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ABSTRACT:

Eukaryotic DNA replication is a complex process that requires the coordination of many
different proteins to ensure duplication of the genome occurs rapidly and only once during each
cell cycle. Establishing a pair of replication forks moving apart from a single starting location is
essential for replicating the genome. The first step in this process, termed origin licensing,
occurs during G1. During origin licensing, two hexamers of the eukaryotic helicase, Mcm2-7, are
loaded at potential origins of replication in a head-to-head orientation. They remain together,
inactive, until entry into S phase. Origin licensing depends on three proteins, the origin-
recognition complex (ORC), Cdc8, and Cdt1, as well as the DNA sequence present at potential
origins. Although in S. cerevisiae, ORC binds to a known DNA sequence, where the other
proteins, particularly the Mcm2-7 helicase, interact with DNA is not known. To gain additional
insights into the initial placement of the Mcm2-7 complex, we used a method to create DNA-
protein roadblocks at defined positions within origin DNA. Because both ORC and Mcm2-7 must
encircle DNA, these roadblocks prevent stable DNA association.

When a single roadblock was used, only defects in ORC-DNA binding were observed,
despite that the Mcm2-7 helicase is known to encircle DNA. We hypothesized that sliding of
intermediates in the origin licensing process could explain this discrepancy. When we tested this
hypothesis by placing an additional roadblock to prevent sliding, severe defects in stable Mcm2-
7 loading, but not ORC recruitment, were observed. Interestingly, in the context where sliding
was inhibited, the observed helicase loading was dependent on a particular sequence motif, the
B2 element. This sequence is important for origin function in vivo, but a role in origin licensing in
vitro has not previously been reported. Placing roadblocks around origin DNA was reminiscent
of the nucleosome architecture present in vivo. These natural roadblocks behaved similarly to
our artificial roadblocks, and origin licensing was dependent on B2 in both instances. These
data suggest that origin licensing is a dynamic process and that the B2 sequence element is
important when sliding of origin licensing intermediates is restricted.

Thesis Supervisor: Stephen P. Bell
Title: Professor of Biology
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1. Introduction: Why Study DNA replication?

Your body is made up of trillions of cells. Yet life begins much more simply: as a single
cell. Incredibly, the genomic DNA in this cell includes all the information needed to develop into
a human adult, with its many diverse tissues. As that single celi divides, all of the DNA must be
propagated to each daughter cell. Copying the entire genome ensures that regardless of any
cell's eventual fate within the body, it too will contain all the necessary information to carry out
its function. The process of duplicating the genome is termed DNA replication.

Copying genomic DNA is no small feat. DNA replication needs to be accurate, but at the
same time must occur rapidly. Genomes are relatively large: even a small genome like that of E.
coli contains around five million base pairs of DNA. Humans, as complex, multicellular
organisms, contain two complete copies the genomic DNA per cell, amounting to around six
billion base pairs in total. Yet cells must divide at a relatively fast rate if a single cell is to
develop into an organism, or if an E. coli population is to evolve.

The replicative DNA helicase is at the heart of all DNA replication events. Regardless of
whether the genomic DNA is composed of a single, circular chromosome (as is observed in
most bacteria) or multiple linear chromosomes (in eukaryotes), copying of the genetic material
cannot occur without the DNA unwinding catalyzed by this enzyme. DNA molecules consist of
two complementary strands in a double-helical structure, each of which contains the information
necessary for duplication. However, for this information to be accessed, the two strands must
unwind, exposing the DNA bases required for nascent strand synthesis.

Although the DNA helicase’s primary job is to unwind the genome, considerable
preparation is necessary before this goal can be achieved. The regulation of this process is
accomplished differently in prokaryotes and eukaryotes. In prokaryotes, careful coordination
occurs between cell growth and initiation of DNA unwinding to ensure replication only occurs
when cells are prepared for cell division. In eukaryotic organisms, cells prepare for synthesizing
new DNA during G1, which occurs prior to S phase, the cell-cycle period when actual DNA
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synthesis occurs (Figure 1). During G1, the eukaryotic helicase, Mcm2-7, is placed onto specific
sites along the genomic DNA. The location where these helicases are placed determines where
DNA unwinding and nascent DNA synthesis will begin. For this reason, these sites are termed
origin of replication and assembling the helicase at these sites is called origin licensing. This
process requires careful coordination between three additional proteins, the origin recognition
complex (ORC), Cdc6, and Cdt1. ORC recognizes eukaryotic origins of replication, and
sequential recruitment of Cdc6 and an Mcm2-7/Cdt1 complex loads two Mcm2-7 hexamers at
each origin. The end result of origin licensing is a stable yet inactive Mcm2-7 double hexamer in
a head-to-head orientation. This orientation poises the two helicases to leave the origin in
opposite directions, and thus represents the first marker of the bidirectional nature characteristic
of replication initiation. At the G1 to S phase transition, dramatic increases in the levels of a
critical class of kinases (S-CDKs/DDK) both activate the loaded helicases and inhibit placement
of new Mcm2-7 complexes onto the genomic DNA. Because these kinases remain at high levels
until cell division, this regulation ensures that helicases can only be loaded and activated once
per cell cycle. Thus, DNA replication initiation can occur once and only once per cell division.

Disruption of the normal process of DNA replication can have serious consequences in
both bacteria and eukaryotes. Inaccurate, incomplete, or excessive genome replication are all
detrimental to a cell. Many heritable diseases can be traced back to a single base pair change
in the genome. More large-scale changes can result when incomplete or additional DNA
replication occurs within a cell. In the case of incomplete replication, or under-replication,
chromosomes are still connected during mitosis. For the daughter cells to separate the
interconnected DNA, the DNA must break, resulting in damage and often permanent loss of
genetic information.

Although the reasoning is less straightforward, over-replication is also detrimental for the
cell. Re-initiation at origins causes double-strand breaks if the entire genome is not duplicated
again. Repair of these breaks can lead to gene amplification, a phenomenon frequently

13



Figure 1

Helicase Loading
or
Mcm2-7 double hexamer Origin Licensing

G1

Figure 1: An overview of Eukaryotic DNA replication

Although the events of DNA unwinding and nascent DNA synthesis occur during S phase, the
DNA replication process begins during the preceding G1. During G1, the eukaryotic helicase
(Mcm2-7) is placed at multiple discrete locations within the genome termed origins of replication.
This process, termed helicase loading or origin licensing, requires the help of three proteins —
ORC, Cdc8, and Cdt1. The Mcm2-7 helicase is loaded as a double hexamer and remains inac-
tive until changes in levels of the S-CDK and DDK kinases activate them in S phase.
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associated with cancerous transformation (Green et al., 2010). Indeed, two replication initiation
factors, Cdt1 and Cdc6, are both oncogenes (Arentson et al., 2002; Liontos et al., 2007; Seo et
al., 2005). Extra copies of genetic information also have detrimental effects on cell biology
(Torres et al., 2007). Excessive replication initiation also reduces limiting replication factors or
substrates, such as RPA or dNTPs, which can result in DNA damage (Aye et al., 2015; Mantiero
et al., 2011; Toledo et al., 2013).

Since mistakes in the genomic DNA are so detrimental, DNA replication is carefully
regulated to minimize these errors. Although single-base-pair mistakes can often be fixed after
replication via DNA repair mechanisms, large scale changes caused by under or over-
replication of the genome are harder to fix post-hoc. Thus, cells carefully regulate replication
initiation so helicase loading cannot after new DNA synthesis at origins. Eukaryotic cells achieve
this regulation by limiting replication to once and only once per cell division. Although bacteria,
such as E. coli, can initiate replication of their genomes more than once per cell division during
periods of exponential growth, multiple mechanisms exist to regulate the rate of initiation to
ensure each daughter cell gets only a single copy of the genome (for more detail, see section
6.1).

This thesis focuses on the critical first step in the DNA replication process: origin
licensing. Although a detailed model for this process exists, the location where the Mcm2-7
complex loads within origin DNA remains unclear. In this introduction, | will introduce our current
understanding of helicase loading in the budding yeast S. cerevisiae. | will begin with a
discussion of replication origins sequences, the genomic site of origin licensing and replication
initiation. For comparison, | will also discuss the origins of replication found in E.coli. Next, | will
describe what is known about the mechanism of replicative helicase loading at origins of
replication, both in E. coli and S. cerevisiae. Finally, | will discuss how origin licensing is

regulated to ensure replication occurs only when cells are ready.
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2. Where it all begins: Origins of Replication

Origins of replication are specific locations within the genome where new DNA synthesis
initiates. In E. coli and many other prokaryotes, replication initiation occurs at a single sequence
within the circular genome (termed oriC in E. coli). In contrast, eukaryotes, with their larger
genomes organized into linear chromosomes, initiate replication from hundreds or thousands of
sites within the genomic DNA that are distributed across each chromosome (reviewed in
(Rivera-Mulia and Gilbert, 2016)). Like E. coli, S. cerevisae utilizes a specific DNA sequence to
specify origins. Although many matches to this sequence exist in the budding yeast genome,
only a subset are licensed (Berbenetz et al., 2010; Eaton et al., 2010). Thus, additional factors,
such as the chromatin context of the origin DNA, are essential to allow for successful helicase
loading. In higher eukaryotes, a defined DNA sequence for origins of replication has not been

discovered. Features such as DNA conformation and chromatin are believed to define origins.

2.1 The E. coli origin sequence: oriC

Most bacteria have a single circular chromosome containing one origin of replication,
making them an attractive model organism in which to study origin function. The E. coli oriC
origin of replication is particularly well understood. oriC encompasses an approximately 260 bp
region of the E. coli genome. Within this region, three key repeated sequences contribute to
oriC function (Figure 2). A series of five 9 bp sequence motifs, termed DnaA boxes, are
responsible for the initial recruitment of the bacterial replication initiator protein DnaA (Fuller et
al., 1984; Matsui et al., 1985). Interspersed throughout the DnaA boxes are lower affinity sites
for DnaA binding termed | site (Grimwade et al., 2000; Ryan et al., 2002). These sites only bind
ATP-bound DnaA (McGarry et al., 2004). The oriC DNA unwinding element (DUE) is located
adjacent to the DnaA boxes. This region is AT-rich, contains three 13mer repeats and an AT
cluster, and is the site of initial DNA unwinding (Bramhill and Kornberg, 1988; Gille and Messer,
1991). A third class of DnaA sites also exists within this region, termed ATP-DnaA sites. Like
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Figure 2

* %
— b —iF R5 R2 R3 R4
50b
- = DnaA Boxes P
B = Isites

% = DnaA-ATP sites

Figure 2: Architecture of E. coli oriC.

The five DnaA (R1-R5) boxes are shown in Blue, the | sites are shown in orange, and the DUE
is marked in pink. Stars mark the ATP-DnaA sites within the DUE needed to DnaA-ssDNA bind-

ing. Modified from Mott and Berger, 2007
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the | sites, only ATP-bound DNA can interact at these locations (Speck and Messer, 2001;
Speck et al., 1999). How these sequences interact with DnaA to trigger DNA unwinding and

helicase loading will be discussed in detail in section 3.1.

2.2 Origins of Replication in S. cerevisiae
2.2.1 DNA sequence elements found at S. cerevisiae origins

Similar to E. coli, potential S. cerevisiae origins of replication contain a number of
specific sequences that are important for function (Figure 3A). All potential S. cerevisiae origins
include an 11 bp ARS consensus sequence (ACS) (Broach et al., 1983). In addition to the ACS,
there are also two or three additional elements that individually enhance origin function. These
elements lie to one side of the ACS and are termed B elements. Unlike the ACS, the B elements
have very little sequence conservation. Mutations in any individual B element reduce origin
function, but when all the B elements are mutated simultaneously, origin function is lost
(Marahrens and Stillman, 1992). Thus, the ACS is necessary but not sufficient for a DNA region
to function as a replication origin. Both the ACS and B elements are AT-rich, each having an A-
rich and a T-rich strand. Interestingly, the AT-richness of each region is inverted relative to one
another (Figure 3B) (Breier et al., 2004). Thus, the T-rich strand of the ACS connects to the A-
rich strand of the B elements. This T to A transition is also found at promoters, leading to the
hypothesis that such a transition might be important for regions that undergo DNA unwinding
(reviewed in (Rando and Chang, 2009)). For reference, and ease of conversation, all origin
figures in this dissertation will display the T-rich strand in the 5' to 3' direction, and | will refer to
the B elements as downstream of the ACS and the opposite side as upstream (Figure 3).

The various B elements play different roles at origins. Both B1 and B3 are binding sites
for specific proteins. B1 elements contain key conserved A/T base pairs that make up part of the
bipartite binding site for the first protein to bind to origins, the origin recognition complex (ORC)
(Bell and Stillman, 1992; Rao and Stillman, 1995; Rowley et al., 1995). B3, a sequence motif
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Figure 3

A.
L |
“Upstream” “Downstream” r 25b 1
- — e
T
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modified from Eaton et al., 2010
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o

-400 -200 0 200 400

Position relative to ORC-ACS modified from Eaton et al., 2010

Figure 3: Architecture of a region where origin licensing occurs in S. cerevisiae.

A) The relative locations of the ACS, B1, B2 and B3 elements in a typical budding yeast origin.
The LOGO motif shows the ORC-ACS. The ACS and B1 sequence elements within the
ORC-ACS are highlighted (modified from Eaton et al., 2010)

B) Diagram showing the A/T disparity on a single strand of the origin DNA. Red is the abundance
of T's. Green is the abundance of A's (modified Eaton et al., 2010)
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only found at a subset of budding yeast origins, is a binding site for Abf1 (ARS binding factor 1)
(Diffley and Stillman, 1988; Eisenberg et al., 1988). Abf1 binding, which is found at certain
transcriptional promoters in addition to origins, helps establish proper chromatin organization
(Fox et al., 1993; Lipford and Bell, 2001; Della Seta et al., 1990).

The final B element, B2, although important for origin function, is still not well
understood. Unlike B1 and B3, which have some sequence preferences, no sequence similarity
has been identified for all annotated B2 elements. All studied B2 elements are AT-rich, but can
vary in length substantially (Chang et al., 2011; Huang and Kowalski, 1996, 1993; Rao et al.,
1994). Despite their differences, B2 elements can be swapped, and origin function preserved,
suggesting there is a conserved function for this element (Lin and Kowalski, 1997; Rao et al.,
1994).

Three hypotheses have been proposed to explain the role B2 element plays in origin
function. First, B2 may serve as a region of DNA unwinding during helicase activation.
Annotated B2 elements are AT-rich and therefore are reminiscent of the 13-mer repeats in the
DUE region of oriC. Indeed, initial experiments showed the B2 elements could be replaced with
sequences of low helicase stability (Huang and Kowalski, 1993). However, several pieces of
evidence suggest B2 does not function as an unwinding element. First, a more thorough
examination of B2 sequence requirements at the ARS1 origin showed that helical instability did
not correlate with B2 element function in vivo (Wilmes and Bell, 2002). Second, Mcm2-7
complexes are able to initiate DNA replication even when pushed away from the origin
sequence in vitro and in vivo (Gros et al., 2015). Thus, the Mcm2-7 complex, once activated, is
capable of unwinding diverse DNA sequences.

A second hypothesis for the functional role of B2 at origins is that it serves as the initial
binding site for the replicative helicase, Mcm2-7. B2 elements usually lie around 60 bp
downstream of the ACS (Figure 3A). This location places the B2 element squarely in the region
predicted to be encircled by the Mcm2-7 complex based on structural studies (for more details,
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see section 3.2.5) (Sun et al., 2013, 2014; Yuan et al., 2017) . Mutating the B2 element in vivo
effects helicase loading, but not ORC binding (Lipford and Bell, 2001; Zou and Stillman, 2000).
In addition, in vivo footprinting at the chromosomal location of ARS 7 shows protection of the B2
region in addition to the regions bound by ORC alone (ACS and B1) (Diffley et al., 1994). This
protection could reflect the location of Mcm2-7 binding, although in vitro footprinting with ORC
and Cdcb6 (but lacking Mcm2-7) yielded a very similar footprint (Speck et al., 2005). Thus,
although much circumstantial data supports this hypothesis, no one has demonstrated direct
Mcm2-7 binding at the B2 element.

The third hypothesis is that B2 functions as a second ORC binding site. The B2 element
in ARS1 is a close (9/11) match to the ACS sequence, although it is in the opposite orientation
(Figure 4) (Wilmes and Bell, 2002). ORC can bind to the B2 element in in vitro footprinting
assays, although binding at B2 only occurs when the ACS is mutated or Orc6 (the smallest
ORC subunit) is not included (Bell and Stillman, 1992; Lee and Bell, 1997; Wilmes and Bell,
2002). Mutations in the B2 element that increase its sequence similarity to the ACS correlate
with B2 function in vivo but not ORC binding at B2 in vitro (Wilmes and Bell, 2002). In addition,
only a single ORC molecule is observed in a single-molecule visualization of the helicase
loading process (Ticau et al., 2015). Thus, although important, how B2 contributes to origin
licensing or replication initiation remains mysterious and is a question that | will address in

Chapter 2.

2.2.2 The influence of the local chromatin environment on origin licensing

In budding yeast, the ACS sequence is necessary, but not sufficient, to define a region
as a potential origin of replication. As mentioned above, many close matches to the ACS exist in
the S. cerevisiae genome, yet only a subset are licensed and even fewer actually initiate DNA
replication (see section 4 for more information on selection of origins to initiate). Indeed, many
ACS-containing DNA fragments, although able to function as origins on plasmids, do not retain
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Figure 4

ACS B1 B2

—> 11/11

TCTTTTATGCTTGCTTTTCAAAA. [20bp] . AACAATACTTAAATA 3’
TAGAAAATACGAACGAAAAGTTTT. [20bp] . TTGTTATGAATTTAT 5’

9/11 «—

5"
3'CT.

Figure 4: The B2 element of ARS1 is an inverted 9/11 match to the ACS sequence

Diagram showing the consensus sequence matches presence at the ACS and B2 elements of
ARS1. To orient the reader, the ACS, B1 and B2 sequences are highlighted. The T-rich strand of
the ACS match within the ACS and B2 is shown in red. Arrows indicate the orientation of the
match. Note that the ACS and B2 matches are inverted relative to one another.
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this function at their endogenous chromosomal location (Newlon et al., 1993). Genome-wide
studies of nucleosome location provide insight into the distinction between active and inactive
ACS matches. These studies found that the ACS within licensed origins is asymmetrically
located within a nucleosome-free region (NFR) that is surrounded by regularly spaced
nucleosomes (Berbenetz et al., 2010; Eaton et al., 2010).

The NFR found at origins is typically ~125 bp in size, with the ACS very close to
upstream nucleosome, and the B elements occupying the rest of the NFR (Figure 5A and 5B)
(Berbenetz et al., 2010; Eaton et al., 2010). Similar NFRs are found at transcriptional start sites
(TSSs) (reviewed in (Rando and Chang, 2009)). The establishment of the NFR is important for
protein binding events involved in the origin licensing process. Moving the NFR-adjacent
nucleosomes into the NFR negatively affects ORC and Mcm2-7 binding to the origin, impairing
origin function. Restoring accessibility to origin DNA by moving the nucleosomes back to their
original location restores function (Azmi et al., 2017; Simpson, 1990).

Both passive and active mechanisms establish the NFR at potential origins of
replication. The ACS and B elements contain poly-A sequences, a composition that disfavors
nucleosome formation (Segal and Widom, 2009). However, other sites in the genome with
similar A-richness, while nucleosome free, do not have the same organized nucleosomal pattern
observed at origins (and TSSs) (Berbenetz et al., 2010; Eaton et al., 2010). Both origin-licensing
factors and chromatin remodeling enzymes (CREs) play an active role in organizing origin-
proximal nucleosomes. ORC-DNA binding positions nucleosomes around the origin sequences
(Eaton et al., 2010; Lipford and Bell, 2001). The Orc1 subunit encodes a BAH domain, a domain
that can interact with histones and might aid in this process (Muller et al., 2010; Yang and Xu,
2013). In addition, origins with a B3 element utilize the Abf1 protein to help establish the location
of the nucleosome on the downstream (B element) side of the ACS (Diffley and Stillman, 1988;

Lipford and Bell, 2001).
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Figure 5
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Figure 5: Nucleosomes flank origin sequences
A) Diagram from Figure 2 modified to show the predicted edges of the adjacent nucleosomes.
B) Genome-wide nucleosome positioning around origens of replication with well-defined ACSs.

Peaks indicate the dyad of each nucleosome. 0 marks the first base of the ORC-ACS. (figure
from Eaton et al, 2010)
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Chromatin remodeling enzymes (CREs) also impact nucleosome positioning around
origins genome-wide (Struhl and Segal, 2013). CREs utilize energy from ATP to place, move, or
otherwise modify nucleosome positioning or composition (Clapier and Cairns, 2009;
Papamichos-Chronakis and Peterson, 2012). Many of these complexes can positively or
negatively regulate replication initiation in vivo (Biswas et al., 2008; Flanagan and Peterson,
1999). It seems likely that CRESs regulate origins in part by positioning nucleosomes in or
around the NFR. A recent in vitro study shows that different CREs establish different patterns of
origin-proximal nucleosomes around ARS7 (Azmi et al., 2017). Some CREs even placed
nucleosomes within the NFR, thereby inhibiting ORC binding and helicase loading. As
nucleosomes adjacent to the NFR are more dynamic that the average nucleosome (Dion et al.,
2007), it is likely that interplay of many CREs in vivo establish certain regions as potential
origins and others as not.

The establishment of the NFR may do more than simply provide access to important
origin sequence motifs. NFR-adjacent nucleosomes may actively participate in the helicase
loading process. Movement of the ACS-adjacent nucleosome 70bps upstream of the ACS has
negative consequences for helicase loading and origin function (Lipford and Bell, 2001). This
observation suggests that correct positioning of this nucleosome positively impacts the helicase
loading process. Recent high-resolution MNase mapping of protein binding at origins suggests
that loaded Mcm2-7 complexes interact tightly with nucleosomes (Belsky et al., 2015). Itis
possible that this interaction aids loading of the helicases as well. This hypothesis is further
supported by the identification of a histone binding site on Mcm2 (Foltman et al., 2013; Huang et

al., 2015).

3. Loading the Replicative helicase

Placement of a helicase on the DNA marks a DNA region as a potential origin of

replication. Helicase loading on origin DNA is separated from helicase activation in eukaryotes
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(reviewed in (Bell and Labib, 2016)). In contrast, the E. coli helicase is rapidly activated once
placed at the origin (Makowska-Grzyska and Kaguni, 2010). In this section, | will talk about how

the helicases are loaded in E. coli, and budding yeast cells.

3.1: Helicase Loading in E. coli

In E. coli, two proteins, DnaA and DnaC, coordinate the placement of the helicase,
DnaB, onto origin DNA (Figure 6). Most of the heavy-lifting is done by DnaA. DnaA both
recognizes the origin sequence and unwinds the DUE element. DnaC binds to the DnaB
helicase and breaks open the hexameric ring. Together, the DnaB/DnaC complex interacts with
DnaA bound at the origin to load two DnaB helicases within the ssDNA bubble formed at the
DUE. In this section, | will briefly discuss the mechanisms used by DnaA and DnaC to place

DnaB at oriC.

3.1.1 DnaA recognizes oriC

DnaA recognizes and binds directly to sequence-specific motifs in oriC. DnaA is a AAA+
ATPase that also contains a helix-turn-helix (HTH) motif at the C-terminus (Figure 7A). Initial
binding of DnaA to oriC occurs via the interactions between the HTH motif and the DnaA boxes
(Figure 7B, right) (Fujikawa et al., 2003; Roth and Messer, 1995; Sutton and Kaguni, 1997).
Although DnaA’s interaction with the DnaA boxes is tight, binding to the five DnaA boxes at oriC
alone is insufficient to direct replication initiation (McGarry et al., 2004). Once DnaA has bound
the DnaA boxes, cooperative interactions via the AAA+ domain, along with some contacts at the
N-terminus, recruit more DnaA molecules to the lower affinity | sites (Figure 7B) (Erzberger et
al., 2006; Kawakami et al., 2005; McGarry et al., 2004; Rozgaja et al., 2011; Simmons et al.,
2004; Weigel et al., 1999). Unlike the DnaA boxes, which DnaA interacts with regardless of

nucleotide, the lower affinity | sites require ATP-bound DnaA (McGarry et al., 2004).
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Figure 6
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Figure 6: Diagram of helicase loading in E. coli.

(1) DnaA binds to the DnaA boxes. (2) DnaA oligomerizes, melts, and binds the DUE element. (3)
DnaA and DnaC coordinate to load the DnaB helicase to the newly formed ssDNA. Figure modi-

fied from Bleichart, Botchan and Berger, 2017

27



Figure 7
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Figure 7: Current models for DnaA recognition and unwinding of oriC.

A) Diagram showing the important domains of DnaA.

B) A annotated model for DnaA function at oriC. The crystal structure of HTH motif interacting
" with dsDNA and ATP-DnaA bound to ssDNA are shown. Modified from Bleichart, Botchan and

Berger, 2017
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3.1.2 How does DnaA unwind the DUE?

DnaA not only recognizes origins, but also melts the DNA duplex at the DUE. Although
the exact DnaA structure required for DNA unwinding is unknown, recent structural data has led
to a model for DnaA-induced unwinding. A crystal structure of multiple DnaA molecules bound
to ATP reveals a right-handed helical filament of DnaA (Erzberger et al., 2006). Origin DNA has
been proposed to wrap around the outside of DnaA during origin recognition (Bramhill and
Kornberg, 1988; Fuller et al., 1984), and wrapping around this helical structure would introduce
positive supercoils into the DNA (Erzberger et al., 2006). Adjacent DNA would compensate by
introducing negative supercoils, driving unwinding in a region of low helical stability like the
DUE. Once the DNA is unwound, DnaA binds its third type of binding site, the ATP-DnaA sites,
to stabilize the ssDNA. A recent DnaA/ssDNA co-crystal structure shows that the DnaA AAA+
motif holds ssDNA in an extended conformation, thus preventing reannealing (Figure 7B)

(Duderstadt et al., 2011).

3.1.3 Placement of DnaB on DNA

Once DnaA forms and stabilizes ssDNA, the DnaB helicase must be placed onto the
ssDNA for the genome to be unwound and replicated (reviewed in (Bell and Kaguni, 2013)).
However, the active DnaB helicase is a closed, six-membered ring in solution (Lo et al., 2009;
Wang et al., 2008) . To unwind the genome, the DnaB ring must be opened, placed around
ssDNA, and closed. DnaB ring opening is accomplished by a AAA+ protein, DnaC (Arias-
Palomo et al., 2013). Unlike DnaB, DnaC exists as individual subunits in solution (Kobori and
Kornberg, 1982). However, when DnaB is present, the two proteins form a DnaC/DnaB hetero-
dodecamer ((Arias-Palomo et al., 2013; Galletto et al., 2003; Kobori and Kornberg, 1982)
(Figure 8). A low-resolution electron microscopy (EM) structure of the DnaC/DnaB complex
shows a three tier structure, with the ATPase domain of DnaB interacting with the N-terminal
extensions of DnaC (Arias-Palomo et al., 2013). Importantly, this double-hexamer structure is a
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Figure 8
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Figure 8: Current Model for how DnaC interacts with DnaB to load the helicase on ssDNA
origin DNA.

DnaB recruits 6 DnaC monomers for form a DnaB/DnaC dodecamer. Importantly, this dodecamer
forms a cracked ring structure and the DnaB helicase is inactive. Once placed on DNA, DnaC is
ejected from DnaB after the first primer is synthesized, and DnaB hexamer becomes active once
DnaC leaves. Figure modified from Bleichart, Botchan and Berger, 2017
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cracked ring, with an opening large enough to allow ssDNA to pass into the charged DnaB
central channel (Arias-Palomo et al., 2013). Although the process by which the DnaB/DnaC
hetero-dodecamer is still unclear, interactions between an auxillary N-terminal domain of DnaA
and the DnaB N-terminal collar are important for helicase recruitment to origins (Fang et al.,
1999; Marszalek and Kaguni, 1994, Seitz et al., 2000; Sutton et al., 1998). DnaA/DnaC

interactions may also help facilitate this process (Arias-Palomo et al., 2013; Mott et al., 2008).

3.2: Helicase Loading in S. cerevisiae

In S. cerevisiae, three different proteins, the origin recognition complex (ORC), Cdc6,
and Cdt1, cooperate to load the core of the replicative helicase, Mcm2-7, onto origin DNA
during G1 (Figure 9). ORC recognizes the origin DNA directly. Two additional helicase loaders,
Cdc6 and Cdt1, coordinate with ORC and Mcm2-7 to sequentially load two Mcm2-7 hexamers.
The end result of this process is placement of two Mcm2-7 hexamers in an inactive head-to-
head conformation at origins of replication. Unlike E. coli DnaB, the Mcm2-7 double hexamer
encircles dsDNA after loading and multiple additional factors are required to activate the loaded
helicases. The presence of an inactive Mcm2-7 never-the-less marks a location as a potential
origin of replication. In this section, | will discuss the S. cerevisiae helicase loading process in
detail, starting with ORC binding, and ending with the formation of the stable Mcm2-7 double-

hexamer, which is poised to initiate replication in S phase.

3.2.1: ORC recognizes origins of replication

The Origin Recognition Complex, or ORC, recognizes and binds origin DNA. ORC is
composed of six different subunits, Orc1-Orc6 (Figure 10). ORC was first identified by its ability
to bind to the ACS in vitro (Bell and Stillman, 1992). The Orc1-Orc5 subunits each contain two
domains: an N-terminal AAA+ ATPase (or ATPase-like) domain and a C-terminal winged-helix
(WH) domain (Figure 10A). Although these five subunits each adopt a classic AAA+ ATPase
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Figure 9
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Figure 9: Current Model for Origin Licensing.

ORC recognizes the ACS and B1 elements of the origin. Once bound to origin DNA, it recruits
Cdc6. ORC-Cdc6 recruits an Mcm2-7/Cdt1 complex, forming the OCCM. In a process that
involves ATP hydrolysis, Cdcé and Cdt1 depart and the Mcm2-7 ring closes, leaving a stable
single hexamer adjacent to ORC. In a process that involves another Cdc6 and Mcm2-7/Cdt1
complex, and may or may not involve an additional ORC molecule, a second Mcm2-7 hexamer
is loaded in a head-to-head orientation to form a stable Mcm2-7 double hexamer.
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Figure 10
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Figure 10: The Origin Recognition Complex (ORC)

A) Functional domains of the Orc1-Orc6 subunits. Domains included/observed in crystallogra-
phy/EM structural studies are outlined in grey (modified from Bleichart et al, 2015).

B) Side view of the Orc1-5 ring. The winged-helix (WH) domains, which interact with Mcm2-7, are
at the top, and the AAA+ domains are at the bottom. (human ORC model, Tocilj et al, 2017)

C) Diagram (left) and structural top view (right) of ORC. Although this structure does not have
OrcB, the location to which the C-terminus binds is shown in the diagram (left). A structure where
the CTD of Orc6 is resolved is shown in Figure 9B (human ORC model, Tocilj et al, 2017)

D) ORC binding to DNA in yeast involves a unique interaction with ORC4. (structure from Yuan
etal., 2017)
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fold, with ATPase-like sites at the interface between adjacent subunits (Bleichert et al., 2015),
only Orc1 is an active ATPase (Chesnokov et al., 2001; Giordano-Coltart et al., 2005; Klemm et
al., 1997). Residues needed for ATP binding are missing in Orc2 and Orc3, and critical residues
needed for ATP hydrolysis are missing in Orc4 and Orc5 (Bleichert et al., 2015; Chesnokov et
al., 2001; Giordano-Coltart et al., 2005; Klemm et al., 1997; Kong et al., 2003). Orc6, the
smallest ORC subunit, is unrelated to the other subunits and includes a TFIIB-like domain and a
conserved C-terminal domain (Bleichert et al., 2013; Chesnokov et al., 2001; Liu et al., 2011).

In S. cerevisiae, ORC recognizes and binds directly to the ACS and conserved A/T base
pairs found in B1 elements at origins. Protection of these sites is observed by DNase |
footprinting in vitro and in vivo (Bell and Stillman, 1992; Diffley et al., 1994). Mutating these
elements decrease (B1) or inhibit (ACS) ORC-DNA binding (Bell and Stiliman, 1992; Rao and
Stillman, 1995; Rowley et al., 1995). This recognition motif containing both the ACS and B1 is
referred to as the ORC-ACS (Berbenetz et al., 2010; Eaton et al., 2010; Xu et al., 2006). In S.
cerevisiae, ORC binding to origin DNA only requires Orc1-5, although Orc6 is essential for the
subsequent loading of the replicative helicase (Lee and Bell, 1997) (see section 3.2.2 for more
on OrcB).

Recent structural studies provide insights into how ORC binds DNA (Bleichert et al.,
2015; Tocilj et al., 2017; Yuan et al., 2017). The core of the Orc1-5 subunits form a cracked ring
with a defined subunit order: Orc1-Orc4-Orc5-Orc3-Orc2 (Bleichert et al., 2015) (Figure 10C).
The WH and ATPase domains form two distinct rings (Figure 10B) (Bleichert et al., 2015; Tocilj
et al.,, 2017; Yuan et al., 2017). Interestingly, the WH domain of one subunit reaches over and
binds the AAA+ domain of the adjacent subunit to create a domain-swap architecture (Figure
10B) (Bleichert et al., 2015; Tocilj et al., 2017). A C-terminal helix in Orc6 binds to an extension
in Orc3, although the rest of Orc6 was removed or unstructured in these studies (Bleichert et al.,

2015; Yuan et al., 2017).
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Although no structure of ORC bound to DNA alone has been captured, the structure of a
key intermediate in helicase loading, the ORC-Cdc6-Cdt1-Mcm2-7 (OCCM) complex (for more,
see section 3.2.5) was determined with dsDNA (Yuan et al., 2017). Importantly, the ORC-Cdc6
ring in this structure is similar to the modeled structure of the active ORC complex alone
(Bleichert et al., 2015; Tocilj et al., 2017). Therefore, the contacts between the DNA and ORC in
in the OCCM may be the same as those made during initial ORC binding. In the OCCM
structure, Orc1-5 encircles the DNA, with Cdc6 completing the ring (see section 3.2.3 for more
on Cdc6) (Yuan et al., 2017). Although the sequence of DNA bound to ORC is not determined in
the OCCM structure, Orc4 and Orc2 interact with the DNA via parts of both their AAA+ and WH
domains (Yuan et al., 2017). Interestingly, one particular alpha helix in Orc4 interacts
extensively with the DNA (Figure 10D) and represents an insertion present only in
Saccharomyces species. Thus, this helix is likely important for the sequence-specific nature of
ScORC binding relative to most other eukaryotes (Yuan et al., 2017). In both the OCCM and
models of a DNA-bound ORC structure, 20-24 bps fit within the ORC ring (Bleichert et al., 2015;
Tocilj et al., 2017; Yuan et al., 2017). In contrast DNase | footprinting shows 45-50bps of
protection (Bell and Stillman, 1992). Conformational changes not observed in these static
structures or bending of the DNA to interact with the outside of the ORC ring could account for

this discrepancy.

3.2.2 Orc6: The odd subunit out

Although all the other ORC subunits are related to AAA+ ATPases, Orc6 is an unrelated
but essential subunit that is conserved from yeast to humans (Bleichert et al., 2013). Little is
known about the structure of Orc6. In all the structural studies of the ORC complex, Orc6 was
either truncated to a conserved C-terminal region (Bleichert et al., 2015), not included at all
(Tocilj et al., 2017), or unresolved (Bleichert et al., 2013; Yuan et al., 2017). The C-terminal
domain folds into an alpha helix and bound to a conserved extension for uniquely in within Orc3
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(Figure 10C) (Bleichert et al., 2013, 2015; Yuan et al., 2017). The middle domain of human Orc6
was crystalized alone and adopted a classic TFIIB-type fold as expected, but the importance of
this structure in the context of the full ORC complex is unknown (Liu et al., 2011).

Although Orc6 is dispensable for sequence-specific binding in yeast, it is required for
helicase loading (Bell and Stillman, 1992; Chen et al., 2007; Lee and Bell, 1997). Orc6 interacts
directly with Cdt1, which is bound to Mcm2-7 prior to helicase loading (for more detail on Cdt1,
see section 3.2.4) (Chen et al., 2007). This interaction may help facilitate Mcm2-7/Cdt1
recruitment to the origin (Chen et al., 2007). However, Orc6 is not essential for initial Mcm2-7
recruitment in a fully reconstituted in vitro assay (Frigola et al., 2013). Interestingly, Orc6
contains two distinct Cdt1 binding sites, suggesting possible mechanisms where the first and
second hexamer interact with Orc6 in different manners during the helicase loading process
(Chen et al., 2007). In budding yeast, the interaction between Orc6 and Mcm2-7/Cdt1 is
inhibited by CDK phosphorylation of Orc6, an event that plays an important role in preventing
re-initiation (Chen and Bell, 2011) (see section 6.2 for more details on mechanisms to prevent

re-loading).

3.2.3 Forming the ORC-Cdc6 complex on origin DNA

After ORC recognizes and binds to origin DNA, it recruits Cdc6. Initial binding of Cdc6 to
DNA-bound ORC is required for Mcm2-7 recruitment (Randell et al., 2006; Remus et al., 2009;
Ticau et al., 2015). Similar to the Orc1-Orc5 subunits, Cdc6 is comprised of two domains: an N-
terminal (and functional) AAA+ ATPase domain and a C-terminal WH domain (Figure 11A). In
the OCCM intermediate, Cdc6 binds in the gap between the Orc1 and Orc2 subunits to
complete the six membered ring (Figure 11B) (Yuan et al., 2017). Consistent with Cdc6 being
structurally related to Orc1-5, Cdc6 adopts a nearly identical structure to the ORC subunits: its
WH domain sits atop the ATPase domain of the adjacent Orc1 subunit (Tocilj et al., 2017; Yuan
etal., 2017). Like Orc4 and Orc2, Cdc6 also makes direct contact with DNA via both its AAA+
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Figure 11

A. —
AAA+ WH } Cdc6

Figure 11: Cdc6 completes the Orc1-Orc6 ring.

A) Diagram of functional domains of Cdcé.

B) Diagram (left) and structure (right) of the ORC-Cdcé6 ring from the AAA+ domain side of the
the ORC-Cdc6-Cdt1-Mcm2-7 (OCCM) intermediate structure.
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and WH domains (Yuan et al., 2017). These interactions support observations that Cdc6 makes
ORC binding to the origin more sequence-specific in budding yeast (Duzdevich et al., 2015;
Speck énd Stillman, 2007).

Although structural data presents a simple model for ORC and Cdc6 binding to origin
DNA, there is likely more to this process than the structural data suggests. DNase | footprinting
of origin DNA in the presence of both ORC and Cdc6 shows a 70-80 bp footprint that is much
larger than the 24 bps predicted in the OCCM structure (Speck et al., 2005; Yuan et al., 2017).
This extended footprint includes the B2 element and is very similar to the in vivo footprint
observed in G1 extracts (Diffley et al., 1994; Speck et al., 2005). Since we do not have a
structure of ORC/Cdc6 alone, this complex may adopt a different conformation than that
observed in the OCCM. Alternatively, DNA may interact with the outside of the ORC ring in the

absence of a bound Mcm2-7/Cdt1. Further studies are necessary to resolve this discrepancy.

3.2.4 The Mcm2-7 helicase, and its helper, Cdt1:

Once the ORC-Cdc6 complex forms on DNA, it recruits the core of the replicative
helicase, the Mcm2-7 complex. Unlike the E. coli helicase DnaB, which is composed of six
identical subunits, Mcm2-7 is comprised of related but distinct subunits (Figure 12A) (reviewed
in (Bochman and Schwacha, 2009)). Each subunit is a AAA+ ATPase and together they form
into a ring with a defined order: Mcm2, Mcm6, Mcm4, Mcm7, Mcm3 and Mcmb5 (Figure 12B)
(Bochman et al., 2008; Davey et al., 2003; Li et al., 2015). All six of the Mcm2-7 subunits are
active ATPases, with the ATP binding and hydrolysis domain residing at the interface of each
adjacent Mcm2-7 subunit (as is typical for AAA+ ATPases) (Figure 12B) (Bochman et al., 2008;
lives et al., 2010; Schwacha and Bell, 2001).

Each subunit can be divided into two domains: an the N-terminal domain, which contains
a folded subdomain (NTD-A) and an OB fold, and the C-terminal domain, which contains the
AAA+ domain (Li et al., 2015). There are also Zn-Finger motifs in N-terminal domain (between
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Figure 12: The structure of Mcm2-7/Cdt1
A) Domain architecture of the six Mem2-7 subunits and Cdt1.

B) Diagram (left) and structural top view (right) of the Mcm2-7/Cdt1 complex. Diagram shows
contributing arginine figures (points) and Walker A/Walker B motifs (indents) within the ATPase
domains at each subunit interface. The N- and C-terminal domains of Cdt1 are labeled. Agap is
visible between the Mcm2 and Mcm5 subunits. Structure from (Zhai et al., 2017).

C) Side view of the Mcm2-7/Cdt1 structure showing the cracked-ring structure. Structure from
(Zhai et al, 2017). Although cracked, the break in the Mcm2-7 ring is not large enough for dsDNA
to enter the central channel in this structure. However, movement in the actual molecule in solu-
tion could easily widen the gap to allow dsDNA access to the positively charged channel
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the A domain and the OB fold) that help mediate interactions between the two hexamers in the
stable double-hexamer form of Mcm2-7 (Li et al., 2015). Recent structural studies also identify
WH domains at the very C-terminus of the Mcm2-7 subunits (Li et al., 2015; Yuan et al., 2017;
Zhai et al., 2017). These domains undergo rearrangements during the helicase loading process,
and appear to be particularly important for mediating interactions between ORC/Cdc6 and
Mcm2-7/Cdt1 (Li et al., 2015; Yuan et al., 2017; Zhai et al., 2017) (For more details on the
interactions required to recruit Mcm2-7, see sections 3.2.5 and 3.2.7 below).

Like DnaB, Mcm2-7 cannot localize to the origin DNA without assistance. It relies on
interactions with ORC-Cdc6, and another helper protein, Cdt1, for recruitment to origin DNA
(Randell et al., 2006; Remus et al., 2009). In budding yeast, Mcm2-7 interacts with the helicase
loading protein, Cdt1, in solution (Remus et al., 2009; Tanaka and Diffley, 2002). Cdt1 interacts
with Mcm2, Mcm4, and Mcm6, in the neck region where the N- and C-domains of the Mcm2-7
subunits meet each other (Figure 12B, 12C) (Fernandez-Cid et al., 2013; Takara and Bell, 2011;
Yuan et al., 2017; Zhai et al., 2017). Cdt1 is one of two proteins involved in helicase loading that
isn't an AAA+ ATPase, or AAA+ like (Orc6 is the other). Although the exact role of Cdt1 in the
process of helicase loading is still unclear, Cdt1 helps recruit Mcm2, Mcm4 and Mcm6 to origin
DNA (Frigola et al., 2013). It also may have a role in closing the Mcm2-7 ring (see section 3.2.6

below for more details.)

3.2.5 The ORC-Cdc6-Cdt1-Mcm2-7 (OCCM):

ORC-Cdc6 binding to the Mcm2-7/Cdt1 complex forms the ORC-Cdc6-Cdt1-Mcm2-7
(OCCM) intermediate (Randell et al., 2006; Sun et al., 2013). Although this intermediate is
short-lived in the presence of ATP (Ticau et al., 2015), inhibition of ATP hydrolysis by addition of
ATPYS stabilizes this complex (Randell et al., 2006). Performing assays in the presence of
ATPYS, a number of important contacts for OCCM formation have been identified biochemically.
The very C-terminus of Mcm3 is important for the recruitment of the Mcm2-7 subunits 3, 5, and
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7 to the ORC/Cdc6 ring (Frigola et al., 2013). A Cdt1-Orc6 interaction has been implicated in
helicase recruitment (Chen et al., 2007), although this interaction was not strictly necessary in
vitro (Frigola et al., 2013). Mutation of the Mcm6 arginine finger also had an effect on the
formation of the OCCM complex, although why this defect is observed is not clear (Coster et al.,
2014; Kang et al., 2014).

The stability of the OCCM complex in ATPyS has also allowed for structural studies of
this intermediate (Sun et al., 2013; Yuan et al., 2017). The OCCM structures reveal that the
Mcm2-7 and ORC/Cdc6 rings interact tightly with each other and encircle adjacent DNA (Figure
13). Although the ORC/Cdc6 ring is locked tightly around 24 bps of dsDNA, only the C-terminal
ATPase domains of Mcm2-7 are closed. A gap is visible between the Mcm2 and Mcm5 N-
terminal domains (Figure 13) (Yuan et al., 2017). The closed C-terminal region of Mcm2-7
covers 15 bps, and the N-terminal domain is expected to cover another 15 (Sun et al., 2013;
Yuan et al., 2017).

The interaction between the ORC/Cdc6 and Mcm2-7 rings occurs between the C-
terminal WH domains of ORC/Cdc6, and the C-terminal AAA+ ATPase domains of the Mcm2-7
ring (Figure 13). Specifically, WH domains from Mcm3, Mcm4, Mcm6 and Mcm7 reach up out of
the core of the Mcm2-7 C-terminal domain and make contacts with the ORC ring (Yuan et al.,
2017). Although the WH domain of Mcm5 was not resolved in the structure, cross-linking mass
spectrometry (CLMS) suggested this domain also interacts with the ORC/Cdc6 ring(Yuan et al.,
2017). Importantly, these WH domains adopt very different conformations in either the Mcm2-
7/Cdt1 complex alone or in the Mcm2-7 double hexamer (Li et al., 2015; Yuan et al., 2017; Zhai
et al., 2017). It is likely that the rearrangement of these WH domains is important in the
helicase-loading process.

Despite the extensive contacts seen in the EM structure, the interaction holding the
OCCM together, or interacting with the DNA itself may not be particularly stable. The Mcm2-7
double-hexamer, once loaded onto dsDNA, becomes topologically linked to the DNA, and thus
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Figure 13: The structure of the OCCM complex

Diagram (left) and Structural side view (right) of the OCCM complex. ORC is shown in blue,
Cdc6 is shown in purple, Cdt1 in Green and Mcm2-7 in grey. The structure shows the
Mcm2/Mcm5 gate closed at the C-terminus but open at the N terminus. The ORC/Cdc6 ring
covers 24 bp of DNA. Structure from Yuan et al, 2017.
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is stable to a 500mM NaCl salt extraction (Donovan et al., 1997; Randell et al., 2006). Despite
that the EM structures reveal an intermediate in state where the Mcm2/Mcmb5 gate is either
closed (Sun et al., 2013), or half-closed (Yuan et al., 2017), and ORC/Cdc6 forms a closed ring
that appears to be topologically linked to the DNA, the OCCM complex is readily removed from
DNA with such a high-salt wash (Randell et al., 2006). Since EM structural determination is
based on averaging single particles, the state of the OCCM complex is likely to be more

dynamic than these structures suggest.

3.2.6 The Mcm2/Mcm5 gate

During the process of helicase loading, the cracked Mcm2-7 ring is placed around the
DNA, and then the ring is closed, resulting in a Mcm2-7 ring encircling dsDNA. Importantly, only
the interface between the Mcm2 and Mcm5 subunits can allow dsDNA to enter the Mcm2-7
central channel (Samel et al., 2014). For this reason, this interface is termed the Mcm2/Mcm5
gate (Bochman et al., 2008). As with all the Mcm2-7 subunit interfaces, this is a site of ATP
hydrolysis. There is some evidence that ATP binding state influences the interaction between
the two subunits. Studies monitoring the binding of Mcm2-7 to a closed, circular ssDNA showed
that ATP binding inhibited loading, and thus was in a closed conformation (Samel et al., 2014).
A closed state for the Mcm2-7 ring was also observed in ATPyS (Sun et al., 2013). In contrast,
more recent structural studies suggest the Mcm2-7 is an open ring in the presence of ATP (Zhai
et al., 2017). Future studies will hopefully flesh out how this open to closed ring transition
occurs.

Closing the Mcm2/5 gate does not require ORC or Cdc6 ATP hydrolysis but
interestingly, ATP hydrolysis at the Mcm3/Mcmb5 interface is required for gate closure. Mutation
in the Mcmb5 arginine finger motif (thought to impact ATP hydrolysis in AAA+ ATPases) resulted

in an Mcm2-7 complex incapable of closing the Mcm2/5 gate or releasing Cdt1 (Ticau et al.,
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2017). It remains to be determined if Mcm2-7 ATP hydrolysis causes ring closure, which in turn
causes Cdt1 release or vice versa.

Although Cdt1 departure correlates with Mcm2/5 gate closure, its exact role in the
process remains unclear. Recent single-molecule experiments utilized a FRET-based assay
observed Mcm2/Mcmb5 gate closure concomitant with Cdt1 release (Ticau et al., 2015, 2017).
However, outside of the context of the helicase loading reaction, the Mcm2/Mcm5 gate was
open regardless of the presence of Cdt1 (Ticau et al., 2017). Although early negative-stain EM
images showed the Mcm2-7 complex to form a closed ring (Samel et al., 2014), a recent low
(10-15A) resolution EM structure of the budding yeast Mcm2-7 with and without Cdt1 found that
both structures have an open ring (Zhai et al., 2017). Interestingly, the break between Mcm2
and Mcm5 is not wide enough to allow passage of dsDNA through the open channel (Figure
12C) (Zhai et al., 2017). Taken together, these studies argue against a simple model where
Cdt1 opens the otherwise-closed Mcm2-7 ring, but the Mcm2-7 complex may be quite dynamic
in solution. Cdt1 may still stabilize the ring, or help pry Mcm2-7 ring open further in order to

allow dsDNA into the central channel.

3.2.7 Loading the second hexamer and releasing ORC

Origin licensing requires two Mcm2-7 complexes to be recruited to potential origins, and
they must interact in a head-to-head orientation. Because the OCCM complex can be isolated,
and initial Mcm2-7 binding is fairly easy to monitor, much is known about recruitment of the first
hexamer. In contrast, how the second Mcm2-7 hexamer is recruited is not as well understood.
Two competing models of how loading of the second hexamer occurs have been presented
(Figure 14). First, the second hexamer could be loaded by a distinct mechanism from the first
hexamer (Figure 14, left). Single-molecule experiments support this hypothesis. In these
experiments, one ORC is sufficient to recruit both the first and the second Mcm2-7 helicase, but
distinct Cdc6 and Cdt1 molecules are involved with loading the two Mcm2-7 complexes (Ticau
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Figure 14: One ORC vs Two ORC model for loading the second Mcm2-7 helicase.

After OCCM formation, two options are proposed. The first ORC could remain behind, and recruit
as second Cdc6 and Mcm2-7/Cdt1 complex, as observed via single-molecule microscopy. Inter-
actions between the N-terminal domains of the first and second Mcm2-7 would be responsible for
loading the second hexamer. Alternatively after OCCM formation, ORC could bind at a distal
region of DNA and recruit a second Cdc6 and Mcm2-7/Cdt1 molecule. In this model, the second
Mcm2-7 hexamer is recruited via the same mechanism as the first, yet is loaded in close enough
proximity to the first Mcm2-7 complex that the proper N-terminal Mcm2-7 interactions form.
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et al., 2015). Importantly, the kinetics of Cdc6 and Cdt1 release are different between first and
second Mcm2-7 loadings, as would be expected if the first and second hexamers load via
different mechanisms (Ticau et al., 2015). Different single-molecule experiments also support
this idea. After initial ORC-DNA binding, no new ORC molecules were required to load
replication-competent Mcm2-7 double hexamers (Duzdevich et al., 2015). Bulk biochemical
assays also demonstrated that Cdt1 can interacts with two different domains of Orc6, which also
supports the separate mechanism hypothesis (Chen et al., 2007).

The second model for second hexamer loading suggests that the first and second
Mcm2-7 loading event occurs via the same mechanism (Figure 14, right). In this model,
separate ORC molecules, binding in opposite orientations, each load a single Mcm2-7 complex
through the same ORC-Cdc6-Mcm2-7-Cdt1 interactions. The loaded single Mcm2-7 complexes
subsequently come together (by sliding on the DNA) to form a double hexamer. Biochemical
data exists to support this model as well. The Mcm3 C-terminal residues, which are highly
conserved and form an WH domain that interact with ORC/Cdc6, are important for loading both
the first and the second double hexamer (Frigola et al., 2013). This study also found that Orc6
was not essential for recruitment of the first Mcm2-7 complex, although Orc6 was still essential
for stable loading (Frigola et al., 2013). The B2 element of ARS7, being a close match to the
ACS, has been hypothesized as a potential second ORC binding site (Frigola et al., 2013;
Wilmes and Bell, 2002). Importantly, this sequence is an inverted match to the ACS, which
would ensure the second ORC could load a second Mcm2-7 in the opposite orientation of the
first hexamer (Wilmes and Bell, 2002). However, not all B2 elements are matches to the ACS
(Chang et al., 2011) and ORC binding at the ARS71 B2 site is not observed when the ACS is
intact (Bell and Stillman, 1992). In fact, the presence of Orc6 sterically hinders two ORC
complex from binding the two sites simultaneously (Lee and Bell, 1997; Wilmes and Bell, 2002).

Once the second Mcm2-7 loads at the origin, all associated loading proteins must
detach from the Mcm2-7 double hexamer. In single-molecule experiments, the second Cdc6
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departs first, followed by the single observed ORC and the second Cdt1 (Ticau et al., 2015).
The second Mcm2/Mcmb gate closing corresponds with ORC/Cdt1 departure (Ticau et al.,
2017). ORC release is not observed in bulk biochemical experiments (although decreased
amounts of ORC binding following Mcm2-7 binding have been reported occasionally
(Tsakraklides and Bell, 2010)) or in vivo, likely due to rapid re-binding to the origin. Because of
the Mcm2-7 double-hexamer’s ability to slide on the DNA (Evrin et al., 2009; Remus et al.,
2009), it is likely that once the Mcm2-7 hexamer is loaded, the complex can move away from
the origin, allowing access for rebinding of ORC and potentially a new round of Mcm2-7 loading.
Multiple rounds of Mcm2-7 loading have been reported in vivo and have been linked to origin
timing (see section 4 below). /n vivo, ORC binds origin DNA throughout the cell cycle, even
though the complex is only able to recruit Mcm2-7 in G1 (for more on this regulation, see
section 5.2). Although the reason for ORC-DNA binding outside of G1 is unknown, it may help

maintain the NFR throughout the cell cycle.

3.2.8 The end result of origin licensing: The Mcm2-7 double hexamer

The result of the helicase loading process is a stable head-to-head Mcm2-7 double
hexamer (Figure 15). This Mcm2-7 double hexamer is predicted to cover roughly 60 bps of
dsDNA (Sun et al., 2014). A recent high-resolution EM structure of the Mcm2-7 double hexamer
provides insight into both helicase loading and the rearrangements that need to occur during
activation (Li et al., 2015). In this structure, the two Mcm2/Mcm5 gates are not aligned directly
over on another (Figure 15A), supporting the idea that helicases are loaded one at a time (Li et
al., 2015). Although structures of the Mcm2-7 single hexamer show that the N- and C-terminal
domains are aligned (Zhai et al., 2017), in the doubie hexamer the N-terminal and C-terminal
(AAA+) domains are rotated relative to one other (Figure 15B). This conformation has been
proposed to store energy to be released upon activation (Zhai et al., 2017). Once in the double
hexamer conformation, the Mcm2-7 double hexamer is stable, even without detectable DNA in
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Figure 15

Figure 15: Structure of the stable, inactive Mcm2-7 double hexamer.

A) Structural side view (left) and diagram (right) of the Mcm2-7 double hexamer. Subunits are
colored as in Figure 10, and labeled in the diagram.

B) Structural side view a single hexamer from the Mcm2-7/Cdt1 heptamer structure (left)
compared to the same side view a single Mcm2-7 hexamer from the double hexamer struc-
ture (right). The red line shows the tilt of the Mecm5 C-terminus relative to the N-terminus in
both structures.

C) End on view of the Mcm2-7 double hexamer highlighting the offset of the two hexamers
and the relative location of the Mcm2/Mcm5 gates. Red stars show the hypothesized ssDNA
capture locations upon DNA melting.
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the central channel (Evrin et al., 2009). Interactions between the zinc finger domains and unique
N-terminal insertions in Mcm3, Mcm5 and Mcm7 hold the two hexamers together tightly (Li et
al., 2015).

The loaded double-hexamer is not an active helicase. However, the orientation of the
two hexamers suggests possible mechanisms for initial activation. The central channel through
the two Mcm2-7 rings is offset and the two hexamers are tilted at a 14 degree angle relative to
each other (Figure 15A)(Li et al., 2015). Any dsDNA that would pass through both Mcm2-7
hexamers would therefore be in a strained conformation, aiding initial DNA melting. The
Mcm2/Mcm5 gates are on opposition sides of each hexamer, and thus are positioned so that a
different DNA strand could be extruded from each gate (Figure 15C). Rotation of the N and C
domains back to an aligned position, a position observed in the active CMG helicase, would
also be expected to provide an unwinding force (Costa et al., 2011, 2014; Yuan et al., 2016;

Zhai et al., 2017).

3.2.9: The role of ATP binding and hydrolysis in the helicase loading process

Both ATP binding and ATP hydrolysis are essential for the successful loading of the
Mcm2-7 complex. As discussed above, inhibition of all ATP hydrolysis by the addition of ATPyS,
a slowly hydrolysable ATP analog, blocks the Mcm2-7 loading process at the OCCM complex.
The ATP sites at the Orc1/Orc4, Cdc6/0Orc1 and all the Mcm2-7 subunit interfaces are active
ATPases, and the Orc4/Orc5 and Orc5/0rc3 interfaces can bind ATP. Much work has been
done to investigate the effects of both ATP binding and hydrolysis during helicase loading. Here

| summarize what is known about the role of ATP in helicase loading.

3.2.9a ORC ATP hydrolysis is important for multiple rounds of Mcm2-7 loading
Similar to its E. coli counterpart DnaA, ORC requires ATP binding, but not ATP
hydrolysis to bind origin DNA (Bell and Stillman, 1992). The presence of the origin DNA, but not
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other DNA sequences, specifically inhibits Orc1/Orc4 ATP hydrolysis (Kiemm et al., 1997).
Thus, ORC ATP hydrolysis may play a role in removing ORC from DNA when the complex
binds at improper locations (Klemm et al., 1997). As mentioned above, although Orc1-5 are all
AAA+ ATP-like, only a subset of the AAA+ sites (Orc 1/4, Orc4/5 and Orc5/3) are actually able
bind ATP and only the Orc1/Orc4 ATPase site shows ATP hydrolysis activity. Hydrolysis of ATP
by the ATP binding pocket at the Orc1/Orc4 interface is important for helicase loading in vivo
(Bowers et al., 2004). However, mutating this ATPase site did not have an effect on salt-stable
helicase loading in vitro (Bowers et al., 2004; Coster et al., 2014). Instead, ORC ATP hydrolysis
may be important for release of the ORC complex from DNA after loading has been completed
(Rowles et al., 1996; Tsakraklides and Bell, 2010). This observation would be consistent with
other studies suggesting that ORC ATP hydrolysis is needed for multiple rounds of helicase

loading (Bowers et al., 2004).

3.2.9b Cdc6 ATP hydrolysis is important for recycling improperly loaded Mcm2-7 and activation
of the helicase

The role of ATP binding and hydrolysis on Cdc6 function is still not well understood.
Although Cdc6 ATP binding is essential for helicase loading, (Coster et al., 2014; Perkins and
Diffley, 1998; Weinreich et al., 1999) whether ATP hydrolysis is required is still unclear. Cdc6
ATP hydrolysis mutants are able to load salt-stable Mcm2-7 complexes in vitro and these
Mcm2-7 complexes are competent for replication in extract-based in vitro experiments (Coster
et al., 2014; Kang et al., 2014). However, helicase loading was impaired at low concentrations
of Cdcb (Kang et al., 2014). Based on these findings, Cdc6 ATP hydrolysis was proposed to
serve a role in the release of incorrect or unsuccessful loading events (Coster et al., 2014;
Frigola et al., 2013; Kang et al., 2014). However, these same Cdc6 mutants caused a G1 arrest
in vivo (Chang et al., 2015). Unlike wild-type Cdc6, these Cdc6 mutants remained aberrantly
associated with chromatin. Degradation of Cdc6 allowed S phase to proceed. Thus, Cdc6 ATP
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hydrolysis may play a role in disassembling Cdc6 from the Mcm2-7 complex, and allowing the

Mcm2-7 helicase to be activated (Chang et al., 2011).

3.2.9¢ The role of the Mcm2-7 ATP binding and hydrolysis in loading of the helicase.

ATP hydrolysis by Mcm2-7 is essential. Mutations in the Walker A or Walker B motifs of
any of the six subunits are lethal, and only one of the arginine finger residues (the Mcm4
arginine finger) is non-essential (Bochman et al., 2008). Interestingly, ATP binding and
hydrolysis by Mcm2-7 is required for helicase loading. Any mutation in an ATPase site, even the
mutation of the non-lethal Mcm4 arginine finger, yielded defects in stable Mcm2-7 double-
hexamer formation in in vitro helicase loading assays (Coster et al., 2014; Kang et al., 2014).
The subset that can assemble limited amounts of Mcm2-7 double hexamers all have defects at
various steps downstream of helicase loading, but prior to DNA unwinding (Kang et al., 2014).
There was no correlation between which mutations (Walker A, Walker B or Arginine finger)
would have a moderate versus a severe defect, and even mutations within the same interface
showed defects at different steps (Coster et al., 2014; Kang et al., 2014). These data suggest a
mechanism where ATP binding and hydrolysis play critical roles in multiple steps leading up to
helicase activation. Recent single-molecule studies have identified ATP hydrolysis at the
Mcm3/5 interface to be important for Mcm2/Mcm5 gate closure (discussed in detail in section
3.2.6) (Ticau et al., 2017). Examining other Mcm2-7 ATPase mutations in this assay may shed

light on additional role ATP binding and hydrolysis plays during helicase loading and activation.

4. Helicase loading is common, helicase activation is rare: origin usage in S. cerevisiae

In E. coli, only two DnaB helicases are placed at the origin and they rapidly initiate
unwinding. Yet, just as not all ACSs in the yeast genome are licensed, not all Mcm2-7 double
hexamers initiate replication during any given cell cycle. Upon entry into S phase, increased
levels of two kinases, the S-phase CDKS and Dbf4-dependent kinase (DDK) phosphorylate key
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proteins, including the Mcm2-7 complex itself (reviewed in Labib and Bell, 2016). The end result
of this process is the formation of the active CMG (Cdc45-Mcm2-7-GINS) helicase that unwinds
the genome (Aparicio et al., 1997; Gambus et al., 2006; llves et al., 2010; Kanemaki and Labib,
2006; Kanemaki et al., 2003; Tercero et al., 2000). Yet, helicase activation occurs at only a
subset of possible locations.

In yeast, it is estimated that there are roughly 600 unique locations where Mcm2-7 can
be loaded (Siow et al., 2012) (ignoring 150 copies of the rDNA repeats on chromosome XII,
which each contain a single origin). Only a quarter of these sites will initiate replication in any
given cell cycle (Pasero et al., 2002). In addition, those origins that do initiate replication during
S phase do not do so simultaneously. Some origins initiate early in S phase while others fire
later (Raghuraman et al., 2001). Although initiation at early origins is sufficient to complete
replication, late origins are thought to be important to ensure the genome completes replication
under stressful conditions. If two adjacent replication forks stall prior to completing replication of
the intervening DNA, a new origin must initiate between them to finish DNA synthesis (Ge et al.,
2007). Because origins cannot be re-licensed in S phase (see section 5 for a discussion on how
this regulation is accomplished), licensed late origins are required to accomplish this task.

Although the propensity of origins to initiate early or late during S phase could be the
result of a pre-determined order of initiation, there is mounting evidence that origin timing is
determined stochastically via a competition model (Bechhoefer and Rhind, 2012; Kaykov and
Nurse, 2015). Single-cell studies of replication initiation show stochastic origin usage, including
instances where classically early origins fire after classically late origins (Czajkowsky et al.,
2008). As would be predicted by a competition-based model, increasing the amount of limiting
replication factors in vivo shifted the time of late replicating origins to earlier in S phase
(Mantiero et al., 2011; Tanaka et al., 2011). It has been proposed that one mechanism by which
origins compete for these limiting factors is by increasing the number of Mcm2-7 helicases at a
given origin (Das et al., 2015; Yang et al., 2010). Early origins would have more Mcm2-7 double
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hexamers, and so would be better able to complete for this limiting factors. Computational
modeling showed that this hypothesis could yield a pattern observed for origin timing in yeast
(Yang et al., 2010), and in vivo experiments confirmed that reducing Mcm2-7 loading could
cause a normally early origin to fire later (Das et al., 2015).

Although many origins appear to rely primarily on competition to determine their origin
timing, a subset utilize additional active mechanisms to ensure they replicate at the correct time.
These origins are usually within regions of the genome that serve a particular function, such as
the centromere or the telomere (Natsume et al., 2013; Stevenson and Gottschling, 1999). There
are also a subset of origins regulated by the forkhead box transcription factors. Forkhead
appears to cluster certain origins into particular locations in the nucleus, which gives them an

advantage when competing for limiting factors (Knott et al., 2012; Ldoke et al., 2013).

5. Preventing DNA re-replication

Once a helicase loads onto an origin, this binding location is the site (E. coli) or a
potential site (eukaryotes) of new DNA synthesis. However, once DNA synthesis has initiated, it
is critical that helicases are not immediately reloaded, as this would allow rapid and uncontrolled
re-initiation of DNA replication. As discussed in the introduction, if done in an uncontrolled
manner, re-initiation leads to double-strand breaks, gene duplication events, and potentially
cancerous transformation. Here, | will briefly discuss mechanisms by which DNA replication is

regulated both in E. coli and S. cerevisiae.

5.1 Preventing Re-replication in E. coli

Although DNA replication can reinitiate prior to cell division in E. colj, it is still important
to ensure un-regulated re-initiation does not occur. Even under extremely fast growth
conditions, bacterial cells ensure replication of the genome is properly timed and removal of this
coordination is detrimental to cell fitness (reviewed in (Mott and Berger, 2007)). Although in
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eukaryotes, regulation centers on separating helicase loading and helicase activation, in E. coli,
DnaB is activated very rapidly once placed around ssDNA. Thus, regulation of E. coli DNA
replication occurs at the earliest event in replication, the binding of DnaA to the origin, upstream
of ssDNA formation and helicase loading.

Three mechanisms prevent DnaA re-association with oriC. First, binding of the SegA
protein to newly synthesized DNA at oriC blocks DnaA binding (Nievera et al., 2006). SegA
binds its DNA binding sequence in a specific methylation state this is indicative of recent
replication (Brendler et al., 1995; Slater et al., 1995). SeqA slowly releases from the DNA,
allowing the origin to be reset (Boye et al., 1996; von Freiesleben et al., 2000; Lu et al., 1994).
Second, careful titration of DnaA levels is critical to prevent re-initiation. DnaA, in addition to
being the replication initiator, is also a transcription factor and regulates its own expression.
DnaA binds upstream of its own promoter and inhibits transcription of the dnaA gene (Atlung et
al., 1985; Braun et al., 1985). Accumulation of a critical number of DnaA molecules at the origin
is required for initiation. However, when levels of DnaA are sufficiently high for replication
initiation, they are also high enough to inhibit new DnaA transcription (Speck et al., 1999).
Finally, DnaA function is regulated by ATP hydrolysis. Although ADP-bound DnaA c¢an bind the
DnaA boxes, binding at these sites alone is insufficient to initiate replication (McGarry et al.,
2004). ATP hydrolysis is triggered by factors involved with DNA synthesis, which helps to keep

re-initiation from occurring (Katayama et al., 1998; Nishida et al., 2002).

5.2 Regulation of Eukaryotic Replication:

In eukaryotes, a key principle used to prevent re-replication is to limit origin licensing to
G1 and helicase activation and new DNA synthesis to S phase. This separation ensures that
replication occurs once and only once per cell division. In eukaryotes, both activation of the
helicase and repression of origin licensing is regulated by changes in kinase activity. During G1,
the cyclin-dependent kinase (CDK) levels are low. This condition is permissive for helicase
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loading onto chromatin. At the onset of S phase, S-phase CDKs phosphorylate proteins that
promote assembly of the active CMG helicase complex. At the same time, these kinases target
and inactivate the helicase-loading apparatus to ensure reloading does not occur. Although the
general principle of using kinase activity to simultaneously inhibiting new helicase loading while
activating already loaded helicases is conserved from yeast to higher eukaryotes, the targets
and mechanisms are different. In metazoans, there is also critical non-CDK-dependent
mechanisms that target Cdt1 function (reviewed in (Arias and Walter, 2007)). This additional
regulation is important, as there are DNA replication checkpoint mechanisms that inactivate
CDK activity in metazoans. For simplicity, | will only discuss the S. cerevisiae mechanisms here.

S-CDK activity in S. cerevisiae inhibits reloading in three ways. First, phosphorylation of
Mcm3 by S-CDK causes nuclear export of complexes not bound to DNA (Labib et al., 1999;
Nguyen et al., 2000, 2001). Second, CDK phosphorylates Cdc6, leading to Cdc6 degradation
(Drury et al., 2000). Without Cdc6, ORC cannot recruit or load interact with the Mcm2-7 complex
(see section 3.2.3 above). Finally, phosphorylation of ORC inhibits the complex’s ability to load
Mcm2-7 helicases, at least in part due to inhibition of Mcm2-7/Cdt1 recruitment (Chen and Bell,
2011, Fernandez-Cid et al., 2013; Frigola et al., 2013). Although robust re-replication occurs
only when all three mechanisms are eliminated (Nguyen et al., 2001), eliminating even a single
mechanism is detrimental. A few specific origins are able to re-initiate when only a subset of
these mechanism are bypassed (Green and Li, 2005) and defects in long term health over many
generations or within a population is observed when even a single control is bypassed (Diffley,
2010). Thus, although it was initially thought that these mechanisms were redundant, it is now
clear that all these mechanism are important for ensuring re-initiation does not occur at
hundreds of different origins over the long term.

To make this S-CDK-based system work properly, at no time can helicase loading and
helicase activation ever be active simultaneously. Thus, Cdc6 degradation actually starts in late
G1, activated initially by the G1-CDKS and maintained by the S-CDKs (Drury et al., 2000).
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Because the G1-CDKs cannot activate loaded helicases, there is a period where neither origin
licensing nor helicase activation can occur (Drury et al., 2000; Labib et al., 1999). Similar
mechanisms are in place at the end of mitosis into the next G1. Degradation of the Dbf4 subunit
of DDK (an essential kinase of helicase activation) occurs prior to the decreasing the levels of
CDKs in the cell (Donaldson, 2000; Oshiro et al., 1999; Shirayama et al., 1999). In addition, all
helicases loaded during the previous G1 are removed during S phase, as activated helicases
are actively unloaded at replication termination, or are released from the DNA when a
replication fork passes through where they are loaded (Santocanale and Diffley, 1996). These
gaps where neither origin licensing nor helicase activation can occur are critical to insulate the
cell from a situation where intermediate S-CDK activity leads to simultaneous helicase loading

and activation.

6. Summary of thesis work

In Chapter 2, | will discuss my work dissecting the role of origin DNA in loading of the
Mcm2-7 helicase. Although the site of ORC DNA binding has been defined to the ORC-ACS by
DNase footprinting, gel shift assays and genome-wide immunoprecipitation experiments (Bell
and Stillman, 1992; Belsky et al., 2015; Eaton et al., 2010; Xu et al., 2006), the location of initial
Mcm2-7 loading remains unclear. Structural studies suggest Mcm2-7 binds adjacent to ORC. A
particular sequence within origin DNA, the B2 element, has been hypothesized as the site of
initial Mcm2-7. However, direct binding of the Mcm2-7 complex to B2 has never been reported.

To gain additional insights into the initial location of Mcm2-7 helicase loading, we
assessed the impact of protein-DNA adducts at different sites along the origin DNA on Mcm2-7
loading. We found that many locations interfered with ORC binding (and thus subsequent
Mcm2-7 association), but only one location interfered with Mcm2-7 loading alone. Interestingly,
the adducts affecting ORC spanned a region much larger than anticipated by structural
evidence. Creating origin DNA templates with biockages on either side of the ACS showed a
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strikingly different pattern. With adducts placed both upstream and downstream of the ACS,
blockages in the B2 element region to have defects in Mcm2-7 loading, but not ORC binding.
Interestingly, this defect was dependent on the B2 element sequence, a dependence not
observed without protein adducts. These data suggest helicase loading is a more dynamic

process for Mcm2-7 helicase loading by ORC then structural evidence suggests.
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Chapter ll:

Restricting access to ARS7 origin DNA reveals
helicase loading dynamics and a role for the B2
sequence element in Mcm2-7 helicase loading

Experiments contained in this chapter were performed by Megan Warner, with the exception of
Figure 16, which was performed by Sukhyun Kang. The M.Hpall expression construct was a
generous gift from NEB and J. Walter and the TALE expression construct was a generous gift

from J. Gelles.
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Introduction:

In eukaryotic organisms, DNA replication initiates from multiple locations termed origins
of replication to ensure the entire genome replicates in a timely manner. These sites are
selected during origin licensing, a process that loads the core enzyme of the eukaryotic
replicative DNA helicase, the Mcm2-7 complex, at each origin of replication. In S. cerevisiae,
three different proteins — the origin recognition complex (ORC), Cdc6, and Cdt1 — coordinate the
licensing process. ORC recognizes the origin DNA directly. Cdc6 and Cdt1 coordinate with ORC
and Mcm2-7 to sequentially load two Mcm2-7 hexamers. The end result is an inactive Mcm2-7
head-to-head double hexamer at origins of replication. Although topologically linked to the
dsDNA and able passively slide, active DNA unwinding does not occur until entry into S phase.
Never-the-less, the loaded Mcm2-7 double hexamers serve as the first marker of bidirectional
initiation as they are poised to leave the origin in opposite directions (reviewed in (Bell and
Labib, 2016)).

In S. cerevisiae cells, origins of replication are defined by a combination of specific
sequences and local chromatin. All potential S. cerevisiae origins include an 11 bp match to the
ARS consensus sequence (ACS) (Broach et al., 1983). In addition to the ACS, studied origins in
S. cerevisiae also have AT-rich B elements (B1, B2 and sometimes B3) that further facilitate
origin function in vivo (Marahrens and Stillman, 1992; Rao et al., 1994). Mutation of any of
individual B elements reduces origin function, but when all B elements are mutated
simultaneously, origin function is lost (Marahrens and Stillman, 1992). /n vivo, these origin
sequences reside within a nucleosome-free region (NFR) of ~125 bp that is flanked on either
side by regularly spaced nucleosomes (Berbenetz et al., 2010; Eaton et al., 2010). Moving
nucleosomes into the NFR negatively affects origin function and restoring accessibility restores
function (Azmi et al., 2017; Simpson, 1990).

Although the functions of the B1 and B3 elements are clear, the function of B2 remains

mysterious. Along with the ACS, the B1 element forms the bipartite ORC binding site found at
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each origin (Bell and Stillman, 1992; Rao and Stillman, 1995; Rowley et al., 1995). B3 is only
present at a subset of origins and serves as a binding site for Abf1 (Diffley and Stillman, 1988;
Eisenberg et al., 1988). When present, Abf1 binding helps to establish the NFR at origins
(Diffley and Stillman, 1988; Fox et al., 1993; Lipford and Bell, 2001). In contrast, many different
hypotheses exist for the role of the B2 element. B2 elements, although lacking clear sequence
conservation, have been found at all origins examined in detail. Despite differences in sequence
and even length, identified B2 elements can be swapped between origins and their function
preserved (Lin and Kowalski, 1997; Rao et al., 1994). Because of the AT-rich nature of B2, it
was originally hypothesized to function as an unwinding element (Huang and Kowalski, 1993).
However, helical stability does not correlate with B2 element function (Wilmes and Bell, 2002). It
has also been postulated to serve as a second ORC binding site or as a site of initial Mcm2-7
association (Frigola et al., 2013; Lipford and Bell, 2001; Wilmes and Bell, 2002; Zou and
Stillman, 2000).

The B2 element sequence is placed in a location within the NFR ideal for Mcm2-7
binding. The site of ORC-DNA binding includes the ACS and part of the B1 element as
determined by DNase footprinting, gel shift assays and genome-wide chromatin IP experiments
(Bell and Stillman, 1992; Belsky et al., 2015; Eaton et al., 2010; Rao and Stillman, 1995; Xu et
al., 2006). Recent structural studies strongly suggest Mcm2-7 binding occurs directly adjacent to
ORC binding. An early Mcm2-7 loading intermediate shows a complex of ORC and Cdc6
encircling DNA with an Mcm2-7/Cdt1 complex bound to ORC and encircling the adjacent DNA
(Sun et al,, 2013, 2014; Yuan et al., 2017). Although the orientation of this ORC-Cdc6-Cdt1-
Mcm2-7 (OCCM) complex is not known with respect to the sequence elements of the origin, it is
proposed that the Mcm2-7 complex would overlap and potentially bind to one or more B-
elements. Indeed, there would be sufficient room to place a Mcm2-7 double hexamer in the B
element region of the NFR while the double hexamer remains bound to ORC. Consistent with

this idea, chromatin immunoprecipitation (ChIP) experiments reveal that disruption of the B2
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element in vivo specifically inhibits Mcm2-7 but not ORC origin association (Lipford and Bell,
2001; Zou and Stillman, 2000). On the other hand, no role for B2 has been reported in in vitro
loading experiments and direct binding experiments have not localized Mcm2-7 to B2 at any
stage of the loading process.

The B2 element has also been proposed as a site for a second ORC binding event. /n
vitro helicase loading assays suggest that the two Mcm2-7 hexamers are loaded via the same
mechanism, and would thus likely require a second ORC binding site (Frigola et al., 2013). The
B2 element of ARS17 is a close (9/11) match to the ACS and sequences that retained similarity
to the ASC could substitute for B2 in vivo (Wilmes and Bell, 2002). However, despite their
sequence similarity, ACS-similar B2 substitutions did not bind ORC in vitro (Wilmes and Bell,
2002). ORC can bind the B2 element in ARS1, but cannot bind both the ACS and B2
simultaneously without the deletion of Orc6 (Bell and Stillman, 1992; Lee and Bell, 1997;
Wilmes and Bell, 2002). Thus, the role of the B2 element in the helicase loading process
remains mysterious.

To gain additional insights into helicase loading, we assessed how placement of protein-
DNA adducts at different sites along the origin DNA impact Mcm2-7 loading. We found that all
but one of our positioned adducts interfered with both Mcm2-7 loading and ORC-DNA binding.
Interestingly, the locations affecting ORC binding spanned a region larger than anticipated by
current structural evidence but consistent with ORC DNase | footprinting. Although single
protein blockages within the B elements did not affect helicase association or loading, creating
origin DNA templates with blockages on either side of the origin showed a strikingly different
pattern. Adding a second blockage upstream of the ACS simultaneously with one in the B2
element region caused severe defects in Mcm2-7 loading without altering ORC DNA binding.
Interestingly, the observed helicase loading onto the space-restricted origins was dependent on
the B2 element sequence, despite B2 element sequence mutations having little effect on

helicase loading when the origin was unmodified. Creating a restricted origin with nucleosomes
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rather than artificial protein blockages also yielded a B2-specific helicase loading defect. These
data indicate that Mcm2-7 helicase loading by ORC is a more dynamic process than current
structural evidence suggests and that the B2 sequence element becomes important when

space around the origin is restricted.

Results:

A protein adduct within origin DNA can disrupt helicase loading

Structural studies of the ORC-Cdc6-Cdt1-Mcm2-7 (OCCM) helicase-loading
intermediate reveal that ORC/Cdc6 and Mcm2-7/Cdt1 are bound to one another as interacting
ring structures encircling adjacent regions of double-stranded DNA at the origin (Sun et al.,
2013; Yuan et al., 2017). In this structure, ORC/Cdc6 encircles 24 bps of DNA. The ORC/Cdc6
ring sits adjacent to the Mcm2-7 ring, which suggests different regions of the origin DNA
contribute to ORC/Cdc6 DNA binding versus subsequent Mcm2-7/Cdt1 recruitment. Despite its
relatively high-resolution, the sequence of the associated DNA in the OCCM is not discernable.
Thus, although all evidence indicates that ORC/Cdc6 is bound to the ACS, where Mcm2-7/Cdt1
is located relative to ORC/Cdc6 within the asymmetric origin sequence is still unknown.

To investigate the location of Mcm2-7/Cdt1 relative to ORC during helicase loading, we
used protein-DNA adducts to interfere with protein binding. We chose this approach instead of
DNA mutations for two reasons: (1) previous studies have shown that loaded Mcm2-7 proteins
are able to slide on DNA, strongly suggesting that Mcm2-7 does not make sequence-specific
contacts with the DNA, (2) protein-adducts are known to prevent Mcmz2-7 from encircling DNA
(Duxin et al., 2014; Fu et al., 2011; Long et al., 2014). To create site-specific protein-DNA
adducts, we crosslinked the Hpall methyltransferase (M.Hpall) to DNA. M.Hpall can be
covalently cross-linked with high efficiency to a M.Hpall consensus motif (CCGG) that includes

a 5-fluoro-2’-deoxycytidine (5FdC) at an internal cytosine (Chen et al., 1991). Importantly,
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Figure 1:

A) Sequence 5’ to 3' of the T-rich ARS1 DNA strand showing the locations of SFdC-modified
M.Hpall consensus sequence placement. Important features of ARS1 are highlighted in red and
labeled. Grey boxes identify sequences that were modified to the CCGG M.Hpall recognition
motif. DNA residues in blue represent the exact location of the 5FdC to which the M.Hpall
becomes crosslinked. The number assigned to that location is written below each box.

B) M.Hpall binding is quantitative. M.Hpall or MBP-M.Hpall was incubated with DNA containing
a 5FdC-modified M.Hpall recognition sequence and resulting template run on a 1.5% agarose
gel containing ethidium bromide. All detectable DNA template exhibits a shift when incubated
with either M.Hpall or MBP-M.Hpall, suggesting quantitative levels of DNA-protein crosslinking,
as has been previously reported (Duxin et al., 2014, Long et al., 2014)

C) TALE protein binding is sequence-specific. DNA containing or lacking a TALE binding motif
were incubated with purified TALE protein for 15 minutes, followed by a high salt wash. TALE
binding was only observed when the binding motif (TAL-seq) was included.

D) TALE binding prevents sliding of Mcm2-7 off the free end of the DNA template. The location
of TALE is shown by the black cylinder. Substantially more helicases remain on the DNA when
TALE is bound to the end of the template even at the end of the 30 min loading reaction (per-
formed at 300mM potassium glutamate). These Mcm2-7 complexes are retained over a 60
minute incubation in high salt in the presence of TALE. Without the TALE protein, Mcm2-7 signal
was steadily lost. This is consistent with previous reports (Evrin et al, 2009, Remus et al., 2009).
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crosslinking the 45 kDa M.Hpall to the translocated ssDNA has previously been shown to stop a
moving replication fork (Duxin et al., 2014; Long et al., 2014), presumably by preventing Mcm2-
7 helicase from encircling the modified DNA. Thus, the attachment of M.Hpall to double-
stranded DNA should inhibit the central channel of Mcm2-7 or ORC/Cdc6 from encircling the
M.Hpall modified DNA (Li et al., 2015; Yuan et al., 2017).

We initially crosslinked M.Hpall to 12 different sites within the ARS7 origin of replication
(Figure 1A and Figure 2A). In each case, we substituted the 5FdC-modified M.Hpall consensus
sequence for a four base pair sequence in the origin (Figure 1A). Crosslinking with M.Hpall was
highly efficient, yielding quantitative shifts by agarose gel (Figure 1B). In all our experiments, the
0 position is the first base pair of the T-rich strand of the ACS. Positive numbers indicate adduct
locations in the B element region (downstream of the ACS), while negative numbers indicate
adducts on the other side (upstream of the ACS) (Figure 1A, Figure 2A). The OCCM structure
suggests that Mcm2-7 encircles the DNA adjacent to ORC. Previous studies on the Mcm2-7
inactive double hexamer show that each Mcm2-7 should cover around 30 bps (Li et al., 2015;
Sun et al., 2014). Thus, our initial modification sites spanned the region 30 bp on either side of
asymmetric ORC binding site (the ACS and B1 motifs). We did not modify sequences within the
most important residues in the ACS and B1 elements to avoid interfering with ORC binding and
origin function in the absence of added M.Hpall (Liachko et al., 2013; Marahrens and Stillman,
1992) (Figure 1A, Figure 2A). Because Mcm2-7 can slide off the end of linear DNA (Evrin et al.,
2009; Remus et al., 2009), we also introduced a binding site for an engineered sequence-
specific TALE (Transcription activator-like effector) protein at the non-bead-attached end of
each template (Figure 2A). TALE protein binding was dependent on the presence of the TALE
sequence motif and stable to the high-salt (500mM NaCl) extraction condition utilized to assess
the formation of a topologically linked Mcm2-7 complex (Donovan et al., 1997; Randell et al.,
2006) (Figure 1C). Importantly, addition of TALE to these templates inhibits sliding of the loaded

Mcm2-7 complex off the DNA (Figure 1D).
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Figure 2: Using M.Hpall modification of DNA templates to assess the helicase loading
process.

A)The M.Hpall consensus sequence was placed at 12 different locations on both sides of the
ACS in ARS1. Important origin sequences are diagramed. Possible M.Hpall crosslinking loca-
tions are shown as red stop signs. Each template in the experiments below contained only one
such modification. All templates contain a TALE protein bound to its consensus motif at the free
end of the template to prevent helicases from sliding off the linear end.

B) To eliminate effects due to differences in DNA bead preparation or from introduction of the

M.Hpall consensus sequence, relative changes between identical DNA templates either treated
or untreated with M.Hpall were compared and quantified.
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We tested each of the M.Hpall-crosslinked templates for helicase-loading in vitro (Evrin
et al.,, 2009; Kang et al., 2014; Remus et al., 2009). Origin-containing DNA templates attached
to magnetic beads were incubated with helicase-loading proteins, and the formation of stable,
topologically linked Mcm2-7 complexes were assessed by high-salt extraction (Donovan et al.,
1997; Randell et al., 2006). To ensure that any defects observed were due to the presence of a
M.Hpall protein adduct and not insertion of the M.Hpall target sequence alone, we compared
the extent of Mcm2-7 helicase loading with and without M.Hpall-crosslinking to the same DNA-
bead preparation (Figure 2B, Figure 3). In each case, we report the ratio of helicase loading with
and without M.Hpall modification (Figure 2B, Figure 3B). Mutations in the ACS and B2
sequence elements (A-B2-) eliminated detectable helicase loading, confirming that our assays
were fully dependent on a functional origin sequence (Figure 3A compare lanes 1 and 3).
Addition of the M.Hpall protein to DNA without a C(5FdC)GG motif had no effect on helicase
loading (Figure 3A, compare lanes 1 and 2).

Formation of stable, topologically linked Mcm2-7 complexes was defective when M.Hpall
adducts were placed between -15 and +38 bp relative to the first base of the ACS (Figure 3A
and Figure 3B). The strongest M.Hpall-adduct inhibition was observed for the +14, +23 and +31
templates (Figure 3A, lanes 17-18, 21-24, quantified in Figure 3B), which are located in and
around the ACS and B1 element of ARS1 (inset diagram in Figure 3A). Approximately two-fold
defects were observed for the +38, -5 and -10 protein adducts (Figure 3A, lanes 13-16, 25-26,
quantified in Figure 3B) and a weak, but reproducible defect was observed when the M.Hpall
adduct was placed at -15 (Figure 3A lanes 11-12, quantified in Figure 3B). Protein adducts
located outside of the -15 and +38 bp region showed no defects. Doubling the size of the
protein adduct by fusing MBP to M.Hpall (M.Hpall = 45 kDa; M.Hpall-MBP fusion = 80 kDa),
crosslinked just as efficiently to DNA (Figure 1B) and did not expand the range of adducts that
inhibited helicase loading, arguing against the hypothesis that ORC/Cdc6 or Mcm2-7 can

accommodate the smaller M.Hpall within their central channels (Figure 4).
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Figure 3: M.Hpall modification at a subset of locations within the ARS1 origin sequence
negatively affect Mcm2-7 helicase loading.

A) Stable helicase loading was assessed on templates containing M.Hpall adducts. Templates
were either treated with M.Hpall (+) or untreated (-). The location of the 5FdC-modified M.Hpall
motif is noted above each pair of lanes. Prior to helicase loading, all DNA templates were treated
with a site-specific TALE protein, to retain loaded Mcm2-7 complexes. Templates were then incu-
bated with helicase loading proteins for 30 minutes and the formation of stable Mcm2-7 loaded
assessed by a high-salt wash. The stably associated proteins were released from the DNA beads
with DNase and run on an SDS-PAGE gel, followed by fluorescent protein staining.

B) Comparative levels of Mcm2-7 loading across origins containing a 5FdC-modified M.Hpall
recognition motif at the indicated location. Amount of helicase loading is reported as a fraction of
loading when treated with M.Hpall relative to the level of loading on the same template without
treatment. Error bars are the standard deviation from the mean calculated from at least two inde-
pendent experiments.
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Figure 4
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Figure 4: Increasing the size of M.Hpall does not affect helicase loading.

ARS1 origin templates containing the M.Hpall recognition motif at the indicated
location were incubated with a MBP-M.Hpall (80 kDa), and a loading assay was
performed as described in Figure 2C.
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M.Hpall adducts near the ACS and B1 affect ORC binding

Since stable Mcm2-7 loading depends on the association of ORC and Cdc6 on the DNA
prior to Mcm2-7/Cdt1 binding (Evrin et al., 2009; Randell et al., 2006; Remus et al., 2009), we
sought to determine what step during origin licensing was inhibited by the different sites of
M.Hpall modification. We first asked whether the OCCM complex could form in the presence of
ATPYS (Randell et al., 2006). Unlike our observations after Mcm2-7 loading, no TALE-
dependent Mcm2-7 retention was observed in ATPyS (Figure 5), so the TALE protein was not
included in these assays (Figure 6A inset). Helicase loading was still dependent on a functional
ACS in the presence of ATPyS (Figure 6A, compare lanes 1 and 3, quantified in 6B). A very
similar subset of M.Hpall adducts affected OCCM formation. We observed nearly complete
elimination of OCCM formation when M.Hpall was placed at the +14 and +31 locations, strong
defects for the +23 and +38 adducts and a two-fold decrease at the -5 location (Figure 6A, lanes
11 to 20, quantified in 6B). Despite having a two-fold defect in helicase loading (Figure 3),
placing an adduct at -10 showed only a small defect in Mcm2-7 association in ATPyS. The
remaining adducts exhibited no defect.

Since ATPyS arrests helicase loading at the OCCM, these assays also monitored
defects in ORC association. At all locations displaying a helicase-recruitment defect (-10, -5,
+14, +23, +31 and +38), a corresponding decrease in ORC binding was also observed (Figure
6A, Lanes 11 to 20, compare ORC1 or ORC2 bands, quantified in Figure 6B). This observation
suggested that the loss of stable double-hexamer formation observed in ATP at these locations
(Figure 3) was caused by inhibition of ORC-DNA binding rather defects in Mcm2-7 recruitment
alone. To test this hypothesis, we measured ORC binding to M.Hpall-modified templates
directly using an electrophoretic-mobility-shift assay (EMSA) (Rao and Stillman, 1995).
Radiolabeled ARS7 DNA probes (~260bp) containing the same set of modified M.Hpall
consensus motif insertions were incubated with various amounts of ORC with or without prior

M.Hpall crosslinking. As with the previous experiments, we compared ORC-DNA binding with
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Figure 5
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Figure 5: No sliding of the ORC-Cdc6-Cdt1-Mcm2-7 (OCCM) complex is observed in
ATPyS.

An OCCM formation assay was performed on wildtype origin templates with and without a
TALE protein bound to the free end of the DNA.
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Figure 6
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Figure 6: M.Hpall modifications affect both ORC and Mcm2-7 association in ATPyS

A) Different M.Hpall-containing templates were assessed for their ability to form the OCCM com-
plex in the presence of ATPyS. Templates were either treated (+) or untreated (-) as indicated. The
location of the M.Hpall recognition sequence is noted above each pair of lanes. Templates were
incubated with helicase loading proteins for 30 minutes in the presence of ATPyS and the complex
washed with low salt to remove excess proteins. The associated proteins were released from the
DNA beads with DNAse and run on an SDS-PAGE gel, followed by fluorescent protein staining.

B) Comparative levels of Mcm2-7 and Orc2 association in ATPyYS across templates crosslinked to
M.Hpall at the indicated location. Amount of Mcm2-7 and Orc2 association are reported as a frac-
tion of association when treated with M.Hpall relative to the amount of association on the same
template without M.Hpall treatment. Error bars are the standard deviation from the mean calculat-
ed from at least two independent experiments.
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Figure 7
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Figure 7: M.Hpall modification at the -5 through +38 locations directly affects ORC bind-
ing by EMSA

(A-G) 260 bp ARS1 origin-containing dsDNA fragments were radiolabeled and incubated with
increasing amounts of unlabeled ORC protein. The resulting ORC-DNA complexes were run on
a non-denaturing PAGE gel. In cases where ORC bound to the DNA, a shift in the mobility rela-
tive to the radiolabeled DNA alone is observed. Where indicated, a 5FdC-modified M.Hpall
binding site and M.Hpall has been added. Results are summarized in (H)
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and without M.Hpall crosslinking for each DNA. As expected, mutation of the ACS (A-B2-)
resulted in complete inhibition of ORC binding (Figure 7A, left).

All of our modified templates were able to bind ORC when M.Hpall was absent,
confirming that inserting the M.Hpall recognition motifs at their respective locations did not
affect ORC binding in the absence of crosslinked M.Hpall. In contrast, M.Hpall placement at the
-10, -5, +14, +23, +31 and +38 positions affected ORC DNA binding (Figure 7A-G, summarized
in Figure 7H). ORC binding was almost entirely abolished with the +14, +31, and -5 adducts.
Although some ORC binding was observed with the +23 and +38 adducts, close examination
suggests the binding observed is to residual DNA template without M.Hpall modification (Figure
7D). A slight defect in ORC binding was also observed at the -10 location (Figure 7G). Although
the ORC binding defects appear more severe in the EMSA assay (likely due to the addition of
competitor DNA), the EMSA experiments identify largely the same subset of adducts as the
ATPYS and ATP experiments, suggesting that the major consequence of the M.Hpall

roadblocks that inhibit helicase loading is the inhibition of ORC binding to the origin.

DNA in the B element region is important for helicase loading when protein blockages are

placed surrounding the origin

The results of our M.Hpall crosslinking studies are not consistent with a model for
helicase loading in which ORC remains bound to the ACS as it sequentially recruits two Mcm2-7
complexes to encircle the adjacent ~60 bp of DNA. If this model were correct, regardless of
which side the Mcm2-7 proteins binds, several of the tested M.Hpall adducts should inhibit
Mcm2-7 loading without affecting ORC-DNA binding. Instead, we identified an ~50 bp region
where M.Hpall adducts inhibit ORC-DNA binding, and a 10 bp region between -10 and -20 that
does not affect ORC-DNA binding, but shows small defects in Mcm2-7 helicase loading. To
align our data with the OCCM structure, we hypothesized that at least one intermediate complex

formed during helicase loading could slide along dsDNA after initial sequence-specific ORC-
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Figure 8
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Figure 8: Using two protein blockages to assess the impact of sliding during the helicase
loading process

A) Templates were constructed to contain both a TALE-binding sequence on one side of the ACS
and a cross-linked M.Hpall on the other side. As before, possible locations for placement of the
M.Hpall consensus motif are shown as red stop signs. Possible locations for TALE protein binding
are marked by a black TALE cylinder. Each template in the experiments below contained one
TALE-binding motif and one M.Hpall consensus sequence.

B) Schematic for reactions performed in (C). Different M.Hpall/TALE binding templates were
assessed for their ability to stably load Mcm2-7. All templates were treated with M.Hpall and then
either treated (+) or not treated (-) with TALE protein as indicated above each lane. The location
of the 5FdC-modified M.Hpall recognition motif (M.Hpall-seq) and the location of the TALE-bind-
ing sequence (TALE-seq) are noted.
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Figure 9
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Figure 9: Placing blockages on both sides of the ACS has different effects on helicase
loading than the individual blocks alone.

Protein-modified templates were incubated with helicase loading proteins for 30 minutes and the
formation of stable Mcm2-7 loading assessed by a high-salt wash. The stably bound proteins
were released from the DNA beads with DNAse and run on an SDS-PAGE gel, followed by
fluorescent protein staining. Paired lanes can be compared.
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DNA binding. If this is the case, a single protein adduct would only have an effect if it inhibited
initial ORC DNA binding, because the intermediate could slide to free up the space necessary to
load an Mcm2-7 helicase. However, placement of two barriers flanking the origin could restrict
this movement, potentially changing the impact of the M.Hpall adducts.

To create these double-barrier templates, we added the TALE binding sequence (used
at the free end of our DNA templates in previous assays) at positions -25, -35 and -45 relative to
the ACS for several of the M.Hpall-modified templates (Figure 8A, Figure9, and Figure 10).
importantly, the crosslinked M.Hpall complexes can stop an Mcm2-7 complex from sliding off
the free end of the DNA template (Figure 11), as was observed with the TALE complex (Figure
1D). Having two orthogonal protein-DNA adducts allowed us to test whether having a TALE
blockage upstream of the ACS changed the effect of a M.Hpall adduct placed downstream of
the ACS (Figure 8B and Figure 9). Importantly, all the positions of both the TALE binding sites
and the M.Hpall adducts tested together were located outside of DNA regions identified as
important for ORC binding and helicase loading with individual blocks (Figures 2-7).

Although none of the M.Hpall or TALE placement positions alter helicase loading or
ORC binding individually in this subset of adduct locations (Figure 3 and Figure 9), when both
the M.Hpall and TALE adducts were present simultaneously, we observed strong defects. With
M.Hpall crosslinked at +47, +58 or +67, TALE binding to any of the three locations tested (-25, -
35 or -45) inhibited helicase loading (Figure 9). These defects were not due to inhibition of initial
ORC-DNA binding or Mcm2-7/Cdt1 association, because OCCM formation was observed in the
presence of ATPyS (Figure 12). Increasing the spacing between the two roadblocks attenuated
these defects. Moving the M.Hpall adduct to the +79 location or the end of the DNA template
(~+280) showed no inhibition of helicase loading when the TALE protein bound at any location

(Figure 9, compare lanes 15-16 and 17-18 for example).
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Figure 10

... TTTGATTCCATTGCGGTGAAATGGTAAAAGTCAACCCCCTGCGATGTAT

ATTTTCCTGTACAATCAATCAAAAAGC&AAATGAITTAGCATTATCTTTAC
-45 -35 -25

ATCTTGTTATTTTACAGATTTTATGTTTAGATCTTTTATGCTTGCTTTTCA
ACS B1

AAAGGCCTGCAGGCAAGTGCACANACAATACTTAAATIAAATACTAC CAGT
+47 +58 B2 +67 +79

AATAACCTATTTCTTAGCATTTTTGACGAAATTTGCTATTTTG. ..
B3

= = GACGTCTGAACTTGACTATATCTTATA

Figure 10: Location of the TALE consensus sequence insertions used for Figure 9

The sequence 5' to 3’ of the T-rich strand of ARS1 is shown. Key sequence features of the origin
are highlighted in red and labeled underneath. Locations that were changed to the M.Hpall
sequence motif are boxed in grey. Locations where the TALE-binding sequence was inserted are
shown by blue lines. The TALE-binding sequence is shown.
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Figure 11
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Figure 11: M.Hpall can block Mcm2-7 sliding off DNA ends

Helicase loading assays were performed in the presence of TALE protein binding with and with-
out M.Hpall. The M.Hpall recognition sequence was placed at the end of the template. Similar to
what is observed in Figure 1D, Mcm2-7 signal is retained when M.Hpall is placed at the end of

the template.
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Figure 12
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Figure 12: Placing two blockages around the origin does not affect OCCM formation in
ATPyS.

Preliminary helicase loading results using a TALE placed at the -25 location and M.Hpall placed
any of the possible locations tested show no defect in OCCM formation. These results are
consistent with all roadblocks being outside the ORC binding region previously identified
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The B2 Element of ARS1 is important for stable helicase loading when the origin is bounded by

proteins.

Although it was possible that a minimum distance between the two roadblocks was
required for helicase loading, examination of the distance between the two blocks showed that
this was not the sole determinant. The -25/+79, -35/+67 and -45/+58 templates have blockages
spaced ~100 bp apart and include the ACS and B1 elements between the two adducts, yet only
one of these templates (-25/+79) successfully loads Mcm2-7. Interestingly, of these three
templates, only the -25/+79 combination included the B2 element of ARS 7 between the two
adducts. Although the B2 element plays a role in helicase loading in vivo (Lipford and Bell,
2001; Zou and Stillman, 2000), a role for B2 has not been reported in vitro.

To examine the B2 element in more detail, we first tested whether B2 contributed to
helicase loading under our assay conditions on DNA templates without M.Hpall adducts (Figure
13). These templates contained a TALE-consensus sequence at the end of the template, and
TALE protein was added to prevent sliding (Figure 13A). Although a mutation in the ACS
showed a severe defect in Mcm2-7 loading (Figure 13B, compare lanes 1 and 3, quantified in
Figure 13C), mutation of the B2 element showed only a minor ~10% decrease in helicase
loading (Figure 13B, compare lanes 1 and 4, quantified in C). It has previously been reported
that the B2 element can act as an ORC binding site under certain conditions (Bell and Stillman,
1992; Lee and Bell, 1997; Wilmes and Bell, 2002). However, simultaneous mutation of the ACS
and B2 elements was not significantly different from mutation of the ACS alone in our assays
(Figure 13B, compare lanes 2 and 3, quantified in Figure 13C). Thus, under the conditions used
for helicase loading in this study, the B2 element does significantly contribute to Mcm2-7 loading
in unmodified templates.

Despite the minor effect of B2 mutations on unmodified DNA templates, the apparent
connection between exclusion of the B2 element and loss of helicase loading in our double-

blocked templates led us to ask if B2 was important when sliding of helicase loading
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Figure 13

A. WT AGAETEEASGTTTAGATC. . .
A-B2- : %

A- CTCGAG ..

B2- AGATTS A@GTTTAGATC. ..

ACS

WT or A-
W RS  ACS

B. C.; 15
o
WT A-B2- A- B2- <|2
=
| I S| & 1.01
Mema SZPE = %
MCM2 simm s y . c
Mcm4/Mcm7,T/c-:\LE' —— ~ 50.5-
o N
Mem5d wo < S
=l 0.0
1 2 3 4 ! L , L
& PAZI

Lol
ARS1 Mutation

Figure 13: The B2 element has only a very minor defect in helicase loading without block-
ages.

A) Sequence alignment of the T rich strand of origin DNA. WT and mutant origin templates used
in this study are shown. The ACS and B2 elements are highlighted in red and mutated residues
are highlighted in grey.

B) Representative assay showing the amount of helicase loading following a high salt wash using
various origin mutant templates.

C) Quantification of the relative amount of helicase loading. The wildtype level of loading has
been set to 1 and the amount of loading in the other templates is the ratio over wildtype.
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intermediates was restricted. To test this hypothesis, we mutated the B2 element in the
presence of the +79 M.Hpall modification and assessed whether TALE binding at any of the
three locations tested previously influenced helicase loading (Figure 14A). Strikingly, although
little to no defect in stable Mcm2-7 loading was observed when the B2 element was present,
mutation of the B2 element completely inhibited helicase loading in the -25/+79 and -35/+79
double-blocked templates (Figure 14B, lanes 1-8). Consistent with our sliding hypothesis,

the -45/+79 template showed an approximately 50% reduction in stable helicase loading in the
presence of both blockages (Figure 14B, lanes 9-12).

The observed dependence on B2 requires both adducts. In the absence of TALE
addition, the M.Hpall-bound +79 showed strong helicase loading (Figure 14B, lane 1 and lane 3
for example). However, once TALE is added, there is a striking defect when B2 is mutated,
which is absent when B2 is wildtype (Figure 14B, compare lanes 2 and 4 for example). The B2-
dependent defects also required placement of the two adducts close to the origin. A TALE-
bound template where the M.Hpall was crosslinked at the end of the template (~250 bps from
the origin sequence) also showed no B2-dependent defect (Figure 14B, lanes 13-16 and data
not shown). Although the B2 element can act as a secondary ORC binding site (Bell and
Stillman, 1992; Lee and Bell, 1997; Wilmes and Bell, 2002), initial association of ORC and
Mcm2-7 in ATPyS was unaffected by the mutation of the B2 element even with protein
roadblocks (Figure 15), suggesting that the B2-dependent defect we observed occurs

downstream of initial Mcm2-7 recruitment.

The B2 element is important for helicase loading in the context of nucleosomes.

Although our artificial roadblocks are not present in vivo, origins of replication are
consistently found within nucleosome-free regions (NFRs) flanked by positioned nucleosomes
(Berbenetz et al., 2010; Eaton et al., 2010). We hypothesized that these flanking nucleosomes

could restrict DNA access in a similar manner to the artificial roadblocks we tested. To test this
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Figure 14
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Figure 14: The B2 element is important for Mcm2-7 helicase loading when space around
the origin is restricted

A) Templates constructed to contain both a TALE-binding sequence upstream of the ACS and a
cross-linked M.Hpall at the +79 location were modified to mutate the conserved B2 element. Pos-
sible locations for placement of the TALE protein are marked by black TALE cylinders. Each tem-
plate in the experiments below contained one TALE-binding motif and one M.Hpall consensus
sequence at the +79 location or at the end of the template (~ +250 bp).

B) Different TALE-binding templates were assessed for their ability to stably load Mcm2-7 when
a modified M.Hpall consensus motif was placed at the +79 location or at the end of the templateto
block sliding). The B2 element of ARS7 was mutated or wild-type as indicated. Templates were
treated with M.Hpall or TALE protein as indicated above each lane. The location of the
5FdC-modified M.Hpall recognition motif (M.Hpall-seq) and the location of the TALE-binding
sequence (TALE-seq) are noted above each pair of lanes. Protein-modified templates were incu-
bated with helicase loading proteins for 30 minutes and the formation of stable Mcm2-7 loading
assessed by a high-salt wash. The stably bound proteins were released from the DNA beads with
DNAse and run on an SDS-PAGE gel, followed by fluorescent protein staining.
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Figure 15
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Figure 15: The B2 element is not important for OCCM formation even when space around
the origin is restricted

OCCM formation assays were performed on a subset of templates used in (B). Although clear

defects in OCCM formation were observed when the ACS was mutated, no detectable changes
in OCCM formation were observed in either WT or B2- double-modified templates.
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hypothesis, we assembled chromatinized plasmids using a previously established method
(Eaton et al., 2010) and looked at helicase loading on plasmids with the ACS or B2 element
mutated or wild-type. These experiments utilized a yeast extract-based helicase loading assay
(Eaton et al., 2010; Seki and Diffley, 2000). In this assay, yeast are arrested in G1, lysed, and
the extract (containing all proteins necessary for helicase loading) is incubated with an origin-
containing DNA template. Because helicase loading was assessed on plasmids unattached to
beads, high-salt extraction was not feasible. However, the amount of Mcm2-7 helicase observed
after a low-salt extraction with 300mM potassium glutamate (KGlut extraction) and after a high-
salt extraction with 500mM sodium chloride (NaCl extraction) was the same under the
conditions used, suggesting that in our reactions, the majority of Mcm2-7 forms a salt-stable
complex (Figure 16A). DNA containing mutations in the ACS, the B2 element or both were
either chromatinized or left untreated, then incubated in G1 extract to load proteins. Extract-
treated plasmids were isolated by gel filtration and associated proteins released with MNase
(Figure 16B).

Although the B2 element had only a minor effect on helicase loading on the naked ARS1
plasmids, a much stronger (~75%) helicase loading defect is observed in the context of
nucleosomes (Figure 16C, quantified in Figure 16D). As anticipated, mutating the ACS caused a
severe helicase loading defect on both chromatinized and naked templates (Figure 16C,
quantified in 16D). As observed in our double-blocked templates (Figure 15), no ORC binding
defect was observed for the WT and B2- templates in either naked or nucleosomal templates.
This observation further emphasizes that the B2 element is not important for stable ORC
binding (Figure 16C).

Nucleosome movement has been implicated previously to impact helicase loading (Azmi
et al., 2017; Lipford and Bell, 2QO1; Simpson, 1990). To ensure that nucleosome movement was
not the cause of the defects we observe with the B2- templates, nucleosome positioning was

determined for plasmids constructed via the method described in Figure 16B. Importantly, the
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Figure 16
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Figure 16: The B2 element is important when nucleosomes are placed around the origin.

A) Helicase loading assays were performed using G1 cellular extract. A 1 kb DNA template was
incubated in a G1 extract for 15 minutes. Templates were either subjected to a low stringency
wash (KGlut extraction) or a high stringency wash (NaCl extraction).

B) Reaction scheme for helicase loading assay in performed in (C). Nucleosomal templates were
assembled as previously described (Eaton et al., 2010). Helicase loading in a G1 extract was
performed for 15 minutes, then the plasmids isolated by gel filtration. Loaded Mcm2-7 helicase
was released from the plasmid with MNase, and helicase amount determined by western blot.

C) Immunoblot showing the amount of ORC and Mcm2-7 loading onto naked and chromatinized
plasmids.

D) Quantification of Mcm2-7 loading in (C). Error bars are the standard deviation of three indepen-
dent experiments

E) Nucleosome positioning data from in vitro assembled WT-ARS1 (red) and B2- ARS1 (blue)
templates.
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NFR region around the ACS was unchanged between the WT and B2- plasmids, suggesting
that changes in nucleosome positioning were not the cause of the helicase loading defects
observed (Figure 16E). Taken together, our findings suggest that the importance of the B2
sequence is dependent on restriction of the origin DNA accessibility, regardless of the

mechanism of restriction.

Discussion:

Based on structural studies, a detailed model for the process of eukaryotic helicase
loading has been created (Figure 17A). First, ORC binds to the 24-30 bp ORC-ACS. ORC then
recruits Cdc6 and the first Mcm2-7/Cdt1 heptamer to origin DNA to form the OCCM. A second
Mcm2-7 hexamer is then loaded, directly adjacent to the previous hexamer, in a process that
utilizes an additional Cdc6, Mcm2-7/Cdt1, and possibly another ORC molecule. In this model,
the first ORC molecule remains bound to the ORC-ACS throughout the entire process. The two
Mcm2-7 hexamers bind directly adjacent to ORC, encircling a contiguous DNA strand, and are
expected to encircle approximately 60 bps of DNA. Although structural data does not tell us
whether the Mcm2-7 double hexamer loads upstream or downstream of the ACS, because of
the ACS is close to the upstream nucleosome within the NFR (Chapter |, Figure 5), Mcm2-7
association is hypothesized to occur within the B elements.

There are two aspects of this model that are contradicted by our data. First, we identify
an ~50 bp region that effects ORC’s ability to bind to origin DNA, rather than the 24 bps
predicted by structural data (Yuan et al., 2017). The region we identify is consistent with both
ORC DNAse footprinting and ORC-DNA cross-linking experiments (Bell and Stillman, 1992; Lee
and Bell, 1997; Rowley et al., 1995). This distinction could be explained by ORC adopting a
different configuration on origin DNA in the absence of Cdc6 or Mcm2-7/Cdt1 binding.
Consistent with this hypothesis, crosslinking studies of ORC place Orc2, Orc4, Orc5, and Orc6

near or past the B1 element of ARS7 (Lee and Bell, 1997). Alternatively, regions of ORC not
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Figure 17
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Figure 17: Sliding Model for Helicase Loading

Models for helicase loading based solely on
structural data (A) or a model that allows sliding
(B). Black arrows show locations where
protein-DNA adducts should not have defects.
Red stars mark locations where protein-DNA
adducts should interfere with the loading process. In both instances, ORC recognizes the
ORC-ACS. In (A) it never moves from this location. In (B), a helicase loading intermediate slides to
allow loading of a double-hexamer. In (A), placing protein-DNA adducts within the 60 bp where
Mcm2-7 binds should cause helicase loading defects. In (B), only regions that effect ORC binding
would be expected to show defects in downstream steps.

QOOROINR:
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observed in the structural studies may bind to or occupy space in the vicinity of the extra ~25 bp
of DNA. Placement of large protein adducts on DNA adjacent to ORC may sterically clash with
regions of ORC that are not observed in ORC-DNA structures. Likely candidates include
portions of Orc6 and Orc2 that are unstructured or missing from recent structural studies
(Bleichert et al., 2015; Tocilj et al., 2017; Yuan et al., 2017). Regardiess of the mechanism,
although the locations of our DNA-protein adducts do not eliminate specific sequences required
for ORC binding, they clearly destabilize sequence-specific ORC binding.

Second, we did not observe individual adducts that specifically hinder Mcm2-7 binding
but not ORC binding, as would be predicted in the structural model (Figure 17A). If ORC
remains bound to the ORC-ACS throughout loading, we would expect to observe a 60 bp region
on one side of the ORC binding site that must be adduct-free to allow the sequential loading of
two Mcm2-7 complexes. Adducts within this 60 bp window would be expected to specifically
inhibit Mcm2-7 association but not ORC binding. Curiously, we only find a single adduct location
(-15) that reduces Mcm2-7 loading but has no effect on ORC binding. M.Hpall crosslinking at
this location showed only a mild defect in stable Mcm2-7 double hexamer formation (around
20%), and this mutation is not in the B element region. Since increasing the size of the protein
adduct didn’t change the pattern of defects (Figure 4), it is unlikely that Mcm2-7 complexes can
enclose the protein-DNA adduct within its central channel.

To explain our data, we propose that a helicase-loading intermediate can slide after
initial origin-DNA binding (Figure 17B). In this sliding model, ORC still initially binds to the ORC-
ACS, although parts of it extend to interact with an additional 25 bps in the B region. We
propose that ORC undergoes a structural change to accommodate loading of the first Mcm2-7
complex on adjacent dsDNA, forming the OCCM complex that covers an estimated 55 bps
(Yuan et al., 2017). To allow loading of the second hexamer and not observe defects when
adducts are placed adjacent to this 50 bp region (such as those at the +47, +58 and +67

locations), we propose that an intermediate after OCCM formation slides away from the ORC-
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ACS. This sliding could provide the minimum 30 bps of accessible DNA needed for loading the
second Mcm2-7 complex. Importantly, this model maintains the protein-protein contacts
observed in structural and biochemical studies, but allows the flexibility to accommodate
protein-DNA adducts within 60 bp of the ORC binding site. My studies demonstrate that the
OCCM complex formed in ATPyS cannot slide (Figure 5), suggesting the mobile intermediate
would occur at some point after this step. However, a complex containing these same
components may be able to slide following ATP hydrolysis.

Placement of multiple protein adducts, one upstream and one downstream of the ACS,
support our sliding hypothesis. Adding an additional adduct upstream of the ACS in addition to
adducts in the B element region can test helicase loading when sliding is restricted. We would
expect that when both adducts are present simultaneously, additional locations in the B element
region would affect Mcm2-7 binding independent of ORC. Indeed, we observe a region around
B2 where adducts have a defect in stable Mcm2-7 double hexamer formation but not ORC
binding or OCCM formation, roughly 30 bps in size (Figure 9, Figure 12).

Although the different results we get when two blockages are placed around the ACS
supports our sliding hypothesis, it also demonstrated that adequate space alone was insufficient
for stable helicase loading. Under conditions where a minimum amount of space for double
hexamer formation is allowed, we observed a very strong requirement for the B2 sequence
during helicase loading. The dependence on B2 only occurred in the presence of two
blockages, one upstream and one downstream of the ACS. Identical mutations in the B2
element on unmodified templates or in the presence of a single adduct had little to no effect on
helicase loading in vitro. Restricting origin DNA accessibility with nucleosomes rather than
artificial protein blockages yielded similar B2-specific helicase-loading defects.

Two hypotheses have been put forward for the role of the B2 element in helicase
loading. It could be a second ORC binding site or an Mcm2-7 binding site. Further investigation

is necessary to determine which of these two models is correct (discussed in more detail in
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Chapter 3). Why is the B2 element only required when sliding is prevented? Again, this can be
explained by sliding of a helicase-loading intermediate. Such a sliding intermediate could
explore the remainder of the 1 kb DNA template until it finds an accessible B2-like element

elsewhere to allow completion of loading.

Methods:

Purification of M.Hpall and MBP-M.Hpall:

A plasmid carrying the M.Hpall expression construct (pM15MH or pM15MH-MBP) was
transformed into BL21-DE3. After 1 hour rescue in SOC, the entire aliquot of cells was
transferred to 100mL of LB containing 35pug/mL chloramphenicol (CAM) and 100ug/mL
ampicillin (AMP) and grown overnight. The resulting cells were transferred to 1L of LB with
35ug/mL CAM and 100ug/mL AMP to an O.D. of 0.7-0.8 and expression of M.Hpall was
induced by the addition of (CONC) IPTG for 2.5 hours at 37°C. Cells were harvested at
5000RPM for 5 min at 4°C by centrifugation, the resulting packed cells resuspended in 25mL of
M.Hpall Loading Buffer (20mM TRIS-CI pH 8.5, 500mM KCI, 10% glycerol, 10mM Imidizole)
with protease inhibitors (Roche) and snap-frozen in liquid nitrogen and stored at -80°C until
ready to proceed.

Cells were thawed at room temperature for 20 minutes. Loading buffer containing
protease inhibitors (Roche) was added to bring the volume up to 50mL. Lyzozyme was added to
a final concentration of 100ug/mL and the mixture was incubated at 4°C for 30minutes while
rotating. The mixture was then sonicated on ice at 35% for 2min (5sec on, 5sec off) and the
resultant mixture spun at 40,000rpm for 35 minutes. The resulting supernatant was loaded onto
a 2mL Ni-NTA resin column pre-equilibrated with M.Hpall loading buffer. The mixture was
incubated for 2 hours, washed with 2 column volumes of M.Hpall wash buffer (20mM TRIS-CI
pH 8.5, 500mM KCI, 10% Glycerol, 30mM Imidizole) then eluted with 4x1mL fractions in

M.Hpall elution buffer (20mM TRIS-CI pH 8.5, 100mM KCI, 10% Glycerol, 1mM DTT) with
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500mM Imidizole. Peak fractions were pooled, concentrated to 1mL and the resulting protein put
over a Superdex 75 size exclusion column equilibrated with M.Hpall elution buffer. Peak

fractions were assayed with Bradford, and the protein concentrated and exchanged into M.Hpall
elution buffer containing 30% Glycerol. Protein was flash frozen in liquid nitrogen and stored at -

80°C until used.

Purification of Helicase loading proteins:

ORC, Mcm2-7/Cdt1 and Cdc6 were purified as previously described (Kang et al, 2014).

Purification of TALE:

A plasmid carrying the TALE expression construct (p204) transformed into Rosetta Il cells. After
1 hour rescue in SOC, the entire aliquot of cells was transferred to 50mL of LB containing
35ug/mL chloramphenicol (CAM) and 100ug/mL ampicillin (AMP) and grown overnight. The
resulting cells were transferred to 1L of LB with 35ug/mL CAM and 100ug/mL AMP to an O.D.
of ~0.6 and expression of TALE was induced by the addition of 500uL of 1M IPTG (final) for 3
hours at 37°C. Cells were harvested and resuspended in 25mL of TALE lysis buffer (50mM Tris-
HCI, 500mM NaCl, 10mM Imidazole, 10% Glycerol, 0.5mM TCEP, EDTA free protease
inhibitors (Roche)), snap frozen in liquid nitrogen and stored at -80°C until ready to proceed.
Frozen cells were thawed at room temperature for ~1 hour. TALE Lysis buffer was
added to bring the volume up to 50mL. Lyzozyme was added to a final concentration of
100pg/mL and the mixture was incubated at 4°C for 30minutes while rotating. The resultant
mixture was then sonicated on ice at 35% for 2min (5sec on, 5sec off) and the resultant mixture
spun at 40,000rpm for 35 minutes. The resulting supernatant was loaded onto a 1mL packed
volume Ni-NTA resin column prequilibrated with Buffer A (50mM Tris-HCI pH 7.5, 500mM NaCl,
10% Glycerol, 10mM Imidazole, 0.5mM TCEP). The mixture was incubated for 1 hour, washed

2 x 3mL with buffer A, then eluted with 4 x 1mL fractions with Buffer B (50mM Tris-HCI pH7.5,
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500mM NaCl, 10% Glycerol, 500mM Imidazole, 0.5mM TCEP). Peak fractions were pooled,
concentrated to 1mL and the resulting protein put over a Superdex 75 size exclusion column
equilibrated with Buffer A lacking imidazole. Peak fractions were assayed with Bradford, and the
protein concentrated and the protein diluted 1:1 with storage buffer (80% glycerol, 6mM NaCl,
50mM Tris-HCI pH7.5, 0.5mM TCEP). Protein was flash frozen in liquid nitrogen and stored at -

80°C.

Construction of M.Hpall-modified DNA:

Oligonucleotides were designed to introduce the M.Hpall consensus motif (CCGG) at
different locations across the ARS1 origin sequence. Oligonuclotides containing a 5FdC-
modified M.Hpall consensus motif (CCGG) and 15-20bp of complementary DNA sequence
were synthesized (Biosynthesis) and subsequently used to PCR dsDNA containing part of the
ARS1 sequence at one end and a biotin on the other resulting in a ~700bp (Large) fragment. A
reverse-complementary oligonucleotide to the 5FdC oligo containing the CCGG motif but
lacking the 5FAC modification was used to PCR the remaining regions of the origin, creating a
partial origin-containing 250bp (small) dsDNA fragment. The small fragment also contained the
TALE-binding sequence. The two fragments contained an overlapping region of around 30bps.

Large and small origin-fragment DNA was subjected to T4 DNA polymerase in buffer
lacking dNTPs for 30min (Large) or 20min (Small) to resect the 3’ ends of the PCR fragments.
The resulting 5° overhangs were phosphorylated with T4 PNK, the large and small fragments
mixed in a 1:5 molar ratio and incubated for 10minutes at 80°C to ensure single-stranded
regions were accessible, then slow cooled to room temperature to allow annealing of the
complementary 3’ regions. The annealed templated were then incubated with T4 DNA
polymerase and T4 DNA ligase in buffer containing dNTPs and ATP for 2 hours at 16°C. Full
length (950bp) ARS 7 DNA formation was assayed on a 1.5% agarose gel containing ethidium

bromide. T4 DNA polymerase digest, annealing and fill-in were repeated until templates showed
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greater than 90% full length template. Completed templates were coupled to streptavidin-coated
magnetic beads (Dynabead M280, /nvitrogen) and the amount of DNA coupled to the beads

assayed by EcoRl digest.

M.Hpall coupling to 5FdC-modified origin DNA

0.75pmol of 1.3 kb origin-containing DNA coupled to magnetic beads (Dynabead M280 beads,
Invitrogen) was incubated in M.Hpall binding buffer (50mM TRIS-HCI pH 7.5, 0.5mM -
Mercaptoethanol, 10mM EDTA) with or without a 10 fold molar excess of M.Hpall or MBP-
M.Hpall for 1.5 hours at 37°C in the presence of 80uM S-adenosylmethionine (SAM, New
England Biolabs). Excess M.Hpall was removed by three successive washes with H buffer
(50mM HEPES-KOH pH 7.6, 5mM MgOAc, 1mM ZnOAc, 1mM DTT, 10% glycerol, 0.1mM

EDTA, 0.1mM EGTA, 0.02% NP40 ) with 300mM potassium glutamate (H/300).

TALE binding to origin DNA:

0.75pmol of origin-containing DNA coupled to magnetic beads was incubated with a 10-fold
molar excess of purified TALE protein at 25°C for 15 minutes. Excess protein was removed by

two successive washes with H/300 buffer.

Helicase-Loading Assay:

Helicase-loading assays were performed similar to that described in Kang et al, 2014 with some
slight modifications. 0.75pmols of origin-containing DNA coupled to magnetic beads (M280
beads, /nvitrogen), either pre-treated or not with M.Hpall and/or SNAP-Tal, were incubated with
0.17pmol ORC, 3pmols Cdc6 and 3pmols of Mecm2-7/Cdt1 protein in Reaction Buffer (25mM
HEPES-KOH, 12mM MgOAc, 50uM ZnOAc, 350mM Potassium glutamate, 3mM ATP, 4mg/mL
BSA) for 30minutes at 25°C in a thermo-mixer at 1200RPM. Following incubation, reactions

were magnetized and then wash once with H/300, once with H buffer containing 500mM Nacl,
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and a final time with H/300. 1U of DNAse (Worthington) in DNAse Buffer (H buffer with 5mM
CaCl,, 5mM MgOAc, 50mM KCI) was added to each reaction and incubated at 25°C and
1200RPM for 10 minutes. The beads were magnetized and the resulting supernatant was
added to 1X SDS sample buffer. Samples were run on an 8% SDS-PAGE gel, and stained with
fluorescent protein stain (Krypton, Thermo-Fisher Scientific) according to the manufacturer’s

instructions.

Helicase Association in ATPyS:

Association assays were performed identically to the helicase loading assays expect for the
following exceptions: 1pmol of ORC was used, 5mM ATPyS was used in place of 3mM ATP and

three successive washes with H/300 were performed following the 30 minute incubation.

Insertion of TAL-sequence at a location near the ACS:

An oligonucleotide containing the TAL-binding sequence (5° TGAACTTGACTATATCTTATA 3’)
along with an Aatll cut site was inserted into the pUC19-ARS1 plasmid via standard site-
directed mutagenesis (Quikchange lightning kit, Agilent). The resulting colonies were tested for
the TALE-sequence insertion by Aatll digestion, and the correct insertion sequence was verified
by Sanger sequencing. Plasmids containing this TALE-sequence insertion were then used as

the template for PCR to create origin-containing DNA templates as described above.

Radiolabeled DNA templates for ORC EMSA Assays

A plasmid containing two Ncol cutsites (pUC19-Ars1-Ncol) was created using site-directed
mutagenesis (Quikchange Lightning, Agilenf). The resulting plasmid was used as a template to
make 5FdC-containing 1kB DNA templates as described above lacking the biotinylated end.
1.5-2ug of full length 5FdC-containing templates were then digested with Ncol and purified by

phenol/chloroform extraction and ethanol precipitation. The resulting DNA was suspended in
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10uL of TE and radiolabel added by a fill-in reaction with T4 DNA polymerase and alpha-labeled
radioactive dCTP. The resulting radiolabeled DNA was run on a 5% PAGE gel in 1X TBE,
imaged, and the correct size band cut out of the gel. Radiolabeled probe was isolated from the
gel using the standard crush and soak method. Purified Probe was diluted 50uL. and the CPM of

each probe determined via scintillation counting.

ORC EMSA Assays:

2000 CPM of each DNA probe was incubated with or without M.Hpall (as indicated in the figure)
in M.Hpall buffer in the presence of SAM to allow M.Hpall to crosslink. Increasing amounts of
ORC (as indicated in the figures) was added to the probe and incubated in H buffer with 100mM
KCI and poly dG/dC competitor DNA at room temperature for 10 minutes, then incubated on ice
for 10minutes. The resulting ORC-bound templates were run on a 0.5X TBE 3.5% PAGE gel
containing 80ug/mL BSA in 0.5X TBE containing 80ug/mL of BSA at 4°C at 100 milliamps until a
Bromophenol Blue dye standard had run 2/3 of the way down the gel. The resulting gels were

dried and imaged using autoradiography.

M.Hpall and TALE-labeled DNA templates:

PCR was used to create the large PCR products with a 5FdC-modified M.Hpall methylation
sequence (as described above) containing the TALE-binding sequence at the -25, -35 and -45
locations. The resulting DNA was purified using a PCR clean-up column (Clonetech) and
coupled to M280 streptavidin-coated magnetic beads (Invitrogen). Templates were first
incubated with M.Hpall, then with TALE protein as described above. Templates bound to both

TALE and M.Hpall were then tested in various assays.

Chromatin-based helicase loading assay:

Assays were performed as described in Eaton et al., 2010.
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Chapter llI:

Further Discussion and Future Directions
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Key Conclusions:

During G1, ORC, Cdc6, and Cdt1 coordinate to load an inactive Mcm2-7 double-
hexamer onto origin DNA. Despite the increasingly detailed understanding of the protein
interactions during this process, the contribution of the origin DNA sequence outside of initial
| ORC binding remains unclear. In Chapter II, we use protein-DNA adducts to investigate where
the Mcm2-7 complex initially loads on origin DNA. Placement of an adduct within the initial
ORC/Cdc6 or Mcm2-7 binding site stops ORC/Cdc6 and Mcm2-7 from stably encircling dsDNA.
Using this technique, we found a large region of origin DNA which needs to be adduct-free for
initial ORC binding. The size and location of this region is consistent with ORC footprinting
results (Bell and Stiliman, 1992), but inconsistent with the ORC-DNA binding region predicted in
recent structures (Bleichert et al., 2015; Tocilj et al., 2017; Yuan et al., 2017). Also inconsistent
with the current structure-based helicase loading model, we did not observe a 60 bp window of
DNA that needed to be adduct-free for loading of the Mcm2-7 double hexamer (Li et al., 2015;
Sun et al., 2014). To accommodate our data, we proposed a model where a helicase-loading
intermediate slides along DNA, allowing the helicase loading process to occur away from origin
DNA (Chapter Il, Figure 17B).

Restricting access to DNA by placing adducts upstream and downstream of the ACS
had two key effects on helicase loading. First, we observe an ~30 bp region downstream of the
area needed for stable ORC binding that affects Mcm2-7 hexamer association specifically.
Second, under conditions where two protein adducts flank the ACS, the B2 element sequence is
essential for stable helicase loading. A B2-dependent helicase loading defect was not observed
in unobstructed templates, or templates with a single adduct. Helicase loading onto
nucleosomal templates, which also restrict the DNA that can be explored during the helicase
loading process, was also dependent on B2. In this chapter, | will discuss questions raised by

these data and propose future experiments to address them.
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How is does Mcm2-7 load when a protein adduct is on the DNA?

In Chapter II, | present a simple model in which an Mcm2-7 intermediate can slide along
DNA to finish loading the Mcm2-7 double hexamer if a protein-DNA adduct blocks the site
where the helicase might otherwise bind (Chapter Il, Figure 14B). In support of this model,
placing a protein adduct both upstream and downstream of the ACS allowed us to identify an
~30bp region where helicase loading, but not ORC binding, was defective. Why don’t we
observe a 60 bp region, the predicted amount of DNA covered by the Mcm2-7 double hexamer?
We hypothesize that the first Mcm2-7 hexamer binds to a region where protein-DNA adducts
also destabilize ORC binding. We propose that the ~30 bp we observe when we restrict sliding
corresponds to loading of the second Mcm2-7 hexamer. However, this model cannot be tested
with the assays described in Chapter Il. Our assays can only identify the earliest defect in the
helicase loading process. If an adduct affects an early step, downstream steps never occur.
Recognition of the ORC-ACS by ORC is the first step in the origin licensing process. Thus, if
placement of an adduct at a certain location would affect first ORC binding and then Mcm2-7
loading, our assays would only be able to detect the first defect. In support of a model where
DNA that first interacts with ORC later interacts with the Mcm2-7 complex, the structure of the
OCCM loading intermediate covers roughly 55 bps of DNA. Why might ORC cover the region
where the first Mcm2-7 hexamer binds? It is possible ORC protects the region needed for
Mcm2-7 binding, to ensure once it recruits Cdc6 and Mcm2-7/Cdt1, it can rapidly convert them
to stable single hexamer.

The model presented in Chapter |l proposes that an intermediate in thé helicase loading
process can slide along dsDNA (Chapter I, Figure 14B). Which intermediate(s) in the helicase
loading process slide(s)? If the first Mcm2-7 is loaded within the region needed for stable ORC
binding (as our sliding model predicts), sliding would first be required at the ORC-Mcm2-7
stage. The ORC/Mcm2-7 complex is a good candidate for an intermediate that can slide. Single-

molecule assays show that once Cdc6/Cdt1 depart, the first hexamer is topologically linked to
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the DNA and the Mcm2-7 single hexamer is stable through high salt extraction (Ticau et al.,
2015, 2017). Despite the appeal of this intermediate, the only complex we can eliminate as a
sliding intermediate is the OCCM complex. We demonstrate that the OCCM complex in ATPyS
does not slide (Chapter Ii, Figure 4). However, a complex containing all the same components
may be able to slide following an ATP hydrolysis event. Indeed, modeling of the helicase
loading process on a single-molecule level suggests that a number of distinct complexes may
exist that are comprised on these same protein components (data not shown).

To determine which intermediates can slide, experiments need to be undertaken where
the DNA sequence that interacts helicase loading components can be isolated directly. With
recent increases in our knowledge of the Mcm2-7 double-hexamer structure (Li et al., 2015) and
the OCCM complex (Yuan et al., 2017), it might be possible to introduce a DNA-crosslinking
agent at a specific amino acid within the Mcm2-7 or ORC/Cdc6 central channels. Samples could
be isolated at various times during the helicase loading process and the DNA within the
channels sequenced. However, such an experiment would not be trivial. One might also be able
to monitor sliding in a single-molecule experiments. Sliding of DNA-associated labeled Mcm2-7
or ORC complex can theoretically be monitored by changes in the intensity of the fluorophore as
it moves within the evanescent field during TIRF microscopy (Figure 1A). However, these

intensity changes would likely be quite subtle.

Can Mcm2-7 helicases be loaded in different regions of the origin in vivo?

It is unclear whether Mcm2-7 helicases are consistently loaded at the same location in
vivo or whether shifting to accommodate a protein-DNA lesion can only occur in vitro. Both ORC
and Mcm2-7 usually give a single peak of signal at origins by chromatin immunoprecipitation
(ChIP) (Eaton et al., 2010; Wyrick et al., 2001; Xu et al., 2006) but small shifts in the location of
Mcm2-7 or ORC would likely be within error of these experiments. Flexibility in where Mcm2-7

loads within origin sequences makes sense from an evolutionary standpoint. The organization
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of nucleosomes around the NFR are known to change during the cell cycle (Belsky et al., 2015)
and likely change due to outside stimuli as well. Because DNA replication is essential for
continued cell proliferation, it would be advantageous to the cell to be able to accommodate
these small changes. A recent study suggests that the Mcm2-7 double hexamer is capable of
unwinding from many different locations within the genome (Gros et al., 2015). Thus, replication

initiation would likely take place regardless of where loading occurs.

What role does the B2 element sequence play in helicase loading?

The data presented in Chapter |l suggests that having enough space to accommodate
Mcm2-7 binding is insufficient for salt-stable helicase loading. When sliding is minimized, either
by addition of two protein adducts on either side of the ACS or by nucleosomes, the B2 element
sequence becomes important for stable helicase loading. The experiments in Chapter Il were
unable to identify for what step in the helicase-loading process the B2 element is important.
Since B2 has sequence specificity, it is likely to be a protein binding site.

The B2 element has previously been proposed as either an ORC binding site or an
Mcm2-7 binding site. In vitro and in vivo data support and contradict both of these hypotheses.
In support of the B2 element as an ORC binding site, B2 in ARS 1 is a 9/11 match to the ACS
motif and ORC can bind B2 (Bell and Stillman, 1992; Wilmes and Bell, 2002). Importantly, the
match exists in the opposite orientation to the ACS (Chapter 1, Figure 3) (Wilmes and Bell,
2002). The N-terminal domains of the Mcm2-7 hexamers must interact to form the double
hexamer (Li et al., 2015). Assuming the second Mcm2-7 hexamer is loaded via the same
mechanism as the first (which is supported experimentally (Frigola et al., 2013)), the second
ORC must bind origin DNA in the opposite orientation to maintain its own contacts with Mcm2-7
and align the two Mcm2-7 N-termini (Chapter 1, Figure 13).

In support of the Mcm2-7 binding site hypothesis, mutations in the B2 element show no

difference in ORC binding by ChIP in vivo, but a defect in Mcm2-7 binding is observed (Lipford
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and Bell, 2001; Zou and Stiliman, 2000). The experiments described in Chapter Il also do not
reveal any ORC binding defects when adducts are placed within the B2 element, or when the
B2 element is mutated. Single-molecule experiments definitively show that helicase loading is
capable of occurring with only a single ORC present (Ticau et al., 2015). However, a different
mechanism may be used in vivo, especially under conditions where sliding is restricted.
Single-molecule analysis could be used to determine whether B2 acts as a second ORC
binding site or aids in Mcm2-7 recruitment directly when sliding is restricted. The conventional
assay utilizes a labeled 1.3 kb DNA template coupled to a glass coverslip, and allows the user
to monitor co-localization events of fluorescently-labeled proteins of interest (Figure 1A)(Ticau et
al., 2015). We can easily replace the DNA templates used in this conventional assay and use
instead versions with both a M.Hpall and a TALE protein bound to prevent sliding (Figure 1B).
Association of Mcm2-7, ORC, and Cdc6 can then be monitored in this context, and changes in
both stoichiometry of the complexes required for helicase loading and association/dissociation

rates observed.
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Figure 1: Single-Molecule Experiments to address helicase loading mechanism with two
protein-DNA adducts.

Evanescent Field

microscope slide

A) Set-up used for experiments conducted in Ticau et al, 2015. A blue flurophore was added to
the end of the origin DNA template, and the association of labelled proteins (ORC and Mcm2-7
diagrammed here) at labeled DNA is monitored. In these experiments, only a single ORC
molecule was required to load an Mcm2-7 double hexamer.

B) Modified Set-up to examine the helicase loading reaction when adducts are placed around
the origin. A blue flurophore is attached to the TALE protein, and M.Hpall is added. Association
of proteins can be monitored as done previously to see if stochiometry or kinetics changes in
this context. A B2 element mutation can be introduced to see how the reaction changes.
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