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Abstract 

Title: Reconstitution and Characterization of RNA Polymerase I Upstream Activating 

Factor 

Author’s Name: Marissa Smith 

Sponsor’s Name: Bruce A. Knutson 

 

RNA polymerase I (Pol I) transcription of the ribosomal DNA (rDNA) is the first and one 

of the most critical steps in ribosome biosynthesis.  Pol I transcription initiation is 

coordinated by four Pol I factors that include the Upstream Activating Factor (UAF), 

TATA-binding protein (TBP), Core Factor (CF), and Rrn3. These factors work together 

to recruit Pol I to the rDNA promoter and to initiate transcription. UAF is a six-subunit 

complex composed of Rrn9, Rrn5, Uaf30, Rrn10, and histones H3 and H4. To investigate 

the importance of each UAF subunit in UAF complex formation and complex integrity, 

we developed a recombinant Escherichia coli-based system to coexpress and purify 

transcriptionally active UAF complex. Here, we found that no single subunit is required 

for UAF assembly, including histones H3 and H4. We also demonstrate that histone H3 is 

able to interact with each UAF-specific subunit.  Last, we determined the stoichiometry 

of the subunits of the UAF complex, revealing there are two copies of histone H3 and one 

copy of the remaining UAF subunits, including histone H4. Together, our results provide 

a new model suggesting that UAF contains a hybrid H3–H4 tetramer-like subcomplex.   

The results from this thesis will help to reveal key mechanisms in Pol I transcription 

activation. 
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A. RNA polymerase I transcription 

RNA polymerase I (Pol I) transcription of the ribosomal DNA (rDNA) is the first and one 

of the most critical steps in ribosome biosynthesis.  Ribosomes are the critical machinery 

required for protein synthesis in all living cells, making Pol I activity regulation vital for 

cell survival. In Saccharomyces cerevisiae, Pol I transcribes the 35S rDNA gene to 

produce the precursor rRNA transcript.  The precursor 35S rRNA is then processed to 

produce the mature 18S, 5.8S, and the 28S rRNA transcripts, which constitute the main 

catalytic and structural components of the ribosome [1]. Pol I transcription occurs 

exclusively in the nucleolus, where approximately 150 rDNA repeated genes are arranged 

tandemly on chromosome XII [2].  Pol I can actively transcribe many of these repeated 

genes at once, which is why about 50-60% of all RNA synthesis is accounted for by Pol I 

transcription, allowing for the mass production of ribosomes to support cell growth and 

proliferation [3, 4]. Pol I activity is tightly regulated to coordinate the required levels of 

protein synthesis needed by the cell at that time [4].  Signaling pathways such as the 

MAPK pathway, the PI3K pathway, and the mTOR pathway, have been shown to 

influence rRNA levels by Pol I activity depending on growth factors and available 

nutrients [5, 6, 7]. There is even early evidence that varying levels of Pol I activity can 

influence cell differentiation [8]. 

 

B. Pol I transcription initiation 

There is evidence that a cell can utilize two mechanisms to regulate the rate of rRNA 

synthesis.  A cell either change the number of genes being actively transcribed at one 

time or a cell can change the rate of transcription at an active gene.  Typically, cells will 
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maintain a similar repeat size dependent on the organism, but under certain cellular 

conditions cells will vary the rDNA repeat number [9, 10, 11]. 

There are 3 key points of regulation in Pol I transcriptional activity: initiation, 

elongation, and termination. Pol I transcription initiation requires the formation of the 

pre-initiation complex (PIC), a large protein-DNA network that forms at the rDNA 

promoter to allow for accurate transcription (Figure 1). The yeast rDNA promoter 

structure is conserved throughout all eukaryotes and consists of two cis regulatory 

elements: the upstream activating sequence (UAS) that is dispensable for basal level 

transcription, but required for high level Pol I activity; and a core element (CE) that 

overlaps the transcription start site and is absolutely required for promoter-dependent Pol 

I transcription [12, 13]. 

There are four pol I factors that orchestrate the formation of the PIC in yeast: 

Core Factor (CF), TATA-binding protein (TBP), Rrn3, and Upstream Activating Factor 

(UAF) [12, 13].  UAF initiates PIC formation by binding to the rDNA promoter at the 

UAS, where it can then recruit TBP, CF, and Rrn3-bound Pol I to the rDNA promoter 

Figure 1. Pol I pre-initation complex. Depicted is a diagram of the RNA polymerase I 

pre-initiation complex formed at the ribosomal DNA promoter in Saccharomyces 

cerevisiae adapted from Knutson & Hahn, 2013 [12]. 
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[13-16]. TBP contacts both UAF and CF [15, 17-18] and appears to aid in the recruitment 

of CF at the rDNA promoter. The Rrn3-Pol I complex is recruited last to the promoter to 

complete the PIC and accurately place Pol I just over the transcription start site, where it 

can now initiate transcription [19]. 

 

C. Upstream activating factor 

UAF is a multi-subunit protein complex composed of six subunits: Rrn5, Rrn9, Rrn10, 

Uaf30, and histones H3 and H4 [14, 20-21]. Although dispensable for basal level 

transcription in vitro using an immobilized template, UAF is necessary for Pol I activity 

in vivo [15, 22]. In contrast to the other Pol I initiation factors, UAF is not absolutely 

essential.  Growth is detectable of UAF nonfunctional mutants after being incubated for a 

long period of time [14]. Interestingly, after a long incubation, UAF mutants will 

eventually give rise to variants that grow faster [23]. 

UAF mutant studies of these faster grower variants revealed the UAF also plays a 

role in silencing rDNA transcription by Pol II. UAF-deficient strains can undergo a 

reversible switch, where Pol II will transcribe the rDNA to make a functional precursor 

rRNA [23-24]. However, Pol II is much less efficient as shown by the low level of rRNA 

after the switch.   In order for the cells to survive the cells in this state, a polymerase 

switch phenotype also requires an expansion of chromosomal rDNA repeats [24]. Pol II 

rDNA transcription does not initiate at the Pol I initiation site, but starts upstream of the 

Pol I rDNA +1 site [23]. A study looking at cryptic transcription in yeast found that Pol II 

is found in a stalled conformation at both IGS regions at the rDNA, suggesting rDNA 
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transcription by Pol II is inherent, but silenced in normal cells, where UAF plays an 

important role in this silencing [25-26].  

 

D. Yeast and human Pol I transcription systems 

A majority of the Pol I transcription system is conserved from yeast to humans.  Like the 

yeast system, the human rDNA promoter also contains two cis regulatory elements 

similar in size to that of the yeast rDNA promoter: an upstream control element (UCE) 

and a core promoter element (CPE) that overlaps the transcription start site [12, 13]. Rrn3 

is conserved, known as TIF-1A in humans, where it also functions to recruit polymerase 

to the rDNA promoter [27]. SL1 is a multi-subunit protein complex, including TBP, and 

contains three subunits that are orthologs of Core Factor subunits Rrn6, Rrn7, and Rrn11 

[12].  SL1 binds to the CE and is required for basal level Pol I transcription [28].   

UAF and UBF are different in terms of their protein structure, but share a variety 

of functions.  UBF binds to the large upstream sequence at the rDNA promoter and is 

required to activate Pol I transcription, but not required for basal level transcription [29-

30]. Both UBF and UAF interact with Pol I initiation factors such as TBP and CF/SL1, 

and they also have implicated roles in transcription elongation [31-33].  Finally, UBF and 

UAF also function in maintaining the number of active rDNA repeats [32, 34]. Despite 

these similarities, they share no physical resemblance.  UBF binds DNA through its high 

mobility box domains, which are not present in any of the UAF subunits [35]. UBF 

shares structural homology to Hmo1, which is a factor involved in Pol I transcription, but 

localizes all over the rDNA loci [36-37]. 
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E. UAF domain organization 

UAF contains two canonical histone proteins, histones H3 and H4, which are two of the 

four histones that make up a nucleosome. This makes UAF quite unique in that the 

complex contains two canonical histones along with other non-histone proteins.  It is rare 

that core histone proteins are found in protein complexes other than nucleosomes or 

nucleosome-interacting complexes, such as histone chaperones or chromatin remodeler 

complexes. 

Previous studies have found that multiple UAF subunits contain domains with a 

known function or structure [12, 20, 38] (Figure 2).  Both a SANT domain and a histone-

fold domain have been identified in the Rrn5 subunit. A SANT domain is protein-protein 

interaction module found in many eukaryotic transcriptional regulatory complexes that 

can bind to histone tails [39]. A histone-fold domain is the motif that makes up the body 

Figure 2. Predicted domain organization of UAF-specific subunits. 
The UAF-specific subunits and their structural homologs are shown here 
as reviewed by Knutson & Hahn, 2014 [12]. 
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domain of a core histone, but has since been identified in other proteins. Eukaryotic 

histone fold domains form efficient protein-protein interactions by interacting with 

another histone fold domain to form heterodimers.  This heterodimer formation is 

facilitated by the interaction of two histone folds in a head to tail fashion and is referred 

to as the “handshake motif” [40,41]. Both SANT domains and histone fold domains are 

known to interact with histone proteins and could facilitate complex formation. 

 

F. Thesis Goal 

To understand Pol I transcription activation at the most basic level, we need to better 

define the factors involved in Pol I initiation and the mechanisms that control their 

function at the rDNA promoter.  UAF is the least studied and least understood of the four 

Pol I factors, leaving us with a gap in our knowledge of the Pol I transcription system. 

This gap was largely due to the low abundance and difficult purification strategy required 

for UAF. The purpose of this thesis is to develop a recombinant UAF expression and 

purification system in!Escherichia coli and to use this system to characterize the 

structural role of each UAF subunit.  The information gained here will have important 

implications in determining the molecular architecture of UAF and its interaction with 

DNA, as well as the entire Pol I PIC organization and architecture. 
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Abstract 

RNA polymerase I (Pol I) transcription in Saccharomyces cerevisiae requires four 

separate factors that recruit Pol I to the promoter to form a pre-initiation complex. 

Upstream Activating Factor (UAF) is one of two multi-subunit complexes that regulate 

pre-initiation complex formation by binding to the ribosomal DNA promoter and by 

stimulating recruitment of downstream Pol I factors. UAF is composed of Rrn9, Rrn5, 

Rrn10, Uaf30, and histones H3 and H4. We developed a recombinant Escherichia coli-

based system to coexpress and purify transcriptionally active UAF complex and to 

investigate the importance of each subunit in complex formation. We found that no single 

subunit is required for UAF assembly, including histones H3 and H4. We also 

demonstrate that histone H3 is able to interact with each UAF-specific subunit, and show 

that there are at least two copies of histone H3 and one copy of H4 present in the 

complex. Together, our results provide a new model suggesting that UAF contains a 

hybrid H3–H4 tetramer-like subcomplex. 

 

Introduction 

In Saccharomyces cerevisiae, RNA polymerase I (Pol I) transcription of the 35S 

pre-ribosomal RNA (rRNA) is the first step of ribosome biogenesis and must be tightly 

regulated to maintain proper ribosome levels in the cell. Pol I transcription initiation is 

coordinated by four Pol I initiation factors that include the Upstream Activating Factor 

(UAF), TATA-binding protein (TBP) [1–6], Core Factor (CF) [1,7–9], and Rrn3 [10,11]. 

These factors work together to recruit Pol I to the ribosomal DNA (rDNA) promoter and 

to initiate transcription. 
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UAF is a six-subunit complex composed of Rrn9, Rrn5, Uaf30, Rrn10, and 

histones H3 and H4 [12–14]. UAF targets the upstream activating sequence (UAS) at the 

rDNA promoter which lies from approximately −155 to −60 relative to the transcription 

start site [12,15–17]. Although UAF is not required for Pol I transcription in vitro, UAF 

is required for in vivo Pol I activity [1,18–20]. Deletion of rrn5, rrn9, or rrn10 renders 

UAF non-functional, resulting in a loss of Pol I transcription and significant slow growth 

defects [12,19]. UAF also provides a barrier to Pol II transcription upstream of the rDNA 

promoter. In the absence of functional UAF, cells gain the ability to transcribe the rDNA 

using Pol II instead of Pol I, which is known as polymerase switching [19,20]. 

The presence of histones H3 and H4 in the UAF complex is particularly 

interesting as they are two of the four core histone proteins that make up the eukaryotic 

nucleosome. Two copies of histones H3 and H4 bind to form a stable tetramer, which 

associates with two dimers of histones H2A and H2B to form the nucleosome that 

functions to bind and compact DNA [21]. Core histones H3 and H4 are rarely found as 

subunits in protein complexes other than nucleosomes or nucleosome variants. A few 

examples of H3/H4 interacting proteins include chaperones anti-silencing function 

protein 1 (Asf1) and nuclear autoantigen sperm protein (NASP) [22,23]. However, their 

interaction is more dynamic given the roles of Asf1 and NASP in nucleosome assembly, 

as chaperones need to bind and release histones H3 and H4 [24]. To our knowledge, the 

Lamin B receptor–histone–heterochromatin protein 1 complex, which helps anchor 

heterochromatin to the nuclear envelope, is one of the only examples of a complex that 

stably associates with histones H3 and H4 [25]. 
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A previous histone H3 depletion study in yeast cells showed reduced rates of 

rRNA synthesis, suggesting that histone H3 is required for UAF to activate Pol I 

transcription [26]. Histone H3 depletion also caused a decrease in Rrn5 protein levels, 

suggesting that histone H3 may play an important role in maintaining UAF complex 

stability, and is possibly required for UAF assembly and complex integrity [26]. These 

results are specific to histone H3, as a similar histone H4 depletion study led to no 

detectable changes in rRNA synthesis [27]. 

Like CF, UAF is another Pol I initiation factor that is expressed at very low levels 

and is likely one of the least expressed among all the Pol I factors [28]. UAF isolation 

from yeast requires an extensive purification and concentration scheme that only achieves 

modest quantities of UAF sufficient for activity assays, but not for higher end 

biochemical and structural studies [12,13]. To overcome this challenge, we developed a 

recombinant system to express and purify transcriptionally active UAF from Escherichia 

coli. Using our recombinant system, we explored the roles of histones H3 and H4 in UAF 

complex assembly and integrity, and determined the stoichiometry of the histone subunits 

in the complex. Together, our results provide evidence that UAF contains an H3–H4 

tetramer-like subcomplex. 

 

Results 

Expression and purification of recombinant UAF  

We developed a recombinant coexpression system to simultaneously express all six UAF 

subunits from two vectors in E. coli. We cloned three UAF genes into one of two vectors 

with compatible replicons and antibiotic resistance markers (Figure 3A). Multiple UAF 
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Figure 3. Expression and purification of rUAF. (A) Diagram of the two T7 bacteria 

expression vectors used to coexpress rUAF complex. T7P, T7 promoter; Term, T7 terminator; 

amp, ampicillin; spec, spectinomycin; ori, origin of replication. (B) rUAF purification scheme. 

(C) Coomassie blue (CB)-stained SDS-PAGE gel of purified rUAF (left) and rUAF lacking the 

Uaf30 subunit (right). Note that Rrn10 and histone H3 resolved as a single band on a 4%–20% 

Tris–glycine gel. MW, molecular weight. (D) SEC of purified rUAF. Elution profile of UAF 

(solid orange line) and standards (dashed line). Estimated molecular weight of UAF peaks and 

standards are indicated. P1/P2, peak 1/2; arb. units, arbitrary units. (E) CB-stained Bis–Tris 

SDS-PAGE gel of UAF peaks 1 and 2. 
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 subunits were tagged with hexahistidine (His6) for enrichment by Nickel affinity 

chromatography and then further purified by cation exchange (Figure 3B). This two-step 

purification scheme yielded pure recombinant UAF (rUAF) complex and the 

stoichiometry resembles that of yeast isolated UAF (Figure 3C). For instance, Rrn5 and 

Rrn9 consistently appear as a stoichiometric doublet and the intensity of histone H4 is 

less than histone H3 [12,13]. We used a similar coexpression and purification system to 

purify the UAF complex without the Uaf30 subunit. Yeast isolated UAF does not require 

Uaf30 to maintain complex integrity [14], and similar to yeast, Uaf30-less rUAF forms a 

stable complex (Figure 3C).  

To confirm that each subunit is in a single complex, UAF was further purified by 

high-molecular-weight cutoff filtration followed by size-exclusion chromatography 

(SEC). Initially, UAF eluted reproducibly later than expected compared to known 

molecular weight markers (data not shown), suggesting that it was non-specifically 

binding to the SEC column. Increasing the salt concentration and adding arginine to the 

SEC column buffers prevented non-specific binding to the column. Using these 

conditions in subsequent SEC experiments, rUAF eluted as two single peaks between 

standards, Ferritin (440 kDa) and Aldolase (158 kDa) (Figure 3D). The equal staining of 

each UAF subunit in both peaks suggests that the first peak contains UAF homodimers 

and the second, later eluting, peak contains UAF monomers (Figure 3E).  

Given the low yields of yeast UAF in the extract, we were unable to precisely 

determine the apparent molecular weight. The theoretical molecular weight of UAF, 

assuming each subunit is in single copy, is 159.2 kDa as a monomer and 318.4 kDa as a 

dimer. Using the retention volume of both UAF peaks and multiple SEC standards, the 
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apparent molecular weight of UAF homodimer is ~415 kDa and monomer is ~194 kDa. 

However, the apparent molecular weight of the rUAF monomer estimated here is larger 

than the theoretical molecular weight of UAF if each subunit is in a single copy in the 

complex. The difference between the theoretical MW and our calculated apparent MW is 

~35 kDa, suggesting that there may be multiple copies of one or more UAF subunits. The 

apparent molecular weight of rUAF is also roughly consistent with yeast isolated UAF, 

which was previously shown to elute as a single peak between size markers ß-amylase 

(206 kDa) and BSA (66 kDa) [12]. To directly compare the SEC elution profile of rUAF 

with native yeast UAF complex, we separated a yeast extract that expresses a C-terminal 

3X–FLAG-- tagged Rrn5 in parallel with our rUAF. We found that yeast and rUAF 

yielded a similar elution profile (Figure 4A, B), further supporting the conclusion that 

our recombinant system produces a stable UAF complex with similar biochemical 

properties to the yeast UAF complex.
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Figure 4. Comparison of recombinant and yeast UAF size exclusion elution profiles. 

(A). Western blot analysis of indicated size-exclusion fractions probed with either native 

Rrn5 or FLAG antibodies where indicated. (B). Relative (Rel.) protein levels of rUAF 

(solid orange line) and yUAF (dotted purple line) were plotted in a graph and values were 

normalized to the peak fraction 17, which was set at 1.0. 
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DNA binding and transcriptional activity of rUAF 

A major function of UAF is to interact with the UAS element in the Pol I promoter DNA. 

To test if our rUAF binds DNA, we used an in vitro promoter pulldown assay where we 

conjugated biotinylated Pol I promoter DNA containing the UAS element to streptavidin 

beads. We incubated rUAF with the Pol I promoter bound beads and observed a ~5-fold 

enrichment of rUAF binding over beads alone lacking DNA (Figure 5A,B). Together, 

these results show that our rUAF possesses the ability to bind DNA as would be expected 

for yeast UAF. 

Previous studies show that the addition of yeast purified UAF stimulates Pol I 

activity of transcription-competent wild-type extracts in vitro [12]. Likewise, the addition 

of rUAF to wild-type extracts also stimulated transcriptional activity (Figure 6A). To 

ensure the stimulatory activity was UAF dependent, we performed a similar transcription 

assay using an rrn5Δ extract. As expected, transcriptional activity is reduced in the rrn5Δ 

extract compared to a wild-type extract, and the addition of rUAF restores the level of 

transcriptional activity back to wild-type levels (Figure 6B). From these results, we 

conclude that rUAF is transcriptionally active and stimulates Pol I activity as previously 

shown for yeast purified UAF. 
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Figure 5. Pol I promoter pulldown assay of recombinant UAF. (A). Streptavidin 

coated beads with or without immobilized Pol I promoter DNA were incubated with 2 ug 

of rUAF. Beads were concentrated with a magnet, washed, and proteins were eluted and 

analyzed by SDS-PAGE and coomassie blue (CB) staining. (B). Relative (Rel.) protein 

levels of Rrn9 and Rrn5 were plotted in a graph and values were normalized to the 

highest signal, which was set at 1.0. Two promoter pulldown assay experiments were 

performed independently and errors bars denote standard deviation. 
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Figure 6. Transcription activity of rUAF. (A). Increasing amounts of rUAF (5, 10, and 

20 nM) were added to transcription competent wild-type (WT) yeast extracts. Pol I 

primer extension products were analyzed by a Urea containing SDS-PAGE gel. (B). 

rUAF (20 nM) was added to Δrrn5 transcription competent yeast extracts. Activity assays 

were performed in duplicate and representative assay results are shown. Primer extension 

products are denoted with an asterisk to the right of the gel image. Band intensities of 

primer extension products are depicted below the gel images as a bar graph. Relative 

activities (Rel. Act.) were normalized to the activity in absence of rUAF, which was set at 

1.0. Error bars denote standard deviation. Two transcription activity assay experiments 

were performed independently with representative assay results shown. Error bars denote 

standard deviation. 
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UAF complex formation in the absence of individual UAF-specific subunits  

Although a partial UAF complex can still form in the absence of Uaf30, it is unclear 

whether a complex can still form in the absence of the other subunits. We used our rUAF 

expression system to examine complex formation in the absence of Rrn5, Rrn9, or Rrn10 

(Figure 7A). In our coexpressions, we also excluded Uaf30 since it is dispensable for 

complex integrity as shown above. We expressed and purified these complexes by Nickel 

affinity and cation exchange chromatography followed by concentration on a 100-kDa 

cutoff filter and mini S200 cartridge. In the absence of Rrn5, Rrn10, or Rrn9, all the 

remaining UAF subunits co-purified (Figure 7B), indicating that none of the UAF 

specific subunits are essential for complex integrity. We note that in the absence of Rrn5, 

we observe slightly reduced levels of histones H3 and H4, possibly suggesting that Rrn5 

may play a role in UAF complex stability at the level of histone subunit interaction. 

However, we also note that in the absence of Rrn5 and in the absence of Rrn10 to a lesser 

extent, Rrn9 partially degrades during the expression and purification process in a 

reproducible manner (Figure 7B, asterisk), which could potentially contribute to the 

modest reduction in histone subunits. Furthermore, in the absence of Rrn5, Rrn10, and 

Rrn9, we notice a reduction in the overall yield of UAF compared to expression when 

none of these subunits are absent. Ultimately, in terms of rUAF expression, this further 

emphasizes the importance of coexpressing the entire complex in order to achieve intact 

UAF complex. 

Since multiple UAF subunits were His6-tagged, we used a similar coexpression 

strategy above, but placed a His6-tag on only one of the UAF subunits (Figure 7C). In 

agreement with our results above, all the remaining UAF subunits co-purified with His6- 
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  Figure 7. UAF complex integrity is not dependent on a single UAF-specific subunit. (A) 

Purification scheme and (B) SDS-PAGE analysis of rUAF complexes lacking the Rrn9 subunit, 

the Rrn10 subunit, or the Rrn5 subunit. Coomassie blue (CB) staining is shown above. Western 

blot (WB) analysis against Rrn10 and histone H3 is shown below. An asterisk denotes partial 

degradation products of Rrn9. (C). Schematic representation of the pulldown method used to 

analyze UAF complex integrity in the absence of the Rrn9 subunit. A similar strategy was used 

to determine UAF complex integrity in the absence of the Rrn10 subunit or the Rrn5 subunit. 

Western blot analysis of isolated UAF complexes pulled down by His6-tagged Rrn10 (D) or 

His6–Rrn9 (F). UAF was pulled down in the presence of all subunits (WT), without the Rrn9 

subunit (Rrn9 drop out), without the Rrn5 subunit (Rrn5 drop out), or without the Rrn10 subunit 

(Rrn10 drop out). (E,G). Relative (Rel.) protein levels of the drop out complexes were 

normalized against WT, which was set at 100. Two pulldown assays experiments were 

performed independently with representative assay results shown here. Error bars denote 

standard deviation. 
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Rrn10 in the absence of Rrn5 or Rrn9 (Figure 7D, E). Likewise, all the remaining UAF 

subunits co-purified with His6–Rrn9 in the absence of Rrn5 or Rrn10 (Figure 7F, G), 

further suggesting that no single UAF specific subunit is required for complex integrity. 

Overall, these pulldown studies show that several subcomplexes can still form when each 

UAF-specific subunit is absent. 

 

Interactions between histone H3 and the UAF-specific subunits 

It is unclear how histone H3 and/or H4 interact with multiple UAF-specific subunits. For 

instance, a subset of UAF-specific subunits could interact exclusively with H3, while 

others interact with histone H4. To differentiate between these possibilities, we 

performed Nickel affinity pulldowns with individual His6-tagged UAF-specific subunits 

and either histone H3 or H4. 

Given the insolubility of histone H4 in the absence of H3, we were unable to test 

H4 alone as it was consistently insoluble. When we coexpressed histone H3 with 

individual His6-tagged UAF-specific subunits under various conditions, we found that 

each subunit interacted with histone H3 (Figures 8, 9, 10), suggesting that H3 directly 

interacts with each UAF-specific subunit in the absence of H4, and H3 may be 

responsible for connecting H4 to the UAF complex.  

To test the stringency of our protein–protein interactions, we tested the effect of 

increasing ionic strength and detergent in our binding assays. After incubating our 

coexpressed proteins with the Nickel Sepharose beads, we split the beads equally into 

separate tubes and then washed the beads with buffers containing a range of salt and 

detergent concentrations from low to high. We found that histone H3 still co-purified  
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  Figure 8. Effect of increasing ionic strength on H3 interaction with each UAF-specific 

subunit. (A) Histone H3 and individual UAF-specific subunits with (+) or without (−) a His6-

tag were coexpressed in E. coli and purified by Nickel affinity. Precipitated complexes were 

split evenly and washed with the indicated concentrations of potassium chloride (KCl) before 

elution from beads. The elutions were then analyzed by SDS-PAGE and Western blot. N.D, 

not determined. (B) Pulldown assays for the 0.1 M and 1.5 M KCl conditions were performed 

in duplicate. Relative (Rel.) protein levels of the pulldowns were normalized against WT as the 

ratio of histone H3 over the indicated UAF-specific subunit, which was set at 1.0. Two 

pulldown assay experiments were performed independently. Error bars denote standard 

deviation. 
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Figure 9. Effect of increasing detergent on H3 interaction with each UAF-specific subunit. 

Histone H3 and individual His6-tagged UAF-specific subunits were coexpressed in E. coli and 

purified by Nickel affinity. Precipitated complexes were split evenly and washed with the 

indicated percentage of Tween-20 detergent before elution from beads. The elutions were then 

analyzed by SDS-PAGE and Western blot. Western blot analysis of Nickel affinity purified 

complexes are shown for (A) His6-Rrn5, (B) His6-Rrn10, (C) His6-Rrn9, and (D) His6-Uaf30-

FLAG complexes. N.D; Not determined. 
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with each UAF-specific subunit independent of the ionic strength or percent detergent in 

our buffers (Figures 8 and 9A–D), suggesting that histone H3 stably interacts with each 

UAF-specific subunit. Since histone H3 can bind DNA and the UAF complex is a DNA-

binding factor, we reasoned that DNA, or possibly RNA, could co-purify in our pulldown 

assays and mediate an indirect protein–protein interaction. To test this, we performed our 

pulldowns in the presence of ethidium bromide (EtBr), RNase A, and DNase I. Each 

UAF-specific subunit still co-purified histone H3 following EtBr treatment, or digestion 

with RNase A or DNase I (Figure 10A–D), suggesting that histone H3 binding to each 

UAF-specific subunit is not dependent on the presence of DNA or RNA. However, we 

cannot exclude the possibility that DNA is protected within a shared interface between 

the interacting proteins.  
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Figure 10. Effect of ethidium bromide treatment, or digestion with RNase A or DNase I on 

H3 interaction with each UAF-specific subunit. Each His6-tagged UAF- specific subunit was 

coexpressed with histone H3 and precipitated complexes were either untreated (-) or treated (+) 

with ethidium bromide (EtBr) or RNase A or DNase I. Western blot analysis of Nickel affinity 

purified complexes are shown for (A) His6-Rrn5, (B) His6-Rrn10, (C), His6-Rrn9, and (D) His6-

Uaf30-FLAG complexes. 
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Histone H3 interaction domains important for UAF subunit interaction 

Core histone proteins contain two domains, a histone-fold containing body domain and 

an unstructured tail domain [29,30]. The histone body domains and the tail domains 

interact with other proteins to help facilitate transcriptional changes and other processes 

at the chromatin level. To determine the importance of the histone H3 tail and/or body 

domains for UAF-specific subunit interactions, we performed pulldowns with each His6-

tagged UAF-specific subunit and a tailless histone H3 mutant. Using a similar 

coexpression and pulldown approach described above, we detected reduced tailless 

histone H3 binding to Rrn5 (Figure 11A, E), indicating that the tail domain helps 

mediate interaction with Rrn5. We also detected reduced tailless histone H3 binding to 

Rrn10, Rrn9, and Uaf30 compared to full-length histone H3 (Figure 11B–E), indicating 

the importance of the H3 tail domain for these interactions. We still observe a much 

lighter, but consistent band for the tailless histone H3 in our pulldown assays for Rrn5, 

Rrn9, Rrn10, and Uaf30 suggesting that the body domain contributes their interaction. 

Likewise, we observed reduced levels of tailless histone H3 when we assemble 

the UAF complex with all remaining subunits, with the exception of Uaf30 (Figure 12A, 

B). This result agrees well with the pairwise interaction assays in that the histone H3 tail 

domain is important for UAF interaction, but the body domain is still sufficient for 

interaction, although at a reduced level. Taken together, these results suggest that the 

histone H3 body and tail domains are important for UAF-specific subunit interaction.  
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!
Figure 11. Histone H3 tail domain is necessary for UAF subunit interaction. Each 

UAF-specific subunit with or without a His6-tag was coexpressed in E. coli with either 

the full-length H3 protein or H3 lacking its N-terminal tail domain (H3 tail∆). Western 

blot analysis of Nickel affinity purified complexes are shown for (A) His6-Rrn5, (B) His6-

Rrn10, (C) His6-Rrn9, and (D) His6-Uaf30-FLAG complexes. White asterisks distinguish 

Rrn10 from a co-migrating background band. (E). Relative (Rel.) protein levels of the 

pulldown assays were plotted in a graph and were normalized against full- length H3, 

which was set to 1.0. Two western blot assay experiments were performed independently 

with representative assay results shown here. Error bars denote standard deviation. 



! 33!

  Figure 12. H3 tail domain is necessary for UAF complex association. (A). Western 

blot analysis of isolated UAF complexes pulled down by His6-tagged Rrn5. UAF was 

pulled down in the presence of all subunits (WT), with or without a His6 tag and either 

full-length or tail∆ histone H3. (B). Relative (Rel.) protein levels for each UAF subunit 

were normalized against WT, which was set at 100. Two western blot assay experiments 

were performed independently with representative assay results shown here. Error bars 

denote standard deviation. 

 



! 34!

UAF complex formation in the absence of histone subunits 

Previous studies suggest that histone H3 is required for UAF complex assembly and 

integrity [26]. Since histone H3 stably interacts with each UAF-specific subunit, we 

propose that H3 could act as a scaffold to help assemble the entire complex. To test this, 

we used our recombinant expression system to determine whether histones H3 and/or H4 

are necessary for UAF complex assembly and integrity. We created UAF coexpression 

vectors that contain a single His6-tag on the N-terminus of Rrn5. When all UAF subunits 

are coexpressed, each subunit is pulled down with His6–Rrn5 demonstrating that this 

approach makes a stable UAF complex (Figure 13A, B). We repeated the Nickel affinity 

pulldown using coexpression vectors where one or both of the histone genes were 

removed. Strikingly, in the absence of both histones H3 and H4, the remaining UAF 

subunits were still able to form a complex (Figure 13A, B). This challenges the previous 

model that the histones are required for complex assembly, and supports a new model 

where the histone subunits are not required for UAF complex integrity. 

As expected from the histone binding studies above, histone H3 still associates, 

although at a reduced level, with the partial UAF complex in the absence of histone H4 

(Figure 13A, B). This may indicate that histone H3 stoichiometry is dependent on 

histone H4. In the absence of histone H3, we could not detect association of histone H4 

with the other UAF subunits (Figure 13A, B). This is likely due to the insolubility of 

histone H4 in the absence of H3 described above since we could only detect H4 in the 

whole cell extract (Figure 13A). From these results, we speculate that histone H4 may 

not make contacts with other UAF-specific subunits independent of histone H3, as we  
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Figure 13. UAF-specific subunit complex formation in the absence of the histone subunits. 

(A)Western blot analysis of isolated UAF complexes pulled down by His6-tagged Rrn5. UAF 

was pulled down in the presence of all subunits (WT), without the histone H3 subunit (H3 drop 

out), without the histone H4 subunit (H4 drop out), or without both histones H3 and H4 

(H3/H4 drop out). The soluble input was analyzed by SDS-PAGE and Western blot for the 

presence of histones H3 and H4 (Input). Whole cell extracts were also analyzed for the 

presence of histone H4 (WCE). (B) Relative (Rel.) protein levels of the drop out complexes 

were normalized against WT, which was set at 100. Two!pulldown!assay!experiments were 

performed independently with representative assay results shown here. Error bars denote 

standard deviation. 
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would expect the UAF-specific subunits to help solubilize histone H4. However, we 

cannot rule out the possibility that histone H4 makes contact with the UAF-specific 

subunits when it is in the soluble fraction.  

 

Histone subunit stoichiometry in UAF 

Our SEC results suggest that there may be more than one copy of multiple UAF subunits. 

Consistent with this idea is the observation that histone H3 stains more intensely in our 

rUAF preparations versus the lighter staining histone H4 band, which is also observed in 

yeast UAF preparations [13]. It is plausible that UAF contains a second copy of histone 

H3 as this would help facilitate interactions with multiple UAF subunits. This possibility 

aligns well with the reduction of histone H3 association in the absence of histone H4, as 

H4 may aid in the binding of a second histone H3 subunit. Taken together, we 

hypothesize that UAF contains more copies of histone H3 than histone H4.  

We developed a UAF expression strategy to test if there is more than one copy of 

histone H3 in the complex. To this end, we coexpressed non-tagged versions of the UAF 

subunits on two compatible expression vectors as done previously, but included a third 

compatible expression vector with His6-tagged histone H3 that is used to isolate the 

complex (Figure 14A). The tagged and nontagged versions of histone H3 are different 

molecular weights, so we can easily distinguish them by Western blot using an H3-

specific antibody. After coexpression, we purified the complex by Nickel affinity and 

cation exchange chromatography, and used Western blot to determine if nontagged 

histone H3 copurified with tagged H3. Our results showed two histone H3 bands  
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Figure 14. Stoichiometry of histone H3 and H4 subunits in UAF. (A). Schematic 

representation of the pulldown method used to determine histone H3 stoichiometry. UAF 

subunits including both a tagged and nontagged version of histone H3 were coexpressed and 

purified by Nickel sepharose followed by SP sepharose. Western blot analysis was then used to 

determine if both the tagged and nontagged forms of H3 were present in purified UAF. 

Western blot analysis of the Nickel sepharose and SP sepharose elutions of (B) H3 pulldowns 

and (D) H4 pulldowns probed using anti-histone H3 or H4 antibodies (C). UAF SEC fractions 

were analyzed by Western blot using antibodies against Rrn5 and histone H3 (E). UAF forms a 

stable complex with two copies of histone H3, and one copy of histone H4. These histone 

proteins combine with the putative histone fold domain of Rrn5 to form a hybrid tetramer-like 

core complex. The remaining UAF-specific subunits, Rrn10, Rrn9, and Uaf30 envelop the 

tetramer-like core complex. 
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throughout each purification step (Figure 14B), suggesting that UAF contains multiple 

copies of histone H3. To ensure that the two histone H3 bands were not due to a mixed 

population of UAF dimers, we used SEC and Western blot to determine if the monomer 

UAF fraction also showed two bands for histone H3. Both the nontagged and tagged 

versions of histone H3 were present in the monomer fraction, demonstrating that UAF 

contains at least two copies of histone H3 (Figure 14C). 

We used a similar strategy to determine the stoichiometry of histone H4. We 

expressed UAF with nontagged and His6-tagged versions of histone H4, purified the 

complex as described above, and used Western blot to determine if the UAF complex 

contained both versions of H4. Both the tagged and nontagged versions of histone H4 

were in the Nickel affinity elutions, but only tagged histone H4 remained after further 

purification by cation exchange (Figure 14D). The loss of the nontagged histone H4 

suggests that there is a single copy of H4 in the UAF complex. Next, we used Native 

mass spectrometry (MS) to determine the precise stoichiometry of the UAF subunits in 

the complex. For Native-MS, we analyzed rUAF after SP Sepharose purification, which 

contains a mixture of monomers and dimers. The sum of the theoretical molecular masses 

of each UAF subunit as predicted from their coding sequences in the coexpression 

vectors is 159.2 kDa, assuming the stoichiometry of the subunits with respect to each 

other is 1:1 (Figure 15A). The spectrum reveals two prominent charge state distributions 

centered around m/z 6230 and 5880 (Figure 15B). The mass determination of the ion 

series with the highest m/z values yielded a molecular mass of 174.3 kDa, a 15.1 kDa 

increase in molecular mass which is nearly identical to the molecular mass of histone H3 

of 15.4 kDa. We note that we did not observe any UAF dimers by Native-MS, which may  
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Figure 15. ESI-MS analysis of UAF. Native mass spectra of UAF (A) or Uaf30-less 

UAF (B) are shown. The UAF and Uaf30-less UAF charge state distributions are noted 

with blue and orange circles, respectively. The charge states are listed above their 

corresponding peaks. The deconvoluted molecular weights (kDa) of the complexes are 

shown as light blue and orange colored boxes within the mass spectrum. The theoretical 

molecular weights of each UAF subunit and complexes containing single or two copies 

of histone H3 are listed in a table to the right of the mass spectra. 
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be due to the volatile buffer conditions used to prepare the samples that could disrupt 

self-association. Combined with our results above, we conclude with high confidence that 

the UAF complex contains two copies of histone H3 and the remaining UAF subunits are 

in single copies.  

The mass determination of the second ion series yielded a molecular mass of 

147.9 kDa (Figure 15A). The closest theoretical mass matching this experimentally 

determined molecular mass is 147.3 kDa corresponding to a UAF complex containing 

two copies of histone H3 but lacking the Uaf30 subunit. Since the Uaf30 subunit is 

dispensable for UAF complex integrity, this supports our model that Uaf30 may lie at the 

periphery of the complex and could more easily disassociate compared to the other UAF 

subunits. To further confirm this, we analyzed our UAF complex lacking Uaf30 by 

Native-MS. We observed a single ion series centered around m/z 5660 that yielded an 

experimental molecular mass of 146.8 kDa (Figure 15B), which is in near-perfect 

agreement with the theoretical molecular mass of UAF that contains two copies of 

histone H3 and lacks Uaf30 (Figure 15B). Together, our stoichiometry results support a 

model that UAF contains a trimer of histone subunits that include a single copy of histone 

H4 and two copies of histone H3.  

 

Discussion 

Here, we developed a robust recombinant system to express high microgram quantities of 

transcriptionally active UAF. We used this system to understand the contribution of the 

histone H3 and H4 subunits in UAF complex assembly, and to understand how histone 

H3 associates with the UAF-specific subunits. We note that rigorous testing of UAF 
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transcriptional activity remains a work in progress and the activity of the histone-free 

subassemblies remains to be determined. We anticipate that this system will help 

facilitate future functional, biochemical, and structural studies of the UAF complex that is 

one of the last remaining pieces of the yeast Pol I transcription initiation puzzle.  

Our SEC studies of UAF showed the formation of a homodimer in solution. Pol I 

factor dimerization is not unique to UAF as previous studies have shown that CF 

(unpublished observation), Rrn3, TBP, and Pol I form stable dimers in solution [31–34]. 

There is also evidence that shows both TBP and Pol I form dimers in vivo [35,36]. 

Current regulatory models suggest that Pol I and Rrn3 dimers are transcriptionally 

inactive as they would be unable to interact with rDNA, and this may serve as a 

regulatory mechanism for Pol I transcription [35,37,38]. Interestingly, the mammalian 

Pol I activator UBF binds the upstream element of the human Pol I promoter as a dimer 

[39–41]. Further investigation is needed to determine if UAF homodimerization can be 

detected in vivo or whether it is an in vitro byproduct of highly pure and concentrated 

rUAF complex.  

Histones H3 and H4 are essential for yeast growth, making it difficult to 

understand what functional role histone H3 and H4 may play in the UAF complex [42]. 

Previous studies using an in vivo histone H3 depletion system show that the partial 

depletion of histone H3 leads to a large decrease in Pol I transcription and causes a 

decrease in UAF stability [26]. These findings suggest that histone H3 is required for 

UAF complex integrity and assembly. However, this study is confounded by the 

numerous consequences that occur when histone H3 is depleted in vivo. For instance, H3 

depletion in S. cerevisiae led ~2500 genes to lose repression at the promoter due to ~2000 
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mislocalized nucleosomes [43]. Given that nearly half of the yeast genome becomes 

misregulated when H3 is depleted, it is unclear if the decrease in rRNA synthesis is an 

indirect effect of H3 depletion rather than a direct loss of H3 from the UAF complex. 

Using our recombinant system, we were able to directly test the importance of histones 

H3 and H4 in UAF complex formation. Intriguingly, we found that histones H3 and H4 

are not required for UAF complex formation as Rrn5, Rrn9, and Rrn10 were still able to 

form a complex in the absence of the histone subunits. It still remains unclear how UAF 

may acquire histone subunits in the complex. For instance, the UAF-specific subcomplex 

could interact with a nucleosome and evict H2A and H2B, as they are not present in the 

UAF complex [13]. Likewise, the UAF-specific subcomplex could associate with non-

chromatin associated histones, in the form of H3–H4 tetramers or dimers as they are 

transported to the nucleus via various chaperones [22,24,44]. It is also unclear how a 

single copy of histone H4 would become lost during this process. Either way, additional 

studies will be necessary to elucidate the mechanism for how UAF acquires the histone 

subunits. 

Our studies demonstrate that there are two copies of histone H3 and a single copy 

of histone H4 in the UAF complex. Histones are most commonly found in pairs, 

suggesting that UAF may contain an additional histone-like subunit and/or domain. We 

hypothesize that a UAF subunit may replace the missing histone H4. Consistent with this, 

preliminary bioinformatic findings revealed the possibility that Rrn5 may contain a 

histone fold domain that could pair with the additional copy of histone H3 [45]. 

Therefore, in combination with our interaction studies, we propose an attractive, although 

speculative, model suggesting that UAF contains a hybrid H3–H4 tetramer-like 
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subdomain composed of two copies of histone H3, one copy of histone H4, and a second 

histone-like domain of Rrn5 (Figure 14E). It is presently unclear if Rrn5 is most closely 

related to histone H4 given the remote homology, and more detailed studies will be 

necessary to understand its importance in UAF complex assembly and function. 

In comparison to other histone fold domain-containing complexes such as TFIID 

[46–50], yeast Hap2/3/5 [51–53] and its mammalian ortholog NF-Y [54,55], SAGA 

[48,50,56–58], and yNC2 [59,60], our model would suggest that the H3/H4 tetramer-like 

subcomplex in UAF lies between the histone octamer-like complexes of TFIID and 

SAGA and the dimer-like complexes of Hap2/3/5 and yNC2. Our model also has 

implications for how UAF may interact with the UAS element. The tetramer-like 

subcomplex of UAF could potentially wrap DNA around itself once in a tetrasome-like 

manner, forming a horseshoe shaped DNA structure [61,62]. Based on the presence of 

histones H3 and H4 in the complex, it was previously speculated that UAF may wrap 

DNA around itself twice like a nucleosome [13,18]. The UAS promoter element is ~ 95 

bp in length based on transcription activity assays [15–17], while UAF footprinting to the 

Pol I promoter in vitro only protects 59 bp within the UAS [63]. Together, these 

boundaries are more in line with a tetrasome-like structure that occupies ~ 80 bp of DNA 

[64,65] rather than the 147 bp bound and protected by a nucleosome. 

Rrn5 also contains a SANT domain [66,67]. SANT domains are broadly found in 

chromatin remodeling enzyme complexes [68–70] and have been shown to interact with 

various types of histone tails as well as DNA [69,71,72]. The Rrn5 histone fold domain 

could mediate its interaction with the histone H3 body domain, while the SANT domain 

could bind to the H3 tail domain. This could explain the role of both the H3 tail and body 
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domains in binding to Rrn5. Preferential binding of the Rrn5 SANT domain to a modified 

or unmodified H3 tail could be a mechanism for complex assembly to regulate Pol I 

transcription in response to changes in cellular environment. However, it is still unclear 

how the remaining UAF-specific subunits contribute to histone H3 tail binding as they 

appear to lack a histone H3 tail binding domain as shown for Rrn5. Histone tail 

modifications can affect both protein and DNA interactions. For example, histone tail 

acetylation alters a nucleosome's affinity for DNA, which opens the chromatin structure 

[21,73]. It is unclear how histone tail post-translational modifications (PTMs) could alter 

UAF activity, but additional studies will be necessary to determine if the histone subunits 

of UAF are modified by PTMs in vivo and whether PTMs affect UAF activity. We 

anticipate that our recombinant system will help answer these and future questions about 

structure, function, and regulation of UAF in the activation of Pol I transcription.  

 

Materials and Methods 

UAF expression and purification 

Expression and purification strategies were adapted from Knutson et al. [9] and Keener et 

al. [13]. The genes for all six UAF subunits, RRN9, UAF30, RRN10, HHT1 (histone 

H3), RRN5, and HHF1 (histone H4) were cloned into E. coli expression vectors using 

QuikChange mega primer cloning. RRN9, UAF30, and RRN10, were PCR amplified and 

cloned into pET-Duet (Novagen). HHT1, RRN5, and HHF1 were PCR amplified and 

cloned into pCDF-Duet (Novagen). The His6 epitope sequence was fused in frame to the 

5′ends of all UAF subunits with the exception of histones H3 and H4.  
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UAF was expressed by autoinduction in BL21 (DE3) RIL cells (Stratagene) or 

LOBSTR BL21 (DE3) RIL cells (Kerafast) in TB media (0.024% yeast extract, 0.012% 

tryptone, and 0.4% glycerol) supplemented with autobase (0.17 M KH2PO4 and 0.72 M 

K2HPO4), 5052 (0.1% alpha lactose monohydrate, 0.25% glycerol, and 0.025% glucose), 

and MgSO4 (2 mM). After inoculation, cells were grown at 37 °C until OD600 ~0.5, then 

cooled on ice, and grown at 24 °C for 18 h. Cells were harvested by centrifugation and 

washed once with rUAF extraction buffer [200 mM Tris HCl (pH 8.0), 400 mM 

(NH4)2SO4, 20 mM imidazole, 0.1% Tween-20, and 10% glycerol] supplemented with 

protease inhibitors and 1 mM TCEP. Pellets were resuspended in extraction buffer 

supplemented with 1 mg/ml lysozyme on ice for 30 min and then lyzed by sonication. 

Lysates were cleared and incubated with Nickel Sepharose beads (GE Healthcare) 

overnight at 4 °C. UAF bound beads were washed three times with wash buffer [20 mM 

Tris–HCl (pH 8.0), 20% glycerol, 0.1% Tween-20, 20 mM imidazole, and 450 mM KCl]. 

UAF was eluted in batch with wash buffer supplemented with 250 mM imidazole. 

Elutions were pooled and incubated overnight with SP Sepharose beads (GE Healthcare) 

overnight at 4 °C. UAF bound beads were washed three times with wash buffer. UAF 

was eluted in batch with SP elution buffer [20 mM Tris–HCl (pH 8.0), 20% glycerol, 

0.1% Tween-20, and 750 mM KCl]. UAF was filtered and concentrated on a 100-kDa 

cutoff centricon filter (Millipore) and stored at −80 °C. All UAF expression plasmids 

described in this manuscript are available upon request.  
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SEC 

Proteins (including standards) were purified by SEC on a Superose 6 10/300 column (GE 

Healthcare) equilibrated in SEC buffer [20 mM Tris HCl (pH 8.0), 20% glycerol, 0.1% 

Tween-20, 450 mM KCl, 0.2 M arginine] at a flow rate of 0.5 ml/min. Size-exclusion 

standards (GE Healthcare) were used to calibrate the column in the same SEC buffer. 

Peak fractions were concentrated on a 100-kDa cutoff centricon filter (Millipore), 

separated on a 4%–12% Bis–Tris MES gel (Invitrogen) or 4%–20% Tris glycine gel 

(Bio-Rad), and analyzed by Coomassie blue staining. 

For SEC analysis of yeast UAF, 6 l of yeast cells that express C terminally 

3XFLAG tagged Rrn5 were grown to an OD600 1.0 in YP medium containing 3% 

glucose as a carbon source. Cells were harvested by centrifugation and washed twice with 

cold rUAF extraction buffer supplemented with protease inhibitors and 1 mM DTT. Cell 

pellets were weighed and resuspended in 5 ml/g extraction buffer and then mixed with an 

equal volume of glass beads. Cells were broken with a Bead Mixer (Biospec) until 80% 

of the cells were broken as guided by visual inspection with a microscope. The broken 

cells were cleared by centrifugation for 3 h at 100,000g, and the resulting supernatant was 

filtered three times through a 0.2-μm syringe filter. The extract contained ~15 mg/ml 

protein and 500 μl was loaded on the Superose 6 10/300 column in parallel with rUAF. 

Yeast UAF fractions (1 ml) were precipitated in trichloroacetic acid, and the resulting 

protein pellets were washed with 100% acetone, dried, and resuspended in 100 μl SDS-

PAGE sample buffer. Protein samples were then separated on 4%–20% Tris–glycine gel 

(Bio-Rad), and analyzed by Western blotting using native Rrn5 or FLAG (Sigma) 

antibodies.  
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Immobilized Pol I promoter pulldown  

Dynabeads M-280 streptavidin (Invitrogen) were incubated with biotin conjugated Pol I 

promoter template at 4 fmol DNA/μg beads. The yeast Pol I promoter (−203 to + 41)-

conjugated beads were washed four times with 1 × binding/wash buffer [10 mM Tris–Cl 

(pH 7.5), 1 mM EDTA, 2 M NaCl] and twice with 1× transcription buffer [20 mM 

Hepes– KOH (pH 7.9), 50 mM KCl, 10 mM MgCl2, 5 mM EGTA, 0.05 mM EDTA, 2.5 

mM DTT, 0.1% NP-40, and 10% glycerol]. Two μgs of bead-DNA complex was blocked 

with 5% casein and 5% bovine serum albumin for 2 h and then washed four times with 

1× transcription buffer. Blocked beads were incubated with 1 or 2 μg of rUAF for 2 h on 

ice. UAF bound beads were pulled down using a magnet stand (Bio-Rad) and washed 

three times with 1× transcription buffer and then resuspended in SDS-PAGE sample 

buffer to elute the bound proteins. Eluted proteins were analyzed by SDS-PAGE and 

separated on a 4%– 12% Bis–Tris MES gel (Invitrogen) gel and analyzed by Coomassie 

staining.  

 

In vitro transcription and primer extension 

Transcription-competent extracts from wild-type or a Δrrn5 yeast strain deficient in UAF 

activity were prepared as previously described [9]. Pol I transcription stimulation assays 

were assembled with 10 μg of wild-type extract mixed with increasing amounts of rUAF 

(5, 10, and 20 nM). Transcription recovery assays were assembled with 20 μg of wild-

type or Δrrn5 extract supplemented with 20 nM rUAF. rUAF used in this assay was 

purified by Nickel and SP Sepharose and then concentrated and desalted with a 100-kDa 

centrifugal filter in SP elution buffer containing 200 mM KCl. Primer extension using an 
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infrared 700-nm wavelength probe was used to visualize Pol I transcripts that were 

separated on Urea–TBE gel as previously described [9].  

 

Nickel sepharose pulldown assays  

pET and pCDF plasmids (Table S1) were co-transformed into LOBSTR BL21 (DE3) RIL 

cells (Kerafast) and expressed by autoinduction in TB media. After inoculation, cells 

were grown at 37 °C until OD600 ~ 0.5 and grown at 24 °C for 16–18 h. Cells were 

harvested by centrifugation, washed once with rUAF extraction buffer, and frozen at −80 

°C. To perform the pulldown experiment, the cell pellets were thawed and lysed with 

sonication, and soluble extract was prepared as described above for UAF. Cleared lysates 

were incubated with Nickel Sepharose beads (GE Healthcare or G-Biosciences) overnight 

at 4 °C. Protein-bound beads were washed four times with wash buffer [20 mM Tris–HCl 

(pH 8.0), 20% glycerol, 0.1% Tween-20, and 450 mM KCl and eluted three times with 

two bead volumes of elution buffer (wash buffer supplemented with 250 mM imidazole). 

Eluted proteins were separated on 4%–20% Tris–glycine SDS-PAGE gel (Bio-Rad) and 

analyzed by Western blot using the following antibodies: anti-histone H3 (Abcam, 

ab46765), anti-histone H4 (Abcam, ab10158), anti-FLAG (sigma, F3165), and rabbit 

polyclonals against Rrn10, Rrn5, or Rrn9 (Knutson lab via Reeder lab). All Western blots 

were visualized using near-infrared 700 wavelength secondary antibodies (LI-COR) 

against rabbit or mouse and processed on an Odyssey FC imager (LI-COR). Band 

intensities were determined using the Image studio software package (LI-COR).  

 

EtBr, RNase A, DNase I, salt, and detergent treatment  
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Lysates were prepared for Nickel sepharose pulldown assay as described above. 

Treatment with EtBr and RNase A of cleared lysates was performed as described [74]. 

EtBr (50 μg/ml) was added to cleared lysates followed by a 30-min incubation of the 

lysates on ice. Lysates were incubated with Nickel sepharose beads as described above, 

except that the original EtBr concentration was maintained throughout bead washing. For 

RNase A treatment, protein-bound beads were washed two times with wash buffer prior 

to RNase A treatment. After washing, protein-bound beads were resuspended in wash 

buffer supplemented with RNase A (80 μg/ml) and incubated at 30 °C for 1 h. For DNase 

I, protein-bound beads were washed two times with wash buffer prior to DNase I 

treatment. After washing, protein-bound beads were resuspended in wash buffer 

supplemented with 5 μl of TURBO DNase I (Ambion) and incubated at 30°C for 1 h. For 

KCl and Tween-20 treatment, protein-bound beads were separated equally into separate 

tubes and washed four times with TA buffer described above with various KCl 

concentrations or Tween-20 percentage. After treatments, protein-bound beads were 

eluted as described above.  

 

Stoichiometry pulldown assay  

pET, pCDF, and pACYC plasmids (Table S1) were co-transformed into BL21 (DE3) 

cells and expressed by autoinduction in TB media. After inoculation, cells were grown at 

37 °C until OD600 ~ 0.5 and grown at 24°C for 16–18 h. Cells were harvested by 

centrifugation, washed once with rUAF extraction buffer supplemented with 1 mM DTT 

and protease inhibitors, and frozen at −80 °C. Cell pellets were thawed and lyzed by 

sonication, and soluble extract was prepared as described above for UAF. Cleared lysates 
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were incubated with Nickel Sepharose beads (G-Biosciences) overnight at 4 °C. UAF 

was eluted in batch with wash buffer supplemented with 250 mM imidazole. Elutions 

were pooled and incubated overnight with SP Sepharose beads (GE Healthcare) 

overnight at 4 °C. UAF-bound beads were washed three times with wash buffer. UAF 

was eluted in batch with SP elution buffer. SP elutions were pooled, filtered and 

concentrated on a 100-kDa cutoff centricon filter (Millipore), and loaded onto a Superose 

6 10/300 column (GE Healthcare). SEC was performed as described above. Peak 

fractions were separated on a 4% 20% Tris–glycine SDS-PAGE gel (Bio-Rad) and 

analyzed by Western blot.  

 

Native-MS  

Protein complexes were buffer exchanged in 0.5 M NH4OAc buffer (pH 6.9) using 

VIVASPIN 50-kDa MWCO filters (Fisher Scientific, Hanover Park, IL). The final 

concentration of protein complexes was adjusted to 10 μM. A 10-μl aliquot was loaded 

into an offline electrospray capillary (Thermo Electron, Madison, WI) to perform the 

Native-MS measurement on an Exactive Plus EMR mass spectrometer (Thermo Fisher 

Scientific, Bremen, Germany). The sample solution was infused in positive mode at 

capillary voltage 1.5–1.8 kV to the instrument with the resolving power set at 17,500. 

The in-source and HCD collision voltages were adjusted for desolvation of the ions. The 

instrument was calibrated with the clusters produced by ESI of a CsI solution. The peak 

picking and data processing was performed with Intact Mass software (Protein Metrics, 

San Carlos, CA).  

 



! 51!

Authorship Contribution 

Participated in research design: Smith, Knutson, Jackobel 

Conducted experiments: Smith, Cui, Jackobel, Knutson, Walker-Kopp 

Contributed new reagents or analytic tools: Cui, Knutson, Walker-Kopp 

Performed data analysis: Smith, Cui, Knutson, Jackobel 

Wrote or contributed to the writing of the manuscript: Smith, Knutson, Jackobel 

 

Footnotes 

The work was supported by B.A.K. grants from the US National Institutes of Health NCI 

(5K22CA184235), a Sinsheimer Scholar award from the Alexandrine and Alexander L. 

Sinsheimer Fund, Central New York Community Foundation, Joseph C. George Fund, 

and Virginia Simons & Dr. C. Adele Brown Fund. Native-MS measurements were 

financed by the National Institutes of Health NIGMS (P41 GM103422).  

 

References 

1.  Bedwell GJ, et al. Efficient transcription by RNA polymerase I using  

recombinant core factor, Gene 492 (2012) 94–99. 

2.  Steffan JS, et al. The role of TBP in rDNA transcription by RNA  

polymerase I in Saccharomyces cerevisiae: TBP is required for upstream 

activation factor-dependent recruitment of core factor, Genes Dev. 10 (1996) 

2551–2563. 

3.  Siddiqi I, et al. Role of TATA binding protein (TBP) in yeast ribosomal  



! 52!

dna transcription by RNA polymerase I: defects in the dual functions of 

transcription factor UAF cannot be suppressed by TBP, Mol. Cell. Biol. 21 (2001) 

2292–2297. 

4.  Aprikian P, et al. TATA binding protein can stimulate core-directed  

transcription by yeast RNA polymerase I, Mol. Cell. Biol. 20 (2000) 5269–5275. 

5.  Cormack BP, et al. The TATA-binding protein is required for  

transcription by all three nuclear RNA polymerases in yeast cells, Cell 69 (1992) 

685–696. 

6.  Steffan JS, et al. Interaction of TATA-binding protein with upstream  

activation factor is required for activated transcription of ribosomal DNA by RNA 

polymerase I in Saccharomyces cerevisiae in vivo, Mol. Cell. Biol. 18 (1998) 

3752–3761. 

7.  Lin CW, et al. A novel 66-kilodalton protein complexes with Rrn6, Rrn7,  

and TATA-binding protein to promote polymerase I transcription  

initiation in Saccharomyces cerevisiae, Mol. Cell. Biol. 16 (1996) 6436– 

6443. 

8.  Lalo D, et al. RRN11 encodes the third subunit of the complex containing Rrn6p 

and Rrn7p that is essential for the initiation of rDNA transcription by yeast RNA 

polymerase I, J. Biol. Chem. 271 (1996) 21062–21067. 

9.  Knutson BA, et al. Architecture of the Saccharomyces cerevisiae RNA 

polymerase I core factor complex, Nat. Struct. Mol. Biol. 21 (2014) 810–816. 



! 53!

10.  Yamamoto RT, et al. RRN3 gene of Saccharomyces cerevisiae encodes an 

essential RNA polymerase I transcription factor which interacts with the 

polymerase independently of DNA template, EMBO J. 15 (1996) 3964–3973. 

11.  Milkereit P, et al. A specialized form of RNA polymerase I, essential for initiation  

and growth-dependent regulation of rRNA synthesis, is disrupted during 

transcription, EMBO J. 17 (1998) 3692–3703. 

12.  Keys DA, et al. Multiprotein transcription factor UAF interacts with the upstream  

element of the yeast RNA polymerase I promoter and forms a stable preinitiation 

complex, Genes Dev. 10 (1996) 887–903. 

13.  Keener J, et al. Histones H3 and H4 are components of upstream activation factor  

required for the high-level transcription of yeast rDNA by RNA polymerase I, 

Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 13458–13462. 

14.  Siddiqi IN, et al. Transcription of chromosomal rRNA genes by both RNA  

polymerase I and II in yeast uaf30 mutants lacking the 30 kDa subunit of 

transcription factor UAF, EMBO J. 20 (2001) 4512–4521. 

15.  Choe, SY, et al. In vitro definition of the yeast RNA polymerase I promoter, 

Nucleic Acids Res. 20 (1992) 279–285. 

16.  Musters, W, et al. Linker scanning of the yeast RNA polymerase I promoter, 

Nucleic Acids Res. 17 (1989) 9661–9678. 

17.  Kulkens, T, et al. The yeast RNA polymerase I promoter: ribosomal DNA 

sequences involved in transcription initiation and complex formation in vitro, 

Nucleic Acids Res. 19 (1991) 5363–5370. 



! 54!

18.  Keener J, et al. Reconstitution of yeast RNA polymerase I transcription in vitro 

from purified components. TATA-binding protein is not required for basal 

transcription, J. Biol. Chem. 273 (1998) 33795–33802. 

19.  Oakes M, et al. Transcription factor UAF, expansion and contraction of ribosomal  

DNA (rDNA) repeats, and RNA polymerase switch in transcription of yeast 

rDNA, Mol. Cell. Biol. 19 (1999) 8559–8569. 

20.  Vu L, et al. RNA polymerase switch in transcription of yeast rDNA: role of  

transcription factor UAF (upstream activation factor) in silencing rDNA 

transcription by RNA polymerase II, Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 

4390–4395. 

21.  Luger K, et al. Crystal structure of the nucleosome core particle at 2.8 Å 

resolution, Nature 389 (1997) 251–260. 

22.  Cook AJ, et al. A specific function for the histone chaperone NASP to fine-tune a  

reservoir of soluble H3–H4 in the histone supply chain, Mol. Cell 44 (2011) 918–

927. 

23.  Mello JA, et al. Human Asf1 and CAF-1 interact and synergize in a repair-

coupled nucleosome assembly pathway, EMBO Rep. 3 (2002) 329–334. 

24.  Campos EI, et al. The program for processing newly synthesized histones H3.1 

and H4, Nat. Struct. Mol. Biol. 17 (2010) 1343–1351. 

25.  Polioudaki H, et al. Histones H3/H4 form a tight complex with the inner nuclear  

membrane protein LBR and heterochromatin protein 1, EMBO Rep. 2 (2001) 

920–925. 



! 55!

26.  Tongaonkar P, et al. Histones are required for transcription of yeast rRNA genes 

by RNA polymerase I, Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 10129–10134. 

27.  Kim UJ, et al. Effects of histone H4 depletion on the cell cycle and transcription 

of Saccharomyces cerevisiae, EMBO J. 7 (1988) 2211–2219. 

28.  Bier M, et al. The composition of the RNA polymerase I transcription machinery  

switches from initiation to elongation mode, FEBS Lett. 564 (2004) 41–46. 

29.  Arents G, et al. The nucleosomal core histone octamer at 3.1 Å resolution: a 

tripartite protein assembly and a left-handed superhelix, Proc. Natl. Acad. Sci. U. 

S. A. 88 (1991) 10148–10152. 

30.  Arents G, et al. The histone fold: a ubiquitous architectural motif utilized in DNA  

compaction and protein dimerization, Proc. Natl. Acad. Sci. U. S. A. 92 (1995) 

11170–11174. 

31.  Coleman RA, et al. Dimerization of the TATA binding protein, J. Biol. Chem. 

270 (1995) 13842–13849. 

32.  Chasman DI, et al. Crystal structure of yeast TATA-binding protein and model for  

interaction with DNA, Proc. Natl. Acad. Sci. U. S. A. 90 (1993) 8174–8178. 

33.  Blattner C, et al. Molecular basis of Rrn3-regulated RNA polymerase I initiation 

and cell growth, Genes Dev. 25 (2011) 2093–2105. 

34.  Pilsl M, et al. Structure of the initiation-competent RNA polymerase I and its  

implication for transcription, Nat.Commun. 7 (2016) 12126. 

35.  Torreira E, et al. The dynamic assembly of distinct RNA polymerase I complexes  

modulates rDNA transcription, elife 6 (2017). 



! 56!

36.  Jackson-Fisher AJ, et al. A role for TBP dimerization in preventing unregulated 

gene expression, Mol. Cell 3 (1999) 717–727. 

37.  Milkereit P, et al. Resolution of RNA polymerase I into dimers and monomers 

and their function in transcription, Biol. Chem. 378 (1997) 1433–1443. 

38.  Engel C, et al. RNA polymerase I structure and transcription regulation, Nature 

502 (2013) 650–655. 

39.  McStay B, et al. xUBF contains a novel dimerization domain essential for RNA  

   polymerase I transcription, Genes Dev. 5 (1991) 1957–1968. 

40.  Jantzen HM, et al. Multiple domains of the RNA polymerase I activator hUBF  

interact with the TATA-binding protein complex hSL1 to mediate transcription, 

Genes Dev. 6 (1992) 1950–1963. 

41.  O'Mahony DJ, et al. Analysis of the phosphorylation, DNA-binding and 

dimerization properties of the RNA polymerase I transcription factors UBF1 and 

UBF2, Nucleic Acids Res. 20 (1992) 1301–1308. 

42.  Smith MM, et al. Histone H3 and H4 gene deletions in Saccharomyces cerevisiae, 

J. Cell Biol. 106 (1988) 557–566. 

43.  Gossett AJ, et al. In vivo effects of histone H3 depletion on nucleosome 

occupancy and position in Saccharomyces cerevisiae, PLoS Genet. 8 (2012), 

e1002771. 

44.  Blackwell JS, et al. Mutational analysis of H3 and H4 N termini reveals distinct 

roles in nuclear import, J. Biol. Chem. 282 (2007) 20142–20150. 

45.  Knutson BA, et al. TFIIB-related factors in RNA polymerase I transcription, 

Biochim. Biophys. Acta 2013 (1829) 265–273. 



! 57!

46.  Nakatani Y, et al. The histone folds in transcription factor TFIID, J. Biol. Chem. 

271 (1996) 6575–6578. 

47.  Xie X, et al. Structural similarity between TAFs and the heterotetrameric core of 

the histone octamer, Nature 380 (1996) 316–322. 

48.  Gangloff YG, et al. Histone folds mediate selective heterodimerization of yeast 

TAF(II)25 with TFIID components yTAF(II)47 and yTAF(II)65 and with SAGA 

component ySPT7, Mol. Cell. Biol. 21 (2001) 1841–1853. 

49.  Hoffmann A, et al. A histone octamer-like structure within TFIID, Nature 380 

(1996) 356–359. 

50.  Gangloff YG, et al. The human TFIID components TAF(II)135 and TAF(II)20 

and the yeast SAGA components ADA1 and TAF(II)68 heterodimerize to form 

histone-like pairs, Mol. Cell. Biol. 20 (2000) 340–351. 

51.  Sinha S, et al. Recombinant rat CBF-C, the third subunit of CBF/NFY, allows 

formation of a protein–DNA complex with CBF-A and CBF-B and with yeast 

HAP2 and HAP3, Proc. Natl. Acad. Sci. U. S. A. 92 (1995) 1624–1628. 

52.  Maity SN, et al. The B subunit of a rat heteromeric CCAAT-binding transcription 

factor shows a striking sequence identity with the yeast Hap2 transcription factor, 

Proc. Natl. Acad. Sci. U. S. A. 87 (1990) 5378–5382. 

53.  McNabb DS, et al. Cloning of yeast HAP5: a novel subunit of a heterotrimeric 

complex required for CCAAT binding, Genes Dev. 9 (1995) 47–58. 

54.  Nardini M, et al. Sequence-specific transcription factor NF-Y displays histone-

like DNA binding and H2B-like ubiquitination, Cell 152 (2013) 132–143. 



! 58!

55.  Romier C, et al. The NF-YB/NF-YC structure gives insight into DNA binding and 

transcription regulation by CCAAT factor NF-Y, J. Biol. Chem. 278 (2003) 

1336–1345. 

56.  Reese JC, et al. Identification of a yeast transcription factor IID subunit, 

TSG2/TAF48, J. Biol. Chem. 275 (2000) 17391–17398. 

57.  Sanders SL & Weil PA. Identification of two novel TAF subunits of the yeast 

Saccharomyces cerevisiae TFIID complex, J. Biol. Chem. 275 (2000) 13895–

13900. 

58.  Grant PA, et al. A subset of TAF(II)s are integral components of the SAGA 

complex required for nucleosome acetylation and transcriptional stimulation, Cell 

94 (1998) 45–53. 

59.  Goppelt A, et al. A mechanism for repression of class II gene transcription 

through specific binding of NC2 to TBP-promoter complexes via heterodimeric 

histone fold domains, EMBO J. 15 (1996) 3105–3116. 

60.  Kamada K, et al. Crystal structure of negative cofactor 2 recognizing the TBP–

DNA transcription complex, Cell 106 (2001) 71–81. 

61.  Bancaud A, et al. Nucleosome chiral transition under positive torsional stress in 

single chromatin fibers, Mol. Cell 27 (2007) 135–147. 

62.  Alilat M, et al. Nucleosome dynamics. Protein and DNA contributions in the 

chiral transition of the tetrasome, the histone (H3–H4)2 tetramer DNA particle, J. 

Mol. Biol. 291 (1999) 815–841. 



! 59!

63.  Hontz RD, et al. Transcription of multiple yeast ribosomal DNA genes requires 

targeting of UAF to the promoter by Uaf30, Mol. Cell. Biol. 28 (2008) 6709–

6719. 

64.  Dong F & van Holde KE. Nucleosome positioning is determined by the (H3–H4)2 

tetramer, Proc. Natl. Acad. Sci. U. S. A. 88 (1991) 10596–10600. 

65.  Fei J, et al. The prenucleosome, a stable conformational isomer of the 

nucleosome, Genes Dev. 29 (2015) 2563–2575. 

66.  Liu M, et al. Characterization of the fission yeast ribosomal DNA binding factor: 

components share homology with Upstream Activating Factor and with SWI/SNF 

subunits, Nucleic Acids Res. 30 (2002) 5347 5359. 

67.  Aasland R, et al. The SANT domain: a putative DNA-binding domain in the SWI-

SNF and ADA complexes, the transcriptional co-repressor N-CoR and TFIIIB, 

Trends Biochem. Sci. 21 (1996) 87–88. 

68.  Barbaric S, et al. Multiple mechanistically distinct functions of SAGA at the 

PHO5 promoter, Mol. Cell. Biol. 23 (2003) 3468–3476. 

69.  Boyer LA, et al. Essential role for the SANT domain in the functioning of 

multiple chromatin remodeling enzymes, Mol. Cell 10 (2002) 935–942. 

70.  Sterner DE, et al. The SANT domain of Ada2 is required for normal acetylation 

of histones by the yeast SAGA complex, J. Biol. Chem. 277 (2002) 8178–8186. 

71.  Yu J, et al. A SANT motif in the SMRT corepressor interprets the histone code 

and promotes histone deacetylation, EMBO J. 22 (2003) 3403–3410. 

72.  Gouge J, et al. Molecular mechanisms of Bdp1 in TFIIIB assembly and RNA 

polymerase III transcription initiation, Nat. Commun. 8 (2017) 130. 



! 60!

73.  Allfrey VG, et al. Acetylation and methylation of histones and their possible role 

in the regulation of Rna synthesis, Proc. Natl. Acad. Sci. U. S. A. 51 (1964) 786–

794. 

74.  Lai JS & Herr W. Ethidium bromide provides a simple tool for identifying 

genuine DNA-independent protein associations, Proc. Natl. Acad. Sci. U. S. A. 89 

(1992) 6958–6962. 

  



! 61!

Chapter 3. Conclusions and Future Directions 

 

Marissa L. Smith 

Department of Biochemistry and Molecular Biology, SUNY Upstate Medical University, 

Syracuse, NY 13210, USA 

 

  



! 62!

A. Conclusions 

The recombinant UAF expression and purification scheme described here provides the 

Pol I community with a way to close the gap in knowledge of UAF’s structure and 

function in the Pol I transcription system.  The information gained here will have 

important implications in determining the molecular architecture of UAF and its 

interaction with DNA, as well as the entire Pol I PIC organization and architecture. 

We found that although it is possible to assemble partial complexes with the UAF 

subunits, the complex is much more stable when all members of the complex are present.  

However, the complex without Uaf30 is an exception to this overall trend.  UAF, lacking 

the Uaf30 subunit, is fairly stable both in vitro and in vivo. We show that recombinant 

UAF lacking the Uaf30 subunit will expresses and purifies similarly to the wild-type 

UAF complex and Siddiqui et al. showed that the UAF complex lacking the Uaf30 

subunit will also purify similarly to wild-type yeast UAF in vivo [1]. Using our 

recombinant system, we looked at complex formation in the absence of each UAF 

subunit, including the histone subunits.  We found that forming a partial UAF complex 

lacking each UAF subunit resulted in a drop in expression levels and protein degradation.  

The instability of partial UAF complexes may be the result of exposed hydrophobic 

surfaces that are prone to degradation or cleaving.  However, this consistent instability 

could be a physiological important characteristic of the complex, such as a mechanism 

for quick turnover of the complex.  

A previous study found that when histone H3 was depleted, there was a decrease 

in cellular Rrn5 levels [2].  This suggested that histone H3 (and histone H4) is important 

for UAF complex formation and integrity.  Our recombinant system gave us a more 
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direct way to test the role of histones H3 and H4 on UAF complex integrity.  We found 

that despite some degradation of the Rrn9 subunit, histones H3 and H4 are not required 

for the complex to assemble and Rrn5, Rrn10, and Rrn9 formed a complex that could 

withstand multiple round of purification.  

Using two complementary techniques, we determined the stoichiometry of the 

subunits of the UAF complex.  We revealed that each UAF contains two copies of 

histone H3 and a single copy the remaining UAF subunits, including histone H4. 

Surprisingly, this means there are three histone-fold containing proteins in this complex, 

which also means one histone fold is without a pair. Histone fold domains are insoluble 

by themselves and are found exclusively as antiparallel dimers with their pairs. It’s 

possible that an odd number of histone folds in the complex could be a novel finding.  

However it’s more likely that a histone-fold domain, such as the one identified in Rrn5, 

interacts with the odd histone fold to create a tetramer-like subcomplex. 

 

B. Future directions 

The role of each subunit in UAF function 

While we know the subunit composition and stoichiometry of the subunits in the UAF 

complex, it remains unclear what role each individual subunit plays in UAF function. 

Since Rrn9 interacts with both TBP and Core Factor, Rrn9 likely helps recruit the 

remaining Pol I factors and nucleate PIC formation after UAF binds to the rDNA 

promoter [3,4]. 

We show that histones H3 and H4 are not required for complex integrity, as Rrn9, 

Rrn10, and Rrn5 can form a partial complex in the absence of both histone subunits.  This 
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suggests H3 and H4 do not play a role in UAF complex integrity, but likely play another 

important role in UAF function. Histones H3 and H4 are rich in basic amino acids and 

not only have DNA affinity when organized into a histone octamer with H2A and H2B, 

but are also able to bind DNA themselves as H3-H4 dimers and tetramers [5-6]. This 

suggests H3 and H4 could provide UAF with its DNA affinity. Since UAF binds 

specifically to the UAS, it would be surprising that such general DNA binding proteins, 

such as H3 and H4, give UAF its sequence specific DNA binding characteristic. 

Therefore, its possible another subunit plays a role in DNA binding or sequence 

recognition.   

A previous study found a region of Uaf30 to be structurally similar to a 

SWIB/MDM2 domain found in SWI/SNF chromatin remodeling complexes [2, 7]. This 

domain, along with histones being subunits of the complex, may suggest UAF has a 

chromatin remodeling function. Additionally, partial UAF complexes lacking the Uaf30 

subunit are still able to bind naked DNA in vitro, but show diminished binding to the 

rDNA promoter in vivo [2]. All together, this supports a model where Uaf30 plays a role 

in promoter recognition possibly by altering chromatin structure at the rDNA promoter, 

which requires further investigation. 

 

UAF interaction with rDNA promoter 

The yeast rDNA promoter spans from -155 bp to +2 bp in regards to the transcription 

start site with the UAS located from -155 to -49 [8-10].  Due to the large size of the 

upstream element (~100bp) and the histone fold domains found in the UAF complex, it’s 

possible that UAF may wrap DNA around itself in a similar manner as a nucleosome. 
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This wrapping and bending of UAS DNA would also be analogous to mammalian UBF 

[11-12], adding another parallel between the human and yeast Pol I transcription systems.  

We suggest a model where Rrn5’s histone-fold domain acts as the missing histone fold 

and UAF contains an H3/H4 tetramer-like sub complex within the complex.  Not only do 

nucleosomes wrap DNA, but H3/H4 tetramers can wrap DNA as well.  However, DNA 

bound to one H3/H4 tetramer is wrapped in less than one super helical turn about 80 bp 

long, opposed to the 146 bp of DNA protected when wrapped around a nucleosome [13-

14].  This length is similar to that of the UAS, which is much longer than a typical 

protein-interaction module, but shorter than the 146 bp of DNA that wraps twice around a 

histone octamer [15-16].  

This wrapping model could be a mechanism explaining how UAF has dual 

functions at the rDNA promoter; activating Pol I transcription, while repressing Pol II 

transcription of the same DNA.  Wrapping of the promoter DNA could stabilize UAF’s 

position and keep the transcription start site free of nucleosomes, so that the core element 

is accessible and ready for CF and TBP to bind.  On the other hand, UAF wrapping 

promoter DNA could provide enough of a barrier to pause Pol II transcription that is 

initiating upstream of UAF and cause the polymerase to fall off the DNA (See model, 

Figure 16).  

 

Polymerase switch phenotype in higher eukaryotes 

In both yeast and human cells, Pol II transcribes non-coding RNA in rDNA intergenic 

regions [17-19].  Current models suggest that Pol II-mediated rDNA transcription acts as 

a failsafe mechanism to ensure cell survival in conditions where Pol I activity may be 
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impaired and/or down regulated, yet this has never been fully investigated in human cells.  

It is possible that Pol II transcription of the rDNA is a conserved survival mechanism that 

maintains the synthesis of ribosomes in times of nucleolar stress such as when Pol I is 

degraded during severe zinc deprivation [20-21].  This may be a mechanism that has 

withstood years of evolution of eukaryotic transcription from the single archael 

polymerase, which synthesizes all types of RNA [22-23]. It would be interesting to 

explore the possibility of a polymerase switch phenotype in human cells and under what 

circumstances might a cell prefer Pol II rDNA transcription over Pol I rDNA 

transcription. 

 

UAF’s role in Pol I transcription activation 

It’s clear that ribosome biogenesis plays an important role in controlling and regulating 

growth.  It is also clear that the activity of RNA polymerase I transcription controls 

overall rRNA levels and ribosome synthesis.  However, there is a large gap in our 

understanding of the link between rDNA transcription and cellular growth and 

proliferation.  In yeast, UAF can drastically affect Pol I activity, so it’s possible that UAF 

could be one of these links between Pol I activation and growth signaling pathways, but a 

mechanism is entirely unknown.  Uaf30 seems like an attractive target for UAF complex 

regulation since the subunit plays an important role in targeting UAF to the rDNA 

promoter, but does not appear to affect UAF complex integrity [2].  Uaf30 has also been 

found to have multiple sites for post-translational modifications [24].  Modification of 

Uaf30 could be downstream of growth signal pathway and could affect Uaf30’s ability to 

associate with the rest of UAF, controlling if Pol I transcription is on or off (Figure 16).  



! 67!

It will be important to use the knowledge and tools gained from this project to further 

understand the overall mechanism of Pol I transcription activation in yeast.  Despite 

obvious differences, understanding Pol I transcription activation at the most basic level 

helps us to understand Pol I transcription in the human system. 

  

Figure 16. A potential model of how UAF functions in the yeast Pol I transcription 

system.  UAF functions to both activate Pol I transcription and repress Pol II transcription at 

the rDNA promoter.  Rrn9 likely assists in recruiting TBP and CF once UAF is bound.  The 

H32-H4-Rrn5 tetramer subcomplex (grey) likely plays a role in DNA binding.  Uaf30 is 

likely located on the periphery where it may mediate signals received by the cell to the 

complex. The Rrn10 subunit is not pictured here, as its function is unknown. 
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