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ABSTRACT

Characterization of Larva64 prim-pol activity and endogenous protein-protein interactions

Hunter Chase Bishop

Western Carolina University (November 2024)

Director: Dr. Jamie Wallen

Primase-polymerases (prim-pols) are enzymes that exhibit both primase and polymerase
activities in a single enzyme. Many of these enzymes possess additional DNA binding domains,
such as helicase domains, fused to the prim-pol domain, which suggests that these enzymes may
have all the required functions necessary to replicate a genome. Actinobacteriophage Larva
contains a prim-pol protein (Larva64) that has an N-terminal prim-pol domain fused to a C-
terminal predicted helicase domain, and it has been shown that Larva64 is essential for viral
survival. Previous work has demonstrated that Larva64 can polymerize dsDNA de novo; however,
our current data suggest that the enzyme works at a speed too slow to fully replicate the roughly 62
kb viral genome in a timely manner, indicating other interactions or proteins assist in Larva’s
genome synthesis. Using a qualitative agarose gel electrophoresis-based assay, we demonstrated
that Larva64 is unable to synthesize a dsSDNA product using rNTPs rather than dNTPs, and the
addition of rNTPs with dNTPs does not appear to increase the overall polymerization rate.
Moreover, while Larva64 can readily synthesize DNA in the presence of Mg?*, it fails to use other
divalent cations for catalysis. Prior research on Larva64 identified the N-terminus as a prim-pol
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domain and the C-terminus as a helicase/ATPase domain. D81A and K415A mutations in Larva64
were produced, with the D81A mutation rendering polymerase activity inactive, and the K415A
mutation being comparable to wild-type activity. To determine a quantitative rate of dSDNA
synthesis, PicoGreen™ is utilized as a fluorescent dye for quenched polymerization reactions at
various time points. The results from the PicoGreen™ assay reveal an observable increase in
fluorescence with time, as well as Larva64’s ability to hand-off synthesis to faster bacterial and
viral polymerases, Klenow, and T7 polymerase, respectively. Alpha Fold 3 models were generated
for Larva64 in different stoichiometric orientations, suggesting that Larva64 exists either in a
monomeric or hexameric orientation. Finally, a bacterial two-hybrid assay was utilized to identify
an endogenous protein-protein interaction between Larva64 and Larva48, a sliding clamp protein.
The interaction between a sliding clamp protein and a prim-pol is novel to the literature. The
interactions between bacterial host polymerases, the viral sliding clamp, or a combination of

proteins could potentially assist in the genome replication of phage Larva.
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CHAPTER 1: INTRODUCTION

Primase-polymerases, more commonly known as prim-pols, are enzymes that possess the
properties of both a primase and polymerase needed for DNA replication. DNA replication is an
essential biochemical component for all cellular life, as well as for viruses. DNA replication usually
requires three separate enzymes: a helicase, a primase, and a polymerase. Each of these enzymes
plays an essential role, with the helicase “unzipping” the double-stranded DNA (dsDNA), primase
forming a small strand of RNA on both pieces of the now unzipped DNA, to which the DNA
polymerase will start at the 3’-end of the RNA primers to synthesize complementary DNA. This

trifecta of enzymes works together to form two identical strands of dsSDNA (1).

\ =

— > i dN1Ps
unzips dsDNA into Primase synthesizes short RNA Polymerase extends primer into
two ssDNA strands primer on ssDNA using NTPs DNA strand using cNTPs

Figure 1: Schematic of DNA replication (Credit: Folse, 2020)
While many prim-pols require a helicase to “unzip” the DNA, they have the ability to both prime
and polymerize DNA during DNA synthesis. The two-for-one property of prim-pols is intriguing as
it may offer insight into the early origins of DNA replication (1). There have been recent studies
that have suggested that certain prim-pols can function as a helicase as well and perform strand
displacement synthesis (2). Strand displacement (SD) synthesis refers to DNA synthesis that is able
to move through a double-stranded junction and replicate one side of the DNA strand and release a
piece of single-stranded DNA (ssDNA) which then becomes double-stranded in random fashion

(3). The ability for a singular enzyme to serve multiple roles in DNA synthesis provides impetus
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for research into prim-pols. Notable prim-pols are the human PrimPol, a human DNA repair
protein, and the NrS-1 prim-pol, a deep-sea phage prim-pol responsible for DNA replication and de
novo primer synthesis for phage NrS-1 (4,5). Depending on the nucleotide being incorporated,
human PrimPol has a DNA synthesis rate of 4.2 base/second to 0.307 base/second, for an average
of 2.3 base/second (6). The human PrimPol is not responsible for DNA replication of the genome,
unlike NrS-1 prim-pol which is responsible for replicating its entire 37,159 bp phage genome (5).
This shows that prim-pols can serve as both main and supporting roles in genome replication, all
the more prompting for study.

Prim-pols are found in a number of bacteriophages, which are viruses that infect solely
bacteria and have potential as an alternative for the treatment of antibiotic-resistant bacterial
infections. Bacteriophages are the most abundant biological entities on Earth, making up an
incredibly rich genomic and proteomic landscape to explore. The emerging public health crisis of
antibiotic-resistant bacteria has resulted in increased interest and research into bacteriophages as
clinical therapies (7). Studies of viral genome replication and host-virus interactions can help tailor
and adapt bacteriophages for eventual pharmaceutical applications. Actinophages are typically
linear dsDNA viruses that infect bacteria belonging to phylum Actinobacteria. Mycobacteriophages
are of particular interest in the realm of actinophages as they infect certain Mycobacterium hosts.
Notable members of genus Mycobacterium include Mycobacterium tuberculosis and
Mycobacterium leprae, the bacteria responsible for tuberculosis and leprosy respectively (8).
Further investigation into mycobacteriophage genomic replication, where prim-pols are a subject of
interest, can potentially lead to more effective phage treatments against antibiotic resistant
infections. Many bacteriophages contain genes annotated as prim-pols based on domain

conservation software, and when compared to the number of bacteriophages being discovered and



annotated every year, prim-pols in bacteriophages are largely understudied. Mycobacteriophage
Larva was originally isolated from Mycobacterium smegmatis mc?155 in Williamsburg, VA and is
classified as a temperate phage of the Siphoviridae morphotype belonging to cluster K5 (9).
Larva’s gene 64 (Larva64) encodes a prim-pol, and it is the only encoded DNA polymerase
identified in the phage. Thus, Larva64 is presumably the sole source of Larva’s endogenous genetic
replication abilities, and prime for study.

Prim-pols, including Larva64, are able to perform de novo DNA synthesis due to their
primase and polymerase activities. These activities can be demonstrated using a rolling circle assay.
Rolling circle assays are most often utilized to measure a polymerase's ability to extend a DNA
primer annealed to circular sSDNA, such as ssM13, polymerizing a complementary strand of DNA
(20). This DNA comes from M13 bacteriophage which possesses a single-stranded, circular viral
genome 6.4 kb long (11). Since prim-pols, including Larva64, can synthesize de novo, there is no
need to anneal a DNA primer to the ssM13 for rolling circle polymerization assays involving them.
The progression of DNA synthesis can be measured by quenching the reaction at various time
points via the addition of a quench buffer and measuring the size of the dsDNA products. These
quench buffers often contain EDTA, which chelates the Mg?* necessary for enzymatic function,
thus stopping the synthesis reaction (12). The size of the resulting dsDNA products can be
measured using agarose gels for qualitative results or using dsSDNA binding fluorescent dyes to
measure the size quantitatively. Rolling circle assays would be used exclusively in this study to
characterize the activity of Larva64 via qualitative and quantitative assays.

Previous research at Western Carolina University by Nathan Folse in 2020 expressed and
purified Larva64 and characterized de novo enzymatic activity, as well as protein-protein

interactions (PPi) between Larva64 and M. smegmatis proteins via a bacterial two-hybrid assay



(B2H) (13). Folse demonstrated an interaction between Larva64 and transketolase, 2-
isopropylmalate synthase (2-1PM), transcription termination/antitermination protein NusA,
chaperonin GroEL, and a fifth protein of unknown function from M. smegmatis. The enzymatic
activity of Larva64 however was not quantified, rather only shown to be present via gel-based
assays and that the enzyme appeared to be Mg?* dependent. The two-hybrid assay shed light on
potential interactions between Larva64 and M. smegmatis proteins but did not explore protein-
protein interactions within the virus itself. Moreover, using CRISPRI, Folse was able to
demonstrate that when Larva64 is silenced in the viral genome, the virus is unable to survive,
whereas when Larva65, a helicase, is silenced, the virus is able to survive. This shows that the
enzyme is essential for the function of phage Larva and given that it is the only polymerase present
in the viral genome, it supports the assertion that Larva64 is the endogenous source of viral genome
replication. This also shows the massive importance of studying prim-pols in bacteriophage, as
damage to or alterations to bacteriophage prim-pols could result in phage therapies becoming
ineffective against antibiotic resistant bacteria.

Results of gel-based assays done by Folse in 2020 have shown that the enzyme works at a
speed too slow to fully replicate the roughly 62 kb viral genome in a timely manner, however no
quantitative rate was determined. Enzymatic rates for dsSDNA synthesis can be assessed using
various methods, namely using radioactively marked nucleotides or fluorescent dyes that bind to
dsDNA (14, 15). PicoGreen™ (PG) is an intercalating fluorescent dye which binds nearly
exclusively to double-stranded DNA. It has an emission and excitation of 485 nm and 528 nm,
respectively (16), and is commonly used to assess dSDNA concentration and enzyme rate (17, 18,

19, 20, 21, 22). The institution where this research was conducted discouraged the usage of



radioactivity for this project, so PG would be utilized to determine the rate of synthesis for
Larva64.

Given that Larva64 is essential for phage Larva’s survival, and is the only encoded
polymerase for the virus, the lack of polymerization haste calls into question the means of Larva’s
genomic replication. This indicates that other interactions or proteins may assist in Larva’s genome
synthesis. Two-hybrid systems are a genetic approach for detecting protein-protein interactions
(PPi) in vivo (23). This system allows for a wide library of proteins to be tested against one another
to determine interactions that would potentially serve an important role in an organism or virus. If
PPi occurs, a phenotypic change in bacterial colonies will occur, such as color change or growth on
antibiotic doped media. Folse in 2020 previously conducted a two-hybrid assay to determine
interactions between Larva64 and M. smegmatis proteins, but did not investigate endogenous PPi.
These endogenous PPi may reveal assistance Larva64 is receiving to synthesize the viral genome.

Protein structure determines the function of the protein. As such, knowing and
understanding protein structures are very important in bacteriophage DNA replication research as
improper folding or damaged structure can lead to ineffective phage therapies. One key component
of protein structure is whether an individual protein is functional on its own or a subunit of a larger
complex. The subunit stoichiometry of protein complexes often plays an important role in
determining and regulating a protein’s function (24). For example, sliding clamp proteins often
form a homodimer complex in the shape of a ring which allows them to envelop DNA and facilitate
more efficient operation of DNA replication enzymes (25). The stoichiometry of the protein and
resulting shape of the protein complex determine the function of the enzyme, however determining
these structures can be difficult and time consuming (26). One alternative to traditional methods of

protein structure characterization is Al modeling, namely using AlphaFold 3. Alpha Fold 3 is a



valuable tool to observe potential protein structures in silico (27) requiring just a protein sequence
to produce a model. This tool can be used to determine potential structures of Larva64 as well as its
stoichiometry, thus giving insight to the slow function of the enzyme.

The aims of this study are firstly to qualitatively characterize the activity of the Larva64
prim-pol through identifying variables that could potentially increase the speed of Larva64.
Secondly, we aim to quantitatively characterize the DNA synthesis activity of Larva64 via a
quenched fluorescence assay. Thirdly, we seek to determine in what stoichiometric orientation
Larva64 exists based off of Alpha Fold 3 modeling and comparisons to proteins of similar
sequence using HHPred. Lastly, by determining endogenous protein-protein interactions we seek to
determine by what mechanism phage Larva’s genome is replicated, and what role Larva64 plays in

that replication.



CHAPTER TWO: QUALITATIVE CHARACTERIZATION OF LARVA64 ENZYMATIC
ACTIVITY
In Vitro Qualitative Characterization of Larva64
To demonstrate de novo DNA synthesis activities and show the polymerization of dsDNA, a

rolling circle assay was employed using ssM13 DNA. Biochemical qualitative analysis from this
study has confirmed multiple prim-pol activity characteristics observed by Folse, 2020 and
revealed novel characteristics of Larva64. Larva64 was confirmed to have robust de novo synthesis
activity, is unable to use MnCly, and a slow synthesis speed. Larva64 is unable to utilize any
divalent cation tested besides MgCl, for DNA synthesis, is unable to synthesize a double-stranded
product given just rNTPs, nor see an increase in speed given the addition of rNTPs with dNTPs.
The enzyme did not see an increase in speed with a K415A mutation, although a D81A mutation
did eliminate all de novo DNA synthesis activity. Optimization of enzyme buffer pH and NaCl
conditions were conducted, leading to an adjustment to pH of 8.0 and NaCl concentration of 25
mM. Lastly, Larva64 was shown to be able to hand off synthesis to faster DNA polymerases
incapable of de novo DNA synthesis and was confirmed to perform strand displacement synthesis.

All qualitative assays included in this study were performed in triplicate. .

Long Run Gel:

To show the DNA synthesis activity of Larva64 over a longer period of time and at more
intervals than Folse, 2020, an assay was performed to quench and measure dsDNA products at 10-
minute intervals from 10-110 minutes. dSDNA products are measured throughout the qualitative
characterization via agarose gels. Figure 2 shows an agarose gel with DNA products of a “Long

Run” Larva64 assay.



Complimentary

Bands

Figure 2: Gel-based assay results of “Long Run”. The first lane is a 1 kb ladder, followed by
ssM13, and 10-minute increment quenches of Larva64 and accompanying dsDNA product. White
horizontal lines indicate where 3000 and 6400 bp dsDNA products should be.

A sample which lacks the addition of Larva64 serves as a 0-minute time point for the assay, and for
all following assays. Quenched at 10-minute intervals, this assay shows the synthesis of a DNA
complement over time. By roughly the 60-minute time point there is a band at the 6.4 kb marker,
indicating the completion of synthesis around the entirety of the circular M13 DNA stand. For an
enzyme to make a product 6.4 kb in 60 minutes, that would translate to a rate of roughly 1.8 bp per
second based on this qualitative assay. There is a dark line of bands from dsDNA products that run
complementary above the prominent bands, well above the 6.4 kb marker, which indicates strand-
displacement activity of Larva64. The observation that synthesis is not complete until ~60 minutes
confirms that Larva64’s activity is slow. Multiple alterations to enzymatic conditions were

conducted to discern if Larva64 activity could be enhanced so as to better accept it as the sole

protein responsible for genome replication in phage Larva.



MgCl. Dependence:

Prior research by Folse (2020) demonstrated that Larva64 was Mg?* dependent and unable
to use Mn?* in lieu of Mg?*. To confirm this dependence and observe if Larva64 was able to utilize
any other divalent metals, a gel-based assay was conducted with identical concentrations of
different metal salts replacing MgCl,. These metal salts were MnCl, CaCl,, NiClz, CoCly, and
ZnS0s4. A lane with no metal salt served as a negative control. The quench assay consisted of two
time points (30 minutes and 2 hours), with a sample containing MgCl. serving as the positive

control (Figure 3).

100mM | 10 mM |10 mM | 10 mM
CaCl2 NiCl2 CoCl2 ZnSO4

Figure 3: Divalent cation (M?*) dependence of Larva64 prim-pol activity, various metals compared
to MgCl.. Quenched at 30- and 120-minute intervals, we see that the only metal salt that allows
activity is MgCl.. White horizontal lines indicate where 3000 and 6400 bp dsDNA products should
be.

The results of the assay showed that no substitute metal salt allowed for activity. Ni and Co
have dark bands within the well resulting from the protein immediately crashing upon the addition

of the metal salt. Upon addition of the NiCl> and CoCl; salts to the sample, the solution went
9



cloudy as a precipitate formed. ZnSO4 appeared to have slight activity; however, it was dismissed
with later assays that showed no product being produced beyond the ssM13 line at 30- and 60-
minute increments. Many DNA polymerases are capable of utilizing different metal ions in lieu of
Mg?" including all of the metal ions tested (28); however, it appears that Larva64 is not one of
those proteins. With the testing of alternate divalent metal salts, none allowed synthesis except for
the control Mg?*. With this information, incorrect metal salts were ruled out as a cause of the slow

speed of Larva64.

dNTP and rNTP Synthesis:

Given that some prim-pols, such as the human PrimPol, are capable of synthesizing nucleic
acids using both rNTPs and dNTPs, we investigated if Larva64 would be able to synthesize a
double-stranded product using only rNTPs (29). Moreover, we also investigated whether the
presence of rNTPs would cause an increase of priming activity and possibly increase
polymerization speed. A gel-based assay was conducted with enzyme conditions that included
either 1 mM dNTPs, 1 mM dNTPs + 1 mM rNTPs, or 1 mM rNTPs to see if a double-stranded
product could be formed or if there would be an increase in speed. The timepoints for the assay

were 10, 30, 60, and 120 minutes (Figure 4).

10



‘@\

Unique Product
Accomulation

10 30 60 120

dNTPs + rNTPs

Figure 4: Agarose gel showing DNA synthesis with differing NTPs. White horizontal lines indicate
where 3000 and 6400 bp dsDNA products should be. Quenched at 10-, 30-, 60-, and 120-minute
intervals, we see that there is no synthesized product for just rNTPs, nor an enhancement of activity
when with dNTPs.

The results in Figure 4 demonstrate that there is no synthesis for the reactions containing
only rNTPs. There was also no discernible change in synthesis rates for the reactions containing
both dNTPs and rNTPs compared to just dNTPs, outside of a product accumulation in the wells.
The source of this product is unknown and unique to the rNTPs + dNTPs condition for this assay.
The addition of rNTPs did not result in increased polymerization speed, ruling out rNTPs as a

means of increasing prim-pol speed. Overall, these results show that Larva64 exclusively

incorporates dNTPs during DNA synthesis.

Protein Domain Mutations:
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Prior research on Larva64 had identified the N-terminal portion of the protein as a prim-pol
domain and the C-terminal region as an ATPase/helicase domain, although the overall role of the
N+C-terminal domains has yet to be fully understood (9, 13). D81A and K415A mutations were
made to see how N-terminal and C-terminal domain alterations affected enzyme function. D81 is
one of a number of active site residues in the prim-pol domain, and K415 is the Walker A lysine,
responsible for binding to ATP (30). Alterations to the prim-pol domain should lead to a ceasing of
synthesis, while alterations to the helicase domain should theoretically not affect synthesis as Folse
showed that Larva64 is not ATP dependent. Once the D81A and K415A mutants were expressed
and purified, a rolling circle gel-based assay was conducted to assess kinetic activity. Linearized
dsM13 and non-linearized dsM13 were in the early wells so as to show where the dsSDNA product
of the synthesis should be if the enzyme is capable of synthesizing a complement to the whole of
the M13 plasmid, which would theoretically correspond to the 6.4 kb mark on the ladder. This was
tested to see if supercoiling of DNA would affect the perceived size of enzyme synthesized
products. A sample which lacked the addition of Larva64 or its mutants served as a 0-minute time
point, and the differing mutation syntheses were quenched at intervals of 10-, 30-, and 60-minutes

(Figure 5).
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Figure 5: Agarose gel showing DNA synthesis with differing Larva64 mutations. Black horizontal
lines indicate where 3000 and 6400 bp dsDNA products should be. Quenched at 10-, 30-, and 60-
minute intervals, we see that there is no synthesized product for the D81A mutation.

Non-linearized dsDNA was lower on the gel than its linearized dsDNA counterpart as the overall
size of the product was smaller due to supercoiling of dsSDNA. This also shows that the 6.4 kb line
used as a “finish point™ for synthesis is fairly accurate as it falls between the linearized and non-
linearized dsDNA product. The D81A mutation, which is associated with the N-terminal prim-pol
domain, had no activity whatsoever, which is to be expected given its role in polymerization
activity as part of the active site of the prim-pol domain. The C-terminal K415A mutation
associated with the helicase/ATPase Walker A motif had activity comparable to that of the wild
type (WT) prim-pol. However, there seems to be less streaking of the lanes, indicating perhaps a
lack or lessening of SD synthesis. This tells us that the K415 residue, and potentially the entire C-

terminal domain, is not necessary for DNA synthesis, whereas the D81 residue is, and that these

two residues work independently of one another.
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Optimization of Assay NaCl and pH Conditions:

All tests prior to assay condition optimizations contained 50 mM NaCl and were at a pH of
7.0. At the later stages of this research, optimizations of assay conditions were conducted to see if
NaCl or pH adjustments could increase polymerization speed. These optimizations, where we
systematically adjusted both the NaCl concentration and the pH, were determined using the gel-
based assay. Reactions at differing buffer pH were quenched in 10-minute intervals, up to 40

minutes (Figure 6).

10 20 30 40 10 20 30 40 10 20 30 40
minutes I minutes minutes

pH 7.0 pH 8.0 pH 8.5

Figure 6: Agarose gel showing pH optimizations. Moving from left to right, the size of dSDNA
product at identical timepoints increases with respective pH increases, with the highest being at a
pH of 8.0. Spots and blurriness of the gel image are artifacts from the gel mold and the gel shifting

position during imaging.

As the pH of the buffer increases, so too does the size of the dSDNA product at later time
points (see lanes 7-10 and 12-15 in Figure 6). The pH 8.0 buffer appears to have the largest and

darkest bands at later timepoints, indicating a larger product as well as potential SD synthesis. This

14



is notable as the NEB2 buffer, the buffer recommended for polymerase Klenow fragment, is at a
pH of 7.9 (31). A buffer pH of 8.0 was adopted for later optimization conditions. NaCl
concentration was then adjusted in an assay similar to the pH optimization, with identical
quenching timepoints. NaCl concentrations were halved and doubled from the 50 mM used for
previous assays, and excluded for one reaction as MgCl, would possibly be able to be used as a salt

for polymerization activity in lieu of NaCl (Figure 7).

‘ _ - ~

10 20 30 40 20 30 40 20 30 40 10 20 30 40
minutes minutes minutes minutes

No 25 mM 50 mM 100 mM
NaCl NaCl NaCl NaCl

Figure 7: Agarose gel showing NaCl optimizations. Moving from left to right, the size of dsSDNA
products at identical timepoints increases with respective NaCl concentration increases. Spots and
blurriness of the gel image are artifacts from the gel mold (debris) and the gel shifting position
during imaging.

An increase in NaCl concentration to 100 mM inhibits activity, while a decrease in NaCl to 25 mM
and even the outright removal of NaCl increase activity. The higher amount of NaCl likely caused
an overabundance of competition for the DNA binding site of the enzyme, thus restricting activity.

A buffer NaCl concentration of 25 mM was adopted for later assay conditions, due to it having a

15



higher activity than the 50 mM NaCl condition. These optimizations were the only conditions

altered that seemed to increase prim-pol activity.

Confirmation of SD Synthesis by Larva64:

The streaking bands present in our gel-based assays indicate a distributive polymerase that
only synthesizes short stretches of DNA before dissociation, the polymerase “falling off” of the
DNA strand. Both T7 polymerase (a polymerase from phage T7) and Escherichia coli Klenow
fragment are incapable of de novo DNA synthesis but overall are more processive polymerases (32,
33). T7 is incapable of SD synthesis, meaning that the double-stranded product produced by T7
will not be able to go past the 6.4 kb of the M13 template DNA. The demarcation line of the T7
polymerization product, shown in Figure 8 with a dashed line, shows where the final product of
dsM13 is, and any product past the line is the result of SD synthesis. Klenow fragment, which is
capable of SD will inevitably go past the demarcation line to serve as a positive control for what an
enzyme capable of SD synthesis would look like. Larva64 was able to prime and hand off synthesis
to faster polymerases, suggesting it synthesizes a short DNA product to serve as the primer for both
T7 and Klenow when solutions of the respective proteins are added to the Larva64 assay reaction.
Reactions at 2, 4, 6, 10, 30, 60, and 90 minutes show the progression of synthesis of Larva64, T7,

and Klenow over time on a gel (Figure 8).

16



2 4 6 10 30 60 9 4 6 10 30 &0 9 2 4 6 10 30 60 90
minutes minutes minutes

Larva64 Larva64 + Larva64 +
T7 Klenow

Figure 8: Agarose gel showing synthesis of Larva64, T7, and Klenow. Larva64’s DNA product at
longer time points goes past 6.4 kbs, showing that Larva64 is capable of strand displacement.

T7 polymerase stalls only minutes after being primed, showing that it is a much faster polymerase
than either Klenow or Larva64. However, there is an accumulation product after the stalled T7
product shown at the dashed demarcation line. T7 is incapable of SD activity, so any product past
the demarcation line, circled in white, is from SD synthesis by Larva64 on the completed M13
dsDNA product synthesized by T7 polymerase. This is further evidence of Larva64’s SD activity.
Klenow fragment and T7 polymerase have polymerization rates of 13.5 and 130 bases/second
respectively (34, 35). Klenow synthesizes dsDNA faster than Larva64 and at later time points, the
dsDNA product is larger than that of the stalled T7 synthesis dSDNA product, demonstrating SD
synthesis. While Larva64 is slow, given enough time, there are dsSDNA products past the 6.4 kb

demarcation line, showing that it is capable of SD synthesis. This confirmation of SD by Larva64 is
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novel to research on Larva64 and expands upon observations of “streaking” at long time points for

our gel-based assays.
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Discussion

Larva64 has continued to show that it is a robust DNA primase-polymerase capable of de
novo DNA synthesis. Attempts to increase the synthesis rate of Larva64 were relatively
unsuccessful. Neither the addition of rNTPs nor the substitution of Mg?* increased the apparent rate
of DNA synthesis via gel-based assays. Interestingly, later optimizations of buffer conditions,
namely pH and NaCl concentration, did yield apparent increases in prim-pol activity via the gel-
based assay. Interestingly, the observed increase in Larva64 prim-pol activity via the gel-based
assay appears to be an artifact or attributable to another factor. The rate of DNA synthesis, as
measured by fluorescence, did not increase under our experimental conditions, which may indicate
that the polymerization activity of Larva64 may not have been optimized via the change in
condition.

What is not currently apparent is whether Larva64 synthesizes the entirety of the
complement M13 strand during a single binding event, or if it does it piecewise beginning at
differing starting locations after dissociating and synthesizing until the entirety of the circular
sSDNA is dsDNA. Given that Larva64 is able to hand off primers to the faster polymerases, T7 and
Klenow, we know that it dissociates from the DNA strand at some point. As the prim-pol comes
back to synthesis after dissociation, it is unclear where its new starting site would be, and whether it
could begin SD synthesis on a small piece of dsSDNA it had already synthesized without the
completion of the entire plasmid. These qualitative assays have confirmed that Larva64 continues
to be a very slow polymerase. Requiring nearly an hour to synthesize 6400 bases is exceptionally
slow, especially when compared to the 62991 bp genome size of phage Larva. Based on this data,

Larva either requires nearly 10 hours for its prim-pol to replicate its genome once, or there are other
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proteins, factors, or interactions that are occurring that are aiding in the synthesis of the Larva
genome.

An interesting pattern that became apparent from the “Long Run" gel and other assays,
which was greater than 60-minutes, was that Larva64 appears to produce the double-stranded DNA
product that was at or larger than 6.4 kb. This contradicts the observations of Folse (2020) who
reported an apparent stalling at 3 kb, even at a time point of 60 minutes. Although the reasons for
the different findings are unclear, they may be the result of better purified and folded Larva64
enzyme or due to this research using purchased ssM13 rather than producing it in house. It appears
that with enough time, Larva64 is capable of synthesizing the entirety of the complement M13
strand. Moreover, by going beyond the 6.4 kb marker, we are able to determine that our enzyme is
able to perform SD synthesis. The SD activity of Larva64 was confirmed by comparing the dsSDNA
products of Larva64 with T7 and Klenow polymerase.

The handoff of activity from Larva64 to Klenow is of note, as Klenow is a bacterial
polymerase. Many bacteriophages utilize their host polymerase proteins for their genome synthesis.
This lends credence to the idea that perhaps our prim-pol, Larva64, serves simply as a primase and
the polymerase from the host bacterium, M. smegmatis, synthesizes the viral genome. Future

research could focus on measuring the specific handoff from Larva64 to the host polymerase.
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CHAPTER THREE: RESULTS OF ENZYME ACTIVITY QUANTIFICATION
In Vitro Quantitative Characterization of Larva64
The rate of dsDNA synthesis was determined for Larva64 using PG and a dsM13

calibration curve. A handoff of synthesis from Larva64 to a bacterial polymerase, Klenow
fragment, was also characterized quantitatively using the PG assay. That handoff could be
identified by a two-phase synthesis observable by an abrupt linear fluorescence increase after 5
minutes. The rate of synthesis for the Klenow fragment in our assays was then compared to the
theoretical values from NEB so as to validate our assays. Lastly, a rate of dSDNA synthesis was
determined for optimized assay conditions adopted in qualitative characterization. Strangely
enough, the apparent increase in Larva64 prim-pol activity via the gel-based assay seems to be
somewhat of an illusion or something else entirely. The rate of DNA synthesis determined via
fluorescence did not increase under our optimal conditions, which may indicate that the
polymerization activity of Larva64 may not have been optimized via the change in condition. All
qualitative PG assays were performed in triplicate, and error bars shown in figures were based on a

95% confidence interval.

PicoGreen™ Quench Assay

PG was originally chosen for this study as a potential candidate for a fluorescent dye to be
used in a real time assay (36); however, our research shows that at any detectable concentrations,
PG stops dsDNA polymerization by Larva64. While unsuitable for real-time assays, the dsSDNA
concentration determination ability of PG at various quenched timepoints made it useful for

determining the rate of synthesis of Larva64. In the literature, PG has been used to quantitatively
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determine a DNA polymerization rate of T7 polymerase and Klenow fragment utilizing a quenched

assay (19).

dsDNA Calibration Curve:

A PG:dsM13 calibration curve was produced to show the relationship between dsDNA

concentration and PG fluorescence for our particular assay. The concentration of PG used in the

development of the calibration curve was identical to that used with enzymatic rate samples. Data

analysis for the calibration curve and for the samples mandated that the fluorescence of the sample

with no dsDNA would be subtracted from the other samples, so as to standardize. The PG:dsM13

calibration curve has the X-axis is in units of ng of dSDNA and the Y-axis is in units of RFU

(Figure 9).

Fluorescence, RFU
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Figure 9: Calibration curve of dsM13 DNA and PG fluorescence. As dsDNA concentration goes
up, so too does fluorescence. The relationship between dsDNA concentration and fluorescence via
PG is linear. Slope, inverse slope, and r? value can be seen. Data was identical for smaller dsSDNA

concentrations, resulting in error bars being too small to be seen.
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The resulting inverse slope of the calibration curve can be multiplied by the slope of kinetic data
(fluorescence/minute) from a quenched assay to determine a rate of synthesis with units of ng

dsDNA/minute.

Larva64 Rate and Polymerase Handoff:

A graph of fluorescence over time (Figure 10), demonstrates Larva64 activity (black trend
line). The slope of 144611 fluorescence units per minute was multiplied by the inverse slope of the
dsDNA calibration curve, giving a rate of synthesis for Larva64 of 10.94 ng dsDNA/minute.
Results in Chapter 2, qualitative characterization, demonstrated that Larva64 is able to hand off
synthesis to the faster Klenow fragment. This bacterial polymerase was chosen as it is well
characterized in the literature and has a speed slow enough, albeit faster than Larva64, to be
accurately measured using our reagents and equipment on hand. Samples were prepared that

contained Klenow and Larva64 and quenched at rapid timepoints (Figure 10).
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Figure 10: Rate for Larva64 (Primpol only) and Larva64+Klenow (Primpol plus Klenow).
Polymerization slopes were linear. The early slope of Larva64+Klenow was nearly identical to that
of Larva64 alone until 5 minutes, when there is a drastic increase in slope. The increase in slope is

due to a handoff to Klenow, a faster bacterial polymerase. Error bars are based on a 95% CI.
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The orange squares indicate timepoints from 0-5 minutes for Larva64+Klenow and blue triangles
indicate timepoints from 6-20 minutes for Larva64+Klenow. The rate of synthesis for
Larva64+Klenow is nearly identical to that of just Larva64 for the first 5 minutes of synthesis. At
the 6-minute mark, there is an abrupt increase in fluorescence, going to a slope of 882190
fluorescence units per minute, which translates to a rate of 66.74 ng dsDNA/min. The apparent
two-phase synthesis indicates a handoff from the slower Larva64 to that of the faster Klenow
fragment. The slope of the blue line can be denoted as the synthesis rate of Klenow, a well-studied
polymerase. When comparing the slopes of Larva64 to that of the blue line, Klenow synthesis,
Larva64 is 6.5 times slower than Klenow. Prior studies have demonstrated the polymerization rate
of Klenow fragment is 13.5 bases/second (34), which would make Larva64’s rate approximately
2.1 bases/second. A validation of the rate of Klenow in our study compared to NEB’s specifications
(Chapter Six: Materials and Methods) found that there is a 30.76% difference in rate between the
theoretical and experimental rate, which can be classified as our experimental error. The pH
condition used in the quantitative PG assays was 7.0 due to the buffer in use at the time and
Klenow fragment Kinetics are typically done at a pH of 7.9, so a discrepancy in speed for our
experimental value compared to the theoretical is likely due to the lower pH. Overall, the rates are
close enough to one another to validate that our enzyme kinetics experiments with PG are valid, as

is our rate approximation for Larva64.

Optimized Assay Condition Rate:
During qualitative characterization of the enzyme, later optimizations of the assay buffer
conditions were made, namely the change of pH to 8.0 and decreasing NaCl concentration to 25

mM. The results of the gel-based assays would suggest that the optimized conditions would have a
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faster rate of synthesis due to apparent increased activity and larger dsSDNA products in the gels.
The rate of synthesis of Larva64 in the new optimized assay conditions was determined to be
122405 fluorescence units per minute, which converts to 9.26 ng dsSDNA/minute. Figure 11 shows
the fluorescence results of the original (pH 7.0) vs. optimized assay (pH 8.0), along with results

from the two-phase Klenow/Larva64 synthesis.
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Figure 11: Rate for Larva64 optimized assay conditions (8.0 pH and 25 mM NacCl) vs. original
assay conditions (7.0 pH and 50 mM NaCl). There is no statistical difference between optimized
and original assay condition polymerization rate based on a 95% confidence interval.

The error bars and data from optimized and original assay conditions overlap, so while the
optimized condition may be slower based sheerly off the slope, the original condition is not
statistically faster based on a 95% confidence interval. The slowness of the optimized condition is
exceptionally odd given the results from the qualitative characterization showing such a drastic
increase in activity at a higher pH and marginally more activity at a lower NaCl concentration.

However, we observed the fluorescence values for the optimized condition were far more

consistent than our original assay conditions, resulting in smaller error bars.
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Discussion

One of the chief goals of this research was to determine a quantifiable rate of synthesis for
Larva64. Considering that the group where this research was conducted dissuaded use of
radioactive isotopes, measuring dsSDNA synthesis using radioactivity was out of the question. PG in
retrospect is not necessarily the most ideal dSDNA fluorescent dye to use for the study due to its
limitations in real time assays, as opposed to SYBR™Green which has been used to measure real
time limited polymerase activity (37), although we are not certain that it could be used for our
prim-pol. With that in mind, the usage of PG to measure DNA synthesis is both grounded in the
literature and is relatively novel for prim-pols, with this research being the first study to use PG to
measure dsDNA synthesis of a viral prim-pol. We did not investigate the use of alternative dsSDNA
binding fluorescent dyes in this study, but the utilization of a non-inhibitory dsSDNA fluorescent
binding dye such as SYBR™Green in future research would likely give cleaner results and show
more clearly the hand-off between Larva64 and Klenow.

The observation of a two-phased DNA synthesis in the fluorescence assay with Larva64
and Klenow shows clearly that a handoff between the two polymerases takes place. This shows that
Larva64 would be able to hand off synthesis to a bacterial polymerase, potentially in the M.
smegmatis host. Moreover, seeing that the rate synthesis from 0 to 5 minutes had a slope nearly
identical to that of just Larva64 shows that the prim-pol itself does not dissociate immediately after
initiating synthesis. Rather it likely stays on for a short period of time before falling off and
handing off synthesis to Klenow, serving as a primase for Klenow polymerase. If Larva64 is acting
solely as a primase for a bacterial polymerase, then it is slow by primase standards. Requiring 5
minutes to synthesize one primer is especially slow compared to DnaG primase from E. coli, which

synthesizes RNA primers at a rate of one primer per second (38). Klenow requires at least a 7 base
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primer to initiate synthesis (39), implying that Larva64 synthesizes a 7-base primer in 5 minutes, or
1.4 bases/minute, to which Klenow is able to take over synthesis. This would make Larva64 have a
rate of ~0.023 base/second, substantially slower than the experimentally determined 2.1
base/second in this study. This discrepancy casts doubt on the idea that it requires 5 minutes for an
adequate primer length to be synthesized, rather the “handing off” of synthesis is due to Larva64
dissociating. Why Larva64 would consistently dissociate after 5 minutes is still a mystery.

The lack of a significant increase in rate for the optimized conditions is highly intriguing.
All evidence from the qualitative results indicates that there should be a drastic increase in
polymerization speed using the fluorescent assay. What we observed is a non-significant change,
bordering on inhibition. While not statistically slower than the original assay condition, it is
exceptionally odd. One potential avenue that could explain why its polymerization rate is not faster
despite the qualitative results is that higher pH and lower salt may allow for better, more consistent
priming and incorporation of nucleotides. This increased consistency of priming and incorporation
would lead to a cleaner dsDNA product, but the overall polymerization speed may not be affected.
The quantitative rate of the optimized condition, which had smaller error bars and more consistent
data, aligns with this idea. Future research with Larva64 would likely still need to use the
optimized conditions, as empirically the enzyme itself seemed to have done better at a pH of 8.0 in
terms of solubility and enzymatic activity. Overall, the quantification of Larva64’s synthesis rate
confirms and builds upon what we already know: Larva64 is slow. Now, however, we have a

number and a method to quantitatively reflect that lack of haste.
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CHAPTER FOUR: BACTERIAL TWO-HYBRID ASSAY AND BIOINFORMATIC ANALYSIS
Two-Hybrid Assay of Larva Endogenous Proteins

To determine the interactions of select endogenous proteins and Larva64, we employed a
two-hybrid assay with Larva64 being the “bait” and other Larva proteins being the “prey”. If PPi
occurs, a phenotypic change will occur which will allow for growth of bacterial colonies to be
observed in the presence of carbenicillin. The only PPi observed was between Larva64 and
Larva48, a sliding clamp protein. This interaction was evidenced by growth on a 750 pg/mL
carbenicillin dosed growth plate. This interaction of prim-pol and sliding clamp is novel to the
literature. Bioinformatic analysis using Phamerator’s database revealed that Larva64-like prim-pols
and Larva48-like sliding clamps only co-exist in cluster K5, however many genetically similar
phages to Larva do not possess a sliding clamp protein. Multiple models of Larva64 in varying
stoichiometric orientations were generated, revealing a possible hexameric and monomeric
conformation, as well as avenues of Larva48 assistance in both conformations. Lastly, HHpred
residue alignment showed that the different domains of Larva64, prim-pol and helicase domains,
appear to have differing preference in stoichiometric orientation, monomer and hexamer

respectively.

Rationale for Prey Protein Selection:

Four endogenous proteins were chosen for B2H, Larva48, 62, 63, and 65, all of which
correspond to predicted DNA metabolism proteins in the viral proteome (Figure 12). Larva48 is a
predicted sliding clamp protein, which are capable of increasing the incorporation of nucleotides by
polymerases upwards of 100-1000 fold by tethering polymerases to the template DNA strand, thus

preventing dissociation and increasing processivity (40). As it stands in the literature, no interaction
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between a viral prim-pol and a sliding clamp protein have been observed. Larva62 and 63 are both
annotated as HNH-endonucleases which have a striking genetic similarity to Cas (CRISPR
associated) proteins. Cas proteins are endonucleases, DNA cleaving enzymes, that are part of
bacterial immune defense against viruses (41). There is a category of prim-pols that are preceded
by CRISPR-related proteins known as CRISPR Adjacent Primase Polymerases, CAPPs (42); these
CAPPs interact with their respective CRISPR proteins to act in various DNA repair and replication
roles. No CAPPs have been characterized in bacteriophage, but an interaction between a prim-pol
and preceding Cas proteins in a viral proteome could reveal CAPPs as a functional category in
bacteriophage. Lastly, Larva65 is annotated as a helicase and not necessary for viral survival as
determined by Folse, 2020. The identification of interactions between endogenous proteins and
Larva64 will give insight into mechanisms that may aid the Larva64 prim-pol in DNA synthesis or
reveal different functions of Larva64 outside of genome replication which makes it necessary for

viral survival.
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Figure 12: Larva genome map showing the locations of the proteins tested using B2H. Genes 48
(sliding clamp), 62, 63 (HNH-endonucleases), and 65 (helicase) were prey while gene 64 (prim-
pol) was the bait.
Results of B2H:
Growth on a selection plate that contains carbenicillin is indicative of an interaction

between Larva64 and the other tested proteins. Growth plates which lack carbenicillin are used to

observe what growth should theoretically look like if a strong PPi occurs which prompts
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carbenicillin resistance. Starting on the left side of the plate, we have undiluted cells, and as we
move to the right the cells are diluted serially 10-fold. The growth plate is on the left, while the

selection plate (750 pg/mL carbenicillin) is on the right (Figure 13).
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Figure 13: B2H growth plate (left) and selection plate (right) for Larva64 used to determine PPi.
Growth on the select plate for pCl-64 and p2H-48, seen in red brackets, indicates a PPi between
the Larva64 prim-pol and Larva48 sliding clamp.

While small, there are a number of colonies on the selection plate at the highest concentration of
cells corresponding to a Larva64:Larva48 PPi. There are no colonies on the Select plate for any
other protein tested. The lack of interaction between the prim-pol and Larva62, 63 seemingly rules
out Larva64 as a CAPP. The lack of interaction between the prim-pol and Larva65, along with
Folse’s CRISPRi research that showed Larva65 was non-essential, shows that the Larva helicase
may not be necessary at all for the replication of the viral genome. The small number of colonies
for Larva64:Larva48 at a high cell concentration is indicative of a weak PPi between the viral pim-

pol and sliding clamp, respectively. An interaction between a sliding clamp protein and a prim-pol,

even a weak interaction, is a novel development. Given that the literature has indicated that sliding
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clamps can increase the speed of otherwise poor polymerases by upwards of a thousand-fold, this

shows that Larva64 may be receiving help from its sliding clamp to polymerize its viral genome.

Bioinformatic Analysis
Bioinformatic Observations of Larva48 and 64 Utilizing Phamerator Database:

Bioinformatic software Phamerator (Database: Actino_Draft (Version 578) was utilized to
make observations about the presence of Larva48 and Larva64-like proteins in other
bacteriophages. All phage in cluster K5 have a conserved prim-pol identical to that of Larva64
which appears to be unique to the K5 cluster. A handful of phages within K5 possesses a sliding
clamp identical to Larva48, those being phage Feyre, Gengar, Guillsminger, Heftyboy, Leston,
Miryou, OkiRoe, Omnicron, Paola, SoSeph, Thyatira, and Waterfoul, making up 59% of cluster
K5. Larva48-like sliding clamp proteins can be found in a number of phages from additional
clusters including AO1, AO2, AO3, AO, AR, AY, FN, K5, and 2 singletons, all with an identical
pham (160319). And while many of these clusters that contain Larva48 like sliding clamps also
possess polymerases, only K5 possesses prim-pols, all being Larva64 conserved. The clamp is
completely conserved and present in all phage from clusters AO1, AO2, AO3, AO, AR, and AY.
Curiously, it is only present in 66% of phage in cluster FN and 59% of phage in cluster K5, Larva
being one of them. All phage in cluster K5 possess a Larva64 like prim-pol, however, 41% of
phage in cluster K5 do not possess a Larva48-like sliding clamp. An example of a phage in cluster
K5 in which a sliding clamp is absent is phage InvictusManeo, which has a nearly identical gene
map to phage Larva sans a sliding clamp, suggesting that a sliding clamp may not be necessary for

comparable phage with Larva64-like prim-pols.
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Modeling and Characterization of Larva48 and 64 Utilizing AlphaFold 3:

Utilizing the AlphaFold 3 server, multiple structure models were generated for Larva64
with varying copy numbers, the addition of Larva48, and the addition of dSDNA and ssDNA.
While not definitive descriptions of the structure of our proteins, the resulting structures can then be
compared to closely aligned amino acid sequences of our proteins to other proteins with known
structures using HHPred. By comparing predicted enzyme structures to those of comparable
residue alignment, we can predict what the structure of the enzyme is like and whether it is a
monomer, dimer, hexamer, etc.

The AlphaFold 3 metrics by which it measures the accuracy of its models are pIDDT, pTM,
and ipTM scores. pIDDT is a per-atom confidence estimate on a 0-100 scale where a higher value
indicates higher confidence that only considers distances to polymers. The pIDDT is shown as
color outputs in the image of the structure. In this scale, dark blue (pIDDT > 90) indicates very high
confidence of structure, light blue (90 > pIDDT > 70) indicates fairly confident, yellow (70 >
pIDDT > 50) indicates low confidence, and orange (pIDDT < 50) indicates very low confidence in
structure. pTM and ipTM scores stand for predicted template modeling (pTM) score and the
interface predicted template modeling (ipTM) score. Both scores are derived from a measure
called the template modeling (TM) score which measures the accuracy of the entire structure (43,
44). A pTM score above 0.5 means the overall predicted fold for the complex might be similar to
the true structure. Since these metric measures interactions within a complex, monomers that are
modeled do not have this score. ipTM measures the accuracy of the predicted relative positions of
the subunits within the complex, and is a metric shown for monomers. Values higher than 0.8

represent confident high-quality predictions, while values below 0.6 suggest a weak prediction. TM
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derived scores are very strict for small structures or short chains, so for larger structures, pIDDT
may be more indicative of prediction quality.

Among the models generated with AlphaFold 3, the ones that will be discussed in this paper
are Larva64 as a monomer, a dimer, and a hexamer. Larva48 has not had a structural determination
study conducted on it specifically, however sliding clamps like it are firmly established as a dimer,
and is included essentially as a positive control for our modeling (45) . AlphaFold 3 models for
Larva64 as a monomer, dimer, hexamer and Larva48 dimer along with respective pTM and iPTM

values show the confidence of the models and the potential structure of the proteins (Figure 14).
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a. Larva64 monomer (pTM: 0.5)
b. Larva64 dimer (ipTM: 0.35, pTM:
0.37)
c. Larva64 hexamer front view
(ipTM: 0.39, pTM: 0.42)
d. Larva64 hexamer side view
e. Larva48 dimer (ipTM: 0.38, pTM:
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Figure 14: AlphaFold 3 models for Larva64 and Larva48. a) shows Larva64 monomer, b) shows
Larva64 dimer and c¢) and d) show Larva64 hexamer (front and side view). e) shows Larva48
dimer. The key of colors as they correspond to pIDDT values are found at the bottom of the figure.

From these models, especially in Figure 14a we can observe a fairly confident structure of the

helicase and prim-pol domains, with a very low confidence strand of disordered residues
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connecting the two. Of the Larva64 models, the monomer has the highest pTM score, followed by
the hexamer and dimer. Larva48 which as a sliding clamp can be firmly described as a dimer, has a
higher pTM value than all structures shown indicating high confidence in the protein structure.
Folse modeled Larva64 as a monomer, but never as a dimer or hexamer. The hexamer confirmation
of Larva64 is notable as a “hole” can be observed in the middle of the structure that could likely
accommodate sSDNA and dsDNA. To determine the accommodation of DNA in the structure of
Larva64 and Larva48, models were produced with the addition of 60mer dt40 ssDNA and dsDNA

(Figure 15).

a. Larva64 hexamer w/dsDNA front view
(ipTM: 0.4, pTM: 0.42)

. Larva64 hexamer w/dsDNA side view

¢. Larva48 dimer w/dsDNA (ipTM: 0.78,

pTM: 0.84)

d. Larva64 hexamer w/ssDNA front view
(ipT™M: 0.41, pTM: 0.43)

e. Larva64 hexamer w/ssDNA side view
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Figure 15: AlphaFold 3 models for Larva64 and Larva48 with 60mer DNA. a) and b) show
Larva64 hexamer with 60mer dsDNA. ¢) shows Larva48 with 60mer dsDNA. d) and e) show
Larva64 hexamer with 60mer ssDNA. The key of colors as they correspond to pIDDT values are
found at the bottom of the figure.

As would be expected, Larva48 dimer with dsDNA running through the center (Figure 15c) has the

highest ipTM and pTM scores, having a higher score than the protein structure without dsDNA.

Larva64 hexamer with dsDNA had a slightly higher ipTM score than its non-DNA added
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counterpart. Larva64 hexamer with ssSDNA had a slightly higher ipTM and pTM score than its non-
DNA added or dsDNA added counterparts. This shows that a hexameric model of Larva64 can
accommodate both dsDNA and ssDNA within its center. Interestingly, the hexamer model of
Larva64 with dsDNA appears to show the splitting of dsSDNA into ssDNA and its subsequent
recombination back to dSDNA. This may be a modeling of the helicase splitting and prim-pol
recombination of DNA.

In our B2H assays, we observed a weak interaction between Larva64 and Larva48, so we
decided to model the two most promising Larva64 structures (monomer and hexamer) with the
addition of Larva48 dimer. Moreover, one model of Larva64 monomer with Larva48 dimer also
has the addition of 60mer dsDNA for Larva48 to wrap around. The idea is that the sliding clamp
could interact with the prim-pol in a way that holds the monomer prim-pol to the DNA so as to
prevent dissociation and slowing synthesis of DNA. The models of Larva64 (monomer and

hexamer) with Larva48 dimer were generated (Figure 16).
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a. Larva64 monomer
w/Larva48 dimer (ipTM:
0.29, pTM: 0.39)
b. Larva64 hexamer w/Larva48
dimer front view (ipTM:
0.39, pTM: 0.41)
c. Larva64 hexamer w/Larva48
dimer side view
d. Larva64 monomer
w/Larva48 dimer and dsDNA
(ipTM: 0.39, pTM: 0.41)
e. Larva64 hexamer w/ssDNA
side view

Larva48 dimer at “entrance”
to Larva64 hexamer

Very low (pIDDT < 50)

Figure 16: AlphaFold 3 models for Larva64 and Larva48 combinations. a) and b) show Larva64
monomer with Larva48 dimer. b) has the addition of 60mer dsDNA. c¢) and d) show Larva64
hexamer with Larva48 dimer. The key of colors as they correspond to pIDDT values are found at
the bottom of the figure.

As modeled, Larva64 monomer with Larva48 dimer without DNA (Figure 16a) gives a structure
that bears little resemblance, or ipTM and pTM scores, to the original structures of its constituent
proteins. However, when in the presence of dsDNA (Figure 16b), we observe the sliding clamp
enveloping the DNA strand with Larva64 attached to the clamp with a section of the prim-pol
touching the dsSDNA. The pTM score of the prim-pol/dsDNA/clamp complex is also higher than
that of the monomer by itself, albeit lower than just Larva48 dimer with dsSDNA. This suggests that
the structure of Larva64 is potentially more stable as a monomer when coupled with Larva48
sliding clamp around DNA. This supports the hypothesis that Larva64 is aided by the Larva48

clamp to not dissociate from the DNA strand so as to synthesize DNA at a faster rate. As shown in

previous models, Larva64 hexamer has a hole in the center which can accommodate DNA similar
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to that of Larva48 dimer. When the Larva64 hexamer and Larva48 dimer are modeled together, the
sliding clamp sits at the entrance to the hexameric “hole”. This could potentially serve as a support
structure for Larva64 hexamer, however, the lower ipTM and pTM scores than the non-combined
counterpart cast doubt upon that idea. It seems that structurally, Larva64 as a monomer by itself is
preferred to that of a dimer or hexamer confirmation and is aided by the addition of Larva48 dimer
sliding clamp. Larva64 as a hexamer is fascinating and still a possible structure as it can
accommodate the envelopment of dSDNA/ssDNA. Based solely on the predicted structure of
Larva64 it seems that a monomer conformation is the most likely, although it may fluctuate
between a monomeric and hexameric conformation based on activity. Larva48’s ring structure was
accurately modeled as well and shown to interact with both monomer and hexamer confirmations

of Larva64.

Characterization of Larva64 Structure Utilizing HHpred Alignment:

The entirety of the amino acid sequence for Larva64 was submitted to HHpred (Job
ID:1084060). HHpred is an online interactive server that predicts protein structure and function
using amino acid sequences by detecting remote protein homology (46). A section of the results
from HHpred were included in this study (Figure 17). There were hundreds of alignments found for
the C-terminal helicase domain, with only a handful of alignments found for the prim-pol domain.
For the sake of brevity, we will focus on the top 4 aligned proteins in the prim-pol domain and the
top 4 aligned proteins from the helicase domain and their global stoichiometry (monomer, dimer,

trimer, etc.)
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3H1H_A 1NLF_C

1R02_A 1U94_A
BAIH_A e 2DR3A 2
FOHE_C BFHI_D

Figure 17: HHpred displayed top results for amino acid sequence alignment. The top 4 aligned
sequences in the N-terminal prim-pol domain are 3aM1M_A, 1RO2_A, 6A9W_A, and 70MO0_C. The
top 4 aligned sequences from the C-terminal helicase domain are from INLF_C, 1U9%4 A,
2DR3_A, and 8FWJ_D (Credit: HHpred Job 1D:1084060).

Unsurprisingly, the top 3 proteins aligned for the prim-pol domain are from other prim-pols:
3M1IM_A, 1RO2_A, and 6A9W_A. 3M1M_A and 1RO2_A from Sulfolobus islandicus, while
6A9W_A is from phage NrS-1. All of which exist as monomers (47, 48, 49). However, 70M0_C
comes from a primase-helicase from Staphylococcus aureus, which exists as a hexamer (50). The
top 4 proteins aligned for the helicase domain were INLF_C, 1U94_A, 2DR3_A, and 8FWJ_D, all
of which are DNA binding proteins (51, 52, 53, 54) that exist as hexamers. INLF_C and 1U94 A
are from E. coli, 2DR3_A is from Pyrococcus horikoshii OT3, and 8FWJ_D is from Cereibacter
sphaeroides.

The general observation seems to be that the helicase domain and helicase associated
proteins prefer to be hexamers while the prim-pol domain prefers to be a monomer. Herein lies the
glaring contradiction and conflict within Larva64 itself based on this research: a prim-pol domain
that wants to be a monomer that is fused to a helicase domain that wants to be a hexamer. The
results of the HHpred analysis and alignment shed light onto the work done utilizing AlphaFold 3.
Larva64 seemingly can exist as a monomer or a hexamer; however, it is unknown which domain

has precedence for the structure of the protein itself or whether the structure changes depending on

the activity of the protein being done.
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Discussion

The interaction between Larva64 and Larva48 is intriguing due to its novelty. Never before
in the literature has there been an interaction reported between a prim-pol and a sliding clamp
protein. It is also very exciting that sliding clamps can often increase the speed of otherwise poorly
performing polymerases, of which Larva64 appears to be. However, deeming the sliding clamp
protein the key to an increase in Larva64 polymerization activity is speculative at best. First, phage
Larva does not possess an endogenous clamp loader, which is needed for the sliding clamp to load
onto the DNA (55). While the sliding clamp is present in the genome, and presumably, in the viral
proteome, for it to be loaded onto the DNA strand outside of co-opting a clamp loader from the
host is not likely. Presumably, if proteins are already being co-opted from the host, why couldn’t
phage Larva borrow a polymerase from M. smegmatis, allow Larva64 to prime, and then handoff
synthesis to the much faster bacterial polymerase? The lack of an endogenous clamp loader lends
suspicion to it being Larva64’s needed speed boost. Secondly, multiple other bacteriophages that
possess a prim-pol identical to Larva64 lack a sliding clamp protein. If phage InvictusManeo is
able to survive without a sliding clamp, it would stand to reason that sliding clamps are not
necessary for the speeding up of polymerization needed for Larva64-like prim-pols. Nevertheless,
the results of the B2H show that Larva64 does weakly interact with the Larva48 sliding clamp.
Phage Larva likely possesses the sliding clamp for some reason that is advantageous for viral
survival, rather than being the result of sheer chance. Further research with CRISPRi could silence
the Larva48 gene and show whether it is necessary for the survival of phage Larva.

Using AlphaFold we were able to model the structure of Larva64 as a monomer, a dimer,
and hexamer. Out of those options, Larva64 as a monomer and a hexamer seem to be the most

likely conformations. As a hexamer, Larva64 has a “hole” which can accommodate ssDNA and
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dsDNA. Phage primers and prim-pols in hexameric confirmation have precedence, as the T7-
primase-helicase and NrS-1 prim-pol exist as hexameric rings (5, 56). As a monomer, there is a
disordered section of amino acids between the two domains that theoretically could allow the prim-
pol and helicase domain to wrap themselves or nestle themselves within the structure of DNA.
Having modeled Larva64 along with the structure of Larva48 dimer, we have seen potential
interactions that could assist in the polymerization activity of our prim-pol. The sliding clamp with
Larva64 monomer in the presence of double-stranded DNA, appears to hold the prim-pol in a
steady location so as to conduct synthesis. This potentially could assist with the polymerization
activity of Larva64 at a higher rate. A hexameric conformation may be stabilized by a Larva48
sliding clamp, given that the clamp in our model sits at the entrance of the hexameric “hole” which
would accommodate DNA. HHpred analysis of Larva64 reveals that for the different domains,
helicase and prim-pol, there is a disparity between the two domains as to what their stoichiometric
structure ought to be. The helicase domain prefers to be a hexamer, while the prim-pol domain
prefers to be a monomer. The fusion of the prim-pol and helicase domain in Larva64, may have
created an internal conflict for the structure of the protein itself.

Larva64 more than likely exists as a monomer or potentially a hexamer above other
orientations, however further analysis will need to be conducted to confirm either confirmation. A
hexameric orientation would allow theoretically for the prim-pol to hold on firmly to the DNA
strand for synthesis, but the six prim-pol domains that want to be monomers may sterically hinder
or compete with one another. There’s a possibility that the inherent slow speed of Larva64 is due to
the internal conflict of structure for the protein itself. If the main activity center of DNA
polymerization wants to be a monomer, while half of its structure wants to be a hexamer, then this

could cause conflict that causes the protein to work slowly by “falling on and off” of the DNA
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strand. A way to determine if this is true, would be to truncate Larva64 to the 326 (not including
disordered region) or 388 (including disordered region) amino acid residue, so as to isolate the
prim-pol domain. These could be modeled, along with other prim-pol or sliding clamp truncations
as an avenue of future research. If the conflict of structure is the reason why the prim-pol is so
slow, then it should theoretically have a faster rate. While the K415 mutation did theoretically
deactivate the helicase domain, the remaining structures that would want to be a hexamer still exist
which means that the conflict of structure (monomer vs. hexamer) would still cause a low

polymerization rate. This is an intriguing avenue for future research.
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CHAPTER FIVE: CONCLUSIONS AND FUTURE WORK

Qualitative characterization utilizing gel-based assays confirmed and revealed novel
characteristics of Larva64. The activity of Larva64 remains slow, robust, and Mg?* dependent.
Efforts to speed up synthesis via the addition of rNTPs, alternate divalent metal ions, and mutations
to the prim-pol and helicase domain were unsuccessful, as were efforts to synthesize a double-
stranded product using solely rNTPs. Optimization of assay conditions altering pH and NaCl
concentrations, 8.0 and 25 mM respectively, showed increased synthesis activity in gel-based
assays. Larva64 was also shown capable of priming synthesis for faster polymerases, both viral and
bacterial, and confirmed to have SD activity. A polymerization hand-off to a faster bacterial
polymerase is a possible method of phage Larva’s genome replication. The dSDNA observed in this
research from Larva64 were larger than the apparent 3kb stalled products reported by Folse in
2020. This is possibly due to the usage of higher quality ssM13 that was purchased from NEB
rather than being made in house.

Quantitative characterization of Larva64 was able to give a rate of synthesis utilizing a PG-
based fluorescence assay. This research is the first to utilize PG to quantify a viral prim-pol
polymerization activity. Larva64:Klenow polymerization handoff was confirmed and quantified
using the PG based fluorescence assay. The polymerization rate of the optimized conditions was
not significantly faster or slower than that of its original counterpart, which is curious given results
from the qualitative research. B2H testing revealed an interaction between Larva64 and Larva48, a
sliding clamp protein. An interaction between a prim-pol and a sliding clamp protein is novel to the
literature, and it is possible that the sliding clamp protein is aiding polymerization by Larva64.
Bioinformatics analysis from Phamerator, however, casts some doubt upon that hypothesis, as

many bacteriophages within the same cluster, such as InvicusManeo, have conserved prim-pols

42



identical to Larva64 that do not possess a sliding clamp. AlphaFold 3 modeling as well as HHpred
analysis suggest that Larva64 either exists as a monomer or a hexamer. In either orientation, there
appears to be a structural mechanism by which the Larva48 sliding clamp could assist the prim-pol.
The conflicting structural preferences for the prim-pol and helicase domain may affect the speed of
the polymerase as well. The continued slow speed of Larva64 and interactions with endogenous
and non-endogenous M. smegmatis proteins support the conclusion that Larva64 is likely not the
sole protein responsible for phage Larva genomic replication.

This work has opened up multiple avenues of future research. Understanding the different
parts of Lava64 itself will give a better picture of how it interacts with the proteins around it, be it
endogenous or in the host. While the K415A mutation looked similar to WT in our assays, a strand
displacement assay with the K415A mutation would be intriguing given its comparative lack of
streaking. The K415A mutation affects the helicase domain of the prim-pol, so SD synthesis could
theoretically be hampered with the alteration of the helicase domain. Truncations of the WT prim-
pol would also further elaborate on the role of each of the domains in Larva64, namely truncating
the protein at the 326 or 388 residues to see how polymerization is affected without the helicase
structure present. Moreover, AlphaFold 3 modeling of the truncated domains could further support
the idea of conflicting structural preferences. The addition of heparin, which binds to the DNA
binding site of polymerases, after an assay had begun could reveal roughly at what time point
Larva64 dissociates from the DNA strand. Knowing the rate of synthesis, as well as a time when
the prim-pol falls off DNA could reveal the size of a primer that Larva64 is generating for handoff
to a bacterial host. Moreover, determining whether Larva64 is able to hand off synthesis to the M.

smegmatis polymerase would be worth investigating, albeit difficult as the M. smegmatis
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polymerase has multiple constituent parts that would each have to be individually expressed and
purified (57).

While PG has been an effective dsDNA fluorescent dye for our purposes, it is by no means
the most ideal dye for future research. The inability to perform real time measurement of dSDNA
concentration, and therefore an enzymatic rate, in a sample introduces a wide variety of potential
errors. Time points can often be too late based on the response time of the researcher quenching or
depending on the number of samples being tested. While quenching in time points of minutes is
acceptable for slow enzymes such as Larva64, it becomes impractical for enzymes that complete
synthesis in a matter of seconds. Utilizing SYBR™Green or any other fluorescent dye that can
measure polymerization in real time using fluorescence needs to be pursued in future research. An
increased resolution of data from a real time assay could be greatly beneficial at identifying points
where SD occurs or points where the prim-pol dissociates from the DNA strand.

B2H testing could be utilized to measure interactions between Larva64 and other M.
smegmatis proteins, elaborating on the research of Folse in 2020. Further B2H testing of Larva64
and other endogenous proteins that interact with DNA would be beneficial for understanding the
viral genome replication machinery of Larva in a greater sense. Additional confirmation and
replication of data for the interaction between Larva64 and Larva48 needs to be pursued. Given
that the interaction between a prim-pol and a sliding clamp is novel to the literature, this
observation must be strongly supported by evidence. With the addition of a clamp loader with
Larva64 and Larva48 present in an assay, we may observe a drastic increase in the speed needed
for Larva64 to replicate the viral genome efficiently. Further bioinformatics analysis of conserved
prim-pols identical to Larva64 and the presence/absence of Larva48 conserved sliding clamps

would go a long way in determining how sliding clamps interact with other prim-pols. This could
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include comparisons between the phage Larva and phage InvictusManeo, both bioinformatically
and biochemically. All future research with Larva64, and other viral prim-pols for that matter,
should have the goal of uncovering the interactions between host and viral proteins that make viral
replication possible and most effective. By understanding these interactions and systems, we can

better customize and tailor bacteriophage treatments for a not-so-distant antibiotic-resistant world.
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CHAPTER SIX: MATERIALS AND METHODS
In Vitro Qualitative and Quantitative Characterization of Larva64
Larva64 protein used in characterization was either a -80/-20 °C frozen stock from 2020 or
E. coli expressed and purified in-house using the method from Folse in 2020. Both ssM13 and
dsM13 were purchased from New England Biolabs. DNA synthesis assays were performed in a
37°C water bath in 1.5 mL microcentrifuge tubes at a protein (Larva64) concentration of 2.5 uM.
Reactions for pre-optimized assay conditions were carried out under the following conditions: 25
mM Tris pH 7.0, 50 mM NaCl, 1 mM DTT, 100 pg/mL BSA, 1 mM dNTPs, 0.5 micrograms of
M13 ssDNA, and 10 mM MgCl,. Reactions for optimized assay conditions were carried out under
the following conditions: 25 mM Tris pH 8.0, 25 mM NaCl, 1 mM DTT, 100 pg/mL BSA, 1 mM
dNTPs, 0.5 micrograms of M13 ssDNA, and 10 mM MgCl,. Variable components included 0.1667
units of Klenow fragment in NEB2 buffer, 10 mM MnClI;, CaCl, NiClz, CoCl,, ZnSQOg, as
indicated, and 1 mM rNTPs, as indicated. Metal salt solutions were prepared in house. D81A and
K415A mutant proteins were tested at identical concentrations to WT prim-pol, 2.5 uM. Reactions
were quenched with either a 2X buffer containing 100 mM EDTA, 0.4% SDS, and 10% glycerol
(experiments corresponding to Figures 2, 3, 4, and 5) or simply 100 mM EDTA in equal measure to
the sample (experiments corresponding to Figures 6, 7, 8, 10 and 11). D81A and K415A mutations
were created using custom primers, PCR, and WT prim-pol DNA. These mutations were expressed
in E. coli and purified in-house using the method from Folse in 2020. Qualitative samples were
analyzed by running quenched samples of each timepoint overnight on a 0.8% agarose gel in a
buffer-recirculating gel rig at 20V in TAE buffer. Ultraviolet imaging of the gel DNA products

within, were conducted on a Biorad ChemiDoc Imager.
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Quantitative samples, 20 L quenched samples on a 96 well plate, were analyzed 10
minutes after the addition of 5 uL of 5X PG dye and measured on a SpectraMax iD5 plate reader.
Plate reader settings were Ex, Em: 485, 535 nm (filter engaged), and PMT Gain: Low. A 60 ppb
quinine solution (Ex, Em: 349, 461 nm) served as a fluorescence standard between days to account
for differing instrument emission intensity. Fluorescence data was analyzed using Microsoft Excel,
first standardizing all data based on the quinine standard, then subtracting the “0-minute”
fluorescence from a day’s respective data sets. The dsSDNA calibration curve was generated by a
serial dilution of 500 ng dsM13 and the addition of PG and EDTA identical to that of our assays.
Graphing and statistical analysis were performed using Prism10 software, with 95% confidence

intervals as a metric of statistical significance and error bars in our figures.

Klenow Fragment PG Rate Validation:

We obtained Klenow fragment from New England Biolabs (NEB), and per the
manufacturer “One unit is defined as the amount of enzyme that will incorporate 10 nmol of ANTP
into acid insoluble material in 30 minutes at 37°C.” (58). Using NEB’s units system, we calculate
how many moles of dNTPs are incorporated per minute and converted to dNMPs. We then
calculate the mass of dNMPs that are in the dsDNA strand, and therefore the mass of dSDNA will
be produced per minute (ng dsDNA/minute), the unit of enzyme speed measurement for our study.

For our assays, we start with a purchased stock from NEB that is 5000 units/mL Klenow
fragment, 5 units per pL. This is then diluted 1:30 in NEB2 buffer and water. 1 pL of diluted
Klenow fragment is equal to 0.1667 units of Klenow fragment. In our testing, we used 5 L of
diluted Klenow fragment in our “polymerase handoff” PG assay, meaning 0.833 units of Klenow

fragment. Upon incorporation into the dsSDNA strand, a dNTP becomes a dNMP with the loss of
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two phosphates. The moles of NTPs incorporated are identical to the moles of ANMPs. Assuming
the average dNMP is 327 g/mol, we understand that for one unit of Klenow fragment, 3.27x10°
grams of dNMP are incorporated every 30 minutes, meaning that for every 1 minute, 1.09x10~
grams of dNMP are incorporated. Converting to nanograms, 109 ng dNMP are incorporated by 1
unit of Klenow fragment. At our Klenow fragment concentration of 0.833 units, the enzyme should
incorporate 91 ng dNMP per minute. The mass of dsSDNA and incorporated dNMPs should be
roughly conserved, meaning the mass of incorporated dNMPs should equal the mass of dsSDNA. By
this logic, one unit of Klenow fragment should produce 109 ng dsDNA per minute, and our
concentration of Klenow fragment used in testing should produce 91 ng dsSDNA per minute. This is
the theoretical rate of synthesis for Klenow fragment using NEB’s specifications and our solution
preps. The slope of fluorescence for Klenow fragment using our PG assay is 882190 fluorescence
units/minute. When multiplied by the inverse slope of the dsDNA calibration curve (7.66x10° ng
dsDNA/fluorescence units), it provides a rate of 66.74 ng dsDNA/minute, which is the

experimental rate of synthesis for Klenow fragment for our PG assay.

Bacterial Two-Hybrid Analysis
The B2H protocol used in this research was provided by Dr. Maria Gainey based on the
research of Dr. Danielle Heller at the HHMI SEA-PHAGES program (59). pCl plasmid fused to
Larva64 served as the bait, while p2Ha plasmids fused to Larva48, 62, 63, and 65 served as the
prey. Larva64: pCl served as the bait and as it was the protein of interest, we wanted to observe PPi
with. Alterations to this protocol were the variation of carbenicillin concentrations (500 pg/mL, 750
pg/mL, 1500 pg/mL). Only the 750 pug/mL plate is shown in this paper as the higher concentrations

of carbenicillin yielded no growth.
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Bioinformatic Analysis

Bioinformatic analysis using Phamerator was done through observation from the
“Actino_Draft” Phamerator database (www.phamerator.org) on 06/13/2024 using the “Cluster”
feature. Alpha Fold 3 (alphafoldserver.com) modeling predictions were done by pasting the amino
acid sequences of Larva64 and Larva48 into the software and modifying the copy numbers to alter
stoichiometry (monomer, dimer, etc.), using default settings. For models that required sSDNA, a
DT40 60mer sequence was used, and for dSDNA, the reverse complement of that sequence was
added to the program. HHpred analysis was done by pasting the amino acid sequence of Larva64
into the tool and observing the matched/aligned results (Job 1D: 1084060) from the

PDB_mmCIF70_16_Aug database, the default database for HHpred.
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