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Abstract

RNA polymerase Il (pol Il) initiates transcription from transcription start sites (TSSs) located ~30-35 bp downstream of the TATA box in meta-
zoans, whereas in the yeast Saccharomyces cerevisiae, pol |l scans further downstream TSSs located ~40-120 bp downstream of the TATA box.
Previously, we found that removal of the kinase module TFIIK (Kin28-Ccl1-Tfb3) from TFIIH shifts the TSS in a yeast in vitro system upstream
to the location observed in metazoans and that addition of recombinant Tfb3 back to TFIIH-ATFIIK restores the downstream TSS usage. Here,
we report that this biochemical activity of yeast TFIIK in TSS scanning is attributable to the Tfb3 RING domain at the interface with pol Il in the
pre-initiation complex (PIC): especially, swapping Tfb3 Pro51—a residue conserved among all fungi—with Ala or Ser as in MAT1, the metazoan
homolog of Tfb3, confers an upstream TSS shift in vitro in a similar manner to the removal of TFIIK. Yeast genetic analysis suggests that both
Pro51 and Arg64 of Tfb3 are required to maintain the stability of the Tfb3-pol Il interface in the PIC. Cryo-electron microscopy analysis of a yeast

PIC lacking TFIIK reveals considerable variability in the orientation of TFIIH, which impairs TSS scanning after promoter opening.
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Introduction

In eukaryotes, RNA polymerase II (pol II) transcription starts
with the assembly of pre-initiation complex (PIC) at a TATA
box or a TATA-like region on promoters (1). The PIC com-
prises the basal transcription machinery, which contains six
general transcription factors (GTFs; TFIIA, TFIIB, TFIID or
TBP, TFIIE, TFIIE, TFIIH) and pol II (2,3). Structural stud-
ies using cryo-electron microscopy (cryo-EM) revealed that
PICs are highly conserved in eukaryotes with respect to over-
all conformation and components (4-9). However, PICs facil-
itate distinct transcription start site (TSS) utilization among
species through highly conserved PIC components (10,11)
and promoter sequences (12-14): in metazoans, transcrip-
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tion at TATA-containing promoters typically initiates ~30-
35 bp downstream of the TATA box (15), while in Saccha-
romyces cerevisiae, transcription initiates ~40-120 bp down-
stream of the TATA box. Promoter melting begins ~21 bp
downstream in all eukaryotes (15), so pol II is presumed to
scan further downstream before starting transcription in yeast
(10,12,14,16-19). Real-time observations of single yeast PICs
have demonstrated that the ATP-dependent translocase activ-
ity of Ssl2, the yeast homolog of XPB, continuously draws
downstream DNA into the polymerase cleft, hypothesized to
be in a partially unwound form, filling the single-stranded
DNA-binding region of the pol II active center for TSS scan-
ning (18). In the fission yeast Schizosaccharomyces pombe,
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transcription predominantly initiates ~31 bp downstream of
the TATA box as in metazoans, and to a lesser extent at multi-
ple downstream TSSs within a window ranging from 30 to 70
bp downstream of the TATA box (20,21).

In S. cerevisiae, TFIIH comprises a seven-subunit core com-
plex, including the helicase Ssl2 (the yeast homolog of XPB),
and a three-subunit kinase termed TFIIK. TFIIK, the yeast ho-
molog of metazoan CAK, contains subunits Kin28, Ccl1 and
Tfb3.Kin28 and Ccl1 (CDK7 and cyclin H in metazoans) con-
stitute a cyclin-dependent kinase, responsible for pol II CTD
phosphorylation during transcription initiation, while Tfb3,
the yeast homolog of metazoan MATT1, serves to tether the
cyclin kinase to the rest of the PIC by contacting pol Il Rpb7,
the ARCH domain of Rad3 (XPD of metazoan TFIIH), and
Kin28/Ccl1 through the N-terminal RING domain (residues
1-70), the central «-helical domain (residues 97-140) and the
C-terminal hydrophobic region (residues 260-321), respec-
tively (Figure 1A) (22-24). Furthermore, TFIIK plays an im-
portant role in TSS scanning. In an iz vitro reconstituted sys-
tem from purified factors, omission of TFIIK shifts distal TSSs
in a yeast system to a metazoan-like location (25), and addi-
tion of the N-terminal half of Tfb3 (residues 1-148) is suffi-
cient to restore the TSS scanning ability (26). Consistent with
this, when Tfb3 is split into N- and C-regions, yeast cells are
viable, although the untethered kinase lost specificity for phos-
phorylating the pol I CTD at promoters and did so through-
out transcribed genes (27).

Previous biochemical analysis suggested that electrostatic
interaction between Rpb7 Asp166 and Tfb3 Arg64 (Figure
1A-C) is required for the activity of TFIIK in TSS scan-
ning in vitro (26), consistent with a defect in TSS scanning
in vivo for Tfb3 alleles R64D and R64A and Rpb7 allele
D166G. However, this electrostatic interaction between Rpb7
and Tfb3 is highly conserved across eukaryotes (Figure 1C
and D, and Supplementary Figure S1), and thus is unlikely
to explain the difference in TSS utilization between yeast and
metazoans. In this study, we focused on another point of con-
tact between Rpb7 and Tfb3, formed only in yeast PICs, but
absent in metazoan PICs (Figure 1C and D). At this hydropho-
bic interface, Pro51, highly conserved only in fungi, within a
loop region of Tfb3 (residues 46-53, referred to as the hy-
drophobic loop hereafter) is wedged between long aliphatic
side chains of Lys164 and Glu165 of Rbp7. Disrupting this
hydrophobic interaction by mutating Pro51 of Tfb3 to alanine
or serine, as found in metazoans, virtually abolished TSS scan-
ning in vitro. Yeast genetics experiments indicate that the hy-
drophobic and electrostatic interactions involving Pro51 and
Arg64 at the Tfb3—pol Il interface both contribute together to
promote downstream TSS utilization. These findings, together
with structural data, extend our current model of TSS scan-
ning in yeast, with implications for how TFIIH works in other
eukaryotes.

Materials and methods

Protein purification

TFIIA, TFIIB, TBP and Subl were purified recombinantly
from bacteria. TFIIE, TFIIF, core TFIIH and pol II were pu-
rified from yeast as previously described (25). The Tfb3AC
mutants were constructed by QuikChange site-directed muta-
genesis on Tfb3AC (residues 1-148) as a template and puri-
fied as previously described (26).
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In vitro transcription initiation assay

SNR20 98W and SNR20 38D promoter templates were am-
plified by polymerase chain reaction and purified using Super-
ose 6 10/300 (GE Healthcare) in buffer 300 [20 mM HEPES,
pH 7.6, 300 mM potassium acetate, S mM dithiothreitol
(DTT) and 2 mM magnesium acetate] (4). 1.3 pmol of PIC was
formed on 1.3 pmol of DNA fragment with 2.0 pmol of TFIIA,
6.0 pmol of TFIIB, 12.0 pmol of TBP, 3.0 pmol of TFIIE, 5.2
pmol of TFIIF, 2.0 pmol of core TFIIH, 2.0 pmol of Sub1, 5.2
pmol of pol II and indicated amount of Tfb3 AC mutants in
5.0 ul of buffer 300 (50 mM HEPES, pH 7.6, 300 mM potas-
sium acetate, 5 mM DTT and 5% glycerol). The mixture was
diluted with 5.0 ul of buffer 10 (20 mM HEPES, pH 7.6, 10
mM potassium acetate, 5 mM magnesium sulfate and 5 mM
DTT) and incubated on ice overnight. After 20 min of pre-
incubation at 30°C, the transcription assays were initiated by
addition of 10.0 ul of 2x NTPs containing 1.6 mM ATP, 1.6
mM CTP, 1 mM UTP, 1.6 mM GTP, 4.0 nM [«-32P] UTP (14.5
uCi), 1 unit of RNaseOUT and 10 mM magnesium acetate in
buffer 10. The reaction was incubated for 20 min and stopped
by addition of 190 ul of stop buffer [300 mM sodium acetate,
pH 5.5, 5 mM ethylenediaminetetraacetic acid (EDTA), 0.7%
sodium dodecyl sulfate (SDS), 0.1 mg/ml glycogen and 0.013
mg/ml of Proteinase K]. RNAs were recovered by ethanol pre-
cipitation and dissolved in formamide and subjected to a 6%
urea acrylamide gel.

Primer extension

Primer extension assay was performed as previously de-
scribed (10) with modification. Briefly, RNAs were gener-
ated from the transcription assay in vitro as described ear-
lier. Twenty microliters of transcription assays were stopped
by addition of 190 ul of stop buffer without salmon sperm
DNA (300 mM sodium acetate, pH 5.5, 5 mM EDTA,
0.7% SDS, 0.1 mg/ml glycogen and 0.013 mg/ml of Pro-
teinase K). RNAs were recovered by ethanol precipita-
tion, dissolved with RNase free water and then subjected
to DNase I digestion to remove contamination of DNA
template. Primers (Primerl: GAGGTCATTTCAGTTGTTA-
CACTG; Primer2: AAGGGAAAAGGAAAAGAGATTTGT)
were end-labeled with [y-32P] ATP and annealed to RNAs. Re-
verse transcription was performed by adding M-MLV reverse
transcriptase (Thermo Fisher) and RNase inhibitor (Thermo
Fisher). RNase A was added to remove RNA after reverse
transcription. Sequencing ladder was generated with a Seque-
nase Quick-Denature Plasmid Sequencing Kit with alkaline
denaturation (USB). Products were analyzed by running a 7
M urea gel containing 6% acrylamide and visualized by phos-
phorimaging (Bio-Rad).

Transcription-related growth phenotypes of tfb3
alleles

Transcription-related growth phenotypes were analyzed as
previously published (10,28). Yeast extract (1%, w/v; BD),
peptone (2%, w/v; BD) and 2% bacto-agar (BD), supple-
mented with adenine (0.15 mM) and tryptophan (0.4 mM;
Sigma-Aldrich), comprised YP solid medium. YPD plates con-
tained dextrose (2%, w/v; VWR). Minimal media plates were
prepared with synthetic complete (SC) or ‘Hopkins mix’ with
appropriate amino acid(s) dropped out, with slight modifica-
tions as described in (29). Stock solutions (10 mg/ml, in 100%
ethanol) of mycophenolic acid (MPA; Sigma—Aldrich) were
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Figure 1. Structure of Tfb3/MAT1 in PICs. (A) Domain architecture of Tfb3. Hydrophobic loop and Arg64 are indicated by green boxes, with sequence
alignment between S. cerevisiae (Sc), Homo sapiens (Hs) and S. pombe (Sp). (B) Structure of the N-terminal 148 residues of Tfb3 in the yeast PIC (PDB:
7MLO), bridging between TFIIH (Rad3 subunit in sea green) and pol Il (Rpb4/7 subunits in sky blue/purple). (C) Interface between the RING domain of
Tfb3 and Rpb7 in ScPIC (PDB: 7072). The hydrophobic loop and Arg64 are colored in green. (D) Interface between the RING domain of MAT1 and Rpb7

in the mammalian PIC (PDB: 7nvy).

added to solid or liquid media to achieve desired concentra-
tion. Tfb3 alleles were generated by site-directed mutagenesis
and verified by Sanger sequencing.

Cryo-EM sample preparation and data collection of
the PIC-ATFIK

The PIC was prepared as follows: 0.6 nmol of a HIS4 pro-
moter DNA fragment was mixed with 1.0 nmol of TFIIB, 0.9
nmol of TFIIA, 0.7 nmol of TBP, 1.0 nmol of TFIIE, 0.4 nmol
of TFIIH-ATFIIK, 0.66 nmol of pol II, 0.66 nmol of TFIIF
and 1.2 nmol of TFIIS in 130 pl of buffer (500) (20 mM
HEPES, pH 7.6, 5 mM DTT, 2 mM Mg(OAc), and 5% glyc-
erol, with the millimolar concentration of KOAc in parenthe-
ses). The mixture was dialyzed into buffer (300), buffer (220),
buffer (150), buffer (90) and buffer (40), and then was loaded
onto a 10-40% (v/v) glycerol gradient containing 20 mM
HEPES (pH 7.6), 5 mM DTT, 2 mM Mg(OAc), and 40 mM
KOAC, and was centrifuged for 8 h at 36 000 rpm in a Beck-
man SW60 Ti rotor. For cryo-EM, PIC-ATFIIK was fixed by
sedimentation in glycerol gradients containing a gradient of
glutaraldehyde from 0 to 0.125%. Aliquots of peak fractions
(~0.3 mg/ml) were flash frozen in liquid nitrogen and stored
until use at —80°C.

Samples were applied to R2/1 300 mesh Quantifoil holey
carbon grids (Electron Microscopy Sciences). All grids were

glow discharged (easiGlow, Pelco) for 2 min before deposi-
tion of 2 ul of dialyzed sample, and subsequently blotted for 2
s using Whatman Grade 41 filter paper (Sigma—-Aldrich) and
flash frozen in liquid ethane with a Leica EM CPC manual
plunger (Leica Microsystems). Images were collected at Fred-
erick National Laboratory (sponsored by the National Can-
cer Institute) using a NCEF Titan Krios transmission electron
microscope operating at 300 kV, equipped with a K3 Bio-
quantum detector and a Bioquantum energy quantum filter.
Three datasets were collected at a nominal magnification of
81 000x in super-resolution mode (pixel size of 0.54 A) at a
defocus range between 1 and 2.5 um. A total of 23 569 images
were collected. The exposure time was 3.2 s at a nominal dose
of 50 e~ /A2. Movies were divided into 40 frames.

Image processing and 3D reconstruction of the
PIC-ATFIIK

The datasets were motion corrected with MotionCorr2 (30),
and then CTF was estimated with CTFFIND4 (31). A total
of 909275 particles were extracted after particle picking us-
ing Topaz from the first dataset, and then the resultant parti-
cles were screened by three rounds of reference-free 2D clas-
sification, resulting in a subset of 593614 particles show-
ing PIC-like features. Subsequently, one round of 3D classi-
fication was carried out using a previous PIC map low-pass
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filtered to 60 A resolution as a reference (26), yielding two
reasonable 3D classes followed by one more round of 3D clas-
sification. Similar processes were applied to the second and
third datasets. Briefly, particles were extracted on the coordi-
nation yielded with Topaz and then subjected to three rounds
of reference-free 2D classification followed by two rounds of
3D classification. A total 780 331 particles from three datasets
were combined and subjected to one round of 3D classifica-
tion, yielding 744 986 good particles for 3D auto-refinement.
A soft mask was created including TFIIH and TFIIE for signal
subtraction, and then the subtracted images were used to gen-
erate an initial model. Then, 3D classification was performed
with image alignment. The resulting classes revealed two dis-
tinct orientations of TFIIH relative to the rest of the PIC, ac-
counting for 138 691 and 90136 particles. To improve the
map quality of TFIIH, particles were re-extracted without bin-
ning, followed by 3D auto-refinement without and with soft-
edged mask for entire complex, followed by CTF refinement
and Bayesian polishing, resulting in entire reconstruction of
3.7 and 3.8 A resolution for forms 1 and 2, respectively. To
further improve map quality of each form of PIC-ATFIIK, the
maps were segmented into four bodies for respective focused
refinement, yielding pol II/TFIIF at 3.0 and 3.5 A resolution
for forms 1 and 2, TFIIE, TBP and TFIIB at 6.1 and 4.7 A res-
olution for forms 1 and 2, Rad3, Tfb1, Ssl1 and Tfb4 at 3.9
and 4.6 A resolution, and SsI2, Tfb2 and TfbS at 7.4 and 7.44
A resolution. All the reported resolutions are based on the
gold-standard Fourier shell correlation using 0.143 criterion
(32).

Model building and refinement

For core PIC, the previous model from the yeast PIC (PDB:
7MLO) was used as an initial template. For TFIIH, the previ-
ous model from the 3.9 A resolution cryo-EM structure in the
form of DNA repair (PDB: 7K01) (33) was used as an initial
model. Promoter DNA was manually built by combining short
(~10 bp) B-form DNA segments. A combined model contain-
ing core PIC, TFIIH and promoter DNA was iteratively sub-
jected to manual refinement (a combination of real-space re-
finement, regularization and rigid body fit of domains) with
Coot (34) and rigid body refinement with Phenix 1.16 (35).
Through the refinement, secondary structures and base pairs
of DNA double helix were maintained. The structural refine-
ment statistics are summarized in Supplementary Table S1. All
figures were generated using UCSF Chimera (36).

Results

The hydrophobic loop of Tfb3 is a prerequisite for
distal TSS utilization

Using S. cerevisiae as a model system, we set up an in
vitro reconstituted system containing pol II, GTFs including
the seven-subunit core TFIIH (excluding holoTFIIH) and an
SNR20 promoter fragment (SNR20 98W) as an initiation
template (25). In this promoter, a minor TSS at —4 on our
previous SNR20 91W promoters (25) was disrupted by mu-
tating two base pairs at positions —5 and —4 from TG to
CC, thus carrying only a single A_gY_1R,; motif (Y = C
or T, R = A or G) as a strong TSS at +1. This TFIIK-
independent transcription system supported initiation almost
exclusively ~34 bp downstream of the TATA box. The po-
sition of this upstream TSS was validated by primer ex-
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tension (see below; Supplementary Figure S3). Addition of
TFIIK or recombinant Tfb3AC (residues 1-148) restored ini-
tiation from downstream TSSs (Supplementary Figure S2),
whereas addition of the RING domain (residues 1-70) failed
to do so (Figure 2A), suggesting that Tfb3AC is a prereq-
uisite for distal TSS utilization presumably by bridging be-
tween pol II and TFIIH through the RING domain (residues
1-70) and the Rad3-binding domain (residues 97-140) (Fig-
ure 1A and B). No transcription was obtained from either up-
stream or downstream TSSs when the core TFIIH was omit-
ted (Supplementary Figure S2), confirming the essential role of
core TFIIH in the reaction. By accounting for the number of U
residues labeled in transcripts, the transcription level from the
downstream TSS relative to the upstream TSS was 8.5 + 3.7-
fold (7 = 2) in the presence of Tfb3AC compared to 1.1 + 0.4-
fold in the absence of Tfb3AC (lane 5 versus lane 1 in Figure
2A). Tfb3AC evidently enhanced TSS scanning activity; how-
ever, whether Tfb3AC might also enhance overall PIC activity
remains to be determined.

Leveraging the experimental advantages of the recombi-
nant form of Tfb3 AC in this system, we investigated a require-
ment for the Tfb3 hydrophobic loop (HL)(Figure 1A) for TSS
scanning. Two Tfb3AC mutants were generated by swapping
eight residues of the ScHL (Ile46, Phe47, Ser48, Leu49, GlyS50,
Pro51, Ala52 and GIn53) of recombinant Tfb3AC (residues
1-148) for those in humans (Tfb3AC-HsHL) or S. pombe
(Tfb3AC-SpHL). These Tfb3 AC mutants were highly purified
and eluted similarly to Tfb3AC by size exclusion chromatog-
raphy (Supplementary Figure S1B). Addition of the chimeric
Tfb3AC-SpHL to the TFIIK-independent system supported
initiation from downstream TSSs, although to a lesser extent
than Tfb3AC (lanes 1-5 versus lanes 11-135 in Figure 2A). In
contrast, the chimeric Tfb3AC-HsHL had no effect on tran-
scription (lanes 6-10 in Figure 2A).

To further support the requirement for the Tfb3 hydropho-
bic loop for TSS scanning, we created a promoter variant by
bringing the TSS of the SNR20 promoter from the wild-type
location 98 bp downstream of the TATA box to location 38 bp
downstream (SNR20 38D) (Figure 2B). Addition of Tfb3AC
into the TFIIK-independent system with the SNR20 38D pro-
moter supported transcription initiation from the +1 TSS (in-
dicated in blue arrow) and, to a lesser extent, from TSSs lo-
cated at positions +20 to +38 (lanes 1-5 in Figure 2B) cor-
responding to TSS scanning ~58-76 bp downstream of the
TATA box. Tfb3AC-SpHL exhibited similar TSS scanning ac-
tivity but to a lesser extent than Tfb3AC (lanes 11-15 in Fig-
ure 2B). In contrast, the chimeric Tfb3AC-HsHL had no ef-
fect on transcription (lanes 6-10 in Figure 2B). These results
strongly indicate a critical role of the hydrophobic loop of
Tfb3 but not MAT1 in distal TSS utilization.

To understand how TSSs are preferentially selected among
all possible TSSs on the two promoters, we performed primer
extension to determine accurate positions of TSSs though
not for quantitative analysis (Figure 2C and Supplementary
Figure S3). We found that the strongest TSS at +1 origi-
nated from A_gY_1R,q, while other less efficient TSSs origi-
nated from Y_;R,; initiator elements, except TSSs at —7 to
—1, where transcripts might actually initiate at +1 but ex-
tend at their 5" end through slippage (37,38). In contrast, the
upstream TSS of SNR20 98W located ~34 bp downstream
of the TATA box originated from a non-Y_;R,; sequence.
Thus, initiator sequences and distance may be controlling the
responsiveness of upstream TSS usage to Tfb3AC in vitro.
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Figure 2. Run-off transcription assay with Tfb3AC hydrophobic loop (HL) mutants. (A) Run-off transcription with increasing amounts of WT ScTfb3AC
(lanes 1-5), Tfb3AC with HsHL (lanes 6-10), Tfb3AC with SpHL (lanes 11-15) and ScRING domain (lanes 16-20). 1.3 pmol of SNR20 98W promoter DNA
fragment (-<129/+89) was combined with TFIIA (2 pmol), TFIIB (6 pmol), TBP (12 pmol), Sub1 (2 pmol), TFIIE (3 pmol), TFIIF (5.2 pmol), core TFIIH (2
pmol), pol Il (5.2 pmol) and Tfb3AC or its variants (amounts indicated above each lane). Transcripts initiated from upstream and downstream TSSs are
indicated by red and blue arrows, respectively. (B) Same as panel (A) with SNR20 38D promoter DNA fragment (-129/+89). (C) A schematic of SNR20
98W (top) and SNR20 38D (bottom) promoters. TSSs were validated by primer extension analysis (Supplementary Figure S3). TSSs at —7 to —1 may

result from slippage synthesis initiated at +1.

In vivo, TSS sequence controls initiation efficiency over a wide
range (12-14,17).

Tfb3 Prob51 is required for distal TSS utilization and

conserved in fungi, but absent in metazoans

To pinpoint residue(s) of the Tfb3 hydrophobic loop respon-
sible for TSS scanning, we mutated Leu49 and Pro51, both of
which are in contact with long aliphatic side chains of Lys164
and Glul165 of Rpb7 in yeast PICs (Figure 3A). Double mu-
tants (L49S/P51S and L49A/P51A) of Tfb3AC greatly di-
minished transcription initiation from the downstream TSSs
compared to Tftb3AC (Figure 3C), suggesting a critical role
of Pro51 and/or Leu49 of Tfb3 in TSS scanning in yeast. It
may be noted that the scanning activity of the double mutants
was slightly higher than the chimeric Tfb3AC-HsHL (com-
pare with lane 12 in Figure 3C). The other six residues of the
Tfb3 hydrophobic loop other than Leu49 and Pro51 may also
contribute to TSS scanning iz vitro.

To further support the role of Pro51 and/or Leu49 in TSS
scanning, we tested these mutations 7z vivo by monitoring sen-
sitivity to the drug MPA that correlates with the inability to
use a downstream TSS at the IMD2 gene (10,12). We found
that #/b3 alleles PS1A or P51S, but not L49A or L49S, were
as sensitive to MPA as our previous #fb3 alleles R64A/K65A
(26) (Figure 3D), suggesting a contribution of Pro51 to TSS
scanning iz vivo. Our mutational analysis aligns well with the
observation that Pro51, rather than Leu49, exhibits extremely
high conservation (~100%) among fungi (Figure 3B), and that
Pro51 is exclusively substituted by alanine or serine in meta-
zoans. Altogether, Tfb3 Pro51 is likely to be a key determinant
for downstream TSS utilization in yeast. Notably, the mutant
L49S/P51S_R64A/K65A exhibited a similar MPA sensitivity
and growth to either L49S/P51S or R64A/K65A alone (Fig-
ure 3D), further supporting that the hydrophobic and elec-
trostatic interactions both contribute to the same function for
downstream TSS utilization by stabilizing the Rpb7-Tfb3 in-
terface. Also, it is important to note that these TSS mutants
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the lower panel. Rad3 (sea green) is in direct contact with Rpb4 (light blue) and Tfa1 (salmon). (B) Same as panel (A), but for form 2. (C) Structure of the
PIC containing TFIIK (PDB ID: 7MLO) is shown as cartoon in the same orientations as in panels (A) and (B).

retain some degree of TSS scanning activity in vivo (see the
‘Discussion’ section).

TFIIH in the PIC lacking TFIIK varies in orientation
but maintains DNA engagement

Mutations of the Tfb3 hydrophobic loop or omission of TFIIK
failed to initiate transcription from downstream TSSs, but not
the upstream TSS, a characteristic of metazoan transcription.
To determine the physical basis of this altered biochemical ac-
tivity, a cryo-EM structure of yeast PIC lacking TFIIK was
determined in the nucleotide-free state (Figure 4). 3D classifi-
cation revealed two distinct forms, forms 1 and 2, accounting
for 138 691 and 90 136 particles, at 3.7 and 3.8 A resolution,
respectively (Figure 4A and B, and Supplementary Figure S4).
Both forms showed little difference in the locations of GTFs,
compared to previous structures of PICs containing TFIIK
(compare with Figure 4C). Due to the absence of TFIIK (Tfb3)
that mediates interaction between TFIIH (Rad3) and Pol II
(Rpb7), the ARCH domain of Rad3 is in direct contact with
Rpb4 and Tfal (TFIE) in form 1, and with the Tfa2 WH
(TFIIE) domain in form 2 (insets in Figure 4A and B). Con-
sequently, two forms differ in the orientation of TFIIH (Fig-

ure 4 and Supplementary Figure S5) as well as the path of
downstream DNA (Supplementary Figure S6) compared to
the PIC with TFIIK. This considerable variability in the ori-
entation of TFIIH likely impairs downstream TSS scanning
after promoter opening. Notably, despite such considerable
variability in the orientation of TFIIH and DNA path, Ssl2
engages DNA, ~47 bp downstream the TATA box, similarly
to the PIC with TFIIK (Supplementary Figure SSA). An ~13-
bp segment of DNA double helix is bent, deep within the
DNA-binding groove between the two ATPase domains of
Ssl2 as in the canonical pre-translocation state [also referred
to as a strong-binding state (26)] (Supplementary Figure S5C
and D). These observations underscore the requirement for
core TFIIH including Ssl2 for promoter opening and initia-
tion from the upstream TSS even in the PIC lacking TFIIK
(Supplementary Figure S2A).

Discussion

One long-standing question has been how metazoan PICs
choose to start at the upstream location whereas yeast PICs
alternatively begin scanning and use a downstream location.
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Our biochemical, genetic and structural evidence suggests that
downstream TSS utilization is at least partially attributable to
a gain-of-function mutation in the hydrophobic loop of Tfb3,
acquired during fungal evolution. Specifically, Pro51 is iden-
tified as a prerequisite for downstream TSS utilization. When
Pro51 is mutated to alanine or serine as observed in metazoans
(Figure 3), TSS utilization iz vitro becomes virtually restricted
to the upstream site. Moreover, S. cerevisiae Tfb3 AC contain-
ing the hydrophobic loop from S. pombe facilitates TSS scan-
ning to a lesser extent than S. cerevisiae TIb3AC (Figure 2A),
consistent with the different extent in TSS scanning in vitro be-
tween S. cerevisiae and S. pombe (20,21,39). 1t should be noted
that these TSS mutations retain some degree of TSS scanning
activity i1 vivo. This different sensitivity between i1 vivo and
in vitro where in vivo scanning is more robust than in vitro
remains to be determined. Additional factors or functions in
the PIC may redundantly enforce downstream TSS usage in
vivo. Additionally, promoter sequences have also co-evolved
with the scanning mechanism, such as A richness upstream of
the TSS and the specific enrichment of —8A in Saccharomyces
acquired after the split with Yarrowia lipolytica during evo-
lution (13). As such, evolution acquiring downstream TSS
scanning likely occurred through a stepwise process involving
both PIC components and promoter sequences, as proposed
in (13).

We have determined two forms of the cryo-EM structure of
PIC-ATFIIK in the nucleotide-free state. Except for the pro-
nounced variability of TFIIH, there is little difference in the
general picture between PIC-ATFIIK and the canonical form
of yeast PICs such as PIC1 (26) (Supplementary Figure S5):
in both forms, the downstream DNA was bound to Ssl2,
~47 bp downstream of the TATA; TFIIH adopted the pre-
translocation state (i.e. strong-binding state), in which an
~13-bp segment of DNA double helix is located deep within
the DNA-binding groove between the two ATPase domains
of Ssl2. We did not observe the other forms of PICs such
as PIC2 or PIC3 (26), which differ from PIC1 in the loca-
tion of TFIIH by repositioning of Ssl2 on DNA by one turn
of double-stranded DNA (~10 bp) and thus likely represent
transient PICs, for example, after the bubble collapse between
successive rounds of TSS scanning. Notably, there are dif-
ferences in DNA path between two forms of PIC-ATFIIK
(Supplementary Figure S6B): in form 1, the DNA is suspended
above the pol II cleft, in contact only with GTFs and not with
pol II, as in canonical yeast PICs, whereas in form 2, the DNA
path at the downstream end of the PIC partially resides within
the pol II cleft, and coincides with that in mammalian PICs.
Whether this repositioning contributes to the lack of TSS scan-
ning remains to be determined.

From a combination of much of available biochemical and
structural information, we extended our previous mechanis-
tic model of TSS scanning (18,25) (Figure 5). Previous single-
molecule analysis of yeast PICs (18) revealed that Ssl2 bound
to DNA, ~47 bp downstream of the TATA box, draws 24 + 2
bp into the pol Il cleft, filling the single-stranded DNA-binding
region of the active center (top and middle panels of Fig-
ure 5). This open complex represents a stable intermediate,
as the TFIIH translocation was often paused after this ini-
tial 24-bp movement before further moving downstream for
TSS scanning, and thus may allow for transcription initiation
even without Y_1R,; initiator elements. In the presence of
TFIIK, further action of TFIIH displaces the single-stranded
bubble by sliding it and forming a larger bubble accommo-
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Figure 5. Schematic representation of TSS scanning in yeast. Schematic
representation to show how the closed PIC (top panel) transitions to the
open complex (middle panel) and facilitates TSS scanning (bottom panel)
by the TFIIH translocation. DNA is blue and green. Tfb3 is orange.
Upstream and downstream TSSs are indicated by red and blue arrows.
The catalytic metal ion A in the pol Il active center is indicated by a gray
ball.

dated by ‘scrunching” DNA (18) for scanning downstream,
through which a TSS can be selected among A_gY_1R,; or
Y_1R,; initiator elements with varying probabilities (bottom
panel of Figure 5). If pol II cannot locate downstream TSS, the
extended bubble opened by TFIIH collapses back to closed or
open complexes, followed by repeated TSS scanning (18). We
note that unanswered questions are what the mechanisms of
non-scanning initiation by TFIIKA PICs are and what are the
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sequence determinants for TSS usage in upstream positions.
We find that SNR20 98W upstream usage (a noncanonical
non-Y_1R,; initiator) is only partially suppressed by addition
of Tfb3AC, while upstream usage for SNR20 38D (a canon-
ical non-Y_;R, initiator on the edge of traditional scanning
range) is promoted by the addition of Tfb3AC. These results
suggest that there could be some complexity in sequence re-
sponsiveness best addressed by determining the sequence ac-
tivity relationship for all sequences in the upstream region as
has been done i1 vivo downstream TSS sequences at a syn-
thetic SNR37 promoter (14).

Our cryo-EM structure of PIC without TFIIK revealed that
the Ssl2-DNA interaction is retained as in PICs with TFIIK,
despite significant variability in the orientation of TFIIH. This
interaction is in good agreement with our previous single-
molecule analysis demonstrating the normal TFIIH proces-
sivity in PIC-ATFIIK with respect to translocation distance
and velocity (18). Hence, we hypothesize that the failure
in downstream TSS utilization in PIC-ATFIIK is attributed
to uncoupling of TFIIH translocation from pol II scanning.
TFIIK (Tfb3) may prevent such uncoupling by supporting
core TFIIH (Ssl2) positioning and orienting relative to the
pol IT downstream cleft, ensuring the delivery of downstream
DNA to the pol II channel.

Lastly, it may be noted that, although the distinct TSS uti-
lization is conferred between yeast and metazoans, a recent
study in the mammalian system has shown that the translo-
case activity of TFIIH persists until the PIC transitions into
the elongation complex (40), similar to observations in yeast
PICs (26,41). The mechanism of how TFIIH functions in pro-
moter opening and subsequent events, including initiation and
the transition to RNA chain elongation (42,43), appears to be
largely conserved.

Data availability

The cryo-EM maps have been deposited at the Electron Mi-
croscope Data Bank (EMDB) under accession codes EMD-
42438 (PIC-ATFIIK form 1) and EMD-42437 (PIC-ATFIIK
form 2), and are publicly available as of the date of publi-
cation. The atomic coordinates have been deposited at the
Protein Data Bank (PDB) under accession codes SUOT (PIC-
ATFIIK form 1) and 8UOQ (PIC-ATFIIK form 2), and are
publicly available as of the date of publication.
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