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Abstract

RNA polymerase | (Pol I) synthesizes precursor ribosomal RNA, a key step in ribosome biogenesis. Elevated Pol | activity supports rapid cell
growth—a hallmark of cancer—making Pol | a therapeutic target. The initial step in synthesis involves assembly of the Pol | transcription initia-
tion complex on the gene promoter; however, its quantitative and dynamic parameters remain poorly defined. Here, we integrate biochemical,
biophysical, and molecular dynamics approaches to dissect promoter and transcription start site (TSS) recognition by the Saccharomyces cere-
visiae Pol | machinery. We show that core factor (CF) identifies the promoter through a two—-step mechanism: a rapid encounter is followed by a
slower conformational transition that establishes stabilizing interactions. In contrast, CF binds nonpromoter DNA in a single step without such
transitions, forming nonspecific complexes that dissociate quickly. Correct promoter binding allows CF to recruit and position Pol | near the TSS,
inducing DNA bending, helix distortion, and melting as the preinitiation complex converts into an active state. These functional and dynamic
parameters contribute to a quantitative framework for elucidating the molecular mechanisms of Pol | regulation and inhibition.
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Introduction

Cell growth and homeostasis rely on efficient protein synthesis, which is heavily influenced by the number of functional ribo-
somes [1, 2]. A critical checkpoint in ribosome production is the transcription of ribosomal RNA genes (rDNA), responsible for
over 60% of total RNA synthesis in cells [3]. Transcription is key process in regulating ribosome synthesis, responding to various
environmental signals related to growth control. Multicopy 35S rDNA gene is transcribed by RNA polymerase I (Pol I). Dys-
regulation of Pol I transcription and impaired ribosome biogenesis is implicated in numerous diseases, including ribosomopathy
syndromes, developmental disorders, and many cancers [1, 4-6]. Cancer cells hijack transcription to activate ribosomal RNA
synthesis [1, 3]. Notably, upregulated genes encoding the components of the Pol I transcription machinery are frequently found
in various cancers [7].

Pol I transcription system of Saccharomyces cerevisiae (hereafter referred to as yeast) is homologous to that in mammals,
making yeast a valuable model for studying fundamental aspects of eukaryotic Pol I transcription. The basal protein machinery
for promoter-specific transcription initiation consists of Pol I, Rrn3, and SL1/TIF-IB in mammals or core factor (CF) in yeast
[8, 9]. CF (or SL1) binds core rDNA promoter element and recruits the Pol I.Rrn3 complex to the adjacent site, enabling the
formation of transcription initiation closed complex (CC) [10, 11]. DNA unwinding and loading into Pol I active site induce
RNA-synthesis capable conformation, an open complex (OC) [12-16]. Next, the growing nascent RNA triggers further struc-
tural rearrangements, including the breakage of Pol I interaction with CF and Rrn3, leading to the formation of transcription
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elongation complex, characterized by productive RNA synthesis downstream from the promoter. The suggested mechanism of
Pol I specificity to rDNA promoter relies on a distinct “bendability” and “meltability” of the promoter sequence that enables
contacts between initiation factors, DNA, and polymerase [13, 15]. The assembly of basal Pol I apparatus on the promoter is
stimulated by additional transcription factors binding the upstream element of DNA promoter, such as UAF [17, 18] in yeast or
UBF in mammals. Another class of Pol I activators, e.g. Net1 [19, 20], and TIF-IF [20], enhance essential protein—protein inter-
actions but do not have specific binding site on the rDNA promoter. While the structural basis of the Pol I machinery, including
the initiation complex, has been recently extensively studied using cryo-electron microscopy (cryo-EM) [12-16], the functional
aspects require further investigation. Detailed studies of Pol I function can reveal the molecular mechanisms controlling rDNA
transcription and identify new druggable targets.

We combined biochemical, biophysical, and computational analyses to study how the basal yeast Pol I transcription initiation
apparatus recognizes the rDNA promoter and determines the transcription start site (TSS). Our data show that CF recognizes
its binding site on the rDNA using a two-phase mechanism of initial binding and isomerization. We showed that the stability of
CF-promoter complex largely depends on the specific interaction at the upstream edge of the CF binding site. Promoter-bound
CF then recruits Pol1-Rrn3 complex to the promoter. TSS recognition by Pol 1, at least in part, appears to be guided by its
spatial relationship to promoter-bound CF and by the intrinsic physical properties of the DNA, particularly the bendability
of the segment near the upstream edge of the transcription bubble. Our findings highlight the importance of rDNA promoter
properties and key sequence motifs in defining efficient rDNA transcription, including transcription rate, specificity, and TSS
selection.

Materials and methods

Protein production and purification

Purification of Pol I [21], Rrn3 [11], and CF [10, 22] proteins followed previously published protocols with modifications.
Detailed purification protocols are described Supplementary Materials 1. Briefly, Pol I was purified from S. cerevisiae SC1613
(constructed by Cellzome AG, Germany), which has a TAP tag in the chromosomal gene of AC40 subunit of Pol I [23], grown
in a bioreactor and harvested at exponential growth phase. Recombinant Rrn3 and CF were expressed in Escherichia coli using
expression plasmids (Supplementary Table S1). The purification process of all proteins involved several chromatographic steps,

followed by protein concentration and analysis with Nanodrop, sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE), and western analysis.

Size exclusion chromatography of protein preparations

Transcription factor preparations used in biophysical assays [mass photometry (MP) and protein-induced fluorescence enhance-
ment| were further polished using size-exclusion chromatography (SEC). Prior to the gel filtration step, the His-tag in CF was
cleaved off by supplementing concentrated CF sample with TEV protease and incubating the sample either overnight at4°Cor2 h
at 16°C in a thermo-shaker (Grant Instruments) set to 1000 rpm. A Superose 6 Increase 10/300 GL gel filtration column (Cytiva)
pre-equilibrated with GF-CF buffer [20 mM HEPES, pH 7.8, 300 mM NaCl, 1 mM MgCl,, 0.1 mM ethylenediaminetetraacetic
acid (EDTA), and 0.1mM dithiothreitol (DTT)] resolved TEV-treated CF sample (~500 ul) at 0.4 ml/min flow rate using Akta
purifier FPLC (GE Healthcare). Resolved proteins were collected in 500 ul fractions and analyzed by NanoDrop spectropho-
tometer (Thermo Fisher Scientific) and SDS-PAGE. Size-exclusion chromatography of Rrn3 was carried out similarly to CF with
the exception that GF-R buffer (20 mM HEPES, pH 7.8, 150 mM NaCl, 1 mM MgCl,, 0.1 mM EDTA, 0.1 mM DTT) was used.
Final preparations of CF and Rrn3 were concentrated using centrifugal filters (Amicon Ultra-4, Millipore), stabilized with the
addition of glycerol to final concentration 20% (v/v), aliquoted, and flash frozen in liquid nitrogen for storage at —80°C.

DNA template preparation

Oligonucleotides encoding wild-type (WT) or mutant S. cerevisiae rDNA promoters were purchased from Merck or Eurofins
Genomics. To prepare double-stranded promoter scaffolds, the equimolar amounts of template and nontemplate strands (5-10
uM) were mixed in 0.1% (v/v) DEPC-treated buffer (10 mM HEPES-KOH, pH 7.5, 50 mM NacCl, and 100 uM EDTA) and
annealed by using a polymerase chain reaction (PCR) machine at 94°C, 3 min to gradually cool the mixture from 94°C to 4°C.

To prepare circular supercoiled transcription templates, rDNA promoter fragment from position —200 to +150 (relative
to the TSS at +1) or promoter-free fragment from ATG13 gene (length 371 bp) was cloned by PCR from the genomic DNA
of S. cerevisiae INVSc1 (Thermo Fisher Scientific) and ligated between Sacl and HindlII restriction sites in pUC18 plasmid
(Supplementary Table S1). Plasmids, pAMO036 (contains rDNA promoter) and pAMO041 (ATG3 fragment) were maintained and
amplified using E. coli XL1-blue cells. The plasmids were purified using GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific)
according to the manufacturer’s protocol. The linear scaffolds of promoter (—200/4-150) and nonpromoter DNA (ATG3) were
produced by PCR amplification of the target fragment from pAMO036 and pAMO041 vectors, respectively (Supplementary Table
S2). The DNA sequences of all transcription templates are given in Supplementary Table S3.

In vitro transcription

In vitro transcription reactions were performed as previously described with modifications [24, 25]. Plasmids (circular, negatively
supercoiled) and linear templates containing either native, truncated native, base-substituted, pre-melted, or fork junction of
rDNA promoter were examined. Basal preinitiation complex (PIC) was reconstituted by first mixing 2.4 pmol of synthetic DNA
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template with 15 pmol of CF and incubating the mixture in TIB10 [TIB buffer (100 mM HEPES/50 mM KOH, pH 7.5, 100 mM
potassium glutamate, 0.025 mM ZnCl,, 5% (v/v) glycerol, 1 mM EDTA, 0.2 mM tris(2-carboxyethyl)phosphine (TCEP), DEPC
treated) supplemented with 10 mM Mg-acetate| for 15 min at 22°C. Then, a pre-incubated Pol1-Rrn3 complex (6 pmol Pol I
and 12 pmol Rrn3) in TIB2 was added in ratio 1:1, and the incubation was continued for another 15 min at 30°C. Transcription
reaction was initiated by the addition of equal volume of 1 mM NTPs (ATP/CTP/GTP/UTP) in TIB10 to PIC. The final volume
of transcription reaction mixture was 10 ul and contained 1 pmol template DNA, 2.5 pmol Pol I, 5 pmol Rrn3, 6.25 pmol CF,
and 5 nmol (0.5 mM) NTPs in TIBS; the reaction tube was incubated in a thermo-mixer (Grant) at 30°C for 20 min. Control
transcription reactions without NTP addition were prepared in parallel. Transcription reaction was terminated by adding 1 ul
of 105 mM EDTA (~9.5 mM final) and immediate heating of the samples at 75°C for § min.

The quantity and TSS of RNA products were determined using primer extension assay. The inactivated transcription reactions
were supplemented with 1.25-6 pmol of fluorophore-labeled DNA primer (OP003, OP021, or OP018; Supplementary Table S2)
and 5 mM of unchelated Mg?* (by addingl ul of 150 mM MgCl,). The primer was annealed to the target site on the RNA
transcripts by heating the samples at 95°C for 80 s followed by cooling on ice for 15 min. The estimated minimal RNA transcript
detectable by primer extension was 27 nt for OP18 (annealing to positions from +9 to +27), and 51 nt for OP03 (annealing at
+32 to +51). In the Pb2 scaffold containing a deletion of region from +22 to +31, the detectable length for OP03 decreased to 41
nt. The assay also detects shorter RNA products when Pol I initiates transcription downstream of the +1 site. In contrast, in vitro
transcription products shorter than the primer annealing regions remain undetectable by primer extension. To monitor spurious
transcription in the opposite direction, primer OP021 was employed; this primer is complementary to promoter region from
—163 to —142. Reverse transcription reaction was initiated by the addition of 12 ul of mixture containing 100 U SuperScript
II Reverse Transcriptase (Invitrogen), 0.5 mM dNTPs, 5 mM DTT, 10 U Murine RNase inhibitor (New England Biolabs), and
50 pg/ml Actinomycin D in 1x SuperScript buffer. The reactions (total vol. ~25 ul) were incubated at 47°C for 1 h, and
then terminated by the addition of formamide gel loading buffer (92.5% formamide, 0.039 M LiOH, 0.013 M EDTA, 0.23%
OrangeG) to 1:1 volume ratio, followed by heating at 95°C for 3 min. The single-stranded DNA products of reverse transcription
reaction were separated on 12% denaturing polyacrylamide gels and quantitated/visualized with an Odyssey Infrared Imager
(Li-Cor Biosciences) at 700-nm channel. Complete gel scans are provided in Supplementary Materials 2. The TSS of transcribed
DNA templates was determined by comparing electrophoretic mobility of transcription reactions to that of the manual Sanger
sequencing run on the same gel. Sequencing reactions were done using OP018 primer and Applied Biosystems Thermo Sequenase
Dye Primer Manual Cycle Sequencing Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol.

Gel image analysis

Each transcription product, i.e. a gel band deriving from distinct length RNA molecules (length varies because of different TSS’s)
in the reaction mixture, was quantified by using Fiji software [26] to draw a polygonal selection contour around the gel band
and calculating the total fluorescence intensity inside the contour. Background fluorescence value was subtracted from the RNA
band intensity by using the average background per pixel, determined in at least three random RNA-free gel areas, multiplied
for the contour area. The band contours in the negative control lane (no NTP’s added to the reaction) were positioned based
on the RNA band positions in the NTP containing lane, and their intensities were analyzed similarly. Finally, the background
corrected fluorescence intensity of each RNA band was converted to molar RNA concentration by comparison to the intensity
of free primer band on the lane. Since the concentration of primer was known in total sample volume at each step of in vitro
transcription, the primer concentration in loaded aliquot resolved on PAGE was calculated. Because the activity of Pol I varied
between different purification batches, transcription activity was normalized based on the transcription activity observed on the
WT rDNA promoter [(—90/+30), (—45/4+45), and (—30/+30)].

Exonuclease lll footprinting

DNA scaffolds for footprinting consisted of two complementary DNA strands; the strand designed to be footprinted contained
CyS5.5 fluorophore at the 5" end, while the other strand was protected against exonuclease activity by six phosphorothioates
bonds at the 3’ end (Supplementary Table S3) [27]. CF-DNA complexes were formed by incubating 1.5 pmol of CF with 0.15
pmol of DNA template in DEPC-treated FTBS buffer [50 mM Tris-HCI, 7.5, 100 mM potassium glutamate, 5% (v/v) glycerol,
5 mM MgCl,, 0.2 mM TCEP, 0.1 mM EDTA] for 15 min at 30°C. The samples were then treated with 600 units of exonuclease
III (Exo III, 200 U/ul stock, Thermo Fisher Scientific, cat. no EN0191) for 4 min at 30°C. The reactions were stopped by the
addition of 20 mM EDTA and 1% (w/v) sodium dodecyl sulphate. The control reactions were prepared in the absence of CF
or Exo III treatment. DNA was extracted by the additions of glycogen (RNA grade, Thermo Scientific, cat. no R0551) to final
concentration of 0.5 mg/ml and chloroform:phenol:isoamyl alcohol mixture (pH 8.0, RNAse-, DNAse-, and Proteinase-free,
Across Organics, cat. no 327 111 000) followed by DNA recovery from the aqueous phase by ethanol precipitation. DNA pellet
was dissolved in the 1:1 mixture of DEPC-treated water and formamide gel loading buffer, heated at 95°C for 3 min, and then
analyzed on denaturing 10%-12% polyacrylamide gels. Footprinting patterns were visualized with Odyssey Infrared Imager (Li-
Cor Biosciences). The positions of DNA region protected by protein binding were identified by correlating the electrophoretic
mobilities of the sample DNA bands with those of Sanger sequencing ladders, which were prepared similar to those for the
analysis of in vitro transcription reactions.

Mass photometry

MP was conducted with a Refeyn Two™M” Mass Photometer (Refeyn Ltd) at 22°C. In the MP assay, a protein molecule or
complex lands on surface of the microscope slide interfering the light reflected from the surface; the change in reflected light
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scales linearly with the mass allowing accurate determination of molecular weights [28]. Objective was cleaned with isopropanol
and covered with Immersol 518F (Zeiss). Microscope coverslips (w x 1: 24 x 50 mm, Refeyn) and alignment chamber (Refeyn)
were sequentially cleaned with milli-Q water, isopropanol (HPLC grade), and milli-Q water followed by air stream drying. To
prepare a reaction well, a silicone gasket (24 samples well cassettes for automated system, Refeyn) was installed on the coverslip,
followed by mounting on the objective. Before each data acquisition, the z plane focus was identified using buffer-free focus.
Next, 18 ul of target protein(s) or preformed CF-DNA complex was added to the reaction well, and the movies containing 8853
frames were recorded for 180 s using AcquireMP software (Refeyn Ltd).

To determine the molecular masses and oligomeric states of individual proteins, stocks were diluted to 40-50 nM protein
concentration in specific reaction buffers: CF (FTBS buffer), Rrn3 (TIB2), and Pol I (TIB2). To determine the apparent dissoci-
ation constant of CF-promoter complex, 50 nM CF was mixed with 0, 25, 50, or 100 nM WT rDNA promoter scaffold (span
—45/445) and incubated for 5 min at 24°C before MP data collection. To study CF binding to promoters harboring a mutated
bp, 50 nM CF was mixed with 25 nM rDNA promoter (span —45/4-45 and bp substitution at —27 or —28) and incubated for
5 min at 24°C before MP data collection. Each MP analysis was performed in at least three independent experiments.

To obtain contrast-to-mass calibration of MP data, a protein standard mixture, containing bovine serum albumin (molecular
mass 65 kDa), IgG (150kDa monomer and 300 kDa dimer), apoferritin (443 kDa), and IgM (970 kDa) in each specific reaction
buffer, was analyzed along with the actual samples in each experiment. The mean protein peak contrast was first determined
using Gaussian fit procedure in AcquireMP software (Refeyn Ltd). The mean contrast values from calibration protein mixture
were then plotted and fitted to linear regression to define the contrast-to-mass calibration factor in DiscoverMP v2.3 (Refeyn
Ltd). Quantification of the molecular weights of CF, Rrn3, Pol I, and their oligomerization were processed and analyzed using
DiscoverMP v2.3. MP data to determine the apparent molecular weights and abundances of DNA-free CF and CF-DNA complex
was additionally analyzed and plotted by using Origin 2016 (OriginLab Corporation) to fit the histograms of apparent molecular
weight values to two-peak Gaussian equation (an area version) (Equation 1). The fit parameters mc, w, and A are the center,
width, and area of the two Gaussian distributions, respectively.

Al 2 ("’m[.l )2 AZ 2 ("*’”g,z)z
() 4= (@) | 1)

=——%¢
Y wiy/m/2 wo/m/2
We measured blank 50 nM CF samples before each promoter binding experiment to verify the integrity CF sample. These data
indicated that a minor mass peak (at about 284.4 kDa), which represented 4.3% of DNA-free CF abundance and most likely is
a contaminating protein, overlapped with the mass of CF-DNA complex. This contribution was subtracted from the abundance
of CF-DNA complex (Acr.pna) before calculating the relative amounts of DNA-free CF and CF-DNA complex, respectively.

Protein-induced fluorescence enhancement assay: spectrofluorometer detection
The apparent equilibrium dissociation constant (Kp?PP) of CF-promoter complex in manual mixing experiments was first deter-
mined for 25 nM DNA(Cy3) [contains —40/—10 rDNA promoter region and Cy3 label at the 3’ of nontemplate DNA (ntDNA)
strand] in 50 pl of binding buffer into a quartz cuvette (Hellma Analytics, light path 3 x 3 mm, cat.no. HL105-251-15-40).
Fluorescence intensity of this protein-free promoter sample was continuously measured for 120 s with a LS-55 fluorescence
spectrofluorometer (Perkin Elmer) at 24°C. The excitation and emission wavelengths were set to 545 and 565 nm, respectively,
and emission and excitation slits to 10 nm. The reaction mixture in the cuvette was then supplemented with 12.5-200 nM CF
in FTBS, thoroughly mixed, and fluorescence recording was continued for an additional 300 s. The promoter concentration
after CF addition was 24 nM. Kp?PP was estimated by simultaneously fitting Equations 2—4 to the measured fluorescence values
(Fyotal), which account for changes in free CF concentration upon DNA binding. In these equations, (CF,,|) represents the total
concentration of CF, and [DNA(Cy3)..1] denotes the total concentration of Cy3-labeled DNA. The parameters F.. and Fi,ounq
correspond to the limiting fluorescence intensity when all DNA(Cy3) is either protein-free or fully bound to CF, respectively.
The fraction of DNA(Cy3) bound to CF is expressed as [CF-DNA(Cy3)]faction, While the fraction of protein-free DNA(Cy3) is
given by [DNA(Cy3)]faction- Data fitting was performed using Origin 2016 (OriginLab Corporation). For MP experiments using
label-free DNA, the same equations were applied, except that Fge. and Fygu,q were fixed as 0 and 1, respectively.

[CF - DNA (Cy3)]

fraction

([DNA(Cy3)total] + [CFtotal] + KHDPP) - \/([DNA(Cy3)rotal] + [CFtotal] + KD)2 —4x [DNA(Cy3)total] X [CFroral]

2 x [DNA(Cy3),orall
(2)
[DNA (Cy3 )]fraction =1- [CF -DNA (Cy3 )]fraction' (3)
Ftotal = [DNA (Cy3)]fraction X Ffree + [CF -DNA (Cy3 )]fraction X Fbound- (4)

The binding of CF to different transcription DNA scaffolds was assessed in competition experiments using different label-
free DNA constructs to trigger the dissociation of CF from DNA(Cy3). In competition experiments, the fluorescence inten-
sity traces were continuously measured in total for 1800 s in three sequential steps: (i) free DNA(Cy3), (ii) the formation of
CF-DNA(Cy3) complex, and (iii) competitor-induced dissociation of CF from CF-DNA(Cy3) complex. Fluorescence intensity of
25 nM DNA(Cy3) and DNA(Cy3)-CF complex (sample contained 24 nM DNA and 120 nM CF) was determined as described
in Kp?PP experiment. After the addition of competitor DNA to 227 nM concentration, the reaction mixture at the third step
contained also 23 nM DNA(Cy3) and 115 nM CF. The fluorescence values were corrected for dilution accompanying the com-
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petitor addition (~4% volume increase). The reported fluorescence dissociation traces are means with SE. Presented data were
normalized from O to 1 intensity scale by setting the increment in fluorescence intensity between protein-free DNA(Cy3) and
CF mixture with DNA(Cy3) (before the competitor addition) as 1, respectively. In addition to presenting data as full kinetic
dissociation traces, fluorescence intensity over the last 15 s was averaged to construct bar-error graphs (mean =+ standard error,
SE) that represent the remaining fraction of CF-DNA(Cy3) complex. Data for Kp?"P estimation and competition of label-free
DNA templates were measured in FTBS5 buffer at least in three independent experiments and averaged. Kp?PP in reduced buffer
ionic strength was determined in LTBS5 (25 mM Tris-HCI, 50 mM K-glutamate, 5% glycerol, 5§ mM MgCl,, 0.1 mM TCEP,
0.05 mM EDTA).

Protein-induced fluorescence enhancement assay: stopped-flow detection

Measurements were performed at 24°C using SFM-3000 stopped-flow (SF) instrument equipped with FC-08 reaction cuvette
(BioLogic). The instrument was operated using 4 ms sample mixing dead time. Cy3 fluorophore in the promoter templates was
excited at 553 nm and emitted light was collected through a 570-nm longpass filter. Total reaction volume in SF experiments
was 150 pl, which was obtained by mixing 75 ul from each of two active sample storage syringes (one typically containing CF
and the other containing the promoter) in the SF instrument.

The rate of CF binding to the promoter DNA was determined by mixing to final concentrations 12.5-120 nM CF with 24 nM
DNA(Cy3) scaffold in FTBS buffer. Fluorescence signal (i.e. detector voltage) of the reaction mixture was continuously recorded
for 100 s using two time-base settings: for reaction time range 0.004-7.45 s, data were integrated 0.5 ms per each time-point,
while for the range 7.47-100 s the integration was 50 ms. Fluorescence signal of protein-free DNA was measured by mixing
DNA(Cy3) with FTBS buffer.

The rate of CF dissociation from the promoter DNA was determined by mixing preformed CF-DNA(Cy3) complex [concen-
trations after mixing: 115 nM CF and 23 nM DNA(Cy3); two-fold higher during the preformation] with 227 nM (after mixing)
unlabeled competitor rDNA promoter (span —30/430). Reference signal of protein-free DNA(Cy3) promoter was determined
by mixing 23 nM DNA(Cy3) and FTBS to the reaction cuvette of the SF instrument. Fluorescence intensity was recorded using
0.5 and 50 ms data integration times for reaction time ranges 0.004-7.45 and 7.47-250 s, respectively.

Each reported SF curve is the average of 6-8 individual SF traces (a.k.a. mixing reactions or SF shots) from which the flu-
orescence curve of protein-free DNA(Cy3) has been subtracted, and which was followed by the normalization of the initial
fluorescence level of the reaction (over the first ~0.3 s where CF binding/dissociation is not yet observed) as 1. For CF dissocia-
tion data, the reaction end-point was additionally normalized to zero fluorescence. The apparent rate of CF binding to promoter
DNA (k,,s) was extracted by fitting Equation 5 to fluorescence data: A in the equation is the fluorescence change amplitude
of the exponential reaction phase, yy is the fluorescence at the end-point of the exponential reaction phase, ¢ is the reaction
time (i.e. abscissa), and 7 is the slope of the linear reaction phase. CF binding data obtained using WT DNA(Cy3) were strictly
mono-exponential whereas mutant scaffolds [DNA(Cy3,-27) and DNA(Cy3,—28)] had an additional slow linear increase in
fluorescence. Consequently, 72 was set as 0 for WT data and left as a free parameter for mutant data.

—kops Xt

y=Axe +m xt+yg. (5)

The reaction progress curves for the binding of CF to nonspecific DNA or dissociation of any preformed CF-DNA complexes
deviated from exponential curve. In these cases, the median reaction rate was extracted by first fitting the stretched mono-
exponential function (Equation 6) to fluorescence curves [29, 30], and then calculating median reaction time (t) and median
kops using Equations 7 and 8. The stretching parameter 8 modifies the product of the observed rate parameter (k) and reaction
time (¢) to accommodate the deviation of the reaction progress curve from single exponential behavior. Data fitting was performed
using Origin 2016 (OriginLab Corporation).

y=Ax ef(k“‘“Xtyj + Yo- (6)
~(n2)(®) .

e kobs .
median kg, = lnTZ (8)

The binding of CF to its cognate binding site on the DNA is a reversible reaction. Such a reversible system approaches
equilibrium at an observed rate, which is defined by the sum of forward and reverse reaction rates (kops = Rior + krey) [31]. The
stretched exponential function (Equation 6) is an empirical function often used to describe heterogeneous systems, including
enzyme reactions [29, 30]. Based on a previous discussion of different potential sources of heterogeneity [30], we assume that
in our case the stretched exponential fit, specifically the stretching parameter 8, accommodates both temporal and structural
heterogeneity of CF-DNA complexes, as well as deviations from single exponential behavior caused by the sequential nature of
the dissociation reaction (note that also the specific binding happened in a two-step reaction).

Molecular modeling

System preparation was conducted with Schrodinger Suite software version 2024-1 (Schrodinger Inc.). The starting structure
for the modeling was cryo-EM-based structure of S. cerevisiae PIC, showing Pol I, Rrn3, and CF bound on an rDNA promoter
at 2.90 A resolution [15]. We selected closed conformation 2 (CC2) over CC1 because of its better resolution. This structure
(accession code: 6RQL) was downloaded from the PDB database and prepared using the Protein Preparation Workflow of
Maestro with default settings. This included filling in missing sidechains and modeling of shorter (<30 residues) missing loops
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in chains A, B, C, G, H, N, Q, R, and S, optimizing hydrogen bonds and protonation using PROPKA at pH 7.4, deleting water
molecules >5 A from the heteroatoms and a short energy minimization using OPLS4 force field [32]. Six structural zinc ions
were included from PDB 6RUO. For the free DNA simulations, the DNA was extracted from the complex and further processed
as described below.

For the molecular dynamics (MD) simulations, the complex was prepared using tleap from AmberTools24. The complex
was solvated with TIP3P water molecules with 12 A buffer distance and the system was neutralized and physiological salt
concentration of 0.15 M was added using Na and Cl ions (542 and 450 ions, respectively). The resulting simulation system
of the complex had ~684 000 atoms. MD simulations were conducted with Amber software using force fields ff19SB for the
protein [33] and OL21 [34] for the DNA on the CSC (IT Center for Science, Finland) supercomputer LUMI. The minimization
and equilibration steps were following: (i) all nonwater atoms constrained, (ii) heavy atoms constrained, (iii) protein back
bone constrained, and (iv) no constraints. The constraint force was 50 kcal/mol in the minimizations and 10 kcal/mol in the
equilibration simulations. The minimizations 1-4 used the steepest descent algorithm with a maximum of 10 000 steps. The
equilibration steps 1-3 consisted of 0.4 ns simulations, and step 4 was a 4 ns simulation. In the first equilibration step, the
system was heated to 310 K. The temperature and pressure were maintained with Langevin thermostat and Berendsen barostat
in the equilibration simulations. During the production runs, the NPT ensemble was used: the 1.0 bar pressure was maintained
with Monte Carlo barostat and 310 K temperature by Langevin thermostat. The files were made ready for analysis by aligning
and centering the complex, stripping away water molecules, Na, and Cl ions, and writing the output in xtc format using cpptraj
tool. The simulations are available on Zenodo, DOI 10.5281/zenodo.15687574. The total simulation time was 16 us (16 x
1000 ns) for both systems and the frames were saved for every 0.2 ns (80 000 frames in total). The simulations were analyzed
using MDAnalysis [35, 36] and dnaMD Python packages 3DNA [37, 38] and cpptraj [39].

Statistical analyses

Statistical analysis was performed using IBM SPSS Statistics 29.0 package. The assumption of normal data distribution was
confirmed by kurtosis and skewness assessment, visual examining Q-Q plots and Shapiro-Wilk (S-W) normality test. Next,
homogeneity of variances was examined by Levene test with the null hypothesis of equal variances rejected when P < .0S5.
Unequal variances (Levene statistics, P < .05) and/or unequal sample sizes validated Welch’s ANOVA model. Finally, intergroup
comparisons were carried out by post-hoc analysis using Games—Howell, when the Welch’s P-value was significant. Descriptive
data are presented as mean and standard deviation (SD) or standard error (SE). The main outputs of statistical analysis are
summarized in Supplementary Table S4.

Results

Oligomeric state of purified RNA polymerase | and transcription initiation factors

We first reconstituted yeast Pol I iz vitro transcription system for functional studies using purified proteins and nucleic acids.
To this end, we expressed S. cerevisiae transcription initiation factors CF and Rrn3 in E. coli and purified the recombinant
proteins (Supplementary Fig. S1a and b), followed by SEC analysis (Supplementary Fig. S1d and e). Pol I was purified from S.
cerevisiae cells harvested in the exponential growth phase (Supplementary Fig. Slc). The oligomeric state of purified proteins
was determined using MP in buffer compositions similar to those used in transcription and footprinting assays. Rrn3 showed a
major monomer population (84%) and a minor dimer population (16%) (Supplementary Fig. S1f). The experimental molecular
weights of Rrn3 monomer (82.3 £ 12.9 kDa) and dimer (145 & 25 kDa) matched the calculated values (72.4 and 144.8 kDa). CF
had only one significant protein population with an estimated mass of 219 + 33.8 kDa, consistent with the calculated monomer
mass (221.8 kDa) (Supplementary Fig. S1g). Pol I had a major monomer population (86 %) and a minor dimer population (13 %)
(Supplementary Fig. S1h). The experimental molecular weights of Pol I monomer (577 & 88 kDa) and dimer (1141 & 109 kDa)
matched the calculated values (589.5 and 1179 kDa). This analysis confirmed that the purified proteins were intact and correctly
assembled.

Binding of CF to rDNA promoter: location, stoichiometry, and affinity

We next aimed to study how CF recognizes the rDNA promoter, what is the stability CF-promoter complex, and how CF recruits
PolItoit[10,15,17]. First, we defined the boundary of CF binding site on the promoter and specificity of its selection. To achieve
single base pair (bp) resolution, we employed Exo III footprinting assay based on the detection of CyS5.5 label at 5" end of DNA
template [27]. We built two DNA scaffold models of the rDNA promoter, covering the promoter region with reference to TSS at
+1 from nucleotide position —45 to +45 [Cy5.5(—45/445) and (—45/445)CyS5.5] and from —80 to —35 [Cy5.5(—80/—35)] as
a control of nonspecific interaction (Fig. 1a and Supplementary Fig. S2a). The footprinting results show a CF protected region
within the —45/+45 promoter but not within the —80/—35 promoter (Fig. 1b). PAGE analysis of the untreated scaffolds indicated
excellent DNA purity, facilitating the mapping of exact footprint boundaries (Supplementary Fig. S3) of the rDNA promoter
fragment from —32 to —12 (Fig. 1 and Supplementary Table S5). This aligns with the previously determined CF footprint (from
the position —32 to —9 bp) [15], the span of the minimal binding competent DNA fragment (—28 to —17 bp) [22] and structural
evidence from cryo-EM models (=35 to —12 bp [13], —40 to —16 bp [14]). We studied DNA unwrapping—wrapping dynamics
using the time-course of Exo III digestion (Supplementary Fig. S2b). The downstream edge of the footprint remained sharp at
position —12 in all time-points indicating that DNA at the downstream part of the CF binding site remains tightly anchored to
CF with nondetectable level (if any) of unwrapping dynamics. The close inspection of the upstream CF footprint reveals two
bands, suggesting that most CF-DNA complexes have the footprint edge at —32, while a smaller fraction of the complexes have
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Figure 1. Footprinting of CF on rDNA promoter. (a) The cartoon illustrates Exo Ill-based footprinting of the CF binding site on WT rDNA promoter
templates (span —45/+45, TSS at +1, highlighted in yellow). The 5’ end of either the nontemplate (promoter shown at the top) or the template strand
(bottom promoter) is labeled with a cyanine 5.5 fluorophore (red ellipses); the complementary strand is protected at the 3’ end with phosphorothioate
bonds (blue asterisks). The direction of Exo Il cleavage is indicated by gray arrows. The CF-protected fragment on each promoter is highlighted with
cyan rectangles, and the complete CF footprint is marked with a light purple rectangle. (b) Representative gel image of CF binding site mapping by Exo
Il footprinting. Gel lanes from left to right: TTP (T) and ATP (A) analogue Sanger sequencing ladders; footprinting of the WT rDNA promoter for the
downstream boundary (indicated by the left black arrow) in the presence (WT, +CF) and the absence (WT, —) of CF; footprinting of the WT rDNA
promoter for the upstream boundary (indicated by right black arrow) in the presence (WT, +CF) and the absence (WT, —) of CF; upstream footprinting of
rDNA promoter (—45/+45) substituted at position —27 in the presence (—27T-A > G-C; +CF) and the absence (—27T-A > G-C; —) of CF; upstream
footprinting of rDNA promoter (—45/+45) substituted at position —28 in the presence (—28G-C > T-A; +CF) and the absence (—28G-C > T-A; —) of CF;
and upstream footprinting of the rDNA promoter fragment spanning —80/—35 in the presence (—80/—35, +CF) and the absence (—80/—35, —) of CF.
Blue and red arrows indicate the electrophoretic mobility of specific-length DNA ladder strands. The electrophoretic mobility of full-length promoter is
indicated with asterisks, and the CF footprint fragments with a hash symbol. Denaturing 10% polyacrylamide gel was scanned for Cy5.5 fluorescence.
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Figure 2. Binding affinity of CF to rDNA promoter. (a) Kp?P of CF-DNA(Cy3) complex was determined by mixing 24 nM DNA(Cy3) promoter with
12.5-200 nM CF. Fluorescence intensities were measured using a spectrofluorometer. Data points and error bars represent the mean and SD from 3-7
independent experiments, respectively. (b) Mass distributions of DNA-free and DNA-bound CF complexes were determined by mass photometer.
Samples contained 50 nM CF and varying concentrations (0, 25, 50, or 100 nM) of unlabeled rDNA promoter (span —45/+45). The solid lines over the
distributions indicate the best Gaussian fits of molecular masses. (¢) Relative amount of CF bound to the rDNA promoter in mass photometer assay (n =
3 independent experiments). The curves in panels (a) and (b) were obtained using the equations 2-4 and parameter values listed in

Supplementary Table 6.

the edge at —33. Overall, CF protects invariable DNA region over the increasing cleavage time, indicating strong and specific
CF binding to the promoter DNA (Supplementary Fig. S2b).

To track directly the binding dynamics of CF, we constructed a DNA scaffold containing the promoter sequence from —40
to —10 and a cyanine 3 (Cy3) fluorophore [hereafter called as DNA(Cy3)] (Supplementary Fig. S4a). Cy3 was selected due to
its tendency to exhibit an increase in fluorescence intensity upon protein binding to the DNA [40], i.e. PIFE. Indeed, upon the
addition of CF to DNA(Cy3), there was ~35% increase in fluorescence intensity (Supplementary Fig. S4b). This PIFE effect
was reversed when the dissociation of CF from DNA(Cy3) was triggered by the addition of unlabeled rDNA promoter. These
observations suggest that CF binds near Cy3, consistent with the orientation of CF binding motif on the DNA scaffold. We
estimated the binding affinity of CF to DNA(Cy3) using a spectrofluorometer. The obtained equilibrium binding curve was
described by a simple model where one CF molecule binds to one DNA(Cy3) molecule (Fig. 2a). The binding affinity was
determined in two buffers conditions: FTBS buffer with a ionic strength of 156 mM and FTBS with 85 mM. The apparent
dissociation constant (Kp?PP) was found to be 106 & 64 nM (SE) in FTBS5 (Fig. 2a) and 52 & 31 nM (SE) in LTBS (Supplementary
Fig. S4c¢). All fit parameters are shown in Supplementary Table S6. Based on the binding inhibition by increased ionic strength, it
appears that ions and water molecules contribute to the association of CF with the specific promoter binding site, as previously
analyzed in-depth for the interaction of lac repressor with DNA [41]. With mass photometer, Kp?PP? was estimated as 20.5 +
4.5 nM (SE) on a WT promoter with a span from —45 to +435 bp in FTBS (Fig. 2b and c). Finally, acquired mass distributions
support 1:1 stoichiometry of CF-DNA complex.

Binding of CF to rDNA promoter and unspecific DNA: kinetics

The reaction progress curves, measured using SE, started to show a noticeable increase in Cy3 fluorescence intensity in ~1 s after
mixing the DNA(Cy3) with CF, the intensity reaching maximum by ~80 s (Fig. 3a). We calculated the change in the Cy3 intensity
in each CF concentration and fit Eq. 2—4 to this data to obtain Kp®"? as 79 + 35 nM (SE) (Fig. 3b and Supplementary Table S6),
a value consistent with Kp?PP from manual PIFE experiments (Fig. 2b).

The initial inspection of normalized curves revealed that the reaction half-life (i.e. the time-point in which half of the fluores-
cence increase happened) was similar, ~16-20 s, in all CF concentrations on DNA(Cy3) (Supplementary Fig. S5a). The apparent
reaction rate of specific CF-DNA complex formation is thus not determined by a bimolecular binding reaction but it is deter-
mined by a unimolecular reaction, e.g. a conformational change, taking place in the preformed CF-DNA complex. To obtain
quantitative rate parameters, we fitted the original reaction progress curves to a single exponential rate equation (Eq. 4) (Fig. 3a
and Supplementary Fig. S5b and ¢). The obtained fit parameters confirm that that the observed rate of CF-DNA complex forma-
tion (k,p,) has no significant dependence on the CF concentration; specifically, the k., values were found as 0.033-0.038 s™!, the
average Rops avg a8 0.036 £ 0.002 s~1, and the average reaction half-life as 19.5 & 1.1 s [calculated by In(2)/kyps,avg] (Fig. 3a and
Supplementary Table S6). Interestingly, CF binding to equal-length (31 bp) nonspecific DNA [NS-DNA(Cy3)] was markedly dif-
ferent. The binding rate increased linearly with CF concentration, consistent with a simple bimolecular association (Fig. 3¢ and
Supplementary Fig. SSd—f). Binding was also faster, reaching ~2 s~ at 80 nM CF, corresponding to an apparent second—order
rate constant (kpinq) of ~2.3 x 107 M~ s=! (Supplementary Fig. S5f and Supplementary Table S6). The binding progress curves
systematically deviated from a single exponential but were well described by a stretched exponential (Eq. 6), which reflects
heterogeneous reaction pathways and complexes [29, 30] (Supplementary Fig. S5h and i, and Supplementary Table S6). The
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Figure 3. Interaction dynamics of CF and rDNA promoter. (a) SF fluorescence traces monitoring the binding of 12.5-120 nM CF to 24 nM WT DNA(Cy3)
are shown. The inset shows data on a linear timebase. The curves were obtained using equation 5. (b) Fluorescence intensity of WT promoter,
nonspecific DNA (NS-DNA) or mutant promoter scaffolds, each Cy3 labeled, at the end of CF binding reaction in SF assay. The curves were obtained
using the equations 2-4. (c) Observed rate constants (kops) of CF binding to WT promoter, nonspecific DNA, or mutant DNA(Cy3) scaffolds in SF assay.
(d) SF fluorescence traces monitoring the dissociation of CF from WT promoter, nonspecific DNA, or mutant DNA(Cy3) scaffolds after challenging the
preformed complexes with an excess of label-free promoter DNA (span —30/+30). The curves were obtained using the equation 6. The parameter
values used for each fit equation are listed in Supplementary Table 6. (e) Mechanistic models for the formation of specific CF-promoter and unspecific
CF-DNA complexes.

binding equilibrium saturated at low CF concentrations, suggesting that CF populates multiple alternative low—affinity sites
along NS-DNA, with the overall binding probability becoming additive across these sites (Fig. 3b).

CF dissociated slowly from its specific binding site when the pre-formed CF-DNA(Cy3) complex was disrupted by the addition
of CF binding site containing competitor DNA (Fig. 3d). Specifically, the median reaction time () was found as 93.6 + 2.1 s and
the median dissociation rate (k) as 0.0076 % 0.0002 s~! using stretched exponential as the fit equation (Eq. 6; Supplementary
Table S6). For comparison, data analysis using the single and double exponential rate equations returned dissociation rates of
0.0112 + 0.0001 s~! and 0.0084 £ 0.0001 s~! (the fit assigned 88.5% of total reaction amplitude to this rate), respectively,
indicating that the inferred dissociation rate is only slightly affected by the selected fit equation (Supplementary Fig. S5g). Finally,
the real rate of specific CF-DNA complex formation, kg, was calculated (from kgps = ko + krey; valid when binding leads to
the equilibrium) using known kg (0.036 & 0.002 s™1) and k., (0.0076 £ 0.0002 s~') to be 0.0284 £ 0.0022 s~'. Similar
analysis confirmed that CF indeed dissociates from nonspecific DNA [NS-DNA(Cy3)] with much faster rate of 0.320 & 0.005
s™! (krev in Supplementary Table S6, Fig. 3d) reflecting the transient nature of these low—affinity interactions and the absence of
the conformational stabilization characteristic of the specific CF-DNA complex. Overall, the binding and dissociation kinetics
indicate that both the formation and dissociation of the specific CE-DNA complex are limited by slow isomerization steps, the
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reaction toward dissociation direction (k) being three-fold slower than to the forward direction (kg,,) (Fig. 3e). In contrast,
CF engages nonspecific DNA through simple bimolecular association, giving rise to a distribution of transient complexes.

Promoter sequence determinants of transcription initiation efficiency

We examined the transcription efficiency of the basal system consisting of Pol I, Rrn3, and CF. Previous biochemical and structural
studies have defined the yeast rDNA promoter architecture as an upstream element binding UAF and a core element binding
CF and Pol 1, with the upstream edge of the core promoter near —28 [13, 15, 22, 42-44]. We tested whether the DNA linker
between these elements could modulate activity of the core Pol I apparatus, similar to bacterial RNA polymerase (RNAP), where
extended upstream regions can enhance initiation via DNA bending [45]. To this end, we trimmed the upstream edge toward the
CF binding site. Transcription remained steady when the upstream end was progressively shortened from —90 to —30 (Fig. 4a
and b), indicating that the basal Pol I system does not utilize sequences upstream of the CF binding site to tune initiation efficiency.
As expected, the deletion of CF binding site, by placing the promoter upstream end to —15 or —12, abolished all activity. The
partial deletion of CF binding site, by placing the promoter upstream end to —26 or —27, also inactivated transcription. We
mapped the critical upstream border of the promoter to —28 as this promoter supported strong activity that was 7.5-fold more
than with a longer upstream sequence. Noteworthy, the cryo-EM based model of Pol I PIC (PDB 3rql) [15] indicates the widening
of the DNA major groove from the positions —22 to —27 in comparison to standard B-DNA, probably because of the insertion
of the C-terminal cyclin fold of Rrn7 and the N-terminal DNA-binding helical bundle of Rrn11 into this groove (Fig. 4¢) [46].

Further visual inspection of the cryo-EM model reveals that Rrn7 residues H294 and R293 locate adjacent to bps —27/—28
and —26/—27, respectively, implying possible sequence specific recognition of the base or bp identities in these positions (Fig. 4c).
To understand the role of single bps at the upstream edge of the CF binding site, we substituted either bp —27 (T-A > G-C,
ntDNA-template DNA) or —28 (G-C > T-A) and determined the effect on the transcription initiation activity (Fig. 5a). The
substitution at —27 and —28 caused ~93% and 95% decrease, respectively, in basal transcription activity reaching the detection
limit by primer extension (Fig. 5b). Interactions involving CF and the promoter region around positions —27 and —28 thus
appear important for specific rDNA promoter recognition and for CF positioning in a way that facilitates subsequent Pol 1
recruitment.

The comparison of different cryo-EM structures suggest that CF and the upstream DNA can pivot around Pol I [14, 15, 44].
To gain functional insight on how delicate the positioning of CF and Pol I and its dynamics on the promoter are, we either
deleted the bp at position —13 (—13del promoter) or duplicated —13 bp between the original positions —13 and —12 (—13ins
promoter) (Fig. 5a). If the protein system would respond rigidly without any rearrangement, these promoter DNA mutations
would simultaneously change the contact distance and angle of CF and Pol I by 3.4 A and 36°. The deletion and insertion of a
bp reduced basal transcription level by an average 87% and 70%, respectively (Fig. 5b). While none of the mutations appeared
to shift the TSS; RNA synthesis still initiated from +1 (Fig. 5d). However, due to the low activity of mutant promoters, precise
assignment of the TSS remains challenging. Our PIFE competition assay additionally confirmed that CF binds to both mutant
and WT promoters with comparable efficiency (Fig. 4d and Supplementary Fig. S4d). These findings highlight the stringent
spacing requirements between CF and Pol I binding sites on the promoter: altering the distance by just one bp within the core
element drastically impaired functional PIC formation. This suggests that if functionally relevant ratcheting motions of CF and
linker DNA occur, they do not fully compensate for even minimal changes in promoter architecture; our results therefore do not
provide support for the proposed ratcheting—based DNA-melting mechanism in the PIC [44].

Effects of binding site mutations on the interaction with CF

To gain quantitative insight into the effects of DNA major groove mutations on CF binding, we reproduced the substitutions at
positions —27 or —28 in DNA(Cy3) scaffold (span: —40/—10, Cy3 at the 3’ end of ntDNA) to create mutant rDNA promoter
scaffolds DNA(Cy3,—27) and DNA(Cy3,—28) for the PIFE-based binding studies (Supplementary Fig. S4a). We then mixed 24
nM DNA(Cy3,—27) or DNA(Cy3,—28) with different concentrations of CF in the SF instrument and calculated the change in the
Cy3 intensity (Fig. 3b). CF binding produced a significantly smaller fluorescence change on both mutant scaffolds, reaching only
15%-35% of that seen with the WT DNA(Cy3). In principle, this effect is expected if the DNA mutations drastically decrease the
overall binding affinity of CE. However, the CF concentration dependence of PIFE saturated within the used CF concentrations
(up to 120 nM) as indicated by the estimated Kp®PP values 7 + 7 nM [DNA(Cy3,-27)] and 1 & 3 nM [DNA(Cy3,-28)]
(Supplementary Table S6). It thus appears that the DNA major groove mutations compromised the capability of CF to fully
recognize its specific binding site (near Cy3), specifically the maturation of initial CF-DNA complex(es) to the stable conformation
producing high PIFE. To corroborate this model, we analyzed CF binding to —27 or —28 mutated promoters with reference to
WT promoter of same length (span —45/4-435) using MP (Fig. 5a). MP detects every CF-DNA complex stable for at least 0.02
s data frame in the recorded movie of 180 s length, thus it identifies both specific and unspecific CE-DNA complexes. MP data
indicate that CF binding occupancy on the mutant promoters is comparable to that on the WT promoter (Welch’s ANOVA:
F = 1.237; P = 0.413; Fig. 5¢). Also consistent with the model, Exo III footprinting, which only detects the stable CF-DNA
complex, failed to show CF binding to the —27 and —28 mutant promoters (Fig. 1b). We conclude that the recognition of bp at
the positions —27 and —28 are pivotal mechanistic elements in defining the CF binding specificity.

The observed binding rates were 0.112-0.180 57" (kops ayg: 0.143 & 0.023 s7') and 0.281-0.661 57" (Rops avg: 0.375 £ 0.112
s~1) for DNA(Cy3,—27) and DNA(Cy3,-28), respectively (Fig. 3c and Supplementary Fig. S6 and Supplementary Table S6),
and, unlike CF binding to fully nonspecific DNA, these rates did not increase consistently with CF concentration, indicat-
ing that binding to the mutant promoters does not follow simple bimolecular association. Observed binding rates are 3-11-
fold larger than for WT DNA(Cy3) (kgps avg: 0.036 £ 0.002 s~1). We then determined CF dissociation rates, Ry, by mixing
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Figure 4. Role of CF and promoter CF-binding site in transcription initiation. (a) Transcription initiation activities on WT promoters of different lengths are
shown. The transcription reactions contained rDNA promoter, Pol I, Rrn3, CF, and NTPs. All active promoters initiated transcription at position +1. Data
represent the mean and SE from the indicated number (n) of independent experiments. Statistical significance of observed differences is reported using
the reference sample (ref.). The inset shows transcription activity in the presence and absence of CE RNA transcript was quantified by primer extension
assay. (b) Representative PAGE gel illustrating the TSS position and transcription activity levels as detected by primer extension assay. T and A indicate
Sanger sequencing ladders prepared using TTP and ATP analogs as chain terminators, respectively. The inferred TSS position at +1, the lengths of the
corresponding primer—extension products, and the sequence of the rDNA promoter template strand are shown to the left of the gel scan. The free
OPO018 primer is indicated with dotted line. All reactions shown were performed simultaneously and resolved on the same denaturing 12% gel, which
was scanned for Cy5.5 fluorescence in OP018 primer; full gel scan is provided in Supplementary Materials 2. All assembled PICs were split into
transcription reactions supplemented with NTPs (indicated with +) and negative controls without NTPs (—). Asterisk indicates the sample with
fluorophore contamination detected in the presence and the absence of NTPs. (¢) The Rrn7 subunit (colored brown) embraces the rDNA promoter near
positions —27, —28, and —29. Several residues (R293, H294, T295, R297) are oriented into or near the major groove of the promoter DNA. DNA surfaces
are shown in semi-transparent colors: yellow for the template strand and sky blue for the nontemplate strand. The figure was generated using cryo-EM
model 6RQL and Chimera 1.14 software [46]. (d) The remaining amounts of the CF-DNA(Cy3) complex were determined following incubation with
label-free DNA competitors, using the SF instrument to record Cy3 fluorescence intensity. Linear (—0/+30, —28/+30, —26/+30), single base pair indel
mutants (—13del, —13ins), and fork (FPt1, FPt2) promoters were used as competitors. The fluorescence intensities of protein-free DNA(Cy3) and the
CF-DNA(Cy3) complex were set to 0 and 1, respectively. Data represent the mean + SE from the indicated number (n) of independent experiments.
Statistical significance was assessed using the reference sample (ref.) as the baseline.
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Figure 5. The effects of single bp mutations on the promoter recognition and transcription activity. (a) Sequences of the ntDNA strand from the rDNA
promoter scaffolds used are shown. Base substitutions and insertions/deletions are highlighted with light blue shading and red font. TSS is highlighted in
yellow. The numeric positions of these sites are indicated above the sequences. (b) Transcription initiation activity, determined by primer extension
assay, of Pol | on WT and mutant rDNA promoters is shown. (¢) The fraction of CF bound to rDNA promoters was determined using MP. Reactions
contained 50 nM CF and 25 nM promoter. (d) An illustrative PAGE gel of RNA products from in vitro transcription reactions shows the TSS position. T
and A indicate Sanger sequencing ladders prepared using TTP and ATP analogues as chain terminators, respectively. The inferred TSS positions (in
parentheses), the lengths of the corresponding primer—extension products, and the sequence of the rDNA promoter template strand are shown to the
right of the gel scan. The free OP018 primer is indicated with dotted line. Transcription reactions supplemented with NTPs are indicated with (+NTPs),
and negative controls without NTPs with (—). All samples shown were run on the same denaturing 12% PAGE gel, which was scanned for Cy5.5
fluorescence in OP018 primer; full gel scan is provided in Supplementary Materials 2. Data in panels (b) and (c) represent the mean and SE from the
indicated number (n) of independent experiments. Statistical significance is reported using the reference sample (ref.).

the preformed CF-DNA(Cy3,—27) and CF-DNA(Cy3,—-28) complexes with unlabeled WT competitor DNA and found them
as 0.0358 4 0.0002 s~! and 0.3107 & 0.0056 s~!, respectively (Fig. 3d). These values are significantly increased from WT
DNA(Cy3) (0.0076 & 0.0002s~') (Supplementary Table S6). Next, ki, values were calculated (from kgp, = Rior + krey) to be
0.107 £ 0.023 s~' [DNA(Cy3,—27)] and 0.064 £ 0.118 s~! [DNA(Cy3,—28)], again larger than 0.0284 + 0.0022 s~! for WT
DNA(Cy3). The k., values indicate that CF interaction with the bp —28 is essential for the stability of the specific CF-DNA
complex; the substitution of —28 caused rapid dissociation of CF from the binding site (k., increased 40-fold from WT) as
well as unfavorable equilibrium constant (K = k¢ /kpey = 0.21 £ 0.38 versus WT 3.75 £ 0.37) for the isomerization of initial
CF-DNA complex to the final complex, i.e. to high PIFE state (Supplementary Table S6). The substitution of bp —27 also desta-
bilized the specific CF-DNA complex in the terms of the dissociation rate as k., increased by 4.7-fold. However, because the
substitution also increased k¢, 3.8-fold, the equilibrium constants K5 (3.00 + 0.66) was little affected.
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Together, these data show that the —27 and —28 mutant promoters form semi-stable CF-DNA complexes: they are still
partially (specifically) recognized but undergo the slow, stabilizing isomerization that defines the WT interaction only inefficiently.
Formation of these semi-stable complexes likely sequesters CF and suppresses most nonspecific binding modes that would
otherwise arise from rapid bimolecular encounters on unrelated DNA.

Promoter determinants in transcription start site selection

Because one bp insertion or deletion in the linker region impaired activity but retained TSS at +1, we hypothesized that Pol
I—similar to bacterial RNA-polymerase—o holoenzyme [47]—might recognize specific bases in single-stranded promoter DNA
during OC formation. To test this, we used forked rDNA promoter models (Fig. 6a). Fork junction promoter FPt1, exposing
the template strand upstream from —6, supported transcription but initiation occurred mainly from the upstream end of the
fragment, indicating unspecific initiation rather than sequence-specific recognition (Fig. 6b—e). CF was not essential for this
activity but enhanced RNA yield by 2.7-fold. Binding studies showed that CF interacts with FPt1 only weakly and nonspecif-
ically, as demonstrated by the poor ability of FPt1 (or FPt2) to compete with the WT promoter in PIFE assays (Fig. 4d and
Supplementary Fig. S4d), consistent with CF facilitating Pol I indirectly on FPt1 rather than defining the TSS. Constructs ex-
posing the nontemplate strand (FPnt1-2) were inactive (Fig. 6b and e), confirming that Pol T does not specifically recognize
single-stranded DNA to define the TSS. Fully double-stranded templates showed no detectable end-initiated transcription (Fig.
4a and b).

Next, we assessed TSS on pre-melted promoter scaffolds, which have been used in recent cryo-EM studies to obtain the
structure of Pol I.promoter OC [15, 48]. The minimal rDNA promoter Pb1, spanning region —30/+30 with strand mismatch
from —10 to +35, was active (Fig. 6d) and displayed multiple TSS’s within the pre-melted region. Most initiation events started
from +3 and some from +1, +4, or +5 (Fig. 6e). A minor translocation of the pre-melted region to —9/+42 in Pb2 caused a
shift in the TSS pattern, the initiation now taking place almost equally efficiently from the positions —1 and +1 (Fig. 6e). These
findings support the conclusions that Pol I does not identify bases and that Pol I can accommodate differently sized transcription
bubbles [16]. The primary factor determining the TSS on bubble promoters is the interaction between the downstream DNA
duplex and Pol I, which guides the first two initiating template bases—located near the edge of the duplex—into the Pol I active
site. Careful interpretation of structural data, from mismatch promoters, is necessary because these promoters can initiate from
non-native TSS. Noteworthy, the transcription rates of pre-melted scaffolds were similar or slightly exceeded that of the native
promoter suggesting that the rate-limiting step of the transcription initiation is not the transcription bubble melting (Fig. 6d).
The activity on Pb2 was stimulated by CF but not absolutely dependent on it (Fig. 6f), indicating that DNA helix distortion
(pre-melting) bypasses key steps of the normal transcription initiation mechanism.

We finally determined TSS of a full-length rDNA promoter (—200/4-150) embedded to a plasmid. Data shows that the Pol 1
basal transcription machinery exhibits mTSSs on the plasmid template (Fig. 6g and h). The TSS distribution fluctuated between
experimental repeats, probably reflecting variable levels of negative supercoiling in different plasmid promoter preparations. The
highest frequency of TSS was found at promoter positions +1, —9, and —15. In contrast, the linear template consistently initiated
from +1 (Fig. 6g). Initiation on the plasmid and linear promoter is strictly dependent on CFE. Because negative supercoiling
stimulates processes that require DNA helix opening, such as transcription initiation, the relaxed TSS selectivity on the plasmid
template could be rationalized by the inherently flexible interaction/connection between CF and Pol I that allows Pol I to bind
and melt the DNA on different positions near CF.

Structural dynamics of Pol | closed complex

We next investigated the structural dynamics in Pol I CC by performing sixteen independent 1000 ns MD simulations starting
from the CC2 cryo-EM model of Sadian et al. [15]. As a control, protein-free DNA was also simulated under the same conditions.
To evaluate structural stability, root mean square deviation (RMSD) of backbone atoms were calculated for all Pol I, CE, and
Rrn3 subunits. In each trajectory, RMSD increased during the initial 200 ns, reflecting structural relaxation, and then stabilized
around ~5-6 A, indicating that the system reached equilibrium (Supplementary Fig. S7). To characterize local flexibility, residue-
wise root mean square fluctuations (RMSF) were calculated for protein Coe atoms and DNA phosphate atoms. Values ranged
from 0.6 to 10.5 A (mean: 1.9 A). Most of the system exhibited moderate rigidity, consistent with a stable core structure
(Supplementary Fig. S8). Increased flexibility was observed in peripheral Pol I subunits, Rrn3, and CE. The highest fluctuations,
however, were localized to DNA termini, extended surface-exposed loops, and linker regions. Together, these results demonstrate
that the simulations are well-equilibrated and structurally stable, providing a reliable basis for subsequent analyses of functionally
relevant dynamics.

Previous cryo-EM studies have revealed distinct orientations of CF relative to Pol I in different PIC states [12-16]. To examine
whether such variability occurs in our simulations, we calculated the center of mass (COM) for CF and Pol I across all trajectories
(Supplementary Fig. $9a and b). The COM coordinates remained stable, with low RMSF values of 0.33 A for Pol I and 0.92 A
for CF, indicating minimal displacement. The absence of transitions between distinct CF orientations suggests that the starting
conformation represents an energetically stable state that does not readily interconvert within the 1000 ns timescale. We next
analyzed the behavior of the Rrn7 Zn ribbon, a domain that connects CF to Rrn3, by monitoring the position of its COM and its
distance to Rrn3 (Supplementary Fig. S9c¢). The Zn ribbon exhibited greater mobility than CF as a whole, with an RMSF of COM
as 3.6 A, indicating local flexibility (Supplementary Fig. $9d). To assess the stability of its interaction with Rrn3, we measured
the distance between N17 in the Zn ribbon and N200 in Rrn3. This distance remained stable at ~6 A in most trajectories,
though a subset (3/16) showed increase to ~10 A (Supplementary Fig. S9e¢). These results suggest that while the Zn ribbon
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Figure 6. Promoter topology affects the TSS recognition by Pol I. (a) Cartoon represents the structure of fork junction promoters (FPt1, 9 nt overhang in
tDNA,; FPt2, 24 nt overhang in tDNA; FPnt1, 8 nt overhang in ntDNA; FPnt2, 11 nt overhang in ntDNA) and two pre-melted bubble promoters (Pb1,
ntDNA-tDNA mismatch from —10 to +5; Pb2, mismatch from —9 to +2) used to investigate the TSS selection by Pol . Numbers indicate the span of
each DNA strand, the mismatch regions, and the TSS (+1) of WT rDNA promoter. ntDNA and tDNA are shown in dark and light gray, respectively. (b)
The transcription initiation activity of fork promoters was measured in the presence of Pol |, Rrn3, and CF by primer extension assay. WWhen multiple TSS
were observed, as in the case of FPt1, Pb1, and Pb2, RNA products were separately quantitated and summed up to obtain the reported total Pol |
activity. WT linear rDNA promoter (span —90/430) was used as a control. Reported activities are the mean and SE of three independent experiments. (c)
Transcription activity on FPt1 was measured with and without CF in the presence of Pol | and Rrn3. Total activity and TSS-specific transcription,
determined by primer extension assay, are shown. (d) Total transcription activity of Pb1 and Pb2 was measured under the same conditions as in panel
(b) using primer extension assay. Data represent means and SE from three independent experiments. (e) TSS position(s) on different promoters. T and A
indicate Sanger sequencing ladders prepared using TTP and ATP analogues as chain terminators, respectively. The inferred TSS positions (in
parentheses), the lengths of the corresponding primer—extension products, and the sequence of the rDNA promoter template strand are shown to the
left of the gel scan. The free OP018 primer is indicated with dotted line. All samples shown were run on the same denaturing 12% PAGE gel, which was
scanned for Cy5.5 fluorescence in OP018 primer; full gel scan is provided in Supplementary Materials 2. (f) Primer extension gel and its quantification for
transcription activity level on Pb2 promoter with different components of the Pol | basal system; transcription activity of Pol I-Rrn3-CF was normalized to

9202 Y2Ie\ 0 uo Jasn anua) abenbue Aysieaiun nyuny Aq 88/76618/€S L 6ex0/G/yG/a[01e/deu/uod dnooiwapede//:sdily woly papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag153#supplementary-data

Dynamics of yeast RNA polymerase| 15

overall maintains its connection to Rrn3, the interaction is flexible. Importantly, this flexibility did not lead to dissociation of
CF from the Pol I PIC.

Structural studies of the Pol I CC have revealed an open clamp conformation, which accommodates both the expander
helix and the C-terminal domain of Rpal2 (Rpal2CTD) into the DNA-binding cleft [15]. This state is also associated with
partial unfolding of the Rpa190 bridge helix (BH). Transition to the OC involves clamp closure, displacement of the expander
and Rpal2CTD from the cleft, and refolding of the BH. Interestingly, our MD simulations indicate that the clamp samples a
broad continuum of conformations between the previously characterized open and closed states (Supplementary Fig. S10a and
b). Individual simulation trajectories reveal dynamic fluctuations of the clamp (Supplementary Fig. S10c), while the expander
(Supplementary Fig. S11a—c) and Rpal2CTD (Supplementary Fig. S11d) remain stably bound within the cleft. The central
region of the BH was unstable, exhibiting elevated RMSF (2.5-4 A; Supplementary Fig. $12a) and diverse structural snapshots
(Supplementary Fig. $12b), relative to the more stable helical segments (RMSE ~1.5 A). These findings suggest that both the
clamp and BH retain sufficient conformational flexibility to permit the initiation of DNA loading into the cleft, a process that
ultimately displaces the expander and Rpa12CTD.

Distortion of promoter DNA in the Pol | closed complex

Promoter DNA is significantly bent in the CC, a feature thought to be critical for transcription initiation [15]. Our simulations
confirmed stable bending of the promoter within the Pol I CC, with an average angle of 66 4= 19° (SD) (Fig. 7a and b). In contrast,
removal of the protein components led to relaxation of the DNA into a predominantly straight conformation, with an average
bending angle of 27 & 17° (Fig. 7b). Local base-pair step parameters—twist, roll, shift, slide, tilt, rise, or x displacement—showed
large SD and remained in the terms of SD limits mostly similar between free and protein-bound DNA (Supplementary Fig. S13).
These results suggest that the promoter is locally flexible, but protein binding is required to induce and stabilize the globally
bent DNA conformation in the CC.

The base pairing within the kinked promoter region of CC was unstable, especially the bps —6 to —8 showing disruptions
(Fig. 7¢). In the fully flipped out state, the template DNA base —8 interacts with R448 and M451 in the A135 protrusion domain.
MD trajectories thus support that as part of the CC-to-OC transition, DNA bases within the kinked promoter region (—7 to
—11) flip out from the double helix and are stabilized by interactions with the surrounding protein, until the expanding region
of the single-stranded template DNA leads to its loading into the DNA-binding cleft.

In the free DNA simulations, the major and minor groove widths remained relatively stable across the promoter, averaging
approximately 18 and 11 A, respectlvely (Fig. 7d and e). In the CC, DNA bending induced notable changes in groove geometry.
Specifically, the major groove narrowed to around 16 A between base pairs —14 to —17, and widened to ~20 A between —21
to —24, within the CF-binding region of the promoter. The minor groove also exhibited localized widening in the CC, reaching
about 14 A between —17 to —21 (within CF-binding site) and —9 to —14 (within Pol I-binding site). Notably, the minor groove
became particularly wide—~17 A—at base pairs —19 to —20, corresponding to the region of most pronounced CF-induced
DNA bending (Fig. 7a). These results highlight that groove deformatlons are primarily driven by protein-induced DNA bending,
rather than being pre-defined by the DNA sequence and recognized by CF and Pol 1.

CF interaction with DNA

The interactions between DNA and CF observed during MD simulations closely resemble those in the starting structure. To
characterize the overall interactions, we calculated the frequency of contacts (defined as distances <10 A) between the Cox atoms
of CF and the DNA backbone (i.e. the C3’ and C5’ atoms). The most frequent contact sites and their respective frequencies
are presented in Fig. 8a—c. To assess more specific interactions, we analyzed hydrogen bond formation between DNA bases
and residues of CF subunits Rrn11 and Rrn7 (Fig. 8d). Hydrogen bonds were defined as interactions with a distance <4 A
between heteroatoms. Rrn11 formed infrequent hydrogen bonds with bases at bps —20 and —21, primarily involving R11 (in
8% of trajectory frames) (Fig. 8d and Supplementary Fig. S14a). Rrn7 exhibited two distinct DNA contact regions: N209 and
a flexible loop comprising residues R293, H294, and R297 (Fig. 8d and Supplementary Fig. S14a). N209 consistently formed
hydrogen bonds (92% of frames), mostly with adenine at bp —20 (nt strand) and thymine at bp —21 (t strand). In contrast, the
loop region showed more transient interactions (18%-39% of frames), with hydrogen bonding observed at bps —26 to —29.
This variability likely reflects the dynamic nature of the loop. Indeed, we observed the loop alternating between an in-the-groove
conformation—engaging the DNA major groove at positions —25 to —29, as also seen in the starting structure—and a retracted

1. All samples shown were run on the same denaturing 12% PAGE gel, which was scanned for Cy5.5 fluorescence in OP003 primer; full gel scan is
provided in Supplementary Materials 2. (g) Representative PAGE gel compares the TSS selection by Pol | on the full-length rDNA promoter (span
—200/+150) embedded in either linear or negatively supercoiled (plasmid) DNA. Transcription reactions were performed using either the basal Pol |
system (Pol I, Rrn3, CF) or the holoenzyme (Pol |, Rrn3). T and C indicate Sanger sequencing ladders prepared using TTP and CTP analogues as chain
terminators, respectively. The inferred TSS positions (in parentheses), and the lengths of the corresponding primer—extension products and terminating
base identities in the rDNA promoter template strand are shown to the left of the gel scan. The free OP018 primer is indicated with dotted line. All
samples shown were run on the same denaturing 12% gel, which was scanned for Cy5.5 fluorescence in OP018 primer; full gel scan is provided

in Supplementary Materials 2. (h) Kernel density estimation plot of transcription levels by Pol I-Rrn3-CF complex at each TSS position on a negatively
supercoiled promoter (n = 8). The y-axis shows relative transcription activity, the x-axis displays TSS positions, and the z-axis (color gradient) indicates
TSS density. The calibration bar represents TSS density (probability) at heatmap from 0 to 0.285, with maximum density 1. Labels (+NTPs) and (—) in
panels (e)-(g) refer to transcription reactions performed in the presence or absence of NTPs, respectively. Data are mean and SE from the indicated
number (n) of independent experiments. The statistical significance of is reported using ref. as the reference sample.
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Figure 7. rDNA promoter bending and deformation in MD simulation trajectories. (a) Snapshots of promoter DNA conformations illustrate the difference
in DNA bending between CC and protein-free simulations. The approximate binding sites of Pol | and CF are indicated with gray and green curves,
respectively. The template strand is shown in blue and the nontemplate strand in purple. The region of pronounced minor groove widening (bp —18 to
—22) is highlighted in yellow. Dashed lines visualize represent approximate helical axis vectors used to measure DNA bending angle (9). (b) Histogram of
DNA bending angles in the CC (protein-bound) or protein-free (free DNA) simulations. (¢) Bar graph shows the frequency of DNA base pairing in different
promoter positions. (d) Major groove widths of promoter DNA in the CC and protein-free simulations. (e) Minor groove widths of promoter DNA in the
CC and protein-free simulations. DNA parameters were calculated using do_x3dna and analyzed using dnaMD Python module. Each plot combines data
from 16 independent MD simulations.

state (Supplementary Fig. S14b). Notably, in 6 out of 16 simulations, R293 inserted into the DNA near bp —26. In three of
these cases, R293 remained stably positioned between the DNA bases throughout the simulation, suggesting a potentially stable
binding conformation (Fig. 8¢). We performed additional control simulations (3 x 80 ns) using different software (Desmond
and OPLS4 force field) and observed similar loop dynamics and R293 insertion into the DNA, ruling out potential force field
artifacts (data not shown; data available at available at DOI 10.5281/zenodo.14001802). These findings support a bipartite DNA
recognition mechanism by CF: a stable interaction with the DNA minor groove at positions —16 to —21, likely representing the
initial binding site, followed by more dynamic and potentially sequence-specific interactions in the major groove at positions
—25 to —29. This dual-mode binding may facilitate both specificity and flexibility in CF-DNA recognition.

Discussion

We provided novel insights into the molecular mechanism of Pol I transcription initiation in this study. Specifically, we found
that the essential yeast transcription factor CF in the first step of PIC formation, identifies its rDNA promoter binding site
through a two-step mechanism involving initial binding and isomerization. Our quantitative analysis—the first of its kind—
further indicated that the dissociation constant of the CF-promoter complex is 50-100 nM, with a lifetime of ~90 s, and its
stability is maintained by specific interactions at bps —27 and —28, the upstream edge of the CF binding site. In the next step of
PIC formation, promoter-bound CF recruits the Pol I-Rrn3 complex to the promoter. When promoter-bound Pol I initiates RNA
synthesis, we found that Pol I does not recognize specific bases near the TSS. Instead, it selects the TSS based on its interaction
distance with promoter-bound CF and the DNA’s physical properties, such as “bendability” near the upstream edge of the
transcription bubble. We discuss the reasoning leading to these claims and their broader implications below.

CF in yeast and its evolutionarily unrelated functional analogue, TIF-IB from the protist Acanthamoeba castellanii, have been
proposed to recognize structural anomalies—such as DNA curvature, bendability, and minor groove width—in the rDNA pro-
moter [22, 49, 50]. A recent cryo-EM study showed that CF contacts two widened DNA grooves—the major groove from —21
to —28 and the adjacent minor groove from —19 to —24 [15]. However, it is unclear whether these distortions are inherent to
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Figure 8. Interactions of CF with rDNA promoter in MD simulation trajectories. (a) Cartoon putty representation of CF contacts with the rDNA promoter.
The thickness of the cartoon reflects contact frequency. The contacts are colorcoded by protein region, as detailed in panels (b) and (c). The DNA
template strand is shown in blue, and the nontemplate strand in pink. (b) The frequency of Rrn7 contacts with DNA, defined as the percentage of
trajectory frames in which a contact occurs between DNA and a residue in the Rrn7 subunit of CF. (¢) Frequency of Rrn11 contacts with DNA, calculated
as in panel (b). (d) Representation highlights the protein residues from Rrn11 (red) and Rrn7 (orange) that form hydrogen bonds with DNA bases. (e)
Representation highlights the insertion of R293 between bps —26 and —27.

the free rDNA promoter or induced by CF binding. Our data exclude the scenario where CF binds the uniformly pre-perturbed
promoter as then the binding rate would increase with increasing CF concentration which we did not observe. Another scenario
suggests a biphasic binding process: CF binds to the perturbed (e.g. bent) promoters present in an equilibrium with the nonper-
turbed (e.g. straight) form. This shifts the equilibrium toward the formation of additional perturbed promoters. However, our
experiments revealed only single-exponential binding progress curves. The third scenario, induced-fit binding, predicts single-
exponential binding progress curves, with the binding rate remaining uniform across different protein concentrations, matching
our experimental observations.

The induced-fit mechanism of specific CF-promoter complex involves deformation of the DNA major groove (around po-
sitions —21 to —29) and subsequent base recognition, as evidenced by the increased transcription initiation upon promoter
truncation to —28, which likely reduces the barrier to deformation (Fig. 4a). Substitutions at —27 and —28 further support
this model, as they destabilized the CF-promoter complex by accelerating dissociation (Fig. 3d) and decreased transcription
activity by more than 90% (Fig. 5b). Consistent with a model in which only the specific CF-promoter complex undergoes the
slow conformational transition to the stabilized state, CF bound nonspecific DNA by simple bimolecular association, and these
complexes dissociated 40-fold more rapidly than the specific CF-promoter complex (Fig. 3c—e). MD simulations complement
experimental findings by revealing dynamic interactions during CF-promoter engagement, including transient contacts of the
R293/H294/R297-containing loop (between a7 and «8 in Rrn7) with the major groove and occasional insertion of R293 into
the base stack. Together, these observations point to a two-step process: initial CF binding induces major groove deformation,
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creating a permissive DNA conformation, followed by base-specific stabilization mediated by flexible loops. Although the «7-«8
loop is dispensable for initial binding [12], it seems to become important for accurate sequence recognition and orienting CF for
Pol I recruitment, as demonstrated by our base-pair substitution data and prior mutational studies where alanine replacements or
DERH—RHDE (residues 291-294) substitutions in the loop markedly reduced transcription activity [15]. Thus, several residues,
including R293, H294, and R297, within this loop likely form the key hydrogen bonds required for sequence verification during
the second, isomerization step of specific CF-promoter complex formation.

CF recruits Pol I-Rrn3 complex to the rDNA promoter [13, 14, 44, 51]. Structural studies have not identified specific promoter
bases that are recognized by Pol I [14-16, 44, 48]. However, the randomization of the promoter sequence at the Pol I binding
site impaired transcription activity suggesting that Pol I cannot initiate on any sequence [13, 42, 43]. We investigated further
the potential base specificity of Pol I by studying transcription initiation efficiency and TSS selection using bubble and fork
promoters that have regions of exposed single stranded DNA (Fig. 6). The TSS was determined not by single bases but by the
topology of the promoter, i.e. the location of the single-stranded template DNA and downstream duplex. The promoter DNA
is kinked between the positions —11 and —7 to avoid clashing of the downstream DNA with the Pol I clamp. The kink may
also provide essential destabilization of DNA for transcription bubble melting [13-15, 44]. Indeed, our MD simulations showed
unstable base-pairing at the kinked promoter region (Fig. 7c). When the CF binding site was moved 1 bp closer or further from
the TSS (41), the initiation activity was diminished, but the TSS remained unchanged (Fig. 5b and d). Previously, the dislodging
of the CF binding site by £5 bp caused complete elimination of the activity as did also the full substitution of the sequence
from —11 to —7 [15]. The correct distance between the CF binding site and the “bendable” sequence motif (to be kinked by
Pol 1) is thus one critical element of functional rDNA promoter, facilitating initial DNA melting by Pol I-dependent bending,
the expansion of the melted DNA region to the downstream direction [52] and the loading of template DNA strand into Pol I
active site. However, under negative supercoiling, the reliance on the precise spacing of CF and the “bendable” sequence motif
decreases as DNA melting is inherently favored by the torsional strain, resulting in increased TSS promiscuity by Pol I (Fig. 6g
and h). These findings highlight that, in addition to CF-dependent Pol I recruitment for promoter engagement, the physical
properties of rDNA have major role in selective transcription initiation by Pol 1.

Bacterial RNAP offers a well-characterized model for exploring the shared and distinct features of transcription initiation
with Pol I. Most bacterial genes—including rDNA—are transcribed by the RNAP-¢7° holoenzyme (holo), while alternative o
factors redirect RNAP to specific gene sets in response to environmental cues. Both holo and Pol I use protein-DNA binding
energy to melt the promoter and form the OC, unlike human Pol II, which requires ATP-dependent DNA unwinding by TFIIH’s
XPB translocase [53]. The —35 and —10 elements of bacterial promoters guide holo binding and transcription initiation. These
sequences are highly conserved across bacteria, unlike the poorly conserved Pol I-dependent rDNA promoters. The region 4.2
of 679 recognizes the —35 element, thereby functionally resembling CF and its promoter recognition role in the Pol I system. The
regions 2 and 3 of ¢7° mediate recognition and melting of the —10 element, where bases at positions —11 and —7 flip into specific
pockets within ¢7% as the transcription bubble expands [54]. Similar protein pocket-stabilized base-flipping appears absent in
Pol 1, and how it stabilizes the upstream edge of the transcription bubble remains unclear. An optimal 17 bp spacing between
the —35 and —10 elements enables efficient holo binding and transcription initiation. A similar spacing requirement exists in
the Pol I system: altering the distance between the CF binding site and the TSS by one bp reduced transcription activity by over
70% (Fig. 5a and b). Current models suggest that proper alignment of the —11/—7 region with Pol 1 is critical, as this region
undergoes sharp bending before melting [15]. This melting may also be driven by allosteric duplex destabilization as the Pol 1
cleft closes around the promoter [12]. Because sequence dictates both the energy needed to disrupt base stacking and the balance
of unfavorable DNA distortions with favorable protein contacts, the sequence—function relationship of the rDNA promoter has
likely more currently unknown nuances. In bacteria, even single bp changes can broadly alter holo-DNA interactions and base
stacking, allowing a few key positions to control OC stability and transcription rate [55].

OCs on bacterial rDNA promoters are unstable, sensitizing transcription to regulation [47]. On the other hand, OC instability
prevents holo, and perhaps by analogue Pol I, from stalling in abortive cycles caused by stable protein—promoter interactions.
Additionally, stable inactive OC conformations have been found to suppress bacterial transcription [55, 56]. OC instability at
the E. coli rrnBP1 promoter results from its GC-rich discriminator (—8 to —1) and an extended 9 bp spacing between the —10
element and TSS, which weaken the interaction of ¢7° with single-stranded ntDNA [47]. Lacking a ¢/°-like domain and strong
ntDNA interactions, Pol I may also form inherently unstable OCs; consistently, the ntDNA remains disordered across the bubble
in all cryo-EM Pol I OC models [12-15, 57]. Several RNAP cleft loops, including the rudder and lid, help to separate ntDNA
and tDNA strands and maintain the transcription bubble [58]. Their conserved positioning in Pol I suggests a similar role. The
CF Rrn7 B-reader, like 07° finger 3.2 in bacteria—whose deletion destabilizes the OC [59]—may also support OC stabilization
by interaction with tDNA near the Pol I active site. During the CC-to-OC transition, RNAP and Pol I clefts contract around the
promoter, aligning protein-DNA interactions. This clamp closure displaces mobile elements—o7? domain 1.1 in RNAP [54],
and the DNA-mimicking loop/expander and CTD A12.2 in Pol I—clearing the active site for promoter loading [13, 14]. RNAP
clamp dynamics are targeted by transcription regulators and inhibitors. Catabolite activator protein transiently opens the clamp
[60], and antibiotics fidaxomicin [61] and myxopyronin [62] lock it open or closed, respectively. Given the conserved clamp
mechanism in bacterial RNAP and Pol I, it may also be a target for rDNA transcription regulation in eukaryotes.

Transcription initiation mechanisms of Pol I are broadly conserved between yeast and humans [63]. Pol I from both species
exhibits highly similar structural features, with conserved protein domains mediating interactions with promoter DNA and
displaying comparable conformational dynamics, such as clamp closure upon DNA binding [64-66]. Rrn3 is likewise highly
conserved and functions as a bridging factor, linking Pol I to the promoter-specific TF complexes—CF in yeast and SL1 in
humans [67, 68]. While the 3D structure of SL1 remains unknown, it contains homologues of all three CF subunits, along with
additional subunits TAF1D and TBP [69, 70]. Despite the low sequence identity between CF subunits and their SL1 orthologs
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(8%-16%), several domains of Rrn7—the subunit critical for promoter recognition and interaction with Pol I/Rrn3—can be
functionally substituted by their TAF1B counterparts [71]. However, as SL1 contains additional subunits, flexible regions, and
integrated TBP, its behavior likely does not fully mirror that of CF; any mechanistic parallels therefore remain tentative but
represent an important direction for future research. Also, the DNA-binding affinity and specificity of isolated SL1 may be lower
than those of CF; detection of SL1 binding to the rDNA promoter—typically assessed by footprinting or crosslinking—requires
the presence of the upstream binding factor UBFE, unlike CF which can bind to the promoter independently [72]. UBF binds not
only to the promoter of rDNA but also across the coding region, where it induces and maintains an open chromatin structure.
In yeast, the upstream region of the rDNA promoter is bound by UAF, a multiprotein complex that, while structurally unrelated
to UBF, serves an analogous promoter-specific role in stimulating Pol I transcription, acting in cooperation with TBP, which
mediates UAF’s interaction with CF [17, 63]. Whether UAF merely facilitates CF and Pol I recruitment or actively modulates
PIC transitions and/or promoter escape remains unresolved, largely due to the lack of quantitative, step-specific activity data
and the challenges associated with reconstituting a biologically active Pol I initiation complex with UAE. For comparison, the
bacterial RNAP holoenzyme is known to bend the upstream promoter region (—40 to —60), coupling this structural distortion
to enhanced transcription bubble formation and transcription initiation [45].

In conclusion, we found that CF primes rDNA transcription through an induced-fit-based recognition of its binding site on
the promoter, followed by recruitment of the Pol I-Rrn3 complex. Efficient initiation of rDNA transcription then depends on the
precise alignment of Pol I with the “bendable” and “meltable” regions of the promoter near the TSS. This alignment triggers DNA
bending and melting, coordinating Pol I domain movements with the formation of bubble-stabilizing DNA-protein interactions
as the CC isomerizes into a catalytically active OC.
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