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Abstract 

 

Molecular mechanisms of transcription 

regulation by non-coding RNAs and the DNA helicase RECQL5 
 
By 

Susanne Anke Kassube 

Doctor of Philosophy in Biophysics 

University of California, Berkeley 

Professor Eva Nogales, Chair 

 

 

Transcription is the process of copying a fragment of DNA in the cell’s nucleus into 
RNA. This copy is then used as a template to produce proteins, or it functions by itself as 
an enzyme, structural element or regulator. Transcription of protein–coding genes in 
eukaryotes is achieved by RNA polymerase II (Pol II), an enzyme that is tightly regulated 
to allow for the adaptation of transcript levels to both extracellular conditions as well as 
intracellular needs. My research has focused on understanding transcriptional regulation by 
two distinct factors: non–coding RNAs (ncRNAs) that are upregulated in response to 
cellular stress, and the DNA helicase RECQL5, a member of the highly conserved family 
of RecQ helicases involved in DNA repair.  

Non–coding RNAs are an important transcriptional regulator when cells adapt to 
extreme conditions such as heat shock. In mouse and human cells, heat shock triggers an 
increase in levels of B2/B1 RNA and Alu RNAs, respectively, which regulate expression of 
protein–coding genes by Pol II. Although it had been shown that ncRNAs interact directly 
with Pol II to regulate transcription, many important questions remained unanswered: 
Where is the binding site for ncRNAs located? Does binding of ncRNAs interfere with the 
binding of DNA to Pol II? How are repressive and non–repressive ncRNAs, which are both 
upregulated in response to heat shock and which both bind to Pol II with high affinity, 
distinguished? To address these questions, I employed single–particle cryo–electron 
microscopy (cryo–EM) to determine the structures of human Pol II in complex with six 
different repressive and non–repressive ncRNAs from mouse and human. The structural 
data allowed me to identify a conserved docking site for ncRNAs in the active site cleft of 
Pol II; the location of this site was later confirmed independently by cross–linking studies 
in collaboration with the laboratory of James Goodrich. Collectively, my analysis of the 
cryo–EM reconstructions of ncRNA–Pol II complexes in conjunction with biochemical 



 

 2 

data from the Goodrich lab suggest that the distinction between repressive and non–
repressive ncRNAs is made by the general transcription factor TFIIF based on certain 
flexible RNA elements that extend beyond the docking site. 

RECQL5 is a DNA helicase implicated to function at the interface of the cellular 
DNA replication, DNA repair, and RNA transcription machineries. Although RECQL5 had 
previously been shown to interact directly with Pol II, its molecular mechanism of action 
remained elusive. My work aimed to answer the following questions: Where is the binding 
site for RECQL5 located on the surface of Pol II? Does binding of RECQL5 interfere with 
the binding of DNA or other transcription factors during transcription initiation or 
elongation? How is transcriptional repression by RECQL5 achieved at the molecular level? 
To answer these questions, we employed an integrative experimental approach, combining 
biochemical assays, X–ray crystallography, cryo–EM and small angle X–ray scattering. 
The crystal structure of a fragment of RECQL5’s Pol II binding domain suggested that the 
topology of this domain is similar to a domain found in the transcription elongation factor 
TFIIS, which promotes continued transcription of arrested elongation complexes by 
stimulating the intrinsic RNA cleavage activity of Pol II. Using pull–down assays, I 
showed that RECQL5 and TFIIS compete for binding to Pol II, suggesting that the two 
proteins bind to overlapping sites. I corroborated these initial findings using an in vitro 
transcription assay, which confirmed that binding of RECQL5 to Pol II interferes with the 
function of TFIIS to promote read–through of intrinsic blocks to elongation. Using cryo–
EM, I obtained a high–resolution reconstruction of an elongating Pol II complex repressed 
by RECQL5. By docking the known crystal structures of individual components into the 
EM map, I generated a pseudo–atomic model of the complex. This model confirmed the 
location of the binding site, and suggests a novel, dual mechanism for the regulation of 
transcription by RECQL5 that includes structural mimicry of the Pol II–TFIIS interaction.  

Both ncRNAs and RECQL5 are important regulatory factors in human cells whose 
molecular mechanisms of transcriptional repression remained unknown. My research has 
provided important insights into their structure and function and, in the case of RECQL5, 
uncovered a novel mechanism of transcription regulation that might be employed by a 
number of other factors involved in transcriptional repression at the interface of the DNA 
recombination, replication and repair machineries. 
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Chapter 1: Introduction to transcription regulation in 
eukaryotic cells 
 
1.1 Biological importance of transcription regulation 

Transcription is the process of synthesizing RNA from a DNA template. The 
DNA in the nucleus of a human cell contains ~35,000 protein–coding genes, whose 
transcription is tightly regulated in response to extracellular cues as well as 
intracellular needs. The precise regulation of gene expression is of crucial 
importance for all living cells during development, cell differentiation, adaptation to 
environmental changes, and homeostasis, and its imbalance can lead to severe 
cellular defects.  

The process of transcription can be divided into three phases, termed 
initiation, elongation, and termination. During initiation, regulatory and general 
factors select the transcription start site and recruit Pol II; upon synthesis of a short 
stretch of RNA, transcription is either aborted, a common phenomenon in both 
prokaryotic and eukarytic transcription, or the promoter is cleared and transcription 
enters the elongation phase. During elongation, RNA processing factors associate 
with Pol II and begin to modify the nascent transcript. Termination results in the 
release of the RNA transcript, which is then further processed by the 
polyadenylation machinery. 

The initiation of transcription is highly regulated and essential for 
determining the set of genes to be transcribed at any given time in a cell. One of the 
major steps in gene regulation that has been well characterized is the assembly of 
the pre–initiation complex, involving the core enzyme RNA polymerase II (Pol II) 
and the general transcription factors (Roeder, 1996). In addition, further regulation 
is required during the elongation phase of transcription, particularly with regard to 
the encounter of mutagenic DNA structures. Damaged DNA can be caused by 
extracellular sources, such as radiation, but it also results from processes within a 
cell, for example in the event of a collision of elongating transcription complexes 
with DNA replication forks. To preserve the genetic material, transcription needs to 
be paused at sites of DNA damage to allow the repair machinery to restore the DNA 
to its original state. 

The importance of gene regulation is underscored by the fact that changes in 
gene regulation also lead to phenotype variation and are an important driver in the 
process of speciation (Levine and Tjian, 2003; Romero et al., 2012). Humans share 
~97% of their DNA with nonhuman primates such as chimpanzees, gorillas and 
orangutans, and many differences in physical appearance, behavior and cognitive 
abilities are solely due to deviations in epigenetics and gene expression patterns (Hu 
et al., 2011; King and Wilson, 1975; Pai et al., 2011).  
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RNA polymerases possess the catalytic activity to polymerize RNA 
nucleotides in a sequence–specific manner based on a DNA template. Eukaryotic 
cells possess three different RNA polymerases, termed Pol I, Pol II and Pol III, 
which synthesize different kinds of RNA: Pol I produces ribosomal RNA, 
messenger RNA is made by Pol II, and Pol III is responsible for transfer RNAs, 
certain ribosomal RNAs, as well as other non–coding RNAs (Cramer, 2004; Cramer 
et al., 2008; Dignam et al., 1983; Roeder and Rutter, 1969). Polymerases cannot act 
in isolation, but instead require assistance from other factors to access the DNA, 
select the transcription start site, initiate transcription, and productively elongate the 
RNA transcript. Traditionally, it has been assumed that protein factors fulfill these 
functions, but as in other areas, it has become clear that RNAs play important 
regulatory roles that go far beyond their function as information carriers.  

My thesis research has focused on understanding transcriptional control by 
two distinct regulatory factors: (1) non–coding RNAs that are upregulated in 
response to cellular stress, and (2) the DNA helicase RECQL5. While both factors 
were known to interact directly with Pol II, their binding sites and molecular 
mechanisms of action remained unknown at the onset of my studies. This chapter 
will provide an overview of transcription and its regulation in eukaryotic cells, as 
well as an introduction to RecQ helicases and non–coding RNAs involved in 
transcription. This introduction will serve as a context for the detailed discussion of 
the structural and functional studies on non–coding RNAs and RECQL5 presented 
in Chapters 2 and 3. 
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1.2 Transcription in eukaryotes 
 
1.2.1 RNA polymerase II 

Pol II is the eukaryotic enzyme that transcribes protein–encoding DNA 
sequences into mRNA. It consists of 12 subunits, termed Rpb1 – Rpb 12, and has a 
combined molecular weight of 0.5 MDa. It consists of a 10–subunit core and a stalk 
domain, which is formed by the Rpb4 and Rpb7 subunits. The active site cleft is 
located between the two largest subunits, Rpb1 and Rpb2, which contribute more 
than 65% of total mass (Figure 1-1). Crystal structures of yeast Pol II (yPol II) and 
cryo–EM reconstructions of human Pol II (hPol II) show that Rpb2 forms 
characteristic lobe and protrusion domains at one side of the cleft, while the other 
side is framed by the Rpb1 clamp domain (Cramer et al., 2000; Cramer et al., 2001; 
Kostek et al., 2006). Crystal structures of Pol II in different conformations as well 
as cryo–EM analysis have shown that the clamp domain is highly mobile. One end 
of the Pol II active site cleft is closed off by a so–called wall domain, while the 
active site cleft entrance is flanked by the upper and lower jaws (Rpb9 and Rpb5, 
respectively). The Rpb1 subunit contains a long unstructured C–terminal extension, 
termed CTD, which consists of between 26 (yeast) and 52 (human) heptapeptide 
repeats of the sequence Tyr–Ser–Pro–Thr–Ser–Pro–Ser. The beginning of the CTD 
is located at the “back” of Pol II close to the Rpb4/Rpb7 stalk and the mRNA exit 
channel. The CTD has not been observed in either crystallographic or EM studies 
due to its flexible nature. During transcription elongation, the CTD is responsible 
for recruitment of mRNA processing enzymes that are required for capping, 
splicing, cleavage and polyadenylation of the nascent transcript. Recruitment of 
these factors is regulated by alternative phosphorylation patterns at Ser2 and Ser5 
(reviewed in Phatnani and Greenleaf, 2006). 

At the beginning of my studies, most of the available structural information 
came from crystal structures of yPol II in either its apo form (Armache et al., 2005; 
Cramer et al., 2001) or in complexes with general transcription factors (discussed in 
chapter 1.2.2). Given that yeast and human Pol II exhibit 53% overall sequence 
identity (Cramer et al., 2000), these structures constitute an invaluable resource for 
the interpretation of lower resolution EM reconstructions. The only structure of 
human Pol II available at the time was a cryo–negative stain EM reconstruction by 
Kostek and coworkers (Kostek et al., 2006), which confirmed the conformational 
heterogeneity of the clamp domain that had previously been observed for yPol II. 
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Figure 1-1. Structural studies of apo Pol II. 
(a) Crystal structure of yPol II (based on PDB code 1WCM). Subunits are labeled according to their 
color–code. (b) Cryo–negative stain reconstructions of hPol II in two conformational states (based 
on EMDB–1283 and EMDB–1284). Prominent features are labeled in the closed state. 
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1.2.2 The general transcription factors and assembly of the 
pre–initiation complex 

In addition to the core enzyme Pol II, general transcription factors are needed 
to mediate the binding of Pol II to promoter DNA and to initiate transcription. This 
is achieved through the assembly of the pre–initiation complex (PIC), consisting of 
Pol II and the general transcription factors TFIIA, B, D, E, F, and H. The formation 
of this complex is nucleated by the binding of TFIID to promoter DNA and 
stabilized by TFIIA. In the next step, the transcription factor TFIIB recruits Pol II 
and ensures proper selection of the transcription start site together with TFIIF. The 
complex is then joined by TFIIE and TFIIH, whose helicase activity is responsible 
for melting the promoter DNA and formation of the transcription bubble (reviewed 
in Thomas and Chiang, 2006). Early mechanistic insights into the complex process 
of transcription initiation came from biochemical and genetic studies (Dynan and 
Tjian, 1983; Matsui et al., 1980; Sawadogo and Roeder, 1985; Weil et al., 1979). 
Crystal structures of individual transcription factors (Nikolov et al., 1992) and co–
complexes of transcription factors and DNA (Bleichenbacher et al., 2003; Nikolov 
et al., 1996; Nikolov et al., 1995), the structure of Pol II itself (Cramer et al., 2000; 
Cramer et al., 2001), as well as complexes of Pol II and transcription factors 
(Kettenberger et al., 2003; Kostrewa et al., 2009; Liu et al., 2010) (Figure 1-2 a and 
b) helped elucidate the physical basis of transcription initiation. The first 
transcription factor that was studied in detail was TATA–binding protein (TBP), a 
subunit of the ~1.2 MDa TFIID complex. Crystal structures of TBP in complex with 
TATA DNA, a sequence element found in promoter DNA, revealed that TBP 
induces a sharp kink into the DNA, which likely serves as a signal for the 
recruitment of other transcription factors (Figure 1-2 a). While TFIIA serves to 
stabilize this interaction, TFIIB is needed to bridge between TBP and Pol II by 
interacting with both proteins simultaneously through its ‘B–core’ and ‘B–ribbon’ 
domains, respectively (Kostrewa et al., 2009)(Figure 1-2 b). Detailed cross–linking 
studies on larger complexes allowed the placement of additional factors to create a 
model of the PIC (Chen et al., 2007; Eichner et al., 2010; Fishburn and Hahn, 2012).  

A recent negative stain and cryo–EM study by He and coworkers provided 
the first glimpse of the PIC in its entirety (He et al., 2013). Negative stain 
reconstructions of transcription complexes of increasing complexity yielded insights 
into the assembly of the PIC through visualizing different steps along the pathway 
(Figure 1-2 c), while cryo–EM reconstructions of assembled complexes with 
different DNA templates shed light on the transition from a closed complex to an 
open transcription complex with melted DNA in the active site cleft. Docking of 
available crystal structures of individual components and subcomplexes allowed for 
the interpretation of the reconstructions at pseudo–atomic resolution (Figure 1-2 d). 
The structures provide the first direct structural evidence how TFIIF positions DNA 
along the Pol II cleft. The reconstruction containing TFIIH shows how this large 
transcription factor interacts with TFIIE close to the stalk of Pol II, while at the 
same time positioning its XPB helicase onto downstream DNA, suggesting that it 
acts as a translocase, threading DNA into Pol II’s active site cleft. 
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Figure 1-2. Structural studies on transcription initiation complexes. 
(a) Co–crystal structures of TBP, TFIIB and promoter DNA (top) and TBP, TFIIA and promoter 
DNA (bottom), based on PDB codes 1NVP and 1VOL. (b) Model of a closed PIC based on the 
crystal structure of a TFIIB–Pol II complex. Based on Kostrewa et al., 2009. (c) Negative stain EM 
reconstructions of a step–wise assembly of the PIC. Modified from He et al., 2013. (d) Cryo–EM 
reconstruction of a closed complex with docked crystal structures (right). Modified from He et al., 
2013. 
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1.2.3 General cofactors and the role of chromatin 
The general transcription machinery, containing Pol II and general 

transcription factors TFIIA, B, D, E, F, and H as described above, is sufficient for 
basal transcription of house–keeping genes under regular growth conditions. For 
regulated or activator–dependent transcription, which allows a gradual adjustment 
of transcript levels, an additional set of proteins termed cofactors is needed. General 
cofactors mediate signals between the general transcription machinery assembled at 
the promoter, and regulatory elements that can be located far away in the genome. 
General cofactors are divided into three classes: (i) the TBP–associated factors 
(TAFs), (ii) the upstream stimulatory activity–derived positive and negative 
cofactors, and (iii) the Mediator complex (reviewed in Thomas and Chiang, 2006). 
Mediator is a multi–subunit coactivator complex only found in eukaryotes. In 
humans, it consists of ~26 subunits with a combined molecular weight of 1.2 MDa. 
EM studies have shown that mediator consists of head, middle, tail and kinase 
modules (Cai et al., 2009; Taatjes et al., 2004). This multidomain architecture 
allows mediator to act as a bridge by interacting with the general transcription 
factors (mainly TBP, TFIIH and TFIID) and the CTD of Pol II through its head, and 
with activators and repressors bound to distal DNA enhancer elements through its 
tail (Figure 1-3). The interaction between mediator and the general transcription 
factors is relatively weak (in the µM range), but its interactions through various 
contact points help stabilize the PIC on promoter DNA. Binding of an activator 
triggers a conformation change in mediator that leads to the formation of a binding 
site for Pol II; upon binding, phosphorylation of Ser2 in the Pol II CTD by mediator 
signals the beginning of the transcription reaction. 

In eukaryotic cells, DNA is compacted into chromatin, which facilitates the 
storage of the genetic material in the nucleus and chromosome segregation during 
mitotic and meiotic cell division. Chromatin is comprised of repeating units of 
nucleosomes, which consist of ~147 bp of DNA wrapped around a histone octamer 
(Luger et al., 1997). In addition to its role in compacting DNA for storage, 
chromatin plays an important regulatory role by limiting access to the DNA in 
highly condensed regions, while facilitating transcription in others. Access to the 
DNA is tightly regulated through the complex interplay of chromatin remodeling 
complexes and histone modifying enzymes. Most genes show strong nucleosome 
positioning around promoter DNA, and highly expressed genes usually have 
nucleosome free regions near the transcription start site, facilitating access of the 
transcription machinery (reviewed in Struhl and Segal, 2013). Recent structural 
studies have yielded insights into the molecular mechanism of the FACT complex 
(facilitates chromatin transcription), which assists Pol II in the passage of 
nucleosomes. Biochemical studies had shown that FACT–mediated transcription 
results in the loss of a single H2A–H2B dimer, and the crystal structure of a 
fragment of Spt16 in complex with the H2A–H2B dimer suggests that FACT blocks 
the histone’s DNA interaction site, thereby facilitating “breathing” of the 
nucleosome and the passage of Pol II (Hondele et al., 2013). The chaperone activity 
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of FACT is essential for reassembly of the nucleosome, thus retaining chromosome 
organization.   
 

 

 

 

 

Figure 1-3. Model of eukaryotic transcription initiation regulation. 
The pre–initiation complex, containing Pol II, TFIID (TBP), TFIIA, TFIIB, TFIIE, TFIIF and 
TFIIH, assembles on promoter DNA. The mediator complex connects the general transcription 
machinery to distal enhancers, and relays the signal to either promote or repress transcription of a 
specific gene. 
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1.2.4 Regulation of transcription elongation 
As the first step in gene expression, transcription is tightly regulated. As 

discussed above, the initiation of transcription is orchestrated through the concerted 
interplay of a diverse set of factors that act on chromatin, making it either accessible 
for the transcription machinery or preventing access by compacting it, and other 
factors that regulate the selection of specific genes based on current cellular needs. 
In addition, the elongation phase of transcription is another tightly controlled step 
that allows fine–tuning of transcript levels. In recent years, ChIP–Seq (chromatin 
immunoprecipitation followed by sequencing) data has provided insights into the 
distribution of Pol II and regulatory factors along genes, leading to a better 
understanding of transcription elongation. The data show that negative elongation 
factors, such as DRB sensitivity inducing factor (DSIF) and negative elongation 
factor (NELF), which significantly reduce elongation rates in in vitro assays, 
associate with Pol II during or shortly after transcription initiation, leading to a 
promoter–proximally paused Pol II ~50 bp downstream of the transcription start 
site. Stalled Pol II at this site is poised for entry into productive elongation phase 
(Rahl et al., 2010). Transcription elongation checkpoint control at this step permits 
the regulated and synchronous release of Pol II, which is of crucial importance for 
transcription of genes involved in development (Boettiger and Levine, 2009). The 
paused state is revoked by positive transcription elongation factor b (P–TEFb), a 
kinase that releases DSIF and NELF from Pol II through phosphorylation. ChIP–Seq 
data has shown that poised Pol II is found on both active and inactive genes; active 
genes show a low but significant signal over the length of the whole gene, with an 
additional large peak downstream of the poly(A) addition site. P–TEFb and Pol II 
are often part of a larger super elongation complex (SEC), which additionally 
contains proteins of the ELL (eleven–nineteen lysine–rich leukemia) family and 
several mixed lineage leukemia (MLL) translocation partners (reviewed in Luo et 
al., 2012). 

During transcription elongation, Pol II frequently enters phases of transient 
pausing, which can sometimes turn into an arrested state. To overcome stalling, Pol 
II backtracks by reversing its movement along the DNA template, which causes the 
RNA to extrude from the active site. Whereas backtracking by only one nucleotide 
is reversible, backtracking by more than one nucleotide leads to an arrested state 
that can only be overcome through the help of additional factors that facilitate the 
cleavage of the extruded RNA. In eukaryotic cells, this factor is known as TFIIS, 
and it acts by stimulating Pol II’s intrinsic RNA cleavage activity. Once the 
extruded RNA fragment is removed, Pol II resumes transcription from the newly 
created 3’ end. This mechanism also plays an important role as an RNA 
proofreading mechanism, which is responsible for the high fidelity of Pol II. Similar 
mechanisms exist in bacterial systems, where GreA and GreB were shown to be 
essential for reviving stalled elongation complexes through cleavage of the RNA 
transcript (Toulme et al., 2000). In eukaryotic cells, an irreversibly backtracked Pol 
II that cannot be rescued by TFIIS is ubiquitinated and degraded by the proteasome 
to remove the roadblock from the template and to keep the DNA accessible 
(Sigurdsson et al., 2010; Somesh et al., 2005).  
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1.3 Transcription regulation by non–coding RNAs 
In addition to protein factors, non–coding RNAs play important roles in 

regulating transcription as well as in processing of transcription products and 
maintenance of genomic DNA. While cis–acting regulators such as riboswitches are 
mainly found in bacteria (Tucker and Breaker, 2005), most eukaryotic ncRNA 
regulators act in trans. An important example is 7SK RNA, an ~340 nt long Pol II 
transcript that regulates the positive transcription elongation factor b (P–TEFb) and 
thereby affects transcript elongation by Pol II (reviewed in Diribarne and Bensaude, 
2009). P–TEFb is a cyclin dependent kinase that phosphorylates negative elongation 
factor (NELF), DRB sensitivity inducing factor (DSIF), and Ser2 in the CTD of Pol 
II, thereby promoting transcription. However, in complex with 7SK RNA and the 
protein HEXIM1/2 (hexamethylene bisacetamide–inducible protein), P–TEFb is 
catalytically inactive. The cellular transcript levels of 7SK RNA thereby directly 
affect transcription elongation by Pol II.  

Non–coding RNAs that interact directly with the polymerase to regulate 
transcription have been found both in bacteria and eukaryotes. Bacterial 
polymerases consist of the core subunits !, " and "’; to form the holoenzyme, this 
core is supplemented by the addition of a # subunit, which binds promoter DNA and 
confers specificity. 6S RNA is a widespread bacterial regulator that interacts 
directly with the "/"’ and #70 subunits, leading to decreased transcript levels from 
#70–dependent promoters during stationary growth phase (Wassarman and Storz, 
2000). Secondary structure predictions as well as chemical probing indicate that 6S 
RNAs from different species, despite their divergent sequences, contain a central, 
unpaired region that is flanked by double–stranded stems at both sides, reminiscent 
of an open complex transcription bubble (Barrick et al., 2005; Trotochaud and 
Wassarman, 2005). It has therefore been suggested that 6S RNA exerts its function 
by binding to the active site of the polymerase and thus competing with promoter 
DNA. This hypothesis is supported by the observation that 6S RNA can act as a 
template for the synthesis of short product RNAs (pRNAs), which requires 6S RNA 
to enter the polymerase active site (Gildehaus et al., 2007; Wassarman and Saecker, 
2006). The generation of pRNAs leads to the dissociation of 6S RNA from the 
polymerase, and is likely involved in removal of 6S RNA during transition from 
stationary to growth phase. 

The repressive effect of single–standed synthetic RNAs on mammalian Pol II 
was first observed in experiments that aimed to identify components of the 
transcription reaction that are critical for productive transcription. Initially, a 
synthetic RNA oligonucleotide composed of 20 guanosines (20rG–oligo) that binds 
Pol II with low nanomolar affinity was identified as an inhibitor of escape 
commitment (Kugel and Goodrich, 2002). It was shown that a shortened 
oligonucleotide (10rG–oligo) still binds Pol II with similar affinity, but cannot 
inhibit transcription, indicating that high–affinity binding to Pol II is not sufficient 
for transcriptional repression. Naturally occurring non–coding RNAs that regulate 
transcription by binding to Pol II have subsequently been identified in the mouse 
and human systems. In both organisms, the non–coding RNAs are transcribed from 
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short interspersed elements (SINEs) by RNA polymerase III (Kramerov et al., 1985) 
in response to cellular stress (Li et al., 1999; Liu et al., 1995). In mouse, two 
different ncRNAs, termed B2 and B1 RNA, are upregulated in response to heat 
shock. Both ncRNAs bind to Pol II with high affinity and specificity, and compete 
with the synthetic poly–rG–oligonucleotides for binding to Pol II (Allen et al., 2004; 
Espinoza et al., 2004). However, only B2 RNA represses transcription; dissociation 
of the non–repressive B1 RNA from Pol II is facilitated by the general transcription 
factor TFIIF (Wagner et al., 2010)(Figure 1-4). In contrast to the 20rG–
oligonucleotide, which still allows for the synthesis of short abortive transcripts, B2 
RNA blocks all detectable mRNA synthesis, indicating that the mechanism of 
inhibition is distinct (Espinoza et al., 2004). In humans, a functionally similar but in 
sequence unrelated system exists that employs Alu RNAs, SINE elements that 
collectively represent ~10% of the human genome. The naturally occurring ncRNAs 
that regulate transcription in response to cellular stress in mouse and humans as 
described here are the focus of the first part of this thesis, and will be discussed in 
detail in Chapter 2. 

Structural information has so far been obtained only for yeast Pol II in 
complex with the central core of the synthetic RNA aptamer FC (Kettenberger et al., 
2006). The FC RNA aptamer was initially discovered in a screen aimed at 
identifying RNAs that bind and inhibit yeast Pol II at different stages of the 
transcription reaction, with the idea of using these RNAs to probe the mechanism of 
transcription (Thomas et al., 1997). Whereas FC RNA was found to bind 
specifically to yeast Pol II, no binding was detected with yeast Pol I and Pol III, and 
Pol II from wheat germ cells. The crystal structure shows the FC RNA bound in the 
central cleft of Pol II, indicating where a potential binding site for non–coding 
RNAs might be located in mammalian Pol II. This binding site overlaps with the 
location of the DNA template strand in an elongation complex, suggesting that FC 
RNA represses transcription by precluding promoter DNA from entering the active 
site cleft. 
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Figure 1-4. Transcription regulation by non–coding RNAs. 
Repressive and non–repressive ncRNAs are transcribed by Pol III in response to cellular stress. 
Whereas repressive ncRNAs form a stable complex with Pol II, non–repressive ncRNAs dissociate 
from Pol II upon assembly of the PIC. Dissociation of non–repressive ncRNAs is facilitated by the 
general transcription factor TFIIF. Figure adapted from Allen et al., 2004. 
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1.4 RecQ helicases, caretakers of the genome 
RecQ helicases are a family of highly conserved enzymes involved in DNA 

replication, recombination and repair (reviewed in Bernstein et al., 2010; Chu and 
Hickson, 2009; Larsen and Hickson, 2013). Whereas E. coli and yeast possess only 
a single RecQ helicase, higher organisms contain different RecQ helicases with 
specialized functions (Figure 1-5 a).  RecQ helicases are part of the superfamily 2 of 
helicases; they are monomeric and unwind DNA with 3’ to 5’ directionality. The 
highly conserved RecQ core is formed by the helicase domain itself, consisting of 
two RecA–like domains, and a so–called RecQ carboxy–terminal (RQC) domain 
(Figure 1-5 b). The RQC domain consists of a Zn2+–binding domain and a winged 
helix domain and is required for binding of dsDNA in addition to the helicase 
domain. A comparison of crystal structures of E. coli RecQ and human RecQ1 
shows that the overall architecture and topology is highly conserved across all 
domains of life (Bernstein et al., 2003; Pike et al., 2009). A subset of RecQ 
helicases contains another conserved, !–helical domain termed a Helicase and 
RNase D C–terminal (HRDC) domain, which acts as an additional DNA binding 
module. While the helicase, RQC and HRDC domains are shared among RecQ 
helicases, certain RecQ proteins in higher organisms contain additional, unique 
domains that are important for their specialized functions, such as the N–terminal 
exonuclease domain of the WRN helicase, and the C–terminal KIX and SRI 
domains of RECQL5, which mediate binding to Pol II.  

The bacterial E. coli RecQ was the first member of the RecQ family of 
helicases to be identified (Nakayama et al., 1984). It is involved in the RecF 
pathway, which employs homologous recombination for the repair of UV light–
induced DNA damage (Umezu et al., 1990). In addition, RecQ stabilizes replication 
forks that are stalled at sites of DNA damage.  

The yeast RecQ homologs Sgs1 (S. cerevisiae) and Rqh1 (S. pombe) interact 
with Top3 and Rmi1 to form the RecQ helicase–topoisomerase 3–Rmi1 (RTR) 
complex, which is involved in the resolution of double Holliday junctions (DHJ) 
during homologous recombination (HR) (Mankouri and Hickson, 2007). Processing 
of DHJ by the RTR complex leads to non–crossover products, and is therefore 
considered less deleterious than other forms of HR that lead to both crossover and 
non–crossover products. In addition to its role in the RTR complex, Sgs1 is 
involved in disrupting aberrant meiotic recombination events, which could hinder 
the segregation of chromosomes (Jessop and Lichten, 2008; Oh et al., 2008). Sgs1 
has also been implicated in different telomere maintenance pathways. Telomeres are 
repetitive sequences of DNA located at the end of chromosomes that prevent the 
loss of genetic information during replication, and prevent the DNA from fusing 
with other chromosomes. Telomeres are maintained by telomerase, a 
ribonucleoprotein complex with reverse transcriptase activity. Sgs1 was shown to 
reduce the rate of telomere shortening in telomerase–deficient cells (Cohen and 
Sinclair, 2001; Johnson et al., 2001), and to be involved in telomere resection in a 
pathway that also involves Sae2, Exo1 and Dua2 (Bonetti et al., 2009). An 
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alternative lengthening of telomeres (ALT) pathway, which relies on the HR 
machinery, allows the maintenance of telomeres even in the absence of telomerase. 
This pathway allows shortened telomeres to invade other telomeres and use them as 
a template; the polymerization of nucleotides is achieved by DNA polymerase 
instead of telomerase. Although knockout studies have shown that this pathway 
depends on Sgs1, the exact mechanism remains elusive (Johnson et al., 2001). 
 

 

 

Figure 1-5. Domain organization of RecQ helicases.  
(a) Comparison of domain organization of RecQ helicases in E. coli, yeast and human. The three 
alternative splicing forms of RECQL5 are indicated. RQC, RecQ carboxy–terminal domain; HRDC, 
helicase and RNase D C–terminal domain; SE, strand exchange domain; Exo, exnuclease domain; 
IRI, internal Pol II interaction domain; SRI, Set2–Rpb1–interacting domain. (b) The crystal 
structure of the helicase and RQC domains of RecQ1 in complex with DNA (PDB code 2wwy) 
illustrates the domain architecture of the helicase core.  
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The human genome encodes five RecQ helicases, named RecQ1, BLM, 
WRN, RecQ4 and RECQL5, which show distinct substrate preferences and are 
therefore assumed to fulfill non–overlapping functions. RecQ1 is the most abundant 
RecQ helicase in human cells (Kawabe et al., 2000), and shows a preference for 
forked DNA duplexes, Holliday Junctions and D–loops (Popuri et al., 2008; Sharma 
et al., 2005). Like Sgs1, RecQ1 was implicated to be involved in HR through its 
interaction with Exo–1, whose exonuclease activity is stimulated by RecQ1 
(Doherty et al., 2005). In addition, RecQ1 plays a role in non–homologous end 
joining (NHEJ), a DSB repair mechanism that is less accurate than HR due to the 
addition or deletion of one or more nucleotides at the repair site, thereby changing 
the genetic information. RecQ1 interacts directly with Ku70–Ku80, DNA end 
binding proteins involved in NHEJ, and participates in end–joining of the DNA 
(Parvathaneni et al., 2013). In addition, RecQ1 binds poly(ADP–ribose) 
polymerase–1 (PARP–1), a factor involved in stabilization of stalled replication 
forks, and RecQ1 itself has been implicated in restarting replication forks. These 
results led the authors to suggest that although no clinical phenotype has been 
associated with mutations in RecQ1, the protein might still be a promising target for 
cancer therapies in combination with inhibitors for PARP–1 and TOP1, a 
topoisomerase involved in restoring stalled replication forks (Berti et al., 2013).  

BLM and WRN are the best–characterized human RecQ helicases on a 
functional level. BLM was shown to fulfill similar roles as the bacterial and yeast 
RecQ helicases. Analogous to the Sgs1–containing RTR complex, BLM is part of 
the human “dissolvasome”, which contains RMI2 in addition to the TOPOIII! and 
RMI1 subunits also found in yeast (Mankouri and Hickson, 2007). Both BLM and 
WRN can unwind a variety of substrates, including bubble structures, G–quadruplex 
DNA, forked duplexes and HJs. Although BLM has been reported to oligomerize 
into hexamers in vitro (Karow et al., 1999), its monomeric form was shown to be 
important for unwinding DNA (Xu et al., 2012). In addition to the ability to unwind 
DNA, BLM and WRN exhibit DNA strand annealing activity (Cheok et al., 2005; 
Muftuoglu et al., 2008a). BLM alone unwinds DNA for a length of only ~100 bp, 
but its processivity increases dramatically in the presence of replication protein A 
(RPA), a ssDNA binding protein that inhibits BLM’s strand annealing activity and 
promotes processivity of both BLM and WRN (Brosh et al., 2000; Hyun et al., 
2012). Interestingly, BLM was found to interact directly with WRN and to inhibit 
its unique 3’–5’ exonuclease activity (von Kobbe et al., 2002). Direct physical 
interactions of WRN with PARP–1 and Ku70–80 further suggest an involvement in 
DNA recombination, DNA repair, and telomere maintenance (Li et al., 2004; von 
Kobbe et al., 2003). 

Mutations in RecQ4 cause three distinct human diseases, underscoring the 
importance of this helicase whose deletion results in embryonic lethality in mice. 
RecQ4’s N–terminus shares sequence homology with the yeast DNA replication 
factor Sld2, and RecQ4 has indeed been implicated in stabilizing the polymerase at 
origins of replication. RecQ4 was also found to be recruited to the MCM2–7 
helicase–GINS–CDC45 complex through direct interaction with MCM10, which 
inhibits RecQ4’s helicase activity (Xu et al., 2009). Activation of MCM2–7 helicase 
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by GINS–CDC45 signals the onset of DNA replication upon entry into S phase. 
Through interaction with this key player of DNA replication, RecQ4 is uniquely 
situated to regulate DNA replication, and has been suggested to be involved in 
actively unwinding DNA to make the origin of replication accessible to other factors 
(Sangrithi et al., 2005). 

RECQL5 is unique among RecQ helicases in that it interacts directly with 
Pol II to repress transcription. In contrast to BLM and RecQ4, whose expression 
levels change during the cell cycle and are highest during S phase, RECQL5 is 
expressed throughout the cell cycle in three different isoforms; the short ! and $ 
isoforms are localized in the cytoplasm, whereas the long " isoform (herein referred 
to as RECQL5) is found in the nucleus (Shimamoto et al., 2000). In comparison to 
the other human RecQ helicases, RECQL5 has a limited substrate range with a 
strong preference for forked DNA structures, and it exhibits strand–annealing 
activity in vitro (Garcia et al., 2004). While the two shorter isoforms contain only 
the canonical DExH helicase and RecQ C–terminal (RQC) domains, RECQL5" has 
a long C–terminal extension that is unrelated in sequence to any other RecQ 
helicase and that contains two independent domains that enable RECQL5 to interact 
with Pol II: a so–called internal RNA polymerase II interacting domain (IRI), and a 
Set2–Rpb1–interacting (SRI) domain (Figure 1-5). The structural and functional 
characterization of the RECQL5–Pol II interaction is the second major focus of this 
thesis and is discussed in detail in chapter 3. 

Defects in BLM, WRN and RecQ4 cause the human pathologies Bloom’s 
syndrome, Werner’s syndrome and Rothmund–Thomson/RAPADILINO/Baller–
Gerold syndromes, respectively, which are associated with signs of premature 
ageing as well as a predisposition to cancer (reviewed in Hanada and Hickson, 
2007). The molecular defects and symptoms associated with RecQ helicase 
mutations are summarized in Table 1-1.  
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Table 1-1. RecQ–associated diseases, their causes and symptoms.  

Summarized from Epstein et al., 1966; Kaariainen et al., 1989; Kaneko and Kondo, 2004; Kellermayer, 2006; Muftuoglu et al., 2008b; 
Suhasini and Brosh, 2013; Vennos and James, 1995; Wang et al., 2001. 

RECQ 
PROTEIN 

ASSOCIATED 
DISEASE 

MOLECULAR 
CAUSE 

EFFECTS AT THE 
CELLULAR LEVEL 

SYMPTOMS CANCER 
PREDISPOSITION 

RecQ1 n/a n/a knockout mice show 
chromosomal instability 
(aneuploidy, spontaneous 
chromosomal breakage, frequent 
translocation events) 

n/a  

BLM Bloom’s 
syndrome 

missense mutations 
in the helicase or 
RQC domain 
 

increased SCE growth retardation 
skin lesions 
immunodeficiency 
infertility in males 

broad range of 
cancers at a young 
age 

WRN Werner’s 
syndrome 

nonsense mutations 
or frameshift 
mutations lead to 
truncated proteins 
missing the NLS  

defects in DNA damage repair 
chromosomal deletions 
elevated rate of HR 

arteriosclerosis 
type II diabetes 
osteoporosis 
cataracts 
greying & loss of hair 
premature aging 

mesenchymal tumors 
and sarcomas 

RecQ4 Rothmund–
Thomson 

missense mutations 
throughout the 
protein, some of 
them causing mRNA 
mis–splicing 

genome instability (trisomy, 
aneuploidy, chromosomal 
rearragnements) 

growth retardation 
greying & loss of hair 
cataracts 
skeletal abnormalities 
mental retardation 
poikiloderma 

osteosarcoma 

RAPADILINO missense mutation in 
the helicase domain 

genome instability growth retardation 
dislocated joints  
limb malformation 

osteosarcoma 

Baller–Gerold missense mutation at 
the C–terminus 
(R1021W) 

genome instability growth retardation 
mental retardation 
craniosynostosis (premature closure 
of sutures in an infants head) 

osteosarcoma 

RECQL5 n/a n/a knockout mice show elevated 
cross–over frequencies 

n/a knockouts are prone 
to cancer, e.g. lung 
adenocarcinoma 
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1.5 Scope and aims of this thesis 
This thesis examines the molecular mechanisms of transcription repression 

by stress–inducible ncRNAs and the DNA helicase RECQL5. My work on ncRNAs 
focused exclusively on obtaining structural data of ncRNA–Pol II complexes by 
cryo–EM. My structural studies were complemented by functional and cross–linking 
assays carried out in the laboratory of our collaborator James A. Goodrich at the 
University of Colorado at Boulder. The project aimed to visualize the interaction 
between different ncRNAs and Pol II with the goal of determining the location of 
the binding site(s) and of detecting structural differences between repressive and 
non–repressive ncRNAs. 

At the onset of my investigations of the molecular mechanism of 
transcription repression by RECQL5, it was known that RECQL5 binds to Pol II 
through two of its domains, but their exact domain boundaries had not been 
determined, and the position of the binding site on Pol II remained elusive. While 
RECQL5’s SRI domain had been shown to interact with the phosphorylated CTD of 
Pol II, its IRI domain was shown to bind to the core of Pol II. The SRI domain is 
tethered to the N–terminal portion of RECQL5 though a flexible linker, and 
interacts with the flexible CTD of Pol II, making it unlikely to be a feasible target 
for structural studies in the context of a complex containing intact Pol II. I therefore 
decided to concentrate my efforts on understanding the interaction mediated through 
the IRI domain. As a prerequisite for structural studies, I sought to first determine 
the exact domain boundaries of RECQL5’s IRI domain. A detailed mechanistic 
understanding of transcriptional repression requires three–dimensional models that 
visualize the Pol II–RECQL5 interaction. To obtain this information, I decided to 
employ a complementary approach using both X–ray crystallography and EM. My 
goal was to obtain structural information of individual domains of RECQL5 at 
atomic resolution, which could then be interpreted in the context of EM maps of 
samples containing both Pol II and different RECQL5 fragments. Initial analysis of 
the binary RECQL5–Pol II complex revealed that this complex was too flexible for 
structure determination in 3D, which led me to extend my studies and assemble an 
elongating Pol II transcription complex stalled by RECQL5 on a DNA template. The 
structural models obtained led to a hypothesis of the molecular mechanism of 
repression, which I subsequently confirmed using biochemical assays.      
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Chapter 2: Structural insights into transcription 
regulation by non–coding RNAs that bind to human 
Pol II 
 
*A portion of the work presented in this chapter has been previously published as 
part of the following paper: Kassube, S.A., Fang, J., Grob, P., Yakovchuk, P., 
Goodrich, A., and Nogales, E. (2012) Structural insights into transcriptional 
repression by non–coding RNAs that bind to human Pol II. J Mol Biol, doi: 
10.1016/j.jmb.2012.08.024 
 

2.1 Introduction 
Initiation of transcription is one of the major control points for the regulation 

of gene expression. The assembly of the pre–initiation complex (PIC), consisting of 
the core enzyme RNA polymerase II (Pol II) and general transcription factors, is 
precisely regulated through the interplay of numerous protein factors (Thomas and 
Chiang, 2006) as well as non–coding RNAs (ncRNAs)(Kugel and Goodrich, 2012). 
The general transcription factors aid Pol II in selecting the transcription start site 
and in transitioning from initiation to elongation states. Typically, transcription 
factors involved in gene–specific regulation have a modular structure that includes a 
DNA binding domain and an activation domain that binds to the general 
transcription machinery, typically TFIID or mediator complex (Thomas and Chiang, 
2006). 

Non–coding RNAs that regulate transcription by binding directly to Pol II 
have been identified in the mouse and human systems. In both organisms, the 
ncRNAs are transcribed from short interspersed elements (SINEs) by RNA 
polymerase III (Kramerov et al., 1985) in response to cellular stresses (Li et al., 
1999; Liu et al., 1995). The mouse genome contains two major SINEs, named B2 
and B1, whose transcription levels rapidly increase upon heat shock. Both B2 and 
B1 RNA bind to Pol II with high affinity and specificity, and compete with each 
other for binding to Pol II (Allen et al., 2004; Espinoza et al., 2004). However, only 
B2 RNA represses transcription. B2 RNA contains distinct Pol II binding and 
transcriptional repression domains, a molecular organization that resembles that of 
protein regulators of Pol II transcription (Espinoza et al., 2007). Upon docking of 
B2 RNA onto Pol II, the ncRNA–Pol II complex assembles into stable PICs and 
renders them inactive by preventing Pol II from establishing contacts with the 
promoter DNA, thereby inhibiting the formation of closed complexes (Yakovchuk et 
al., 2009). Notably, B2 RNA has to bind before assembly of the complete PIC in 
order to inhibit transcription, as it is not able to invade closed complexes once Pol II 
has engaged the DNA (Yakovchuk et al., 2009).  



 

20 

The cellular levels of the second major mouse SINE ncRNA, B1, are also 
increased upon heat shock. Although the affinities of B1 and B2 RNA for Pol II are 
similar, B1 RNA cannot prevent inhibition by B2 RNA in vitro. This can be 
explained by the fact that the general transcription factor TFIIF decreases the 
stability of B1 RNA–Pol II complexes and thereby facilitates their dissociation 
(Wagner et al., 2010). The biological function of B1 RNA still remains unclear 
(Allen et al., 2004). 

The human genome contains a single predominant SINE, termed Alu. The 
Alu RNA transcript is unrelated in primary sequence to B2 RNA and does not share 
any similarities in overall secondary structure. However, Alu RNA functions in the 
same way as B2 RNA: it is transcribed by RNA polymerase III upon heat shock, 
associates with Pol II, and acts as a transcriptional repressor (Mariner et al., 2008). 
Alu RNA consists of two repeats, the folding pattern of which is similar to that of 
B1 RNA (Labuda et al., 1991). While both repeats can bind to Pol II independently, 
only one of them, termed Alu–RA, is able to repress transcription (Mariner et al., 
2008). The other repeat, termed scAlu, has been identified as a shortened transcript 
of Alu RNA in human cells and is thought to be similar in its fold and function to 
B1 RNA (Mariner et al., 2008; Matera et al., 1990). Interestingly, a repression 
domain from human Alu RNA can be fused to the Pol II binding domain of mouse 
B1 RNA to yield a functional repressor, confirming the modular organization of the 
ncRNAs (Mariner et al., 2008). Like protein transcription factors, the ncRNAs 
contain distinct domains for binding tightly to Pol II, and repression domains that 
are structurally and functionally independent from the interaction domain.  

Our current structural understanding of ncRNA–mediated transcriptional 
repression derives from a model based on the crystal structure of a complex of yeast 
Pol II (yPol II) with the central core of the synthetic RNA aptamer FC (Kettenberger 
et al., 2006), which was selected based on its ability to bind to Pol II. The crystal 
structure shows the RNA bound in the central cleft of Pol II, indicating the location 
of a potential binding site for ncRNAs. To gain further insights into the molecular 
mechanisms underlying transcriptional regulation by naturally occurring ncRNAs, 
we have used cryo–electron microscopy (cryo–EM) and single particle three–
dimensional image reconstruction to determine structures of human Pol II in 
complex with repressive and non–repressive mouse and human ncRNAs. We found 
that naturally occurring ncRNAs bind to a similar binding site in hPol II as the 
synthetic FC RNA in yPol II and that this site is shared between repressive and non–
repressive ncRNAs.  

 

2.2 Results 
2.2.1 Cryo–EM reconstructions of hPol II in complex with 
ncRNAs 

To identify the binding site for ncRNAs on Pol II and to study the 
differences between repressive and non–repressive ncRNAs, we analyzed complexes 
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of hPol II and different repressive and non–repressive ncRNAs from mouse (B2, B2 
[81–131] (a minimally repressive fragment of B2 RNA), and B1 RNA) and human 
(Alu, Alu–RA and scAlu RNA) by cryo–EM and three–dimensional image 
reconstruction. Human Pol II was purified from HeLa cell nuclei, incubated with a 
three–fold molar excess of each in vitro–transcribed ncRNA, and visualized by 
cryo–EM. We used a low–pass filtered model of apo hPol II, previously obtained 
using cryo–negative stain EM (Kostek et al., 2006), as the initial reference for Euler 
angle assignment. Reconstructions were generated and refined from each data set in 
iterative steps of projection matching using EMAN2 (Ludtke et al., 1999). The final 
refinement and CTF correction were done using FREALIGN. Our data sets 
contained between 15,814 (for the B2–hPol II sample) and 31,423 particles (for the 
B2 [81–131]–hPolII sample) and they all refined to a resolution of about 25 Å, 
according to the 0.5 cut–off in the Fourier shell correlation curve (Figure 2-1).  

Overall, our ncRNA–Pol II structures (Figure 2-2) are similar to each other 
and to the model of apo Pol II determined by cryo–negative staining EM (Kostek et 
al., 2006). Comparison of all six cryo–EM structures shows that the clamp is in a 
slightly different conformation in each model; in addition, the conformation and 
density of the stalk also varies between the different models. Importantly, in all the 
hPol II–ncRNA reconstructions we observe additional density within the cleft of Pol 
II when compared to the previous cryo–negative stain apo hPol II structures (Kostek 
et al., 2006) (Figure 2-2, blue label). This location in the enzyme is near the active 
site and thus in the region that accommodates the DNA in an actively transcribing 
complex (Gnatt et al., 2001; Kettenberger et al., 2004). 
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Figure 2-1. Cryo–EM analysis of the hPol II–scAlu complex. 
(a) Cryo–EM micrograph of the hPol II–scAlu complex. Particles in the center of the micrograph 
are highlighted with pink circles. (b) Angular distribution. (c) Fourier shell correlation curve. 
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Figure 2-2. Cryo–EM maps of hPol II in complex with non–coding RNAs from mouse 
and human. 
(a) Cryo–EM maps of Pol II in complex with the human non–coding RNAs Alu, Alu–RA and scAlu 
RNA. The secondary structures of ncRNAs as derived by biochemical methods are depicted below 
each structure. Pol II domains are labeled in the cryo–EM map of hPol II in complex with full–
length Alu RNA. Regions of the volume occupied by ncRNAs are colored in blue. (b) Cryo–EM 
maps of hPol II in complex with the mouse non–coding RNAs B2, B2 [81–131], and B1 RNA. The 
secondary structures of ncRNAs as derived by biochemical methods are depicted below each 
structure. 
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2.2.2 Comparison with a cryo–EM reconstruction of apo 
hPol II 

To assert the presence of the ncRNAs at the cleft of hPol II, we decided to 
make a more detailed comparison between the ncRNA–bound structures and apo 
hPol II. To that aim we pursued the structural characterization of nucleotide–free 
apo hPol II by cryo–EM and three–dimensional image reconstruction. To obtain 
nucleotide–free Pol II, we used a heparin column as an additional purification step 
prior to immunopurification (see Methods, chapter 2.4.1). Our initial 2D reference–
free analysis suggested that the clamp of hPol II was adopting a broad range of 
conformations (Figure 2-3). In agreement with this indication, the reconstruction 
showed limited density for the clamp region, indicative of multiple conformations 
for this region of the complex, as previously also described for the cryo–negative 
stain study of apo hPol II. In an attempt to sort out different conformational states in 
three dimensions, we implemented an automated multi–model approach (Shatsky et 
al., 2010). The data set, containing a total of 36,863 particles, was sorted into three 
distinct conformations to account for some of the conformational flexibility of the 
sample (Figure 2-3).  One of the models refined more poorly and probably 
incorporated misshapen complexes, false particles or a mixture of conformations 
still unsorted. The other two reconstructions were an improvement with respect to 
the initial, unsorted model and recover a density for the clamp that approximately 
accommodates the mass of this segment.  

Given the variability in clamp position for the apo hPol II structures, it is not 
surprising that the relatively small differences we observed among hPol II–ncRNA 
complexes also concern the clamp and stalk, and confirm, one more time, that these 
structural elements are highly mobile. We tried to sort our data sets of the ncRNA–
bound samples using the same multi–model approach, but did not obtain clearly 
distinct conformations. This result indicates that the binding of ncRNAs restricts the 
movement of the clamp. However, flexibility is still limiting the resolution of our 
structures. In the case of the ncRNA–bound reconstructions, conformational 
heterogeneity, contributing to resolution–limiting errors in alignment, may be 
majorly attributed by the ncRNA itself. 

For comparison of apo Pol II with the ncRNA–bound structures, we used 
conformation 3 of the former, for which the position of the clamp is better defined. 
Once again, the comparison shows that binding of ncRNAs has a stabilizing effect 
on the clamp of Pol II, as evidenced by the larger volume this domain occupies in 
our ncRNA–bound structures. This result indicates that these domains are in a more 
stable conformation and therefore not averaged out due to their flexibility. The 
stabilization of the clamp and stalk domains is likely due to the direct interaction of 
the ncRNAs with the clamp, restricting the movement of the latter and, as a result, 
of the stalk as well, which is directly engaged with the clamp region (Armache et 
al., 2003; Bushnell and Kornberg, 2003).  
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Figure 2-3. Cryo–EM analysis of the apo hPol II complex. 
(a) Cryo–EM micrograph of the apo hPol II complex. Particles are highlighted with pink circles. (b) 
Reference–free 2D class averages. Arrowheads in the upper row point at flexible elements. (c) 
Reconstruction of apo hPol II. In comparison with the ncRNA–bound structures, the clamp is less 
well defined due to unresolved flexibility. (d) Coexisting clamp conformations of apo hPol II. (e) 
Fourier shell correlation curves.  
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With these new cryo–EM structures of the apo hPol II, we were in a position 

to quantitatively confirm if the ncRNA–bound structures contain additional density 
in the cleft of hPol II. To that aim we calculated difference maps between each of 
the ncRNA–bound Pol II structures and that of apo Pol II in conformation 3. Similar 
results were obtained for all of them. A difference map obtained using the Alu 
RNA–bound Pol II defines the cleft as the main Pol II–binding domain for the 
ncRNAs (Figure 2-4). The additional density, adjacent to the so–called wall region 
of Pol II, has a similar position in all the ncRNA–bound structures at the present 
resolution. We attribute this density to ncRNAs bound in the cleft of hPol II. 
Importantly, however, this density cannot account for the length of any of the 
ncRNA constructs employed in this study, and indicates that large segments of the 
ncRNAs are flexible and in variable positions with respect to the hPol II structure. 
In spite of the stabilizing effect of the ncRNAs on the conformation of the hPol II 
complex, the conformational heterogeneity of the ncRNA itself must play an 
important part in limiting the resolution of our cryo–EM reconstructions. 
 

 

Figure 2-4. Difference map between the hPol II–Alu RNA complex and apo hPol II in 
two orthogonal views.  
The cryo–EM map of apo hPol II (model 3, see Figure 2-3) is shown in grey, the difference density 
is colored in pink. 

 



 

27 

2.2.3 Comparison of the cryo–EM structures of ncRNA–
bound hPol II with the synthetic FC RNA aptamer–yPol II 
crystal structure 

To compare our cryo–EM maps with the crystal structure of yPol II bound to 
the core of the synthetic RNA aptamer FC (Kettenberger et al., 2006; PDB code 
2B63), we docked the atomic model into our maps of hPol II in complex with the 
different ncRNAs. The overall fit was similar across all maps; as an example, Figure 
2-5 shows the crystal structure docked into the map of hPol II in complex with 
scAlu RNA, the human non–repressive ncRNA. The docking reveals a good fit 
between the two structures, and shows that the additional density we observe in the 
cryo–EM maps corresponds to the position of the FC RNA aptamer core in the yeast 
crystal structure. This docking illustrates that the extra density could be accounted 
for by an RNA molecule of similar length to that used in the crystallographic 
studies, which comprised 33 nucleotides. As expected, this is considerably shorter 
than the actual lengths of the ncRNAs used in this study, which range between 51 
nucleotides, for the minimal repressive fragment of B2 RNA (termed B2 [81–131]), 
to the 281–nucleotide long full–length Alu RNA. This result indicates that the major 
portion of the ncRNAs is disordered or not stably bound to Pol II and therefore not 
visible in our cryo–EM maps, which are generated by averaging a large number of 
molecules.  
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Figure 2-5. Cryo–EM map of hPol II in complex with scAlu RNA. 
(a) Final reconstruction of the hPol II–scAlu complex at 25Å resolution in two orthogonal views. 
(b) Rigid body docking of the yeast Pol II–FC* RNA complex (PDB code 2B63) into the cryo–EM 
density map. 

 

2.2.4 RNA elements beyond the docking site are flexible 
Docking of the FC RNA–yPol II crystal structure into our cryo–EM maps 

revealed that the additional density visible in the cleft can account for ~33 
nucleotides, representing only a small portion of the ncRNAs used in this study. To 
determine if additional parts of the RNA can be detected in our data sets, we 
subjected them to multivariate statistical analysis and 2D reference–free 
classification. In the case of Alu RNA we observed additional density, protruding 
from the cleft, that is in slightly different positions in different class averages 
(Figure 2-6). This data set, which was collected using a CCD camera, had higher 
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contrast and likely facilitated the visualization of very flexible elements in class 
averages with small number of particle images. Since our three–dimensional 
structure represents an average over all molecules, this density is not visible in our 
3D maps. Thus, a number of related evidence lead us to conclude that RNA 
elements that extend beyond the major docking site in the cleft are not stably bound 
to hPol II: (1) the visualization of flexible RNA regions in different conformations 
as they extend from the cleft, (2) the fact that the density assigned to ncRNA within 
the average 3D cryo–EM reconstruction only accommodates a small segment of the 
ncRNAs bound to hPol II, and (3) the limit in resolution of the structures due to 
conformational heterogeneity of the ncRNA.  

Cross–linking studies have shown that the general transcription factor TFIIF, 
which facilitates the dissociation of non–repressive ncRNAs from Pol II, binds to 
the lobe domain of Pol II (Eichner et al., 2010; Fishburn and Hahn, 2012). TFIIF is 
therefore located in an ideal position to interact with flexible RNA elements 
extending from the cleft. Thus TFIIF may be able to distinguish between repressive 
and non–repressive ncRNAs based on the specific RNA domains that extend from a 
common binding site in the cleft of the polymerase.   
 

Figure 2-6. Flexibility of the termini of Alu RNA. 
(a) Reference–free class averages of the cryo–EM model. RNA protruding from the cleft is marked 
with arrowheads. (b) View of the final hPol II–Alu RNA model in the same orientation. (c) View of 
the yPol II–FC* RNA crystal structure. Rpb1 is shown in brown, Rpb2 in gold and FC* RNA in 
blue. RNA protruding from the cleft modeled to fit the 2D class averages is indicated by a dotted 
blue line. 
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2.3 Discussion 
2.3.1 A conserved ncRNA docking site in the cleft of Pol II 

Here we describe the cryo–EM reconstructions of human Pol II in complex 
with both human (Alu and Alu–RA RNA) and mouse (B2 and B2 [81–131] RNA) 
repressive ncRNAs, as well as their non–repressive counterparts (human scAlu RNA 
and mouse B1 RNA). Our cryo–EM reconstructions show that the main binding site 
for ncRNAs is located in the cleft of Pol II, close to the wall region, overlapping 
with the binding site for nucleic acids in the elongation complex. The binding site is 
the same for repressive and non–repressive ncRNAs, and it is conserved between 
mouse and human.  

Previous studies have shown that the different naturally occurring ncRNAs 
compete for binding to Pol II (Wagner et al., 2010). The colocalization of the extra 
density we see for all the ncRNA–bound Pol II structures thus agrees with the 
competitive binding of these ncRNAs seen in biochemical assays and supports the 
idea of a common, high–affinity binding site that is shared across species and, more 
intriguingly, between repressive and non–repressive ncRNAs. 

In addition, a poly–guanosine RNA oligonucleotide as well as the synthetic 
RNA aptamer FC have also been shown to compete with naturally occurring 
ncRNAs for binding to Pol II (Espinoza et al., 2004; Kettenberger et al., 2006). It 
has been suggested that this competition is due to overlapping binding sites for 
these ncRNAs, but the possibility that binding of ncRNAs causes a conformational 
change in Pol II that prevents binding of other ncRNAs to a different docking site 
through an allosteric mechanism could not be ruled out. Our study shows that 
naturally occurring ncRNAs from mouse and human indeed bind to the same 
docking site in the cleft of hPol II. Furthermore, comparison with the crystal 
structure of yPol II in complex with the central part of FC RNA shows that this 
synthetic RNA aptamer binds to the same overlapping site as well. The docking site 
is located within the cleft of Pol II and close to the active center, in an ideal position 
to regulate transcription. The high–affinity binding site we identified is conserved 
across species from yeast to human, and we anticipate that other ncRNAs might 
regulate transcription by binding to this docking site as well.  
 

2.3.2 Comparison with the crystal structure of yPol II–FC* 
RNA 

The crystal structure of yPol II in complex with FC* RNA, the minimal 
fragment of FC RNA required for binding to Pol II, shows the RNA aptamer bound 
in the cleft of Pol II, above the bridge helix. The RNA forms two stem–loops that 
are oriented with their loops facing opposite ends of the cleft. The resolution of our 
cryo–EM maps is too low to trace the secondary structure of the ncRNAs. However, 
the domain architecture of the ncRNAs used in this study has been delineated by 
biochemical methods (Espinoza et al., 2004; Espinoza et al., 2007; Mariner et al., 
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2008). B2 RNA, the repressive ncRNA in mouse, has been characterized in great 
detail, identifying the minimal repressive fragment (B2 [81–131]) as well as the 
minimal Pol II binding domain (B2 [99–131]). The minimal binding domain 
contains 32 nucleotides and is of almost the same length as the minimal binding 
domain of the FC RNA aptamer, which comprises 33 nucleotides. According to an 
RNase footprinting analysis, the 3’ end of B2 [99–131] RNA forms a short stem 
loop (Espinoza et al., 2007), similar to the 5’ stem loop of FC* RNA, which consists 
of four base pairs and a five–nucleotide long loop. The 5’ end of B2 [99–131] RNA, 
however, is single–stranded and it seems unlikely that it is able to form a stem loop 
similar to the hairpin found at the 3’ end of FC* RNA observed in the crystal 
structure. For the different Alu RNAs and B1 RNA, the location of the Pol II 
binding domain has not been determined. However, they are overall very similar in 
their secondary structure: B1 RNA contains a core consisting of two short (5 and 6 
base pairs) stem loops, reminiscent of the two stem loops of the Pol II–binding 
domain of FC RNA (Figure 2-2). Interestingly, this region is also reminiscent of an 
equivalent segment in Alu–RA that neither binds to Pol II, nor represses 
transcription (Mariner et al., 2008). This core is connected to a third, very long stem 
loop that contains a number of unpaired bulges. In Alu–RA this region has been 
shown to be sufficient for binding and repression (Mariner et al., 2008). Both arms 
of full–length Alu RNA (scAlu and Alu–RA RNA) are predicted to form secondary 
structures that are very similar to that of B1 RNA (Figure 2-2). Comparison of the 
FC* RNA structure with the secondary structure models of mouse and human 
ncRNAs shows that the minimal binding domains are of similar length, in good 
agreement with the additional volume we observe in our cryo–EM maps. However, 
comparison of their secondary structure reveals no common motif for docking to Pol 
II’s high affinity RNA binding site, with the exception of a short stem loop that is 
found in all ncRNAs at either the 3’ or 5’ end. 

 

2.3.3 Flexibility of inhibitory ncRNA domains 
In addition to a Pol II–binding domain, repressive ncRNAs contain an 

inhibitory domain, which by itself is not sufficient to repress transcription. The 
repressive domain of B2 [81–131] RNA, comprising nucleotides 81–98, is predicted 
to form a stem loop, whereas the repressive domains of Alu RNA have been mapped 
to a bulge in the long stem loop extending from the base, and the A–rich tail that 
connects its two arms. In our cryo–EM maps, none of the repressive domains are 
visible, suggesting that they are not stably bound to Pol II, which would cause them 
to be averaged out in our reconstructions. However, given that we have identified 
Pol II’s high–affinity binding site for ncRNAs, we can deduce that the repressive 
domain of B2 RNA, as well as the long stem loops of B1 and Alu RNAs, are likely 
located close to the DNA downstream cleft. The flexible portions of each ncRNA 
that extend beyond the docking site are therefore positioned closely to the known 
interaction sites of Pol II with TFIIF, the general transcription factor that 
specifically destabilizes interactions between Pol II and non–repressive ncRNAs. 
The flexible RNA elements are therefore in an ideal position to be detected by 
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TFIIF, which might then trigger the displacement of non–repressive ncRNAs. Given 
the similarities between all the analyzed ncRNAs in their binding to the cleft of the 
polymerase, which very likely reflect the common, high–affinity binding site also 
shared with the yeast aptamer, differences concerning their repressive activity must 
be due to the distinct character of the more unstructured, flexible segments of the 
RNA that emanate from the cleft. 
 

2.3.4 Crosslinking studies confirm the location of the 
docking site 

In parallel to my cryo–EM studies of binary ncRNA–Pol II complexes, Steve 
Ponicsan in the laboratory of our collaborator James Goodrich performed cross–
linking studies of a B2 [81–130]–Pol II complex with the aim of pinpointing 
residues on the surface of Pol II that are in direct contact with the ncRNA (Ponicsan 
et al., 2013). He performed formaldehyde crosslinking between hPol II that had 
been immunoprecipitated from HeLa cell nuclear extracts, and in vitro transcribed, 
5’–biotinylated B2 [81–130] RNA (Figure 2-7 a). Following a trypsin digest, the 
RNA and associated peptides were purified through the biotin–tag attached to the 
RNA. The ncRNA–peptide complexes were then dissociated and the peptides 
obtained were identified using mass spectrometry. By comparison with control 
samples that contained either a part of the B2 RNA that cannot bind to Pol II (B2 
[81–115]), or no RNA at all, peptides that were highly enriched in the B2 [81–130] 
RNA–containing sample and therefore likely in direct contact with ncRNAs in the 
complex were identified (Table 2-1). 

 
 
Peptide Amino acids Peptide sequence 

Rpb1-2 33–42 K.RMSVTEGGIK.Y 
Rpb1-5 213–220 K.KILLSPER.V 
Rpb1-9 686–697 H.TIGIGDSIADSK.T 
Rpb1-13 854–862 K.TAETGYIQR.R 
Rpb2-4 200–211 K.MATNTVYVFAKK.D 
Rpb2-5 437–445 K.TRIISDGLK.Y 
Rpb2-9 750–762 H.VLYYPQKPLVTTR.S 
Rpb2-13 1065–1078 R.GPIQILNRQPMEGR.S 
Rpb2-14 1142–1150 R.NKTQISLVR.M 

 
Table 2-1. Peptides that are significantly enriched in the crosslinked B2 [81–131] 
RNA–Pol II sample. 
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The identified pepties are all part of the two largest subunits of Pol II, termed 

Rpb1 and Rpb2. Interestingly, all peptides cluster in or around the DNA binding 
cleft of Pol II, close to the active site, or on the clamp, in good agreement with the 
docking site I identified in my cryo–EM reconstructions (Figure 2-7 b). The 
crosslinking studies thereby confirm the location of the docking site through an 
independent method, and provide further support for the hypothesis that ncRNA–
elements that extend beyond the docking site are flexible and do not interact with a 
specific binding site on Pol II. It would be interesting to repeat this experiment with 
the non–repressive B1 RNA, as well as the repressive and non–repressive human 
ncRNAs to determine if differences between repressive and non–repressive 
ncRNAs, or between ncRNAs from different species can be detected using this 
method. Although my cryo–EM reconstructions suggest that the docking site is 
shared between these ncRNAs, the low resolution of these structures prevented us 
from deducing further details, which might be accessible through crosslinking 
studies that allow for the identification of specific amino acid residues located close 
to the ncRNAs. 
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Figure 2-7. Crosslinking studies confirm the location of the ncRNA docking site. 
(a) Schematic overview of the crosslinking protocol. (b) Peptides that are significantly enriched in 
the cross–linked samples are mapped onto the surface of yPol II, shown in blue. Rpb5-2, which was 
not detected in the control samples, is shown in green. The majority of peptides are located in or 
around the DNA binding cleft, as shown in the front view (left), whereas the back side lacks 
peptides that crosslink to B2 RNA. Adapted from Ponicsan et al., 2013. 
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2.4 Methods 
2.4.1 Purification of hPol II and ncRNAs 

Human Pol II was purified as described previously (Kostek et al., 2006). In 
short, frozen nuclear pellet from ~90 l of HeLa cell culture was ground using a 
cheese grater, and slowly dissolved in buffer A (50 mM Tris pH 7.9, 5 mM MgCl2, 
0.5 mM EDTA, 25% glycerol, 2 mM DTT, 1 mM NaMBS, 1 mM AEBSF, complete 
EDTA–free Protease Inhibitor Cocktail Tablets [Roche]). The mixture was 
sonicated for 2 min under rapid stirring before ammonium sulfate was added to a 
final concentration of 0.3 M. The resulting gel was sonicated until viscosity was 
greatly reduced, and then centrifuged at 40,000 rpm in a Ti45 rotor for 90 min at 4 
°C. The supernatant was removed and the conductivity adjusted to 0.1 M 
ammonium sulfate by slowly adding buffer A. Pol II was precipitated using a 42% 
ammonium sulfate cut, and collected by centrifugation at 30,000 rpm in a Ti45 rotor 
for 30 min. The pellets were resuspended in buffer B (50 mM Tris pH 7.9, 0.1 mM 
EDTA, 25% glycerol, 2 mM DTT, 0.1 mM PMSF) to a final concentration of 0.15 
M ammonium sulfate, and loaded onto a DEAE52 ion exchange column. The 
column was washed with 3 column volumes of buffer C (50 mM Tris pH 7.9, 150 
mM ammonium sulfate, 0.1 mM EDTA, 25% glycerol, 2 mM DTT, 0.1 mM PMSF), 
and protein was eluted with buffer D (50 mM Tris pH 7.9, 400 mM ammonium 
sulfate, 0.1 mM EDTA, 25% glycerol, 2 mM DTT, 0.1 mM PMSF). Pol II 
containing fractions were pooled and dialyzed against buffer E (25 mM HEPES pH 
7.9, 200 mM ammonium sulfate, 0.2 mM EDTA, 10% glycerol, 2 mM DTT, 0.1 mM 
PMSF). Pol II was further immunopurified on a protein G affinity column 
containing 8WG16 antibody (NeoClone). The dialyzed sampled was incubated with 
the beads overnight and subsequently washed 3x with buffer F (25 mM HEPES pH 
7.9, 0.2 mM EDTA, 10% glycerol, 500 mM ammonium sulfate, 0.05% NP–40, 2 
mM DTT, 0.1 mM PMSF) and 2x with buffer G (25 mM HEPES pH 7.9, 0.2 mM 
EDTA, 10% glycerol, 200 mM ammonium sulfate, 0.05% NP–40, 2 mM DTT, 0.1 
mM PMSF). Pol II was eluted four times in buffer F containing the tri–heptapeptide 
repeat of the CTD, 3A6.  

For determination of the apo structure, hPol II was additionally purified on a 
heparin column prior to immunopurification. The protein was dialyzed into buffer H 
(50 mM Tris pH 7.9, 200 mM ammonium sulfate, 0.2 mM EDTA, 20% glycerol, 0.2 
mM PMSF, 2 mM DTT) and then loaded onto the heparin column, and eluted with a 
gradient to 700 mM ammonium sulfate over 14 column volumes. Pol II containing 
fractions were pooled and dialyzed two times against 2 l buffer H for 1 h each 
before immunopurification. 

Non–coding RNAs were synthesized in vitro by T7 RNA polymerase and gel 
purified as previously described (Allen et al., 2004; Espinoza et al., 2007; Mariner 
et al., 2008). 
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2.4.2 EM sample preparation and data collection 
Non–coding RNAs were heated at 95 °C for 1 min and then cooled on ice 

prior to complex formation with Pol II. Pol II was mixed with a 3x molar excess of 
each ncRNA, diluted to a final concentration of 60 nM in transcription buffer (10 
mM Tris pH 7.9, 10 mM HEPES pH 8.0, 4 mM MgCl2, 50 mM KCl, 0.05% NP–40, 
1 mM DTT, 0.1% trehalose), and incubated on ice for 30 min. 4 µl sample were 
placed onto 400 mesh copper grids covered with a holey carbon film or C–flat grids 
(Protochips Inc.) that had a thin carbon film floated on top. Grids were glow–
discharged for 45 sec in an Edwards carbon evaporator right before use. The 
samples were incubated on the grids in the incubation chamber of an FEI Vitrobot at 
6 °C at a humidity of 100% for 20 sec before being blotted for 6 sec at an offset of –
2 mm. They were then plunge–frozen in liquid ethane and transferred into liquid 
nitrogen for storage. Data for ncRNA–hPol II reconstructions were acquired on film 
using a Tecnai F20 TWIN transmission electron microscope operated at 200 kV at a 
nominal magnification of 50,000x. Images were recorded under low–dose 
conditions (20e–/Å2) with a defocus range from –2 to –5 µm on Kodak SO–163 plate 
films. Micrographs were digitized using a Nikon Super CoolScan 8000 with a 12.7 
µm raster step, resulting in a pixel size of 2.54 Å. Data for the apo hPol II 
reconstruction as well as an additional data set for the Alu RNA–hPol II complex 
were acquired on a Gatan 4Kx4K CCD camera using a Tecnai F20 TWIN 
transmission electron microscope operated at 120 kV at a magnification of 80,000x 
(1.5 Å per pixel) under low–dose conditions (20e–/Å2) using the MSI–T application 
of the Leginon data collection software (Suloway et al., 2005). 

 

2.4.3 Image processing and volume rendering 
For the data sets collected on film, particles were picked semi–automatically 

using the program boxer from the EMAN software package (Ludtke et al., 1999). 
The contrast transfer function was estimated using CTFFIND3 (Mindell and 
Grigorieff, 2003). Images were extracted using batchboxer at a window size of 147 
x 147 pixels, and normalized using SPIDER (Frank et al., 1996). Iterative projection 
matching was performed using libraries from the SPARX and EMAN2 image 
processing packages and a model of cryo–negative stained Pol II (Kostek et al., 
2006), low–pass filtered to 60 Å, was used as a starting model. Angular increments 
for projection matching started at 25 degrees and were reduced stepwise to 4 
degrees. Refinement and full CTF correction were performed using FREALIGN 
(Grigorieff, 2007). The resolution was estimated based on the Fourier shell 
correlation of 0.5. 

For the data sets collected with the CCD camera using Leginon, particle 
picking was done using DoG picker (Voss et al., 2009) within the Appion image–
processing environment (Lander et al., 2009). Particles were extracted at a window 
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size of 128 pixels at 3.01 Å per pixel. Subsequent data processing was done as 
described for the data collected on film. 

The apo Pol II data set was sorted into three different conformations using an 
automated multi–model approach as previously described (Shatsky et al., 2010). In 
short, Euler angles were assigned to all images using Imagic’s multi reference 
alignment by comparison with forward projections of a template volume at a 
uniform angular sampling of 17 degrees. For each Euler angle, three subclass 
averages were computed, and subclasses with more than 30 images per subclass 
were clustered into homogeneous groups. Based on these clusters, three 
reconstructions were computed, which were then used as starting models for multi–
model projection matching in EMAN2, followed by final refinement in FREALIGN 
as described for the ncRNA–bound structures. 

The volumes representing apo Pol II and Pol II in complex with ncRNAs 
were filtered to 25Å resolution, and a B–factor of –3,000 was applied using bfactor. 
The density threshold was set manually. The cryo–EM density maps and crystal 
structures were rendered with UCSF Chimera (Pettersen et al., 2004). 

To exclude noise beyond the envelope of Pol II, both the ncRNA–bound and 
apo Pol II cryo–EM structures were multiplied with a mask that was slightly bigger 
than the volume of the Alu RNA–Pol II complex before subtracting the apo Pol II 
volume from the volumes of ncRNA–bound structures. Difference maps were 
calculated using the program diffmap developed in the laboratory of Nikolaus 
Grigorieff.  

The crystal structure of yeast Pol II in complex with the synthetic RNA 
aptamer FC (PDB code 2B63) was docked into the cryo–EM maps using colores 
(Wriggers, 2010) from the SITUS program package (situs.biomachina.org). 
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Chapter 3: Structural mimicry in transcription 
regulation of human RNA polymerase II by the DNA 
helicase RECQL5 
 

*A portion of the work presented in this chapter has been previously published as 
part of the following paper: Kassube, S.A., Jinek, M., Fang, J., Tsutakawa, S., and 
Nogales, E. (2013) Structural mimicry in transcription regulation of human RNA 
polymerase II by the DNA helicase RECQL5. Nat Struc Mol Biol, 20(7), 892–899. 
 

3.1 Introduction 
RecQ helicases constitute a family of highly conserved 3’–5’ DNA helicases 

that are involved in maintaining genomic stability (Chu and Hickson, 2009). While 
unicellular organisms such as E. coli have only a single RecQ helicase, multicellular 
organisms possess several RecQ homologs with non–redundant functions that 
unwind different kinds of potentially recombinogenic DNA structures (Chu and 
Hickson, 2009; Singh et al., 2009). The human genome contains five helicases of 
the RecQ family, named RecQ1, BLM (RecQ2), WRN (RecQ3), RecQ4 and 
RECQL5. Mutations in the BLM, WRN and RecQ4 genes are associated with the 
hereditary disorders Bloom’s syndrome (Ellis et al., 1995), Werner’s syndrome (Yu 
et al., 1996) and Rothmund–Thomson syndrome (Kitao et al., 1999), respectively. 
Patients that carry these syndromes suffer from photosensitivity, have a strong 
predisposition to develop cancer, and often show signs of premature aging, 
emphasizing the important roles that RecQ helicases play in DNA repair (Bernstein 
et al., 2010). Although no human pathologies have been associated with mutations 
in RECQL5, the observation that RECQL5–/– mice show increased levels of sister 
chromatid exchange as well as a predisposition to cancer strongly argue for an 
important role of RECQL5 in the maintenance of genomic stability (Hu et al., 2005; 
Hu et al., 2007). 

RECQL5 plays a crucial role at the interface of the cellular replication, 
transcription and recombination machineries. It physically interacts with the DNA 
sliding clamp PCNA, which is involved in DNA replication and repair (Kanagaraj et 
al., 2006). In addition, the MRN complex has been found to link RECQL5 to the 
DNA repair machinery. The MRN complex is comprised of three different subunits 
(Mre11, RAD50 and Nbs1), and acts as a DNA double–strand break sensor that 
recruits the DNA repair machinery through activation of the ATM kinase. RECQL5 
has been shown to be constitutively associated with the MRN complex through both 
the Mre11 and Nbs1 subunits (Zheng et al., 2009). Furthermore, RECQL5 interacts 
with RAD51 and can disrupt RAD51 filaments assembled on ssDNA, thereby 
inhibiting homologous recombination (Hu et al., 2007; Schwendener et al., 2010). 
RECQL5 therefore tightly regulates the recombination machinery by preventing 
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untimely recombination events that could lead to toxic DNA intermediates and 
potentially harmful genomic rearrangements. 

RECQL5 has also been found to interact with RNA polymerase II (Pol II) 
and to inhibit transcription in an in vitro system (Aygun et al., 2008; Aygun et al., 
2009; Izumikawa et al., 2008). The interaction was discovered in proteomic 
analyses that aimed at identifying novel Pol II binding partners. RECQL5 was 
shown to bind directly to Pol II through Rpb1, the largest subunit of Pol II (Aygun 
et al., 2008). However, the precise interaction surface on Pol II has not yet been 
determined.  

Interestingly, RECQL5 is the only one of the human RecQ helicases that can 
interact with Pol II, hinting at a crucial and specific role for RECQL5 in 
transcriptional regulation. Using a transcription assay that employed a minimal set 
of purified transcription factors and Pol II, it was shown that RECQL5 can inhibit 
both the initiation and the elongation steps of transcription, and that the helicase 
activity of RECQL5 is not required for transcriptional repression (Aygun et al., 
2009). The molecular mechanisms of transcriptional inhibition, as well as the 
functional implications regarding the maintenance of genomic stability, remain 
unclear. 

Two domains that enable RECQL5 to interact with Pol II have been 
identified within its long C–terminal extension: a so–called internal RNA 
polymerase II interacting domain (IRI), and a Set2–Rpb1–interacting (SRI) domain 
(Figure 3-1). While the SRI domain can bind only to the phosphorylated C–terminal 
domain of Pol II, the IRI interacts with both the phosphorylated and 
unphosphorylated forms of Pol II and is therefore thought to bind to the “core” of 
Pol II. 

To gain insight into the molecular mechanism of transcriptional repression 
by RECQL5, I decided to define and structurally characterize the Pol II–RECQL5 
IRI interaction surfaces through a combination of biochemical assays, X–ray 
crystallography and electron microscopy. I show that RECQL5 interacts through its 
IRI domain with the Rpb1 jaw domain of Pol II, whereas the RECQL5 helicase 
domain engages the DNA entering the Pol II downstream cleft. Mutations disrupting 
the RECQL5–Pol II interaction strongly impair the ability of RECQL5 to inhibit 
transcription in vitro. In both pull–down assays and a functional transcription read–
through assay, RECQL5 competes with the general transcription elongation factor 
TFIIS for binding to Pol II, suggesting a dual mode of transcriptional repression by 
RECQL5 that relies, in part, on interfering with the physiological function of TFIIS 
in promoting transcriptional elongation. 
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Figure 3-1. An extended helicase domain fragment of RECQL5 interacts with the 
upper jaw domain of Pol II. 
(a) Domain organization of human RECQL5. RQC, RecQ carboxy–terminal domain; IRI, internal 
Pol II interaction domain; PIM, PCNA interaction motif; SRI, Set2–Rpb1–interacting domain. 
Dashed line indicates the construct used for EM studies. Inset shows the organization of the IRI 
domain, consisting of an N–terminal helix (!N) and the KIX domain (light blue). The crystallized 
KIX domain includes RECQL5 residues 515–620. (b) Representative 2–D class averages of 
negatively stained Pol II–RECQL51–620 complex. The RECQL5 helicase domain is indicated by red 
arrows. The scale bar indicates a length of 100 Å. A crystal structure of yeast Pol II (PDB code 
1WCM) and a class average of negatively stained apo Pol II are shown for comparison. Rpb1 is 
colored in purple, Rpb2 in green and all remaining subunits in grey. The range of movement of the 
helicase domain is indicated by the golden spheres. (c) Statistical analysis of reference–free 2D 
class averages reporting on the position of RECQL5 density based on the angle defined 
schematically on the right.  
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3.2 Results 
3.2.1 RECQL5 IRI interacts with the Rpb1 jaw domain of 
Pol II 

The N–terminal portion of human RECQL5 contains canonical RecQ 
helicase and RQC domains that are shared with other RecQ–family helicases; this 
conserved core is followed by a unique C–terminal extension that consists of three 
domains: the IRI domain, a ~280–residue long unstructured domain, and the SRI 
domain (Figure 3-1a). To delineate the exact domain boundaries of the RECQL5 IRI 
domain required for Pol II interaction, we employed a GST pull–down assay to test 
binding of a series of deletion constructs to human Pol II (hPol II; Figure 3-2). 
While the helicase domain (RECQL51–490) did not bind to Pol II, a protein construct 
encompassing the minimal IRI domain (RECQL5490–620) was able to interact with Pol 
II. Secondary structure predictions and homology modeling indicated that the IRI 
domain is composed of a previously identified three–helix bundle termed KIX 
domain, and an additional N–terminal helix (termed !N), connected to the KIX 
domain by a loop segment. Neither the KIX domain alone (RECQL5515–620) nor the 
N–terminal helix alone (RECQL5490–515) were sufficient for binding to Pol II. 

To determine the interaction site of RECQL5 on Pol II, we analyzed the Pol 
II–RECQL51–620

 complex using negative–staining electron microscopy (EM) and 
reference–free 2D classification (Figure 3-1 b). In comparison with a class average 
of apo hPol II or the crystal structure of yeast Pol II (yPol II), a subset of 2D class 
averages showed clear additional density in the vicinity of the downstream DNA 
cleft, pivoting around the jaw domain of Pol II and adopting a wide range of 
different positions relative to Pol II. Statistical analysis showed that while this 
density has a slight preference for a position at –40 degrees around its pivot point, it 
can adopt positions that differ by as much as 130 degrees (Figure 3-1 c). The 
additional density is consistent in size with the molecular weight of the RECQL5 
helicase domain, and its movement around the upper jaw domain of Pol II suggests 
that the jaw domain is the likely binding site for the RECQL5 IRI domain. 
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Figure 3-2. Determination of the minimal RECQL5 IRI domain required for 
interaction with Pol II and solution analysis of RECQL5515–620 and RECQL51–620.  
(a) Pull–down assay of Pol II using a series of GST–tagged RECQL5 fragments. Left: Western blot 
using an antibody directed against the Rpb1 subunit of Pol II. Right: Coomassie–stained gel of pull–
down samples. (b) Left: Small angle X–ray scattering of RECQL5515–620 and RECQL51–620. Small 
angle X–ray scattering of RECQL5515–620 at different concentrations shows relative similarity of 
curves. Right: The linearity of the Guinier curve indicates that the proteins were not significantly 
aggregated. The curves are displaced from each other for easier viewing. (c) Although we cannot 
exclude the possibility of non–specific aggregation, minimal ensemble analysis indicates that the 
monomer–dimer equilibrium of RECQL5515–620

 changes as a function of concentration. (d) Gasbor 
ab initio shape prediction of RECQL5515–620, based on the scattering of the 18.8 mg/ml KIX domain 
sample, is consistent with the dimer observed in the crystal structure. (e) Gasbor ab initio shape 
prediction of RECQL51–620 is consistent with a RECQL5 monomer. Crystal structures of the RecQ1 
helicase domain (PDB code 2WWY) and RECQL5 KIX were docked into the density. 



 

43 

3.2.2 RECQL5 KIX domain resembles TFIIS domain II  
To gain insights into the architecture of the RECQL5 IRI domain, we 

crystallized a fragment containing the KIX domain and the long N–terminal loop 
(RECQL5515–620); this construct lacks the N–terminal helix !N that is necessary in 
addition to the KIX domain for binding to Pol II. The crystal structure, refined to 
1.9 Å resolution (Table 3-1), shows a domain–swapped dimer of two three–helix 
bundles connected to each other, whereby helix !1A of molecule A interacts with 
helices !2B and !3B of molecule B, and vice versa (Figure 3-3 a). To determine the 
oligomeric state of RECQL5515–620 in solution, we used small–angle X–ray scattering 
(SAXS). Analysis of scattering profiles at different concentrations showed that the 
RECQL5 KIX domain exists as a concentration–dependent dimer (Fig. 3-2 b–d). At 
low concentrations (~280 µ"), the KIX domain is predominantly monomeric, but it 
shifts towards the dimeric state at higher concentrations (~1.4 mM). At the 
concentrations used for crystallization (~2 mM), the KIX domain is predominately 
dimeric in solution. To determine whether the dimeric state is a unique feature of 
the KIX domain or whether it might also be adopted by longer RECQL5 fragments, 
we used SAXS analysis to determine the oligomeric state of RECQL51–620 (Figure 3-
2 b, e). The Porod volume of the scattering data (~115,000 Å3) was consistent with 
the 68 kDa size of RECQL51–620, suggesting that full–length RECQL5 is monomeric. 

Although our crystal structure shows a domain–swapped dimer, the topology 
of a monomeric KIX domain can be reconstructed from this model by linking helix 
!1A of molecule A with helices !2B and !3B of molecule B (Figure 3-3 b). A 
search for structural homologs using the DALI server (Holm and Rosenstrom, 2010) 
revealed that the tertiary structure of monomeric KIX domain resembles domain II 
of the transcription elongation factor TFIIS, as observed in a co–crystal structure of 
backtracked yPol II in complex with TFIIS (PDB code 3PO3; Figure 3-3 c, d). 
TFIIS is an elongation factor that helps the polymerase to overcome stalling and 
resume elongation through transcriptional pause sites (Reines et al., 1996; Wind and 
Reines, 2000). Pol II stalling can occur due to nucleotide misincorporation or upon 
encountering DNA lesions or DNA–binding proteins, and leads to Pol II 
backtracking and eventual arrest at the stall site (Jeon and Agarwal, 1996; Thomas 
et al., 1998). TFIIS resolves the paused state of Pol II by stimulating the cleavage of 
the backtracked RNA transcript near its 3’–end, allowing Pol II to resume 
transcription (Christie et al., 1994). Additionally, TFIIS has been implicated to play 
a role in transcription initiation via its domain I (Guglielmi et al., 2007; Kim et al., 
2007). The three–helix bundles of the RECQL5 KIX domain and domain II of TFIIS 
align with an rmsd of 2.7 and a Z–score of 4.4 over 65 residues. A structure–based 
sequence alignment shows a number of conserved residues between the RECQL5 
KIX domain and domain II of yeast and metazoan TFIIS orthologs (Figure 3-3 e and 
Figure 3-4). Domain II of TFIIS binds to the Rpb1 jaw domain of Pol II (Cheung 
and Cramer, 2011), near the RECQL5 binding site identified in the reference–free 
2D class averages of the Pol II–RECQL51–620 complex (Figure 3-1b).  
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Table 3-1.  Data collection, phasing and refinement statistics for the crystallographic 
analysis of RECQL5 KIX. 
 

 Native Iodide soak 

Data collection   

Space group P212121 P212121 

Cell dimensions     

    a, b, c (Å) a=50.7, b=61.2, c=81.7 a=51.1, b=62.6, c=82.8 

   a, b, g  (°) !=#=$=90° !=#=$=90° 

  peak 

Wavelength 1.11589 1.65315 

Resolution (Å) 100.0–1.90 (1.95–1.90) 100.0–2.60 (2.67–2.60) 

Rsym (%) 4.5 (51.8) 8.0 (75.0) 

I / sI 22.8 (3.6) 22.2 (2.5) 

Completeness (%) 100.0 (100.0) 100.0 (100.0) 

Redundancy 7.0 (7.1) 13.5 (7.4) 

   

Refinement   

Resolution (Å) 49.0–1.9  

No. reflections 20,613  

Rwork / Rfree 20.1 / 23.4  

No. atoms 3041  

    Protein 1,515  

    PEG 34  

    Water 94  

B factors   

    Protein 53.9  

    Ligand/ion 52.6  

    Water 42.1  

r.m.s deviations   

    Bond lengths (Å) 0.009  

    Bond angles (°) 1.04  

One crystal was used for each data set. Values in parentheses are for highest–resolution shell. 
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Figure 3-3. The RECQL5 KIX domain resembles domain II of TFIIS. 
(a) Crystal structure of the domain–swapped RECQL5 KIX dimer. Alpha–helical segments are 
labeled for the two chains. (b) KIX domain monomers derived from the dimeric crystal structure. 
Dashed lines indicate loops connecting helices !1 and !2 in KIX domain monomers. (c) 
Superposition of TFIIS (green, PDB code 3PO3) and the RECQL5 KIX domain shown in two 
orthogonal orientations. (d) Superposition of the RECQL5 KIX domain (blue) onto domain II of 
TFIIS (green) in complex with Pol II (grey, PDB code 3PO3). (e) Structure–based sequence 
alignment of domain II of yeast TFIIS and the human RECQL5 KIX domain. Identical residues are 
highlighted in orange. Secondary structure elements are shown relative to the RECQL5 sequence. 
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Figure 3-4. Multi–species sequence alignment and domain organization of TFIIS.  
(a) Multi–species sequence alignment of TFIIS domain II. Conserved surface residues are marked 
with an asterisk. Alignment of the RECQL5 KIX domain sequence at the bottom is based on the 
structure–based sequence alignment in Fig. 3-3. (b) TFIIS consists of three domains; domains II and 
III are sufficient for transcriptional activity in vitro (Nakanishi et al., 1995). Domain I plays a role 
in transcription initiation (Guglielmi et al., 2007; Kim et al., 2007). (c) Western blot against Pol II 
Rpb1 of a GST–pulldown assay of hPol II by three different TFIIS constructs. The three–helix 
bundle of domain II is not sufficient for interaction with hPol II. (d) TFIIS residues important for 
interaction with Pol II cluster in a basic patch on helix !3 (Awrey et al., 1998). (e) Comparison of 
the topology of RECQL5 IRI and TFIIS. In addition to the three–helix bundle, RECQL5 requires an 
additional N–terminal helix for interaction with Pol II, while for TFIIS the additional helix is 
located C–terminal of the three–helix bundle. 
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3.2.3 RECQL5 IRI contacts the TFIIS–binding site on Pol II  
To characterize the interaction of the RECQL5 IRI domain and the Pol II 

Rpb1 jaw biochemically, we designed a codon–optimized construct of the Rpb1 jaw 
domain (hRpb11168–1302) for recombinant expression in E. coli. The purified Rpb1 jaw 
domain fragment interacted with both RECQL51–620

 and RECQL5490–620 (the IRI 
domain alone) in GST pull–down assays (Figure 3-5 a). The reciprocal pull–down 
experiment gave identical results; both GST–fusions of RECQL51–620

 and 
RECQL5490–620 bound to the recombinant Rpb1 fragment. These experiments 
confirmed that RECQL5 IRI binds to the Rpb1 jaw domain, and led us to construct a 
structural model of the Rpb1–IRI interaction based on the crystal structure of the 
Pol II–TFIIS complex (PDB code 3PO3, Figure 3-5 b). This model suggested that 
the helices !1 and !3 of the KIX domain contact the Rpb1 jaw domain in the Pol 
II–RECQL5 complex (Figure 3-5 b).  

To further define the binding interface, we tested the ability of a panel of 
surface mutants of the RECQL5 IRI domain to bind to the recombinant Rpb1 
fragment (Figure 3-5 c). Mutations of aromatic residues in the N–terminal helix !N 
abolished the interaction with the Rpb1 fragment. In addition, mutations of several 
charged residues in helices !1 and !3 of the KIX domain led to the loss of binding. 
Mapping of the mutations onto the surface of RECQL5 KIX showed that residues 
important for the interaction cluster in a conserved patch located close to the Rpb1 
loop element in our docking model (Figure 3-5 b, d and Figure 3-6 and 3-7). 
Interestingly, this patch coincides with an electropositive patch formed by residues 
K196, R198, R200, and K209 in yeast TFIIS (Figure 3-4 d); single point mutations 
in any of these four residues drastically decrease the affinity of the TFIIS–Pol II 
interaction (Awrey et al., 1998). This is consistent with our observation that 
RECQL5 IRI domain mutants K598E and L602E, which are located at structurally 
equivalent positions to yeast TFIIS K196 and R200, are impaired in their interaction 
with Pol II.  

Both RECQL5 KIX and domain II of TFIIS form three–helix bundles that are 
by themselves insufficient to interact stably with Pol II (Figure 3-2 a and 3-3 c). 
While RECQL5 requires the additional N–terminal helix !N, in TFIIS the additional 
element required for binding is located at the C–terminus of the three–helix bundle 
(Figure 3-4)(Awrey et al., 1998). The differing topologies of the Pol II binding 
modules suggest that the binding sites for the two proteins overlap, but are not 
identical (Figure 3-4 e).  
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Figure 3-5. RECQL5 IRI interacts with a loop element in the Rpb1 jaw of Pol II. 
(a) Pull–down assays of two different RECQL5 fragments and a recombinantly expressed Rpb1 
fragment (residues 1168–1302). Left: Recombinant glutathione–S–transferase (GST)–tagged 
Rpb11168–1302 was immobilized on glutathione sepharose beads and incubated with RECQL51–620 or 
the RECQL5 IRI domain (residues 490–620). Bound proteins were analyzed by SDS–PAGE and 
visualized by Coomassie staining. Right: GST–fused RECQL51–620 or RECQL5490–620 were 
immobilized on glutathione sepharose beads and incubated with untagged recombinant Rpb11168–1302. 
(b) Model of the RECQL5 KIX–Rpb1 interaction surface based on the TFIIS–Pol II crystal 
structure, generated by superposition of the KIX domain and TFIIS domain II. Surface residues 
mutated in (c) are shown in stick representation. RECQL5 residues whose mutations abolish 
interaction with hRpb1 are highlighted in red, and mutated residues that have no effect on 
interaction with Rpb1 are shown in yellow. (c) Pull–down assays of Rpb11168–1302 by GST–
RECQL5490–620 IRI domain mutants. Large hydrophobic residues important for interaction (W504, 
F507, Y508) are located in the first alpha–helix of the IRI domain (!N, not present in our crystal 
structure). Asterisks denote mutations that abolish interaction with Rpb1 and are part of the KIX 
domain (see b). (d) Model of the RECQL5 KIX–Rpb1 interaction. The KIX domain is depicted as a 
surface representation and colored as in (b). Mutations that abolish interaction cluster in a single 
patch on the KIX domain surface. 
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Figure 3-6. Electrostatic potential and conservation of the RECQL5 KIX surface.  
(a) Ribbon representation of the RECQL5 KIX domain crystal structure in four different 
orientations. Residues important for interaction with Rpb1 are colored in red and shown in stick 
representation. (b) Electrostatic surface potential of the RECQL5 KIX domain. (c) Surface 
conservation of the RECQL5 KIX domain. Conservation was determined according to the alignment 
in Figure 3-7. Variable residues are shown in green and highly conserved residues are shown in 
pink. 
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Figure 3-7. Multi–species sequence alignment of the RECQL5 IRI domain.  
Conserved residues are indicated in shades of blue. Residues that were mutated to identify residues 
important for the interaction with Rpb1 are marked with an asterisk, and mutated residues that 
abolished interaction with Rpb1 are marked with a red asterisk. 

 

 

 

3.2.4 EM reconstruction of RECQL5 bound to elongating 
Pol II 

To visualize the Pol II–RECQL5 binding interface and to study the effect of 
RECQL5 binding on the structure and conformation of Pol II, we determined the 
structure of an elongating Pol II in complex with a fragment of RECQL5 containing 
the N–terminal helicase, RQC and IRI domains (RECQL51–620). To stabilize the 
helicase domain with respect to Pol II, we used an artificial transcription bubble 
containing template and non–template DNA strands as well as product RNA 
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(Kettenberger et al., 2004). The non–template DNA strand contained a single–
stranded overhang at its 3’ end to allow the RECQL5 helicase domain to engage to 
DNA entering the Pol II cleft. The helicase activity of RECQL5 was abolished by 
introducing the inactivating single point mutation D157A (Aygun et al., 2009). A 
silver–stained gel and electron micrographs of a uranyl formate–stained Pol II–
RECQL51–620 complex showed that the sample was stoichiometric and homogeneous 
(Figure 3-8). Statistical analysis of reference–free 2D class averages revealed that in 
contrast to the Pol II–RECQL5 complex lacking the transcription bubble DNA 
(Figure 3-1 c), the RECQL5 helicase domain is found within a narrow range of 
angles around its pivot point, and positioned close to the DNA downstream cleft 
(Figure 3-8 c, d). A data set collected from the uranyl formate–stained sample was 
used to reconstruct an initial model of the complex, which was then further refined 
to ~13Å resolution using a larger cryo–EM data set (Figure 3-8). The 3D 
reconstruction of the elongating complex stalled by RECQL5 displayed clear 
additional density downstream of the cleft, positioned between the two Pol II jaws 
(Figure 3-9). Local resolution analysis revealed that this domain has a lower 
resolution than other parts of the complex (Figure 3-8 h), most likely due to the 
remaining flexibility of the helicase domain with respect to Pol II. However, the 
density is consistent in size with the two RecA–like domains that form the RECQL5 
helicase core (Figure 3-9 b). We further observed extra density near the Rpb1 jaw, 
at a site that overlaps with the known binding surface for domain II of TFIIS 
(Kettenberger et al., 2004; Wang et al., 2009). This density is large enough to 
accommodate the RQC domain as well as helix !N and the KIX domain of 
RECQL5. Using the crystal structure of the yPol II–TFIIS complex and our 
structural alignment between TFIIS and the RECQL5 KIX domain, we docked our 
crystal structure of RECQL5 KIX into this part of the EM map.  

In comparison to apo–Pol II, we also observed additional density in the 
downstream cleft corresponding to double–stranded DNA, as well as a DNA–RNA 
duplex in the upstream cleft close to the active site. Interaction of the RECQL5 
helicase domain with the single–stranded 3’ overhang of the non–template strand 
stabilized the DNA beyond the 7 base pairs that were observed in the crystal 
structure and led us to model the additional double–stranded DNA as ideal B–form 
DNA for a total of 11 base pairs.  

Overall, our EM reconstruction clearly pinpoints the Rpb1 jaw domain as the 
interaction surface of the RECQL5 IRI domain, and it shows that once RECQL5 is 
tethered to Pol II through this domain, its helicase domain is located in a position 
that allows it to engage with DNA entering the Pol II cleft. 
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Figure 3-8. EM analysis of an elongating Pol II–RECQL5 complex.  
(a) Silver–stained SDS–PAGE gel of the purified complex. (b) EM micrograph of the uranyl 
formate–stained complex. Particles in the center of the micrograph are highlighted with green 
circles. (c) Reference–free 2D class averages. Red Arrows point at the stabilized RECQL5 helicase 
domain. (d) Statistical analysis of RECQL5 orientation in reference–free 2D class averages. Plot 
shows angular distribution of RECQL5 density. (e) Cryo–EM micrograph of the complex. Particles 
in the center of the micrograph are highlighted with pink circles. (f) Fourier shell correlation curve 
of the cryo–EM reconstruction. The reconstruction has a resolution of ~13Å according to the 0.5 
FSC cut–off. (g) Angular distribution of particles in the data set with respect to the reference 
volume. The size of the circles is scaled according to the number of particles assigned to that view. 
(h) Final reconstruction colored according to local resolution (green, 10Å; yellow, 12Å; red, 15Å or 
less). 



 

53 

 

Figure 3-9: Cryo–EM reconstruction of RECQL5–stalled Pol II elongation complex.  
(a) Surface representation of the Pol II–RECQL5 elongation complex shown in two different views. 
Density not corresponding to Pol II is ascribed to RECQL5 (salmon and light blue) and DNA (dark 
blue). (b) Cryo–EM map with docked crystal structures. The atomic model of elongating Pol II is 
based on the crystal structure of yPol II in complex with a transcription bubble (PDB code 1Y1W). 
The monomeric KIX domain (as shown in Fig. 3-3 b) was docked into the additional density 
observed at the Rpb1 jaw domain, and the helicase domain of RecQ1 (based on PDB code 2WWY) 
was docked into the density between the Pol II jaws. (c) Close–up view of the additional density 
with docked crystal structures and an idealized dsDNA and RNA–DNA duplex. 
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3.2.5 IRI domain orients helicase core for repression 
To validate our structural model and confirm the functional significance of 

IRI domain mutations that result in defects in Pol II binding, we performed an in 
vitro transcription assay (Figure 3-10). We used the well–studied first intron of the 
human H3.3 gene as a template (Reines et al., 1987), which contains three defined 
elongation blocks, termed TIa, TIb and TII. While the TIb and TII sites stall Pol II 
with low efficiency (10% or less), elongation is blocked with ~50% efficiency at the 
TIa site (Christie et al., 1994). Due to the presence of stall sites in the template, this 
assay leads to the production of three different stalled transcripts (TIa, TIb, and TII) 
as well as the run–off transcript. To exclude the possibility that the RECQL5 
helicase activity could interfere with transcription, we used the RECQL5 D157A 
mutant, which can interact with DNA, but is unable to unwind it due to its inability 
to hydrolyze ATP. In agreement with previous studies (Aygun et al., 2009), the 
assay demonstrated that RECQL51–620 D157A potently repressed transcription, 
confirming that the helicase activity is not required for repression. Mutant proteins 
that were unable to interact with Pol II in our pull–down assay were considerably 
less effective in repressing transcription. The RECQL5 IRI domain alone could 
repress transcription only when present in high molar excess, while the RECQL5 
IRI K598E mutant had no repressive effect at all, further corroborating the 
importance of this residue for interaction with Pol II. Overall, the results indicated 
that specific intermolecular contacts between the RECQL5 IRI domain and Pol II, 
predicted by our structural model, are necessary for transcriptional repression. 
However, repression required both the helicase core (helicase and RQC domains) 
and the IRI domain, even though only the IRI domain physically interacts with Pol 
II. In conjunction with the structure of the Pol II–RECQL5 complex, this suggests 
that the function of the IRI domain is to recruit the RECQL5 helicase core to Pol II 
and orient it such that it can engage the DNA template ahead of transcribing Pol II.  
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Figure 3-10. Both RECQL5 helicase and IRI domains are required for repression of 
transcription. 
(a) Schematic overview of the in vitro transcription assay. The dC–tailed histone H3.3 intron DNA 
was used as template and transcribed by purified Pol II (0.8 pmol) in the presence of recombinant 
wild–type and mutant RECQL5 proteins at two different concentrations  (0.2 mM and 2 mM, 
corresponding to a 5–fold and 50–fold molar excess over Pol II, respectively).  (b) Transcription 
assay performed as outlined in (a) in the presence of recombinant RECQL5 fragments and their 
mutants, as indicated. Transcripts were resolved by electrophoresis on a denaturing polyacrylamide 
gel and visualized by phosphorimaging. The transcription template contains three stall sites, giving 
rise to stalled transcripts TIa, TIb, and TII in addition to the run–off transcript (RO). 
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3.2.6 RECQL5 interferes with TFIIS function in elongation 
The structural similarity of the RECQL5 IRI domain and TFIIS suggested 

that the binding of these two proteins to Pol II is mutually exclusive. To test this 
hypothesis, we employed a GST–pulldown assay (Figure 3-11 a). While GST–TFIIS 
could bind to Pol II in the absence of RECQL5, binding was abrogated when Pol II 
was preincubated with RECQL5 IRI. In contrast, in the presence of an IRI mutant 
that cannot bind to Pol II (RECQL5 K598E), Pol II was still able to associate with 
immobilized GST–TFIIS. Using an electrophoretic mobility shift assay, we 
measured the equilibrium dissociation constant of the Pol II–RECQL51–620 complex 
(Figure 3-12). RECQL51–620 bound to Pol II with a Kd of ~40 nM, which is 
comparable to the dissociation constant of 80 nM previously reported for the TFIIS–
Pol II complex using the same methodology (Awrey et al., 1998).  

The direct competition between RECQL5 IRI and TFIIS suggested that 
RECQL5 might also inhibit transcriptional elongation by blocking access of TFIIS 
to Pol II. To test this hypothesis, we employed a pulse–chase transcription assay to 
study the effect of RECQL51–620

 D157A and RECQL5 IRI on TFIIS–mediated read–
through of intrinsic stall sites in the histone H3.3 template DNA (Figure 3-11 b–f). 
Transcripts initially stalled at the TIa, TIb and TII sites can be elongated to the run–
off transcript in the presence of TFIIS (Christie et al., 1994; Reines et al., 1989). As 
expected, in the absence of any additional factors, Pol II was stalled at the TIa, TIb 
and TII sites and the stalling was overcome in the presence of TFIIS. When the 
RECQL5 IRI domain was titrated in, we observed increased stalling at the TIa site, 
indicating that the ability of TFIIS to promote read–through was impaired in the 
presence of the RECQL5 IRI domain. In contrast, increasing concentrations of the 
K598E mutant protein had no effect, indicating that inhibition is specific and 
requires the interaction between Pol II and the IRI domain. We also performed this 
assay in the context of a fragment of RECQL5 encompassing both the helicase and 
IRI domains. In comparison with the IRI domain in isolation, the competitive effect 
of RECQL51–620

 D157A on transcriptional read–through was slightly less 
pronounced. This is likely due to RECQL51–620

 D157A being sequestered by excess 
DNA template present in the transcription reactions, which decreases the likelihood 
of interaction with Pol II. Taken together, these results confirm that the RECQL5 
IRI domain interferes, through direct competition, with the ability of TFIIS to 
promote read–through of intrinsic blocks to elongation. 
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Figure 3-11. RECQL5 IRI domain competes with TFIIS for binding to Pol II and 
inhibits TFIIS–mediated read–through of intrinsic elongation blocks. 
(a) Pull–down assay probing Pol II binding to GST–TFIIS in the presence of either wild–type or 
K598E mutant RECQL5 IRI domains. Bound proteins were analyzed by SDS–PAGE, followed by 
staining with Coomassie Blue or Western blotting using an anti–Rbp1 antibody. (b) Schematic 
overview of the pulse–chase TFIIS read–through transcription assay using histone H3.3 intron DNA 
template. Following addition of chase buffer, RECQL5 variants (0.1 µM, 1.0 µM and 10 µM final 
concentration, corresponding to 5–, 50– and 500–fold molar excess over Pol II) and TFIIS (0.1 µM, 
5–fold molar excess over Pol II) were added sequentially to test the effect of RECQL5 on the ability 
of TFIIS to promote read–through of intrinsic blocks to elongation. (c–f) Pulse–chase TFIIS read–
through assay in the presence of RECQL51–620 and RECQL5 IRI performed as indicated in (b). 
Transcripts were resolved on a denaturing polyacrylamide electrophoresis gel and visualized by 
phosphorimaging. TFIIS stimulates read–through of three distinct blocks to elongation (TIa, TIb, 
and TII) to produce a run–off transcript (RO). (d, f) Quantitation of the relative amount of 
transcripts stalled at the TIa site. Error bars denote standard error of the mean (n=3).  
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Figure 3-12 Binding assay between RECQL51–620

 and Pol II.  
(a) Fluorescently labeled RECQL51–620 was incubated with increasing concentrations of Pol II (0, 4, 
8, 16, 24, 32, 40, 80, 200, 400 nM). Complexes were analyzed on a native gel and visualized using a 
Typhoon scanner. Free RECQL51–620 migrates out of the gel. (b) The binding assay was quantified 
using ImageQuant and plotted using Prism 5.0. Error bars represent the standard deviation of three 
binding experiments (n = 3). The data were fit using the equation for one site binding. 
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3.3 Discussion 
In this study, we have investigated the structural basis of the interaction 

between the DNA helicase RECQL5 and RNA polymerase II. Using biochemical 
assays and structural approaches, we demonstrate that RECQL5 interacts through its 
IRI domain with the Rpb1 jaw domain of Pol II. Our cryo–EM reconstruction of 
elongating Pol II in complex with RECQL5 shows that this interaction positions the 
RECQL5 helicase core to engage template DNA that enters the active site of Pol II. 
In agreement with the cryo–EM model of the RECQL5–Pol II complex, specific 
structure–based mutations in the IRI domain interaction surface impair the ability of 
RECQL5 to repress transcription in vitro. The RECQL5 binding site on Pol II 
overlaps with the known interaction site for the elongation factor TFIIS, and our 
crystal structure of the RECQL5 KIX domain (a fragment of the larger IRI domain) 
reveals unexpected structural similarity with the Pol II–interacting domain II of 
TFIIS. Furthermore, we show that the binding of RECQL5 and TFIIS to Pol II is 
mutually exclusive and that binding of RECQL5 to Pol II interferes, by direct 
competition, with the ability of TFIIS to promote transcriptional elongation through 
transcriptional pause sites in vitro. Taken together, these results provide novel 
structural and mechanistic insights into RECQL5 function in transcriptional control 
and suggest that RECQL5 inhibits transcription through two mechanisms: (i) 
sterically blocking transcription by positioning the helicase domain on template 
DNA ahead of transcribing Pol II and (ii) preventing TFIIS, through direct 
competition, from binding to Pol II and resolving the stalled complex. 
 

3.3.1 RECQL5 as a transcriptional inhibitor in genomic 
stability 

While RECQL5 has been implicated in DNA repair and the maintenance of 
genomic stability, its precise functions remain elusive. The helicase activity has 
been proposed to antagonize the recombinogenic effect of transcription during DNA 
replication (Selth et al., 2010). RECQL5 has also been shown to be constitutively 
associated with the MRN complex through the Mre11 and Nbs1 subunits (Zheng et 
al., 2009). Additionally, a recent study has suggested that RECQL5 is involved in 
the removal of endogenous DNA damage (Tadokoro et al., 2012). It is tempting to 
speculate that in all these processes, the recruitment of RECQL5 to genomic sites 
undergoing DNA replication or repair could serve to prevent actively transcribing 
Pol II from entering these regions and interfering with the molecular machineries 
responsible for DNA replication or repair. However, it remains to be seen whether 
transcriptional inhibition is the main role of RECQL5 in all these processes or a 
separate and secondary function.  

Our studies reveal that the RECQL5 IRI domain provides an interaction 
surface for Pol II binding. The IRI domain is necessary for transcriptional 
repression, but cannot repress Pol II transcription in isolation. In turn, the RECQL5 
helicase core is required for transcriptional repression, but does not interact with Pol 
II by itself. These observations, together with our cryo–EM structure of the 
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RECQL5–Pol II complex, suggest that the repressive function of RECQL5 stems 
from its concerted interactions with Pol II and the template DNA and point to a 
model in which the IRI–Pol II interaction serves to position the RECQL5 helicase 
domain in a way that permits its association with DNA entering the Pol II active 
site. As a result, RECQL5 localized at a genomic DNA damage site would be able to 
capture and stall elongating Pol II complexes that reach the damage site. 

The structural similarity between the IRI domain of RECQL5 and TFIIS, 
together with observed competition between RECQL5 and TFIIS in Pol II binding, 
suggest that RECQL5 can also inhibit transcription elongation by interfering with 
the function of TFIIS. Despite the critical role of TFIIS in transcription elongation, 
one can envision instances in which its stimulatory function is not desirable, for 
example when a transcribing Pol II encounters DNA regions undergoing repair, 
replication, or recombination. Competitive inhibition of TFIIS binding to Pol II 
could therefore offer a safeguard mechanism to prevent elongating Pol II from 
clashing with replication forks or the DNA repair machinery. 
 

3.3.2 Dual mechanism of RECQL5–mediated transcriptional 
inhibition 

Based on our results, we propose that RECQL5 inhibits transcription through 
two concerted mechanisms (Figure 3-13). (i) Upon recruitment to sites of DNA 
damage by DNA repair factors such as the MRN complex, the DNA–bound helicase 
domain of RECQL5 may provide a steric block to impede Pol II from moving along 
the DNA, thereby blocking transcription towards the repair site. It is also possible 
that in this context, the ATP–dependent helicase activity of RECQL5 may actively 
assist in removing Pol II from the DNA. (ii) Concomitantly, the IRI domain of 
RECQL5 binds to the Pol II Rpb1 jaw domain and occludes the TFIIS binding site 
on Pol II, thus preventing association with the elongation factor that would be 
needed for Pol II to overcome stalling at the RECQL5–bound site and resume 
transcription. Although both TFIIS and RECQL5 bind to Pol II with comparable 
affinities, and TFIIS is much more abundant than RECQL5 in the cell nucleus, co–
localization of Pol II and RECQL5 on the same DNA would likely favor binding of 
RECQL5 due to a local concentration effect. The Pol II–TFIIS complex is assumed 
to be transient, and ChIP assays have indeed shown that elongating Pol II is largely 
TFIIS–free under regular growth conditions (Pokholok et al., 2002), which would 
again facilitate binding of RECQL5. Furthermore, RECQL5 contains the SRI 
domain, which specifically interacts with a Ser2–Ser5–phosphorylated CTD of Pol 
II, a phosphorylation state associated with the elongation stage of transcription 
(Komarnitsky et al., 2000; Phatnani and Greenleaf, 2006). The SRI domain might 
therefore prime RECQL5 for engaging specifically with elongating Pol II by 
providing an additional tethering site to facilitate the binding of the RECQL5 IRI 
domain to Pol II. Thus, the coordinated actions of the helicase, IRI and SRI domains 
would allow RECQL5 to act as a barrier to transcriptional elongation that cannot be 
easily dislodged from the DNA template by the action of TFIIS. 
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Figure 3-13. Dual mechanism of RECQL5–mediated transcriptional repression in 
DNA repair. 
RECQL5 is recruited by the MRN complex to DNA double–strand breaks, where it inhibits 
transcription through two concerted mechanisms. The DNA–bound helicase domain of RECQL5 
acts as a steric block to prevent Pol II from proceeding towards the site of DNA damage. 
Concurrently, the IRI domain of RECQL5 inhibits binding of TFIIS to Pol II, thereby preventing 
repeated cycles of TFIIS–mediated backtracking and elongation at the stall site. 
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3.3.3 Inhibition of TFIIS as a general mechanism to repress 
transcription elongation 
 Our structural and functional studies of transcription regulation by RECQL5 
have uncovered a novel mechanism of transcriptional repression through 
competition with a general transcription elongation factor, suggesting that 
regulation of Pol II elongation may be an important control mechanism in the 
context of genome maintenance pathways such as replication, repair and 
recombination. Based on a HHPred search (Soding et al., 2005), domains with 
striking structural homology to TFIIS are present in several proteins that regulate 
DNA maintenance and repair: PHD finger protein 3 (PHF3), SPOC domain–
containing protein 1 (SPOCD1) and death–induced obliterator 1 (DIO–1) in humans, 
and BYE1 in yeast. While BYE1 has been identified as a negative regulator of 
transcription elongation (Wu et al., 2003), the precise functions of PHF3, SPOCD1 
and DIO–1 have not been characterized. PHF3 is phosphorylated upon DNA damage 
but its role in DNA repair remains unclear (Matsuoka et al., 2007). SPOCD1 is a 
member of the SPEN domain–containing family of proteins that act as 
transcriptional repressors and are involved in developmental signaling (Ariyoshi and 
Schwabe, 2003). DIO–1 induces apoptosis and has been implicated as a putative 
transcription factor (Garcia-Domingo et al., 1999). The TFIIS–like domains in these 
proteins might allow them to bind Pol II and regulate transcription by occupying the 
binding site of TFIIS, similar to the mechanism of action we observe for RECQL5. 
Transcriptional repression through inhibition of TFIIS function might therefore be a 
general mode of elongation regulation in response to different cellular signals that 
require pausing of the transcription machinery. 
 

3.4 Methods 
3.4.1 Protein expression and purification  

All constructs were amplified by PCR and inserted into the pGEX–6P1 
expression vector (GE Healthcare) using BamHI and XhoI restriction sites. The 
vector fuses an N–terminal glutathione–S–transferase (GST)–tag to the protein with 
a PreScission protease cleavage site directly after the GST–tag. Proteolytic cleavage 
leaves an additional five residues with the sequence GPLGS on the N terminus. 
Transformed Escherichia coli BL21–CodonPlus (DE3)–RIL cells (Stratagene) were 
grown in LB medium to an OD600 of 0.6, induced with 450 µM isopropyl–#–D–
thiogalactoside, and harvested by centrifugation after expression for 16 hours at 18 
°C. Pelleted cells were resuspended in a buffer containing 20 mM Tris, pH 8.0, 500 
mM NaCl, 5 mM #–mercaptoethanol, 2 mM PMSF, bovine lung aprotinin (20 
µg/ml), and Complete EDTA–free Protease inhibitor cocktail tablets (Roche) and 
snap frozen in liquid nitrogen for storage at –80 °C. For purification of RecQ5515–620, 
the cells were thawed on ice and lysed with a cell disrupter (Avestin). After 
centrifugation at 40,000 g for 90 min, the supernatant was filtered through a 0.22 
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µm filter (Millipore), loaded onto a Glutathione Sepharose 4 Fast Flow column (GE 
Healthcare) equilibrated in buffer A (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM 
DTT), and eluted with a linear gradient of buffer B (buffer A supplemented with 20 
mM glutathione). The GST–tag was cut with PreScission protease during extensive 
dialysis against buffer A for 14 hours. The sample was then loaded onto a HiTrap 
SP HP column (GE Healthcare) to remove uncleaved protein, free GST, and GST–
PreScission. The protein was eluted with a linear gradient of buffer C (20 mM Tris, 
pH 8.0, 1 M NaCl, 1 mM DTT). After concentration, the protein was further 
purified by size exclusion chromatography on a Superdex 75 16/60 column (GE 
Healthcare) equilibrated in buffer A. Protein–containing fractions were pooled and 
concentrated to 51 mg/ml for crystallization. 

RECQL51–620 was purified using a Glutathione Sepharose 4 Fast Flow column 
(GE Healthcare) equilibrated in buffer D (20 mM Tris, pH 8.0, 150 mM NaCl, 10% 
glycerol, 1 mM DTT), and eluted with a linear gradient of buffer E (buffer D 
supplemented with 20 mM glutathione). The GST–tag was cut with PreScission 
protease during extensive dialysis against buffer D for 14 hours. The sample was 
then loaded onto a HiTrap Heparin HP column (GE Healthcare) and eluted with a 
linear gradient of buffer F (20 mM Tris, pH 8.0, 1 M NaCl, 10% glycerol, 1 mM 
DTT). After concentration, the protein was further purified by size exclusion 
chromatography on a Superdex 200 16/60 column (GE Healthcare) equilibrated in 
buffer D. Protein–containing fractions were pooled and frozen in liquid nitrogen. 

Point mutants of the RECQL5 IRI domain (residues 490–620) were 
generated using the Quikchange Site–directed Mutagenesis Kit (Stratagene) 
according to the manufacturer’s protocol. GST–tagged wild–type IRI as well as 
mutant proteins and the GST–tag by itself were purified using a GST column and a 
Superdex 200 16/60 gel filtration column (GE Healthcare).  

Fragments encoding full–length, domain II, and domain II and domain III of 
TFIIS (residues 1–301, 137–209, 137–301) were purified on a GST column (GE 
Healthcare) equilibrated in buffer containing 20 mM Tris, pH 8.0, 100 mM NaCl, 
5% glycerol, 10 µm ZnCl2, 1 mM DTT, and eluted with a linear gradient of the same 
buffer supplemented with 20 mM glutathione. GST–fusion proteins were further 
purified on a Superdex 200 column (GE Healthcare) equilibrated in the same buffer. 
For purification of tag–free TFIIS, the GST–tag was cut with PreScission protease 
during extensive dialysis for 14 hours. The sample was then loaded onto a HiTrap 
SP HP column (GE Healthcare) to remove uncleaved protein, free GST, and GST–
PreScission. The protein was eluted with a linear gradient of buffer containing 20 
mM Tris, pH 8.0, 1 M NaCl, 5% glycerol, 10 µm ZnCl2, 1 mM DTT. The protein 
was then further purified by size exclusion chromatography on a Superdex 200 
16/60 column (GE Healthcare) equilibrated in the same buffer.  

A fragment encoding hRpb1 1168–1302 was codon–optimized for expression 
in E. coli (Geneart), amplified by PCR and inserted into the pGEX–6P1 expression 
vector (GE Healthcare) using BamHI and XhoI restriction sites. The protein was 
purified on a GST column (GE Healthcare) equilibrated in buffer containing 20 mM 
Hepes pH 7.5, 100 mM NaCl, 5% glycerol, 1 mM DTT. GST–fusion proteins were 
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further purified on a Superdex 200 column (GE Healthcare) equilibrated in the same 
buffer. For purification of tag–free Rpb1, the GST–tag was cleaved with PreScission 
protease during extensive dialysis for 14 hours. The sample was then further 
purified using ion exchange (Q column), a subtractive GST column, and size 
exclusion chromatography (Superdex 75 16/60 column, GE Healthcare).  

 

3.4.2 Preparation of apo hPol II and elongating Pol II in 
complex with RECQL5 

Human Pol II was prepared as described previously (Chapter 2 and Kassube 
et al., 2012). In short, Pol II was purified from HeLa cell nuclei using ammonium 
sulfate precipitation, ion exchange chromatography, and immunoaffinity 
purification. In the final step, Pol II was eluted four times in buffer containing 25 
mM HEPES pH 7.9, 0.2 mM EDTA, 10% glycerol, 200 mM ammonium sulfate, 
0.05% NP–40, 2 mM DTT, 0.1 mM PMSF, and flash frozen in liquid N2. 

To prepare the sample containing Pol II engaged to a transcription bubble 
and stalled by RECQL5, an artifical transcription bubble was created by aligning 
synthetic template DNA (5’–ctcaagtacttacgcctggtcattacta–3’), nontemplate DNA 
(5’–tagtaaactagtattgaaagtacttgagcttagacagcatgtc–3’), and RNA (5’–
uauaugcauaaagaccaggc–3’) by heating the sample to 90 °C for 5 min, and slow 
cooling to room temperature. Pol II was then sequentially incubated with a 10x 
molar excess of the transcription bubble and a 10x molar excess of RECQL51–620 
D157A during the last purification step when Pol II was immobilized on a protein G 
affinity column containing 8WG16 antibody (NeoClone). Each incubation was 
followed by extensive washing to remove unbound nucleic acids and protein. The 
protein was then eluted as described before, diluted to a concentration of ~120 nM, 
and cross–linked with 0.02% glutaraldehyde for 10 min.  

 

3.4.3 Electron microscopy sample preparation and data 
collection 

For negative stain analysis, continuous carbon grids were plasma cleaned 
using a Solarus plasma cleaner (Gatan). To allow complex formation between Pol II 
and RECQL51–620 WT, a 2x molar excess of RECQL51–620 was incubated with Pol II 
in transcription buffer (10 mM Tris, pH 7.9, 10 mM Hepes, pH 8.0, 4 mM MgCl2, 
50 mM KCl, 1 mM DTT, 0.05% NP–40, 0.1% trehalose, 1 mM AMPPNP) for 30 
min on ice.  

For the sample of crosslinked RECQL5 bound to elongating Pol II, the 
sample was diluted in transcription buffer (20 mM Hepes pH 8.0, 4mM MgCl2, 50 
mM KCl, 0.05% NP–40, 1mM TCEP) before 4 µl solution (containing ~15 nM Pol 
II) were applied to the EM grid and incubated for 20 sec. The solution was blotted 
using filter paper, and the grid was subsequently laid on five 75 µl–drops of freshly 
prepared 1% (w/v) uranyl formate solution. For cryo–EM analysis, 4 µl sample 
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(containing ~60 nM Pol II) were placed onto C–flat grids (Protochips Inc.) that had 
a thin carbon film floated on top. Grids were glow–discharged for 40 sec in an 
Edwards carbon evaporator right before use. The samples were incubated on the 
grids in the incubation chamber of an FEI Vitrobot at 6 °C for 20 sec before blotting 
for 2 sec at an offset of 0 mm. The grids were then plunge–frozen in liquid ethane 
and transferred into liquid nitrogen for storage. Data were collected on a Tecnai 20 
transmission electron microscope (FEI) operating at 120 kV at a magnification of 
80,000x for negative stain and 100,000x for the cryo–EM data collection under low–
dose conditions (20e–/Å2) using the MSI–T application of the Leginon data 
collection software (Suloway et al., 2005). Images were recorded on a Gatan 4k x 4k 
camera with a final pixel size of 3.01 Å and 2.31 Å, respectively. 

 

3.4.4 Electron microscopy data processing 
For all data sets, particles were picked automatically using DoG picker 

within the Appion data processing environment (Lander et al., 2009). Reference–
free 2D class averages were obtained using iterative multivariate statistical analysis 
(MSA) and multi–reference alignment (MRA). For the Pol II–RECQL51–620 negative 
stain data set (uncrosslinked), 59,168 particles were extracted using a box size of 
288 x 288 pixels, decimated by a factor of 2, normalized and phase flipped. Pixels 
that deviated by more than 4.5 sigma were additionally normalized using the XMIPP 
normalization function. For the uranyl formate–stained data set of crosslinked 
elongating Pol II in complex with RECQL5, particles were extracted using a box 
size of 256 x 256 pixels. Based on reference–free 2D class averages obtained by 
MSA–MRA, aggregates and particles that were too close to each other were 
eliminated, yielding a final data set of 55,509 particles. Iterative projection 
matching was performed using libraries from the SPARX and EMAN2 image 
processing packages (Baldwin and Penczek, 2007; Tang et al., 2007). During the 
first round of projection matching, three identical models of a cryo–negative stained 
hPol II reconstruction (Kostek et al., 2006), low–pass filtered to 60 Å, were used as 
starting models and allowed us to further sort the particles. Particles included in the 
reconstruction of model 1 yielded a model at ~20 Å resolution that showed clear 
additional density close to the downstream cleft, while the other two models 
remained at low resolution during refinement (28 Å and 42 Å, respectively) and 
most likely contained misshapen particles. The particles selected for model 1 were 
extracted from the stack and were used for further refinement of the model. Angular 
increments for projection matching started at 25 degrees and were reduced stepwise 
to 6 degrees. The final model was refined to ~17Å resolution according to the 0.5 
cut–off in the Fourier shell correlation curve. 

For the cryo–EM data set of crosslinked elongating Pol II in complex with 
RECQL5, particles were extracted using a box size of 256 x 256 pixels, decimated 
by a factor of 2, normalized and phase flipped. Based on the 2D class averages, 
aggregates and particles that were too close to each other were eliminated from the 
data set. A data set containing 166,444 particles was used for iterative projection 
matching using libraries from the SPARX and EMAN2 image processing packages. 
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Low–pass filtered models of model 1 and model 2 obtained from the negative–stain 
data set were used as initial models to further sort the data set during the first round 
of projection matching. The final stack containing 121,416 particles was then 
refined in an additional round of projection matching; angular increments started at 
25 degrees and were reduced stepwise to 6 degrees. The final model was refined to 
~13Å resolution according to the 0.5 FSC cut–off, and was filtered with bsoft to 
local resolution (Heymann and Belnap, 2007). Crystal structures were docked into 
the density manually with Chimera (Pettersen et al., 2004). Figures were generated 
using Chimera (Pettersen et al., 2004). 

 

3.4.5 Crystallization and data collection 
Initial crystals of the RECQL5 KIX domain were grown at 20 °C in 200 nl 

hanging drops containing equal volumes of the protein solution at 51 mg/ml and a 
reservoir solution consisting of 0.2 M NaCl, 0.1 M sodium–potassium phosphate pH 
6.2, and 50% PEG 200. Larger crystals were obtained under the same conditions 
with 2 µl hanging drops containing equal volumes of reservoir and protein solution 
at 25 mg/ml. Crystals appeared within a few hours and grew to a final size of 
approximately 200 % 200 % 300 µm3 within a few days. The crystals were of the 
orthorhombic space group P212121 and contained two molecules in the asymmetric 
unit. For cryoprotection, crystals were transferred in Al’s oil (Hampton research) 
and flash cooled in liquid nitrogen. The structure was solved using single–
wavelength anomalous dispersion using X–ray diffraction data from crystals soaked 
in mother liquor supplemented with 0.5 M potassium iodide for 30 sec. Native and 
anomalous X–ray diffraction data were collected at the Advanced Light Source 
(ALS), Lawrence Berkeley National Laboratory (LBNL), beamline 8.3.1. X–ray 
intensities were processed using XDS (Kabsch, 2010).  

 

3.4.6 Crystal structure determination and refinement 
The positions of iodine sites were determined using SHELXD (Sheldrick, 

2008). Phases were calculated using AutoSharp (Bricogne et al., 2003) and 
improved by solvent flipping using Solomon (as implemented in AutoSharp). 
Iterative model building and refinement were carried out with the programs Coot 
(Emsley and Cowtan, 2004) and Phenix (Adams et al., 2010). The final model of the 
RECQL5 KIX domain contains residues 523–614 for chain A and residues 524–620 
for chain B. The model was refined to 1.9 Å and has an Rcryst of 20.14% and an Rfree 
of 23.36%. Assessment with MolProbity (Chen et al., 2010) showed no 
Ramachandran outliers and 99.5% of all residues within favored regions of the 
Ramachandran plot. Figures were generated using PyMOL (www.pymol.org). 
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3.4.7 Pull–down assays 
15 !l of GST–sepharose (GE Healthcare) were sequentially washed into H2O 

and pull–down buffer (20 mM Tris pH 8.0, 100 mM NaCl, 5% glycerol, 1 mM 
DTT). Beads were incubated with 50 !g of protein (GST–hRECQL5490–620 and 
various point mutants of this construct) for 30 min at 4 °C. After washing 3x with 
pull–down buffer, 50 !g of hRpb1 were added and incubation was continued for 30 
min at 4 °C. The samples were then washed 3x with pull–down buffer, and heated at 
95 °C for 5 min after addition of 50 !l SDS–PAGE loading dye. Pull–downs were 
analyzed on Novex SDS–PAGE gels (Invitrogen) and stained with Coomassie 
Brilliant Blue. Westen blots against Rpb1 were developed using Pol II antibody (N–
20, sc–899, Santa Cruz Biotechnology) at a dilution of 1:200 as primary antibody, 
and donkey anti–rabbit IgG ECL antibody, HRP conjugated (GE Healthcare) as 
secondary antibody at a dilution of 1:12,500.  

 

3.4.8 Transcription assay 
The dC–tailed histone H3.3 intron template was prepared by digestion of the 

pGEMTerm plasmid (obtained from Caroline Kane, University of California, 
Berkeley) as described previously (Christie et al., 1994; Reines et al., 1987). The 
plasmid contains the Taq1 fragment from intron 1 of the human histone H3.3 gene 
cloned into the AccI site of pGEM–2 vector. The pGEMTerm plasmid was 
linearized by cleavage with SmaI, purified by phenol/choloroform extraction, and 
dC–tailed using terminal deoxynucleotidyl transferase (Promega) according to the 
manufacturer’s instructions. After phenol/choloroform extraction, the DNA was 
digested with PstI and EcoRI to cut the polylinker on the other end of the fragment 
and to create the 300bp–DNA template for transcription. 

Reactions (15 !l) in transcription buffer (25 mM Hepes pH 7.9, 100 mM 
KCl, 5 mM MgCl2, 5% glycerol, 6 mM spermidine, 1 mM DTT, 1U RNasin Plus, 
800 !M each of GTP, UTP and ATP) contained 20 !g/ml dC–pGEMTerm, 0.8 pmol 
hPol II, 4 or 40 pmol RECQL5, respectively, or an equivalent amount of buffer. 
After the addition of 1 !l [!–32P]–CTP [0.01 !M], reactions were incubated for 3 
min at 30 °C. Following the addition of 3.5 !l chase buffer (25 mM Hepes pH 7.9, 
100 mM KCl, 5 mM MgCl2, 1 mM DTT, 800 !M each of GTP, UTP and ATP, 4.8 
mM CTP), incubation at 30 °C was continued. After incubation for 10 min, samples 
were digested with proteinase K for 15 min at 30 °C before the addition of 
formamide loading buffer (20 mM EDTA, 5% glycerol, 0.02% SDS, bromophenol 
blue in formamide). RNA transcripts were resolved on 6% polyacrylamide, 7M urea 
gels, and visualized by phosphorimaging (Storm Scanner, GE Life Sciences). 

 

3.4.9 TFIIS read–through assay 
The dC–tailed histone H3.3 intron template was prepared as described above. 

Reactions (10 !l) in transcription buffer (25 mM Hepes pH 7.9, 100 mM KCl, 5 mM 
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MgCl2, 5% glycerol, 6 mM spermidine, 1 mM DTT, 1U RNasin Plus, 800 !M each 
of GTP, UTP and ATP, 20 !g/ml dC–pGEMTerm, 0.4 pmol hPol II, 0.25 !l [!–
32P]–CTP [0.04 !M]) were incubated for 2 min at 30 °C. Each aliquot was then 
diluted into 3.5 !l chase buffer and incubated for 3 min at 30 °C. After the addition 
of 5 !l RECQL5 (2 pmol, 20 pmol, or 200 pmol, a molar excess over Pol II of 1:5, 
1:50, 1:500, respectively), or an equivalent volume of buffer, the reactions were 
incubated for 2 min at 30 °C before the addition of 1.5 !l TFIIS1–301 (2 pmol, a 5x 
molar excess over Pol II) or an equal volume of buffer. Incubation at 30 °C was 
continued and samples were quenched after 10 min with formamide loading buffer. 
For RECQL5 constructs that contained the helicase domain, samples were digested 
with proteinase K for 15 min at 30 °C before the addition of loading buffer. RNA 
transcripts were resolved on 6% polyacrylamide, 7M urea gels, and visualized by 
phosphorimaging (Storm Scanner, GE Life Sciences). Relative amounts of 
transcription products were quantitated by densitometry using ImageQuant software 
(GE Life Sciences). 

 

3.4.10 SAXS analysis 
SAXS data of RECQL5515–620 and RECQL51–620 were collected at the SIBYLS 

12.3.1 beamline at the Advanced Light Source, LBNL (Classen et al., 2010; Hura et 
al., 2009).  Scattering measurements were performed on 20 !l samples at 15 °C 
loaded into a helium–purged sample chamber, 1.5 m from the Mar165 detector. 
Prior to data collection, RECQL5515–620 was purified by gel filtration on a 
Superdex75 column equilibrated in 20 mM Tris pH 8.0, 100 mM NaCl, 1 mM DTT.  
RECQL51–620 was purified by gel filtration on a Superdex200 column equilibrated in 
20 mM Tris pH 8.0, 150 mM NaCl, 5% glycerol, 1 mM DTT. Data were collected 
on the gel filtration fractions.  Sequential exposures (0.5, 0.5, 2, 5, and 0.5 secs) 
were taken at 12 keV.  The proteins showed slight radiation–induced aggregation, 
but the first and second 0.5 sec exposures overlaid. Thus the initial 0.5 sec 
exposures were used.  Data was analyzed using the ATSAS suite (Konarev et al., 
2006) and FOXS/MES (Schneidman-Duhovny et al., 2010).  

 

3.4.11 Electrophoretic mobility shift assay 
Fluorescently labeled RECQL51–620

 was produced using TNT Quick Coupled 
Transcription/Translation Systems (Promega) and FluoroTect GreenLys (Promega) 
according to the manufacturer’s protocol. Fluorescently labeled RECQL51–620

 was 
diluted 1:200 and incubated with increasing concentrations of Pol II (0, 4, 8, 16, 24, 
32, 40, 80, 200, 400 nM) in a total volume of 10 ul on ice for 30 min before being 
analyzed on NativePAGE Novex 3–12% Bis–Tris gels (Invitrogen). Protein 
complexes were visualized using a Typhoon scanner and quantitated using 
ImageQuant software (GE Life Sciences). Raw data were fit using Prism 5.0 
(GraphPad Software) with the equation for one site binding, fitting both total and 
nonspecific binding (specific=(Bmax*X/(Kd+X); nonspecific=NS*X + 
background). 
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Chapter 4: Conclusions and future directions 
 
4.1 Non–coding RNAs 

My structural studies of repressive and non–repressive ncRNAs from human 
and mouse in complex with hPol II showed that all the ncRNAs bind to a conserved 
docking site in the cleft of Pol II. However, we were unable to detect differences 
between structures containing repressive and non–repressive ncRNAs, and we were 
also unable to visualize RNA beyond the ~30 nucleotides that are bound in the cleft 
of Pol II. This could be due to the following reasons: (1) the RNAs do not interact 
stably with Pol II outside of the cleft, but instead form only transient contacts with 
different surfaces on Pol II; (2) specific contacts between the ncRNAs and Pol II 
beyond the docking site are formed by single–stranded regions of the RNAs, which 
cannot be visualized in our current low–resolution reconstructions.  

The first hypothesis is supported by data from the Goodrich lab. Detailed 
analysis of the B2 RNA secondary structure, combined with Pol II binding and 
transcription assays revealed that it is an unstructured region of B2 RNA that 
confers repressive activity (Espinoza et al., 2007). Although it cannot be excluded 
that the unstructured RNA elements assume a well–defined conformation upon 
binding to Pol II, this seems unlikely given that a recent cross–linking study failed 
to detect any such interactions between B2 RNA and Pol II beyond the docking site 
identified in our cryo–EM reconstructions (Ponicsan et al., 2013). 

However, higher resolution reconstructions might still provide interesting 
details of the binding interface between Pol II and the different ncRNAs, which are 
unrelated in sequence. Furthermore, structural studies of larger transcription 
complexes containing additional general transcription factors as well as DNA could 
provide important mechanistic insights into the function of these ncRNAs. Both 
goals – higher resolution structures in the context of larger complexes – might be 
feasible given that a protocol for the stepwise reconstitution and structural analysis 
of a human pre–initiation complex has recently been established by Yuan He in the 
Nogales lab (He et al., 2013). Work on Pol II in the Nogales lab over the years has 
shown that the resolution of reconstructions of this protein complex is limited due to 
its isotropic nature. Since projections of Pol II from different angles are 
computationally indistinguishable, especially in low–contrast cryo–EM images, 
mis–assignment of angles and subsequent mis–alignment of particles precludes 
reliable refinement of Pol II models to higher resolution. As my work with the DNA 
helicase RECQL5, and Yuan He’s work on the pre–initiation complex have shown, 
this problem can be overcome by binding additional factors to the Pol II complex. 
When these additional factors bind to the outer surface of Pol II (i.e. they are not 
hidden in the cleft, as in the case of the ncRNAs) and are large enough to introduce 
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clear asymmetry, the angular assignment improves significantly, yielding higher 
resolution reconstructions.  

The Goodrich lab has studied transcription complexes containing DNA 
and/or general transcription factors bound to Pol II in the presence and absence of 
ncRNAs, and their stability has been probed using cross–linking as well as DNase I 
footprinting assays. Importantly, the general transcription factor TFIIF was found to 
decrease the kinetic stability of complexes containing non–repressive ncRNAs 
(Wagner et al., 2010), making those less attractive targets for structural studies. 
Several studies have also found that both synthetic as well as naturally occurring 
RNA repressors can only bind to Pol II before the formation of the closed complex, 
most likely due to steric hindrance which prevents the RNAs to enter the active site 
cleft once Pol II has engaged the DNA (Kettenberger et al., 2006; Yakovchuk et al., 
2009).  

Work from the Goodrich lab has also shown that the addition of B2 RNA to 
closed complexes leads to a dramatic change in DNase I footprinting of the AdMLP 
promoter (Yakovchuk et al., 2009). The footprint is very similar to that obtained in 
the presence of TBP and TFIIB alone, and the regions usually protected by the Pol 
II–TFIIF complex are completely accessible. Therefore, the possibility that the 
ncRNA–Pol II complex did not associate with the general transcription factors in 
these experiments cannot be excluded. In addition, cross–linking data indicated that 
B2 RNA prevents Pol II from establishing contact with promoter DNA at several 
positions (Yakovchuk et al., 2009), which is not surprising given that B2 RNA 
occupies the active site cleft. Although the general transcription factors might still 
be able to hold the complex together by bridging DNA and Pol II, the ncRNA–
containing PIC might be more flexible without the stabilizing Pol II–DNA 
interactions, which could be detrimental to structural studies. 

It is currently unclear whether a transcription complex mimicking the open 
complex conformation will be stable in the presence of RNA repressors. While FC 
RNA was shown to prevent Pol II from binding to a tailed DNA template (Thomas 
et al., 1997), a similar experiment has not been performed with any of the ncRNAs 
from mouse or human. Although it has been shown that B2 and Alu RNA repress 
transcription starting from a preformed transcription bubble (Yakovchuk et al., 
2009), we do not know whether in these experiments Pol II assembled into pre–
initiation complexes and then stalled, or failed to assemble due to the bound 
ncRNAs. It has been shown for the bacterial 6S RNA and suggested for FC RNA 
that the RNAs extend into the active site, occupying the position of the template 
strand in an open complex (Barrick et al., 2005; Kettenberger et al., 2006; 
Wassarman and Saecker, 2006). Similar to the production of short pRNAs from the 
bacterial 6S RNA template, B2 RNA can be extended at its 3’ end by RNA–
dependent RNA polymerization catalyzed by hPol II, indicating that mammalian 
ncRNAs are likely to occupy an equivalent position (Wagner et al., 2013). 
Reconstitution of a stable open complex containing ncRNAs might therefore not be 
possible due to steric hindrance. Given these considerations, a closed complex 
might provide the best framework for studying repressive ncRNAs. To increase the 
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probability of obtaining ncRNA–bound PICs, Pol II could first be saturated with B2 
RNA, and this binary complex could then be used following the protocol established 
by Yuan He for assembly of PICs. To confirm incorporation of ncRNAs 
biochemically, radioactively labeled ncRNAs could be used in a parallel setup, and 
incorporation could be confirmed in gel–shift assays. Given the extensive time and 
effort required for determining cryo–EM reconstructions, these control experiments 
might be a valuable and timesaving tool allowing for the identification of 
unpromising setups at an early stage.  

Given the uncertainties whether a stable sample can be obtained, confirming 
the presence of ncRNAs in assembled PICs, as well as the presence of general 
transcription factors through biochemical methods, will be an important first step 
towards obtaining a high–resolution reconstruction of a larger transcription complex 
stalled by repressive ncRNAs. Once a biochemically stable sample has been 
obtained, it will be interesting to explore whether these complexes are rigid enough 
for structural studies by EM. 

If larger complexes suitable for structural studies cannot be obtained, it 
might still be possible to improve the resolution of binary ncRNA–Pol II complexes 
using recent technical advances in electron microscopy instrumentation. The 
Nogales lab has access to a Titan microscope (FEI), equipped with a phase plate and 
a K2 direct electron detector (Gatan). Images obtained with this setup exhibit higher 
contrast, which will facilitate computational alignment of the particles and likely 
lead to a more accurate reconstruction.  
 

4.2 RECQL5 
My structural and functional analysis of transcriptional repression by 

RECQL5 yielded important insights into the underlying molecular mechanism, and 
prompted us to propose a model that might be applicable to other regulators as well. 
An important aspect of the model is the recruitment of RECQL5 to sites of DNA 
damage by the MRN complex. Further studies aimed at elucidating the molecular 
details of this interaction would be interesting follow–up work that could provide 
valuable insights into the feedback mechanisms that regulate the enzymatic 
activities of RECQL5 and MRN. Preliminary data, as shown in appendix A, suggest 
that RECQL5 interacts with Mre11 through its helicase domain.  It is therefore 
likely that RECQL5 can simultaneously interact with both the MRN complex 
(through its helicase domain) and Pol II (through its IRI and SRI domains). To 
confirm the interaction and to delineate boundaries of Mre11 domains necessary for 
interaction with RECQL5, a reciprocal pull–down experiment could be performed 
using the series of Mre11 constructs described in the appendix. In future work, 
fragments identified in the pull–down assay can then be used in structural studies 
employing both X–ray crystallography and EM. As a first step, a cryo–EM 
reconstruction of elongating Pol II stalled by RECQL5 in complex with Mre11 will 
give insights into the structure of this functionally highly relevant complex at the 
interface of the transcription and DNA repair machineries. Although the helicase 
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domain is currently the most flexible part of the complex as shown by local 
resolution analysis, interaction with Mre11 might restrict its movement and further 
stabilize the complex. The cryo–EM studies could then be extended by including a 
larger MRN complex, additionally containing Nbs1 and a truncated fragment of 
Rad50 missing the coiled–coil domains.  

In parallel, crystallographic studies of the RECQL5–Mre11 interaction could 
be conducted with the aim of docking these structures into the lower resolutions EM 
maps to create a pseudo–atomic model. Furthermore, a crystal structure of the 
RECQL5–Mre11 complex is an attractive structural target in its own right as it is 
likely to yield mechanistic insights into how RECQL5 regulates the exonuclease 
activity of Mre11. 

Another interesting question to address in follow–up studies is the role of the 
helicase activity of RECQL5 in transcription repression. To create a stable sample 
suitable for EM studies, I employed a RECQL5 helicase mutant that is deficient in 
hydrolyzing ATP. Although the transcription assay described in chapter 3.2.5 
showed that the helicase activity is not necessary for transcriptional repression, it 
might still play a role in the overall mechanism. My cryo–EM reconstruction of 
elongating Pol II stalled by RECQL5 shows the helicase domain at the entrance of 
the Pol II active site cleft. In this structural snapshot, Pol II and RECQL5 are 
located on the same stretch of DNA, facing each other with opposing 
directionalities. This model implies that the processive helicase activity of RECQL5 
could be involved in actively removing Pol II from the DNA, thereby further 
preventing Pol II from accessing the damaged DNA site. This hypothesis could be 
tested using gel shift assays or in single molecule studies. In a single–molecule 
setup, DNA could first be immobilized on a cover slide, and then fluorescently 
labeled Pol II would be allowed to interact with the template. Fluorescence could 
then be analyzed upon addition of RECQL5 D157A, or RECQL5 WT in the absence 
or presence of ATP and magnesium. These studies would yield important insights 
into the importance of the helicase activity for the overall molecular mechanism of 
transcriptional repression to complement the structural studies presented here.  
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Appendix A – Preliminary studies of the RECQL5–
Mre11 interaction 

 

A.1 Introduction 
DNA double strand breaks (DSBs) can result from the exposure of the 

genetic material to ionizing radiation or genotoxic chemicals, or from cellular 
processes involving DNA such as replication or recombination. DSBs represent 
some of the most deleterious DNA damage events, causing chromosome 
rearrangements and leading to the formation of tumors. Repair of DSBs is achieved 
through two complementary pathways, termed non–homologous end–joining and 
homologous recombinational repair (HRR). The Mre11–Rad50–Nbs1 (MRN) 
complex is a heterotrimeric protein complex involved in HRR that senses DSBs and 
initiates their repair via activation of the ATM kinase (reviewed in Williams et al., 
2007). The importance of the MRN complex in DNA repair is underscored by the 
observation that null mutations in any of its three subunits lead to embryonic 
lethality in mice. In humans, mutations in the Nbs1 subunit cause Nijmegen 
breakage syndrome, a rare autosomal recessive disease associated with 
chromosomal instability. Affected patients usually exhibit microcephaly, immune 
disorders, growth retardation, and a predisposition to cancer. Mutations in the 
Mre11 subunit have been linked to many different types of cancer (Giannini et al., 
2002). Whereas Rad50 and Mre11 are highly conserved across archaea, yeast and 
metazoans, Nbs1 is a eukaryote–specific subunit that links DNA repair and cell 
cycle checkpoint proteins to prevent untimely progression of the cell cycle while 
DNA repair is underway. EM and AFM studies have shown that the MRN complex 
adopts an elongated shape, which allows it to link chromosomes and prevent their 
separation after formation of a DSB (Hopfner et al., 2002; Moreno-Herrero et al., 
2005). Mre11 serves as a central hub that binds Rad50, Nbs1, and DNA, while the 
long antiparallel coiled–coils of Rad50 allow MRN to bridge DSBs.  

RECQL5 constitutively associates with the MRN complex in vivo, 
interacting with the complex through its Mre11 and Nbs1 subunits (Zheng et al., 
2009). As discussed in chapter 3, RECQL5 might be positioned close to DSBs 
through its interaction with MRN, thereby preventing approaching elongation 
complexes from entering stretches of DNA undergoing repair. To gain a better 
mechanistic understanding of the interaction of RECQL5 with the MRN complex, 
we have started to characterize the RECQL5–Mre11 interaction biochemically as a 
basis for further structural studies.  

 

A.2 Results 
To test which domain of RECQL5 interacts with Mre11 and Nbs1, I 

employed pull–down assays using Strep–tagged RECQL5 constructs and full–length 
Mre11 or Nbs1 (obtained from our collaborator Tanya Paull, University of Texas, 
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Austin, TX). As observed previously in the Paull lab, Nbs1 is very prone to 
aggregation, which prevented us from obtaining information about the RECQL5–
Nbs1 interaction from pull–down assays. However, the pull–down experiment 
employing Mre11 alone revealed that RECQL5 interacts with Mre11 through its 
helicase domain (residues 1–490, Figure A-1).  

 
 
 
 

 
Figure A-1. Human Mre11 and its interaction with RECQL5. 
(a) Domain organization of human Mre11. Interaction sites with Nbs1 and Rad50 are indicated. 
GAR, glycine–arginine–rich domain; DB, DNA binding domain. (b) Crystal structure of a human 
Mre11 “core” dimer comprising the nuclease and capping domains, based on PDB code 3T1I. (c) 
RECQL5 pull–down assay of human full–length Mre11. Recombinant Strep–tagged RECQL5 
fragments were immobilized and incubated with FLAG–Mre11. Bound proteins were analyzed by 
SDS–PAGE and visualized by Western blot, using an anti–FLAG antibody for the detection of 
bound Mre11. 
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To delineate the domain boundaries of a minimal Mre11 fragment required 

for binding to RECQL5, we created a series of constructs for expression in E. coli. 
Expression tests confirmed that a fragment containing the Mre11 core domain, 
consisting of the nuclease and capping domains, as well as fragments of the 
nuclease and capping domains alone, can be overexpressed in E. coli as His– and 
His–MBP–tagged constructs. The expression tests also showed that an individual C–
terminal fragment can be overexpressed. These constructs can now be used in pull–
down assays with GST–tagged RECQL5 fragments to determine the Mre11 domains 
required for binding to RECQL5. 

 
fragment domain(s) expression in E. coli as His–fusion 
1-708 full–length - 
1-411 “core” + 
1-301 nuclease + 
302-411 capping + 
407-534 truncated C–terminus ++ 

 
Table A-1. Summary of human Mre11 constructs generated and their expression in E. 
coli. 
 

A.3 Methods 
Strep beads were washed into water and then into buffer. The beads were 

incubated with 2 x 10–10 mole of each RECQL5 fragment for 2 h at 4 °C. After 
washing the beads three times with 1 ml buffer each, 1 µg of Mre11 or Nbs1 were 
added and incubation at 4 °C was continued for 2 h. After three more washes with 
buffer, all liquid was removed from the beads and 50 µl loading dye were added. 
After boiling the samples for 5 min at 95 °C, the samples were loaded on an SDS 
PAGE gel, and Mre11 and Nbs1 proteins were visualized by Western blotting. 

 
 
 

 
  



 

76 

Appendix B – July 2013 NSMB journal cover 
featuring the opposing forces of Pol II and RECQL5 
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