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Summary

Pre-ribosomal RNA is selectively transcribed by RNA Polymerase (Pol) | in eukaryotes. The
yeast transcription factor Upstream Activating Factor (UAF) represses Pol Il transcription and
mediates Pol | preinitiation complex (PIC) formation during the early stages of transcription
initiation at the 35S ribosomal RNA gene. To unravel the DNA recognition and Pol | selection
mechanisms of UAF, we determined the structure of UAF bound to native promoter DNA and
transcription factor TBP. We found that UAF recognizes DNA using a hexameric histone-like
scaffold with markedly different interactions than the nucleosome and the histone-fold-rich
TFIID. UAF strategically sequesters TBP from DNA and Pol II/lll-specific factors, and positions
it for Core Factor binding, supporting Pol | recruitment. Our findings therefore reveal the
molecular basis of Pol | selection for ribosome biogenesis. As well, they reveal an unexpected

potential within the histone fold as a motif for specific protein-DNA interactions inside the cell.
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Introduction

A unique set of transcription factors act to selectively recruit RNA Polymerase (Pol) | for the
transcription of pre-ribosomal RNA in eukaryotes (Knutson and Hahn, 2013). These factors
work in tandem to establish a Pol | preinitiation complex (PIC) at the target gene promoter.
The budding yeast transcription factor Upstream Activating Factor (UAF) is essential for
repressing Pol Il transcription at the 35S ribosomal RNA (rRNA) gene promoter (Vu et al.,
1999). Binding 41-155 bp upstream of the transcription start site (lida and Kobayashi, 2019;
Keener et al., 1998; Merz et al., 2008; Rossi et al., 2021), UAF interacts with transcription
factors TBP and Core Factor to initiate Pol | PIC assembly (Steffan et al., 1996). As such, UAF
serves a parallel but mutually exclusive role to transcription factors TFIID and TFIIIB, which
catalyse Pol Il and Pol Il PIC formation, respectively. Indeed, disruption of UAF leads to Pol
Il recruitment and transcription of 35S rRNA by Pol Il instead (Goetze et al., 2010; Oakes et
al., 1999; Siddiqi et al., 2001; Vu et al., 1999). Despite its importance in the active and selective
recruitment of RNA Pol | for ribosome biogenesis, the structure of UAF, its promoter DNA
recognition mechanisms, and the molecular basis of its role in polymerase selection have

remained elusive.

A six-component protein complex, UAF comprises subunits Rrn5, Rrn9, Rrn10, Uaf30, and
histones H3 and H4 (Keener et al., 1997; Keys et al., 1996). Native mass spectrometry
analyses revealed an unusual stoichiometry featuring two H3 proteins and one H4 protein
(Smith et al., 2018). Further modelling based on crosslinking mass spectrometry and domain
predictions suggests that subunit Rrn5 interacts with H3 and H4 to form a H3-H4 tetramer-like
core that is surrounded by subunits Rrn9, Rrn10 and Uaf30 (Knutson et al., 2020). To elucidate
the structure of UAF and understand the macromolecular context in which it functions, we
reconstituted a complex between UAF, native promoter DNA and transcription factor TBP,
which represents an early intermediate during Pol | PIC assembly (Keener et al., 1998). Using
cryo-electron microscopy (cryo-EM), we determined the structure of this complex and found
indeed that UAF uses an unusual histone fold-based structure to recognize DNA and to select

for RNA Pol I. Thus here, we detail the molecular principles underlying UAF function.
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Results and Discussion
Structure of the UAF-TBP-DNA complex reveals a histone-like core in UAF

To reconstitute the ternary complex, we produced UAF recombinantly by co-expression of all
subunits in E. coli (Figures 1A and S1A), and incubated the purified complex with PCR-
amplified DNA spanning positions —190 to —40 with respect to the transcription start site, and
recombinant TBP. We observed that the addition of TBP and DNA helped stabilize the
structure of UAF, thus allowing it to be resolved more clearly by cryo-EM (Figure S1B).
Classification and refinement of particles yielded a reconstruction at 2.8 A resolution, where
most of the ternary complex was resolved except for parts of Uaf30 and upstream DNA from
position =190 to -91 (Figures 1A-1C, S1C, S1D, S2, and Table S1).

In the refined structure, UAF occupies positions —85 to —54 of the DNA, whereas TBP is held
away from DNA by UAF. Strikingly, Rrn9, Rrn10 and Rrn5 all contain a histone fold, sharing
homology with histones H2B, H2A and H4, respectively (Figures S3A and S3B). These folds
combine with two H3 and one H4 to form a hexameric histone-like core within UAF (Figure
1D). This architecture is consistent with previous predictions (Knutson et al., 2020; Smith et
al.,, 2018) and is reminiscent of transcription factor complex TFIID and transcriptional
coactivator SAGA, which feature histone-like octamers and hexamers and perform a parallel
function in support of Pol Il PIC assembly (Figure S3C). Similar to TFIID and SAGA, non-
histone-like elements decorate the UAF histone-like core to enable specific protein-protein
interactions. In contrast to TFIID and the nucleosome, and as yet elusive for SAGA, the
decorated UAF core also enables long-range specific protein-DNA interactions. Like so, Rrn9
and Rrn10 bind TBP and DNA downstream, and Rrn5 with a partner H3 binds DNA upstream.
We hereafter refer to the DNA-binding H3 as the proximal H3. Rrn5 additionally contains a
SANT domain, which contacts Rrn10 and the distal H3, further stabilizing the UAF complex.
Completing the assembly, Uaf30 joins Rrn5 at the upstream end of the Rrn5-H3-H4 tetramer.
Three helices of the predicted N-terminal winged helix domain contact Rrn5, consistent with
previous observations that the domain interfaces with other UAF subunits (Knutson et al.,
2020). The remainder of Uaf30 is unresolved, pointing to an inherent flexibility of the protein.
However, upon further classification, a subpopulation of particles show density emanating
from the Uaf30 region towards DNA at approximately position —96, suggesting that Uaf30 also
has a role in contacting DNA (Figure S1B). Beyond position =100, there is little sign of DNA
contacting UAF again either in the final reconstruction or in class averages of the full dataset
(Figure S1B).
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The histone-like core of UAF drives promoter DNA recognition

Despite the presence of histone folds, UAF does not contact promoter DNA using canonical
nucleosome interactions. Rather, a distinctly curved and positively charged surface, formed
by a combination of the histone folds and non-histone elements, serves as the DNA interface
(Figures 2 and S4A). UAF-bound DNA also appears distinctly bent. DNA bend is strongest at
the Rrn5-H3 contact site at position —78/-77, where a pyrimidine-purine TA step occurs,
accompanied by positive roll deformation and widening of the minor groove opposite the
protein (Figures S4C and S4D). A-tracts feature also in this region, bending the DNA towards
protein through minor groove compression. All interactions with DNA here are protein-
phosphate contacts (Figures 2A and S4B). Unlike in the nucleosome, only the N-terminal loop
and N-terminal helix of H3 contact DNA. A conserved arginine (White et al., 2001) Arg189 of
loop L1 of the Rrn5 histone fold contacts DNA. However, the remainder of contacts by Rrn5
occur C-terminal to its histone fold. Consequently, bound DNA is translated ~10 A away from
its canonical position compared to the nucleosome (Figure 2B). Furthermore, the presence of
Rrn5 elements and Uaf30 upstream, and Rrn9 and Rrn10 downstream, prevents further

wrapping of the DNA.

Downstream, a helix-turn-helix-like element from Rrn9 runs parallel to the DNA, providing one
base-specific hydrogen bond and making multiple contacts with the backbone (Figure 2B).
Lys308 reaches into the major groove and interacts with the C2 carbonyl of Guanine -57,
while Arg295 interacts with the sugar moiety of Adenine -65 in an adjacent, apparently
compressed minor groove (Figure S4A), which hints at a minor groove shape recognition
mechanism (Rohs et al., 2009). A helix N-terminal to the Rrn9 histone fold makes additional
contacts with the DNA backbone. Given the abundance of backbone interactions across both
contact sites and the one base-specific contact by Rrn9, we posit that UAF recognizes a

specific DNA shape and sequence over an extended DNA region 33 bp in length.

In contrast to the histone folds of TFIID, the histone-like hexamer of UAF appears to be a main
driver of specificity (Figure S5). In the engaged state of TFIID, the histone-like octamer of lobe
A is placed onto DNA by the highly specific binding of the TAF1 winged helix domain and
TAF2 to DNA downstream (Chen et al., 2021; Louder et al., 2016; Patel et al., 2018). At the
lobe A octamer, only one loop and one helix of three subunits come in contract with DNA, thus
constituting a limited interface and likely contributing little to TFIID specificity. As such, despite
both containing histone folds and despite both a catalyst of Pol PIC formation, TFIID and UAF

interact with promoter DNA fundamentally differently.
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UAF dictates TBP behaviour on promoter DNA

The current model of Pol | PIC assembly states that TBP does not contact DNA at the 35S
rRNA promoter but acts as an adaptor between UAF and Core Factor to facilitate Pol | PIC
assembly (Keener et al., 1998). To dissect the interplay between UAF and TBP on promoter
DNA, we conducted a DNase | footprinting analysis to examine their individual and collective
DNA-binding behaviours. Surprisingly, TBP alone at high concentrations resulted in protection
of DNA from position -92 to =70 (Figures 3A and 3B), hinting at a possible competition
between UAF and TBP for promoter DNA binding. Indeed, binding of TBP here would provide
a basis for the observed switch in vivo from Pol |- to Pol lI-mediated 35S rRNA transcription
upon UAF deletion (Goetze et al., 2010; Oakes et al., 1999; Siddiqgi et al., 2001; Vu et al.,
1999). In the presence of UAF, a hypersensitive site occurs at position —78/-77, consistent
with the DNA kink observed in our structure. The protected region now spans position —105
to —-50, again consistent with our structure. Crucially, UAF alone induces the same pattern,
thus suggesting that the binding behaviour of UAF is unperturbed by TBP, and that UAF is
favoured over TBP for direct DNA binding. This agrees well with the current model of Pol | PIC

assembly and additionally explains the Pol ll-suppressive effects of UAF.

While we did not resolve any protein-DNA contact beyond position =100 by cryo-EM, the
upstream region of —208 to —155 has been reported to contribute weakly to UAF activity in
vitro (Keener et al., 1998). Thus, we performed a second footprinting analysis focusing on this
region (Figure S6A). DNase protection was observed at positions -177 to =132 by UAF and
TBP, and UAF alone. Comparing between protected regions, we found by filter binding that
UAF has ~4-fold lower affinity for upstream DNA spanning position —180 to —110 than for
downstream DNA spanning position =110 to —40 (Figure S6B). Inspection of both regions
reveals a TAAGATTTT repeat, which is contacted by Rrn5 and the proximal H3 downstream
(Figure 3B). Therefore, we propose a model where the two identified binding sites compete
for Rrn5 and proximal H3 binding (Figure 3C). The Rrn9-bound sequence is not present
upstream. Moreover, instead of a guanine, an adenine now occurs 13 bp from the repeat,
meaning there is no carbonyl group for base-specific contact with Rrn9. Hence, binding of
UAF to the upstream site would be less stable. We henceforth term this site the secondary
site. Further competition filter binding assays confirm that the primary and secondary sites do
compete for UAF binding, suggesting that they do not bind independent surfaces on the UAF
complex (Figure S6C). Following this model, two UAF molecules potentially occupy the rRNA
promoter during Pol | recruitment. This could explain the long-perplexing double-band pattern
previously observed in chromatin endogenous cleavage assays (lida and Kobayashi, 2019;

Merz et al., 2008) and upstream tail observed in ChlP-exo experiments (Rossi et al., 2021).
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UAF positions TBP for selective Pol | recruitment

As our footprinting studies suggest, the fate of a gene during transcription is largely dependent
on how TBP is placed with respect to promoter DNA. Our structure shows that UAF sequesters
TBP from DNA by interacting with both of its lobes (Figures 4 and S7). At the N-terminal lobe,
Rrm9 and Rrn10 contact a conserved regulatory surface (Ravarani et al., 2020) that is also
contacted by TFIID and TFIIA during Pol Il PIC assembly and by Brf1 during Pol Il PIC
assembly. These Pol II- and Pol lll-specific transcription factors are thus prevented from
interacting with TBP at the 35S rRNA promoter. Additionally, the N-terminal helix of Rrn9
engages in hydrophobic interactions with the DNA-binding surface of TBP. These interactions
are reminiscent of those at the interface of TFIID subunit TAF1 with TBP and chromatin
remodeller Mot1 with TBP. In the canonical state of TFIID, TBP is momentarily inhibited from
binding DNA before it is handed off to TFIIA and DNA. In Mot1, concerted steric competition
with TFIIA displaces TBP from transcriptionally active genes (Wollmann et al., 2011). We
speculate that TBP bound to UAF is prevented from searching the 35S rRNA gene promoter
for high affinity binding sites. By simultaneous occlusion of the TFIID, TFIIA and Brf1 binding
site, UAF acts to inhibit Pol Il and Pol Ill PIC formation, thus establishing Pol | as the preferred
polymerase for 35S rRNA transcription. Indeed, deletion of Rrn9 or Rrn10, which based on
the structure would impair DNA binding or TBP sequestration, leads to increased chromatin
accessibility by TBP and a switch to rRNA transcription by Pol Il (Goetze et al., 2010; Oakes
et al., 1999; Siddiqi et al., 2001; Vu et al., 1999).

It remains an open question how UAF participates in the Pol | PIC. Docking of the present
structure with structures of the minimal PIC comprising Core Factor, initiation factor Rrn3, Pol
I and downstream DNA (Han et al., 2017; Pilsl and Engel, 2020; Sadian et al., 2019) suggests
that UAF and TBP are positioned 18 bp away from Core Factor at the 35S rRNA promoter
(Figure 4). For TBP to contact Core Factor as in the current model, bending of the DNA
between UAF and Core Factor or a conformational rearrangement is required. Given the
actions of TFIID and SAGA during Pol Il PIC assembly (Chen et al., 2021; Papai et al., 2020),
however, a handoff mechanism where TBP is transferred from UAF to Core Factor is equally
possible. In the present structure, all residues found to crosslink with Core Factor previously
(Knutson et al.,, 2014), except Lys110 and Lys138, are solvent-exposed and therefore

accessible, supporting all stated scenarios.
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Concluding remarks

Here, we have focused on unravelling the molecular mechanisms of Pol | selection by UAF
for rRNA transcription. Beyond this essential role in ribosome biogenesis, UAF has also been
implicated in the structural organisation of the nucleolus. Deletion of UAF subunits not only
causes a switch to Pol Il rRNA transcription but also causes detachment of the nucleolus from
the nuclear periphery (Oakes et al., 1999). In particular, deletion of subunit Uaf30 leads to
reduced levels of high mobility group protein Hmo1 and Pol ll-silencing histone deacetylase
Sir2 at the rRNA promoter (Goetze et al., 2010). The phosphorylation of Uaf30 has been
consistently correlated with Pol | activity (Albuquerque et al., 2008; Huber et al., 2009; Soulard
et al., 2010). Here we observe that Uaf30 lies on the periphery of the UAF complex. Therefore,
we speculate that Uaf30 acts as a phosphorylation-dependent regulatory surface that is crucial

for the maintenance of a Pol I-selective, nucleolus-specific chromatin architecture.

From an evolutionary perspective, the structure of UAF underscores the adaptability of the
histone fold as a scaffold for specific DNA recognition. While the same fold features in TFIID,
the histone folds of UAF have been co-opted to recognize a specific and continuous 33-bp
DNA element. The DNA-binding surface of these histone folds are markedly different from that
in the nucleosome and TFIID. Taken together with the recent discovery of a RNA motif-specific
H2A-H2B pair in human telomerase (Ghanim et al., 2021), it becomes increasingly evident
that the histone fold is a versatile platform that can be harnessed to target specific nucleic acid
elements for function, beyond simply shaping nucleic acids non-specifically. Here, we show
how the histone fold is harnessed to suppress Pol Il recruitment and support Pol | PIC
assembly at a gene promoter. Given the broader role of UAF in shaping nuclear architecture,

our findings provide a framework for further dissection of the mechanisms involved.
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Figure 1. Structure of UAF with TBP and promoter DNA.

(A) Domain organization of UAF subunits. Residues built are represented as boxes with
ranges indicated on top and domain boundaries indicated below. WH, winged helix; HF,
histone fold; ext, extended.

(B) Cryo-EM density map of UAF, post-processed with DeepEMhancer (Sanchez-Garcia et
al., 2021).

(C) Atomic model represented as pipes (a-helices), planks (B-strands), ribbons (DNA
backbone) and sticks (DNA bases)

(D) The histone-like hexameric core (left) and non-histone periphery (middle) of UAF. A
structure of the yeast nucleosome (White et al., 2001) (PDB 1ID3) is shown in the same
orientation (right). Corresponding histones are coloured as in UAF.

See also Figures S1-S3 and Table S1.
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Figure 2. Interactions of UAF with promoter DNA.

(A) Overview of the UAF-DNA interface. Insets show the chemical environments of the Rrn5-
H3-contact site (I) and Rrn9 contact site (Il), respectively. Participating secondary structure
elements are coloured. Base positions relative to the 35S rRNA transcription start site are
indicated.

(B) DNA position relative to the nucleosome. UAF is aligned to the nucleosome via the
proximal H3 (cyan) and Rrn5 (green). The shift in position of UAF-bound DNA (blue) relative
to nucleosomal DNA (orange, dashed lines) is indicated. The corresponding front and side
views of the nucleosome are presented.

See also Figures S4, S5 and Table S2.
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Figure 3. In vitro DNase | footprint of UAF on promoter DNA.

(A) DNase | footprint with primer extension from position +40 of the 35S rRNA promoter. From
left to right, Sanger sequencing reactions (T, G, C, A), untreated DNA (-), free DNA treated
with 0.36 U and 0.72 U DNase | (DNA), DNA bound to UAF (4, 8 uM), UAF and TBP (4, 8 uM,
1:1 ratio), and TBP (4, 8, 16, 32 yM), treated with 0.72 U DNase |. Bars indicate protection.
Asterisks indicate an increase in sensitivity to DNase .

(B) Annotated 35S rRNA promoter sequence. Shaded region indicates the primary UAF
binding site. Boxed regions indicate the identified TBP (purple) and known Core Factor binding
sites (Sadian et al., 2019) (black). Upstream secondary UAF and TBP binding sites identified
in Figure S6A are underlined. Bases contacted by UAF in the structure are indicated. The
putative Rrn5-H3-binding repeat is highlighted in red.

(C) Schematic representation of the interplay between UAF and TBP on promoter DNA. TBP
binding to DNA enables Pol Il transcription (top) upstream of the canonical start site (Lesage
et al., 2021; Vu et al., 1999). UAF is favoured over TBP for promoter binding and displaces
TBP from DNA to ensure Pol | recruitment (bottom).

See also Figure S6.
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Figure 4. UAF modulates transcription fate through TBP.

Top left, TBP is recruited to UAF via UAF subunits Rrn9 and Rrn10 and sequestered from
DNA and Pol ll/lll-transcription factors. Inset shows the TBP residues involved in the interface
with UAF in yellow. Top right, structure of UAF-TBP-DNA docked with the minimal Pol | PIC
(Sadian et al., 2019), comprising Core Factor (Rrn6, Rrn7, Rrn11), initiation factor Rrn3, Pol |
and DNA (PDB 6RQL). Middle, TBP is loaded onto TFIID (Patel et al., 2018) (PDB 6MZL) for
subsequent handing-off to DNA, TFIIA and TFIIB for Pol Il PIC assembly (Schilbach et al.,
2021) (PDB 7072). Bottom, TBP is inhibited by chromatin remodeller Mot 1 (Wollmann et al.,
2011) (PDB 30C3) or partners with Bdp1 and Brf1, forming the complex TFIIIB, to initiate Pol
Il PIC assembly (Vorlander et al., 2018) (PDB 6F42). Insets show the TBP residues that are
involved in each respective protein-protein interface, which are primarily conserved in the N-
terminal lobe.

See also Figure S7.
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Methods

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the lead contact, Christoph W. Muller (christoph.mueller@embl.de).

Materials availability

Materials generated in this study are available with a Material Transfer Agreement.

Data and code availability

DeepEMhancer-processed and unfiltered half maps of the UAF-TBP-DNA complex, mask for
focused classification in the upstream region and the subsequent consensus refinement map
are available under EMDB entry XXXX. The atomic model of the UAF-TBP-DNA complex is
deposited under PDB entry XXXX.

Method details
Production of UAF

UAF was produced recombinantly in E. coli by co-expression of all subunits from three
plasmids: pRSFDuet-1 (Novagen) encoding a HiS7-SUMO-TEV-Rrn9 fusion and Rrn10;
pCDFDuet-1 (Novagen) encoding Uaf30 and a HiS7-SUMO-TEV-Rrn5 fusion; and pETDuet-
1 (Novagen) encoding histones H3 and H4. Coding sequences for Rrn5, Rrn9, Rrn10 and
Uaf30 were codon-optimized, synthesized (Genscript) and subcloned. Autoinduction was
carried out in LOBSTR-BL21(DE3) cells (Kerafast) in ZYP-5052 medium where ZY was
substituted with 1.2% (w/v) tryptone, 2.4% (w/v) yeast extract. Medium supplemented with
kanamycin, streptomycin and ampicillin was incolulated at 37 °C and grown to an ODeoonm Of
0.9. The temperature was then reduced to 18 °C and the culture was grown for 16 h further.
Cells were harvested by centrifugation and lysed with a M-110L Microfluidizer Processor
(Microfluidics) in 20 mM Tris-HCI, pH 7.5, 400 mM ammonium sulfate, 20% (v/v) glycerol, 20
mM imidazole, 10 mM B-mercaptoethanol, with 1x cOmplete protease inhibitor cocktail
(Roche). Supernatant after centrifugation was incubated with Ni-NTA Agarose (Qiagen) beads
for 1h at 4 °C. Beads were washed twice with 20 mM Tris-HCI, pH 7.5, 500 mM KCI, 20 mM

imidazole, 20% (v/v) glycerol, 10 mM B-mercaptoethanol. Protein was eluted in the same
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buffer supplemented with 300 MM imidazole. Eluate was dialysed overnight at 4 °C with
SUMO protease (EMBL Pepcore Facility, 1:100 w/w) against 20 mM Tris-HCI, pH 7.5, 400 mM
KCl, 20% (v/v) glycerol, 10 mM Imidazole, 10 mM B-mercaptoethanol. The protein was further
purified on a Mono S 10/100 GL column (GE Healthcare) using a 400-1000 mM KCI gradient
in 20 mM Tris-HCI, pH 7.5, 10% (v/v) glycerol, 10 mM B-mercaptoethanol, followed by size
exclusion chromatography on a Superdex 200 10/300 GL column (GE Healthcare) in 20 mM
HEPES-NaOH, pH 7.5, 300mM KCI, 5% (v/v) glycerol and 2mM DTT. Fractions
corresponding to UAF as determined by SDS-PAGE analysis were concentrated to 10 mg/mL
on an Amicon centrifugal concentrator (Millipore), molecular weight cut-off 3000 Da, at 4 °C

and flash-frozen for storage at -80 °C.

Production of TBP

Full-length TBP with an N-terminal HiS7-tag and TEV cleavage site was expressed from a
pET-MCN-EAVNH vector in Rosetta 2 pLysS E. coli strain using a TB medium at 37 °C
supplemented with ampicillin and chloramphenicol. When ODggonm reached 0.9, 400uM of
IPTG were added to the medium and the culture was grown for 4 h. Cells were harvested by
centrifugation and lysed with a M-110L Microfluidizer Processor in 50mM Tris-HCI, pH 7.6,
200mM KCI, 20% (v/v) glycerol, 5 mM imidazole, 5mM MgClI2, 10 mM B-mercaptoethanol,
and protease inhibitor cocktail (Roche). Following centrifugation, the supernatant was
incubated with Ni-NTA Agarose (Qiagen) beads for 1 h at4 °C. Beads were washed with buffer
containing 20 mM Tris-HCI, pH 7.6, 500 mM KCI, 20% (v/v) glycerol, 5mM Imidazole, 10 mM
B-mercaptoethanol. Protein was eluted in 20 mM Tris-HCI, pH 7.6, 100 mM KCI, 20% (v/v)
glycerol, 250 mM Imidazole, 10 mM B-mercaptoethanol. The protein was diluted in a 20 mM
Tris-HCI, pH 7.8, 200 mM KCI, 20% (v/v) glycerol, 0.1mM EDTA, 1 mM DTT buffer and was
further purified on Heparin column HP Trap 5mL (GE Healthcare) using a 200-600 mM KCI
gradient. Eluate was dialysed overnight at 4 °C with TEV protease (EMBL Pepcore Facility,
1:100 w/w) against 20 mM Tris-HCI, pH 7.8, 100 mM KCI, 20% (v/v) glycerol, 20mM Imidazole,
1 mM DTT. The protein was further purified on a Mono S 10/100 GL column (GE Healthcare)
using a 100—400 mM KCI gradient in 20 mM Tris-HCI, pH 7.8, 20% (v/v) glycerol, 0.1mM EDTA
and 1mM DTT, followed by size exclusion chromatography on a Superdex 75 10/300 GL
column (GE Healthcare) in 20 MM HEPES-NaOH, pH 7.5, 200 mM KCI, 20% (v/v) glycerol,
5mM MgAcetate and 1 mM DTT. Fractions corresponding to TBP were concentrated to 20
mg/mL on a (Millipore) concentrator, molecular weight cut-off 3000 Da, at 4 °C and flash-

frozen for storage at —-80 °C.
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Reconstitution of UAF and TBP on promoter DNA

DNA substrate for cryo-EM spanning positions =190 to —40 was prepared by PCR using
plasmid pNOY378 (Keener et al., 1998) as template. The plasmid contains a 35S rRNA gene
fragment from positions —221 to +951 relative to the transcription start site. Oligonucleotides
5'-GAAAAAAAAAATATACGCTAAGATTTTTGG-3' and 5- ATGACTAAACCCCCCCTCC-3
synthesized and HPLC-purified by Sigma-Aldrich were used. The reaction was performed
using Phusion polymerase (Thermo Fisher), an annealing temperature of 63 °C, annealing
time of 15 s and an extension time of 10 s. The PCR product was purified on a MonoQ 10/100
column (GE Healthcare) with a 0.5—1 M NaCl gradient in 20 mM Tris-HCI, pH 7.5, 1 mM EDTA,
pH 8.0, over 50 column volumes. Fractions were pooled and further purified by phenol-
chloroform extraction and ethanol precipitation, and finally resuspended in water. To
reconstitute the UAF-TBP-DNA complex, UAF at 53 uM stock concentration was mixed with
TBP at 140 yM at a 1:2 molar ratio and incubated on ice for 10 min. An equimolar amount of
the mixture was added to DNA in reconstitution buffer (30 mM HEPES-NaOH, pH 7.5, 30 mM
sodium citrate, pH 6.0, 250 mM KCI, 2 mM DTT) at a final concentration of 3 uM and incubated

for 20 min on ice.

Cryo-EM imaging and structure determination

Freshly assembled complexes were mixed 1:0.92 (v/v) with 0.1% (w/v) lauryl maltose
neopentyl glycol (Anatrace) in reconstitution buffer and applied to UlrAuFoil R1.2/1.3 grids,
300 mesh, glow-discharged in a PELCO easiGlow system, and plunge-frozen at 100%
humidity and 10 °C into liquid ethane in a Vitrobot Mark IV (Thermo Fisher Scientific). Grids
were screened on a 200 kV Talos Arctica (Thermo Fisher) and data were collected over two
sessions on a 300 kV Titan Krios G3 (Thermo Fisher) equipped with a Gatan K3 detector and
energy filter using SerialEM (Mastronarde, 2005) at a pixel size of 0.645 A/px, total electron
dose of 49.44 e/A? over 40 frames, defocus of —0.9 to —1.9 pym, and a slit width of 20 eV.
Particles were picked in cryoSPARC (Punjani et al., 2017) with the blob picker, allowing up to
360 A diameter. Following 2D classification, 1 479 233 particles were selected and an ab initio
model was generated using cryoSPARC. Particle coordinates from the 2D classification were
subsequently used for particle extraction in RELION v3.1.2 (Scheres, 2012) with a binning
factor of 4. 3D classification yielded one class with well-defined densities for all components
of UAF except Uaf30 (Figure S1C). This class containing 193 226 particles was chosen for
further refinement, Bayesian polishing, CTF and aberration refinement, which finally yielded a
map at 2.8 A resolution by gold-standard FSC. To better visualize the upstream end of the

assembled complex, masked classification was performed, which produced one class with
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density connecting DNA to the Uaf30 region. For model building in Coot (Casanal et al., 2020),
the 2.8 A resolution map was post-processed using DeepEMhancer (Sanchez-Garcia et al.,
2021). Available structures of budding yeast histones (White et al., 2001) and TBP (Juo et al.,
2003) were placed into their respective densities, whereas subunits Rrn5, Rrn9, Rrn10 and
uaf30 were built de novo, since no homologous structures were available. B-DNA was fitted
with self-restraints into the densities observed. Sugar and base bond angle and length
restraints were generated using RestraintLib (Gilski et al., 2019; Kowiel et al., 2020) for real
space refinement in Phenix (Afonine et al., 2018). Real space refinement was performed with
additional secondary structure restraints for protein and no non-crystallographic symmetry
constraints between the two copies of histone H3 in UAF against the unsharpened consensus
map from 3D refinement. The refined structure was validated with MolProbity (Williams et al.,
2018). DNA geometry was analysed with Curves+ (Blanchet et al., 2011). Structures were
visualized using ChimeraX (Pettersen et al., 2021). Electrostatic potential calculations were
performed using APBS and PDB2PQR (Jurrus et al., 2018) under the PARSE force field.

DNase [ footprinting

Plasmid pNOY378 (Keener et al., 1998) was linearized with Bglll, which produces a single cut
at position +124. DNA (1 yM) was incubated with UAF (4, 8 uM), TBP (4, 8, 16, 32 uM), or a
mixture of UAF and TBP at 1:1 ratio (4, 8 uM), in reconstitution buffer for 15 min on ice. Next,
the reaction was supplemented with 2.5 mM MgCl. and 0.5 mM CaCl,, and DNase | (New
England Biolabs) was added to a final concentration of 0.075 U/uL and the reaction incubated
for 5 min at 28 °C. Finally, DNA was purified by phenol-chloroform extraction, followed by
ethanol precipitation, and resuspended in water. As controls, DNase was omitted in one
reaction, and protein in another. To visualize the cleavage pattern, primer extension was
performed using the DNA cycle sequencing kit (Jena Bioscience), 150 ng digested DNA and
¥2P-end-labelled oligonucleotides according to the manufacturer protocol. An annealing
temperature of 55 °C and 25 thermal cycles were used. The oligonucleotides used were 5'-
TCCAAACTCTTTTCGAACTTGTCTTC-3', corresponding to positions +40 to +13 of the 35S
rRNA gene; and 5-CATGGTCGGGCACCTGTC-3', corresponding to positions —214 to —-197.
Sanger sequencing reactions were performed alongside using undigested DNA by
supplementing ddNTPs at 10 uM final concentration. After addition of 4 yL of loading buffer
(95% (v/v) formamide, 1x TBE,0.025% (w/v) xylen cyanol, bromphenol blue), reactions were
heated for 3 min at 95 °C and analysed on a denaturing 8% (w/v) polyacrylamide gel (19:1
acrylamide-bisacrylamide, 8.3 M urea, 1xTBE). The gel was exposed to a phosphorimaging
screen (Fujifilm), which was then scanned using a Typhoon FLA 9500 laser scanner (GE

Healthcare).
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Filter binding and competition assays

Oligonucleotides (Sigma-Aldrich, HPLC-purified) corresponding to both strands of the 35S
rRNA promoter from positions =180 to -110 and -110 to —40 were end-labelled using [y-
¥P]JATP and T4 polynucleotide kinase (New England Biolabs) and purified on a 10%
acryl/bisacrylamide, 8.3 M (w/v) urea gel. DNA was eluted overnight from excised gel bands
in 0.5 M ammonium acetate, 10 mM magnesium acetate, 0.1% (w/v) SDS, 0.1 mM EDTA, and
then ethanol-precipitated. Finally, complementary labelled strands were annealed at room
temperature in 20 mM HEPES-NaOH pH 7.5, 5 mM MgClz, 100 mM KCI, for 30 min. Filter
binding assays were performed as described previously (Boulo et al., 2011). DNA (~30000
cpm, ~10 nM) was incubated with increasing amounts of UAF (0.5 nM to 5 uM) in
reconstitution buffer for 1 h at 4 °C and then filtered through a 0.45 um nitrocellulose filter
(Whatman). Filters were counted in a Tri-Carb 2800TR Cerenkov scintillation counter (Perkin
Elmer). Counts were normalized and a Hill equation with a fixed Hill coefficient of 1 was fitted
using Prism (GraphPad). Competition assays were performed at ~60% protein occupancy
based on estimated Ky values. Therefore, 100 nM UAF was mixed with 9000 cpm (~3nM)
radiolabelled upstream DNA, and 60 nM UAF with 9000 cpm (~3nM) radiolabelled
downstream DNA. Formed complexes were challenged with unlabelled downstream and
upstream DNA (5 nM to 20 uM), respectively. DNA retention on nitrocellulose filters was

measured as in above filter binding assays.

Supplemental Items

Figures S1-S7. Tables S1-S2.
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Figure S1, related to Figure 1. Cryo-EM data collection and processing.
(A) Coomassie blue-stained SDS-PAGE gel of purified UAF (left) and TBP (right).

(B) Cryo-EM density map of UAF-TBP (blue). Superposed are the cryo-EM density map
(middle, gray) and atomic model (right) of UAF-TBP-DNA.

(C) Processing of the UAF-TBP-DNA data. Shown are a representative micrograph, 2D
classes from CryoSPARC, 3D classes from RELION, and RELION-post-processed and
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DeepEMhancer-filtered density maps. The atomic model of UAF-TBP-DNA was built using the
DeepEMhancer-filtered map and refined against the unsharpened consensus map. The
consensus map following focused classification on the upstream region is shown, low-pass-
filtered to 5 A resolution. The atomic model is docked in and DNA extended to illustrate a
putative contact site.

(D) FSC curve of UAF-TBP-DNA (left), local resolution and angular distributions (right)
calculated using RELION (Scheres, 2012).
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Figure S2, related to Figure 1. Model validation and density fit.

(A) FSC between half-maps, and between the consensus map and the model to assess map-
to-model fit.

(B) Cross-validation test to assess overfitting during model refinement. FSC between the
model refined against half-map A and half-map A (FSC work) or half-map B (FSC test). The
resolution target during model refinement is indicated.

(C—G) Exemplary cryo-EM densities and refined model of promoter DNA, Rrn5, Rrn9, Rrn10
and Uaf30.
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Figure S3, related to Figure 1. Histone fold comparisons.
(A) The H2B-H2A-like histone fold domains of Rrn9 and Rrn10.

(B) H4-like histone fold domain of Rrn5 in complex with H3, juxtaposed with homologs from
the yeast nucleosome (PDB 1ID3), human TFIID (PDB 7EGA) and yeast SAGA (PDB 6T9l).
(C) The histone-like hexamers and octamers of UAF, TFIID and SAGA. The relative locations
of TBP and DNA are indicated (top). TFIID is shown in the engaged, initial loading state (PDB
7EGA) and as part of the intermediate PIC (PDB 7EGD). Montage of the histone-like
substructures (bottom). Corresponding subunits are coloured identically.
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Figure S4, related to Figure 2. UAF-DNA contacts and DNA topology.

(A) Interacting protein residues are indicated by triangles on the domain diagrams (top) and
highlighted in pink on the surface representation of UAF and TBP, with DNA hidden.
Electrostatic potentials (+10 kT/e, blue; =10 kT/e, red) are displayed in the same orientation
on the right, with DNA displayed as ribbons and sticks.
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(B) Schematic representation of the visualized contacts. Contacted phosphates (circle),
sugars (small rectangle) and bases (rungs) are highlighted based on the protein subunit
involved and the contacting amino acid residue is indicated.

(C) Major (blue) and minor groove widths (orange) of the visualized DNA. The TA step showing
significant kink at position —-77/-78 is highlighted. A-tracts present in the sequence are
indicated in bold.

(D) Roll and twist of each base-pair step in the refined structure.
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Figure S5, related to Figure 2. UAF binds DNA differently from TFIID.

The histone-like octamers and hexamers of each protein complex are coloured in accordance
with the nucleosome. Non-histone-like DNA-binding elements are coloured in gray. For TFIID,
this includes the TAF1 winged helix domain and TAF2 aminopeptidase-like domain 3 (APD3)
of lobe C, and the stalk extension of TAF4 of the lobe B histone-like hexamer. Insert shows
the upstream TFIID-DNA contact site in a different orientation, aligned based on TAF3 of the
lobe A octamer (light blue) with the proximal H3 of UAF (bottom). Notably, DNA is bound in a
different orientation with respect to the histone-like scaffold. Contract of the lobe A octamer
with DNA (via TAF10, TAF11 and TAF13) is relatively limited compared to the UAF-DNA
interface.
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Figure S6, related to Figure 3. The upstream secondary binding site of UAF.

(A) DNase | footprint with primer extension from position -214 of the 35S rRNA promoter.
From left to right, Sanger sequencing reactions (T, G, C, A), untreated DNA (=), free DNA
treated with 0.36 U and 0.72 U DNase | (DNA), DNA bound to UAF (4, 8 uM), UAF and TBP
(4, 8 uM, 1:1 ratio), and TBP (4, 8, 16, 32 uM), treated with 0.72 U DNase |. Bars indicate
protection. Asterisks indicate increased sensitivity to DNase.

(B) Filter binding assays. UAF (0.5 nM — 5 uM) was titrated against radioactive DNA spanning
positions —180 to —110 (blue, DNA™'8%"11%) and -110 to —40 (green, DNA™"'%4%)_ Solid line
denotes a fitted Hill equation with a Hill coefficient of 1. The 95% confidence interval of the fit
is shaded (Kq of 64—127 nM and 16-31 nM, respectively).

(C) Competition filter binding assays. UAF (100 nM) bound to radioactive DNA™"8%"10 (jeft,
blue) and challenged with unlabelled DNA™"%™° UAF (60 nM) bound to radioactive
DNA™"1%740 (right, green) and challenged with unlabelled DNA™"8-110,
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Figure S7, related to Figure 4. Interactions of UAF with TBP.

UAF residues interacting with TBP are highlighted in red, and indicated with triangles in the
domain diagram.
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Table S1, related to Figure 1. Cryo-EM data collection and refinement statistics.

UAF-TBP-DNA
(EMDB-xxxx)
(PDB xxxx)
Data collection and processing
Magnification 130,000
Voltage (kV) 300
Electron exposure (e /A?) 49.44
Defocus range (pm) 0.9-1.9
Pixel size (A) 0.645
Symmetry imposed C1
Initial particle images (no.) 1479233
Final particle images (no.) 193226
Map resolution (A) 2.8
FSC threshold 0.143
Map resolution range (A) 2.5-4.5
Refinement
Initial model used (PDB code) 1id3, 1ngm
. 3.1
Model resolution (A)
FSC threshold 0.500
Model composition
Non-hydrogen atoms 11,866
Protein residues 1,256
Nucleotides 78

B factors (A?)
Protein (min/max/mean)
Nucleotide (min/max/mean)

R.m.s. deviations

62.89/274.52/99.84
81.85/166.48/109.63

Bond lengths (A) 0.004

Bond angles (°) 0.665
Validation

MolProbity score 1.45

Clashscore 6.11

Poor rotamers (%) 1.42
Ramachandran plot

Favored (%) 98.28

Allowed (%) 1.72

Disallowed (%) 0.00
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Table S2, related to Figure 2. Protein-DNA contacts in the determined structure.

Protein DNA Distance (A)

Subunit Chain Residue Number Atom Chain Base Position Atom

Proximal H3  C LYS 38 NZ T DT -86 OoP2 3.7
Proximal H3  C HIS 40 N T DT -85 OP1 25
Proximal H3  C TYR 42 T DA -84 OP1 3.1
Proximal H3  C LYS 43 NZ T DT -83 OP1 2.6
Proximal H3  C ARG 41 NH1 N DA -80 OP1 3.0
Proximal H3  C ARG 41 NH2 N DA -80 OP1 3.1
Proximal H3  C ARG 54 NH1 T DC -75 OP1 3.2
Proximal H3  C ARG 54 NH2 T DC -75 OoP2 3.0
Proximal H3  C ARG 53 NH1 T DT -74 OoP2 2.6
Rrn5 D ARG 189 NH2 N DA -81 o3 2.9
Rrn5 D ARG 288 NE N DT -70 OP1 3.2
Rrn5 D ARG 288 NH2 N DT -70 OP1 3.3
Rrn5 D LYS 285 NZ N DA -69 OP1 3.1
Rrn5 D LYS 290 N N DA -69 OoP2 2.9
Rrn5 D LYS 290 NZ N DG -68 OP2 3.0
Rrn9 E ARG 295 NH2 T DA -65 04 25
Rrn9 E THR 294  OG1 N DA -61 OP1 24
Rrn9 E ARG 309 NH1 N DA -61 OoP2 2.6
Rrn9 E ARG 309 NH2 N DA -61 OoP2 2.7
Rrn9 E LYS 306 NZ N DG -59 OoP2 3.2
Rrn9 E LYS 308 NZ N DG -57 06 3.2
Rrn9 E SER 312 N T DT -56 OP1 3.1
Rrn9 E TYR 79 OH T DC -55 OP1 2.3
Rrn9 E LYS 86 NZ T DC -54 OoP2 3.5

35


https://doi.org/10.1101/2022.02.10.479882
http://creativecommons.org/licenses/by-nc-nd/4.0/

