPEG-SIL-5000
Cat#: Biotin-PEG-SVA-5000
Cat#: 31000

Cat#: 53188-07

Cat#: 03930590

Cat#: 46852004

Deposited data

TFIIA-TFIIIC-Brf1-TBP cryo-EM globally
refined map

Brf1-TBP-DNA cryo-EM focused
refined map

TFIIA-TFIIIC cryo-EM globally refined map
TFIIA-TFIIIC-Brf1-TBP model

This study

This study

This study
This study

EMDB: 29071

EMDB: 29356

EMDB: 29358
PDB: 8FFZ

Experimental models: Cell lines

S. cerevisiae TAP tagged TFC8 (YPLO07C)
Strain

GE Dharmacon

Cat#: YSC1178-202233621

Oligonucleotides

5S rRNA gene construct, cryo-EM, sense
5’-/5BiotinTEG/TACGGACCATGGAA
TTCCCCAGT AACATGTCTGGACCC
TGCCCTCATATCACCTGCGTTTCCG
TTAAACTATCGGTTGCGGCCATATC
TACCAGAAAGCACCGTTTCCCGTCCGA
TCAACTGTAGTTAAGCTGGTAAGAGCC
TGACCGAGTAGTGTAGTGGGTGACCA
TACGCGAAACTCAGGTGCTGCAATCT -3’

This study

Integrated DNA Technologies

(Continued on next page)
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SOURCE

IDENTIFIER

5S rRNA gene construct, cryo-EM,
antisense 5’- AGATTGCAGCACCTGAG
TTTCGCGTATGGTCACCCACTACACTAC
TCGGTCAGGCTCTTACCAGCTTAAC
TACAGTTGATCGGACGGGAAACGGTGC
TTTCTGGTAGATATGGCCGCAACCGA
TAGTTTAACGGAAACGCAGGTGATA
TGAGGGCAGGGTCCAGACATGTTAC
TGGGGAATTCCATGGTCCGTA -3’

5S rRNA gene construct, smFRET, sense
5’- AACATGTCTGGACCCTGCCCTCATA
TCACCTGCGTTTCCGTTAAACTATCGG
TTGCGGCCATATCTACCAGAAAGCACC
GTTTCCCGTCCGATCAACTGTAGTTAA
GCTGGTAAGAGCCTGACCGAGTAGTG
TAGTGGG/IAmMMCBdT/GACCATACGC
GAAACTCAGGTGCTGCAATCTGTAGA
TTCATTGGACTGGTG-3’

5S rRNA gene construct, SmFRET,
antisense 5’-AGATTGCAGCACCTGAG
TTTCGCGTATGGTCACCCACTACAC
TACTCGGTCAGGCTCTTACCAGCTT
AACTACAGTTGATCGGACGGGAAA
CGGTGCTTTCTGGTAGATA/IAMMC6dT/
GGCCGCAACCGATAGTTTAACG
GAAACGCAGGTGATATGAGGGCAG
GGTCCAGACATGTTACTGGGGAATT
CCATGGTCCGTA-3’

5S rRNA gene construct, sSmFRET,
sense, biotinylated 5’-/5BiotinTEG/
TACGGACCATGGAATTCCCCAGT-3’

5S rRNA gene construct, smFRET, sense,
biotinylated 5’-/5BiotinTEG/
CACCAGTCCAATGAATCTAC-3’

This study

This study

This study

This study

This study

Integrated DNA Technologies

Genscript

Genscript

Integrated DNA Technologies

Integrated DNA Technologies

Software and algorithms

Leginon 3.0
DogPicker

Appion 3.0
EMAN2
RELION 3.1
Gautomatch

CTFFIND 4.1

cryoSPARC 3.2.0
DeepEMhancer

Alphafold 2
Coot 0.9

UCSF Chimera
UCSF Chimera X 1.4

Suloway et al.””

Voss et al.”®

Lander et al.”*

Tang etal.”

Zivanov et al.”®

K. Zhang, MRC Laboratory
of Molecular Biology,
Cambridge, UK

Rohou and Grigorieff’”

Punjani et al.”®

Sanchez-Garcia et al.”®

Jumper et al.?°
Emsley and Cowtan®’

Pettersen et al.®”

Pettersen et al.®®
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http://leginon.org

https://emg.nysbc.org/redmine/projects/
software/wiki/DoGpicker

http://www.appion.org
https://blake.bcm.edu/emanwiki’/EMAN2
https://github.com/3dem/relion

https://lab.rockefeller.edu/chen/assets/
file/Gautomatch_Brief_Manual.pdf

https://grigoriefflab.umassmed.edu/
ctffind4

https://cryosparc.com/

https://github.com/rsanchezgarc/
deepEMhancer

https://alphafold.ebi.ac.uk/

https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

https://www.cgl.ucsf.edu/chimera/
https://www.cgl.ucsf.edu/chimerax/
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REAGENT or RESOURCE SOURCE IDENTIFIER

ISOLDE 1.4 Crol® https://isolde.cimr.cam.ac.uk/

PHENIX 1.20.1 Afonine et al.®® http://www.phenix-online.org/

ConSurf Ashkenazy et al.®® https://consurf.tau.ac.il/consurf_index.php
Other

BeadBeater Biospec Products Cati#: 1107900-110

400 mesh copper grids
Quantifoil 2/1 300 mesh copper grids

Electron Microscopy Sciences
Electron Microscopy Sciences

Cat#: NC1380831
Cati#: X-102-Cu300

Solarus plasma cleaner 950 Gatan N/A
Vitrobot Mark IV Thermo Fisher Scientific N/A
Jeol 1400 Jeol N/A
Titan Krios FEI/Thermo Fisher Scientific N/A
K3 Summit Direct Electron Detector Gatan N/A
Quantum energy filter Gatan N/A

RESOURCE AVAILABILITY

Lead contact
Correspondence and requests for materials should be addressed to Yuan He (yuanhe@northwestern.edu).

Materials availability
Materials are available from Yuan He upon request.

Data and code availability
Electron density map and coordinates for the TFIIIA-TFIIIC-Brf1-TBP complex bound to 5S rRNA gene have been deposited in the
Electron Microscopy Data Bank (EMDB) with ID code EMDB-29071 and the Protein Data Bank (PDB) with ID code 8FFZ, respectively.
Electron density map for the focused refinement on the Brf1-TBP-DNA has been deposited in the EMDB with ID code EMDB-29356.
Electron density map for the TFIIIA-TFIIIC complex bound to 5S rRNA gene has been deposited in the EMDB with ID code 29358. All
data are publicly available as of the date of publication. Accession numbers and DOI are listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

E. coli cells used in this study were grown in LB medium at 37 °C.
S. cerevisiae strain used in this study were cultured in YPD medium at 30 °C.

METHOD DETAILS

Purification of TFIIIA

Two liters of transformed BL21 (DE3) pRARE cells were grown in LB at 37 °C to an OD600 of 0.6. Then 50 uM ZnSQO,4 was added, the
cells were induced with 1 mM IPTG, and the protein was expressed for two hours at 37 °C. Cells were pelleted for 20 minutes at 4000
x g and resuspended in 40 mL of buffer A (20mM HEPES 7.6, 250 mM NaCl, 5 mM MgCl,, 50 uM ZnSO4, 10% glycerol, 5mM dithio-
threitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF]). After cell lysis by sonication, cell pellet was collected by centrifugation for
10 minutes at 4000 x g. The pellet was resuspended in buffer A + 5M urea, then briefly sonicated again and incubated on nutator
overnight at 4 °C. Next day, cell debris was removed by centrifugation at 15000 x g at 4 °C for 30 minutes and the supernatant
was filtered. The supernatant was loaded twice onto a gravity column with 1 ml of HIS-Select Nickel Affinity Gel (Sigma-Aldrich) equil-
ibrated with buffer A + 5M urea + 20mM imidazole. The resin was washed six times with 2 ml of buffer A + 5M urea + 20mM imidazole.
The protein was eluted in 1 ml fractions using buffer A + 5M urea + 300mM imidazole. Fractions containing TFIIIA were pooled
together and diluted in three steps over 45 minutes with Buffer A + 1TmM PMSF + 5mM DTT. The diluted protein was dialyzed
against 1L of Buffer A + 1mM PMSF + 10mM BME in 3.5kDa cut-off snakeskin tubing (Thermo Fisher) overnight at 4 °C. Next day
aggregation was removed by centrifugation at 10000 x g for 5 minutes. Supernatant containing refolded TFIIIA was flash-frozen in
liquid nitrogen.
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Purification of TFIIIC

TFIIC was purified from an S. cerevisiae strain with a TAP tag at the C terminus of 160 (GE Dharmacon, YSC1178-202233621). Eight
liters of yeast were grown overnight. Cells were harvested by centrifugation and resuspended in 200ml of cold TAP extraction buffer
(40 mM HEPES pH 8, 250 mM ammonium sulfate, 1 mM EDTA, 10% glycerol, 0.1% Tween-20, 1 mM DTT, 1 mM PMSF, 2mM ben-
zamidine, 0.3 ng/ml leupeptin, 1.4 ng/ml pepstatin, 2 pg/ml chymostatin). Cells were lysed using BeadBeater (Biospec Products).
Cell debris was removed by centrifugation at 15000 x g at 4 °C for two hours. The lysate was incubated with 2ml of IgG Sepharose
beads (Cytiva) for two hours at 4 °C. The beads were washed and resuspended in 4ml of cold TEV cleavage buffer (10 mM HEPES pH
8, 200 mM NaCl, 0.1% NP-40, 0.5 mM EDTA, 10% glycerol). TEV cleavage was performed using 25 ng of TEV protease at room
temperature (RT) for one hour. TEV flowthrough was collected and CaCl, was added for a final concentration of 2 mM. 800 pl of
Calmodulin Affinity Resin (Agilent Technologies) was washed with Calmodulin binding buffer (15 mM HEPES pH 8, 1 mM magnesium
acetate, 1 mM imidazole, 2 mM CaCl2, 0.1% NP-40, 10% glycerol, 200 mM ammonium sulfate, 1 mM DTT, 1 mM PMSF, 2mM
benzamidine, 0.3 pg/ml leupeptin, 1.4 pg/ml pepstatin, 2 ng/ml chymostatin) and incubated with TEV flowthrough overnight at
4 °C. Following incubation, the beads were washed with Calmodulin binding buffer, followed by Calmodulin wash buffer (same as
the binding buffer but with 0.05% NP-40), followed by Calmodulin transfer buffer (same as wash buffer but without CaCl,). 400 pl
of Calmodulin elution buffer (15 mM HEPES pH 8, 1 mM magnesium acetate, 1 mM imidazole, 5 mM EGTA, 10% glycerol, 0.05%
NP-40, 200 mM ammonium sulfate) was added to the beads and incubated for 45 minutes at 4 °C. First, 400 ul fraction was eluted,
another 400 pl of elution buffer was added to the beads, and eluted after 5 minutes. The following fractions were eluted immediately.
Fractions containing protein were pooled together, concentrated and flash-frozen in liquid nitrogen.

Purification of Brf1-TBP

The chimera protein BrfiIN-TBPc-Brf1C”" was purified as follows. Two liters of transformed BL21 (DE3) pRARE cells were grown in
LB at 37 °C to an OD600 of 0.6, the cells were induced using 0.5 mM IPTG, and the protein was expressed overnight at 18 °C. Cells
were harvested by centrifugation and resuspended in 35 ml of BT lysis buffer (20 mM HEPES pH 7.6, 25 uM EDTA, 1.14 M NaCl, 5%
glycerol, 10 EDTA, 1.14 M NaPMSF, 1 ug/mlleupeptin, 1 ng/ml pepstatin, 300 pg/ml lysozyme), followed by incubation on ice for one
hour and followed by sonication. Cell debris was removed by centrifugation at 13000 x g at 4 °C for one hour. The lysate was loaded
onto a gravity column with 500 ul of His-Pur Ni-NTA resin (Fisher Scientific) equilibrated with BT lysis buffer. The resin was washed
five times with 1 ml of BT wash buffer 1 (20 mM HEPES pH 7.6, 7 mM MgClI2, 0.5 M NaCl, 10 mM imidazole, 5% glycerol, 10 mM
BME, 0.5 mM PMSF, 1 ng/ml leupeptin, 1 ng/ml pepstatin) and five times with 1 ml of BT wash buffer 2 (20 mM HEPES pH 7.6,
7 mM MgCl2, 0.5 M NaCl, 20 mM imidazole, 5% glycerol, 10 mM BME, 0.5 mM PMSF, 1 ug/ml leupeptin, 1 ng/ml pepstatin). Protein
was eluted in five 1 ml fractions with BT elution buffer (20 mM HEPES pH 7.6, 7 mM MgClI2, 0.5 M NaCl, 200 mM imidazole, 5% glyc-
erol, 10 mM BME, 0.5 mM PMSF, 1 ng/ml leupeptin, 1 ug/ml pepstatin). Fractions containing Brf1-TBP were pooled and dialyzed
against 500 ml of dialysis buffer (20mM HEPES pH 7.6, 200mM NaCl, 7mM MgCI2, 0.01% Tween-20, 10% glycerol, 0.2mM
PMSF, 10mM BME) in 12 kDa Pur-A-Lyzer Maxi (SigmaAldrich) overnight at 4 °C. Next day the dialysis buffer was replaced with fresh
dialysis buffer and the protein was dialyzed for another 5 hours. Fractions containing protein were pooled together and flash-frozen in
liquid nitrogen.

Complex assembly

First, 2 pmol of 5S rRNA gene DNA template (sense: 5’-/5BiotinTEG/TACGGACCATGGAATTCCCCAGT AACATGTCTGGACCCTG
CCCTCATATCACCTGCGTTTCCGTTAAACTATCGGTTGCGGCCATATCTACCAGAAAGCACCGTTTCCCGTCCGATCAACTGTAGT
TAAGCTGGTAAGAGCCTGACCGAGTAGTGTAGTGGGTGACCATACGCGAAACTCAGGTGCTGCAATCT -3, antisense: 5’- AGATT
GCAGCACCTGAGTTTCGCGTATGGTCACCCACTACACTACTCGGTCAGGCTCTTACCAGCTTAACTACAGTTGATCGGACGGGAA
ACGGTGCTTTCTGGTAGATATGGCCGCAACCGATAGTTTAACGGAAACGCAGGTGATATGAGGGCAGGGTCCAGACATGTTACTG
GGGAATTCCATGGTCCGTA -3’) was mixed with 100 nmol TFIlIA and incubated at RT for 5 minutes. Then 200 nmol TFIIIC was
added and incubated at RT for 5 minutes. For the TFIIIA-TFIIIC-Brf1-TBP complex, the previous step was followed by the addition
of 150 nmol Brf1-TBP. The salt concentration was adjusted to 100 mM KCI with the addition of buffer 1 (12 mM HEPES pH 7.6,
0.12 mM EDTA, 12% glycerol, 8.25 mM MgCl,, 1 mM DTT, and 0.05% NP-40). All components were incubated for an additional
5 minutes at RT before binding to T1 streptavidin beads (Fisher Scientific) at RT for 15 minutes. Assembled complexes were washed
with buffer 2 (10 MM HEPES pH 7.6, 10 mM Tris pH 7.6, 5% glycerol, 5 mM MgCl,, 50 mM KCI, 1 mM DTT, and 0.05% NP-40) and
eluted with buffer 3 (10 mM HEPES pH 7.6, 5% glycerol, 10 mM MgCl,, 50 mM KCI, 1 mM DTT, 0.05% NP-40, and 30 units EcoRI-HF
(New England Biolabs).

Negative stain EM data collection and processing

Negative stain samples were prepared using 400 mesh copper grids (Electron Microscopy Sciences) coated with continuous carbon
on a nitrocellulose support film. Before usage, they were glow-discharged for 10 seconds with 25 W of power using the Solarus
plasma cleaner 950 (Gatan). Purified TFIIA-TFIIC and TFHIA-TFIIIC-Brf1-TBP complexes in buffer 4 were cross-linked with
0.05% glutaraldehyde for 10 minutes on ice and incubated for 10 minutes on a grid in a homemade humidity chamber at 4 °C.
The grid was stained on four 40 pL drops of 2% uranyl formate solution for 5, 10, 15, and 20 seconds sequentially and blotted dry
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with #1 filter paper (Whatman). Images were collected on a Jeol 1400 microscope equipped with a Gatan 4k x 4x CCD camera at
30,000x magnification (3.71 A/pixel), a defocus range of -1.5 to -3 um, and 20 e/A2 total electron dose using Leginon.”

Particles were picked using DogPicker, extracted, and 2D classified using iterative MSA/MRA topological alignment within the
Appion data processing software.”*"*""8” A particle stack of ~50,000 particles with a box size of 96 x 96 pixels was subjected
to iterative, multi-reference projection-matching 3D refinement using EMAN2 software package to generate an initial reference for
cryo-EM data processing.”®

Cryo-EM sample preparation

Cryo-EM samples were prepared using Quantifoil 2/1 300 mesh copper grids (EMS). Grids were glow discharged for 10 seconds with
25 W of power using the Solarus plasma cleaner 950 (Gatan), and then a thin layer of graphene oxide was applied as described
previously.®® Purified TFIIA-TFIIIC and TFIIIA-TFIIIC-Brf1-TBP samples (~3.5 pL) were incubated with 0.05% glutaraldehyde for
10 minutes on ice. The sample was applied to a grid in a Vitrobot Mark IV (Thermo Fisher Scientific) operating at 4 °C with 100%
humidity. After 5 minutes of incubation, the sample was blotted with 10 force for four seconds and immediately plunged into liquid
ethane cooled to liquid nitrogen temperature.

Cryo-EM data collection and processing

Cryo-EM data were collected at the Pacific Northwestern Center for Cryo-EM (PNCC). Images were collected using semi-automated
data collection in Serial EM®° on a Titan Krios transmission electron microscope (TEM) operated at 300 keV (Thermo Fisher Scientific),
equipped with a Quantum energy filter (Gatan), and with a K3 direct detector (Gatan) operating in super-resolution mode.

For the TFIIIA-TFIIIC sample, images were collected at a magnification of 30,000X (super-resolution mode, 0.5395 /&/pixel for raw
data, 1.079 ,&/pixel after binning) using a defocus range of -1.5 to -3 pm with a dose rate of 1 e”/pixel/frame for a total dose of 50 e /A?.
A dataset of 11,645 images was collected. For the TFIIA-TFIIIC-Brf1-TBP sample, images were collected at a magnification of
30,000X (super-resolution mode, 0.528 A/pixel for raw data, 1.056 /&/pixel after binning) using a defocus range of -2 to -5 um with
a dose rate of 1 e”/pixel/frame for a total dose of 60 e/A?. A dataset of 23,211 images was collected.

RELION 3.1 was used for all pre-processing, 3D classification, model refinement, post-processing, and local-resolution estimation
jobs.”® Particles were picked using Gautomatch (developed by K. Zhang, MRC Laboratory of Molecular Biology, Cambridge, UK) and
Laplacian-of-Gaussian (LoG) picking in RELION 3.1. Duplicated particles were removed. Local CTF of each micrograph was deter-
mined using CTFFIND-4.1.”"

For the TFIIIA-TFIIC complex, a stack of 2,176,308 particles was binned by a factor of 2 (2.158 /&/pixel) and extracted with a box
size of 132 pixels. First round of 3D classification (10 classes) with the negative stain reconstruction as a reference was used to clean
up the particle stack. One class of 159,078 particles showed clear structural features of the TFIIIA-TFIIIC complex and was selected
for further processing. The selected particles were 3D auto-refined and used in the second round of 3D classification (5 classes).
Three classes (109,548) were selected and 3D auto-refined. Another round of 3D auto-refinement was performed with a soft
mask, resulting in a 6.78 A resolution reconstruction. All reported resolutions correspond to the gold-standard Fourier shell correla-
tion (FSC) using the 0.143 criteria.°® Three rounds of per-particle CTF refinement were performed, followed by Bayesian particle pol-
ishing. 3D auto-refinement using the polished particles resulted in a 6.62 A resolution map.

For the TFIIIA-TFIIIC-Brf1-TBP complex, a stack of 5,748,589 particles was binned by a factor of 2 (2.112 A/pixel) and extracted
with a box size of 132 pixels. First round of 3D classification (10 classes) with the negative stain reconstruction as a reference was
used to clean up the particle stack. One class of 665,210 particles showed clear structural features of the TFIIIA-TFIIIC-Brf1-TBP
complex and was selected for further processing. The selected particles were 3D auto-refined and used in the second round of
3D classification (3 classes) without alignment. One class (78,512 particles) was selected. The selected particles were 3D auto-
refined, re-centered, and re-extracted without binning (1.056 A/pixel, box size = 264 pixels). Another round of 3D auto-refinement
was performed with a soft mask applied around the whole complex, resulting in a 4.36 A resolution reconstruction. The particle stack
was re-extracted with a bigger box size (384 pixels). Three rounds of 3D auto-refinement, per-particle CTF refinement and Bayesian
particle polishing were performed. 3D auto-refinement using the polished particles resulted in a 3.83 A resolution map. To improve
the map quality of the Brf1-TBP part, focused 3D variability analysis was performed in cryoSPARC."® Briefly, the particle stack that
resulted in 4.36 A resolution reconstruction, was imported into cryoSPARC, where it was used for Non-uniform (NU) refinement, local
refinement (soft mask applied to focus on Brf1-TBP-DNA density), signal subtraction and 3D variability analysis in cluster mode. This
procedure produced a 7.14 A resolution reconstruction of Brf1-TBP-DNA density. In parallel with post-processing done in RELION
3.1, DeepEMhancer was used to better correct local B-factors and produced cleaner maps for model building and docking.”®

Model building and refinement

TFIIA-TFIIIC-Brf1-TBP model

The resolution of the TFIIIA-TFIIIC-Brf1-TBP complex map (3.8 A) allowed for AlphaFold-guided model building for the entire com-
plex.2° AlphaFold pLDDT score (per-residue estimate of the modeling confidence on a scale from 0 — 100) was used as scoring metric
for predictions. Alphafold was used to predict individual domains or full subunits of TFIIIA and TFIIIC, and the produced models were
fitted as a rigid body into the density map using UCSF Chimera.?? Published experimental structures were used in rigid body fitting as
well (Table 2). Side chains were not stubbed. Side chain orientations from Alphafold predictions or experimental models were kept in
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cases, where map quality did not allow to distinguish a side chain orientation. Manual adjustments were made in Coot®' and

ISOLDE.?* The final model was refined in Phenix.?® The refined model was inspected with the help of ISOLDE, where clashes and
rotamer outliers were resolved.
TFIIIA
X. laevis structure of ZF 1 to 3 bound to DNA (PDB:1TF3) was fitted as rigid body into the TFIIIA density. S. cerevisiae TFIIIA Alphafold
prediction was aligned with the experimental X. laevis structure, and individual ZF was fitted as rigid body into the TFIIIA density.
Predicted regions that were not visible in the density were trimmed.
TFIlIC
The structure of the subcomplex of 60 and 191 (PDB: 2J04) was fitted as rigid body into the density. S. cerevisiae Alphafold predic-
tions for 760 and 791 were aligned with the experimental structure, and flexible loops, not visible in the density, were trimmed. The
cryo-EM structure of the A lobe comprised of 7131, 795 and 155 subunits (PDB: 6YJ6) was fitted as rigid body. Alphafold predictions
were aligned with subunits and manually adjusted. Predicted regions that were not visible in the density were trimmed. For 7138, in-
dividual folded domains from Alphafold prediction were fitted as rigid body into the map, and connecting linkers were manually
adjusted.
Brf1-TBP
Brf1-TBP model from S. cerevisiae Pol lll PIC structure (PDB:6CNB) was fitted into Brf1-TBP density as rigid body, and flexibly teth-
ered domains of Brf1 that could not be traced in the density (cyclin fold 1 and zinc ribbon), were trimmed. This model was not manu-
ally adjusted due to low resolution of the map in this area.
DNA
Double strand DNA model with 5S rRNA gene sequence was generated using webserver (http://www.scfbio-iitd.res.in/software/
drugdesign/bdna.jsp). The DNA register was traced using sequence alignment between X. laevis and S. cerevisiae ICR and structure
of X. laevis structure of ZF 1 to 3 bound to DNA (PDB:1TF3), as well as the positioning of Brf1-TBP at the upstream region. The DNA
was fitted into the density in ISOLDE.
TFIIA-TFIIIC model
The model of the TFIIIA-TFIIIC-Brf1-TBP complex was fitted in the density map of the TFIIIA-TFIIIC complex. TFIIIC subunits 755, 795,
791, and 60 completely fit in the map. Protein-DNA contacts within the 1B model are identical as well. C-terminal TPR and helical
domains of 7131 are placed identically to the TFIIIA-TFIIIC-Brf1-TBP complex. N-terminal TPR cannot be resolved, but low-resolution
features suggested a conformation of 7131, similar to the one in TA lobe structure (PDB: 6YJ6). TFIIIA zinc fingers 1-5 interact with
DNA, while zinc fingers 6-8 protrude away from the DNA. The overall position of TFIlIA is identical to the TFIIIA-TFIIIC-Brf1-TBP com-
plex; however, zinc finger 9 and adjacent helix are not visible in the map. DNA in this complex is also positioned identically to the
TFIIA-TFIIC-Brf1-TBP complex.

UCSF Chimera and UCSF Chimera X were used for figure and movie generation.®>®® ConSurf web server was used for estimating
the evolutionary conservation of residues.®®

Preparation of DNA constructs for smFRET

The PAGE-purified DNA oligonucleotides containing biotin for immobilization or amine modifications were purchased from Genscript
(sense: 5-AACATGTCTGGACCCTGCCCTCATATCACCTGCGTTTCCGTTAAACTATCGGTTGCGGCCATATCTACCAGAAAGCACC
GTTTCCCGTCCGATCAACTGTAGTTAAGCTGGTAAGAGCCTGACCGAGTAGTGTAGTGGG/IAMMCBdT/GACCATACGCGAAACTC
AGGTGCTGCAATCTGTAGATTCATTGGACTGGTG-3’; antisense: 5-AGATTGCAGCACCTGAGTTTCGCGTATGGTCACCCACTAC
ACTACTCGGTCAGGCTCTTACCAGCTTAACTACAGTTGATCGGACGGGAAACGGTGCTTTCTGGTAGATA/IAMMCBdT/GGCCGCA
ACCGATAGTTTAACGGAAACGCAGGTGATATGAGGGCAGGGTCCAGACATGTTACTGGGGAATTCCATGGTCCGTA-3’;

sense, biotinylated: 5’-/5BiotinTEG/TACGGACCATGGAATTCCCCAGT-3’).

Oligonucleotides, carrying an amine group, were labeled with NHS ester-conjugated fluorescent dyes. For the labeling reaction,
6.25 ul of 40 pM amine-modified antisense DNA was mixed with an excess of NHS ester-conjugated Cy3 dye (200:1 ratio of dye
to DNA) in 100 mM Na2B407 pH8.4 and 40% DMSO. The mix was incubated at 25°C for 6 hours, then at 4°C overnight on a gently
shaking mixer in the dark. The excess dye was removed by ethanol precipitation and 70% ethanol wash. The labeling reaction was
performed twice to increase labeling efficiency. Amine-modified sense DNA was labeled with NHS ester-conjugated Cy5 dye in the
same way. The dsDNA construct (1 pM) was prepared by mixing the biotinylated sense DNA with sense DNA-Cy5 and antisense
DNA-Cy3 at a molar ratio of 1.2:1.1:1 and annealed in water in a heat block by incubation at 95°C for 5 minutes followed by gradual
cooling to RT.

Complex assembly and pulldown for smFRET

To achieve consistency between the two methods, we performed the protein-DNA complex assembly in the same way as preparing
the cryo-EM samples with a few modifications. The annealed and Cy3-/Cy5-labeled dsDNA construct was used instead of the 5S
rRNA gene DNA template. After the complex elution with EcoRl, 1.2 pmol of antisense biotinylated DNA (5’-/5BiotinTEG/CACCA
GTCCAATGAATCTAC-3’) was added to the elution and incubated at RT for 10 minutes. The integrity of TFIIIA-TFIIC and
TFIIA-TFIIIC-Brf1-TBP complexes assembled on fluorescently labeled DNA was confirmed by negative stain EM. The sample
was incubated on ice before the smFRET experiment.
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smFRET measurements
Single-molecule experiments were performed in a flow chamber prepared by sandwiching PEG (mPEG and biotin-PEG 1% (w/w),
Laysan Bio) passivated glass coverslip (VWR) and slides (ThermoFisher Scientific).”" Before imaging, flow chambers were washed
with T-50 buffer (50 mM NaCl, 10 mM Tris, pH 7.4) and incubated with 50 nM NeutrAvidin (ThermoFisher Scientific) for 2 minutes.
Then the flow chambers were washed with T-50 to remove unbound NeutrAvidin. Finally, the pre-assembled complex of labeled
DNA and proteins, as described above, was injected into the chamber to immobilize on the surface. The complex was diluted
and imaged in an imaging buffer consisting of 4 mM Trolox, 10 mM HEPES, 10 mM MgCl,, 50 mM KCI, 5uM ZnCl,, 5 % glycerol,
and an oxygen-scavenging system consisting of 4 mM protocatechuic acid (Sigma) and 1.6 Uml~° bacterial protocatechuate 3,4-di-
oxygenase (rPCO) (Oriental Yeast), pH 7.35. All the chemicals were purchased from Sigma (purity >99.9%).

smFRET data were recorded at 50 ms time resolution using a TIRF microscope with a 100x oil-immersion objective (Olympus, NA
1.49). The donor and acceptor fluorophores were excited using 532 nm and 638 nm lasers, respectively.

smFRET data analysis

Single-molecule fluorescence intensity traces were analyzed using smCamera (http://ha.med.jhmi.edu/resources/), custom-written
Matlab (MathWorks) scripts, and OriginPro. smFRET particles were selected based on the Gaussian intensity profile of the spots,
acceptor brightness at least 5% above the background, and the acceptor signal upon donor excitation. The donor and acceptor
intensity traces were selected based on the following criteria. A single donor and a single acceptor bleaching step during the
acquisition time window, stable total intensity (/p + /4), and anticorrelated intensity profiles of donor and acceptor without blinking.
Two authors independently examined all the data and found identical results. Each experiment, unless otherwise noted, was carried
out three times to ensure that the findings could be repeated. Apparent FRET efficiency was calculated using (/4—efficiencp)/(Ip (fic ),
where Ip and /4 are raw donor and acceptor intensities, respectively. smFRET histograms for the DNA, DNA+TFIIIA+TFIIIC, and DNA+
TFINA+TFIIC+Brf1-TBP were generated from the 3, 4, and 16 movies from different days.

To determine the FRET value, the smFRET histograms were fitted using OriginPro with 1 or 2 Gaussian distributions.

x—xc,»)z

n A 25
yoo =3 —pe "

W,'E

where n is the number of Gaussians, A is the peak area, xc is the FRET peak center, and w is the full-width half maximum for
each peak.

To derive the transition density plots (TDPs), all the time traces were idealized by fitting with hidden Markov model (HMM) using
VbFRET software in Matlab.® Traces were fit with 1 to 4 step models and majority of traces fit with a 1 or 2 steps. Then, from the
idealized traces, all the transitions were extracted to create a transition density plot.

QUANTIFICATION AND STATISTICAL ANALYSIS
All the single molecule traces were acquired and analyzed using customized MATLAB codes.

smFRET histograms were generated by aggregating multiple movies acquired from at least two independent measurements. Error
bars represent the standard error of the mean (SEM).

Molecular Cell 83, 2641-2652.e1-e7, August 3, 2023 e7



http://ha.med.jhmi.edu/resources/

	Structural basis of TFIIIC-dependent RNA polymerase III transcription initiation
	Introduction
	Results
	Assembly of the TFIIIA-TFIIIC complex on promoter DNA facilitates loading of Brf1-TBP
	τ138 bridges TFIIIC τA and τB lobes
	5S rRNA gene wraps around the complex
	TFIIIA binds the ICR of the 5S rRNA gene
	smFRET shows the dynamic nature of the complex

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Acknowledgments
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Method details
	Purification of TFIIIA
	Purification of TFIIIC
	Purification of Brf1-TBP
	Complex assembly
	Negative stain EM data collection and processing
	Cryo-EM sample preparation
	Cryo-EM data collection and processing
	Model building and refinement
	TFIIIA-TFIIIC-Brf1-TBP model
	TFIIIA
	TFIIIC
	Brf1-TBP
	DNA
	TFIIIA-TFIIIC model

	Preparation of DNA constructs for smFRET
	Complex assembly and pulldown for smFRET
	smFRET measurements
	smFRET data analysis

	Quantification and statistical analysis



