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CHAPTER 1. INTRODUCTION!

Overview

Propagation of the genetic material is a fundamental chemical process that is responsible
for the inheritance of physical traits across biological kingdoms. The faithful replication of DNA,
the molecule that encodes genetic information, is thus an essential requirement for life. DNA
replication is a complex, multistep process; first the double-stranded DNA is unwound by
helicases, enabling complementary copies of each strand to be synthesized by DNA polymerases
(1). At the junction between the parental duplex DNA and the unwound single-stranded
templates (termed the replication fork), the coordination of a substantial number of proteins is

required to maintain orderly and accurate replication of the DNA.

In eukaryotes, three replicative polymerases (pols) perform the bulk of daughter strand
synthesis: pol a-primase, pol 9, and pol € (2-5). Pols d and ¢ are processive polymerases that are
able to proofread their products generating accurate daughter strands, but neither is able to
function without having a ~30 nucleotide complementary primer already in place. Pol a-primase
(pol-prim) is responsible for synthesizing this primer and is the only replicative polymerase

capable of initiating synthesis on ssDNA template (6).

Pol-prim synthesizes a chimeric primer through a dual RNA-then-DNA mechanism in
which the primase half of the enzyme first synthesizes 7-10 nucleotides of RNA followed by
extension of the primer with ~20 nucleotides of DNA by the pol a half of the enzyme. Synthesis

of the primer across these dual active sites and in the context of the highly complex replisome

! This chapter has been adapted from a review chapter in the 3" edition of the Encyclopedia of Biochemistry titled
“DNA polymerase alpha-primase: Biochemical and Structural Mechanisms” published in 2020 and updated
corresponding to recent developments in the field.



requires careful coordination. Although pol-prim was one of the first polymerases discovered and
has been studied for decades, elucidation of the structural mechanisms to explain the regulation
of primer synthesis remains an area of ongoing investigation. The central line of inquiry for this
dissertation research is to elucidate the structural and biochemical mechanisms of specifically the

RNA primer synthesis half-reaction of pol-prim.

Orchestrating Replication: Organization of the replisome and coordination of the
Replicative Pols

Fundamentally, replication consists of the unwinding of double-stranded parent DNA into
two single strands, after which the replicative machinery synthesizes complementary daughter
strands, thus creating two complements of duplex DNA. However, as the replicative polymerases
operate in a uniformly 5°-3’ direction (reading the parent strand in a 3°-5” direction), only one of
the strands can be synthesized in a continuous fashion (the leading strand) while the other must
be synthesized discontinuously (the lagging strand) (7). On both strands, pol-prim must
synthesize a chimeric RNA/DNA primer for the processive pols d and € to duplicate the bulk of
DNA. The discontinuous nature of the lagging strand requires repeated priming by pol-prim, and
ultimately many thousands of primers are synthesized during replication. Canonically, Pol € has
been thought to be responsible for synthesizing the bulk of the leading strand while Pol
synthesizes the lagging strand, but more recent evidence suggests that pol 6 may be responsible
for synthesizing the initial portion of the leading strand as well immediately after priming by pol-
prim (8,9). Importantly, pols 6 and € have both much higher processivity as a function of the
processivity clamp PCNA and much higher fidelity due to their inherent proofreading ability
compared to pol-prim (5,10). Pol-prim is highly error-prone and as such, most of the primer is
removed during Okazaki fragment maturation on the lagging strand (11,12). During this process,

pol & performs strand displacement synthesis, replacing the primer synthesized by pol-prim. As
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this strand-displacement is length limited, it is essential that the length of the primer synthesized
by pol-prim is highly regulated, lest a large amount of error-prone pol-prim synthesized
RNA/DNA make it into the genome, resulting in mutations. Thus, the length regulation ability of
pol-prim and its coordination with the other polymerases is highly relevant to genomic integrity
and 1s implicated in some mechanisms of carcinogenesis. After the primer has been displaced by
pol 9, it is removed by Fenl nuclease and the Okazaki fragment is ligated to the rest of the

synthesized DNA by DNA ligase (11,12).

Although polymerases are the key enzymes directly responsible for DNA synthesis,
careful coordination of replication is accomplished through a highly complex protein machine
that has been termed the replisome. A dizzying array of proteins are associated with the
replisome and its composition is temporally variable as replication proceeds through its various
stages and as the replisome encounters potential obstacles (13). At its most simplified level, the
replisome consists of several core components (Figure 1): the CMG helicase consisting of the
Cdc45, MCM2-7, and GINS subcomponents that are together responsible for the unwinding of
DNA (14-17); Pols 6 and € together with the PCNA processivity clamp and RFC clamp loading
protein which are responsible for the bulk of DNA synthesis (10,18,19); RPA which protects
single-stranded DNA after it has been unwound (20-23); Pol-prim which synthesizes the
chimeric RNA/DNA primer; and Ctf4/AND-1 scaffolding protein which recruit and organize a
number of replication factors including the CMG helicase and pol-prim (24-28). Further factors
that are associated with the replisome include MCM 10 which acts as a scaffolding protein and
regulates fork progression (29), and the fork protection complex (FPC) consisting of Claspin,

Timeless, and Tipin (30).



Leading

PCNA

Lagging

Figure 1.1 Schematic of a replication fork.

The CMG complex consisting of MCM2-7, CDC45, and GINS is responsible for unwinding the
double-stranded parent DNA. Following separation of the strands, single-stranded DNA is bound
by RPA. Ctf4 (yeast) or ANDI (metazoan) acts as an interaction hub for multiple replication
factors. Pol-prim synthesizes primers (red) on both the lagging and leading strands for processive
polymerases 6 (lagging strand) and ¢ (leading strand). Processivity clamp PCNA increases the
processivity of both by encircling double-stranded DNA.

Recent EM structures of replisome complexes have established several key interactions between
these components. Importantly for the present discussion, interactions for pol-prim have been
detected between Ctf4/AND-1 (24,26,27), MCM10 (31), Tipin (32), GINS (33), and RPA
(20,34). Spatially, these binding partners appear to be far apart at the replication fork, and the
nature of organization or order of binding to pol-prim remains unclear. One series of cryoEM
structures of a yeast “replication factory” in which pol-prim was coordinated with one or more
CMG helicases through Ctf4 suggests that simultaneous replication may occur for two
replication forks as part of a spatially coordinated bidirectional replication bubble (26).
Ultimately though, further structural investigation is needed to properly assess the organization
of the replication fork throughout replication. Nonetheless, it remains apparent that replication is
reliant on a highly structurally dynamic interconnected web of protein-protein interactions and

that the coordination of all these factors is essential for genomic integrity.



Polymerase a-Primase Basics

Pol-prim is comprised of two different polymerases, primase and pol a, whose activities
are distinct but tightly coordinated. Primase is a DNA dependent RNA polymerase that initiates
daughter strand synthesis by generating the initial primer of 7-10 ribonucleotides. This initial
RNA primer is the intramolecularly transferred to pol o, which extends the primer by ~20

deoxyribonucleotides (35).

Primase and pol a each contain a catalytic and regulatory subunit. In primase, the
catalytic subunit PRIMI (a.k.a. p48, p49, PriS, Pril) is constitutively bound to the regulatory
subunit PRIM2 (a.k.a. p58, PriL, Pri2) through its N-terminal domain (PRIM2N). Pol a consists
of a catalytic subunit POLA1 (a.k.a. p180, Poll) and a regulatory subunit POLA2 (a.k.a. p68,
p70, B subunit, Pol12). The C-terminal domain of POLA1 (POLA1C) is a critical interaction
center scaffolding between PRIM2N and POLA2, while connected through a flexible linker to
the catalytic domain of POLA1 (POLAIcat). All four subunits are necessary for priming in cells
(36). However, the primase and pol a subunits can be generated independently which enables
their in vitro biochemical activities to be characterized. These studies have been useful for

dissecting the action of pol-prim and defining the respective roles of the four subunits.
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Figure 1.2 Pol-prim schematic.
A) Domain schematic of pol-prim. B) Schematic of chimeric primer synthesis by pol-prim.

The isolated primase catalytic subunit PRIMI is able to generate complementary RNA
strands in the presence of single-stranded DNA, ribonucleotides and divalent metal cations
(typically Mn?" or Mg®"), albeit inefficiently (37,38). It uses the common two-metal catalytic
mechanism to synthesize these primers. In the presence of PRIM2, PRIM1 synthesizes primers
more efficiently. PRIM2N functions as a scaffold and is tightly bound to PRIM1. The PRIM2 C-
terminal domain (PRIM2C) is flexibly tethered to PRIM2, and aids in initiation of primer
synthesis (37). It is essential for generating primers of appropriate length (7-10 nucleotides), i.e.

is necessary for primer length “counting.”

The catalytic subunit of pol a contains three functional domains: POLAIN, POLAlcat,
and POLA1C. The disordered POLAI1N is key for interactions with other replisome components.

Beyond this, it is unclear if POLA 1N has additional functional roles; in most in vitro studies

6



POLAI1N is truncated to improve solubility (39). The POLA1cat domain is highly conserved
among eukaryotes and adopts the same fold as pol 6 and € (40). This domain in isolation
elongates RNA or DNA primers with deoxyribonucleotides (41). In the cell, elongation of the
initial RNA primer with deoxyribonucleotides is limited to ~20 nucleotides; the processivity of
this domain in vitro is still under debate (40—43). The POLA 1cat domain is flexibly tethered to
the POLA1C domain, which in turn associates tightly with the PRIM2N domain and the
regulatory POLA2 subunit. POLA?2 stabilizes the POLA1C domain and is important for proper
targeting of pol-prim during the cell-cycle (44,45). It also interacts with other replisome factors
in metazoan systems such as AND-1, but notably not the yeast orthologue Ctf4 (24). Instead, the

interaction between yeast pol-prim and Ctf4 is mediated by POLA1 (27,28).

Three-dimensional structure of Pol-prim

Structural characterization of pol-prim has been extensive over the past 10-15 years,
initially using a “divide and conquer” crystallographic strategy. High-resolution 3D structures
have been determined for each of the globular domains of pol-prim alone and/or as part of larger
multidomain complexes. Several crystal structures have also been determined in complex with
model RNA and DNA substrates. More recently, cryoEM structures of the full pol-prim
heterotetramer have been determined that inform much of the understanding of how the flexible

domains are organized in both the absence and presence of model substrates.



POLA2

POLA1C

PRIM2N

Figure 1.3. Crystal structures of constituent subdomains of pol-prim.

Structure of POLA1C/POLA2 (PDB:4Y97), PRIM2N/PRIM1 (PDB:4BPU), PRIM2C
(PDB:5F0Q), and POLA1CAT (PDB: 5IUD).

Structures of Primase

The primase heterodimer contains three globular domains: One that covers the large
majority of PRIM1 and two others in PRIM2 (PRIM2N, PRIM2C), which are tethered by a ~20
residue flexible linker (46). The PRIM1 domain in eukaryotes adopts a characteristic archaeo-
eukaryotic primase fold, in which a conserved mixed helix-sheet region forms the core around a
typical aspartate-divalent metal active site (47-49). Several crystal structures have been
determined with different combinations of NTPs and catalytic metals (Table 1.1) (50-52).

Incoming NTPs are stabilized in the active site by key contacts between the negatively charged



phosphate groups of the nucleotide triphosphate and the positively charged Arg and Lys side-
chains of PRIM1. Importantly, no structures have been determined of PRIM1 bound to either a
single stranded template or RNA-primed DNA substrate representing a critical gap in
knowledge. Eukaryotic primases have a helical accessory subdomain that diverges in both
sequence and structure from archaeal primases (49,53,54). A zinc motif is located in the interface
of the core and accessory regions neighboring the catalytic center. The interface with PRIM2N is

on the opposite side of the Zn>" binding module.

The PRIM2N domain serves as a critical scaffold mediating contact between primase and
the POLA1 subunit of pol a. The domain consists of a mixed sheet-helix subdomain that serves
as the interaction platform with PRIM1 and primary helical subdomain that interacts with
POLAI1C. PRIM2N is unstable in the absence of PRIM1 and is tightly bound to it with an
interface of ~1600 A? of predominantly hydrophobic surface. In eukaryotes, PRIM2N is tethered
to the unique PRIM2C domain by a ~20 residue flexible linker. PRIM2C itself is a compact
helical domain with a 4Fe-4S cluster buried within the protein (55-57). The domain has a
nucleotide binding site with a highly basic groove. A structure of PRIM2C bound to an RNA-
primed DNA substrate has been determined, showing the key interactions with the 5’ terminal
triphosphate of the RNA primer strand and the 3’ overhang of the template strand of the

RNA/DNA duplex (58).

A crystal structure has also been determined of the full-length primase (PRIM1/PRIM?2)
in an “open” configuration in which the PRIM2C domain is located far from the PRIM1 active
site (46). It is highly unlikely that this is an active configuration for primase. Rather primase

must occupy a “closed” configuration to generate the initial dinucleotide, with the PRIM2C



template and nucleotide binding sites positioned close to the PRIM1 catalytic center. Such a

change in configuration is enabled by the flexible linker tethering PRIM2C and PRIM2N.
Structures of Pol a

The pol a hetero dimer contains three globular domains: the POLA1 large central
catalytic (POLA1cat) and C-terminal domains (POLA1C) and a central core domain of POLA2.
The two domains in POLAT are tethered by a ~30 residue flexible linker. Consequently,
POLA I cat is structurally independent from the rest of the pol-prim complex. In addition to these
structurally characterized globular domains, significant N-terminal disordered domains exist for
both POLA1 and POLA2. These domains function as interaction sites for binding to other

replication factors.

Crystal structures of POLA1cat revealed a classic B-family polymerase hand fold,
consisting of an active site located in the palm domain, a fingers domain responsible for binding
incoming nucleotides, a thumb domain that grasps the duplex, and an inactive exonuclease
domain. Structures of POLA1cat have been determined in complex with several different model
primer substrates including RNA/DNA and DNA/DNA duplexes (40,59,60). These structures
provided preliminary insight into primer length counting by pol a in that the interaction between

the RNA/DNA duplex and pol o was more extensive than that of the DNA/DNA duplex.

No crystal structures have been determined for the isolated POLA2 or POLA1C domains,
but there are several of their complex (61,62). These structures show a compact slab-like
structure in which the helical POLA1C domain forms a saddle shape that abuts the triangular
POLA2 domain. The interaction between the two domains is stabilized by a large interface that

occludes ~4500 A and is mediated by a number of polar and hydrophobic interactions. Two
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metal binding motifs are observed on opposite sides of POLA1C that are occupied by zinc in all
available structures, though preliminary work in the Chazin lab has indicated that these may be

filled by Fe-S clusters under anaerobic conditions.
Early Structures of Pol-Prim Tetramer

Though informative, structural data for the individual domains and subcomplexes are not
sufficient to define the mechanism and organization of pol-prim as it synthesizes chimeric RNA-
DNA primers. The first step towards capturing the structural organization of the pol-prim
tetramer was a low-resolution negative-stain EM structure of yeast pol-prim (63,64). A bilobal
structure was observed with significant interlobal flexibility evident from variability in the
relative positioning of the two lobes in different 2D class averages. This structure was
informative despite its low resolution because it revealed the ability of pol-prim to undergo
significant configurational rearrangements, which are commonly accepted as being essential to

the coordination and regulation of primer synthesis across the two polymerase active sites.

Subsequently, a substantially higher resolution 3.6 A crystal structure was determined for
human pol-prim in the absence of substrate or cofactors (58). This structure was valuable for
visualizing the organization of the globular tetramer core (a.k.a. platform) of pol-prim that
consists of the PRIM1, PRIM2N, POLA1C, and POLA2 domains. However, the POLA1cat
domain is seen to occupy an inactive conformation with the thumb domain splayed open while
the PRIM2C substrate binding domain is occluded by POLA 1cat and is unable to bind substrate
for primer initiation. The conformation observed in this structure has been termed the
autoinhibitory (Al) conformation and has been observed in multiple subsequent cryoEM

structures in the absence of nucleotide substrate or in the presence of lower affinity substrates.
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Insights into the Mechanism of RNA priming by Pol-Prim

Biochemical studies of pol-prim in vitro, along with 3D structures, have been vital in
generating knowledge of the mechanisms by which primase and pol a generate primers. The
studies have been greatly enabled by the fact that these two enzymes maintain at least some of
their biochemical functions when separated from each other. Moreover, even the isolated
catalytic domains, PRIM1 and POLA1cat, retain some biochemical activity. Because pol-prim is
a complex dual enzyme and the components are easier to produce and work with than the intact
tetramer, the majority of in vitro investigations of priming mechanisms have been performed

with either isolated primase, isolated POLA1cat, or soluble fragments of the tetramer.

The initial RNA priming step

DNA primase has been the object of intense investigation because it is the sole enzyme
capable of initiating oligonucleotide synthesis on a DNA template without a primer and is
therefore responsible for initiating daughter strand synthesis in replication. In addition, it has the
curious property of synthesizing initial RNA primers of limited length (7-10 nucleotides). These
properties are fundamental to primase function and are observed for both the full pol-prim
tetramer and the isolated primase heterodimer. Primase synthesizes the RNA primer in two steps:
formation of the initial dinucleotide and extension of from the dinucleotide. Simultaneous
binding of the template DNA, of nucleotides that are incorporated into the primer, and catalytic
metals are required to generate the initial dinucleotide; this is the rate-limiting step in RNA

priming. The subsequent elongation of the dinucleotide is much more rapid (65,66).

Critical mechanistic insights into primase function have been obtained using two

biochemical techniques: (1) de novo RNA synthesis (initiation) assays requiring synthesis
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without a pre-made primer; (2) elongation assays that extend from an existing primer. In a de
novo RNA synthesis assay, primase is incubated with radiolabeled nucleotides, template DNA,
and catalytic metals (Mg?" or Mn*"). The results are interpreted in terms of the total amount of
products at different timepoints or by analyzing the product length and product abundance over
time. In an elongation assay, primase is incubated with radiolabeled nucleotides, primed-template
RNA/DNA, and catalytic metals. The results are interpreted by an analyzing the amount and rate
of extension to primer length products and the presence of multimers of primer length products.
Specific versions of these priming assays, typically by titrating important components, are easily

performed and mechanistically informative.
RNA primer initiation

The primase active site was identified because the PRIM1 subunit contains catalytic
residues that are highly conserved in eukaryotic primases. The location of the active sitewas
confirmed by mutagenesis studies in yeast cells (49,50). Interestingly, even though PRIM1
contains the RNA catalysis active site, its intrinsic affinity for single stranded DNA and RNA
primed templates is weak. Crosslinking experiments with photoactivatable nucleotides generated
no observable template-PRIM1 species, only modified PRIM2C species (67). Recently,
electrophoretic mobility shift assays revealed that the isolated PRIM2C domain has a very
similar affinity for an RNA-DNA junction substrate as the intact primase heterodimer (68).
These observations suggest that RNA priming requires both primase subunits, though further
clarification of the binding affinities for each subunit would be helpful, as these two studies

provide starkly different affinity estimations.

Priming assays analyzing the de novo RNA synthesis activity of primase with mutations

in PRIM2C indicate that this domain has a key role in primer synthesis and counting; deletion of
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the domain impaired initiation of primer synthesis and completely abolished counting. Alanine
scanning mutagenesis coupled with de novo RNA synthesis assays identified residues R302,
R306, and K314 as essential for primer initiation and elongation (37,69). The crystal structure of
the PRIM2C-product complex shows that R302 and R306 make strong contacts with the 5’

nucleotide (58).

Taken together, these results confirm that both the PRIM1 and PRIM2C domains are
required for priming, and suggest a mechanism by which dinucleotide synthesis occurs. The
PRIM2C domain binds the template DNA and the 5’ nucleotide, and PRIM1 binds the 3’
nucleotide and provides the active site for polymerization of the two nucleotides complementary
to the template. In this model, PRIM2C must be positioned over the active site of PRIM1 for
initiation (generation of the initial dinucleotide) to occur. Remarkably, despite the large number
of crystal and EM structures available, none have shown primase in this configuration. The only
available crystal structure of free primase occupies an open configuration with PRIM2C
extended far away from the PRIM1 domain (46). A recent EM structure of pol-prim in the
presence of template DNA likewise shows PRIM2C separated from PRIM1 (70). Hence, a
significant reorganization, mediated by the flexible linker tethering PRIM2C and the PRIM1-
PRIM2N-POLA1C-POLA2 tetramer core, would be required to attain the active configuration.
We and others propose that the positioning of PRIM2C is the rate limiting step of RNA primer
initiation (66). However, direct evidence is lacking; structures of primase in the active

configuration are required to convincingly determine the mechanism of RNA primer initiation.

RNA primer elongation and counting

Once the initial dinucleotide is formed, its extension to 7-10 nucleotides is relatively

rapid. However, generation of the primer length product is relatively inefficient overall. De novo
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RNA synthesis assays with isolated primase revealed that the most abundant product is a
dinucleotide rather than primer length primers of 7-10 nucleotides (35,46,66,71). This indicated
that once the dinucleotide is formed, the primase-template-dinucleotide complex more readily
dissociates than extends on to a primer length product. The abundance of dinucleotide products
has been attributed to the low annealing temperature of the dinucleotide to the template and may
also be influenced by the low affinity of PRIM1 for substrate. Support for this hypothesis was
provided by a series of de novo RNA synthesis assays with isolated primase, which invariably

produced many times more dinucleotide products for every primer-length product (35,37,66).

After extension to approximately 7-10 nucleotides, primase pauses and the substrate is
handed off to pol a (35,46,65,66). In de novo RNA synthesis assays with isolated primase, a low
level of primer multimers were observed, whose abundance increased over time. These were
believed to arise because primase can either dissociate from the primer-length primer or re-
engage the same or a different primer and extend it by another primer length. However, it turns
out that primer multimers are not generated in assays with the intact pol-prim tetramer. Hence,

these multimers are viewed as artifacts of working with isolated primase in vitro.

Termination of elongation at only 7-10 nucleotides is one of the most notable aspects of
RNA priming. The mechanism by which primase is able to “count” the primer length has been a
subject of intense speculation, has been a major focus of this thesis work, and is discussed in
more detail in Chapter III. Based on available data, the unique 4Fe-4S PRIM2C domain appears
to be key to the ability of eukaryotic primers to count. Early studies using de novo RNA
synthesis assays noted PRIM2C deletion and missense mutations drastically altered counting

ability (37).
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Subsequent crystal structures, binding assays, and primer elongation assays by the
Tahirov group suggested that the interaction of PRIM2C with the triphosphate of the 5’
nucleotide is particularly important. One informative study revealed that primase preferentially
extends, and counting is enhanced for, a primer that has a triphosphate on the 5’ nucleotide
relative to a primer that has a monophosphate on the 5’ nucleotide (58). These observations led to
the proposal that the PRIM2C domain remains bound to the 5’ triphosphate throughout primer
synthesis. In this model, PRIM2C and PRIM1 interact with the primer throughout elongation,
moving apart as the primer elongates. This is an attractive hypothesis as it is supported by data
indicating the PRIM2C has a role in initiation, elongation, and counting. Importantly, while
elongation and counting are enhanced for primers with a triphosphate on the 5’ nucleotide,

primase does not count efficiently when extending primers lacking this triphosphate (39,72).

Over the years, three mechanisms for counting have been proposed. In all cases, the
flexible tethering of PRIM2C through the ~20 residue flexible linker to the tetramer core plays a
major role. In the simplest model, the linker physically limits the distance between the active site
in PRIM1 and the template binding region of PRIM2C, preventing primer extension beyond a
defined primer length. However, de novo RNA synthesis assays with PRIM2C mutants with
different linker lengths had no apparent effect on the ability of primase to synthesize products of
the appropriate length (46). Additionally, structural modeling of the organization of primase
bound to an elongated primer shows that there is significant slack in the flexible linker (58).
Instead, the linker is likely most extended during the RNA initiation step. Another model
proposed by the Tahirov group attributes counting to PRIM2C remaining bound to the 5’
nucleotide throughout the RNA priming step and encountering steric hindrance near the end of

its catalytic cycle (58). In this model, as the primer elongates, PRIM2C moves away from the
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PRIMI active site until is hindered from further movement by tetramer core. One issue with this
model is that it is inconsistent with the generation of primer multimers that are observed in
primer elongation assays. Additionally, this mechanism provides a basis for the upper limit of

primer length but does not adequately explain the lower bound of primer length at 7.

A third proposed mechanism for counting includes the movement of PRIM2C away from
the active site of PRIM1 as the RNA primer grows, but also invokes a role for change in the
redox state of the 4Fe-4S cluster in PRIM2C. This model is derived from the observation that
PRIM2C is more tightly associated with substrate when the 4Fe-4S cluster is oxidized, than
when it is reduced (73). In this model, the cluster switches from oxidized to the reduced state
after the primer reaches 7-10 nucleotides, thereby driving disengagement of the primer by
primase. However, recent structures of pol-prim during DNA primer extension by POLA1cat
show that PRIM2C remains bound to the primer during this stage, a scenario that would not
occur in the redox RNA primer counting mechanism (42,43). Additionally, theoretical modeling
of the redox potential of PRIM2C and potential tyrosine charge-hopping pathways within the

domain to nucleotide substrate suggest that a DNA charge transport mechanism is unlikely (74).
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Figure 1.4 Proposed mechanisms of RNA primer length regulation.

In all three mechanisms PRIM2C plays a key role A) PRIM2C and PRIM1 become spatially
separated as the primer is elongated, gradually extending the flexible linker between PRIM2C
and PRIM2N to a maximum length that restricts further primer synthesis. B) PRIM2C becomes
separated from PRIMI1 as the primer is extended, but the path of PRIM2C results in a steric clash
with PRIM2N at longer primer lengths, restricting further synthesis. C) PRIM2C binds the
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affinity, allowing dissociation of the primer and transfer to POLA1CAT.
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In summary, although several hypotheses have been proposed, a comprehensive
explanation for how primase counts remains elusive. While each of the three proposed
mechanisms has some support, the dearth of relevant structural information has inhibited
understanding for structural mechanisms of primer length counting and architectural organization

of the primase subunits during primer synthesis.



Structure of Pol-prim during RNA priming

In the past two years, a flurry of cryoEM structures has been reported of the full pol-prim
tetramer, greatly expanding our understanding of the structural transitions that occur during
primer synthesis (42,70,75-78). A trio of papers were first published describing pol-prim in
complex with the telomeric factor CST while another three papers have described pol-prim in the
absence of other replication factors, but in the presence of nucleotide substrates. Of these studies,
several structures recapitulated the autoinhibitory conformation observed in the absence of
substrate, while most others captured novel configurations bound to DNA priming substrates
(either chimeric RNA/DNA primed or DNA primed DNA templates). However, of the 20+
structures of pol-prim deposited to the PDB from these papers, only three were relevant to the
RNA priming half-reaction of pol-prim. In the first, the structure of pol-prim in the presence of
template ssDNA and CST was determined by the Lim group (75). In it, CST scaffolded and
stabilized the tetramer core and high-resolution density was observed for all subunits except
PRIM2C, for which only low-resolution density was observed suggesting it occupied a range of
configurations. After 3D variability analysis, density for PRIM2C was observed in one
configuration termed the pre-initiation state in which it was positioned near to the PRIM1

catalytic center bound to ssDNA, poised for primer initiation.

Two other structures were determined by the O’Donnell group, one again in the presence
of ssDNA template and the other in the presence of an RNA primed template (70). In the
presence of template DNA, architecture of pol-prim was starkly different from that of the
autoinhibitory complex as all subunits were available for substrate binding, suggesting that the
presence of template DNA alone may drive the unfolding of the auto-inhibitory conformation.

An alternative possibility is that for free pol-prim there is an equilibrium between the
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autoinhibitory conformation and an unfolded conformation that is capable of binding the
template DNA. This DNA binding then stabilizes the unfolded conformation and structural
transition back to the autoinhibitory state. Notably however, no density was observed for the
single-stranded DNA in the structure and the location of the PRIM2C domain was not near the
catalytic center of PRIM1, suggesting that the configuration captured in this structure is not the
configuration adopted for RNA initiation. Importantly, for the RNA primed template structure,
the RNA primer used in the assay does not appear to have been triphosphorylated. As the 5’
triphosphate is critical for binding PRIM2C, this is a major cause for skepticism of the structure.
To ensure binding of the primed template substrate to the protein, the authors employed a
formaldehyde crosslinking agent that resulted in covalent crosslinks between the PRIM2C
domain and the substrate, but in an orientation that is dissimilar from the published crystal
structure of PRIM2C or EM structures of PRIM2C bound to longer primed template substrates.
Finally, in this structure, the 3’ of the substrate is not located near the PRIM1 catalytic site. In
fact, no part of the substrate interacts with the PRIM1 domain suggesting that the captured

configuration does not represent an actively elongated substrate.

Altogether, initial structural work has begun to illuminate the architectural organization
of pol-prim during RNA catalysis but are hampered by limitations in structural studies to date. A
large gap in knowledge remains in trying to understand the biochemical and structural

mechanisms of RNA primer synthesis.
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CHAPTER 2. STRUCTURAL INVESTIGATION OF MODULAR PROTEINS BY

INTEGRATIVE METHODS

Overview

The three-dimensional structure of proteins ultimately dictates their biological functions.
As such, investigation of protein structure has in the past several decades matured into an
integral part of any biological inquiry, providing a basis for understanding how the infinite
chemical reactions that fuel life are orchestrated at the molecular level. Until recently, the field of
structural biology had a tendency towards parochialism: X-ray crystallographers employed a
divide-and-conquer approach that could provide snapshots of rigid domains but lacked the ability
to observe flexibility while NMR spectroscopists could provide a wealth of information about
flexibility in solution but were often limited by size constraints. Twin currents in the past decade
have pushed the field of structural biology to new frontiers and provided fertile grounds for an
explosion of structural knowledge. The first is drastic technical advancements in cryoEM and
computational structural prediction. In the case of cryoEM, the “resolution revolution” has seen a
drastic increase in the attainable resolution for structures determined by EM and has allowed for
investigation of large multi-protein complexes while advancement in classification algorithms
has allowed for the characterization of structural flexibility. Meanwhile, the development of
machine learning methods for structure predictions, beginning with the release of AlphaFold, has
seen a proliferation of high-confidence structural models from simulations that require limited
user expertise. The second major current in structural biology, which has been both reliant on and
a motivation for the above-mentioned technical advancements, has been the increasing
appreciation for the highly complex nature of the protein machinery that drives cellular

processes. In most cases, proteins function not as lone rigid globular domains that are amenable
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to crystallography, but as multi-domain intricate, tightly coordinated, flexible protein machines.
As discussed in Chapter I, this is especially true in the case of DNA replication and at a smaller
scale for pol-prim. Ultimately, modern structural biology relies on an integrative approach that

leverages the insight from multiple experimental techniques to illuminate structural mechanisms.

Solution Scattering

Scattering techniques can be powerful tools to understand biophysical properties of
proteins and other macromolecules. Small-Angle X-ray Scattering (SAXS) in particular can
provide a wealth of information on the size, shape, and flexibility of proteins (79). While X-ray
crystallography relies on diffraction from an ordered crystal matrix, SAXS is a solution method
in which scattering of the molecule is measured from all particles present in the solution,
regardless of orientation, conformation, or oligomeric state. While this averaging of scattering
signal ultimately results in lower resolution information, the combination of this data with higher
resolution domain structures can provide powerful insight into the organization of flexible,

modular proteins.

SAXS basics

Similar to X-ray diffraction techniques, acquisition of SAXS data involves exposing the
sample to a high flux, coherent x-ray beam, which is scattered by electrons distributed
throughout the molecule (79-81). The scattered x-rays then travel forward to the detector,
undergoing constructive and destructive interference until forming a unique intensity pattern.
Several major factors differentiate scattering from x-ray crystal diffraction techniques. First, the
sample in this case is a (preferably monodisperse) solution of macromolecules or

macromolecular complexes rather an a highly organized crystal. Second, due to the solution
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nature of the experiment and unlike the diffraction pattern from an ordered crystal, the scattering
intensity is radially symmetric about the detector center as a consequence of random molecular
orientation in solution. This symmetric nature allows radial integration and simplification of the
data from a two-dimensional detector image to a one-dimensional scattering curve. The
scattering curve, I(q), is the integrated intensity at a given momentum transfer angle, q, which
can be defined several ways but for these purposes corresponds to the scattering angle, 26, by the
equation q = 4m sin(0) / A, where A is the x-ray wavelength used in the experiment. The intensity
of scattering decreases rapidly beyond 1° (momentum transfer, q, values beyond 0.3 A™!) and
data beyond this angle is typically truncated, thus only small-angle scattering is considered. Due
to this rapid decay in scattering, high-resolution information is lost, as the scattering angle q is
inversely related to the resolution due to the relationship between the detected scattering image
and a real-space representation. Similar to an x-ray crystallography diffraction pattern, the image
recorded at the detector is the Fourier transform of the real-space shape of the illuminated
sample. Below q = 0.3 A™!, the decay in signal is dictated by core biophysical properties
including size, shape, surface-to-volume ratio, and electron density of the scattering particle.
Various transformations of the first order I(q) curve can inform different second-order properties

related to the above-mentioned biophysical properties.

The first transformation provides direct information about the size of the particle. The
Guinier transformation of 1(q) allows calculation of a particle radius of gyration (Rg) within the
low-q Guinier ragion of the curve (defined as q*R < 1.3) (79,82). The calculation of the Ry is
enabled by the relationship between size of the particle and scattering intensity as defined by the

following equation:

_quE

I(q) =1(0)e 3
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However, the calculation of Ry is reliant on the linear behavior of the scattering curve; the
intensity value at angle 0°, 1(0), is not measurable as it cannot be distinguished from the high-
intensity radiation that passes through the sample unscattered. Thus, the I(0) must be
extrapolated using the following equation:

CAp*viMW

1(0) = N(ApV)? = N

in which N is the number of scattering particles per unit volume, Ap is the contrast, and V is the
particle volume. This can alternatively be expressed in terms of C, the mass per unit volume, the
molecular weight MW, partial specific volume of the particle, v, and Avogadro’s number, Na.
However, this linear relationship only applies for relatively globular particles below q*Rg < 1.3,
while simultaneously being a pre-requisite for accurate calculation of size by the Guinier
method. Thus, visual inspection of the Guinier region can also be a powerful and rapid diagnostic
tool for sample quality, as it can provide evidence for the presence of aggregation or degradation

of the particle from X-ray exposure as determined by non-linear behavior at low-q values.
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Figure 2.1 Schematic of SAXS experiment and basic data transformations.

A solution of the sample of interest is illuminated by a high-power x-ray source, producing a 2-
dimensional scattering pattern at the detector. This scattering pattern is then radially integrated to
produce a 1-dimensional scattering intensity curve. From the raw intensity data, mathematical
conversion can be applied to obtain key information about the biophysical properties of the
sample. First the Guinier transformation can be used to compare the experimental data (red
dotted line) to an ideal sample to determine the presence of aggregation. The P(r) transformation
provides is a plot of the interatomic distances present in the sample and provides information
about the shape and size of the sample. The Kratky and Porod-Debye analyses are influenced by
the surface-to-volume ratio of the particle, and are therefore sensitive to changes in the size,
shape, and foldedness of the particle.
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A second transformation of the data into the Pairwise distribution function, P(r), is

enabled by the equation:

I(q) = 4nf maxP(r)Sinq#dr
0

where r represents all interatomic distances in a scattering particle, and Dmax represents the
maximum linear dimension or longest interatomic distance in the particle.(79) The calculation of
the P(r) distribution involves an indirect Fourier transform of the I(q) curve and frequently
requires manual manipulation of Dmax parameter to produce an adequate fit. This transformation
provides invaluable information about the size and shape of the protein. Shape changes
especially are readily detectable from the shape of the P(r) distribution. An additional
relationship allows the calculation of an independent R parameter directly from the P(r)
distribution, providing both a good metric for fit of the P(r) distribution to the experimental data
and providing another diagnostic of sample quality. Disagreements between the Ry derived from
the P(r) distribution and the Guinier method can be a sign of aggregation or interparticle

association.

The final more complex set of transformations provides information about the volume, shape,
and especially flexibility of the molecule (83). The Kratky transformation involves multiplication
of the I(q) plot by g. Integration of this curve provides a parameter termed the Porod Invariant,

Q, which is related to the volume of the particle:

V=2n2-%

However, this relationship is limited to highly globular particles and breaks down when applied

to flexible polymers and extensions. This relationship is defined by the relationship between the
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decay in scattering intensity of a globular particle vs. an unfolded particle by the Porod-Debye
law which states that the scattering of a folded particle should decay as q™* scaled by the particles

surface area, S, concentration, c, and the contrast of the particle, Ap:
21
I(q) = Ap rFo S

Transformation of the data to q**I(q) vs. q allows estimation of whether the particle is globular
and reaches a Porod Plateau or contains unfolded character and reaches a plateau in a different q
regime. The related Porod Exponent (Px) parameter provides a simplified version of this metric
and can be described phenomenologically; Px= 4 corresponds to a globular compacted particle,
Px= 3 corresponds to a mostly globular particle with either significant interdomain flexibility or
a significant unfolded character that impacts the surface-to-volume ratio, while Px= 2
corresponds to a largely unfolded particle as in the case of an intrinsically disordered protein.
Corresponding qualitative visual analysis can be applied to the Kratky plot. Calculation of the
volume of the particle by this method enables another way of determining the molecular weight
of the sample that can be compared to measurements derived from the Guinier approximation, as
the MW-to-volume ratio is relatively fixed for globular proteins. It should be cautioned that this
metric may be less reliable for proteins with a high degree of flexibility. As such, estimates of
molecular weight by this metric should be limited to proteins for which a Px parameter has been

estimated that is as close to 4 as possible.
Data collection formats

The simplicity of SAXS data collection allows for versatility in experimental setup. At
the simplest level, one takes a single sample and exposes it to an x-ray beam and repeats this
process for several samples. As sample preparation requirements are usually minimal and

27



preliminary data analysis is relatively quick and can be easily automated, SAXS has the potential
to be much higher throughput than other methods of structural analysis. Through implementation
of an upstream automatic pipetting robot, the SIBYLS beamline has enabled collection of SAXS
data from a 96-well plate format (81,84). In this high-throughput SAXS (HT-SAXS) experiment,
a 96 well plate is provided containing an array of samples, from which the pipetting robot

transfers the sample to the SAXS sample cell for data collection (Figure 2.2A).

As mentioned above, SAXS is particularly sensitive to aggregation and is unable to
provide accurate structural information unless homogenous, monodisperse samples are provided.
In many cases, small amounts of aggregation are present in protein samples that result in poor
data-quality but are difficult to resolve. Another SAXS data collection format provides a
powerful avenue for such samples by employing in-line Size exclusion chromatography directly
upstream of data collection (SEC-SAXS) (80). In this format, the sample is injected onto an SEC
column which is capable of separating out aggregated species or in the case of complex mixtures
allows analysis of various subcomponents (Figure 2.2B). The eluent is then routed to a
transparent sample cell from which SAXS measurements are performed as the sample flows off
the column. An auxiliary line can be used in which MALS data collected concurrently as a
secondary measure of sample quality and homogeneity. From this, the Rg can be measured
rapidly for each point in the chromatogram to detect whether the sample is homogenous. SAXS
data from a range of points for which the R is homogenous can then be averaged to produce a

high signal-to-noise, high-quality SAXS dataset that is free from aggregation.
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Figure 2.2 Two SAXS data collection formats used for this work.

A) In high-throughput SAXS (HT-SAXS) samples in a 96-well plate are provided, transferred to
a sample-chamber by a pipetting robot, and successively collected. Data from individual samples
can the be compared using a similarity plot. B) In SEC-SAXS, the sample is applied to a size-
exclusion column which separates samples by size and removes aggregated species. Flow-
through from the column is coupled to an exposure cell, where scattering data is collected over
many frames (typically one exposure per second). Scattering data from individual frames can
then be averaged across a homogenous peak.

Structural modeling using SAXS data

Combining lower-resolution SAXS data with modeling approaches can provide a

powerful tool to analyze the structure of difficult proteins (flexible, low-affinity, heterogeneous)
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for which other higher resolution methods are challenging. The most common form of structural
modeling to be used in combination is Ab-initio structure determination. Several methods can be
employed to produce a low-resolution (20-40 A) molecular envelope of the macromolecule.
Traditionally, ab-initio structural determination was performed using a bead-modeling approach
such as DAMMIN/F. In this approach, dummy atoms are modeled in a simulated-annealing
approach to find a configuration of atoms that fits the experimental data well (85). However,
some ambiguity exists due to the one-dimensional nature of SAXS data in that divergent models
can provide similarly good fits to the SAXS data. Thus, typically one creates multiple models
and averages them to create a final molecular envelope. A more recent alternative approach
employs an iterative structure factor retrieval algorithm that directly calculates an electron
density map rather than creating a dummy atom model (86). This algorithm, known as DENSS,
provides comparable molecular envelopes of comparable resolution to DAMMIN/F but provides
an advantage in that differences in electron density can be visualized, especially useful for
systems like hollow proteins, protein/DNA complexes etc. Importantly, due to the above-
discussed surface-to-volume dependence of SAXS data, calculation of a molecular envelope is

inadvisable for highly flexible proteins (Px < 3.0).

Once a low-resolution molecular envelope has been produced, higher-resolution
structural models from published structures or computational methods like AlphaFold can be
placed into the density to gain an understanding of molecular architecture. Further insight can be
obtained by directly comparing the high-resolution structural model to the experimental SAXS
data rather than analyzing the fit of the structure into highly ambiguous low-resolution molecular
envelopes. Back-calculation of a theoretical scattering curve is possible through methods like

CRYSOL or FoXS, which both calculate an exclusion volume and hydration shell of the input
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atomic model and perform an inverse-fourier transform to back-calculate the theoretical
scattering curve of the model (87,88). This simulated model can then be compared directly to the
experimental SAXS data through statistical methods such as a y? analysis or calculation of more
specialized statistical metrics. As SAXS data is highly reliant on size, it is very important that all
missing atoms from published structures are added to the model before comparing directly to the
experimental SAXS data. All loops and missing regions must be modeled, and accurate
stoichiometry is essential for reliable comparison. This method provides a powerful tool for
determining whether alternate conformations or configurations of a macromolecule are adopted

in solution and evaluating the quality of structural models.

More sophisticated approaches to SAXS-based modeling can be employed that allow one
to predict possible conformational ensembles (87,89). Typically, multi-state modeling employs a
basic conformational sampling method that produces a large (>10,000) number of possible
conformations of the macromolecule of interest. To speed up the conformational sampling step,
one common approach is to provide user defined flexible residues to which the sampling step is
restricted. This beads-on-a-string treatment is often an acceptable approximation for modular
multidomain proteins. Following conformational sampling, the models produced are then
subjected to SAXS-based scoring, allowing evaluation of how well each conformation fits the
SAXS data. Finally, multi-state modeling allows combination and weighting of multiple models
to represent an ensemble of conformations. Though powerful in providing an estimation of the
theoretical range of conformations possible in solution, it is important to interpret these results
with caution. First, this approach is susceptible to overfitting as the combination of multiple
conformations can eventually provide a very well-scored ensemble model. However, as

mentioned above, many possible combinations of data can yield similar scattering data so
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individual models of the ensemble may or may not represent important conformations for the
molecule. Likewise, it is important to recognize that for flexible proteins that occupy a
continuous range of conformations rather than a series of discrete orientations, representation of

the ensemble using a small number of orientations as representatives can be highly misleading.

Electron Microscopy

Electron Microscopy (EM) has long been a complementary technique used for the
acquisition of low-resolution structural information of bio-macromolecules. Negative-staining
using a heavy atom solution and or cryogenic EM in which the sample is frozen in vitreous ice
are the two main methods of sample preparation. In the case of negative stain, a heavy atom
staining solution such as Uranyl Acetate provides a high contrast fixation agent that facilitates
imaging of otherwise low-contrast protein samples in a cost and time-efficient manner, though
resolution is limited to 10-15 A. Recent developments in cryoEM have greatly increased the
achievable resolution of the technique to near atomic resolution and allow imaging of
macromolecules in near-native conditions. Although cryoEM has seen an explosion in popularity
in the past decade due to these technical developments, both techniques provide valuable
information that can be integrated with other structural methods to gain insight into molecular

structure biophysical properties.
EM basics

Although an in-depth discussion of the theoretical basis of electron microscopy is outside
the scope of this dissertation, several key concepts must be introduced in order to apply this
technique towards the investigation of a modular protein such as pol-prim. Similar to x-ray

scattering techniques, EM relies on the interaction of a coherent beam of electrons with the
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atoms of a particular sample of interest. Several differences between the physical properties of
electrons and photons (x-rays) allow for acquisition of direct images of the sample rather than
relying on diffraction. First, electrons interact much more strongly with matter, greatly increasing
the signal-to-noise ratio of a given image compared to x-ray techniques. Importantly, electrons
behave in a dual wave-particle manner similarly to photons and due to their charge can be
manipulated or focused by strong electromagnetic fields in the form of lenses allowing for highly

magnified images, similar to how glass lenses manipulate photons in a light microscope.

Electron microscopy of biological molecules typically employs Transmission Electron
Microscope (TEM) (90). In TEM, an image is formed by illuminating the sample with an ordered
bundle of electrons (an electron beam) (91). The electrons in this beam can then be scattered by
interaction with the atoms present in a sample, either elastically or inelastically. Elastic scattering
typically occurs in the case of an interaction between the incoming electron and the nucleus of an
atom from the sample, in which case the energy (defined as the combined kinetic energy and
momentum) of the incoming electron are not transferred to the sample atom due to the large
difference in mass between the two particles. Inelastic scattering can occur when there is
interaction between an electron from the beam and from the sample, in which the energy from
the incoming atom is transferred to the sample and causes radiation damage. Importantly, the
radiation damage caused that occurs during inelastic scattering events is a fundamental resolution
limitation of electron microscopy, as fragile biological samples are quickly damaged before very
high signal-to-noise images can be obtained. As elastically scattered electrons maintain coherent
energy, they can be focused by lenses to form a high-resolution image, while inelastically
scattered electrons are scattered and lose essentially random amounts of energy, resulting in an

incoherent, difficult to focus beam. Scattering of an incoming electron increases as the number of
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protons (Z) in an atom increases, with inelastic scatting increasing by Z'3 while elastic scattering
increases by Z*3. Thus, heavier atoms provide a higher ratio of elastic scattering and therefore

produce higher signal-to-noise images.

As an image is recorded by the detector of a microscope, the contrast and resolution are
defined by the Contrast Transfer Function (CTF). At the most fundamental level, the CTF from a

given image is defined by the following equation:

TC A3 k*
CTF = sin (—mAzAk? + ST)

where Az is the defocus of the image, A is the wavelength of the electron as defined by the de
Broglie equation and which is dependent on its accelerating voltage, Cs is the spherical
aberration of the microscope, and k is the spatial frequency which is inversely related to the
resolution. Thus, two fundamental and tunable parameters that affect contrast visible at a given
resolution 1/k are the defocus and the accelerating voltage of the microscope. To simplify, higher
accelerating voltages in more powerful microscopes (the Titan Krios in the Vanderbilt EM core is
a 300 kEV microscope while the Glacios and TF20 microscopes are 200 KEV) offer the potential
for higher resolution information, while possibly sacrificing contrast of lower-resolution features.
Similarly, higher defocus values offer higher contrast of lower-resolution features while

sacrificing contrast at higher resolutions.

The CTF is directly related to the power spectrum, which is a Fourier transformation of
the original image. However, the power spectrum is also impacted by several phenomena that
ultimately drastically reduce contrast at higher resolutions, collectively referred to as the
envelope functions. The envelope function is the product of several factors: image quality

including the effects from beam-induced motion and aberrations in the image/microscope, the
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precision of the alignment, and for single-particle reconstruction the particle homogeneity and

number of particles averaged.

Further limitations for biological TEM are related to the nature of atomic makeup of
proteins and nucleic acids and their relative similarity in electron density to the water-based
solution they are usually in. At the simplest level, this similarity in electron density results in
signal for the molecule that is difficult to distinguish from the background solution. Additionally,
as carbon, nitrogen, and oxygen are all relatively low atomic number, the ratio of elastic
scattering to inelastic scattering is low, thus increasing dose to increase the overall signal results
in a corresponding increase in inelastic scattering and correspondingly radiation damage. This
damage destroys the sample at the atomic level, perturbing the chemical nature of the sample of
interest from a native state. In order to overcome this low signal-to-noise ratio, several strategies

are available.

Two sample-preparation strategies offer alternative routes to either limit radiation damage
of the sample or increase the signal-to-noise of the sample. The first is cryogenic EM (cryoEM)
in which the sample 1s plunged into liquid ethane and flash-frozen in vitreous ice (91-94). In this
technique, native structure is mostly preserved as ice crystals that might damage the sample are
avoided by the rapid rate of freezing. Additionally, the cryogenic temperatures reduce the effects
of radiation damage, allowing for higher doses and increased signal-to-noise. Another sample
preparation technique is to coat the sample of interest with a heavy atom stain such as uranyl
formate (90,95,96). This process is called negative stain EM as the heavier atoms surround the
protein and act as a dark background field, reflecting more electrons than the lower atomic
number protein atoms which appear white in the micrograph as the beam more easily passes

through them. This approach provides drastically improved contrast and preserves the sample,
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protecting it from radiation damage. However, the grain size of the stain limits the overall
achievable resolution from negative stain EM to roughly ~15-20 A. Additionally, the harsh
staining conditions can result in perturbations of the native state of the protein, sometimes
resulting in complete collapse of the particle. Thus, care must be taken to verify that the structure

obtained by negative stain represents an intact sample.

In addition to sample preparation methods, single-particle averaging is a strategy in
which many two-dimensional projection images of a sample of interest are computationally
aligned. The alignment of many thousands of particles from similar viewing angles greatly
increases the signal-to-noise ratio over that of a single image of a particle. Mathematically, the
Fourier transform of a 2D projection image corresponds to a center slice through the 3D
reciprocal space representation of a 3D object. Thus, through the acquisition of many 2D
projection images, a 3D volume can be reconstructed in reciprocal space, after which an inverse

Fourier transform results in a 3D volume corresponding to the electron density of the particle.
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Figure 2.3 Schematic of Electron Microscope and basic data processing.

Left, simplified schematic of a transmission electron microscope. Right, schematic of data
collection and initial processing.

When performing single-particle analysis, sample homogeneity is essential for alignment
of individual particle images and achieving higher resolution. As such, it is essential that
compositional heterogeneity is limited during the sample preparation stage. Additionally, in
simple 3D reconstruction algorithms, protein flexibility can present a major barrier to achieving
high-resolution, as components for which there is a large degree of flexibility can cause a
blurring effect during reconstruction. Several methods exist for sorting, characterizing, and
ultimately overcoming the limitations presented by protein flexibility (97—100). In addition to
achieving a high-resolution reconstruction from a flexible sample, the flexibility itself can be

described in high-resolution detail, and molecular movies can be created augmenting static 3D
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reconstructions. However, these methods are still currently undergoing rapid development, and at

the moment are not capable of handling all cases of protein flexibility.
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CHAPTER 3.  FLEXIBILITY AND DISTRIBUTIVE SYNTHESIS REGULATE RNA

PRIMING AND HANDOFF IN HUMAN DNA POLYMERASE A-PRIMASE?

Introduction

In eukaryotes, DNA polymerase a-primase (pol-prim) initiates DNA synthesis during
replication, generating the first ~30 nucleotides of nascent strands.(1,101-104) Pol-prim is
unique among replicative polymerases in its ability to perform de novo synthesis from a single-
stranded DNA template; these primers are required for further synthesis by the processive
polymerases ¢ and 9 that perform the bulk of nascent strand synthesis(2,5). Pol-prim plays a
particularly crucial role on the lagging strand during replication, as primers must be repeatedly
synthesized due to the discontinuous nature of synthesis of this nascent strand (105) . The
primers generated by pol-prim are chimeric in nature, consisting of 7-10 ribonucleotides
followed by ~20 deoxyribonucleotides.(35,66) The RNA and DNA portions of this chimeric
primer are generated by distinct active sites located in the primase and polymerase subunits of
this tetrameric enzyme (Figure 3.1) (71).

Primase consists of the PRIM1 (also known as p48, p49, PriS, and Pril) catalytic subunit
and the PRIM?2 (a.k.a. p58, PriL, and Pri2) regulatory subunit (106). PRIM2 contains PRIM2N
(residues 1-245), a domain that acts as a scaffold linking the primase subunits to the pol a
subunits, and the flexibly attached PRIM2C domain (residues 265-455), which is involved in
regulation of both RNA and DNA synthesis (46,48,50,52,56,63,107,108). Although the catalytic
site for RNA synthesis is located within PRIM1, PRIM2C greatly stimulates catalytic activity

and is required for both initiation of primer synthesis and regulation of the length of the primer

2 This work has been submitted for publication as a research article in the Journal of Molecular Biology.
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(37,55,57). Polymerase a consists of the catalytic subunit POLAT1 (a.k.a. p180) and the
regulatory subunit POLA?2 (a.k.a. p68, p70, and B subunit) (61,64). POLA1 contains a catalytic
domain (POLAIcat) and a C-terminal domain (POLA1C, residues 1265-1462) that acts as a
scaffold between POLA2 and PRIM2N, while also connecting to POLA 1cat through a flexible
linker (39,63,109). Architecturally, pol-prim is organized into three modules: the tetramer core
(POLA2/POLA1C/PRIM2N/PRIMI; a.k.a. pol-prim platform), POLA1cat, and PRIM2C
(43,58,110). POLA1lcat and PRIM2C are tethered to the tetramer core through ~30 and ~20
residue flexible linkers, respectively. The modularity of pol-prim allows for dynamic
coordination of RNA and DNA primer catalysis as well as interfacing with other replication

factors (13,23,26,31,111-113).
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Figure 3.1 Schematic diagrams of primer synthesis and pol-prim structure.

A) The pol-prim heterotetramer. B) Steps of primer synthesis. C Diagrams of pol-prim and
subcomplexes used in this study alongside SDS-PAGE images of the purified proteins.

RNA primer synthesis involves the coordinated action of PRIM1 and PRIM2C. PRIM1
alone possesses an ability to elongate pre-synthesized RNA primers in the absence of PRIM2C,
but is otherwise incapable of initiating primers and has low affinity for oligonucleotide substrates
on its own (66—68). PRIM2C has an inherently higher affinity for substrates, in particular for
structures mimicking RNA primed templates that contain a 5’ triphosphate and 3’ template

overhang.(58,67,68) It is generally understood that initiation of primer synthesis requires a
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configuration in which PRIM1 and PRIM2C are aligned and together bind the ssDNA template,
along with two incoming NTPs and catalytic di-cations, before synthesis of the initial
dinucleotide can occur.(46,47,69,75,114) The need to simultaneously align the domains in
combination with the relatively low binding affinities for substrate and co-factors makes
formation of the first dinucleotide the rate-limiting step of primer synthesis.(66)

Once the dinucleotide is formed, the RNA primer is elongated by PRIM1 in a 5°-3°
direction to a length of 7-10 nucleotides. However, PRIM1 lacks the ability to regulate primer
length without PRIM2C.(37,68) Additionally, PRIM1 synthesis is distributive in nature, as
synthesis of primers less than the unit length of 7 is common and is increased in the absence of
PRIM2C.(66,68,69) PRIM2C not only has higher affinity than PRIM1 for the substrate, but is
also remains bound to the 5’ end of the primer, which plays an essential role in primer length
regulation.(68,70,115) From this it can be inferred that PRIM2C and PRIM1 become spatially
separated as the primer length grows. Recent studies by our groups and others have also
demonstrated that PRIM2C forms an interaction with POLA1cat during DNA initiation and
likewise remains bound during DNA elongation, playing a critical role in handoff and DNA
primer length regulation.(42,70,76)

All current models of RNA primer synthesis invoke a critical role for PRIM2C. A recently
proposed model posits that a steric clash between PRIM2C and PRIM2N results when the RNA
primer reaches a length of 9 or 10 nucleotides, providing an upper limit for primer
length.20,28,30 In addition, our recent work has shown that steric clash with PRIM2C prevents
POLA cat from binding an RNA primer of <7 nucleotides, providing the lower bound of unit

primer length as 7.(42)
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Despite advances in understanding that PRIM2C regulates primer synthesis, direct
structural characterization of the priming complex during RNA catalysis is lacking. Here we
report new data and present a mechanistic model for the initiation, elongation, and handoff of the
RNA primer. By comparing binding affinities for RNA-primed template substrates of a variety of
pol-prim constructs, we directly show that the majority of the substrate binding affinity of
primase derives from the tight binding of PRIM2C. We also characterize structural transitions
that occur as the RNA primer is initiated and elongated showing there is a mixture of states in all
cases and that in the presence of substrate, the majority of molecules have PRIM2C but not
PRIMI1 bound. Our results reveal the molecular basis for the highly distributive nature of RNA
primer synthesis and lead to a revised model for RNA primer synthesis that incorporates the high
affinity of PRIM2C for substrate, the high-degree of flexibility of PRIM2C, and the preferential

binding of RNA-primed templates by POLA1cat.

Methods

Cloning and Expression

The gene encoding FL-PRIM1 was cloned into a pBG100 expression vector while the
gene encoding FL-PRIM2 was cloned into a pETduet co-expression vector. POLA?2 (residues
155-598) and POLAI1C (residues 1265-1462) were cloned into a pET-duet expression vector
encoding a 6xHis TEV cleavable tag. The disordered N-terminal region (residues 1-155) was
truncated to facilitate expression, purification, and biophysical analysis. To generate a PRIM2AC
construct, the N-terminal domain PRIM2N (residues 1-265) was subcloned into a modified

pETduet expression vector. To generate a polAcat-primAl construct, a separate tri-gene construct
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was generated which encoded POLA2 (residues 155-598), POLAIC (residues 1265-1462), and

FL-PRIM2, which was then cloned into a pRSF-DUET vector.

PRIM1/PRIM2 and POLA1C/POLA2 were expressed separately in Escherichia coli
BL21 RIL cells. PRIM1/PRIM2 cultures were grown at 37°C in LB medium supplemented with
25 mg/L chloramphenicol, 100 mg/L ampilicin, and 30mg/L kanamycin while POLA1C/POLA2
cultures were supplemented with chloramphenicol and ampicillin only. Upon reaching mid-log
phase, cultures were cooled to 16 °C and PRIM1/PRIM2 cultures were supplemented with 100
mg/L ammonium iron (III) citrate and 100 mg/L iron (II) sulfate. Overexpression was then
induced by addition of IPTG to a final concentration of 0.5 mM. After overnight incubation, cells

were harvested by centrifugation and pellets stored at -80 °C.

Protein Purification

PRIM1/PRIM2 and POLA1C/POLA2 cell pellets were thawed in room temperature
water and resuspended in Lysis Buffer (50 mM sodium phosphate pH 7.5, 500 mM NaCl, 10%
[v/v] glycerol, 1 mM TCEP, 0.1 g/50mL DNAse, 1 g/50mL lysoszyme, and 1 complete EDTA-
free protease inhibitor cocktail tablet [Roche] per 50 mL). The pellets were co-lysed using a
Dounce homegenizer followed by gentle sonication. The lysate was then centrifuged at 50,000 g
for 1 hr to pellet cell debris. The supernatant was then filtered using a 0.45 micron filter before
application to a Ni-NTA column on a FPLC (Biorad). The column was washed with 10 column
volumes (CV) of 10 % Nickel Buffer A (Lysis buffer without DNAse, lysozyme, and protease
inhibitor) 90% Nickel Buffer B (Nickel Buffer A + 1M imidazole), followed by protein elution at
60% Nickel Buffer B. Fractions containing the protein of interest were pooled, H3C and TEV
protease were added for His-tag cleavage, and dialyzed overnight at 4 °C in dialysis buffer (20

mM HEPES pH 7.5, 200 mM NaCl, 5% glycerol, ] mM TCEP) using 10 kDA MWCO dialysis
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tubing. The following morning, the dialyzed solution was diluted 1:1 using Dilution buffer (20
mM HEPES pH 7.5, 5% glycerol, 1 mM TCEP) and filtered using a 0.45 micron filter before
application to a Heparin column pre-equilibrated in a mixture of 5% Heparin Buffer 1 (20 mM
HEPES pH 7.5, 5% glycerol, I mM TCEP) and 95% Heparin Buffer 2 (20 mM HEPES pH 7.5,
IM NaCl, 5% glycerol, 1 mM TCEP). The column was then washed with 5 CV of this mixture of
Heparin Buffer 1 and 2 followed by a gradient over 12 CV from 5% to 100% Heparin Buffer 2.
Fractions containing polAcat-prim were then pooled and concentrated using a 10 kDa MWCO
spin filter, centrifuged, and applied to a S200 Increase column (Cytiva) equilibrated in SEC
buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 5 mM MgCl,, and 1 mM TCEP). Protein was
eluted in 1.2 CV of this buffer, and fractions containing PolAcat-prim were pooled and
concentrated. Aliquots were then used immediately or flash frozen in liquid nitrogen and stored
at -80 °C. PolAcat-primA2C was purified in the same manner while the polAcat-primA1l

construct lacking PRIM1 was purified from a single cell pellet.

Sample Preparation and Crosslinking

5’-triphosphorylated RNA substrates were synthesized using as described previously.(42)
DNA oligonucleotides were purchased from Integrated DNA technologies and resuspended in
MES buffer (10 mM MES pH 6.5, 40 mM NaCl). To generate RNA-primed templates, 66 uM
RNA primer and 60 uM DNA templates were annealed in MES buffer by heating to 85 °C then
slowly cooled to 4 °C. Protein substrate complexes for SAXS and EM experiments were
prepared by incubating protein and primed substrate at a 1:1.1 ratio in binding buffer for 30 min.
For crosslinking, bis(sulfosuccinimidyl)suberate (BS3) was purchased from Thermo fisher. A 10
mM stock solution was prepared immediately before use. Crosslinking reactions were performed

using 2 mM BS3, 5 uM protein, and 5.5 uM substrate in SEC buffer, incubating at room
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temperature in the dark for 30 minutes. The reaction was quenched using 50 mM TRIS buffer.
The reaction mixture was then subjected to Size-Exclusion Chromatography to remove higher

order oligomeric species. Production of crosslinked products was monitored by SDS-PAGE.

Table 3.1 Oligonucleotides.

Oligouncleotide Sequence

Primer — 8mer pppGGAUACUG

Primer — 9mer pppGGAUACUGC

Template — 29 GTATGTATGTCAGTATCCTGTATGTATGA
Template - 30 GTATGTATGTGCAGTATCCTGTATGTATGA
Template - 21 GTATGTATGTCCTGTATGTATG

Microscale Thermophoresis

RNA/DNA binding reactions were conducted in the dark in binding buffer [20 mM
HEPES<*NaOH (pH 7.5), 150 mM NaCl, 5 mM MgCI2, 1 mM TCEP, ImM AMPCPP and 0.05%
(vol/vol) Tween-20] with 10 nM Cy5-labeled TriP 9mer primer- 3 1mer template substrates. A
9mer RNA primer was used in lieu of 8mer to maximize retention of the primer on the template
at the low concentration and near room temperature conditions in which the experiments were
performed. Serial dilutions (1:1) of protein (2.5 uM to 0.61 nM) were prepared in binding buffer
and combined with an equal volume of 20 nM Cy5-labeled primer-template. Samples were
mixed and incubated on ice for 10 min, then at 17 °C for 10 min, and centrifuged at 20k xg at 4
°C for 5 min prior to loading into standard-coated capillary tubes (NanoTemper, GmbH, Munich,
Germany). Microscale thermophoresis data were collected on a Monolith NT.115 (NanoTemper)
instrument. All experiments were conducted using the red fluorescence laser at 60% power

46



(Aexcitation: 600 — 640 nM; Aemission: 660 — 720 nm) and the infrared laser at medium power (A =
1480 nm). Temperature-related intensity changes (TRIC) were performed at 17 °C with a pre-IR
phase of 3 sec, followed by an IR-on phase of 20 sec, and a post-IR phase of 1 sec. Data quality
was tracked by monitoring fluorescence quenching, photobleaching, protein aggregation, and
adsorption for each experiment. Experiments were performed in triplicate. For each protein-DNA
binding titration, the normalized fluorescence values were tracked as parts per thousand using the

equation:

Fhot

) X 1000

E =
norm ( Frou

where Fro corresponds to the mean fluorescence intensity from 0.5-1.5 seconds and Feolq to the

mean fluorescence intensity from -1.0 — 0.0 seconds before irradiation and converted to AFnorm:

AFyorm = Fnorm(n) - Fnorm(initial)

Dissociation constants were derived from fits to the data using a Law of Mass Action binding

model:

(B-U) X(C—Ctarget"'Kd_\/(C"'Ctarget +Kq)2~4(CXCearget)

O =U+

2XCtarget

where f(C) is the fraction bound at a given protein concentration C, Crarget 1s the concentration of
fluorescently labeled oligonucleotide, B is the Fnorm signal of the complex, U is the Fnorm signal

of the protein alone, and Kgq is the dissociation constant.
Small Angle X-ray Scattering

Scattering data were collected at the ALS beamline 12.3.1 LBNL Berkeley, California.

The X-ray wavelength A was 1.03 A and the sample-to-detector distance was set to 1.5 m
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resulting in scattering vectors, g, ranging from 0.01 to 0.5 A~1.62 The scattering vector is defined
as g = 4mn sinb/4, where 20 is the scattering angle. For SEC-SAXS experiments, 60 ul of sample
(25 uM) was loaded onto a Shodex 802.5 SEC column connected to a multi-angle light scattering
system and the protein complex was eluted in SEC buffer.63 The eluent was split between SEC-
MALS and SAXS channels. 3.0-s X-ray exposures were collected continuously during a ~35
min elution. The SAXS frames recorded prior to the protein elution peak were used as buffer
blanks to subtract from all other frames. The subtracted frames were examined by radius of
gyration (Rg) and scattering intensity at ¢ = 0 A—1 (I(0)), derived using the Guinier
approximation I(q) = I(0)e—qR g2/3 with the limits g*Rg <1.5. I(0) and Rg values were
compared for each collected SAXS curve across the entire elution peak. The elution peak was
mapped by plotting the scattering intensity at ¢ = 0A—1 (I1(0)), relative to the recorded frame.
Uniform Rg values across an elution peak represent a homogenous assembly. Data quality was
assessed by: (1) fitting of the data in the Guinier region; (ii) good agreement between Rg
calculated by the Guinier method and that based on P(r) distribution; (ii1) molecular weight
estimates derived from the data (Porod volumes) that were consistent with the expected size of
the protein.64 The SAXS data were processed using Scatter 4.0 and PRIMUS. 65,66 Back-
calculated scattering data from coordinates extracted from structures available in the PDB were
generated using FoXS.52,67 High-Throughput SAXS was performed using the same buffer and
protein concentrations as SEC-SAXS.68 An array of ssDNA (0.2-2 mM) and GMPCPP (0.1-10
mM) concentrations were screened and monitored for major changes in the Mid-Q range of the
Kratky plot that is highly sensitive to changes in shape. The concentration with the highest
magnitude shift in the Mid-Q region without evidence of aggregation was further processed and

compared to equivalent data collected for the free protein and a back-calculated scattering curve
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determined from a theoretical model of the configuration of PRIM2C that is primed for initiation

(see Modeling section).

EM sample preparation and data collection

Negative stain EM samples were prepared by diluting freshly purified polAcat-prim to a
final concentration of 50 nM in SEC buffer. 400 mesh carbon film copper grids (Electron
Microscopy Sciences) were glow discharged for 2 minutes for non-crosslinked samples and 3
minutes for crosslinked samples. 2.5 uL of sample was applied to the grid and incubated for 1
minute, then blotted using filter paper, washed for 5 seconds in DI water, blotted, washed for 5
seconds in Uranyl formate stain, blotted, then stained for 90 seconds in Uranyl Formate solution.
Grids were screened using a Morgagni 100 kV screening microscope. Micrographs were

collected using a FEI 200 kV TF20 microscope.

EM data processing

Initial data processing was performed in Sphire 1.9. Particle picking was performed with
Cryolo yielding 80,000 — 100,000 particles per dataset.69 2D classification was then performed
in sphire using Iterative stable alignment clustering (ISAC).70 Particles were imported into
cryosparc for further processing.71 Multi-class ab initio reconstruction and heterogeneous
refinement was performed, and particles from classes displaying incomplete or irregular density
were removed before submitting to further rounds of multi-class ab initio reconstruction and

heterogeneous refinement (Figure S6).

Modeling

Models of the tetramer core were generated by extracting coordinates from the PDB
entries of eukaryotic pol-prim (SEXR, 8DOB, 7UY8, 7U5C, 8DID, 8GIF) and rigid-body
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docked models from EMD entries (29888, -29889, -29891).(42,58,75—77) Only residues from
POLA2, POLA1C, PRIM2N, and PRIM1 were kept, and structures were aligned to

POLA2/POLAIC for visualization. Two-state SAXS models were generated in Multi-FoXS.(87)

Models of polAcat-prim were generated by extracting coordinates from the PDB entries
of pol-prim in which PRIM2C was visible (PDB:5SEXR, 7U5C, 8G9F, 8FOC, 8FOD, 8FOE,
8FOH, and 8D0K).28,43,45,46,47 Only residues from POLA2, POLA1C, PRIM2, and PRIM1
were kept and structures were aligned to PRIM1. For direct comparison to SAXS data, missing

residues were added using MODELLER.72,73

BILBOMD was used to generate additional single and multiple configuration models of
polAcat-prim that are consistent with the experimental SAXS data.74 For these calculations,

residues 245-265 and 455-509 in PRIM2 were defined as flexible.

Models of the RNA initiation and elongation configurations of polAcat-prim were
prepared by manually aligning PRIM1 from PDB:6R5D to PRIM1 to the tetramer core of
PDB:5EXR.54,75 The structure of PRIM2C bound to substrate from PDB:8D9D was manually
aligned such that the 3’ terminus of the RNA primer was aligned with the ATP molecule from
PDB:6R5D for nucleophilic attack.(76) All but 8 nucleotides for elongation or all but 1
nucleotide for initiation were retained from the structure of the RNA-primed template bound to

PRIM2C. 75

Models were initially aligned to EM density using the Fit in Map tool of ChimeraX to fit
the teteramer core. Subsequently, atomic models were manually adjusted by treating the

PRIM2C:PRIM1:substrate as an independent module and PRIM2N:POLA1C:POLA?2 as another
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independent module on the basis of the large degree of conformational heterogeneity observed

between the two in our SAXS and modeling studies.

Results

Analysis of RNA priming by pol-prim requires specific construct design

The primase subunits of pol-prim (PRIM1, PRIM2) are responsible for the synthesis of the
initial 7-10 nucleotide RNA primer. Moreover, the large POLA1cat domain, flexibly linked to the
central tetramer core, is not directly involved in RNA primer synthesis. To focus our analysis of
RNA priming we therefore utilized a truncated pol-prim subcomplex that lacks POLA1cat
(PRIM1/PRIM2/POLA1C/POLA2, polAcat-prim, Figure 3.1C), similar to that used for previous
studies.(42,58,63,68) The truncation of POLA1cat is advantageous for several reasons. Among
these, the flexible nature and large size of POLA1cat would complicate measurements probing
the conformational dynamics of PRIM1 and PRIM2C, which are the primary focus of this study.
Deletion of POLA1cat is also valuable because it binds RNA-primed templates with higher
affinity than PRIMI, so its absence ensures efficient generation of complexes relevant to RNA
primer catalysis upon addition of relevant substrates.(42,59,60,67,68) An additional important
factor is that in the absence of nucleotide substrates, full length pol-prim exists primarily in a
compact configuration (termed the Autoinhibitory conformation) in which POLA1cat forms
physical interactions with and restricts the range of motion of both PRIM2C and the tetramer
core.(42,58,70,77) Pol-prim must drastically rearrange from this configuration before primer
synthesis can occur as both the substrate binding site of PRIM2C and the DNA catalytic site of
POLA cat are occluded. Thus, removal of POLA 1cat allows the analysis of the inherent
conformational flexibility within the tetramer core as well as flexibility of PRIM2C relative to
PRIMI.
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Recent structures of pol-prim in complex with the CST complex critical for telomere
processing have established that CST acts as a scaffold for pol-prim that also restricts the
flexibility and range of motion of the tetramer core and PRIM2C.(75,77,78) In this study, we did
not use either CST or other binding partners of pol-prim such as RPA that may influence the
structure and dynamics of pol-prim because our goal was to establish the inherent degree of
flexibility in polAcat-prim. Our data also inform on the extent to which scaffolding may alter

flexibility and how this may contribute to the mechanism of primer synthesis by pol-prim.
The pol-prim tetramer core is conformationally heterogeneous

The flexible linkers connecting POLA 1cat and PRIM2C to the tetramer core are critical to
the structural changes in pol-prim that are required to initiate and synthesize the chimeric RNA-
DNA primers.(43,58) For RNA priming, the positioning of PRIM2C with respect to the tetramer
core is key. The tetramer core has traditionally been viewed as a stable globular platform on
which the primer is assembled.(58,110) However, multiple structures of pol-prim that have
emerged in the past few years reveal a significant degree of conformational heterogeneity within
the core.(42,58,70,75-78) Superposition of the tetramer core from these structures suggests there
are hinges at the POLA1C/PRIM2N interface and within PRIM2N itself. Upon alignment to
POLAI1C and POLA2, which together form a rigid body,(61) PRIM1 is seen to occupy a range of
orientations that differ from each other by up to 35°, corresponding to a shift of ~40 A with
respect to the center of PRIM1 (Fig 3.2A). Hence, in order to characterize the structural
dynamics of PRIM2C relative to PRIM1, it is important to understand the conformational

heterogeneity within the tetramer core.
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Figure 3.2 Flexibility of tetramer core in solution.

A) Extracts from structures containing the tetramer core aligned to POLA1C/POLA2/PRIM2N
(light blue), showing range of motion in PRIM2N/PRIMI1 (green). Models are aligned to
POLA1C/ POLA2. Comparison of SAXS data for free polAcat-prim (black) and polAcat-
primA2C (red): B) log10 intensity plot; C) Normalized Kratky plot; D) Distance distribution. E)
P(r) distribution of polAcat-primA2C (red) overlaid with back-calculated distance distributions

from coordinates extracted from available structures (gray) and two-state multi-FoXS model

(purple).
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To directly characterize the degree of flexibility within the tetramer core, we turned to
small angle X-ray scattering (SAXS) analysis of a construct in which both POLA 1cat and
PRIM2C were removed so that just the tetramer core remains (polAcat-primA2C, Figure 3.1C).
This construct proved to be highly amenable to SAXS analysis and high quality, aggregation-free
scattering data were acquired (Figure 2, Table 1). The Kratky plot of the SAXS data (Figure
3.2C) is characteristic of a multi-domain globular species and the shape of the corresponding P(r)
distribution (Figure 3.2D) indicates the particle is dumbbell shaped, as expected based on the
available pol-prim structures. The estimated Porod exponent (Px) was ~3.9, which indicates

polAcat-primA2C forms a globular particle with limited flexible regions.

To determine if there is a correspondence between the extent of heterogeneity in the
tetramer core in published pol-prim structures and the apparent lack of flexibility of polAcat-
primA2C in solution, we extracted the coordinates for the tetramer core from the ensemble of
structures and back-calculated the corresponding SAXS curves (Figure 3.2A, E). The fits to the
experimental data of single back-calculated scattering curves produced chi-squared values
ranging from 4.9 to 11.4, indicating that each of these structures individually are poor
representations of the structure in solution. However, multi-state modeling of the SAXS data
using Multi-FoXS with the ensemble of structures produced much better fits.(87) Optimization
by using weighted mixtures of multiple input structures produced excellent fits even with the
simplest two-state model. Interestingly, the top scoring pair (chi-squared fit of 1.8) (Figure 3.2E)
corresponded to the two extremes of the ensemble of structures. This analysis suggests there is
substantial conformational heterogeneity within the teteramer core and that it likely samples a
continuous mixture of conformations in solution, consistent with our previous cryoEM analysis

of pol-prim.(42)
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If there is substantial conformational heterogeneity within the tetramer core, how can it be
reconciled with SAXS analysis of polAcat-primA2C indicating there is only limited flexibility?
The explanation for this apparent discrepancy can be found by considering the physical basis of
the Px and other SAXS parameters reflecting flexibility. For example, the Px, which ranges from
2.0 (completely disordered) to 4.0 (rigid), varies as a function of the surface area to volume ratio
versus scattering intensity.(83) Importantly, the conformational heterogeneity within the tetramer
core does not significantly alter the globularity of the protein or the surface area to volume ratio.
Thus, the high Px value for polAcat-primA2C provides a valuable insight, revealing that the
ensemble of tetramer core conformations observed in the various pol-prim structures represents

well the conformational heterogeneity of the tetramer core in solution.

PRIM2C is a primary contributor to pol-prim configurational flexibility

Although it has long been established that PRIM2C is attached to the tetramer core of pol-
prim by a flexible linker,(46,63,110) the nature and degree of variation in its relative orientation
with respect to the core has not been fully characterized. Importantly, variation in PRIM2C
orientation has been inferred to play a critical role in facilitating primer synthesis and regulating
the length of both the RNA and DNA portions of the primer.(37,42,70,75,76,125,126) However,
among the eleven available pol-prim structures in which PRIM2C is visible, eight occupy a
configuration roughly similar to the autoinhibited state, in which PRIM2C is located near the
PRIM2N and POLA1C interface and constrained by direct contacts with
POLAIcat.(42,58,76,77) Three additional orientations are observed in recent structures of pol-

prim in the presence of single-stranded DNA or an RNA-primed template.(70,75)

To obtain insight into the extent of configurational flexibility of PRIM2C, we collected

SAXS data for the tetramer core with PRIM2C attached (polAcat-prim) and compared the results
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to those described above for the tetramer core construct lacking PRIM2C (polAcat-primA2C)
(Figure 3.2B-D, Table 3.2). As for polAcat-primA2C, polAcat-prim was highly amenable to
SAXS analysis and high quality, aggregation-free scattering data were acquired. The molecular
weight estimate from the SAXS analysis corresponded well to the mass of the protein and
accurately reflected the ~25 kDa difference with respect to polAcat-primA2C due to the presence
of PRIM2C. Interestingly, despite the difference in molecular weight, the Rg and Dmax values
for the two constructs were similar, from which it can be inferred that interatomic distances for
both proteins are dominated by those within the tetramer core. Nevertheless, a clear difference in
shape can be observed in comparing the Mid-Q region of both the intensity and Kratky plots (Fig
3.2B, C). Moreover, the P(r) distributions (Figure 3.2D) indicate a change in shape to overall
cylindrical from a more dumbbell shape with PRIM2C present, which is possible if, on average,
PRIM2C is located somewhat centrally between the POLA1C/POLA2 lobe and the PRIM1 lobe

of the tetramer core.

The comparison of the SAXS results clearly shows that PRIM2C is flexibly attached to the
tetramer core. The Kratky plot indicates polAcat-prim is a mostly globular particle but has
significant interdomain flexibility compared to polAcat-primA2C (Figure 3.2C). Thus, the
attachment through a ~20-residue flexible linker enables PRIM2C to occupy a wide range of
relative orientations with respect to the tetramer core. This is also reflected in the substantial
reduction in the Px for polAcat-prim to ~3.3 from the value of 3.9 for the tetramer core alone.
Unlike the conformational heterogeneity within the tetramer core, the substantial changes in the
orientation of PRIM2C relative to the tetramer core have a large impact on the surface-area to

volume ratio and correspondingly result in the lower Px.
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PRIM2C occupies a similar orientation in all available structures of pol-prim alone,
corresponding to the compact Auto-inhibitory state. None of the corresponding models of
polAcat-prim extracted from these structures fit well to our SAXS data, and even multi-state
modeling was insufficient to obtain satisfactory fits (Figure 3.3). In an effort to better understand
the range and degree of configurational freedom of PRIM2C in solution we performed a limited
MD simulation restrained by the SAXS data, starting from polAcat-prim coordinates extracted
from the pol-prim crystal structure in the Auto-inhibitory state. From these simulations, the best-
fitting single models place PRIM2C in a central position between the PRIM1 and
POLA1C/POLAZ2 lobes, differing significantly from the Auto-inhibitory configuration of
PRIM2C, which we note is influenced by contacts with POLA1cat. 24460 Single models from
these simulations provided only adequate fits. However, the ensemble of SAXS data strongly
suggest that PRIM2C occupies a range of configurations in solution that is not well represented
by single structures. While even better fits to the SAXS data could be obtained with multi-state
modeling, the simplistic nature of our MD simulations limited the accuracy of insights that could

be obtained from analysis with multi-state modeling from predicted structures and it was decided
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that a more direct approach was needed.
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Figure 3.3 Modeling Configurational Flexibility of PRIM2C in the absence of substrate.

A) Models of polAcat-prim extracted from published structures of eukaryotic pol-prim in the
absence of substrate and a SAXS-based limited MD simulation model. In models of published
structures, only atoms corresponding to polAcat-prim were kept. Structures in which CST was
present are marked with an asterisk. Tetramer core is depicted in gray surface representation
while PRIM2C is highlighted in colored ribbon. Models are aligned to PRIM1. y? values for each
model are in comparison to polAcat-prim scattering data. B) back calculated distance
distributions from the models in A.

To more directly characterize variability in the orientation of PRIM2C with respect to the
tetramer core, we analyzed the structure of polAcat-prim by electron microscopy (Figure 3.4A).
Negative stain EM images showed clear particles corresponding to the expected shape of
polAcat-prim based on the SAXS data and the available structures of pol-prim. Excellent density
was observed in 2D class averages for the bulk of the globular tetramer core, albeit with blurred
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density for PRIMI. In addition, the density for PRIM2C was highly blurred. 3D reconstructions
lacked consistent density for PRIM2C, with only a small, disconnected segment of density
visible that could not confidently be assigned to PRIM2C. The observation of blurred density for
PRIM1 corresponds well to the flexibility of PRIM1 with respect to the rest of the tetramer core
arising from the hinge within PRIM2N described above. Likewise, the lack of density for

PRIM2C is consistent with our SAXS analysis that PRIM2C occupies a continuous range of

configurations in solution rather than a limited number of discrete states.

Figure 3.4 Negative Stain EM without and with an RNA elongation substrate.

2D class averages with selected 2D classes boxed in red and magnified at right, with consensus
3D reconstruction for polAcat-prim (A) without and (B) with the RNA elongation substrate. 2D
classes were created using ISAC in sphire while 3D reconstruction was performed in
cryoSPARC.
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To improve the resolution of our negative stain EM images, BS3 crosslinking was applied, which
as anticipated greatly increased homogeneity. In 2D class averages of crosslinked polAcat-prim,
strong density was observed for the tetramer core (including PRIM1) from a variety of viewing
angles (Figure 3.5-3.7). In both 2D class averages and 3D reconstructions, the conformation of
the tetramer core was noticeably more homogenous than in the non-crosslinked sample and the
characteristic S-shaped bilobal architecture was clearly evident. Importantly, PRIM2C was
highly visible in 2D class averages of the complex in a continuous range of configurations
spanning from near PRIMI, to a location similar to SAXS-based models, to the orientation
observed in the Autoinhibitory state (i.e. near the interface of PRIM2N and
POLA1C).(42,58,70,76,77) 3D reconstruction and classification yielded two primary classes,
one in which PRIM2C was centrally located, as in the SAXS based models, and the other in
which PRIM2C was located near POLA1C, as in structures of the Autoinhibitory state (Figure 4,
S3.6).(42,58,70,77) These are presumably two well-populated orientations from within the

ensemble of configurations accessible to PRIM2C that have been selected for by crosslinking:

60



Figure 3.5 2D class averages of crosslinked no substrate polAcat-prim.

2D classes were created using ISAC in sphire. Red boxes indicate selected class averages
depicted in Figure 4.
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Initial particle picking was performed using crYOLO in sphire and box-particle picking in
cryoSPARC. Subsequent steps were performed in cryoSPARC. A) No substrate, crosslinked. B)
Elongation substrate, crosslinked.
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Figure 3.7 PRIM2C orientation and heterogeneity visualized by Negative Stain EM.

Top row- selected 2D class averages of prim +/- elongation substrate with PRIM2C (purple) and
PRIMI (green) density highlighted. Comparison of 3D reconstructions without (left) and with
(right) elongation substrate. Atomic models rigid-body docked into the density is shown for
polAcat-prim. The +substrate class 1 model corresponds to the elongation model shown in Figure
S5. Bottom row- schematic diagrams drawn to correspond to atomic models to which they align.
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PRIM2C does not frequently sample the catalytically active RNA initiation configuration

The configurational flexibility of PRIM2C leading to changes in orientation of the domain
is key to the progression through the multiple stages of primer synthesis. To better understand
these changes, we set out to characterize the structural flexibility of polAcat-prim under
conditions required for RNA primer initiation and with an RNA-primed template. Ideally, SAXS
could be used for this analysis, although we deemed it important to first determine if this
approach would be sufficiently sensitive to detect the anticipated differences in the structure. For
these simulations, we had to first generate structural models of polAcat-prim: one in the
configuration required for initiating RNA primer synthesis and the other in the configuration
when bound to an 8mer RNA primed template elongation substrate (Figure 3.8A,E). Models for
initiation require that PRIM2C is located over the active site of PRIM1 and engaged in binding
nucleotide; interestingly, the configuration of PRIM2C in our model corresponds closely to that
observed in a recently published structure of pol-prim bound to template DNA and scaffolded by
CST,(75) but differs significantly from the structure of yeast pol-prim alone bound to template
DNA in which PRIM2C and PRIM1 are separated from each other.(70) In generating our model
for the complex with the elongation substrate, PRIM2C had to be moved away from PRIM1 as
PRIM2C remains bound to the 5’ triphosphate moiety of the nascent RNA primer as PRIM1
extends the 3’ end.(58,68) Our model was generated for polAcat-prim in an actively elongating
configuration, which differs significantly from a recent structure of yeast pol-prim in the
presence of an RNA-primed template in which PRIM2C is associated with the primer but the 3°
end of the growing primer is ~27 A away from the PRIM1 active site in a catalytically inactive

configuration (Figure 3.8G).(70)
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Figure 3.8 Modeling configurational change of PRIM2C during RNA priming.

A) Models of polAcat-prim in the presence of initiation substrate. Tetramer core is depicted in
gray surface representation while PRIM2C is highlighted in colored ribbon. Models are aligned
to PRIM1. B) No-substrate SAXS-based model of polAcat-prim as shown in Figure S1 for
comparison. C) back-calculated distance distribution from above atomic models. D) Comparison
of atomic model of initiation complex (Fig S1, pink) with experimental data (red) and mixtures
of free protein (black) and initiation model (purple to blue). E) Models of polAcat-prim in the
presence of RNA elongation substrate. Tetramer core is depicted in gray surface representation
while PRIM2C is highlighted in colored ribbon. Models are aligned to PRIM1. F) back-
calculated distance distribution from above atomic models of polAcat-prim bound to RNA-
primed template. G) Comparison of orientation of PRIM2C and PRIMI1 in a recently published
structure (PDB: 8FOH)(70) and a manual model of RNA elongation. A large distance is observed
between the catalytic ASP of PRIM1 and the 3’ Oxygen of the RNA primer in the published
structure while in our manual PRIM1 engages the substrate for catalysis.
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SAXS data for the polAcat-prim models for initiation and elongation of RNA synthesis
were then back-calculated and, as a point of reference, were compared to the experimental
scattering data of the free protein (Figure 3.8). The back-calculated scattering profiles and
distance distributions for the models confirm that the changing orientation of PRIM2C with
respect to the tetramer core during primer initiation and elongation has a significant impact on
the corresponding SAXS parameters. Based on these simulations we hypothesized that the
magnitude of shape change in the presence of substrate would be detectable by SAXS and
designed two experiments to acquire SAXS data corresponding to these two key points in the

trajectory of RNA primer synthesis.

Table 3.2 SAXS parameters.

Sample Rg — Guinier Rg - Real Dmax Molecular Px
A) Space A) Weight
A) (kDa)

polAcat-primA2C 453+0.4 46.5+0.1 145 160 3.9

polAcat-prim 46.6 +2.4 46.9+0.1 151 180 33

polAcat-prim with 49.7+ 0.6 48.7+0.1 153 200 33
Elongation substrates

polAcat-prim with 453+0.9 46.7£0.5 145 180 33
Initiation Substrates

The first experiment involved acquiring SAXS data for polAcat-prim in the presence of a
large excess of all components required for initiation: template single-stranded DNA, NTPs (in
the form of the non-hydrolyzable nucleotide analogue GMPCPP), and the catalytic metal Mn?*
(Table 3.2). Our initial expectation was that these conditions would be sufficient to drive
polAcat-prim to occupy the configuration required for catalysis with PRIM2C aligned to the
active site of PRIM1. However, the shifts in the Mid-Q region of the log10 intensity and in the
Kratky plots were very modest (Figure 3.9). Moreover, the P(r) distribution was mostly

unchanged relative to the free protein (Figure 3.9). These observations suggest that the presence
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of the substrate and co-factors needed for initiating RNA priming does not drive pol-prim to
exclusively occupy the configuration required for catalysis. As an aide to interpreting these data,
we performed a series of additional simulations to estimate to what extent a shift in population
would be detectable using two models: one of polAcat-prim in an ‘open’ configuration with
PRIM2C away from PRIMI1 and the other our model of the initiation configuration with
PRIM2C aligned to PRIM1 (Figure 3.8D). These involved back-calculating the scattering
profiles for different mixtures of the two configurations and comparing to the experimental data.
From these simulations we concluded that a precision of £20% could be obtained in estimating
the ratio of one configuration relative to the other. From this analysis of the experimental data we
determined that even in the presence of excess template and co-factors only a small proportion of
particles (<10%) adopt the configuration required for initiating RNA synthesis, i.e. the presence
of initiation substrates does not drive a major configurational shift on its own. These results
imply that for RNA priming to initiate, pol-prim must sample a rare configuration in which both
PRIM2C and PRIM1 are aligned (and simultaneously have the initiation substrates and co-
factors bound), providing a molecular mechanism for the previous proposal based on

biochemical studies that RNA initiation is the rate limiting step of primer synthesis.(66)
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Figure 3.9 RNA elongation substrate engagement in solution.

Comparison of SAXS data for free polAcat-prim (black) and polAcat-prim in the presence of an
RNA elongation substrate (red), and substrate and co-factors required for initiation (blue): A)
log10 intensity plot; B) normalized Kratky plot; C) distance distribution. D) MST dose-response
curve measuring RNA elongation substrate binding of polAcat-prim (green), polAcat-primA1
(blue), and polAcat-primA2C (red).

PRIM?2C flexibility is retained during RNA elongation

To investigate PRIM2C configurational flexibility during RNA elongation of the primer
strand, we performed a similar set of analysis on polAcat-prim with an 8mer RNA elongation
substrate (5’ tri-phosphorylated 8mer RNA annealed to single-stranded DNA). First, SAXS
experiments were performed and again, the system provided high quality data. Surprisingly, the
SAXS intensity and Kratky plots were quite similar to those observed for the free protein (Figure
3.9A,B), even thought there was a distinct change in size; the molecular weight estimate, Rg, and

Dmax all indicated that the ~14 kDa RNA/DNA duplex substrate was bound (Table 3.2).
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Moreover, the shift to the right in the P(r) distribution was consistent with an increase in the

overall size of the complex, but not a change in shape (Figure 3.9C).

To confirm that the substrate was indeed bound and determine if both PRIM1 and PRIM2C
were engaged, we carried out a series of substrate binding experiments using microscale
thermophoresis (MST). For these experiments, we determined the relative contributions to
substrate binding by using polAcat-prim, the tetramer core construct (polAcat-primA2C), and a
third construct that deletes PRIM1 but retains PRIM2C (polAcat-primAl) (Figure 3.1C). The
substrate for these experiments was a 9mer RNA-primed template, designed specifically to
maximize the stability of the duplex (Figure 3.9D, Table 3.3). As anticipated based on previous
studies,(68) we observed very tight binding of this substrate by polAcat-prim (Kgq =28 + 7 nM).
The deletion of PRIM1 resulted in a two-fold decrease in binding affinity (K4 = 53 + 18 nM),
consistent with previously reported affinities for PRIM2C alone.(68) In contrast, truncation of
PRIM2C resulted in a significant decrease in affinity, below the limit of detection of the assay.
Together, these data show that PRIM2C is the primary contributor to the substrate binding
affinity of the primase subunits, consistent with previous studies of isolated PRIM2C and
isolated primase (PRIM1/PRIM2), which concluded that PRIM2C binds substrates with higher

affinity than PRIM1.(46,67,68)

Table 3.3 Estimated Dissociation Constants.

Protein Ka (nM)
polAcat-prim 279+6.9
polAcat-primAl 53.3+18.3
polAcat-primA2C N.D.
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We next performed negative stain EM imaging of polAcat-prim in the presence of the
elongation substrate, first without BS3 crosslinking (Figure S3.4B). As anticipated, the
conformational variability within the tetramer core was unchanged relative to polAcat-prim
alone. There was however slightly better density for both PRIM1 and PRIM2C in both 2D class
averages and a 3D reconstruction. This observation suggests a reduction in the configurational
variability of pol-prim in the elongating state, as might be anticipated when a ligand is bound.
Nevertheless, in most 2D class averages, the density for PRIM2C was blurred and in a similar
position to that seen in the absence of substrate. However, in a small subset of classes PRIM2C
appeared to be oriented nearer to PRIM1, an orientation that was not obviously apparent in the
absence of substrate. Although there was improved density in the class averages and 3D
reconstruction, a high degree of variability in the positioning of both PRIM2C and PRIM1 was

still evident even when the elongation substrate is bound.

Why are the differences between the free protein and elongation complex so small? The
key factor is the low affinity of PRIMI1 for substrates relative to the very high affinity of
PRM2C, which means that for the majority of the polAcat-prim molecules PRIM2C is engaged
but PRIM1 is not. As a result, PRIM2C can move away from its alignment over PRIM1, similar
to what is observed for free polAcat-prim. A second major factor is the overall degree of
flexibility in the complex due to both the conformational variability in the tetramer core and the
configurational variability of PRIM2C, which complicates alignment and reconstruction by

electron microscopy.

Configurational freedom of PRIM2C and substrate dissociation from PRIMI are key features

during RNA priming
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RNA elongation requires population of a pol-prim configuration in which the 3’ end of the
growing primer is engaged in the PRIM1 active site, while PRIM2C remains tightly bound to the
5’ end of the primer. Although the EM data acquired without cross-linking provided some
evidence of the orientation of PRIM2C in an active configuration, sorting of particles into
discrete classes was hampered by the high degree of ambiguity due to PRIM1 and PRIM2C
flexibility. To ultimately characterize the configurational flexibility of PRIM2C during RNA
elongation, we added BS3 crosslinker to the complex of polAcat-prim with the RNA elongation
substrate. The conditions for crosslinking were optimized by following the extent of crosslinked
products by SDS-PAGE and by comparing the results with and without substrate (Figure 3.10). A
series of crosslinked products is observed on the gel in the absence of substrate corresponding to
various combinations of the subunits, but with the four-subunit product being a predominant
species. With the addition of substrate, these bands shifted to slightly higher molecular weight,
consistent with successful crosslinking of the substrate to polAcat-prim. To obtain a more

homogeneous sample for EM, the mixture was purified by SEC.
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Figure 3.10 BS3 crosslinking products analyzed by SDS-PAGE.

polAcat-prim in the presence and absence of both BS3 crosslinker and RNA elongation substrate.

Figure 3.11 2D class averages of crosslinked polAcat-prim in the presence of RNA elongation
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Analysis of the negative stain EM data (Figure 3.6, S3.11) revealed the overall architecture
of polAcat-prim was retained when bound to the elongation substrate with the tetramer core
adopting the characteristic S-shaped bilobal conformation (Figure 3.7). In 2D class averages, a
shift in the proportion of classes was observed in which PRIM2C and PRIM1 were aligned and
formed continuous density, indicating enrichment of particles with a configuration in which both
PRIM1 and PRIM2C are aligned and bound to the elongation substrate (Figures 3.7, 3.11).
However, a subset of 2D classes were present in which PRIM2C was not aligned over PRIM1
and instead occupied a central location, as expected if PRIMI1 is not bound to the substrate. 3D
reconstruction yielded three primary classes (Figures 3.6, 3.7). In class 1 (36%), clear density
was visible for PRIM2C and formed continuous density with PRIM1, consistent with both
PRIM1 and PRIM2C being bound to substrate. Interestingly, insertion of our model of polAcat-
prim bound to an RNA elongation substrate into the density revealed an excellent overlap in the
position of PRIM2C. In class 2 (34%), density for PRIM2C was observed, but was shifted away
from the tetramer core while still exhibiting some continuous density with PRIM1, though to a
lesser extent than in class 1. This class has additional density protruding from PRIM2C, which
we attribute to substrate bound to PRIM2C but not PRIM1. A recently published structure of pol-
prim in complex with an RNA-primed template reveals PRIM2C bound to the substrate but
positioned away from the active site of PRIM1 (Figure 3.8G).(70) While there is considerable
uncertainty about the assignment of this structure as an RNA synthesis state because the primer
lacks the critical 5 tri-phosphate that is key to PRIM2C interaction and required for RNA
priming, we note a general similarity to class 2 of our 3D reconstructions. In class 3 (30%),

density for the tetramer core was very similar to the density observed in the absence of substrate,
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but density for PRIM2C was not visible, which we attribute to the configurational heterogeneity

of the domain because the substrate is not bound to PRIM1.

- Substrate

PRIM2C

+Substrate

Substrate

PRIM1

Figure 3.12 3D map of poldcat-prim and the complex with the RNA elongation substrate.

A) 3D reconstruction of class 1 without (top) and with substrate (bottom). The density for
PRIM2C (purple) PRIM1 (green), and substrate (orange) are highlighted. B) Position of
PRIM2C and PRIM1 from atomic models fit into the maps obtained without and with substrate.
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Figure 3.13 Density Connects PRIM2C and PRIM1 after addition of RNA elongation
substrates.

3D reconstruction at 3 contour levels for A) class 1 no substrate and B) class 1 elongation
substrate with PRIM1 (green) and PRIM2C (purple) indicated with arrows.

Interestingly, the location of PRIM2C in both class 1 with substrate and class 1 without
substrate is very similar. However, comparison of the density connecting PRIM2C and PRIM1
provides a stark contrast between the two states, especially at lower contour levels (Figure 3.12,
3.13). In the absence of substrate, a clear separation between PRIM2C and PRIM1 is visible
corresponding to a species in which PRIM2C is disengaged from PRIMI. In the presence of the
elongation substrate, clear tubular density is visible connecting PRIM2C and PRIM1, nicely
corresponding to the location of the RNA/DNA duplex in the atomic model of the elongation

complex.
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Overall, a significant degree of configurational variability in PRIM2C is evident even after
crosslinking. In the absence of substrate, PRIM2C appears to occupy a continuous range of
configurations, sampling many possible orientations. In the presence of substrate, there remains a
significant range of configurations of PRIM2C, but the origin is different: it is the dissociation of
the substrate from PRIM1 that allows a higher than anticipated degree of configurational

freedom for PRIM2C.

Discussion

The basic steps of primer synthesis by pol-prim involves formation of the initial
dinucleotide by the concerted action of PRIM1 and PRIM2C, then elongation to 7-10 nucleotides
by PRIM1 before the RNA primer is handed off (transferred intramolecularly) to POLA1cat.9—
11,56 PRIM2C has been shown to play roles in RNA initiation, elongation, length regulation,
and handoff.(37,67) However, the structural basis for how PRIM2C functions is incomplete,
having relied heavily on inference from biochemical experiments and structures of PRIM2C

alone or of larger pol-prim constructs in the absence of substrates.(43,46,58,110)

Our characterization of polAcat-prim provides key structural context for assessing proposed
biochemical models of RNA primer synthesis. In particular, we established that PRIM2C has
inherent configurational flexibility, visualizing a wide range of orientations relative to the
tetramer core. In addition to PRIM2C flexibility, we expand upon recent studies to directly
characterize the conformational heterogeneity of PRIM1 in the tetramer core. These high degrees
of flexibility provide the adaptive architecture needed to accommodate the multivalent and semi-
independent substrate binding by PRIM2C and PRIM1 that is characteristic of RNA primer

initiation and elongation.
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Our binding studies systematically tested the previous proposal that PRIM2C is the primary
contributor to substrate binding aftinity during RNA priming.(67,68) Our structural studies
revealed the very low population of pol-prim configurations in which PRIM1 and PRIM2C are
aligned for synthesis of the initial dinucleotide even when the template and co-factors are
present. For the complex with an RNA elongation substrate, crosslinking enabled visualization of
three primary states: one in which PRIM2C and PRIM1 are both bound to the primer in a
configuration competent for RNA elongation, the second in which PRIM2C is visible and bound
to substrate but has moved away from PRIM1, and the third in which PRIM2C is not visible and
is structurally independent from PRIMI1 and the rest of the tetramer core. This degree of
configurational variability of PRIM2C even in the presence of substrate: (1) provides evidence in
support of the proposal that PRIM1 dissociates from the primer during synthesis, (2) directly
correlates to the distributive nature of RNA elongation by primase, and (3) further contextualizes

structures of pol-prim in the presence of an RNA-primed template.(46,70)

The large difference in the affinity of PRIM1 and PRIM2C for substrates is consistent with
the apparent dominance of PRIM2C-bound/PRIM1-unbound particles and has important
implications for the mechanism of primer synthesis. First, the asymmetry in the interaction with
the substate provides a structural basis for the distributive (rather than processive) nature of
primer synthesis by PRIMI1 that has been established by previous biochemical analyses. These
studies showed that PRIM1 synthesizes abortive primer products (di- or trinucleotides) in
abundance in both the presence and absence of PRIM2C, while the presence of PRIM2C results
in an increase in unit length 7-10-nucleotide primers.(35,37,66) Thus, PRIM2C acts as a
processivity factor, decreasing the dissociation of short products before synthesis of the RNA

primer can be completed.(46,58) PRIM1 also elongates pre-made primers to lengths of up to 40
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nucleotides in an unregulated fashion in the absence of PRIM2C, while PRIM1/PRIM2
synthesizes primers either of defined length (7-10 nucleotides) or as multiples of 7-10
nucleotides.(37,68) Hence, PRIM2C also acts as a length regulator, influencing both the

maximum and minimum primer length.

Our EM reconstruction in which PRIM2C and PRIM1 both engage an RNA-primed
template substrate is the first structure of pol-prim bound to substrate and in a configuration
competent for RNA synthesis. It also supports models of primer synthesis in which PRIM2C
remains engaged throughout. In one such model, the upper bound for primer length is attributed
to a steric clash between PRIM2N and PRIM2C at a primer length of ~10 nucleotides.(58) This
model is consistent with the close proximity of the PRIM2C lobe and the tetramer core in our
reconstruction of the complex with the RNA elongation substrate. Our recent studies of Xenopus
pol-prim provide further insight, showing that the minimal length of 7 nucleotides of RNA is due
to the inability of POLA1cat to bind primers shorter than 7 nucleotides as a result of steric

occlusion by PRIM2C.(42)

Our results provide the basis for a unified model of RNA priming by pol-prim, which is
consistent with all available biochemical and structural data and is outlined in schematic form in
Figure 3.14. The initiation of primer synthesis requires alignment of PRIM2C and PRIM1 in a
catalytically competent configuration as well as binding of the two nucleotides, the catalytic
metals and the ssDNA template. The sparse population of pol-prim configurations with PRIM1
and PRIM2C aligned combined with the low binding affinities for the template, nucleotides and
metals makes initiation the rate-limiting step of primer synthesis. After formation of the initial
dinucleotide, PRIM1 extends the RNA primer in a distributive manner due to dissociation of the

nascent primer from the PRIMI1 active site, the result of its low affinity for nucleotide substrates.
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PRIM2C functions as a processivity factor, remaining bound to the 5’ end of the primer and
thereby facilitating PRIM1 re-association with the 3 end of the primer. The lower bound for
PRIMI1 extension is 7 nucleotides because, as we have shown elsewhere, this is the minimum
primer length necessary binding by POLA 1cat.(42) Importantly, POLA1cat has also been
demonstrated to exhibit high affinity for substrate in the nanomolar range, several orders of
magnitude higher than the affinity of PRIM1 for RNA-primed template we
observed.25,46,48,57,58 Thus, after the primer has reached 7 nucleotides, competition for the
primer between PRIM1 and POLA Icat occurs in which POLA 1cat is highly favored. In this
model, the low affinity of PRIM1 for substrate means that the primed template is inherently
available for transfer to POLAIcat. An additional contribution may come from an inherent
orientational preference of PolAlcat that strategically positions it to quickly bind the 3’ end of
the RNA primer after PRIM1 dissociation.(70) Extension of the nascent primer by PRIM1 can
occur up to 10 nucleotides if PRIM1 dissociation does not occur, after which steric clash

between PRIM2C and the tetramer core greatly suppresses further elongation.
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Figure 3.14 Model of RNA primer synthesis.

Initiation of RNA synthesis requires PRIM2C and PRIMI1 to be aligned with template, catalytic
metals and nucleotides bound to enable synthesis of the initial dinucleotide. The dinucleotide is
elongated by PRIM1 while PRIM2C remains bound to the 5’ triphosphate and progressively
moves away from the active site of PRIMI as the primer grows. The primed template dissociates
from PRIM1 during primer synthesis due to its low affinity for the substrate. PRIM2C acts as a
processivity factor by remaining bound to the primed template, which facilitates re-association
with PRIM1. The primer can continue to lengthen until a steric clash between PRIM2C and
PRIM2N prevents further lengthening when the primer reaches 10 nucleotides. The ready
dissociation of PRIM1 facilitates handoff of the primer to POLA 1cat for synthesis of the DNA
portion of the primer, although handoff cannot occur until the primer reaches the minimum of 7
nucleotides required for POL1cat binding primed template with high affinity.

Although pol-prim is capable of performing all steps of primer synthesis in isolation, it is
important to take into consideration the many interaction partners that recruit and modulate pol-
prim activity at the replication fork.(20,26,27,31,75,77,78,128) Recent structures of pol-prim
bound to CST have demonstrated that CST acts as a recruitment factor and can stabilize a
configuration in which the flexible PRIM1 and PRIM2C are aligned for primer initiation while

allowing for PRIM2C flexibility such that the PRIM1 and PRIM2C could spatially separate as
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the primer elongates.(75,77) At replication forks, RPA may fulfill a similar function and facilitate
positioning of PRIM2C and PRIM1 for primer initiation while strategically orienting POLA1cat
for primer handoff. How these interactions are maintained or affected by additional components
of the replisome remains poorly understood. Future studies to determine how these factors
impact the structural organization and flexibility of pol-prim throughout the various steps of
chimeric primer synthesis will provide deeper insight into how this dynamic molecular machine

functions in its various cellular contexts.
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CHAPTER 4.  DISCUSSION AND FUTURE DIRECTIONS

Summary of This Work

Although it has long been known that pol-prim contains some level of interdomain
flexibility because of the flexible tethers linking PRIM2C and POLA1cat to the tetramer core,
the overall degree of flexibility remained uncharacterized. Underestimation of this flexibility
frustrated early attempts at structural characterization by SAXS and EM, and has limited
elucidation and comprehension of the mechanism of pol-prim function. Overall, this work has
significantly advanced understanding of pol-prim flexibility, revealing three primary modes of
flexibility and heterogeneity that are relevant to RNA priming by pol-prim (Figure 4.1). These

modes are summarized below.

Mode 1 Mode 2 Mode 3
Tetramer Core PRIM2C Dissociation of PRIM1
Conformational Configurational from PRIM2C:substrate
Heterogeneity Heterogeneity

» % 2%

Figure 4.1 Three modes of flexibility and heterogeneity discussed in this study.

Mode 1: flexibility within the tetramer core due to a hinge in PRIM2N and at the interface
between PRIM2N and POLA1C. Mode 2: configurational heterogeneity of PRIM2C as a
function of its flexible linkage to the tetramer core. Mode3: dissociation of PRIM1 from the 3’
end of the substrate due to its low affinity for substrate.
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Pol-Prim is highly flexible

Although, advancements in cryoEM data processing software have allowed for the
characterization of highly flexible proteins, our own analysis was unable to achieve an apparent
resolution better than ~15 A due to the high degree of heterogeneity within polAcat-prim. Further
SAXS, modeling, and negative stain EM shed light on the source and nature of this flexibility. In
addition to the high degree of configurational flexibility of the 25 kDa PRIM2C, I observed a
substantial conformational flexibility within the tetramer core of pol-prim. For EM analysis of
RNA priming, this meant that the two domains of particular interest in the catalytic subunit,
PRIM1 and the substrate binding domain PRIM2C, were both independently configurationally
heterogenous and, due to their small size, difficult to obtain alignments on. I developed an
approach involving crosslinking, negative stain EM and SAXS-based modeling to elucidate the

range of configurational states present in polAcat-prim.
Pol-prim undergoes structural transitions during RNA priming

Despite the challenge of experimentally characterizing flexibility within pol-prim, there
is no doubt it is highly important for RNA priming. From modeling of the protein combined with
negative stain EM, I established that PRIM2C initially occupies a range of configurations with
respect to the tetramer core in the absence of substrates and co-factors. In the presence of an
RNA elongation substrate and even after crosslinking, there remains significant heterogeneity in
the configuration of PRIM2C. However, crosslinking enabled capture of multiple configurations
in which both the PRIM2C domain and PRIM1 domain are bound to and engaged with the
substrate. Moreover, my work has provided the first direct evidence of PRIM2C remaining

bound to the primed template during RNA synthesis, and the first structural data in which
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PRIM2C and PRIMI1 are aligned in a catalytic configuration with substrate present at the PRIM 1

active site.

Substrate readily dissociates from Primase active site

In addition to the heterogeneity observed relating to the flexibility of PRIM2C and within
the tetramer core, several experiments revealed that simultaneous engagement of the substrate by
both PRIM1 and PRIM2C is a rare event in solution during both RNA initiation and RNA
elongation. In the case of RNA initiation, SAXS and modeling revealed that the configuration in
which both PRIM1 and PRIM2C are aligned for initiation is rare (<10%) even in the presence of
an excess of the substrate and cofactors required for initiation. For RNA elongation, binding
studies directly showed PRIM2C is the primary contributor to substate binding as previously
proposed based on studes of isolated PRIM2C, as removal of the PRIM2C domain from polAcat-
prim results in almost complete loss of binding for a 5’ triphosphorylated RNA primed template
substrate. Similarly, SAXS studies revealed that although the substrate was clearly bound, there
was minimal shift in the overall shape of the protein. This suggests that in solution there is
minimal shift from isolated polAcat-prim in which PRIM2C is highly flexible to the RNA
elongation complex, in which PRIM2C and PRIM1 were presumed to be both engaged on the
substrate. Finally, crosslinked negative stain EM revealed three classes of particles in the
presence of a primed template substrate. In addition to the species in which PRIM2C and PRIM 1
are both engaged, in the second class, PRIM2C is visible along with some density corresponding
to the presence of substrate, but there is no density connecting PRIM2C and PRIM1. This
suggests that the substrate is disengaged from PRIM1 but still bound to PRIM2C. In the third
class, density for the tetramer core is visible but not density for PRIM2C, likely due to a high

degree of motion in this domain, as PRIM2C is bound to the substrate but not PRIM1, so
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PRIM2C continues to occupy a wide range of configurations even in the presence of the tightly

bound RNA enlongation substrate.

Implications of the Results
Comparison with recently published CryoEM Structures of Pol-prim

Recently published higher resolution cryoEM structures have offered critical insights into
the structural organization of pol-prim throughout both the RNA and DNA primer synthesis
cycles. Three papers in particular have shed light on the RNA priming half-reaction that is the
focus of this thesis.(75,129,130) In a structure of human pol-prim scaffolded by CST in the
presence of single-stranded DNA, density for the template DNA was observed that was oriented
towards PRIM1 but strong density for the template was not observed bound to PRIM1.(75)
PRIM2C was observed to be highly flexible in this state, with one extreme of the 3D variablitiy
analysis trajectory exhibiting a configuration in which PRIM2C and PRIM1 were located in
close proximity, termed a pre-initiation complex. The O’Donnell group subsequently published a
series of structures with FL pol-prim in the presence of several nucleotide substrates representing
key steps during RNA and DNA priming.(130) Importantly, in this study a harsh formaldehyde
crosslinker was used to stabilize protein/DNA and protein/protein interactions. In the presence of
single-stranded DNA meant to represent a pre-initiation state, the orientation of PRIM2C
observed was close to but not directly oriented over PRIM1 for primer initiation. Density bound
to PRIM1 or PRIM2C was not observed. In the presence of an RNA elongation substrate (though
lacking the critical 5’ triphosphate), a configuration of PRIM2C was observed in which PRIM2C
was bound to the RNA primed template in a central configuration with respect to the tetramer
core but the 3’ end of the primer was not bound in the active site of PRIM1, consistent with our

finding of ready dissociation of the primer from PRIMI. A series of structures recently published
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on a preprint server by the Pellegrini group offer even further insight into several stages of RNA
primer synthesis.(129) For these structures, FL pol-prim was incubated with single-stranded
template and rfNTPs and either immediately crosslinked with BS3 or crosslinked after a longer
incubation period. In the shorter incubation sample, several pre-initiation and initiation
configurations were observed in which PRIM2C occupies different configurations near to
PRIM1, similar to the structures published by the Lim group in the presence of CST. For the
longer incubation period, PRIM2C was observed to occupy a range of configurations apparently
tracking the 5’ end of the growing as PRIM1 extended from the 3’ end. However, density for the
primed template substrate was not observed either at the PRIM2C end or engaged with PRIM1,
likely due to the inherent flexibility described in this work and the heterogenous lengths of
primers synthesized and captured using this assay, as well as the complex approaches used to sort
particles into discrete PRIM2C classes and determine structures. Despite these many attempts to
characterize structural transitions during RNA priming by pol-prim, it is remarkable that this
thesis presents the first, and to date only, conclusive structures in which density for the RNA
primer is observed that is bound to both the PRIMI1 catalytic site and the PRIM2C high affinity
substrate binding site. Taken together, my work and these additional structures from other
laboratories offer complementary pictures of the RNA priming mechanism. Two key takeaways
are consistent are across all studies: 1) RNA primer initiation involves a configuration in which
PRIM2C and PRIM1 are both engaged with the single-stranded template, but that this species
represents only a small proportion of the orientations present in solution in the presence of
initiation substrates as PRIM2C retains a high degree of configurational heterogeneity and 2)
PRIM2C remains bound to the 5’ end of the growing primer during RNA primer elongation

while PRIM1 can readily dissociate from the 3’ end of the primer.
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RNA priming occurs via a dissociative mechanism facilitated by interdomain flexibility

The large difference in the affinity of PRIM1 and PRIM2C for substrates gives rise to the
dominance of states in which PRIM2C is bound and PRIM1 is unbound. This in turn has
important implications for the mechanism of primer synthesis. First, the weak binding of
substrate by PRIM1 provides a structural basis for the distributive (rather than processive) nature
of primer synthesis by PRIM1 that has been established by previous biochemical analyses. These
studies showed that PRIM1 synthesizes abortive primer products (di- or trinucleotides) in
abundance in both the presence and absence of PRIM2C, while the presence of PRIM2C results
in an increase in unit length 7-10-nucleotide primers(35,37,66). Thus, PRIM2C acts as a
processivity factor, decreasing the dissociation of short products before synthesis of the RNA
primer can be completed(46,58). PRIM1 also elongates pre-made primers to lengths of up to 40
nucleotides in an unregulated fashion in the absence of PRIM2C, while PRIM1/PRIM2
synthesizes primers either of defined length (7-10 nucleotides) or as multiples of 7-10
nucleotides(37,68). Hence, PRIM2C also acts as a length regulator, influencing both the

maximum and minimum primer length.

Multiple models have been proposed in which PRIM2C remains engaged throughout the
three phases of RNA primer synthesis and this has fundamental implications for the length of
RNA portion of the primer. In one such model, the upper bound for the length of the primer
strand is attributed to a steric clash between PRIM2N and PRIM2C, which arises at a primer
length of ~10 nucleotides(58). This model is consistent with the close proximity of the PRIM2C
lobe to the tetramer core in our reconstruction of the complex of polAcat-prim with the RNA
elongation substrate, as the density for PRIM2C is in close proximity to the density of

PRIM2N/POLA1C lobe of the tetramer core. Further extension of the primer past the 8
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nucleotides present in this study would need to be accommodated by movement of PRIM2C
towards PRIM2N/POLA1C, eventually resulting in a steric clash that cannot be compensated for
by the flexibility within the tetramer core. Insight into the lower limit for the RNA portion of the
primer was provided by recent studies of Xenopus pol-prim, which showed that the minimal
length of 7 nucleotides of RNA is due to the inability of POLA1cat to bind primers shorter than 7

nucleotides as a result of steric occlusion by PRIM2C(42).

These results provide the basis for a unified model of RNA priming by pol-prim, which is
consistent with all available biochemical and structural data and is outlined in schematic form in
Figure 4.2. In order for the RNA primer to be initiated, pol-prim must undergo several structural
transitions from an autoinhibitory conformation, to an unfolded conformation capable of binding
the template DNA and incoming NTPs, then to a configuration in which PRIM2C and PRIM1
are aligned for synthesis of the dinucleotide. The sparse population of pol-prim configurations
with PRIM1 and PRIM2C aligned combined with the low binding affinities for the template,
nucleotides and metals makes initiation the rate-limiting step of primer synthesis. Similarly, the
low affinity of PRIM1 for substrate can result in dissociation of the newly synthesized di-
nucleotide primer from the active site, after which the dinucleotide can dissociate from the
template strand resulting in an abortive primer. After formation of the initial dinucleotide,
PRIM1 extends the RNA primer in a distributive manner due to dissociation of the nascent
primer from the PRIM1 active site, the result of its low affinity for the substrate. PRIM2C
functions as a processivity factor, remaining bound to the 5’ end of the primer and thereby
facilitating PRIM1 re-association with the 3’ end of the primer. The lower bound for PRIM1
extension is 7 nucleotides because this is the minimum primer length necessary for binding by

POLAcat (42). Importantly, POLA1cat has also been demonstrated to exhibit high affinity for
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substrate in the nanomolar range, several orders of magnitude higher than the affinity of PRIM1
for RNA-primed template we observed (40—42,60,64). Thus, after the primer has reached 7
nucleotides, competition for the primer between PRIM1 and POLA 1cat occurs in which
POLAIcat is highly favored. In this model, the low affinity of PRIM1 for substrate means that
the primed template is available for transfer to POLA 1cat. An additional contribution may come
from an inherent orientational preference of POLA 1cat that strategically positions it to quickly
bind the 3’ end of the RNA primer after PRIM1 dissociation.(70) Extension of the nascent primer
by PRIM1 can occur up to 10 nucleotides if PRIM1 dissociation does not occur, after which
steric clash between PRIM2C and the tetramer core greatly suppresses further elongation. Recent
structures by the Pellegrini and O’Donnell group also suggest that POLA 1cat may play a more
direct role in primer length regulation in which it is strategically oriented to both inhibit primer
growth after reaching ~10 nucleotides and is spatially close to PRIM2C to facilitate fast handoff.
Once primer handoff has occurred the primer is extend with ~20 nucleotides of DNA before

handoff of the completed primer to a processive replicative polymerase.
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Future Directions

Expanding on current structural data for RNA priming

Although the data described in this thesis are of sufficient detail to gain insight into
structural mechanisms, further work could be performed to improve upon these results as several
key questions remain unanswered. First, what drives the transition from the autoinhibitory
conformation to the unfolded conformation in which PRIM2C and PRIM1 are both capable of
binding the nucleotide substrate? Second, what interactions, if any, stabilize the RNA initiation
configuration, and how are the incoming nucleotides oriented in the PRIM1/PRIM2C binding
pocket? Finally, direct evidence of steric hindrance between PRIM2C and the tetramer core as
the RNA primer is elongated has not yet been obtained. Several improvements upon the current

work could be employed to begin to address these gaps.

First, although cryoEM data have been collected for the Xenopus polAcat-prim complex
in the presence of RNA elongation and RNA initiation substrates (Chapter II), there remains
significant room for improvement that could ultimately result in high-resolution reconstructions
of pol-prim bound to RNA priming substrates and shed further light upon the interactions that
drive structural re-arrangement during RNA priming. For both substrates, the small size and
flexibility of the constituent domains of the complex were significant limitations for collecting
high-contrast micrographs, particle picking and classification, and 3D flexibility analysis.
Several strategies could be implemented to partially address these limitations. The first could be
to develop a nanobody fiducial marker targeted to the POLA2/POLAI1C lobe to 1) increase the
overall size of the particle and 2) facilitate automatic alignment of the particles by providing a

highly distinguishable feature. Furthermore, this could aid particle-picking by increasing the size
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of and providing an identifying feature for end-view particles that were previously challenging to

classify due to the elongated, bilobal shape of polAcat-prim.

The second strategy would be to optimize sample preparation and grid plunging
conditions for crosslinked protein-substrate species. Crosslinking greatly increased the
homogeneity of polAcat-prim in negative stain samples, but re-embarking upon ice optimization
after crosslinking conditions were established was not necessary to obtain the information
required for this study. Nevertheless, crosslinking could push polAcat-prim into a series of
discrete configurations that are easier to classify and reconstruct than the continuous flexibility
observed in the non-crosslinked samples. Similarly, additional insights could be obtained from
negative stain or cryoEM data of crosslinked polAcat-prim in the presence of initiation
substrates. This could further illuminate how RNA primer initiation occurs and provide more
direct data as to the distribution of configurations and more clearly define the population in

which PRIM2C is oriented near PRIM1 poised for initiation.

Due to the rapid development of new, powerful 3D classification and flexibility analysis
algorithms, more effective analysis of the high degree of flexibility for PRIM2C and PRIMI1 is to
be expected and would ultimately provide higher-resolution structures and trajectories of
motions. At present, 3D reconstructions from my cryoEM data are frustratingly low resolution
and unable to delineate various configurations, but two factors suggest that this may be an
addressable problem. The first is that higher resolution features are visible in the tetramer core
from 2D class averages of the protein, suggesting that the data are of sufficient quality to achieve
higher resolution and is limited only by the flexibility of the system. The second is that PRIM2C
is clearly blurred in 2D class averages, and is seen in negative stain reconstructions to occupy a

wide range of orientations, but all attempted 3D flexibility analysis methods have thus far been
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unable to differentiate various configurations of PRIM2C. There remains the possibility that
recently developed methods could overcome this limitation (98), or that more powerful

algorithms that have yet to be developed could extract more information from these data.

In addition to potential for improvement in the current EM data, more direct
characterization of the nature of the flexibility of PRIM2C during RNA priming could be highly
informative, providing further support for the proposed dissociative mechanism of RNA primer
length regulation. One approach to characterizing this flexibility could be to take advantage of
the paramagnetic center in PRIM2C to perform Electron Paragmegnetic Resonance (EPR)
experiments or to detect the Paramagnetic Relaxation Enhancement (PRE) effect by NMR. In an
EPR experiment, one could develop a spin labeling approach to label PRIM1 with a
paramagnetic center that could sense the paramagnetic center in PRIM2C. This could then be
used to describe the distance distribution between these two domains. These distances could then
be measured for the free protein, in the presence of RNA initiation factors, and RNA elongation
substrates to determine if there are shifts in the distance distribution commensurate with a
population shift from a highly flexible PRIM2C domain to a more compacted orientation in the
presence of RNA initiation substrates, to a less flexible state for an RNA elongation complex.
Similarly for a PRE experiment, the paramagnetic effect from the 4Fe-4S cluster in PRIM2C
could be determined in all three states (free, initiation, elongation), detecting a decrease in signal
in PRIM1 chemical shifts as PRIM2C shifts to a configuration that is closer to the active site of
PRIMI1 after substrate binding. Alternatively, a spin label could be introduced to either the
PRIM1 or PRIM2C domains if the paramagnetic effect from the 4Fe-4S center is too weak, or
even to RNA/DNA substrate to detect if there is a significant population of PRIM1 that is bound

to the substrate in solution. A similar approach could be employed using a Fluorescence
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Resonance Energy Transfer (FRET) experiment. However, in most cases, this strategy relies on
the development of a labeling strategy that may prove challenging. As pol-prim is highly
cysteine rich, a standard cysteine labeling strategy is not feasible. Instead, an amber codon/non-
natural amino acid approach could be employed. A non-natural amino acid that incorporates a
side chain for click chemistry could then be incorporated into the protein, after which a spin-
label could be attached. One potential caveat is that many click chemistry reactions rely the
absence of reducing agent or the presence of a copper catalyst, both of which may be

problematic for pol-prim.

How does the presence of other Replication factors affect structure and mechanism of pol-prim

Perhaps the most exciting yet challenging avenue of future investigation will be to
continue the investigation of coordination of priming in the context of other replication factors at
the replisome. In recent publications in which structures of pol-prim in complex with the
telomeric factor CST were determined, stabilization of the flexible architecture of pol-prim was
observed while orienting and allowing for flexibility for the key PRIM1, PRIM2C, and
POLA1cat domains(75). This scaffolding plays an important role at telomeres and results in
increased priming activity by pol-prim(75,131). It has been noted that CST is evolutionarily
related and structurally similar to RPA(42,75,132), and interaction between RPA and pol-prim
has long been established](20,34). It remains unclear if RPA functions as merely a recruitment
factor for pol-prim at the replication fork or if there is similarly intimate scaffolding and
stabilization of pol-prim as in CST. Thus, an obvious next step will be to further investigate the
interaction between RPA and pol-prim, specifically to determine the effect of RPA on the
structural dynamics of pol-prim. Importantly, the proposed mechanism in this thesis relies on

significant domain flexibility and distributive, dissociative mechanism for primer synthesis.
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Though elegant in that it reconciles the currently available structural and biochemical data of
pol-prim, the ready dissociation of PRIM1 during primer synthesis seems as though it could be
problematic in the context of the replisome in which many factors must be carefully coordinated
across the leading and lagging strand. The role of PRIM2C as a processivity factor would this be
even more critical. Neverthess, the majority of the structural and biochemical data that have
informed this mechanism have been collected in the absence of RPA. Could RPA have a role in
orienting the domains of pol-prim to facilitate primer initiation by PRIM1? Discourage
dissociation during RNA elongation by PRIM1? Facilitate primer handoff? Biochemical assays
and structural investigations of pol-prim in the presence of RPA will be crucial in addressing
these questions. A potential obstacle for these investigations is the highly flexible nature of both

pol-prim and RPA, which could prove challenging for cryoEM investigations.

Finally, how the activity of pol-prim is coordinated within the larger replisome remains
poorly understood. Although many interaction partners for pol-prim have been established, it
remains unclear how these interactions are organized spatially and temporally. In addition to a
possible interaction with RPA, recently published structures have indicated that pol-prim is
closely associated with Ctf4 and by extension the CMG helicase in yeast (26). As the interaction
between Ctf4 and yeast pol-prim is significantly different than for the human AND-1 pol-prim
interaction, structural investigation of the human CMG/AND-1/pol-prim complex is needed to
determine the organization of this core component of the replisome. Recently, the Yeeles group
successfully reconstituted a model human replisome in which two important findings relating to
pol-prim were presented (133,134). The first is that pol-prim commigrates on a gel with CMG
even in the absence of AND-1, seemingly circumventing the interaction between AND-1 and

pol-prim that has been established. Relatedly, the presence of pol-prim (both with and without
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AND-1) resulted in significantly increased lagging strand synthesis. It will be important to
further investigate the structural organization of pol-prim at such a model replisome structure. As
the nature of the interaction between pol-prim and Ctf4/AND-1/CMG and pol-prim is likely
quite flexible due to it involving the non-structured extension of POLA1 in yeast or the
unstructured N-terminal domain of POLA2 in human, accommodation of a scaffolding partner
for pol-prim such as RPA could be conceivable. In addition to the architectural organization pol-
prim and factors at the replisome, it remains unclear how repeated priming of the lagging strand
is spatially facilitated, in addition to priming of both the leading and lagging strand at the
beginning of DNA synthesis immediately after the parent duplex has been unwound. These gaps
in knowledge all require significant progress in the investigation of structural dynamics of the

replisome.

Concluding Remarks

Although pol-prim was the first human polymerase described and has been known and
studied for almost a half-century(6), fundamental gaps in knowledge remain in understanding its
structure, mechanism, and placement within the replisome. With the development of novel
cryoEM techniques, the last two years have seen a reinvigoration of investigation of pol-prim.
Newly developed methods that are capable of determining high-resolution structures of large
multiprotein complexes, as well as ongoing development of deep-learning based algorithms that
are able to determine the structure and motion of even highly flexible proteins, have and will
continue to enable the structural investigation of increasingly complex systems such as the

eukaryotic replisome.

In spite of these developments, there remains a middle-ground in scale for which recently
developed techniques have not proven to be sufficient for structural investigation due to the
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small-size and high degree of flexibility of multiple subcomponents of pol-prim. This work has
employed an integrative approach to address a series of questions relating to the coordination of
RNA priming specifically. From this work and in combination with many recent structural
studies, we now have a complete understanding of how pol-prim is able to tightly regulate
chimeric RNA/DNA primer synthesis across multiple active sites. The stage is now set to, rather
than break down the problem into separate pieces, begin to build up an understanding of the role
of pol-prim in the complex multi-protein machinery that is responsible for duplication of the

genome.
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CHAPTER 5.  APPENDIX

BINDING BY CALMODULIN IS COUPLED TO TRANSIENT UNFOLDING OF THE
THIRD FF DOMAIN OF PRP40A®

Summary

Human Pre-mRNA processing protein 40 homolog A (hPrp40A) is a splicing factor that
interacts with the Huntington’s disease protein huntingtin (Htt). Evidence has accumulated that
both Htt and hPrp40A are modulated by the intracellular Ca?* sensor calmodulin (CaM). Here we
report characterization of the interaction of human CaM with the third FF domain (FF3) of
hPrp40A using calorimetric, fluorescence and structural approaches. Homology modeling,
differential scanning calorimetry and small angle X-ray scattering (SAXS) data show FF3 forms a
folded globular domain. CaM was found to bind FF3 in a Ca*'-dependent manner with a 1:1
stoichiometry and a dissociation constant (Kg) of 25 + 3 uM at 25 °C. NMR studies showed that
both domains of CaM are engaged in binding and SAXS analysis of the FF3-CaM complex
revealed CaM occupies an extended configuration. Analysis of the FF3 sequence showed that the
anchors for CaM binding must be buried in its hydrophobic core, suggesting that binding to CaM
requires unfolding of FF3. Trp anchors were proposed based on sequence analysis and confirmed
by intrinsic Trp fluorescence of FF3 upon binding of CaM and substantial reductions in affinity for
Trp-Ala FF3 mutants. The consensus model of the complex showed that binding to CaM binding
occurs to an extended, non-globular state of the FF3, consistent with coupling to transient unfolding
of the domain. The implications of these results are discussed in the context of the complex
interplay of Ca?" signaling and Ca*" sensor proteins in modulating Prp40A-Htt function.

Introduction

3 This chapter has been adapted from a co-first author publication in the journal Protein Science (2022) under the
same title and is in partial fulfillment of the requirements of the Chemical and Physical Biology Program.
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Pre-mRNA processing protein 40 (Prp40) is an essential RNA splicing factor with two
homologs in humans, A and B (hPrp40A and hPrp40B) (1, 2). Prp40 proteins are composed of two
WW domains (WW1-WW>) followed by six FF domains (FF-FFs), with a flexible linker between
the WW> and FF; (3). The tandem WW domains have been implicated in severe neurological
diseases, including Huntington’s disease (HD) (4-6) and Rett syndrome (7) on the basis of
interactions with both huntingtin (Htt) and a disease-associated mutant of methyl-CpG-binding
protein 2 (MeCP2), respectively. Besides the WW domains, Prp40 has been reported to interact
with other proteins via its FF domains, including RNA splicing factors. The N-terminal crooked
neck-like tetratricopeptide repeat (crn-TRP) of the splicing factor CIf1 interacts with yeast Prp40
(yPrp40) FF| during the early steps of the spliceosome assembly (8-10). Luc7 and Snu71 interact
with yPrp40 FF domains simultaneously as components of the U1 small nuclear ribonucleoprotein
(snRNP) (3, 11, 12). Our group showed that the C-terminal domain of the EF-hand Ca*" sensor
human centrin 2 (hCen2) interacts in a Ca*"-dependent manner with a 33-residue truncated
hPrp40A FF3 construct containing the centrin-binding consensus motif WixxLaxxxLg (13). This
observation suggests that Prp40 function may be modulated by intracellular Ca*" signaling.

Calmodulin (CaM), a ubiquitous EF-hand Ca?* sensor closely related to centrin, has also
been found to interact with Prp40; yeast CaM bound to yPrp40 in protein microarray experiments
(14). Interestingly, human CaM has been shown to interact with Htt and has higher affinity for a
disease-associated mutant than the wild-type (WT) protein (15-19). Moreover, CaM is known to
play a role in regulating cross-linking of transglutaminase 2 to mutant Htt and these proteins co-
localize in the brain of HD patients (16). On the other hand, centrin has also been found to

colocalize with Htt at the centrosome and in the photoreceptor cilium (20, 21). These results
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suggest that hPrp40A and Htt are part of a coordinated network regulated by Ca** signaling via
centrin 2 and CaM.

Here we report the first biophysical and structural analysis of the interaction of CaM and
hPrp40A, involving the same FF3 domain that interacts with hCen2. The structure and stability of
the isolated FF3 was characterized by small angle X-ray scattering (SAXS) and differential
scanning calorimetry (DSC), confirming the validity of a homology model. Isothermal titration
calorimetry (ITC) and fluorescence spectroscopy were used to investigate the binding of the FF3
to CaM, and the structure of the complex was probed by NMR and SAXS. These results are
discussed in the context of the coupled unfolding and binding of the FF domain and the potential

roles of Ca*" modulation of the Htt-Prp40-Cen-CaM network in RNA splicing.

Materials and methods

Cloning, mutagenesis, expression and purification of hPrp40A4 FF3 domain

A dsDNA fragment of the hPrp40A FF3 domain (residues Ser516-Glu593) with an additional N-
terminal Met for translation was synthesized (Strings DNA Fragments, Thermo Fisher) and
subcloned in-frame into pBG100 (in-house pET-27 derived vector) using seamless cloning (In-
Fusion HD Cloning Kit, Takara). To generate the Trp to Ala mutants, non-overlapping site-
specific primers were designed to mutate the codons for Trp531 and Trp550 to Ala residues
using site-directed mutagenesis (Q5 SDM Kit, NEB). Non-overlapping single-stranded DNA
(ssDNA) primers were designed to mutate these sites using site-directed mutagenesis. Primers
were obtained from IDT. Primers used included the following:

W531A Forward Primer: 5'-CAAACGTAACGCGGAAGCATTAAAAAATATTCTG-3’

WS531A Reverse Primer: 5'-CGGAGTTGCTTTGCTTGT-3’
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WS550A Forward Primer: 5-TAGCACCACCGCATCAGAAGCACAGC-3'

W550A Reverse Primer: 5'-TAGGTAACATTGGCCATATTATC-3’
To obtain the double mutant, pBG100-FF3 W531A was used as a template and the W550A
substitution was generated using the corresponding primers. Successful constructs were validated
by Sanger sequencing (Genewiz).

Recombinant hPrp40A FF3, comprised of the sequence from Sersis to Glusos, and 4FF3
W531A, W550A, and W531A/WS550A variants were expressed in BL21 (DE3) cells with minor
modifications to the previously reported protocol (22). The harvested pellet was lysed using cold
buffer solution containing 20 mM Tris (pH 7.4), 100 mM NaCl, and 0.1% Nonidet P-40. To
minimize proteolytic cleavage, one tablet of protease inhibitor cocktail (Roche) was added. The
crude lysate was subjected to centrifugation using a JA 25.50 rotor at 20,000 rpm for one hour at
4 °C. Then, the supernatant was filtered using a 0.45 um syringe filter.

For purification, (NH4)2SO4 in fine powder form was slowly added to the sample with
thorough mixing at room temperature until the sample reaches a 70% of saturation. At this
percentage of saturation, hPrp40A FF3 remains in solution while most of the proteins of the
bacterial host cell were precipitated. The precipitant was removed from the soluble sample by
centrifugation using a JA 25.50 rotor at 20,000 rpm for 30 minutes at 4 °C. The soluble sample
was then extensively dialyzed against the buffer 20 mM Tris (pH 7.4) and 100 mM NacCl to remove
the (NH4)2SO4 from the sample. After dialysis, the sample was purified by DEAE Sepharose anion
exchange chromatography. The column was equilibrated using 20 mM Tris (pH 7.4). A gradient
of NaCl was used from 0 to 1 M with an isocratic step at 200 mM NacCl for the elution of the
protein. Then, the pooled sample was filtered and concentrated using Amicon 30 kDa and 3 kDa

centrifugal filters (Merck Millipore). The sample was then filtered using a 0.45 pum syringe filter
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and further purified by Superdex S200 GL 10/300 SEC. The fractions were eluted in 50 mM
HEPES (pH 7.4), 150 mM NaCl, 2 mM CaCl,, and 1 mM tris(2-carboxyethyl)phosphine
hydrochloride (TCEP-HCI).

Expression and purification of CaM

The expression and purification of CaM has been described elsewhere (35). Escherichia
coli BL21 (DE3) cells were transformed using a pET-15b human CaM vector containing CALM3
inserted between 5'-Ncol and 3’-BamHI restriction sites. The culture was grown in 6 L of 2x YT
medium containing 100 pg/mL ampicillin at 230 rpm and 37 °C while monitoring its growth via
optical density (OD) measurement at 600 nm. Once the OD measurement was 0.6-1.0, the bacterial
cultures were induced with a final concentration of 0.5 mM isopropyl-p-thiogalactoside (IPTG).
Cells were harvested after 4 hours of the induction by centrifugation using a JLA 8.1000 rotor at
6,500 rpm for 20 minutes at 4 °C.

For the expression of the ’N-labelled CaM (!°N-CaM), the culture was grown in 2 L of
IN-enriched M9 minimal media containing 50 pg/mL ampicillin at 230 rpm and 37 °C while
monitoring its growth via OD measurement at 600 nm. Once the OD measurement was ~ 0.7, the
cultures were induced with a final concentration of 0.5 mM IPTG and transferred to a room
temperature incubator. Cells were harvested the next day by centrifugation using a JLA 8.1000
rotor at 6,500 rpm for 20 minutes at 4 °C.

For both CaM and '’N-CaM, the harvested pellet was lysed using cold buffer solution
containing 50 mM Tris (pH 7.5), 500 mM KCI, I mM EDTA, and 1 mM phenylmethylsulfonyl
fluoride (PMSF). To minimize proteolytic cleavage, one tablet of protease inhibitor cocktail from
Roche (Mannheim, Germany) was added. The crude lysate was subjected to centrifugation using

a JA 25.50 rotor at 20,000 rpm for 30 minutes at 4 °C. Then, the supernatant was filtered using a
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0.45 pm syringe filter. CaM was purified in one step using Phenyl Sepharose CL-4B
chromatography, and the fractions containing the pure protein were pooled. In the case of ’N-
CaM, size exclusion chromatography (SEC) was added as a second purification step using a
HiLoad 16/600 Superdex 75 pg column.

Protein characterization

The identity of all proteins was validated by SDS-PAGE and mass spectrometry. For each
of the methods performed below, the protein concentrations were determined using a Jasco model
Cary 100 UV/Vis spectrophotometer (Jasco Corporation, Tokyo, Japan). The calculated € for CaM
and the hPrp40A FFs are 2,980 M-'ecm™ and 13,980 Mlem, respectively.

Isothermal Titration Calorimetry

ITC experiments were performed using a TA Instruments Affinity ITC. CaM and the
hPrp40A FF3 samples were simultaneously dialyzed in the same beaker against 50 mM HEPES
(pH 7.4), 150 mM NaCl, 4 mM CaCl;, and 1 mM TCEP-HCI or 100 mM fB-mercaptoethanol. For
analysis in the absence of Ca®", the samples were extensively dialyzed against 50 mM HEPES (pH
7.4), 150 mM NacCl, 2 mM EDTA, and 1 mM TCEP-HCI. Samples were passed through a 0.45
uM PVDF filter and degassed for at least 10 min before use. In a typical experiment with the WT
proteins, 40-100 uM FF3 in the sample cell was titrated with 300-600 uM CaM by automatic
injection with volumes ranging from 2-4 pL. Titrations with the FF3 mutants and controls with WT
FF; were performed with an initial injection of 0.5 pL FF3 followed by 30 x 3 puL injections at 250-
400 second intervals. The data were fit with the ‘One Set of Sites’ model, using the instrument’s
NanoAnalyze software. Experiments were repeated in triplicate and the standard deviation is
reported for each measurement.

Differential Scanning Calorimetry
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A sample of hPrp40A FF; (60 uM) in 50 mM HEPES (pH 7.4), 150 mM NaCl, 4 mM
CaCl,, 4 MgClz, and 1 mM TCEP-HCI was analyzed using a MicroCal VP-DSC microcalorimeter.
The protein sample and the reference were degassed for at least 10 min before use. Thermograms
were collected at 25 psi and a scan rate of 60 °C/h over a temperature range of 10-95 °C, with a
16 s filtering period. The data analysis was performed using the instrument’s Origin software. The
thermogram was reference subtracted and a progressive baseline was obtained for accurate
determination of the thermal denaturation mid-point (Tm).

Homology Modeling

Homology models were generated using Modeller v10.1 (23). The homology model of the
CaM-FF3 complex was generated by aligning the sequence of the FF3 domain to the Munc13-1
peptide, then threading the sequence through the structure of the CaM-Munc13-1 complex. As a
check on the model, we examined the fit to the experimental data for the CaM-FF3 complex and
found it is similar to that of the CaM-Munc13-1 complex (see Fig. 6C). This homology model also
fit reasonably well into the ab initio electron map of the CaM-FF; complex generated from the
SAXS data using DENSS (see Fig. 6D).

SEC-SAXS

The experiments were performed at the SIBYLS beamline using previously described
protocols (24). To briefly summarize, CaM in its Ca** saturated state was combined with hPrp40A
FF3 in a 1:1.5 CaM:FF3 ratio and concentrated using an Amicon 3 kDa centrifugal filter. All data
were acquired at room temperature. The sample (10 mg/mL) was loaded onto a Shodex 802.5 SEC
column connected to a multi-angle light scattering system and the CaM-FF3 complex was eluted
in 50 mM HEPES (pH 7.4), 100 mM NaCl, 2 mM CaCl,, and 1 mM TCEP-HCI. Data were also

collected for isolated CaM (8 mg/mL) and hPrp40A FF3 (8 mg/mL) in the same buffer conditions.
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The sample volume run through the SEC was 50 pl and the eluent was split between SEC-MALS
and SAXS channels. 3.0-s X-ray exposures were collected continuously during a ~35 min elution.
The SAXS frames recorded prior to the protein elution peak were used as buffer blanks to subtract
from all other frames. The subtracted frames were examined by radius of gyration (Rg) and
scattering intensity at ¢ = 0 A~ (/(0)), derived using the Guinier approximation (g) = 1(0)e ~9%4/3
with the limits ¢ *Rg <1.5. 1(0) and R values were compared for each collected SAXS curve across
the entire elution peak. The elution peak was mapped by plotting the scattering intensity at g = 0
A~! (1(0)), relative to the recorded frame. Uniform R, values across an elution peak represent a
homogenous assembly. The merged experimental SAXS data were additionally investigated for
aggregation by inspecting Guinier plots. The SAXS data were processed using Scatter 4.0. Back-
calculated scattering data from previously determined structural coordinates were generated using
the FoXS server (25, 26). The ab initio electron maps obtained from the SAXS data of CaM,
hPrp40A FF3, and the CaM-FF; complex were determined using DENSS (27). Similar results were
obtained with other ab initio shape determination methods. The SAXS data and models have been
deposited in the SASDB databank under accession codes 4338 (FF3), 4337 (CaM) amd 4324 (FF3-
CaM).

NMR Spectroscopy

Two samples of 200 [JM '"N-enriched CaM in the absence and presence of 1.5 molar
excess unlabeled hPrp40A FF3 were prepared in a buffer containing 20 mM Bis-Tris (pH 6.75), 50
mM NaCl and 2 mM CaCl,. 2D ""’N-'H HSQC experiments were recorded in 5-mm tubes at 37 °C
using a Bruker AVANCE 800 MHz spectrometer equipped with a TCI cryoprobe. Experiments on
5N-enriched FF; were performed at a concentration of 50 uM in a buffer containing 50 mM

HEPES pH 7.4, 150 mM NaCl, 4 mM CaCl; and 5 mM TCEP. Spectra were acquired in 3 mm
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tubes at 25 °C. The pulse sequence hsqcetfpf3gpsi2 from the standard suite of Bruker pulse
programs was used, and all spectra were acquired with 16 scans and 2048 in the direct dimension
and 128 points in the indirect dimension. Data processing and analysis were carried out using
Topspin, NMRPipe and CcpNmr version 2.4.2.

For experiments with the FF3 mutants, stock concentrations of ’°N-enriched CaM and FF3
(WT or variants) were prepared by buffer exchanging into ITC Buffer [SO0 mM HEPES (pH 7.4),
150 mM NaCl, 4 mM CaCl,, 5 mM TCEP] at 4 °C. The samples were concentrated to be > 80 uM
for ’'N-CaM and > 80 uM FF3 (WT or variants). Samples were prepared in a 1:2 with 50 uM '°N-
CaM, 100 uM FF3, and 10% (v/v) D20 in ITC Buffer [5S0 mM HEPES (pH 7.4), 150 mM NaCl, 4
mM CaCl,, 5 mM TCEP]. Additional samples were prepared in a 1:20 ratio with 50 uM "N-CaM,
1000 pM FF3, and 10% (v/v) D,0. 2D ’N-'H HSQC experiments were recorded in 5-mm tubes
at 37 °C using a Bruker AVANCE 900 MHz spectrometer equipped with a TCI cryoprobe. The
spectra were acquired as above except that 32 scans were collected. Data processing and analysis
were carried out using NMRPipe and CcpNmr version 2.5.1.

Fluorescence Spectroscopy

A sample of hPrp40A FF;3 (5 uM) in 50 mM HEPES (pH 7.4), 150 mM NacCl, 2 mM CaCl,,
and 1 mM TCEP-HCI was titrated with a solution of 100 uM CaM in the same buffer. The
fluorescence emission of the two Trp residues in the FF3 was measured at 37 °C using a Horiba
Jobin Yvon (Edison, NJ) Fluoromax-3 fluorometer. The fluorescence excitation wavelength was
295 nm, and the fluorescence emission spectra were recorded between 300 and 500 nm, using

quartz cuvettes.

RESULTS
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CaM binds to hPrp40A4 FF; domain in a Ca’” - and temperature-dependent manner

CaM and Cen2 are both EF-hand Ca?" sensors and since hCen2 binds to the hPrp40A FFs,
we asked if CaM could also bind to this domain? To this end, ITC experiments were performed to
examine binding of FF3 to CaM in the absence and presence of Ca?* (Fig. 1). The data show there
is a Ca**-dependent interaction with a K, value of 25 + 3 pM and a stoichiometry of 1:1 (Fig. 1A

and 1B), similar to that observed for a number of other CaM binding partners.
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Figure 1. ITC analysis of the interaction of hPrp40A FF3 with CaM.
(A) Titration of the hPrp40A FF3 with (A) Ca?*-free CaM, (B) Ca?'-loaded CaM at 25 °C and (C)

Ca?*-loaded CaM at 37 °C.

Considering the relatively modest affinity at room temperature and knowing that CaM
generally binds linear peptide motifs of 15-25 residues whereas FF domains are folded, we
surmised that the binding by CaM of the FF3 may require unfolding of the domain. To assess the
potential for the domain to unfold, the Tm of the FF3 was measured by DSC. A value of 50 °C was
measured (Fig. S1), consistent with previously reported studies by circular dichroism and 2D IR

correlation spectroscopy (22). The Tm of hPrp40A FFj is also similar to the T, of other FF domains
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reported in the literature, which include the p190 RhoGAP FF; (Tm = 52 °C) and the hTCERGI
FF> (Tm =55 °C) (28) and hPrp40A FF4 (Tm =49 °C) domains (29). The T value of 50 °C for the
FF; implies a relatively low equilibrium concentration of unfolded protein at 25 °C, consistent
with the relatively weak binding measured by ITC. To obtain further insight, the ITC measurement
was repeated at 37 °C (Fig. 1 C) where the equilibrium concentration of unfolded protein will be
higher. As anticipated, a five-fold higher affinity (K of 4.9 + 0.3 uM) was observed, consistent
with binding to CaM occurring via the equilibrium population of unfolded FF3. Further support
was provided by the observation that a mixture of CaM and the FF3 co-purify by SEC at room
temperature but not at 4 °C where the equilibrium population of unfolded protein would be

substantially lower (Fig. S2).
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Fig. S1. DSC thermogram plot of hPrp40A FF3. The Tw value is 50 °C.
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Fig. S2. Co-elution of CaM and hPrp40A FF3 by SEC. SDS-PAGE results of eluted fractions from
size exclusion chromatography at (A) room temperature and (B) 4 °C. The bands that correspond
to CaM (16.7 kDa) and hPrp40A FF3 (9.3 kDa) are identified. In each gel, the first lane (from left

to right) corresponds to the SeeBlue Plus 2 Prestained molecular weight standard from Invitrogen

(Carlsbad, CA)

Structure of hPrp40A4 FF3

Structures have been determined for the FF; and FFs of hPrp40A and yPrp40 (10, 30-32),
but despite extensive efforts, we were not able to obtain diffraction quality crystals for hPrp40A
FF;. Alignment of FF domain sequences from three different classes of proteins show there are
eleven conserved residues that constitute the hydrophobic core of FF domains (Fig. 2). Of note,
hPrp40A FF3 has two non-consensus residues: the conserved Phe in a; is substituted by a Leu
(Leusss) and one of the conserved hydrophobic residues in the 31o-helix is substituted by an Asp
(Aspses). Despite these differences, the high degree of sequence similarity overall meant that an

accurate structural model could be generated using a homology modeling approach.
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Figure 2. Sequence alignment of FF domains. FF domains from hPrp40A (Uniprot ID: O75400),
transcription factor hTCERG1 (Uniprot ID: O14776), and Rho GTPase human p190A RhoGAP
(hp190ARhoGAP) (Uniprot ID: QINRY4). Residues known to be part of the hydrophobic core of
FF domains are highlighted in green. Substitutions of these conserved residues with hydrophobic,
acidic, and basic residues are highlighted in yellow and red, and blue, respectively. The alignments

were generated using the online tool Clustal Omega.

A homology model of hPrp40A FF3 was generated using the QUARK server (33, 34) (Fig.
3A). Overlay of this model on the human transcription elongation regulator 1 (WnTCERGI) FF;
shows the two key ‘F’ residues in the FF3 domain (Leuss4 and Phesg) are well aligned with the two
conserved phenylalanine residues (Fig. 3B-D). Previous structural comparisons of FF domains
revealed that the loop-310-loop region is the most variable (31). This is also the case for hPrp40A
FF;. The unique orientation of this loop is driven largely by the non-consensus residue Aspsee,
which faces the solvent rather than inward towards the core as observed for the consensus Leu in

hTCERGI FF, (Fig. 3E).
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Figure 3. Structural analysis of hPrp40A FFs. (A) Overlay of the 3D homology model (green)
and the ab initio electron map of hPrp40A FF3 generated by DENSS from the SAXS data. (B)
Superposition of the homology model of the hPrp40A FF3 and the NMR structure of hTERGI1
FF1 (PDB 2DOD, colored yellow). (C, D) Close-up view of the two conserved “FF domain”
phenylalanine residues located in the middle of al and a3, respectively. (E) Close-up view of the
non-conserved Aspsess residue in the loop-310-loop region of hPrp40A FF3, compared to the
conserved Leuso7 in hTCERGI1. Note that Aspses faces the solvent whereas Leuso7 extends into
the hydrophobic core.

To assess the validity of the structural model, SAXS data were collected for isolated
hPrp40A FF; (Fig. S3A-C; Table S1). The linearity observed in the Guinier region of the logio

intensity plot and Porod volumes are consistent with the sample being largely free of aggregation.
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However, the ratio of the Porod volume to mass is slightly higher than expected, suggesting there
may be a small amount of aggregate present. The Kratky plot and the Porod exponent (Px) of 3.6
are indicative of a stable globular particle, but with some degree of flexibility retained, likely at
the N- and/or C-terminus. The experimental probability distribution function P(r), which reflects
the distribution of inter-atomic distances, was compared to the P(r) back-calculated from the
structures of different FF domains. These show great similarity overall (Fig. 4), with the closest
match to h\TCERG1 FF; (PDB 2DOD; %> = 1.97). Thus, the SAXS analysis is consistent with the
hPrp40A FF3 possessing the common ai-02-310-03 fold found in all FF domains. Further support
is provided by the dispersion of signals observed in the ’N-'H NMR spectrum of the FF3 domain

(Fig. S4). The SAXS and NMR data confirm the validity of the homology model.
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Fig. S3. SAXS data for the hPrp40A FF3, CaM, and the CaM-FF3 complex. (A-C) hPrp40A FF;
log1o intensity, Kratky plot, and P(r), respectively. (D-F) Overlay of the logio intensity, Kratky plot,

and P(r) of hPrp40A FF3 (green), CaM (orange), and the CaM-FF3 complex (black).
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Table S1. Summary of the parameters obtained from the SAXS analysis of the hPrp40A FF3, CaM,
and the CaM-FF; complex.

Protein M.W.  Rg Guinier Rerm Vo Dmax Px
(kDa) (A) (A) (A% (A)
hPrp40A FF3 9.3 16.09 15.65 17574 55 3.7
CaM 16.7 21.66 21.99 28312 67.5 3.6
CaM-FF3 26.0 23.96 24.32 36273 87 3.7
complex

The values in bold were obtained from the SAXS analysis (See Fig. S3). Rg Guinier and Rg p(r) are

the R values obtained from SAXS Guinier and P(r) plot analyses, respectively.
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Figure 4. SAXS analysis of the structure of the hPrp40A FF3; domain. Overlays of the I(q) vs q
plots and P(r) derived from the SAXS data for FF; (green) versus the back-calculated P(r) (red)
extracted from coordinates of (A) the homology model (x> = 13.15) and NMR structures of (B)
hTCERG]1 FF; (PDB: 2DOD model 5, ¥*= 1.97), (C) hTCERG1 FF; (PDB: 2DOE model 15, ¥*=
2.12), and (D) hPrp40A FF6 (PDB. 2CQN model 5, y~ = 3.23). The structure of the hPrp40A FF3
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is colored green and other FF domains are colored red. Structures were generated using UCSF

Chimera (44).

CaM interacts with hPrp40A FF’3 in an extended binding mode

We set out to determine the X-ray crystal structure of the CaM-FF3; complex. However,
despite the ability to isolate the complex by SEC, we were unable to find conditions that produced
diffraction quality crystals. We therefore considered alternate approaches and chose to generate a
structural model using an NMR and SAXS-based approach similar to that applied previously in
our laboratory (24, 35). Although this approach does not directly provide complete high-resolution
structures, it can accurately determine molecular shapes and topologies for globular domains and

multi-domain complexes and generate accurate structural models.
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Figure 5. NMR analysis of the interaction between hPrp40A FF3; and CaM. 800 MHz 2D 'N-'H
HSQC NMR spectra at 37 °C of ’N-enriched Ca**-loaded CaM obtained in the absence (black)

and presence (red) of FF3 (red). The sequence-specific assignment is provided for a select number
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of readily identified crosspeaks from residues in both the N- and C-terminal domains of CaM to

highlight both domains engage the FF3 domain.

CaM is comprised of two EF-hand domains connected by a flexible linker, an organization
that provides it with a wide range of possibilities to interact with target proteins. These different
modes span the range from utilizing just one of its two domains to wrapping both domains around
a short linear motif in the target to using its two domains to contact distant points in the target or
even two different target molecules. Here we used NMR to determine if one or both domains of
CaM are engaged in the complex with FF3. Samples of ’N-enriched CaM were prepared, and 2D
SN-TH HSQC NMR spectra were acquired in the absence and presence of the FF5 (Fig. 5). Binding
between '"N-CaM and FF; resulted in several chemical shift perturbations in the N- and C-terminal
domains of CaM, validating that both are involved in the interaction with the FF3. We note that a
select number of cross peaks in the spectrum were broadened beyond detection due to intermediate
exchange between the free and bound state, which precluded complete structure determination by

traditional NMR approaches.
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Fig. S4. 900 MHz 2D ""N-'H HSQC spectrum of '’N-FF3. The spectrum shows chemical shift

dispersion indicating a folded globular protein in the absence of CaM.

SAXS was used to determine the topology and shape of the CaM-FF3; complex. The data
were acquired for isolated FF3 and CaM as well as for the complex (Fig. S3; Table S1). As
described above for the isolated FF3, the Guinier region of the logio intensity plots and Porod
volumes of isolated CaM and the CaM-FF; complex were consistent with the samples being largely
free of aggregation (Fig. S3D). The high quality of the data is also reflected in the excellent
agreement between the R, values obtained from the Guinier and P(r) analyses (Table S1). The
Kratky Plot, Ry, and Dmax values correlate well with globular structures being present. The
corresponding Porod volumes are consistent with the respective masses of hPrp40A FF3 (9.3 kDa),

CaM (16.7 kDa), and the CaM-FF; complex (26.0 kDa). The Porod volume for the complex was
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slightly (within 20%) on the low side relative to the predicted volume to mass ratio for purely
globular proteins, perhaps due to the equilibrium population of dissociated complex at room
temperature. The Kratky plots and Px values indicate a substantial degree of ordered globular

structure (Fig. S3E; Table S1).
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Fig. S5. Analysis of the architecture of CaM by SAXS. (A) Overlay of the experimental SAXS

P(r) for Ca*" saturated CaM (orange) with the back-calculated P(r) (red) extracted from the
coordinates of the crystal structure of the Ca** bound CaM (PDB: 1CLL, y*= 5.05). The structure

of CaM is superimposed with the 4b initio electron map generated from SAXS.
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CaM has been studied extensively by SAXS and the values obtained in our study are
consistent with past reports (36-38). The P(r) of free CaM contains a peak with a maximum at ~21
A and a shoulder at ~40 A, reflecting that on average it occupies an extended configuration, which
is similar to the crystal structure of Ca**-loaded CaM (39) (Fig. S3F and Fig S5). Interestingly, the
P(r) of the CaM-FF3 complex showed the same two features (Fig. S3F), reflecting that it too
occupies an extended configuration.

In order to further analyze the molecular architecture of the complex, we compared the
experimental scattering of the CaM-FF3 complex with the theoretical scattering back-calculated
from structural coordinates of three CaM-target complexes with three different binding modes
(Fig. 6). High values for the 7 fitting parameter and poor recapitulation of the shape of the curve
were obtained for structures in which CaM engages its target in a “wrap-around” mode (x>
=147.88) or with only one CaM domain bound (> = 8.65) (Fig. 6A and 6B, respectively). The
greatest similarity between the experimental and back-calculated P(r) was found for the structure
of CaM bound to a Munc13-1 peptide (3> =6.10) (40), in which CaM engages in an extended mode
with each domain contacting separate motifs in the target that was in an extended, non-globular
state (Fig. 6C). Together, the structural data indicate that CaM binds in an extended mode with

both domains engaged with an extended, non-globular state of hPrp40A FFs.
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Figure 6. Comparative SAXS analysis of the CaM-hPrp40A FF3 complex and CaM-target
complexes in different binding modes. Structures along with I(q) vs q plots and P(r) functions
derived from the SAXS data for the CaM-FF3 complex (black) overlayed on the I(q) vs q and P(r)
back-calculated (red) from coordinates of Ca®'-bound CaM in complex with CaM-binding
peptides from (A) smooth muscle light chain kinase (PDB: 205G, ¢~ = 147.88), (B) human cardiac
sodium channel (Nay1.5) (PDB: 4DJC, y*= 8.65), (C) Munc13-1 (PDB: 2KDU model 5, ¥*= 6.10)
peptides. (D) Overlay of the experimental 1(q) vs q plot and P(r) with those derived from our
homology model of the CaM-FF3 complex (x> = 7.04). CaM is colored orange and the target
peptides in red. Ca?* ions are represented with green spheres. The ribbon diagrams were generated

using UCSF Chimera (44).

CaM binding is anchored by two tryptophan residues in the hPrp40A FF'3 domain

In order to obtain further insights into the molecular details of the CaM-FF3 complex, we
generated a homology model of the CaM-FF3 complex. First, the sequence of the FF3 domain was

aligned to the Munc13-1 peptide (Fig. 7A). An emphasis was placed on the key hydrophobic
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residues that are known to serve as critical anchors that extend into the hydrophobic pockets of
Ca?*-loaded CaM. Close examination of the alignment of the sequences of hPrp40A FF3 and the
Munc13-1 peptide (Fig 7A) revealed that instead of the WixxxFsxxVg motif found in Munc13-1,
the first binding site predicted to mediate the interaction with CaM is comprised of the
WixxLasxxI7Lg motif, which overlaps with the Cen2-binding site (13). A second binding site is
predicted by aligning a tryptophan in the FF3 to the tryptophan of Munc13-1 that anchors binding
to CaM N-terminal domain. Considering the possibility that both CaM-binding sites in FF3
preserve a helical configuration upon their binding with CaM, we proceed to generate a helical
wheel to visualize the spatial distribution of the WixxLaxxI7Lg motif. In this projection, the key
hydrophobic residues are located at the same side of the a-helix (Fig. 7B). To complete the
homology model, the FF3 sequence was threaded through the structure of the CaM-Muncl3-1
complex. As anticipated, the homology model fits well to the SAXS data acquired for the complex
(Figs. 6D, 8). In this structural model, the predicted hydrophobic residues in both binding sites are
facing toward the hydrophobic pockets of the CaM domains (Fig. 8A), which include the two FF3

Trp residues (Trpss1, Trpsso) primed to serve as the key hydrophobic anchors for binding.
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Muncl3-1 459 LRAFNKVRMOQLQEARGEGEMSKYLWFKG-- 492
hPrp40A FF3 526 L ALKNILDNM---=-=- ANVTYSTTWEERAQQ 555

Figure 7. Identification of the two CaM-binding sites of the hPrp40A FF3 domain. (A) Sequence
alignment of the CaM-binding motifs of hPrp40A FF3; with Munc13-1. Hydrophobic residues of
Munc13-1 known to interact with CaM based on the 3D structure are highlighted in red. The two
CaM-binding motifs of Munc13-1 are highlighted by boxes. The residues of the hPrp40A FF3
predicted to interact with CaM are highlighted in green. The alignment of hPrp40A FF3 residues
526-555 555 (Uniprot ID: O75400) with Munc13-1 residues 459-492 (Uniprot ID: Q62768) was
generated using the online tool Clustal Omega. (B) Helical wheel of the FF3 comprising the
sequence from Leuszs to Glnsss. The predicted hydrophobic residues of the WixxLsxxI7Lg motif
are identified in green. The helical wheel representation was generated using the online resource

at https://www.donarmstrong.com/cgi-bin/wheel.pl.
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Figure 8. Structure of the CaM-FF3; complex. (A) Overlay of the ab initio electron map of the
CaM-FF3 complex generated from SAXS and the 3D homology model. Black boxes present a
close-up view of the two binding sites. CaM and FF; are colored orange and green, respectively.
Ca?" ions are represented with green spheres. (B) Overlay of FF3 from CaM-FF3 complex model
(green) and free FF3 model (gray) aligned to helix ai. The structures were generated using UCSF

Chimera (44).

To test the proposal that the two Trp residues serve as anchors for binding to CaM, we
performed an intrinsic Trp fluorescence experiment. This approach was feasible because the FF;
contains only these two Trp residues and CaM has none. For this experiment, Trp fluorescence
emission spectra were recorded in the absence and presence of increasing amounts of Ca**-loaded
CaM (Fig. 9). Observation of maximum fluorescence emission at 354 nm for the isolated FF3
indicates that the Trp side chains are exposed to the aqueous solvent. Additions of Ca*"-loaded

CaM result in smoothly increasing emission intensity and a blue shift, which reaches 17 nm in
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saturating conditions. These changes in the fluorescence spectrum indicate both Trp residues are
sequestered from solvent upon binding to CaM, consistent with both Trp residues binding into
hydrophobic pockets. The combination of the NMR, SAXS and these intrinsic Trp fluorescence
data strongly support a model in which the binding to CaM is coupled to unfolding of the FF3

domain (Fig. 8B).
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Figure 9. Titration of the hPrp40A FF3 domain with CaM monitored by intrinsic fluorescence.

Tryptophan fluorescence emission of FF3 (5 uM) recorded at 37 °C in the absence and presence of
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increasing amount of CaM. Note the shift in the maximum emission of the FF3 from 354 nm (red

lines) to 337 nm (blue lines) upon saturation with CaM.

Mutational analysis confirms the vital role of the dual tryptophan anchor for binding to CaM

To further test the hypothesis that the two tryptophan residues serve as the anchors for
binding into the hydrophobic pockets of the two CaM domains, we generated three FF3 constructs
with tryptophan to alanine mutations and assayed their effect on CaM binding with ITC and NMR:
W531A, W550A, and the double mutant W531A,W550A. To directly monitor if the mutations
result in differences in binding affinity, ITC experiments were performed under conditions
optimized for the WT FF3 domain (Fig. 10). The thermograms show that the single-site mutants
W531A and W550A bind more weakly to CaM than the WT, to the point that saturation is not yet
reached at 4 equivalents of the mutated FF3 (Fig. 10B, C). Moreover, the binding of
WS531A,W550A is so weak that there is effectively no evidence of binding to CaM under these

conditions (Fig. 10D).

A Time (s) B Time (s) C Time (s) D Time (s)
[] T_Igﬂ 4$D 6000 0.30 ZUFG 4BIPU BBIPU HDIPU 06 2000 4000 6000 8000 ZDIPU 40’00 Gﬂ’DB
000 o, . t T t T

025
1.5+

1.0+

0.5+

“““\HMW |

s-f N

30+ \\
\
20+ X,
AN

10— \\

\\.,

Corrected Heat Rate (pJ/s)

Enthalpy and Fit (kJ/mol)

USR]

nw;umqmu
R .
B

0 f |
0 1 2 3
Mole Ratio

. ,
! 1 o
Mole Ratio

1 2 3 1 2 3
Mole Ratio Mole Ratio

136



Figure 10. ITC analysis of the interaction of hPrp40A-FF3 variants and CaM. Representative
thermograms are shown for the titration of (A) wt hPrp40A-FF3 with CaM, (B) hPrp40A-FF3
W531A with CaM, (C) hPrp40A-FF3 W550A with CaM, and (D) hPrp40A-FF3 W531A/WS550A

with CaM.

The effects of these FF3 variants on binding to CaM was also investigated by 2D "'N-'H
NMR. As noted above, titration of WT FF3 into '’N-enriched CaM results in general line
broadening from the increase in mass and a substantial number of chemical shift perturbations in
the spectrum. Figure 11 shows a comparison of a region of the CaM spectrum containing signals
for 8 residues (E7, E8, F17, L33, E46, F66, E120 and E141) before and after addition of 2 molar
equivalents of the WT FF3 domain or one of the mutants. In the case of the WT protein, 4 signals
shift, 1 is broadened beyond detection and 4 remain unchanged, consistent with discrete, specific
binding. After addition of the same 2 molar equivalents of either the W531A or W550A mutant the
effects mimic those observed for the WT FF3. However, the extent of the perturbations of the
spectrum is far more modest with very small chemical shift perturbations for 2 residues, and the
rest remaining unchanged with no significant line broadening (Fig. 11B, C). Moreover, addition
of the W531A/WS550A double mutant has no effect on the spectrum of CaM indicating there is no
binding (Fig. 11D). Even increasing the W531A or W550A to CaM ratio to 20:1 does not produce
perturbations of the CaM spectrum comparable to the 2:1 ratio of WT FF3 to CaM (Fig. S6), fully
consistent with the ITC data which show that the binding of the FF3 mutants is substantially
weaker (Fig. 10). These NMR and ITC data confirm that Trp531 and Trp550 serve as the key

hydrophobic anchors for the binding of the Prp40A FF3 domain to CaM.
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Figure 11. NMR analysis of the interaction between hPrp40A-FF3 variants and CaM. 900 MHz
2D N-'H HSQC NMR spectra at 37 °C of ’N-enriched Ca**-loaded CaM alone (black) and with
2-fold excess of WT FF3 (red), FF3 W531A (blue), FF3 W550A (green), and FF3 W531A/WS550A

(orange). The sequence-specific assignment is provided for crosspeaks from residues in both the
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N- and C-terminal domains of CaM to highlight changes in line broadening and peak shifts across

different FF3 variants.
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Fig. S6. Comparison of chemical shift perturbation upon the addition of 1:2 and 1:20 ratios of
CaM:wtFF3 and FF3 mutants. "’N-'H HSQC NMR spectra at 37 °C of '*N-enriched Ca**-loaded
CaM alone (black) and with 2-fold excess of WT FF3 (red), FF3 W531A (blue), and FF3 W550A
(green). Additional spectra were collected with 20-fold excess of FF3 W531A (cyan) and FF3
W550A (sea green). The sequence-specific assignment for two selected regions (A, B) is provided
for crosspeaks from residues in both the N- and C-terminal domains of CaM to highlight changes

in line broadening and peak shifts across different FF3 variants.

Discussion
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Interaction between Prp40 and CaM was first reported in a Saccharomyces cerevisiae
protein microarray (14). Our results show that like hCen2, CaM binds the hPrp40A FF3 domain.
SAXS analysis confirmed the validity of the homology model of the FF3, which showed that the
overall structure is similar to other FF domains. Comparative structural analysis of the hPrp40A
FF; and TCERGI FF; domains revealed differences only in the loop-310-loop region (Fig. 3). This
can be attributed to the substitution in hPrp40A FF3 of an aspartate residue for a conserved
hydrophobic residue that ties this region into the hydrophobic core. Furthermore, this aspartate is
surrounded by three glutamates residues and the strong electrostatic field associated with this
cluster may contribute to the difference in this region of the structure relative to the “classical” 31o-
helix present in other FF domains.

NMR analysis revealed that both terminal domains of CaM are engaged in binding
hPrp40A FF;. Combined with the SAXS and intrinsic Trp fluorescence, our data strongly support
a model in which the binding to CaM is coupled to unfolding of the FF3 domain into an extended,
non-globular conformation (Fig. 8B), similar to the structure of the complex of CaM with Munc13-
1. Sequence alignment of the FF3 with Munc13-1 allowed us to predict the two putative CaM-
binding motifs containing key hydrophobic anchors. The FF3 residues Trpssi, Leusss, Iless7, and
Leusss are the key residues in the WixxL4xxI7Lg motif previously determined as the interaction
site for hCen2. A second CaM-binding site is assigned to contain Trpsso. Based on this alignment
and SAXS data showing an extended mode of binding similar to the CaM-Munc13-1 complex, we
assumed hPrp40A FF; binds to CaM in the same antiparallel mode. The antiparallel orientation is
common, having been reported for other CaM-target complexes that exhibit a bipartite binding
mode with the target in an extended, non-globular conformation, including the HIV-1 MP (41) and

Na'/H" exchanger 1 (NHE1) (42).
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As noted above, the WixxLsxxI7Lg motif overlaps with a centrin-binding site within the
FF; (13). Our previous work showed that hCen2 binds to the FF3 in a Ca*"-dependent manner
solely through its C-terminal domain, which unlike the N-terminal domain has functional Ca**-
binding sites (13, 43). Here we showed that CaM interacts with the FF3 in a Ca?*-dependent manner
utilizing its two domains, both of which contain functional Ca?*-binding sites. Thus, our studies
show that these two EF-hand Ca** sensor proteins have fundamentally different binding modes to
the FF3 domain. Since both proteins bind to hPrp40A FF3, it is reasonable to hypothesize that CaM
and hCen2 modulate hPrp40A in different timeframes and their binding to hPrp40 likely has
distinct biological roles.

Previous studies have implied that both hPrp40A and CaM are involved in Huntington
Disease based on their interactions with WT and disease-associated mutants of Htt (4-6, 15-19).
hPrp40A binds to both Htt and CaM utilizing its two WW domains, the FF3 domain and possibly
other FF domains. In addition to its interaction with Prp40A, CaM is known to bind directly to Htt.
We have shown CaM uses both of its domains to engage the hPrp40A FF3, so either multiple CaM
molecules are recruited to this network, or a single CaM molecule is exchanging between different
sites over the dynamic trajectory of this machinery. Regardless, the clear involvement of the two
Ca**-sensors CaM and Cen2 implies regulation of this machinery by Ca*" signaling. Clearly,
further studies are required to clarify the action of CaM and Cen2 within this interaction network

and establish if this machinery represents a viable target for HD.

Conclusion

The combination of the NMR, SAXS and intrinsic Trp fluorescence data show that CaM

binds to an unfolded, non-globular state of hPrp40A FF3 (Fig. 8B). Both CaM and the hPrp40A
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FF; have an acidic pl, which suggest that their interaction is not driven by electrostatic but rather
hydrophobic interactions. Unfolding of the FF3 allows the exposure of hydrophobic residues,
including two key tryptophan anchors, buried within its core in the folded state that mediate
binding into the hydrophobic pockets of the two CaM domains. These observations lead us to
propose that binding to CaM occurs via transiently unfolded states of the FF; domain. The
mechanism, coupling unfolding to functional interaction, is similar to that observed for
phosphorylation of pl90A RhoGAP FF; at Tyrsos by the PDVF receptor a kinase (28). In that case,
phosphorylation is dependent on unfolding of the FF domain to expose the buried tyrosine located
in the core. Interestingly, the Trm of the p190A RhoGAP FF; (52 °C) is similar to the T, of hPrp40A
FF3 and other FF domains. Together, our results suggest that binding to a transiently populated
unfolded state may be a more general mechanism than previously appreciated to regulate FF

domain-mediated interactions.
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