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Abstract

DNA polymerases (pols) play a pivotal role in both the replication and the repair
of genomic DNA. Replicative pols are highly accurate and processive, synthesizing long
stretches of DNA in a single binding event, while repair and bypass pols are error-prone
and only able to synthesize incorporate a few nucleotides before dissociation. During
replication, the pol may encounter DNA modifications rdueed caused by endogenous
and exogenous factors such as oxidative metabolites, UV radiation, or epigenetic
additions. These modifications may alter the local structure of DNA, resulting in
inhibition of the replicative pol and stalling of the replication machinery. When the
replicative pol stalls, a repair or bypass pol can take over and perform translesion
synthesis (TLS). During TLS, a nucleotide is inserted opposite a lesion-eentatnring-base
on the template DNA strand before the replicative pol can continue DNA synthesis. The
mechanistic details of DNA replication, bypass, and repair are areas of ongoing research
and are important to other areas of research such as drug design, cancer research,
metabolism, and aging.

The overarching goal of my research was to contribute to the mechanistic
understanding of how pols perform DNA synthesis and bypass of DNA lesions. With this
goal in mind, one of my main projects was to investigate the bypass kinetics of a
common epigenetic signal, modification of the C5-position on cytosine (5xC). | used a

specialized pol, human pol 1, to conduct this investigation. Using pre-steady state kinetic



methods, | determined the dissociation constant (Kq) and maximum incorporation rate
(kpor) for each deoxynucleoside (ANTP) opposite each 5xC modification. | also attempted
to determine the structural details of the two accessory subunits of human pol €, a
replicative DNA pol that carries out leading strand synthesis, via X-ray crystallography to
propose a hypothesis for its intrinsically high fidelity and processivity. Other projects |
was involved in included investigating the biochemical properties of human PrimPol, the
second pol found to operate in the mitochondria, using pre-steady state kinetics; using X-
ray crystallography and pre-steady state kinetics to characterize human pol f3; and
determining the best assay conditions to perform pre-steady state kinetics experiments
with the Zika Virus NS5, an RNA-dependent RNA polymerase; which replicates viral

RNA genome.
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Chapter 1: Introduction

1.1 DNA Replication and Repair

The propagation and sustaining of life depends upon the replication of DNA. The
human genome contains 23 chromosomes which in turn contain a total of approximately
3 billion base pairs. This genetic information is contained within the nucleus of all human
cells and a highly-orchestrated process takes place to copy this information when needed,
such as when a cell divides or a gene is activated.

DNA polymerases (pols) play a pivotal role in both replication and repair of
genomic DNA. Of the seven DNA pol families (A, B, C, D, X, Y, RT), replicative pols
make up four (A-D). Replicative pols are highly accurate and processive, synthesizing
long stretches of DNA in a single binding event, while specialized pols mainly repair and
bypass DNA damage and are only able to synthesize a few nucleotides before
dissociation.! During replication, a replicative pol may encounter DNA lesions or strand
breaks which are induced by exposure to a variety of endogenous and exogenous factors
such as oxidative metabolites or UV radiation. Many DNA lesions distort the structure of
DNA, stalling the progression of replicative pols. Consequently, a specialized pol must
take over and perform translesion synthesis (TLS) to bypass the DNA lesion. Because

they have relatively flexible active sites, bypass pols are capable of inserting a dNTP



opposite the damaged base before the replicative pol can regain access to the 5'-primer
terminus and continue DNA synthesis. Other specialized pols can repair single and
double DNA strand breaks via base excision repair (BER) and nonhomologous end-
joining (NHEJ) so the replicative pol can continue.?® Replicative pols must also interact
with specifically modified bases that are essential for epigenetics.*®
1.2 Types and Sources of DNA Damage

DNA damage can be endogenous (due to cellular metabolism), or exogenous (due
to environmental factors). Endogenous sources include reactive nitrogen and oxygen
species and other metabolic products and byproducts that contribute to the oxidation,
hydrolysis, and alkylation of DNA. Mismatched base pairs, shortening of telomeres, and
misregulation of epigenetic markers are other damaging events that can happen due to
natural cellular processes such as division and aging. Exogenous sources are varied and
include UV-light damage, ionizing radiation damage, and a whole host of chemical
agents that we ingest, inhale, or absorb through our skin in our day-to-day activities.> !

Both sources of DNA damage can lead to different types of damage which require
different repair pathways to be activated. Mismatched bases result from an insertion or
deletion of bases during replication, and is repaired via the mismatch repair (MMR)
pathway.'? UV radiation and mutagenic chemicals can cause bulky DNA lesions that are
repaired through the nucleotide excision repair (NER) pathway, during which a section of
nucleotides that includes the damaged site is excised from the DNA. This process cuts the

phosphodiester backbone of the DNA strand in two places. The gap is subsequently filled



in with undamaged nucleotides and ligated at both ends to form a new, lesion-free section
of DNA %12

Base damage, abasic sites, and single strand breaks (SSBs) are common forms of
DNA damage and are caused by oxidation, alkylation, hydrolysis, radiation, and some
DNA adducts such as 8-oxo-guanine. This type of damage can be repaired in the BER
pathway using either the short-patch or long-patch methods. During BER, the damaged
base is first removed, leaving the phosphodiester backbone intact and a resulting abasic
site in the DNA. The DNA backbone is then cut at the 3" end of the abasic site via
deoxyribosephosphatase (DRPase), producing a nick in the DNA strand. A new base is
inserted by X-family pol (3, and the nick is sealed by a DNA ligase, Ligl1/XRCC1. Short
patch BER removes and replaces one nucleotide, while long-patch BER can involve up to
approximately 13 nucleotides.*®

Double strand breaks (DSB) can also be caused by oxidation and various types of
radiation and mutagenic chemicals. This type of DNA damage must be repaired via
NHEJ, homologous recombination (HR), or microhomology-mediated end-joining
(MMEJ). In mammals, DSBs are repaired via NHEJ the vast majority of the time. This
process requires two blunt ends to the broken DNA, so any single stranded overhang
must either be filled in by a pol or trimmed back by a nuclease before the blunt ends can
be ligated to other DNA strands, fixing the break. NHEJ does not require a homologous
DNA template for repair.* In contrast, HR requires a homologous template for DNA
repair and does not work with blunt-end DNA breaks. Instead, there must be an

overhanging 3’ end. If the overhang does not exist in the original DSB, this pathway
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utilizes enzyme that will trim back the 5’ end to create this overhang in a process called
resectioning.’® Contrasting to both of these DSB repair pathways is MMEJ, whereby two
broken strands of dsSDNA with overhangs on either the 5’ or 3" end will be ligated
together by base pairing a region of 5-25 homologous nucleotides. This repair pathway
results in deletions at the junction of the base pairing, thereby leading to chromosomal
instability, abnormalities, and complex rearrangements of the chromosome structure.
However, this repair pathway also helps rescue collapsed replication forks.6:
1.3 DNA Polymerase Structure and Mechanism

Most pols have the same general structure of the catalytic domain that enables
them to add nucleotides to the growing DNA strand, the main exception being PrimPol.
Additionally, each pol has unique structural characteristics within and outside the
polymerase active site that help confer specific activity to the pol. Here | will introduce
the general structural characteristics of DNA pols, focusing on the polymerase domain,
and mechanism of nucleotide incorporation. Keep in mind there is an incredible range of
nuances in pol structure that enable each pol to have a distinct role in the cell.

1.3.1 Structure of the Polymerase Domain

The catalytic domain of most pols has a conserved shape consisting of 3
subdomains: palm, fingers, and thumb, labeled as if looking at a right hand. The
exception to this nomenclature is that X-family pols have a topologically distinct
arrangement of the subdomains, so they are viewed as left-handed instead of right-
handed. The polymerization activity is located specifically in the palm subdomain and

contains three conserved acidic residues. For example, in pol X- and B-families the



catalytic residues are all aspartates, but in A- and Y-families there are two aspartates and
one glutamate. These three residues coordinate two divalent metal ions, generally agreed
to be Mg?*, which are necessary for the pol to incorporate the incoming dNTP. A recently
discovered third metal ion may also play a role in stabilizing the transition state of the
reaction and may therefore aid in catalysis.'® The fingers subdomain has the function of
nucleotide binding and selection of correct nucleotide while excluding incorrect
nucleotides, and the thumb subdomain is responsible for binding the DNA substrate
(Figure 1).

Y-family pols, which are primarily responsible for catalyzing TLS processes in
the cell, have shorter fingers and thumb subdomains and more solvent-exposed active
site. These characteristics make the Y-family pols more amenable to bypassing a bulky
DNA adduct than pols from other families, which have longer thumb and fingers
subdomains and a channel for incoming nucleotides leading from the surface of the
enzyme to the active site. 1921

1.3.2 Mechanism of Nucleotide Incorporation

There is a consensus minimal mechanism of nucleotide incorporation consisting
of six steps, including two steps where a conformation change occurs. The first step
involves the pol binding to the primer terminus of the DNA substrate, followed by
binding a deoxyribonucleotide triphosphate (ANTP). Subsequently, the pol undergoes a
conformation change before performing the chemistry step that incorporates a
deoxyribonucleotide monophosphate (ANMP) and results in a pyrophosphate byproduct.

The fifth step is a conformational change back to the original state of the pol, followed by



release of the pyrophosphate. At this point, the pol could stay associated to the DNA
substrate, now with a primer longer by one dNMP, and carry out another incorporation,
or the pol could dissociate from the newly formed substrate (Figure 2).21%

1.4 Replicative Polymerases

The human genome encodes 3 replicative pols: pol o, pol 8, and pol €. Each pol
has a unique job in the replication of DNA and all three coordinate to efficiently and
accurately copy DNA at rates of 1-2 kb/min.?® The very stable pol o—primase complex
synthesizes single-stranded RNA primers and then extends those primers with dNTPs.
Pol ¢ synthesizes the leading strand and pol & synthesizes the lagging strand. Pols € and &
are recruited to their respective strands of DNA via various protein interactions and are
similarly prevented from acting on the other strand, in effect being regulated to a specific
strand during replication to ensure the most efficient carrying out of the process
possible.?’

1.4.1 Polymerase «

Pol a—primase is necessary to prime both the leading and lagging strands. To
carry out this function, it requires association with the CMG (Cdc45-Mcm2-7-GINS)
helicase, a holoenzyme that unwinds double-stranded DNA (dsDNA) into two single
strands.?® Pol o consists of 4 subunits—one with DNA polymerase activity, two that
coordinate to form RNA primers, and one subunit with unspecified function, called the B
subunit. In the presence of pols 6 and &, pol a’s polymerase activity is curbed quickly,
which is one way for the cell to maintain accurate DNA replication, since pol o does not

have a 3'-5' exonuclease proofreading activity like the other two human replicative pols
6



and therefore cannot correct any mistakes it makes during replication. Pol a—primase
generates primers about 10 ribonucleotides long before its polymerase activity takes over
and it adds on deoxyribonucleotides to a total primer length of about 25-30 nucleotides
before pol & or € take over replication.?"282°
1.4.2 Polymerase o

Pol & has several cellular functions. It has been known for many years that it
performs lagging-strand synthesis during DNA replication.®*32 Pol § is closely associated
with proliferating cell nuclear antigen (PCNA) while carrying out replication on the
lagging strand. PCNA has a ring-like structure that is loaded onto and can subsequently
slide along a DNA strand. Since pol 6 binds PCNA more tightly than pol ¢ does, it can
outcompete pol € for PCNA binding spots on the lagging strand and therefore carries out
the bulk of lagging strand synthesis.?” It utilizes the short primers left by pol o to create
Okazaki fragments which are processed and ligated into a continuous DNA strand.

However, recent studies have pointed to additional roles that pol 6 plays. Pol 6
has been found to have activity on the leading strand in the absence and presence of pol .
If the polymerase subunit of pol ¢ is mutated out, pol & can synthesize the leading strand
DNA, albeit at a much slower pace than pol € can. However, even when all 3 fully
functional replicative pols are present, pol 5 still shows some activity on the leading
strand.3*-%°

1.4.3 Polymerase ¢



Pol ¢ primarily performs leading strand DNA synthesis.31:323¢ Pol ¢ is relegated to
the leading strand by its strong association with the CMG helicase during replication. Pol
¢ also associates with PCNA during replication of the leading strand. Competition with
pol 6 for binding to PCNA is circumvented by the fact that pol ¢ is also tightly bound to
CMG, pol & has no observable interaction with CMG, and CMG is bound to the leading
strand of DNA.2" Pol ¢ cannot extend Okazaki fragments and has no synthesis activity on
the lagging strand, leaving that duty completely to pol 8. Besides replication, pol € is
essential for general genome stability and CMG activation. Pol € helps recruit all factors
necessary for CMG formation, may stimulate CMG activity, helps repair UV damage,
and is needed to repair long sections of double-strand breaks in the DNA. Mutations to
pol ¢ lead to increased DNA damage, higher risks for cancer, and defects in chromatin
segregation and methylation of replicated DNA, 26313739

Similar to pol a and pol 3, the pol € holoenzyme also consists of 4 subunits. Just
like pol 3, the largest subunit contains both the polymerase and exonuclease activities.
The three smaller subunits have less defined functions, although some roles have been
determined and others have been suggested. One of the smaller subunits, p17, is identical
to a protein used in the chromatin accessibility complex (CHRAC), which indicates a role
for pol € in heterochromatin replication. Additionally, it is the non-catalytic subunits that
facilitate the interaction between pol & and CMG.%8:3®

1.5 Specialized Polymerases



Unlike replicative pols, specialized pols usually possess no exonuclease activity.
These pols are not used in the normal copying of DNA, but are designed to bypass DNA
lesions, mismatched base pairs, and other forms of DNA damage. Specialized pols
belong mainly to X- and Y-families but can also be found in A- and B-families and
include pols B, A, u, , , , €, and 6, among others. While specialized pols have some
overlapping functions, they each fill a niche role and have specific characteristics. These
pols can operate in one or more of the possible DNA repair pathways, such as NER,
BER, MMR, HR, and NHEJ. Deregulation, misregulation, and mutants of specialized
pols are implicated in many types of cancer.?40-43

1.5.1 X-family Polymerases

This class includes pols pol B, pol A, and pol u. Pol  takes part in BER and has
been strongly implicated to partake in TLS.22%43-46 po| ), also performs BER, but likely
in a back-up role to pol B. Cells lacking both pols B and A cannot carry out BER.* Pol A
has also been implicated in additional roles in nonhomologous end-joining (NHEJ) and
homologous recombination (HR) activities in the cell.***5-*8 Pol 1 has roles in both TLS
and NHEJ. In fact, pols A and p are the only two pols that have NHEJ capability.?4"-0

1.5.2 Y-family Polymerases

All pols within the Y family are capable of TLS and have relatively low fidelity
(10°-10*) compared to pols & and € (10°-10-%) .235! Each pol has unique
misincorporation patterns, preferred substrates, and different bypass abilities. This family
includes pols k, 1, n, and Rev1l. Pol n is the first pol with TLS activity discovered and

only pol that is causally linked to cancer development. A variant of the rare autosomal
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disorder Xeoderma pigmentosum (XPV) is caused by a lack of pol n activity. Pol n
therefore plays a very important role in bypassing UV-induced damage. It is also the only
pol able to bypass cisplatin adducts, double-base lesions caused to DNA after being
treated with the common antitumor drug.?3435%2 Pol 1 may also play a backup role in
bypassing UV damage to DNA. Human cells with downregulated pol 1 show
hypersensitivity to oxidative damage and decreased BER activity. Pol 1 does get recruited
to chromatin after oxidative damage and interacts with known BER pathway enzymes,
indicating a backup role for pol v in BER to pols 3 and A. Pol v is also specialized in its
role in the mutation of immunoglobin which is critical for the adaptive process of somatic
hypermutation. This may be due to the fact that pol 1 is the most error-prone of the Y-
family pols.29435354 Pol « is unique in that it is the TLS pol with the highest expression
and most conserved sequence identity across all domains of life. It has the special ability
to extend past a lesion or a mismatched primer terminus for about 20 nucleotides before a
replicative pol takes over. This extension activity is probably one of the largest roles pol
k plays in the cell, instead of the actual lesion-bypass step of TLS. Human cells and live
mice with pol « deletions have very mildly negative phenotypes, and pol k has weak TLS
activity compared to other Y-family pols. However, pol k can bypass and extend past a
certain type of bulky lesions that other TLS pols cannot easily bypass: lesions caused by
bulky, polycyclic compounds derived from combustion products or chemotherapeutic

agents. It is hypothesized that pol k may play a role in spontaneous mutating of the
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genome due to its extension ability. Pol « is similar to pols 1 and n in that it plays a role
in bypassing UV damage to DNA 3557
1.5.3 Other Specialized Polymerases

There are two more specialized pols worth mentioning that do not belong to the
X-or Y- families, pol 6 and pol C. Pol 6 is an A-family pol that likely coordinates with
pol B in the BER pathway to bypass abasic sites. While pol 0 is not necessary for cell
viability, mammalian cells lacking pol 6 display higher levels of DNA damage from
ionizing radiation and have increased radiosensitivity when being treated for cancer with
radiation therapy.2°%-%2 Pol ¢ belongs to the B-family and has the unique role of
extending past damage sites once another TLS pol has inserted a nucleotide opposite the
lesion, especially in the case of UV damage. Pol € and pol k may have overlapping roles,
since both have the extension capability and deletion of pol « is not lethal to mammalian
cells. However, expression of pol ¢ is tightly regulated and irregular expression of pol C
leads to chromosomal instability and mutagenesis while deletion of pol  or of just the
catalytic activity of the pol is lethal to mice embryos.243.6364

1.6 Significance and Impact

Because DNA pols are essential to life, it is imperative that these enzymes and the
cellular processes they are involved in are researched thoroughly. Basic research gives
insight into the replication and repair pathways and various disease states which can help
application-focused research develop new drugs and therapies for cancer, genetic-based
diseases and disorders, and age-related diseases. The more we understand how the body

naturally repairs, protects, and passes on its genomic information, the better we can craft
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methods to correct the damage when any of those processes become misregulated or

deregulated and prevent further damage from happening.

Figure 1: Architecture of the Catalytic Subunit of Pol2 from S.
cerevisiae, a homolog of human Pol ¢

Magenta-N-terminal domain; light blue-exonuclease domain; purple-
thumb subdomain; dark gray-fingers subdomain; green-palm
subdomain; red-P-subdomain (unique to pol ¢).
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Figure 2: Scheme of Polymerase Activity

k k k
E< > EeDNA, <> > EeDNA, *dNTP +————> E'sDNA, +dNTP
k-l k_2 k-3
Kl Ky
1 I(5
EeDNA_,,+ - EeDNA_, oPP, +———= E'eDNA_,,*PP,
ks

E' indicates a conformational change to the pol enzyme (E). Shown is the minimal kinetic mechanism
of a DNA polymerase binding DNA, binding a dNTP, undergoing a conformation change,
incorporating the dNTP and producing pyrophosphate, converting back to its original conformation and
finally releasing the pyrophosphate. After the final step, the pol can either release the DNA or it can go
through another round of dNTP incorporation.
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Chapter 2: Theory
2.1 Kinetics

The kinetics of a chemical reaction can shed light on the mechanism and pathway
of the reaction by studying the rate at which various steps of the reaction happen.
Kinetics experiments can tell us what the rate-limiting step is. Is it ligand binding,
product formation, or release of product? These types of experiments, together with
knowledge of the structure of the enzyme being studied or of a similar enzyme, can also
help us determine whether the rate-limiting step is due to chemistry (at the enzyme active
site) or conformal change (of the enzyme).

There are two states of a reaction that we can look at: steady-state and pre-steady
state. The steady-state frame looks at an enzyme-catalyzed reaction under the reagent and
time conditions when reaction intermediates are being formed and deteriorated (or used
up) at the same rate. At this point, since the overall concentration of the reaction
intermediate is neither increasing nor decreasing, it is said to be in a steady state. Under
steady-state reaction conditions, the substrate is in excess over the enzyme so that
multiple catalytic turnovers do not greatly affect the substrate concentration and little
product is made in the first turnover. In addition to this experimental setup, two
assumptions must be made: there is only one reaction intermediate, and there is negligible

reversal of the intermediate to product step (Figure 3).6566
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The plot of [product] vs. time under these conditions yields a straight line. The
slope of the line is the steady-state rate of product release (vss, concentration/time),
otherwise known as the turnover number. By extrapolating the slope to y=0, the active
enzyme concentration ([Eo]) can be found and the intrinsic Kinetic rate constant, Kof, can
be calculated:

Koff = Vss/[Eo]
where Koft has units of time.6%6

Two more pieces of data can be gathered from a steady-state reaction: Ky and Keat.
The kcat value is the maximum product formation rate from the enzyme-substrate
intermediate. It is also the lower limit of any first-order rate constant of any single step in
the reaction. Kn, is the ratio of the rate of decomposition of the enzyme-substrate
intermediate (including to product and back to unbound substrate) to the rate of
productive enzyme-substrate binding. It can also be defined as the substrate concentration
at which Kkeat is %2 the maximal value. This value can give a rough estimate of the intrinsic
equilibrium constant Kq (the dissociation constant). A lower Kny (and Kg) indicates less
dissociation of the substrate from the enzyme, which in turn indicates tighter binding and
higher stability of the enzyme-substrate complex. Additionally, the value kcat/Km can give
insight into the specificity of the substrate for a particular enzyme. The higher this ratio
is, the better the substrate binding to the enzyme is.®>%’

The Ko, keat and Km can be found by fitting of the data to the appropriate
equations. First, product concentration vs. time data for each concentration of dNTP

would be plotted and fit to the general line equation:
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[Product] = vsst + Eo
where Eo is the y-intercept indicating the initial amount of enzyme-substrate complex and
Vss IS the slope of the line indicating the steady-state rate of the enzymatic reaction. This
data would be compiled to calculate several vss/Eq values which would subsequently be
plotted vs. the corresponding dNTP concentrations and using a nonlinear regression
software such as Kaleidagraph or GraphPad Prism, fit to the line:

Kot = (Keat[ST)/(Km + [S])
where [S] is the dNTP concentration. The software will then solve for two values, keat and
Km.66'67

However, the limitations of the steady-state frame of reference is that we cannot
determine the rate constants of the individual steps of a reaction. The values we
determine are only indicative of the overall reaction, and cannot give us insight into the
specific steps of a mechanism of reaction, such as what the rate-limiting step is and what
it is due to, or the order of substrate binding at the enzyme active site. To determine these
specifics, pre-steady state kinetic methods must be applied to the reaction.

Pre-steady state reaction conditions must use higher amounts of enzyme than in
steady-state reactions so that a significant amount of product is formed in the first
turnover. The time course for a pre-steady state reaction is usually shorter than for a
steady-state reaction, too. The assumptions for pre-steady state kinetics are the same as
for steady-state. Under these conditions, a “burst” phase is seen, which is a state of the
reaction when the intermediates are being formed quickly before being used up to form

the final product. The state of the system under these conditions is not steady; instead, the
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reaction intermediate is forming faster than it is being consumed. The amplitude of the
burst phase should be the same or close to the value determined by extending the steady-
state slope to y=0. However, after the burst phase, a second, linear phase should be
apparent, and this slope of this linear phase should equal the slope of the linear steady-
state phase.%>%7

A specific assay of pre-steady state Kinetics is the single-turnover assay. In this as,
the enzyme is in excess over the substrate so that a burst phase will definitely be seen, but
the second linear phase will not be seen. Again, the time course of this type of experiment
is generally shorter than would be used for a steady-state kinetic experiment, perhaps in
the order of ms-min. Under these conditions, all substrate should be bound by the enzyme
and the first turnover will produce a significant amount of product. Again, a sharp
buildup of reaction intermediates is evidenced by the burst phase, but the time course
chosen limits the experiment so the steady state phase is not reached.

Pre-steady state kinetics gives much more detailed insight into the individual
steps of a reaction. The kinetic parameters of Kobs, Kd, and kpor can be determined. The
parameter Kons, Which is the rate at which the reaction approaches equilibrium, can be
determined by plotting [product] vs time and using nonlinear regression to fit the data
using the equation:

[Product] = Eo e [1 - exp(- Kobst)] + Vsst.

However, keep in mind that under single-turnover conditions, the linear part of this
equation will not be used since we do not allow the reaction to reach a steady state, but

the rest of the equation remains the same.%-%7
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The first part of the pre-steady state equation describing the appearance of product
before the steady-state phase is in the form of a single exponential and characteristic of a
first-order reaction or a pseudo-first-order reaction. Enzyme-substrate reactions are
second-order reactions, meaning two different molecular species interact to form a
product. However, since the amount of dNTP substrate that is used in the reaction is
usually much higher than the amount of enzyme used, the reaction is pseudo-first order
with respect to the dNTP concentration, which is why we can use a first-order single
exponential curve to fit the [product] vs. time data. If the reaction were truly first-order,
the kons should not change with changes in dNTP concentration; however, we see that
with pols this is not true.%®%” The kqps generally increases as the dNTP concentration
increases. The Kobs IS important to determine because this parameter is what is used to
calculate the maximum rate of dNTP incorporation (kpo) and the dissociation equilibrium
constant of the dNTP (Kg).

Once all the [product] vs. time plots have been fit to the pre-steady state equation
and the kobs determined for all time courses, we then plot the kobs Values vs. the
appropriate [dNTP] values. Using nonlinear regression software, the data are then fit to a
hyperbolic equation:

Kobs = Kpot[ANTP]/(Kg + [dNTP]).55¢7

2.2 X-ray Crystallography
2.2.1 Growing a Crystal
The first hurdle to performing X-ray crystallography is growing a crystal. The

protein sample used must be very pure. The most common methods to grow crystals are
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sitting-drop and hanging-drop vapor diffusion. In sitting-drop, the protein sample sits in a
drop on the bottom of the sample chamber and in hanging-drop, the protein is contained
within a drop at the top of the sample chamber. Though the location of the protein sample
in the crystallization chamber may change, crystals in both settings grow via vapor
diffusion. The drop contains a mixture of the protein sample along with some buffer, salt,
and one or more precipitants. The reservoir solution contains a higher concentration of
the drop components, but no protein. Water therefore diffuses from the drop and into the
reservoir solution, slowly concentrating and lowering the solubility of the protein. The
goal is for the protein molecules to have time to pack together in an orderly manner and
crystallize, instead of quickly aggregating and precipitating out of solution. This process
involves much trial and error. Typically, at least one large screening of many different
crystallization conditions is done first and if any conditions show crystal growth or
precipitation, smaller screens are set up using conditions that vary slightly from the
promising ones seen in the larger screen. In this manner, several rounds of screens may
be set up before one is found to grow crystals.
2.2.2 X-Ray Diffraction

Once crystals are grown, they can be subject to beams of X-ray radiation (high-
energy photons) to gain information on the structure. The planes of atoms within a crystal
act as reflecting surfaces. When an X-ray hits an atomic plane, it is reflected. This is due
to the electric field vector of the photon interacting with the electric charge of the
electrons in the atoms of the material and scattering. If the reflections off multiple planes

within a crystal are in phase, the result is constructive interference and a bright spot of
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radiation is observed on the detector (X-ray film, CCD camera, etc). If the reflections are
out of phase, there is destructive interference and a weak spot or no spot shows up on the
detector. Bragg’s Law defines the conditions under which constructive interference
happens:

neA=d+sin0
where n is an integer, A is the wavelength of the X-rays, d is the distance between the
atomic planes, and 6 is the angle between the incoming X-ray and the surface of the
crystal. By correlating all reflections to the angle of the X-ray that produced them, the

spacing of all atoms within a crystal can be found.

Figure 3: Assumptions for Steady- and Pre-Steady State Kinetics

kl I(cat
E+S * > EeS » E+P
K4

Scheme depicting assumptions that must be made in steady- and pre-steady state kinetics
experiments to use the simplified equations to solve for Kq and kpqr.
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Chapter 3: The Potential Role of Polymerase 1 in Bypassing Epigenetic Modifications
3.1 Introduction
Epigenetic modifications are any inherited alterations to DNA bases that do not

change the DNA sequence. These DNA modifications regulate access to chromatin and
the shape and stability of chromatin, thereby regulating gene expression.%® Replicative
pols will regularly interact with epigenetically modified bases during cell division. The
most common modification encountered is 5-methylcytosine (5mC) which regulates
numerous biological processes including gene expression, retrovirus silencing, X
chromosome inactivation, and normal development of embryonic stem cells®®%°, Altered
patterns in the methylation state of DNA can trigger cancer, psychiatric disorders,
myeloid malignancies, embryonic lethality, and ultimately cell death in both embryos and
adult mammals.>86%7-73 5_methylcytosine was assumed to be a stable epigenetic
marker until the recent discovery of several oxidative derivatives including 5-
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC).
Oxidation of 5mC is catalyzed by TET proteins (Tetl, Tet2, Tet3) which convert 5mC to
5hmC, then to 5fC, and finally to 5caC.28%73"> Additionally, these oxidative derivatives
could arise through reaction with reactive oxygen species (ROS) in the cell.2%° The

development of bisulfite and TAB-assisted bisulfite sequencing has allowed for single-
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base-resolution analysis of 5mC and 5hmC sites in the genome, respectively, providing
insight into role of these modified bases in gene regulation and other cellular
processes.>’* Conversely, 5fC and 5¢caC are more difficult to identify and their precise
roles in regulation of cellular processes, if any, are poorly understood. However, it is
known that 5fC and 5caC can be repaired through base excision repair (BER) in which
the modified bases are recognized and removed by thymine DNA glycosylase (TDG)
(Figure 4).>686%70.73-76 Tnterestingly, TDG removes 5fC and 5caC from the DNA
approximately 40% faster than its natural substrate, a thymine base mispaired with
guanine, possibly due to the weakened N-glycosidic bond between the nucleobase of the
modified cytosine and the deoxyribose sugar.’> Furthermore, mismatch repair (MMR)
proteins such as the human MutSa complex also recognize 5caC sites.®”>”” Though
MutSa specifically recognizes G:T base pairs, it will also act upon correct G:5caC base
pairs®’>. It has been theorized that G:5caC base pairs mimic G:T mismatches because the
5caC can form the imino tautomer and adopt G:T-like geometry when base paired to G,
though this has not been confirmed structurally (Figure 5A).”>”” Both repair pathways
result in restoration of unmodified cytosine and may serve as alternative pathways for
demethylation and gene regulation.

Intriguingly, it has been shown that Pols with exonuclease activities, such as the
eukaryotic replicative Pol 6, will excise a correctly paired ScaC:G base pair as if it were a
mispair.”” Low concentrations of Klenow fragment and Pol 8 containing their respective
exonuclease domains show slight stalling when incorporating opposite ScaC, and Pol 6
shows slight stalling one to two nucleotides downstream of the modified templating base.
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At higher enzyme concentrations, the exonuclease activity is stimulated, resulting in both
continued stalling and DNA fragments smaller than the original template. However, pol
1, a Y-family pol with no exonuclease domain, did not stall when incorporating opposite
5caC.” Other Y-family DNA pols such as k and 1 may display the same bypass ability for
the ScaC modification and play a role in TLS for this and other 5xC lesions in vivo.

These results bring to light two striking characteristics of the ScaC modification:
1) 5caC acts as an oxidative lesion, triggering BER pathways or even cell death through
the MMR pathway, and 2) even when correctly base paired with G, 5caC is recognized as
a mismatch by replicative polymerases and mismatch repair proteins. These observations
may suggest a mechanism of repetitive incorporation and removal of a nucleotide
opposite ScaC by a replicative pol with endogenous exonuclease activity, ultimately
resulting in stalled replication. Pol 1, a Y-family DNA pol, is characterized by having
lower fidelity than replicative pols and having TLS capabilities. These characteristics
made it a good candidate for studying the kinetics of bypassing an epigenetic adduct to a
base. Pol 1 is error-prone and known to preferentially form G:T mismatches, and
therefore may be an in vivo candidate for bypassing the S5caC modification and rescuing
stalled replication.”®”® Here, we have investigated the kinetics of nucleotide incorporation
opposite modified cytosines using Y-family DNA Pol 1.

3.2 Materials and Methods
3.2.1 Materials
Chemicals used for experiments were purchased from the following companies:

[y- 2P]ATP from PerkinElmer Life Sciences (Boston, MA), Optinkinase from USB
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Corp. (Cleveland, OH), dNTPs from Bioline (Taunton, MA), and oligonucleotide primers
from Integrated DNA Technologies (IDT; Coralville, I1A). Oligonucleotide templates
were HPLC-purified and provided graciously by Professor Chuan He from the
Department of Chemistry at the University of Chicago.

3.2.2 Preparation of DNA Substrates:

The 26-mer DNA primer was purified using denaturing polyacrylamide gel
electrophoresis (PAGE). It was radiolabeled on the 5'-end by incubating with [y-**P]ATP
and 2 pL Optikinase for 3 h at 37 °C. The excess [y->?P]JATP was removed using a Bio-
spin 6 column (Bio-Rad). A labeled primer was mixed with the 5.4-fold molar excess of
labeled modified-C template or control template, heated to 72 °C if using a modified-C
template or 95 °C if using the control template for 5 min, and cooled slowly to room
temperature (Table 1). The concentration of each DNA substrate was confirmed using a
UV-Vis spectrometer by measuring the absorbance at 260 nm. The DNA templates
provided to us by Professor Chuan He were not re-purified in our lab using gel
purification since they were already HPLC-purified and we were concerned with major
loss of template when using gel purification. All concentrations were verified using UV-
Vis spectroscopy.

3.2.3 Expression and Purification of Human Polymerase ¢

Plasmid DNA encoding for the N-terminal 420 residues of human pol 1 with an

N-terminal GST tag and a 6X-His tag (GST-hAPolt) was transformed into Rosetta cells.

An overnight culture was grown in sterile LB media containing 34 pug/mL

chloramphenicol (Cam) and 50 pug/mL ampicillin (Amp) at 37°C and 224 RPM. One-L
24



expression cultures containing the same concentration of Cam/Amp as the starter culture
were inoculated with 1% volume of the starter culture each and grown at 37 °C and 224
RPM until the culture reached ODsoo 0f 0.6-0.8. At that point, each culture was induced
with 0.1 mM IPTG and grown overnight at 16 °C and 224 RPM until an ODego of 1.7-1.9
was reached.

The cultures were centrifuged at 40k RPM at 4 °C for 40 min and the cells were
resuspended in lysis buffer (50mM HEPES, pH 7.5, 0.5 M NaCl, 10% glycerol, 1 mM
EDTA, 0.1% BME). Prior to lysis, a Roche protease inhibitor cocktail tablet and PMSF
to 2 mM was added. Cells were passed through a French press 3x at 1500 PSI. Lysate
was ultracentrifuged as before and the supernatant containing the soluble fraction of
GST-hAPolt was applied to a gravity GST sepharose column. The column was washed
with 10 CV of wash buffer 1 (50mM HEPES, pH 7.5, 0.1 M NaCl, 10% glycerol, 0.1%
BME) and eluted with 4 CV of GST elution buffer (50 mM Tris-HCI, pH 8.0, 10 mM
Reduced Glutathione, 1 mM EDTA). All protein-containing fractions were dialyzed with
heparin buffer A (50 mM TRIS, pH 7.5 at 4°C, 200 mM NaCl, ImM EDTA, 10%
Glycerol, 0.1% BME) and digested with His-TEV (1 mg TEV/100 mg protein) at 4°C
overnight.

Cleaved hAPolt was then passed through tandem HiTrap Q/HiTrap Heparin
columns (GE Lifesciences), washed with 2 CV heparin buffer A and eluted in a linear
gradient to 100% heparin buffer B (50 mM TRIS, pH 7.5 at 4°C, 1 M NaCl, ImM EDTA,
10% Glycerol, 0.1% BME) over 5 CV. Protein purity was assessed using a 17% SDS

polyacrylamide gel and the concentration was determined using a UV-Vis spectrometer.
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The purified protein was dialyzed against 1 L of storage buffer (50 mM Tris-Cl, pH 7.5,
140 mM NaCl, 1 mM DTT, 0.5 mM EDTA, 50% Glycerol) overnight at 4 °C and stored
at -20 °C until use.
3.2.4 Single-Turnover Polymerase Assays:

All pre-steady-state kinetic assays were performed in reaction buffer containing
50 mM HEPES, pH 7.5 at 37 °C, 5 mM MgCl,, 50 mM NaCl, 0.1 mM EDTA, 1 mM
DTT, 10% glycerol, and 0.1 mg/mL bovine serum albumin. All given concentrations are
final after mixing all solutions. Single-turnover kinetic assays were employed to obtain
the kpor and Kgq for single nucleotide incorporation. Briefly, a pre-incubated solution of 5'-
[3?P]-labeled DNA (10 nM) and hAPolt (60 nM) in reaction buffer was mixed with
increasing concentrations of an incoming dNTP at 37 °C and quenched at various times
with 0.37 M EDTA using a rapid chemical-quench flow apparatus (KinTek). Reaction
products were separated using denaturing PAGE, visualized using Typhoon TRIO (GE)
and quantified using ImageQuant (GE) (Figures 6A and 6B). Each time course of product
formation was fit to a single-exponential equation:

[product] = Eo @ [1 - exp(- Kust)]
using Kaleidagraph (Synergy Software) to yield a reaction amplitude (Eo) and an
observed rate constant of nucleotide incorporation (Ks). The Ko Values were then plotted
against nucleotide concentrations and the data were fit to a hyperbolic equation:

Kobs = Kpat[ANTP]/(JANTP] + Kq)
to yield an apparent equilibrium dissociation constant of enzyme for the nucleotide (Kq)

and a maximum nucleotide incorporation rate constant (Ky).
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3.3 Results

Pre-steady-state kinetic assays were carried out to measure the kinetic parameters
for incorporation of each dGTP by Pol 1 onto the four primer/template DNA substrates to
study the ability of pol 1 to bypass 5xC epigenetic modifications and infer if it could have
an in vivo role in TLS opposite the 5caC lesion. For the control DNA substrate with a
templating dC, the kpor and Kq for dGTP incorporation was determined to be 0.22 + 0.014
stand 37 + 9 u M, respectively, and the efficiency (kpoi/Kg) Was calculated to be 5.9 x 10°
3 uM/s (Table 2). For the correct incorporation of dGTP opposite each modified
cytosines, the kpor Values ranged from 0.23-0.53 s, similar to the control kpoi (0.22 s).
The largest difference was the incorporation across 5hmC which was 2.4-fold faster than
the control (0.53 st). There was no clear pattern in the kpol for correct incorporation
across the modified cytosines. The Kq values for dGTP incorporation ranged from 40-348
uM, all higher than the Kq for the control substrate (37 uM). The weakest binding was
observed for the 5caC substrate, which has a 9.4-fold higher Kq. In general, the binding
affinity decreased as the modification on the base became more oxidized. The efficiency
of correct dGTP incorporation ranged from 9.5 x 100 5.8 x 10 uM s, Overall, the
modifications had only a modest effect on the efficiency for correct nucleotide
incorporation.

The kpor and Kg for incorrect incorporations opposite 5mC range from 0.023 to
0.58 s and 40 to 776 uM, respectively. Across from 5hmC the incorporation rate ranged
from 0.21 to 0.25 s** and the Kq from 192 to 1130 uM. The Kol of incorrect incorporation

opposite from 5fC ranges from 0.092 to 0.32 s and the K4 from 53 to 211 uM. For 5caC,
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the Kpol ranges from 0.012 to 1.0 s and the Kq ranges from 190 to 799 uM (Table 2).
Except for the 5caC substrate, the other modifications have incorrect incorporation rates
and binding affinities that vary by 10-fold or less, indicating that pol 1 is equally prone to
incorporating any incorrect nucleotide opposite the modified cytosines. Additionally, the
probability of incorporating the correct nucleotide steadily decreases as the modification
on the cytosine becomes more oxidized. Pol 1 has the highest fidelity for the 5mC
substrate, followed by 5hmC, then 5fC, and lastly, 5caC. The wider range of kpor and Kg
for 5caC compared to the other modified cytosine substrates may be an indication that
this modification significantly perturbs the active site of pol . Overall, pol « becomes

increasingly more error-prone as the cytosine modification becomes more oxidized

3.4 Discussion

The 5caC modification most significantly affected nucleotide incorporation and
lowered efficiency of correct dGTP incorporation by 10-fold. This is due entirely to the
near-10-fold increase in Kq9©™. The distribution of the probability of incorrect nucleotide
incorporation was not significantly affected by the identity. This indicates that pol 1 is not
discriminatory in its choice of incorrect nucleotide.

However, as the cytosine modification become increasingly oxidized, the fidelity
of Pol 1 decreases. Curiously, for the substrate containing a templating 5fC, Pol 1 exhibits
a remarkably low fidelity (range). The largest variations in Kpol/Kd, and Kpol/Kg for the four
dNTPs were for incorporation opposite 5caC. Consequently, dNTP efficiency opposite

5caC varies more widely than for any of the other modifications. We find that incorrect
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dTTP incorporation is actually slightly preferred instead of the correct dGTP
incorporation (44% vs. 32% probability of incorporation). This raises a few interesting
points. First of all, if 5caC closely resembled a templating dT as hypothesized above, we
would expect that dGTP would have the highest incorporation efficiency since Pol 1 is
well known to preferentially incorporate dGTP opposite a templating dT. This raises the
question of whether the G:5caC pair does actually mimic a G:T mismatch and if not, why
it activates TDG and other mismatch repair enzymes.

All nucleic acids primarily exist in a single tautomeric form at physiological pH,
which encourages strict adherence to Watson-Crick pairing rules. However, the transient
existence of other tautomeric forms of the nucleic acids may be the primary cause for
spontaneous mutations and misincorporations in DNA and RNA replication.®84
Addition of chemical groups to the nucleobases can stabilize a tautomeric form.85% In the
case of 5caC, the addition of the carboxyl group likely stabilizes the imino tautomer of
cytosine. When 5caC is in the imino form, it could resemble a templating dT; therefore,
Pol 1 would preferentially incorporate dGTP, and the resulting G:5caC pair would mimic
the geometry of a G:T mismatch. With the kinetic parameters established with this study,
a previously unknown characteristic of 5caC base pairing has been discovered. When
5caC is in the neutral tautomeric form, the hydrogen bond donor and acceptor pattern
resembles that of an adenosine, and Pol 1 is known to have a modestly high fidelity for
incorporating dTTP opposite a templating dA.88° Since 5caC would remain primarily in
the neutral tautomeric form, Pol 1 may preferentially incorporate dTTP and form a

mismatch that resembles a canonical T:A base pair, which could later be excised in a
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BER pathway not involving TDG (Figure 5B). However, structural studies in addition to
more Kinetic studies need to be carried out to confirm this hypothesis.

The presence of cytosines modified at the C5 position (5xC) in the genome is
crucial to epigenetic control of various cellular processes. However, the placement of a
modification within the genomic DNA and the prevalence of a modification must be
tightly regulated. Abnormal patterns of 5xC lead to irregularities in gene
expression.58:89.75-17.9081 \while some 5xC modifications, such as 5mC, have been studied
extensively, other 5xC modifications are less prevalent and more difficult to detect by
current sequencing methods, making studies into the physiological roles of these
modifications difficult to carry out.

5caC is that it is the least abundant of the known 5xC modifications, present only
1,000-100,000 times in an entire diploid human genome, which consists of 3 x 10°
basepairs.® However, it is known to be present in a higher abundance in cells of certain
breast cancers, brain tumors, gliomas, and brain cells of patients with Schizophrenia and
other related neurological disorders. The higher abundance can sometimes be correlated
to a decrease in 5ShmC levels, an increase in expression of TET enzymes, or a decrease in
TDG expression; but sometimes the greater 5¢caC abundance is not linked to any of these
observations and it is still unclear how to explain this phenomenon.”%2 This modification
also accumulates in the genome with increasing age and is associated with perturbations
in other DNA demethylation enzymes.®® Other studies have shown that 5caC is

transiently accumulated in neural stem cells as they undergo lineage specification.®*% It
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has also been shown that 5caC is a stable modification and that it transiently stalls RNA
Pol 11 during transcription.%°%

These observations and others indicate that 5caC may play a dual role in the cell,
functioning as both DNA demethylation intermediate activating TDG-initiated BER to
replace the 5caC with a natural cytosine and as a stable epigenetic marker regulating
RNA transcription and DNA replication by inducing transient stalling of the replicative
polymerase. Pol 1 may fill an important niche role in the cell by being able to bypass

5caC, rescue stalled replication, and mark the 5caC for later removal via BER.

Figure 4: Schematic Diagram of the Methylation and Demethylation Pathway of the
C5 Position of Cytosine
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Figure 5: G:X and T:X Basepairs

A

A-top: canonical G:C basepair; middle: G: T mismatch; bottom: theoretical G:5caC (imino tautomer)
pair. B- top: canonical T:A basepair; bottom: theoretical T:5caC mismatch.
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Figure 6: Pre-Steady State Kinetics of dGTP incorporation opposite 5caC
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(A) A pre-incubated solution of 5'-[*?P]-labeled DNA (10 nM) and hAPoli (60 nM) in buffer R was
rapidly mixed with increasing concentrations of incoming dGTP [10 (e), 20 (©), 40 (m), 80 (O), 160 (¢),
320 (©), and 640 (A ) mM] at 37 °C and quenched at various times with 0.37 M EDTA using a rapid
chemical-quench flow apparatus (KinTek). Solid lines represent fits to equation 1 to yield Kqps. (B) Plot
of keps Vs dGTP concentration fit to equation 2 to yield a kqo1 and Kg of 0.33 + 0.037 st and 348 + 78
UM, respectively.

5’ -pCCGGTGCC*GAGGCGCTCAATTGGTCGTAGGACTATCCTCACCTCCACCGTTTCA-3"
3’ -CGAGTTAACCAGCATCCTGATAG-5"

The 5'-p indicates a phosphate group. The bolded templating cytosine (C) indicates the site of the natural
or modified C (C, 5mC, 5hmC, 5fC, 5caC). C* indicates the presence of a second 5fC site in the
template, only present when the first modification is also a 5fC. This second 5fC site does not affect the
kinetics in our experiments since only single-nucleotide incorporation assays were performed.

Table 1: DNA Substrates for dNTP Incorporation by Polymerase 1 Opposite Modified C
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Table 2: Pre-Steady State Kinetic Parameters for ANTP Incorporation by Truncated
Human DNA Polymerase 1 Opposite Modified C

dNTP koot (5) Ka (uM) | koo/Ka ( pM2s2) | Efficiency ratio® | Fidelity |Probability %°
23/54-mer-C
dGTP 0.22 +0.014 37+9 59x 1073 -
23/54-mer-5mC
dGTP 0.23 +0.0125 40 + 11 5.8 x 107 61.6
dATP 0.58 +0.10 776 +230 7.5x104 7.7 1.1 x 10 8.0
dTTP NA NA 9.6 x 104 6.0 1.4 x 10 10.2
dCTP 0.023+0.0013 119+25 1.9x103 3.1 25x101 20.2
23/54-mer-5hmC
dGTP 0.53 + 0.064 162 +42 3.3x 1073 56.0
dATP 0.25+0.010 192 + 22 1.3x10°3 25 2.8x 10 221
dTTP NA NA 1.1x10°3 3.0 25x10 18.7
dCTP 0.21+0.033 | 1130+ 280 1.9x104 174 54 x1072 3.2
23/54-mer-5fC
dGTP 0.29 +0.038 112+43 2.6x103 35.1
dATP 0.24 +0.039 211+ 9% 1.1x10°3 2.3 3.0x 10 14.9
dTTP 0.32 +0.083 158 + 89 20x103 1.3 4.3 x10" 27.0
dCTP | 0.092 +0.0089 53 +16 1.7x103 15 4.0x10? 23.0
23/54-mer-5caC
dGTP 0.33 +0.037 348+ 78 9.5x 104 325
dATP 0.14 +0.017 226 + 56 6.2x104 15 4.0x 10" 211
dTTP 1.0+0.20 799 + 210 1.3x 1073 0.7 5.8 x 101 44.3
dCTP | 0.012+0.0012 | 190 +57 6.3x 105 15.1 6.2 x 102 21
REfficiency ratio is calculated as (Kpoi/Ka)correct! (Kpot/ Ka)incorrect.
bFidelity is calculated as (Kpol/Kd)incorrect! [ (Kpol/ Ka)correct + (Kpot/Ka)incorrect.
°Probability is calculated as [(Kpol/Kd)nTe/(Z(Kpot/Kd)ail nTPs)] X 100%
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Chapter 4: Crystallization of p12/p17 Complex of Polymerase Epsilon for Determination
of Structure

4.1 Introduction

In eukaryotic cells, leading strand synthesis during DNA replication is carried out
by pol ¢, a B-family DNA polymerase that shares sequence homology to the catalytic
subunit of pol Il in E. coli.%” Beyond its major role in genome replication, pol & has been
implicated in many other processes in the cell, such as cell cycle regulation, chromatin
state regulation, gene regulation, and DNA damage repair.® 2% Human pol ¢ contains
four subunits: p261, the catalytic subunit, and three accessory subunits, p59, p17, and
pl2. The N-terminal half of the catalytic subunit is highly conserved between yeast and
humans (63% sequence identity), and contains both the polymerase and the exonuclease
active sites. The catalytic domain shares the general subdomain structure of all other
DNA polymerases, consisting of palm, fingers, and thumb subdomains folding to form
the polymerase active site.®” The other three subunits have largely unspecified roles in the
function of the holoenzyme, although these subunits are implicated in protein-protein
interactions, stabilization of the holoenzyme, and regulation of DNA binding and the cell
cycle.9"%100 For example, it is thought that the p59 subunit interacts with both the C-

terminal portion of p261 and PCNA to form a stable pol esPCNA complex to keep pol ¢
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tethered to the DNA.®" To date, the only structural study of human pol ¢ is a solution
structure of a 75-amino acid N-terminal segment of the p59 subunit.’* In the past few
years, two pol* DNA«dNTP ternary structures of the catalytic domain of the yeast pol ¢
homolog, Pol2, and a low-resolution cryo-EM structure of yeast pol € holoenzyme were
solved 192193 The crystal structure of yeast pol & shows some interesting differences
compared to other polymerases, including insertions in the palm domain and an extra
helix located above the thumb domain. The insertions in the palm domain constitute a
novel protein fold not previously identified in a B family polymerase, termed the P
domain (Figure 7). The P domain can encircle double-stranded DNA and has been shown
to be essential for the processivity of the catalytic core of pol €. This unique domain
structure may be a factor in conferring pol € with higher intrinsic processivity than other
replicative pols. Furthermore, this domain has been shown to be essential to the
polymerization activity of pol € and has a role in recognizing incorrect base pairs. This
domain also exhibits a metal-binding site that likely coordinates a Zn?* ion.1® The cryo-
EM structure of the holoenzyme indicates that there is an extended tail domain which is
comprised of the three non-catalytic subunits and that the two smallest subunits
(homologs to human subunits p12 and p17) are present in an extended conformation
(Figure 8).192 Interestingly, the link between the two largest subunits appears to be quite
flexible, giving Dpb2 (the yeast homolog of p59) a large amount of mobility, especially
in the absence of the smallest two subunits.?®> However, none of these characteristics

have yet to be identified in human pol € due to the lack of structural data.
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While the yeast structures of pol € are very informative, we anticipated
identifying vital differences for human pol ¢ including altered subunit structure and
architecture, which likely lend to the complex functions of the enzyme in the eukaryotic

system.

4.2 Materials and Methods
4.2.1 Materials

The materials for this project were purchased from the following companies:
JCSG+ crystallization screen kit from Molecular Dimensions (Maumee, OH) and all
chemicals used for hanging- drop crystallization conditions from Sigma-Aldrich (St.
Louis, MO) at > 99% purity.

4.2.2 Expression and Purification of Human Polymerase & Subunits p12 and p17

The cDNAs for the p12 and p17 subunits were cloned into 11A vectors (AmpR)
by Dr. Alan Tomkinson (New Mexico). Using multiple rounds of PCR, restriction
digests, and ligation, three tags that were hindering expression were cloned out of the
original p12 vector and a 6X-His tag was cloned in. The new p12 sequence was cloned
into a pFastBac1 vector, as was the p17 sequence.

The pFastBacl vectors encoding for the 6X-His p12 and untagged p17 subunits
were each transformed into DH10Bac E. coli cells, the bacmid DNA was prepped and
transfected into Sf9 insect cells, and the recombinant viruses were produced according to
the Bac-to-Bac Baculovirus Expression System (ThermoFisher). After the second
generation of virus expression, insect cell media was co-infected with the p12 and p17
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viruses. The cultures were grown for 65 hrs at 26 °C and 114 RPM before centrifuging at
2,000 RPM. The cell pellets were resuspended in nickel wash buffer (20 mM Tris-Cl, pH
8.0 at 4 °C, 200 mM NacCl, 0.1% BME, 10 mM imidazole, 5% glycerol), mixed with 1
Roche protease inhibitor tablet and 1 mM PMSF, and lysed by passing through a French
press 3x at 10,000-15,000 PSI. The lysate was cleared by ultracentrifugation at 40k RPM
for 40 min at 4 °C and the supernatant filtered using 45-micron syringe filters. The
cleared lysate was run over a nickel affinity column and washed with 10 CV nickel wash
buffer and eluted with a gradient to 100% nickel elution buffer (nickel wash buffer + 500
mM imidazole) over 20 CV. The fractions were processed using 12% SDS-PAGE to
locate protein. The sample-containing fractions were pooled and dialyzed against 1 L of
heparin wash buffer (20 mM Tris-Cl, pH 8.0, 200 mM NaCl, 0.1 % BME, 5% glycerol)
before being processed by heparin affinity chromatography. The protein was applied to a
5 mL heparin HiTrap HP column and washed with heparin wash buffer for 3 CV before
being eluted with a gradient to 100% heparin elution buffer (heparin wash buffer + 1 M
NaCl) over 6 CV. A 12% SDS-PAGE was run to locate protein-containing fractions,
which were pooled and concentrated to 0.5 mL before applying to a Superdex 200 size
exclusion column. The protein was eluted in size exclusion buffer (20 mM Tris-Cl, pH
8.0, 200 mM NaCl, 1 mM DTT, 5% glycerol). The purity was checked using 12% SDS-
PAGE and the concentration determined using UV-Vis.
4.2.3 Crystallization
The protein solution for Hp12/p17 that was purified and concentrated (2.2.2)

needed no additional modifications before setting up crystal trays. Initial crystallization
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conditions were screened using 96-well sitting drop trays with the common commercially
available screen JCSG+ using the Mosquito Crystallization Robot available in the
Campus Chemical Instrument Center at The Ohio State University. The reservoir solution
and p12/p17 complex (17 mg/mL) were mixed in 1:1 and 2:1 ratios by volume.
Appropriate conditions based on promising results were expanded upon in 24-well
hanging drop trays.

The hanging drop trays were set up by hand. The reservoir solution in each well
was 1 mL total volume. The hanging drops were formed by mixing the reservoir solution
and p12/p17 complex in a 1:1 or 1:2 volume ratio. Most crystal trays were set up and
grown at 25 °C, although one was grown at 19 °C and one at 4 °C.

Crystals for all proteins and protein complexes were harvested by using a
mounted cryo-loop, flash-frozen, and shipped to the Advanced Photon Source, LRL-CAT
beamline (Argonne National Lab, Lemont, IL) for X-ray diffraction.

4.3 Results

Crystals were obtained in several different conditions. From the 96-well screening
tray using the JCSG+ kit, crystals were seen in various conditions approximately 2 weeks
after setting up. There was a mix of rod and plate crystals, as well as some abnormal
crystal shapes. The first shipment to APS had crystals from conditions in the JCSG+ tray
in addition to a crystal from a unique condition | had set up. (Table 3). No crystals
diffracted well enough to give meaningful data or ice rings were seen. Ice rings indicate
ice crystals have formed over the protein crystal. They were most likely due to the lack of

cryoprotectant used before flash-freezing the harvested crystals. An SDS PAGE was run
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on smaller crystals from the same conditions and presence of the p12/p17 complex was
confirmed.

A second round of crystals was harvested and sent to APS from self-made
conditions as well as crystals that had grown in the JCSG+ tray almost 2 years after
initial setup (Table 3). This time, each crystal was soaked in cryoprotectant 10-30
seconds prior to being flash-frozen to prevent ice from forming on the surface of the
protein crystal. However, despite the use of cryoprotectant, many crystals showed ice
rings or too little diffraction to receive any useful data (Figure 9).

4.4 Discussion

The p12 and p17 proteins can be expressed and purified to sufficient quantities
and high purity using the baculovirus expression system in insect cells. The two subunits
also interact tightly and are very stable, which is important to allowing well-packed
crystal growth. The crystallization was the bottleneck of this project, with crystal growth
seen anywhere from 2 weeks to 2 years after conditions were set up. Ultimately, even
nicely formed crystals soaked in cryoprotectant did not diffract well enough to give any
usable data.

Several techniques can be used to grow difficult crystals. Lower temperatures
cause crystals to grow more slowly, thus increasing the chances for symmetrical, well-
packed crystals to form, which will diffract better. This technique was used to set up
crystal trays at 19 and 4 °C, to no avail. Streak seeding can be done by taking crystals too

small to be used to diffract from one growth condition and streaking them into another
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condition to provide micronuclei “seeds” about which larger crystals can grow. This
technique was used in trays at 25, 19, and 4 °C but ultimately yielded no results.

More drastic measures can be taken to try to get high-quality crystals, such as
cleaving the 6X-His tag of the p12 subunit by incorporating a TEV cleavage sequence
between the tag sequence and protein sequence in the vector containing the hp12
sequence; the 6X-His tag could be too flexible to allow symmetric packing as crystals

grow.

Figure 7: Unique P-Subdomain of Polymerase ¢

Crystal structure of Saccharomyces cerevisiae polymerase ¢ catalytic subunit.
The P-subdomain is in red. The DNA backbone is in orange.
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Figure 8: Cryo-EM Structure of Saccharomyces cerevisiae
Polymerase € Holoenzyme

The globular section is the catalytic subunit. The extended shape that curves
back towards the globular part is comprised of the p59, p12, and p17 subunits.

Figure 9: Photos of p12/p17 Crystals
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Table 3: Conditions that Yielded Crystal Growth for p12/p17

Reservoir Solution

Reservoir Solution:Protein
(volume)

Time Passed Until Growth Seen

10% wi/v PEG 3350, 10% w/v PEG
8000, 24% wi/v PEG 1500, 20% v/v
glycerol

1.1

1 week

100 mM HEPES, pH 7.0, 30% w/v
Jeffamine ED-2003

1.1

2 weeks

100 mM Bis-Tris, pH 5.5, 300 mM
magnesium formate dehydrate

1 week

100 mM Bis-Tris, pH 5.5, 200 mM
NaCl, 25% w/v PEG 3350

1.1

1 week

100 mM Bis-Tris, pH 5.5, 200 mM
ammonium acetate, 25% w/v PEG
3350

1:1

10 days

100 mM Bis-Tris, pH 7.0, 200 mM
ammonium sulfate, 46% w/v PEG
3350

1:2

3 days

100 mM Bis-Tris, pH 7.0, 100 mM
NacCl, 80% wi/v PEG 3350

1:2

2 months

100 mM sodium acetate, pH 4.5, 200
mM lithium sulfate, 50% w/v PEG
400

1:1,1:2

18 months

100 mM Tris, pH 8.5, 200 mM
lithium sulfate, 40% w/v PEG 400

1.2

18 months
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Chapter 5: The Effect of Divalent Metal lons on the Activity of Human PrimPol

5.1 Individual Contribution

This project resulted in a published manuscript.’** I performed many of the
single-turnover assays as well as carrying out all the associated product quantification
and data analysis. | shared the responsibility of radiolabeling primers, annealing
substrates. | also performed fluorescence anisotropy assays to determine the DNA
binding affinity of PrimPol, though I did not perform the data analysis of those. | created
a table of kinetic parameters and updated it as the project progressed. For the manuscript,
I contributed writing to the “Introduction” and “Materials and Methods” sections, as well
as formatting of the original manuscript for JACS, though the manuscript was eventually
re-formatted by the first author for publication in DNA Repair. The information contained
in this chapter is drawn largely from the published manuscript, but the writing is my own.

5.2 Introduction

PrimPol is relatively newly discovered enzyme (2013).1% It is the second enzyme
with pol activity discovered in the mitochondria, the first being pol y. It is also the second
primase discovered in the human body besides pol a—primase.1%5-1% These two

characteristics make PrimPol a unique and intriguing enzyme. The specific role of
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PrimPol in the human cell and its mechanism of activity are areas of research still being
explored.

PrimPol has two enzymatic activities and two domains. First of all, PrimPol can
prime single-stranded DNA. Unique to it, it can utilize dNTPs to prime as well as rNTPs,
while pol a-primase and RNA pols can only use rNTPs. In fact, PrimPol prefers to prime
using dNTPs. Secondly, PrimPol can extend primers via its nucleotidyl transfer
activity.195106.19 Both the activities of PrimPol are highly activated by Mn?* compared to
Mg?*. The enzyme is more responsive to as little as 10 pM Mn?* than it is to a
physiological concentration of 10 mM Mg?*.105110-112 primPol contains an N-terminal
archaeo-eukaryotic primase (AEP) domain as well as a C-terminal UL52-like zinc finger
subdomain, both of which are essential to the primase activity while only the N-terminal
domain is needed for pol activity,05109113

PrimPol plays a role in mitochondrial DNA (mtDNA) synthesis and maintaining
genomic integrity, as well as performing TLS, bypassing products of UV damage, and
repriming stalled replication forks past damage sites or sites containing G4 quadruplexes
in both the mitochondria and nucleus.10>108-110.112.114-118 | has heen shown that in
PrimPol”- mice, mtDNA synthesis is severely arrested, though no obvious phenotypical
difference were observed.'% Additionally, PrimPol can bypass very common types of
oxidative damage such as abasic sites and 8-oxo-guanine.!*2 However, the main
replicative pol in the mitochondria, pol y, can bypass 8-oxo-guanine better than PrimPol,
indicating that this bypass capability may not be the most useful aspect of PrimPol.
PrimPol can also bypass typical UV damage like 6-4 photoproducts and cyclopyrimidine
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dimers.1%116 Mammalian and avian cells lacking expression of PrimPol are more
sensitive to UV radiation and chain-terminating nucleoside analogs and display more
breaks in chromatin and slower replication fork progress.1%111116.118 Replication protein
A (RPA) and PrimPol interact to target PrimPol to chromatin following UV radiation
damage, whereupon RPA stimulates PrimPol’s primase activity.%! The cumulation of
evidence suggests that PrimPol’s main use is to reprime downstream of stalled replication
forks. Although cellular and live mice studies suggest PrimPol is not essential to
mammalian cell life, it is essential for maintaining optimum genetic integrity and cellular
health.

Interestingly, as mentioned briefly above, the activity of PrimPol is more sensitive
to Mn?* than Mg?*.195110-112 \while pols can use Mg?* as the metal ion cofactor to ensure
enzymatic activity and faithful replication, they can also use Mn?*, which usually serves
to increase pol activity but also decrease fidelity. For this reason and the fact that
physiological Mg?* concentrations are higher than that of Mn?*, it is thought that the
typical in vivo cofactor for pols is Mg?* However, since PrimPol is so sensitive to even
small amounts of Mn?* and because it primes and extends relatively short lengths of
DNA, there is a possibility that Mn?* may be used in vivo as the preferred metal ion
cofactor. We determined the differential effects of these two metal ions on the ability of
PrimPol to bind DNA and incorporate dNTPs using pre-steady state kinetics and
fluorescence anisotropy assays. We also used pre-steady state kinetics to characterize the
ability of PrimPol to incorporate chain-terminating nucleoside analog drugs and

discriminate against rNTPs.
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5.3 Materials and Methods
5.3.1 Materials

Materials were purchased from the following companies: Optinkinase from USB
Corp. (Cleveland, OH), [y-*2P]JATP from PerkinElmer Life Sciences (Boston, MA),
dNTPs and rNTPs from Bioline (Taunton, MA), 2'-deoxy-2',2'-difluorodeoxycytidine 5'-
triphosphate (GemCTP) and 2'-aracytidine 5'-triphosphate (AraCTP) from TriLink
BioTechnologies (San Diego, CA), 5'-triphosphate of lamivudine ((—)3TC-TP) and
emtricitabine ((—)FTC-TP) from Gilead Sciences (Foster City, CA), and oligonucleotides
from IDT (Coralville, 1A).

5.3.2 Radiolabeling and annealing DNA substrates:

The 21-mer and 22-mer substrates used for the single turnover assays were
purified via denaturing PAGE and radiolabeled using [y-*P]JATP and 2 pL Optinkinase
and heating to 37 °C for 3 h. The primers were annealed to 41-mer DNA templates (Table
4) in a 1:1.35 molar ratio by heating to 95 °C for 5 min and slowly cooling to room
temperature. Concentration of substrates was verified using UV-Vis spectrometer at 260
nm.

5.3.3 Expression and Purification of Human PrimPol

Human PrimPol containing an N-terminal 6x-His tag was subcloned and
transformed into E. coli Rosetta (DE3) competent cells. A starter culture of LB media
containing 30 pg/mL Kan and 34 pug/mL Cam was grown overnight at 37 °C. When it
reached ODeoo Of 1.5, overexpression cultures were set up using 1 L flasks of LB media
(30 pug/mL Kan, 34 ug/mL Cam) that were inoculated with 1% volume of the starter
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culture. The overexpression cultures were grown at 37 °C to an ODeoo of 0.8 followed by
rapid cooling on ice. After reaching an ODeoo Of 1.0, the cultures were induced with

0.1 mM IPTG and grown at 16 °C for an additional 15 h. The cultures were then
ultracentrifuged and the cell pellets were resuspended in buffer A (50 mM Tris-HCI pH
7.5, 300 mM NacCl, 10% glycerol, 0.1% BME, 10 mM imidazole, 0.01 mM EDTA, and
0.1% IGEPAL). The mixture was supplemented with EDTA-free Protein Inhibitor
Cocktail tablets (Roche) and 1 mM PMSF prior to lysis. Cells were lysed by passing
through French press 3x at 15,000 psi. The lysate was cleared by ultracentrifugation at
40,000 rpm for 40 min. The soluble fraction was incubated with charged Ni-NTA resin
for 3hat 4 °C. The Ni-NTA beads were packed into a tricorn FPLC column and were
washed with 20 CV of lysis buffer and further washed with 10 CV of 4% buffer B (buffer
A + 500 mM imidazole). Protein was eluted with a linear gradient of 4-100% buffer B
over 15 CV and fractions were analyzed by SDS-PAGE. Protein-containing fractions
were pooled and loaded onto a HiTrap Heparin HP column (GE Healthcare). The column
was washed with 5 CV buffer C (buffer A with no imidazole) followed by 10 CV of 10%
buffer D (buffer C containing 1 M NaCl). The protein was eluted with a gradient of 10—
100% buffer D over 10 CV. Stepwise dialysis was performed overnight at 4 °C to
decrease the NaCl concentration of the eluted protein solution from 700 mM to 125 mM.
The purest samples were pooled and concentrated to 500 pL using an Amicon Ultra-15
Centrifugal filter (Millipore). The protein sample was further purified in a Superdex 200
size exclusion chromatography column (GE Healthcare) to isolate full-length human

PrimPol (66.5 kDa). Fractions were analyzed via SDS-PAGE and the purest samples
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were pooled and dialyzed against storage buffer (50 mM Tris-HCI, pH 7.5, 400 mM
NaCl, 50% glycerol, 1 mM DTT, and 0.1 mM EDTA). The final concentration of
purified human PrimPol was determined using UV-vis spectroscopy at 280 nm and the
calculated extinction coefficient of g2 = 77,655 M tcm™.

5.3.4 Single Turnover Polymerase Assays:

Pre-steady state, single turnover Kkinetic assays were performed as generally
described in section 2.3.2. Specifically, PrimPol (300 nM) and 5°-[*?P]-labeled DNA (30
nM) were pre-incubated at 37 °C for 5 min in reaction buffer (50 mM Tris—HCI [pH 7.8
at 37 °C], 50 mM NacCl, 0.1 mM EDTA, 5 mM DTT and 0.1 pg/mL BSA) before mixing
with increasing concentrations of dNTPs. The reaction mixture (10 pL) was quenched at
various time points with EDTA to a final concentration of 0.37 M. Reaction products
were separated using denaturing PAGE, visualized using Typhoon TRIO (GE) and
quantified using ImageQuant (GE). Each time course of product formation was fit to a
single-exponential equation:

[product] = Eo @ [1 - exp(- Konst)]
using Kaleidagraph (Synergy Software) to yield a reaction amplitude (Eo) and an
observed rate constant of nucleotide incorporation (Kos). The Kos Values were then plotted
against nucleotide concentrations and the data were fit to a hyperbolic equation:

Kobs = Kpot[dNTP]/([ANTP] + Kay)
to yield an apparent equilibrium dissociation constant of enzyme for the nucleotide (Kg)
and a maximum nucleotide incorporation rate constant (Keo).

5.3.5 Fluorescence Anisotropy Assays
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The Cy3-labeled DNA substrate 17/30-mer (Table 4) was titrated with increasing
amounts of human PrimPol and the anisotropy was monitored using a FluoroMax-4
(Horiba). Assays were carried out at 25 °C in titration buffer (50 mM Tris—HCI (pH 7.5
at 25 °C), 50 mM NacCl, 0.01 mM EDTA) either without divalent metal ions or in the
presence of 5 mM MnCl; or 5 mM MgCI2 where indicated. Excitation and emission for
the Cy3 fluorophore were set to 540 and 568 nm, respectively, with a 10 nm slit width
and 2 s integration time. The data obtained from anisotropy measurements were fit to the
following equation:

AA = (AA1/2Dg) x {(Ke®N + Do + Eo) — [(Ke®N + Do + Eo)? — 4 EoDo] "}
where AA is the change in anisotropy, AAT is the maximum anisotropy change, Do and
Eo are the initial concentrations of DNA and PrimPol, respectively, and KPN is the
equilibrium dissociation constant of the PrimPoleDNA binary complex.

5.4 Results

We determined the differential effect of metal ion cofactors on the DNA binding
affinity and dNTP incorporation kinetics of PrimPol. Using fluorescence anisotropy
assays, we demonstrated that PrimPol binds to a primer/template DNA substrate with 29
nM affinity in the presence of Mn?* and 979 nM affinity in the presence of Mg?*, thus
showing that PrimPol binds DNA with almost 34-fold higher affinity with
Mn?* compared to Mg?*. This difference could be due to the Mg?* ion competing with the
binding site of Zn?* or generally perturbing the interaction between Zn?* and the
coordinating residues in the zinc finger of the UL52-like domain of PrimPol. This domain

is necessary for PrimPol’s primase activity and interacts with the single-stranded
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template of a DNA substrate. In the absence of any metal ion cofactor, human Primpol
binds the substrate with 41 nM affinity. By employing pre-steady state kinetic techniques,
namely, single turnover assays with a primer/template DNA substrate, we were able to
determine the Kq™™P and kpol of PrimPol for all 16 possible dNTP incorporation
possibilities in the presence of 5 mM Mn?* (Table 5). For correct dNTP incorporations,
the K¢ is 11-17 uM, the kpor is 0.036-0.096 s and a substrate specificity (also known
as the catalytic efficiency, ky/K¢®™ ™) of 2.3-6.0 x 103 vM s, In the presence of 5 mM
Mn?*, PrimPol incorporates correct dNTPs with a Kq®™N™ of 262-895 1M, a Kpo of 0.010-
0.020 s* and a specificity of 2.2-5 x 10° uMs (Table 6). Therefore, the efficiency is
about 100-fold lower in the presence of Mg?* and this is mostly due to the approximately
100-fold increase of the K¢®™ TP, since the kpor rates in the presence of each metal ion are
comparable. By comparing the keo/Kd®™ T of correct incorporation to incorrect
incorporations for each templating base, we determined the fidelity of PrimPol in the
presence of 5 mM Mn?* to be 3.4 x 10 to 3.8 x 10"1. We also found the fidelity for
templating base dT in the presence of 5 mM Mg?* to be 6.1 x 10 to 1.1 x 102, The data
indicate that PrimPol is a relatively error-prone pol, especially in the presence of Mn?*.
We also determined the sugar selectivity of human Primpol by using single
turnover assays to find the pre-steady state kinetic parameters for rNTP incorporation in
the presence of either 5 mM Mn?* or Mg?*. By taking the ratio of catalytic efficiencies of
the correct dNTP to matching rNTP, we could calculate the selectivity of PrimPol against

rNTPs. We found the sugar selectivity to be 57-1800 and 150-4500 with Mn?* and Mg?*,
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respectively (Tables 5 and 6). This selectivity against rNTPs is due to both a decrease in
kpot and an increase in K™ relative to the matching dNTP.

Finally, chain-terminating cytidine analog drugs commonly used as
chemotherapeutic agents or antivirals were used in single turnover kinetic assays with
PrimPol in the presence of either Mg?* or Mn?* to see if they could be incorporated into
the primer. PrimPol could incorporate GemCTP and AraCTP, which are used as
chemotherapeutic agents in certain cancers, with either metal ion. However, when
(—)3TC-TP or (—)FTC-TP were used—cytidine analogs with L-stereochemistry used as
antiviral medication against HIV and Hepatitis B—they could only be incorporated if
Mn?* was present, and so inefficiently that no individual pre-steady state parameters
could be determined. Only the kpoi/Kq could be determined. No incorporation was

detected when Mg?* was used in the assays. (Table 7).

5.5 Discussion
We used single turnover kinetics and fluorescence anisotropy to investigate the
kinetics of PrimPol incorporation of correct and incorrect dNTPs, its inherent sugar
selectivity, and whether it can incorporate certain important chain-terminating cytidine
analogue drugs, all in the presence of either Mn?* or Mg?*. As expected, we found that
the choice of metal ion used in the assay changed the kinetics of incorporation and the
ability of PrimPol to incorporate some substrates, though the disparity in catalytic

activities is heightened compared to other pols.
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It is possible that PrimPol uses Mn?* as its cellular cofactor instead of Mg?*, at
least in the mitochondria. While this is opposite what other pols use in vivo, there are
several lines of evidence that make this switch be more plausible for PrimPol specifically.
PrimPol has about 100-fold higher efficiency for incorporating correct dNTPs and binds
DNA with 34-fold higher affinity using Mn?* compared to Mg?*. In vivo, PrimPol may
not even be able to access DNA if it uses Mg?* because its DNA binding affinity is too
low compared to other DNA pols in the presence of Mg?*, which would consequently
mean PrimPol is outcompeted for binding the DNA. Even if PrimPol could bind the DNA
while using Mg?*, it would not be able to prime or bypass efficiently enough to have a
biologically relevant role. Physiological concentration of Mg?* in most mammalian cell
types is between 15-20 mM, and PrimPol has no observable pol activity past 10 mM
Mg?*. Its primase activity is also nearly nonexistent when using Mg?* at 10 mM,105.119.120
However, if we look at the activity of PrimPol in the presence of Mn?*, it becomes a
much more viable player in maintaining genomic stability, bypassing DNA lesions, and
repriming the replication fork. With Mn?* concentration as low as 10 pM, it has
comparable activity to other specialized pols and its primase activity is stimulated.'®
Mn?* is a known neurotoxin at 60-160 uM in brain cells, but normal Mn?* concentration
in the brain is kept between 20-53 uM, and this range is likely similar in other cell
types.??1122 Mn?* is also concentrated to the mitochondria in the cell by the Ca?*
uniporter.1? In vivo, PrimPol is not processive, synthesizing only 2-12 nucleotides at a
time during (re)priming and extension. This characteristic probably helps offset the fact
that PrimPol has a fidelity on par with Y-family TLS pols in the presence of Mg?* and
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even lower fidelity in the presence of Mn?*. With all data taken into consideration, it is
possible that Mn?* is the physiologically relevant metal ion cofactor, even though it
makes PrimPol moderately less faithful.

PrimPol is also a little choosy when it comes to nucleosides, preferring to
incorporate dNTPs rather than rNTPs. This phenomenon is common for most DNA pols
but not for primases. The preference was demonstrated when using either Mg?* (150-
4500) or Mn2* (57-1800). Selectivity could be due to steric clash between the 2°-hydroxyl
group of the incoming rNTP and the backbone carbonyl of Asn289, which was shown in
a crystal structure of PrimPol with rATP modeled to replace the native dATP in the
active site of crystallized enzyme bound to DNA.*3

Finally, we established that PrimPol can incorporate the chain-terminating
cytidine analogue drugs used as chemo therapeutic agents, GemCTP and AraCTP.
However, it showed no incorporation activity on the L-stereochemistry cytidine analogs

used as antiviral medications, (—)3TC-TP or (-)FTC-TP.
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Table 4: DNA Substrates for Pre-Steady Kinetics and DNA Binding Assays with PrimPol

D-1
5"-CGCAGCCGTCCAACCAACTCA-3'
3'-GCGTCGGCAGGTTGGTTGAGTAGCAGCTAGGTTACGGCAGG-5"

D-6
5"-CGCAGCCGTCCAACCAACTCA-3'
3'-GCGTCGGCAGGTTGGTTGAGTGGCAGCTAGGTTACGGCAGG-5"

D-7
5"-CGCAGCCGTCCAACCAACTCA-3'
3'-GCGTCGGCAGGTTGGTTGAGTTGCAGCTAGGTTACGGCAGG-5"

D-8
5"-CGCAGCCGTCCAACCAACTCA-3'
3'"-GCGTCGGCAGGTTGGTTGAGTCGCAGCTAGGTTACGGCAGG-5"

Anisotropy Substrate (Cy3-labeled)
5"-GCCTCGCTGCCGTCGCC-3'
3'"-CGGAGCGACGGCAGCGGTTTTTTTTTTTTT-Cy3-5"
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Table 5: Pre-Steady State Kinetic Parameters for ANTP and rNTP Incorporation by

PrimPol in the Presence of 5 mM Mn?*

dNTP Kpot (7!) Kqg (uM) Koot/ Kg (uM1s™!) | Fidelity? Sugar Selectivity®
D-1

dTTP 0.096 £ 0.004 1712 5.8 x 103 -

dATP* 0.0083 £0.0001 | 41+0.3 2.0x10-3 2.6 x 10

dCTP* 0.014 £ 0.0009 1314 1.1x1073 1.7 x 10

dGTP* 0.0047 £0.0007 | 13+4 3.6 x 10 6.0 x 10-2

UTP 0.0018 £0.0002 | 561 £ 160 3.2x106 55x 10+ 1800
D-6

dCTP* 0.060 + 0.005 16+4 3.8x103 -

dATP* 0.011£0.00005 | 20+3 55x 10+ 1.3 x 10

dGTP* 0.035 +0.003 27+8 1.3x 103 2.6 %10

dTTP* 0.0058 £0.0005 | 14+6 4.2 x 10 9.9 x 102

rCTP 0.0092 £0.0002 | 1367 6.7 x 105 1.7 x 1072 57
D-7

dATP 0.066 + 0.003 11+1 6.0 x 103 -

dCTP* 0.013 £0.002 1719 7.6 x 10+ 1.1x 10!

dGTP 0.017 £ 0.001 22+4 7.7 %10+ 1.1x 10

dTTP* 0.0029 £0.0002 | 3+1 1.0x 1073 1.4 x 10

rATP 0.0047 £0.0006 | 744 £ 234 6.3 x 106 1.0x 1073 950
D-8

dGTP 0.036 + 0.002 163 2.3x103 -

dATP 0.0049£0.0003 | 163 3.0 x 10+ 1.2x 10!

dCTP* 0.014 £ 0.001 10+3 1.4 %1073 3.8 x 10

dTTP* 0.0024 £0.0004 | 307 8.0 x 105 3.4 x102

rGTP 0.0015 £ 0.0001 110 £ 29 1.4 %1075 6.1 x 103 160

aDefined as (kpoI/Kd)incorrect/[(kpoI/Kd)correct + (kpoI/Kd)incorrect]-
bDefined as (kpol/Kd)dNTP/(kpol/Kd)rNTP.

*Denotes data from experiments | carried out
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Table 6: Pre-Steady State Kinetic Parameters for ANTP Incorporation by
PrimPol in the Presence of 5 mM Mg?*

dNTP Koot (5°) Kq (uM) koo/Ks (UM 1 s 1) | Fidelity®
D-1

| aT7P | 0.020+0002 | 52699 | 38x 10
D-6

| actp | 0.013+0.0008 | 26255 | 50x10
D-7
dATP 0011+00007 | 388 65 28 x10°5 _
dCTP Not determined Not determined 3.1x107 1.1 %102
dGTP Not determined Not determined 1.3x10-8 4.6x 104
dTTP Not determined Not determined 1.7 %108 6.1x10+
D-8
dGTP | 0,020+ 00006 | 895+ 60 | 22x 10
2Defined as (Kool Ka)incorrect! [ (Koot Ka)correct + (Kpol/Kd)incorrect] -

Table 7: Pre-Steady Kinetic Parameters for Cytosine Analog Incorporation by PrimPol in
the Presence of Mg?* or Mn?*

| NTP | Koot (5°1) | Ka@M) | kooKe (@M1 s1) | Discrimination? |

In the presence of 5 mM Mn2+

AraCTP 0.0057 £ 0.0004 214 2.7x10 14

GemCTP 0.058 + 0.0006 45+ 2 1.3x10-° 2.9

(-)3TC-TP | Not determined Not determined | 1.2 x 10-6 3200

(-=)FTC-TP | Not determined Not determined | 9.0 x 10-7 4200
In the presence of 5 mM Mg2+

AraCTP 0.0076 + 0.0003 316 + 44 24 x 105 2.1

GemCTP* | 0.0071 £ 0.0006 1380 + 255 5.1 x 106 9.8

(=)3TC-TP | No observed incorporation

(-)FTC-TP | No observed incorporation

aDefined as (Kpol/Ka)dcTp/ (Kpot/Kd)analog With the (Keol/Ka)dacte values from tables 5 and 6.

*Denotes data from experiments | carried out
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Chapter 6: Other Projects

6.1 D-Stereoselectivity of Human Polymerase 3
6.1.1 My Contribution

For this project, which resulted in a manuscript, | expressed and purified the
R283A human pol B mutant and performed the pre-steady state kinetic assay for the
R283A mutant with L-dCTP and did the quantification and data analysis.*?* I will briefly
outline the methods I performed and the results | had a hand in.

6.1.2 Materials and Methods

Expression and Purification of human pol B R282A mutant: Human pol
R283A mutant was subcloned into a pETx plasmid (Kan resistant) and transformed into
Rosetta cells. Cells were plated onto on LB-agar plates containing Kan and Cam at 34
and 50 pg/mL, respectively. A colony was selected and grown in LB media (34 pg/ml
Kan, 50 ug/mL Cam) overnight to ODeoo of 1.8, shaking at 220 RPM. A secondary
culture was grown from 1% overnight culture, again to ODeoo Of 1.8. The expression
cultures (40 mg/L Kan, 50 ug/L Cam) were inoculated with 1% volume of the overnight
culture and grown to ODego 0f 0.6 at 37 °C and 220 RPM before inducing with 0.1 mM

IPTG.
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When the cultures reached ODsoo 0f 1.6, the cells were pelleted by centrifugation
at 4 °C at 4,000 RPM for 25 minutes. The cell pellet was resuspended in lysis buffer (50
mM Tris, pH 7.5, 0.5 M NaCl, 5% glycerol, 0.1% beta- BME, 1 mM EDTA) and
immediately combined with PMSF (1mM final) and 1 Roche protease inhibitor cocktail
tablet and lysed by passing 3x in the French press at 15,000 PSI. The lysate was clarified
by ultracentrifugation at 4 °C and 40,000 RPM for 40 minutes.

The cleared lysate was incubated with IMAC Fast flow resin charged with Ni%*
overnight with gentle rocking at 4 °C. The resin was centrifuged at 2,500 RPM for 10
minutes to collect the beads and packed into a gravity column. The protein was washed
using 15 CV of 6% buffer B (50mM Tris-Cl, pH 7.5, 0.5M NaCl, 5% glycerol, 300 mM
Imidazole, and 0.1% BME) and eluted using a stepwise gradient from 50% to 100%
buffer B. Fractions containing human pol 3, based on SDS-PAGE, were combined and
dialyzed in dialysis buffer (50 mM Tris-Cl, pH 7.5 at 4°C, 100 mM NacCl, 5% glycerol,
0.1% BME). Dialyzed samples were loaded onto a tandem 5 mL HiTrap Q HP
Sepharose Fast Flow column/5 mL HiTrap Heparin HP Sepharose column equilibrated
with buffer C (50 mM Tris-Cl, pH 7.5, 5% glycerol, 100mM NacCl, 0.1% BME).

After loading the protein sample the HiTrap Q HP Sepharose Fast Flow was removed and
the bound protein was washed and eluted with buffer D (50 mM Tris, pH 7.5, 5%
glycerol, 1 M NacCl, 0.1% BME) over 10 CVs. The eluted fractions containing pol  were
checked on SDS-PAGE for purity and then combined according to purity. The pooled
samples were concentrated to 1 mL and loaded on to a Superdex 200 size exclusion

column equilibrated with buffer E (50 mM Tris, pH 7.5, 5% glycerol, 100mM NaCl,
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0.1% BME) The eluted fractions containing pol 3 were checked on SDS-PAGE for purity
and protein-containing fractions were pooled and dialyzed overnight into dialysis buffer
(50 mM Tris—Cl, pH 8.4 at 37 °C, 100 mM NacCl, 0.1 mM EDTA, 5 mM DTT, 10%
glycerol). Dialysis buffer containing 70% glycerol was added to the 10% glycerol the
protein was currently in so the final volume had 50% glycerol. The protein was then
concentrated to 40 mg/mL using a Vivaspin centrifugal filter, cutoff 10KDa, at 3000x g.
Concentrated protein was aliquoted in 30 ul volume and flash-frozen in liquid nitrogen
and stored in -80 °C.

Pre-Steady State Kinetics: All fast reactions were performed by using a rapid
chemical quench-flow apparatus (KinTek). A pre-incubated solution of full-length wild-
type human pol B or its R283A mutant (300 nM) and 30 nM [*P]-labeled-21-19A-41GT-
mer (Table 8) was mixed with varying concentrations of a nucleotide in buffer L (50 mM
Tris-HCI, pH 8.4, 5 mM MgCl,, 100 mM NaCl, 0.1 mM EDTA, 5 mM dithiothreitol
(DTT), 10% glycerol and 0.1 mg/ml bovine serum albumin) at 37°C. After various times,
the reaction was stopped with 0.37 M EDTA and analyzed by sequencing gel
electrophoresis. Reaction products were visualized using Typhoon TRIO (GE) and
quantified using ImageQuant (GE). Each time course of product formation was fit to a
single-exponential equation

[product] = Ece[1 - exp(- Kost)]
using Kaleidagraph (Synergy Software) to yield a reaction amplitude (Eo) and an
observed rate constant of nucleotide incorporation (Kos). The Ko Values were then plotted

against nucleotide concentrations and the data were fit to a hyperbolic equation
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Kobs = Koo [ANTP]/([ANTP] + Kq)
to yield an apparent equilibrium dissociation constant of enzyme for the nucleotide (Kq)

and a maximum nucleotide incorporation rate constant (Keo).
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6.1.3 Results and Discussion

Human pol B, like other DNA pols, has strong D-stereoselectivity compared to
viral reverse transcriptases. Structural determination of pol 3 in complex with gapped
DNA substrate and an incoming L-dCTP, combined with pre-steady state kinetic assays
of wild-type pol 3 and R283A pol B mutant with L-analogs of cytosine, were performed
to determine the mechanism of D-stereoselectivity of pol B and compare the mechanism
to pol A, another X-family pol that it shares high sequence homology with. The R283A
mutant was used because it is analogous to R517 in pol A, which is essential for
discrimination against L-nucleotides.'?®

The results indicated that the mechanism of D-stereoselectivity for wild-type
human pol B is unique even compared to pol A. Pol A has two ways to incorporate L-
nucleotides. One way is to bind the L-nucleotide while the triphosphate is in the incorrect
conformation for catalysis. The R517 sidechain will then form a hydrogen bond with the
nucleotide and helps it transition into a catalytically competent conformation. The second
is to directly bind the correct conformation of the L-nucleotide, though this path is much
less efficient, which can be seen in the incorporation kinetics of the R517A pol A
mutant.'?>126 Pol B, however, only binds L-nucleotides in the correct conformation, and
the R283 sidechain analogous to R517 of pol A is located too far from the incoming base
to form any hydrogen bonds. This means the path pol A prefers to take when

incorporating L-nucleotides is not the same that pol 3 takes.
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The kinetics of nucleotide incorporation for pol  also point to a unique
incorporation mechanism of L-nucleotides. Each L-nucleotide used in the kinetic assays
had a slower kpol, @ higher Kg, and a 2- to 5-fold lower efficiency (kpoi/Kq) than the
incorporation of the D-dCTP did. However, the R283A mutant displayed relaxed D-
stereoselectivity. The kpor 0f D-dCTP dropped by 13-fold compared to wild-type, but the
kool for the L-nucleotides dropped by 4-fold or less. Additionally, the binding affinity for
D-dCTP and all L-nucleotides decreased. Due mainly to the drop in Kg, the efficiency of
incorporation for both D- and L-nucleotides decreased. Structurally, this can be explained
by the loss of anchoring that R283 provides to the thumb subdomain in the closed
conformation. Abolishing R517 activity for pol A only resulted in a decrease in
incorporation efficiency for L-nucleotides, indicating that R283 in pol 3 does not play the

same role in D-stereoselectivity as R517 in pol A..1%

Table 8: DNA Substrate for Pre-Steady State Kinetic Assay with Polymerase 3

3'"-GCGTCGGCAGGTTGGTTGAGTGTCAGCTAGGTTACGGCAGG-5"
5"-CGCAGCCGTCCAACCAACTCA*AGTCGATCCAATGCCGTCC-3"'

The * indicates the gap in the substrate
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Table 9: Pre-Steady State Kinetics of Nucleotide Incorporation by Polymerase 3

Nucleotide | kp (s Ka(uM) | kp/Kg(uM?s?) | D-Stereoselectivity” | Rp-stereoselectivity®
Catalyzed by wild-type hPolB

D-dCTP* 5.02 £ 0.07 0.71+£0.04 | 7.1

L-dCTP 0.00059 £ 0.00002 | 22+ 2 2.7x10°5 2.6x10°

(-)3TC-TP* | 0.0039 % 0.0001 0.18£0.02 | 2.2 x 102 323

(-)FTC-TP* | 0.027 £ 0.001 1M1+2 25x 1073 29x108

Catalyzed by the R283A mutant of hPolf3

D-dCTP 0.39+0.02 4116 9.5x 1073

L-dCTP 0.00036 + 0.00006 | 1110+ 370 | 3.2 x 107 3.0x 104 8.7
(-)3TC-TP | 0.0068 + 0.0003 172 4.0 x 104 24 13
(-)FTC-TP | 0.0063 % 0.0002 24+3 2.6 %10 37 78
The * denotes the results | obtained from the experiments | performed.

6.2 Zika Virus NS5 Polymerase

6.2.1 My Contribution

Buffer optimization experiments for biochemical characterization of Zika Virus

NS5 (ZIKV NS5) have been carried out. Interestingly, some of the results seem to be

contradictory. Some characterization experiments were done with no buffer optimization

reported and no reasoning for why buffer conditions were chosen.*2” %0 Therefore, we
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took it upon ourselves to optimize buffer conditions before carrying out kinetic
experiments with the ZIKV NS5 of the MR766 strain. The purified protein was
graciously provided to us by Jikui Song from the Department of Biochemistry at
University of California, Riverside.

My goal in the very beginning stages of the ZIKV NS5 project was to determine
the optimum buffer conditions for ribonucleotide incorporation into the primer strand of a
self-annealing primer/template substrate by the RNA pol by varying the metal ion, buffer,
detergent, and salt used in the reaction conditions. | performed multiple-incorporation
assays to test the buffer and detergent components and single-nucleotide incorporation
assays to test the metal ion and salt conditions. | also performed an EMSA to estimate the
binding affinity of ZIKV NS5 for the non-native RNA substrate used in the incorporation
assays. As another part of this project, | write a general review for my PI about ZIKV, the
ZIKV NS5, and any kinetics done with other Flavivirus RNA pols.

6.2.2 Introduction and Background

Zika virus (ZIKV) belongs to the Flavivirus genus of the Flaviviridae family of
viruses. 313 This genus includes other pathogenic human viruses such as West Nile
(WNV), Dengue (DENV), Japanese encephalitis (JEV), yellow fever (YFV), tick-borne
encephalitis (TBEV). Millions of people each year suffer from Flaviviridae infection.
ZIKV was first isolated in 1947 in Uganda, Africa from a Rhesus monkey and the
genome sequenced in 2006. From Africa, it has spread to Asia and the Americas.!33-1%

The main interest in ZIKV comes from the correlation between recent outbreaks

of the virus in the Americas (Mexico, Brazil, Haiti, etc.) with heightened rates of
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microcephaly and Guillain-Barré Syndrome (GBS).131133-138 Because of the association
between the recent ZIKV outbreaks and a sharp rise in the occurrence of these
neurological disorders, and because no vaccine or treatment for ZIKV yet exists, the
World Health Organization declared ZIKV to be a global public health emergency in
February 2016.13313 ZIKV, like many Flaviviruses, is transmitted to humans by infected
mosquitos.t*>14% However, the recent strains cropping up in the Americas have evidenced
that ZIKV can be sexually transmitted and that it can cross the placental barrier to infect
developing humans, increasing rates of ZIKV infection.14%:41

ZIKV, like all Flaviviruses, has its genome encoded by single-stranded positive-
sense strand RNA that serves as the initial template for minus-strand
polymerization.1?:128135141 After the minus strand has been synthesized, it serves as a
template for multiple rounds of positive-strand synthesis. Ten times more positive-strand
RNA will be produced than minus-strand RNA in the replication process of the viral
genome. The positive strand RNA encodes for a polypeptide that is co- and post-
translationally cleaved into a total of ten proteins: three structural (C, prM, and E) and
seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5),127:129.135,141,142

The NS5 protein has two domains: a methyltransferase (MT) domain located on
the N-terminal that is responsible for capping the 5’-end of the positive-strand RNA to aid
in translation of the polypeptide, and an RNA-dependent RNA polymerase (RdARp)
domain on the C-terminus that is responsible for further viral genome
replication.12°130.141.142 Both domains are essential for viral replication. The MT domain

catalyzes both the methylation of the N-7 of the 5’ guanosine triphosphate and the 2’-O-
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hydroxyl of the following nucleotide.*1143144 |n humans, there are two separate MTs,
each of which specifically catalyzes one of the end-capping reactions. Since a single MT
is used by Flaviviruses to perform both reactions, inhibition on the MT domain halts viral
RNA replication in cell, making this domain a promising drug target. Since the RdRp
domain catalyzes de novo RNA synthesis and elongation, it is a classic drug target for
inhibition of viral replication. The requirement of both domains of NS5 for replication of
the viral genome and the spread of the disease in the host makes this enzyme a valuable
drug target for treatment of the ZIKV.

The structure of the full-length NS5 protein of the strain MR766, the original
strain isolated in Uganda, Africa, was solved to 3.0 A resolution and 3.3 A
resolution.?%13% A Jow-resolution solution SAXS structure of full-length NS5 and from
the French Polynesian strain was also solved recently.'*® All structures showed a typical
“right-handed” polymerase domain, consisting of the finger, palm, and thumb
subdomains. One zinc ion in the fingers subdomain and one near the base of the thumb
subdomain were bound.12%130146 The SAXS structure implies that in solution, NS5 may
exist as a homodimer with the majority of the contacts existing along the faces of the MT
domains. The SAXS data also suggests that large conformational changes can occur in
the orientation of the MT domain to the RdRp domain.* This flexibility is needed since
both RNA capping and synthesis are performed by the same protein; the RNA must be
handed off from the RdRp domain to the MT domain for capping of the 5' end following

de novo RNA synthesis.
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The different strains of ZIKV have only slight variations in amino acid sequence,
but that is somehow sufficient in determining whether a strain is associated with
epidemic symptoms or not. The Brazilian strain has 35 amino acids substitutions in the
NS5 enzyme compared to the original Ugandan strain. When these residues are mapped
onto the structure of Ugandan ZIKV NS5, they all appear on the surface of the enzyme.
These substitutions, therefore, should not directly affect polymerization activity.!3 They
may, however, affect viral infection efficiency via protein-protein interactions in the cell.

6.2.3 Materials and Methods

Materials: Chemicals and reactants were purchased from the following
companies: [y- 32P]JATP from PerkinElmer Life Sciences (Boston, MA), Optinkinase
from USB Corp., RNA substrates from Trilink BioTechnologies (San Diego, CA), and
rNTPs from Bioline (Taunton, MA).

Incorporation Assays for Buffer Optimization: A pre-incubated mixture of
ZIKV NS5 (2 uM) and R-4 RNA substrate (10 nM) in various buffers was incubated on
ice, at room temperature, and at 37°C for 5 min each and mixed with rCTP (100 uM)
before quenching at various time points with 0.37 EDTA solution. For the buffer
optimization assay, buffers contained 50 mM Tris-Cl or HEPES, pH 7.5 at 37°C, 10%
glycerol, 0.05% Triton-X 100, 5 mM DTT, and 5 mM MnCl.. For triton optimization, the
same buffer conditions were used but without Triton-X 100. For salt concentration
optimization assays, buffers contained 50 mM Tris-HCI, pH 7.5 at 37°C, 10% glycerol,
0.05% Triton-X 100, 5 mM MgCl,, 5 mM DTT, and 10 mM NaCl. Metal ion
optimization assay buffers consisted of 50 mM Tris-Cl, pH 7.5 at 37°C, 10% glycerol, 5
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mM DTT, and 1-20 mM MgClI: or 0.2-5 mM MnCl». All incorporation products were
visualized using 1% denaturing agarose gel and Typhoon TRIO (GE) and quantified
using ImageQuant (GE).

RNA Binding Assay: Binding buffer containing 50 mM Tris-Cl, pH 7.5 at 37°C,
10% glycerol, 0.05% Triton-X 100, 10 mM NaCl, 5mM DTT, and 1 nM R-4 RNA was
mixed with increasing concentrations of ZIKV NS5 from 10 nM to 5 uM ZIKV NS5.
After a 30 min incubation at 37 °C, samples were run on a native PAGE, visualized using
a Typhoon TRIO (GE), and quantified using ImageQuant (GE). Results were graphed
using Kaleidagraph (Synergy Sofware) and fit to the quadratic binding equation to
estimate the Kg.

6.2.4 Results and Discussion

The presence of Triton-X 100 at 0.05% is beneficial to the polymerase activity.
Additionally, using Tris-Cl as the buffering agent appears to be better for polymerase
activity than HEPES (Figure 10). Our experiments with increasing the metal ion
concentration have not shown product saturation (Figure 11). We have also found that
ZIKV NS5 is very sensitive to monovalent salt ions. A low amount of salt (10 mM)
added to the reaction assay greatly increases product formation. Adding as little as 5 mM
or as much as 100 mM NaCl increased the activity of the polymerase than adding no salt
at all (Figure 12). The EMSA revealed that the binding affinity of ZIKV NS5 to the RNA
substrate is higher than estimated (21 nM) and that such large concentrations of protein

and RNA may not be needed in later kinetic assays.
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When considering replicative polymerases, an argument can be made that Mg?* is
the physiological metal catalyst used compared to Mn?* because Mn?* decreases
polymerase fidelity and is present in much lower concentrations in the cell compared to
Mg?*—and replicative polymerases should be both processive and have high fidelity.
However, since NS5 is a viral polymerase, and viruses depend upon mutations to
continue evading the host immune system, the fidelity part of the metal catalyst argument
may not apply. It remains to be determined whether ZIKV NS5 makes use of
predominantly Mn?* or Mg?* in the cell, or whether one metal may be used for forming
the elongation complex while the other is used during the elongation process. In our
assays testing metal ion concentrations, no salt or detergent was added, which we now
know would increase the polymerase activity. Repeating that set of optimization
experiments using salt and detergent could result in product saturation and therefore

reveal an optimal metal ion concentration to use for either Mg?* or Mn?* going forward.
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Figure 10: Buffer and Detergent Optimization Assays for ZIKV NS5

M Tris/no Triton

W Tris + Triton

[ HEPES/no Triton

M HEPES + Triton

[R4 RNA] (nM)
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Bar graph showing the final R-4 RNA concentration at 30 min after mixing for each of
the 4 conditions. The final buffer conditions for each were as follows:

Tris/no Triton- 50 mM Tris-Cl, pH 7.5 at 37°C, 10% glycerol, 5 mM DTT, 5 mM Mn?,
100 uM CTP, 2 uM ZIKV NS5, 10 nM R-4 RNA.

Tris + Triton: added 0.05% Triton-X 100

HEPES/no Triton: 50 mM HEPES, pH 7.5 at 37°C, 10% glycerol, 5 mM DTT, 5 mM
Mn?*, 100 uM CTP, 2 uM ZIKV NS5, 10 nM R-4 RNA.

HEPES + Triton: added 0.05% Triton X-100
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Figure 11: Metal lon Optimization Assay for ZIKV NS5
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Polymerase activity dependence on Mg?* (A) and Mn?* (B) concentration. All points were taken 30
min after mixing. Final reaction buffers for both A and B were: 50 mM Tris-Cl, pH 7.5 at 370C, 10%
glycerol, 5 mM DTT, 100 uM CTP, 2 uM ZIKV NS5, 10 nM R4 RNA, and indicated concentrations
of metal ion. No detergent or salt was added to the buffer.
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Figure 12: Salt Optimization Assay for ZIKV NS5
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points were taken at 30 min after mixing. Final reaction mixture
included: 50 mM Tris, pH 7.5 at 37°C, 10% glycerol, 5 mM
DTT, 5 mM MgCl,, 100 uM CTP, 2 uM ZIKV NS5, 10 nM R4
RNA, and 5-100 mM NaCl. No detergent was present.
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Figure 13: EMSA for ZIKV NS5 with RNA Substrate
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points were taken after a 30 min incubation. Binding buffer contained: 50 mM
Tris-Cl, pH 7.5 at 37°C, 10% glycerol, 0.05% Triton-X 100, 10 mM NaCl, 5 mM
DTT, 1 nM R-4 RNA, 10 nm-5 uM ZIKV NS5. The Ky is approximately 21 nM.

Table 10: RNA Substrate Used in Buffer Optimization Assays and EMSA with ZIKV
NS5

3'"-CAACCGGUUGGCUA-5"
5'-AUCGGUUGGCCAAC-3'

Self-annealing R-4 RNA substrate.
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