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ABSTRACT OF THE THESIS

Characterizing Regulation of PNKP Activity by Fru-2,6-P> and IKK2

Weihan Huai
Master of Science in Chemistry
University of California San Diego, 2022

Professor Gourisankar Ghosh, Chair

Polynucleotide kinase/phosphatase (PNKP) is an essential enzyme for DNA repair, and
its dysfunction is related to many neurological diseases. However, how PNKP is regulated in
nucleus is not fully understood yet. Our collaborator found that the metabolic enzyme 6-
phosphofructokinase/fructose-2,6-biphosphatase 3 (PFKFB3) is a component of the PNKP-

associated DNA repair complex. Since the major role of PFKFB3 is to produce Fru-2,6-P2, we



hypothesized that Fru-2,6-P, plays an important role in DNA repairing. | prepared and purified
Fru-2,6-P2 in in vitro, and used both biochemical assay and binding experiments to show that
Fru-2,6-P2 enhanced PNKP activity in vitro through direct binding. Moreover, | found that
PNKP is phosphorylated by IkB Kinase 2 (IKK2) in vitro. Furthermore, | tested Fru-2,6-P> level
in spinocerebellar ataxia 3 (SCA3) patients and Huntington Disease patient samples (postmortem
brains), and found that the Fru-2,6-P> levels are lower in all SCA3 and most HD patient samples
tested. Our results elucidate the significance of Fru-2,6-P> and PFKFB3 in DNA repair and
suggest that Fru-2,6-P2 plays an important role in many neurological diseases. Furthermore, in
vitro studies on IKK2 phosphorylating PNKP indicates that IKK2 is a possible regulator of

PNKP.

Xi



l. Introduction



Oxidative stress, DNA damage, and neurological diseases

Brains are thought to metabolize one-fifth of the consumed oxygen, making it extremely
vulnerable to oxidative stress (Madabhushi, 2014). The oxidative stress is induced by the
production of the reactive oxygen species (ROS), which is produced during oxidative
phosphorylation in mitochondria. Exposure to ROS renders the genomic and mitochondrial DNA
susceptible to DNA damage. A robust DNA repairing system is required for maintaining the
integrity of the genome. The accumulation of DNA damage has been observed in many
neurological diseases such as Parkinson’s disease (PD), Alzheimer’s disease (AD), and
amyotrophic lateral sclerosis (ALS) (Bender et al., 2006; Mullaart et al., 1990; Martin, 2001).
Repairing oxidative damage requires the assembly of DNA repairing complex involving
Huntington (HTT) and Ataxin-3 (ATXN3) proteins, which have distinctive functions during the
DNA repair. Pathogenic forms of these proteins with expanded polyglutamine-rich segments fail
to perform their normal functions, which disrupts DNA repair and eventually leads to Huntington
disease (HD) and Spinocerebellar ataxia type 3 (SCA3) (Gao, et al., 2019; Chakraborty et al.,
2020). More specifically, the histone acetylase, Creb Binding Protein (CBP), undergoes
degradation in brains expressing mutant HTT (mHTT) in the case of HD (Jiang et al., 2003). In
the case of SCA3, RNA polymerase Il is degraded by the actions of mMATXN-3 (Chakraborty et
al., 2020). Interestingly, overexpression of PNKP, an essential DNA repairing enzyme, in
Drosophila expressing mutant ATXN3 ameliorates the SCA3 pathogenic phenotype, indicating

the importance of PNKP in these neurological disorders (Chakraborty et al., 2020).
DNA repair and PNKP

DNA damage consists of unwanted base modification, base loss, and strand breaks, and

plays a significant role in aging, cancer, and neurological diseases. The strand break can be
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induced by a large variety of factors, including reactive oxygen species (ROS), ionization
irradiation (IR), and cytotoxic agents. These factors induce strand breaks with different
mechanisms and result in different termini. To counter the strand breaks and other DNA
damages, cells have developed sophisticated repair pathways, and these pathways require a 5'-
phosphate and 3’-OH termini for the ligation of broken strands, which means that unwanted

termini must be modified before ligation.

The most common end termini product of single and double-stranded DNA is 3’-
phosphate. To remove the phosphate from the 3’ end, polynucleotide kinase/phosphatase
(PNKP) is required. PNKP is a critical bifunctional end processing enzyme involved in DNA
damage repair. It is responsible to remove the phosphate on the 3’end of the broken DNA and
phosphorylates 5'-OH termini, which makes broken DNA compatible for ligation or elongation.
The 3’ phosphatase activity of PNKP is much higher than the 5° kinase activity, and studies
showed that the 3° phosphatase activity takes precedence when both the 3’-phosphate and 5°-OH

present (Dobson et al., 2006).

PNKP consists of 3 domains: A N-terminal fork-head associated (FHA) binding domain
which is responsible for binding with either phosphorylated XRCC1 or XRCC4 to recruit the
protein into the DNA repairing complex in different DNA repair pathways, and a phosphatase
domain which dephosphorylates 3’ phosphate on the broken DNA 3’-termini, and a C-terminal
kinase domain which phosphorylates 5’ hydroxyl group. The phosphatase activity of PNKP
requires an Mg?* cofactor. (Graces, et al., 2011) PNKP participates in a broad range of DNA
repair pathways, including single strand break repair (SSBR), base excision repair (BER), and
double-strand base repair (DSBR), due to the wide presence of 3’-phosphate during the DNA

damage and repair. In SSBR, phosphorylated XRCC1 recruits PNKP into the DNA repairing
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complex and works with DNA ligase to repair the broken DNA. In BER, PNKP is responsible
for the removal of 3’-phosphate produced by cleaving the abasic sites. The DSBR undergoes two
independent pathways: homologous recombination (HR) in replicating cells or non-homologous
end-joining (NHEJ) in dividing/non-dividing cells. The PNKP is recruited to the DNA repairing
complex by phosphorylated XRCC4 in the classical NHEJ pathway (c-NHEJ), which uses Ku,

DNA-PK, 53BP1, and XRCC4/Lig-IV to repair broken DNA double-strand. (Figure 1)

Current studies on PNKP focus mostly on neurological disorders caused by PNKP
mutations. Mutations in PNKP can cause many neurological diseases, including microcephaly
with seizures (MCSZ) and ataxia with oculomotor apraxia type 4 (AOA4) (Dumitrache et al.,
2016). The regulation of PNKP activity by factors other than XRCC proteins, however, is still
unclear, while there have been studies that identified factors that regulate PNKP activity through
protein modification. For instance, research has shown that ATM can phosphorylate PNKP to
prevent it from ubiquitination and further proteasome degradation (Parsons et al. 2012). There is
still a long way to understand how the regulation of PNKP in cells worked as well as their

molecular basis.
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Figure 1: Role of PNKP in DNA single-strand and double-strand break repair.



IKK2

NF-kB signaling pathway is one of the major pathways activated in response to different
stimuli which lead to the activation of genes responsible for cytokine production and cell
survival. In a quiescent state, NF-kB proteins are bound to IxB (inhibitor of NF-«B) proteins and
stay in the cytoplasm. Upon the canonical NF-«B activation, IxB proteins are phosphorylated and
degraded, and the released NF-kB proteins enter the nucleus and bind to the NF-«kB binding sites

on genes to activate specific genes (Karin et al., 2000).

The phosphorylation of I1kB proteins is performed by the IKK complex, which consists of
three proteins: IKKa(IKK1), IKKB(IKK2), and NEMO. The IkB kinase f, usually written as
IKKB or IKK2, is a master regulator of cell inflammatory response. It is a serine/threonine class
of protein kinase that functions as an important upstream regulator of the NF-kB pathway. Upon
activation by upstream signals such as TNF-a, IKK2 forms a complex with IKK1 and NEMO
and gets activated. The activation of IKK2 requires the autophosphorylation at residues Ser177
and Ser181 on its activation loop (Delhase, et al., 1999). In unstimulated cells, IKK2 remains
unphosphorylated. Stimulation of cells will trigger the phosphorylation of IKK2 on two serine
residues and activate it. Despite numerous studies since its discovery, the mechanism of how

IKK2 is phosphorylated and activated remains unanswered.

The most well-documented role of IKK2 is its activation of the canonical NF-kB
signaling pathway. In the canonical NF-kB signaling pathway, it forms a multi-subunit complex
with IKK1 and NEMO and phosphorylates IkBa on Ser32 and Ser36, which induces subsequent
IkBa polyubiquitination and degradation and the translocation of released NF-kB dimers into the

nucleus. In addition to the canonical NF-kB activation pathways, IKK2 also phosphorylates other



molecules in the NF-kB pathway. For instance, IKK2 phosphorylates Rel A/p65 at Ser536, which
enhances NF-kB activity (Yang et al., 2003). Besides, IKK2 phosphorylates NF-kB family
member p105 and induces its polyubiquitination and degradation like IkBa. While p105 involves
not only in the NF-«kB pathway but also in other signaling pathways such as the TPL-2 pathway,

activation of IKK2 will also lead to the activation of respective pathways. (Beinke et al., 2004)

Besides its role in NF-«kB signaling, IKK2 can also phosphorylate other substrates than
NF-kB proteins and is involved in other cellular functions. For example, IKK2 can phosphorylate
the Forkhead transcription factor FOXO3a, a tumor suppressor protein that induces apoptosis
(Hu et al., 2004). To date, IKK2 has been found to play a role in a variety of biological functions
independent of NF-kB, as shown in Figure 2. This phenomenon also applies to IKK1 and other
atypical IKK proteins such as TBK1 and IKKe, which phosphorylate novel NF-kB independent
substrates, leading to various cellular outcomes (Antonia, et al., 2021). Given the significance of
IKK2 in a wide variety of diseases including cancer, diabetes, and autoimmune disorders, it is

important to understand the ability of IKK proteins to phosphorylate these novel substrates.

The IKK2 consensus phosphorylation motif has not been fully established yet. The
“DpSGYXpS/T” sequence that highlights a pair of serines is found in many IKK?2 substrates in
the canonical NF-kB pathway such as 1kB proteins but not in all substrates (Chariot 2009). While
this motif is not highly conserved among IKK2 substrates, especially for amino acids between
two serine residues, which residues in the motif are essential for the IKK2 recognition is yet to

be answered.
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Figure 3: Sequence homology of IKK2 substrates and phosphorylation sites. The highly

conserved serine is shaded in yellow. (Schmid and Birbach, 2008)



PFK2, PFKFB3, and Fru-2,6-P2

Fructose 2,6-bisphosphate (Fru-2,6-P>) is an important metabolite known for its
involvement in glucose metabolism. It activates (PFK-1), the rate determining enzyme of the
multi-step glycolysis pathway. It allosterically activates PFK-1 by increasing its affinity to its
substrate fructose 6-phosphate, while decreasing its affinity to inhibitors such as citrate. PFK-1
converts fructose 6-phosphate (F6P) into fructose 1,6-bisphosphate (Fru-1,6-P2), which is the

rate-limiting step in glycolysis (Hers and Schaftingen, 1982).

The production and degradation of Fru-2,6-P> are performed by the bifunctional enzyme
phosphofructokinase-2/fructose biphosphotase-2 (PFK-2/FBPase-2) (Pilkis et al., 1995). In
humans, PFK-2/FBPase-2 is encoded by four genes (PFKFB1-4). These four isozymes have
distinct properties such as the kinase/phosphatase activity ratio, and tissue expression profile, and
can be involved in different pathways (EI-Maghrabi et al., 2001). Among all four isozymes,
PFKFB3 shows unique properties: it has the highest kinase/phosphatase ratio (740:1) (Okar et
al., 2001). It is also the only inducible PFKFB isozymes that can be regulated by many factors
such as stress stimuli, hypoxia, and growth factors. Furthermore, PFKFB3 is the only isozyme
that can be trafficked into the nucleus (Yalcin et al., 2009). Besides its role in regulating
glycolysis, PFKFB3 also has other cellular functions. For instance, it can activate cyclin-
dependent kinase through Fru-2,6-P2, which promotes cell progression and prevents apoptosis
(Yalcin et al., 2009; Yalcin et al., 2014). Also, research showed that PFKFB3 played a role in the
homologous recombination (HR) DNA repair pathway by recruiting RRM2 into the repairing
foci to promote nucleotide incorporation, indicating that PFKFB3 plays a role in DNA repair
(Gustafsson et al., 2018). However, the mechanism of how PFKFB3 and Fru-2,6-P> regulate the

HR pathway is unclear.



Cancer cells usually maintain high glycolytic flux to sustain their growth, which was
described by Otto Warburg and is now known as the “Warburg Effect” (Warburg et al, 1927).
PFKFB3 has been a hot topic for its role in various tumor cells since its expression is found
elevated in several cancers (Atsumi et al., 2002). As one of the regulators of glycolytic flux, it is
closely associated with cancer growth. Extensive studies focused on the role of PFKFB3 in
cancers as well as the development of small inhibitors of PFKFB3. To date, there are three well-

characterized inhibitors of PFKFB3, and their effect on cancer is still on the way.

ADP  F2,6BP

ATP

PROTEIN

Figure 4: Schematic kinase and phosphatase functions of PFKFB3. (Shi, et al., 2017)
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Focus of my study:

My project starts with the study of PNKP functions in neurodegenerative diseases. Our
collaborators found that PFKFB3 is involved in the PNKP-associated DNA repair complex, and
PNKP activity is impaired in the PFKFB3 depleted cells. However, the in vitro phosphatase
assay showed that PFKFB3 alone does not enhance PNKP phosphatase activity, while the
activity is enhanced with further addition of F6P. Therefore, we purposed that the product of
PFKFB3, Fru-2,6-P2, directly binds to PNKP and enhances its phosphatase activity. Therefore,
the first part of my project is to understand how Fru-2,6-P> modulate PNKP activity. My goal is
to prepare and purify Fru-2,6-P- in large quantity, and characterize its interaction with PNKP.

Also, | study how Fru-2,6-P, affects PNKP activity using a biochemical assay system.

Besides my study of Fru-2,6-P> on PNKP, we found a motif in PNKP sequence that is
close to the IKK2 phosphorylation motif, and we purposed that the IKK2 is a possible upstream
regulator of PNKP which phosphorylates Ser280 and Ser284 on PNKP. The second part of my
project is to demonstrate the phosphorylation of PNKP by IKK2, and how the phosphorylation
modulates PNKP activity. Finally, I aimed to measure the level of Fru-2,6-P> in brains of SCA3

and HD patients to characterize the significance of Fru-2,6-P> in neurodegenerative diseases.
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1. Materials and Methods
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A. Cloning of PNKP and Site-directed mutagenesis

1. Cloning His-tagged PNKP and mutants

PCR fragments of the PNKP construct were amplified from the plasmid obtained from
our collaborator using the pfu I enzyme. PNKP constructs were cloned into pET28a with BamHI

and Ndel endonucleases.

Mutant PNKP, including PNKP S284A, PNKP S284E, PNKP S280E, PNKP
S280E/S284E, PNKP S284C, PNKP S284T, PNKP S280A, and PNKP S280E/S284C, were
cloned using point-directed mutagenesis method with the Pet28a-PNKP template. The template
plasmid was digested using Dpnl endonuclease, and the clones were sequenced to ensure that the

mutation is introduced.

2. Cloning of GST-tagged PNKP

For the cloning of GST-tagged PNKP, PNKP constructs were amplified from pET28a

using the pfu I enzyme and cloned into pGEX-4T2 with BamHI and Xhol endonucleases.

B. Protein Purification Protocols

1. His-tagged PNKP and mutants

Proteins are expressed in BL21 Rosetta (DE3) E.coli cells. The 2 Liter LB culture was
shaken at 37 <C till the ODe0o reaches 0.4. The culture was then induced with 0.2m M IPTG
overnight at room temperature and centrifuged at 3000rpm at 4<C for 30 mins. The pellet is
resuspended in chilled lysis buffer (25mM Tris-HCI pH7.5, 500mM sodium chloride, 10%

glycerol, 5mM BME, 10mM imidazole, 0.1% NP-40, 0.1mM phenylmethylsulfonyl fluoride

14



(PMSF)). After dispensing the resuspended lysate into a steel beaker stored on packed ice, the
lysate was then sonicated with 6 cycles using the following condition: 20 seconds on with 50%
duty cycle and power setting 8 and 40 seconds off. The lysate was then centrifuged at 20000rpm
for 30 minutes at 4<C. The supernatant was incubated with 2mL of equilibrated Ni-NTA resin
with constant rotation for 2 hours at 4<C. The mixture was then spun down at 3000rpm for 3
minutes at 4<C, and the supernatant is removed. The beads were then washed two times with
50mL of wash buffer (lysis buffer without PMSF+ 10mM imidazole) and eluted with a cold
elution buffer (wash buffer +240mM imidazole) in a series of 1mL elution fractions. The elutes
were then loaded onto a Superdex-75 size exclusion column and eluted with the gel filtration
buffer (25mM Tris-HCI pH7.5, 500mM sodium chloride, 5% glycerol, 1ImM DTT). The peak

fractions were collected and concentrated using polyethylene glycol (MW 20000).

All the PNKP mutant proteins (S280E, S280A, S280C, S284E, S284A, S284C, S284T,

EE, EC) were purified in the way described above.

2. Purification of GST-PNKP

GST-PNKP was expressed in BL21 Rosetta (DE3) E. coli cells. The 2 Liter LB culture
was shaken at 37 <C and was induced with 0.2mM IPTG overnight at 16 <C at ODgo0=0.3 and
centrifuged at 3000rpm at 4<C for 30 mins. The pellet is resuspended in chilled lysis buffer (25m
M Tris-HCI pH7.5, 150m M sodium chloride, 0.1mM magnesium chloride, 10% glycerol, 1mM
DTT, 0.5mM PMSF). The lysates were sonicated with 5 cycles using the following condition: 20
seconds on, 40 seconds off, 50% duty cycle, and power setting 7. The lysate was then
centrifuged at 20000rpm for 30 minutes at 4 <C. The supernatants were then incubated with 1mL
of pre-equilibrated glutathione agarose resin and incubated with constant rotation for 2 hours at

4<C. The mixture was then spun down at 500x g for 3 minutes at 4<C, and the supernatant is

15



removed. The beads were then washed two times with 50mL of wash buffer (same as lysis buffer
without PMSF), and eluted stepwise with 1mL per step by elution buffer (wash buffer + 10mM
reduced glutathione). The eluted samples were analyzed on SDS-PAGE gel and Elute 1 was

dialyzed with 500mL of dialysis buffer (wash buffer without MgCl,).

3. Purification of His-PFKFB3

His-PFKFB3 was expressed in BL21 pLysS E. coli cells. The 2 Liter LB culture was
shaken at 37 <C and was induced with 0.2mM IPTG at 37 <C for 3 hours at ODg00o=0.4 and
centrifuged at 3000rpm at 4<C for 30 mins. The pellet is resuspended in chilled lysis buffer
(25mM Tris-HCI pH7.5, 300mM KCI, 10% glycerol, 10mM imidazole, 0.1% NP-40, 0.1mM
PMSF). After dispensing the resuspended lysate into a steel beaker stored on packed ice, the
lysate was then sonicated with 5 cycles using the following condition: 20 seconds on with 50%
duty cycle and power setting 6 and 40 seconds off. The lysate was then centrifuged at 20000rpm
for 30 minutes at 4<C. The supernatant was incubated with 2mL of equilibrated Ni-NTA resin
with constant rotation for 2 hours at 4<C. The mixture was then spun down at 3000rpm for 3
minutes at 4<C, and the supernatant is removed. The beads were then washed two times with
50mL of wash buffer (lysis buffer without PMSF + 10mM imidazole) and eluted with a cold
elution buffer (wash buffer +240m M imidazole) in a series of 1mL elution fractions. The first
three fractions were collected and concentrated with polyethylene glycol (MW 20000) to a final

concentration of 3mg/mL.

4. Purifying PPi-PFK

Pyrophosphate-dependent phosphotransferase (PPi-PFK) is purified from potato tubers

using the protocol developed by Schaftingen et al. (Schaftingen et al, 1982). 300g of potato

16



tubers are homogenized in a Waring blender with 2 volumes of lysis buffer (20mM HEPES
pH8.2, 20mM potassium acetate, 2mM DTT). The mixture was filtered through a cheesecloth.
Solid sodium pyrophosphate and 1M MgCl, were then added to the filtrate to reach 2mM, and
the pH is adjusted to 8.2. Next, the filtrate was heated in a 70 <C water bath to 59<C and
maintained for 5 mins at a 59 <C water bath. The filtrate was then cooled down to 0<C and the pH
is adjusted to 7.1. For every 100mL of the mixture, 6g of poly(ethylene glycol) (PEG) 6000 was
added and mixed for 15 mins. The mixture is then allowed to stand for 10 mins and centrifuged
for 15 mins at 4000x g. The pellet is discarded, and 8g of PEG 6000 was then added to every
100mL resulting supernatant and the sample was mixed for 5 mins. The mixture is then stood for
10 mins and centrifuged at 4000xg, and the supernatant is discarded. The pellet is dissolved in
40mL of buffer containing 20mM Tris-HCI pH8.2, 20mM KCI, and 2mM DTT and applied to
3mL of Q Sepharose Fast Flow resin. The column is washed with the same buffer with 60mM
KCI and eluted with 30mL of buffer with 150mM KCI. The elute is diluted to 30mM KClI and
passed through 1mL Q Sepharose Fast Flow resin and eluted again with 10mL buffer with

150mM KCI.

The activity of PPi-PFK was tested by the production of Fru-1,6-P2. The PPi-PFK is

mixed with a mixture of: 25mM Tris-HCI pH8.0, 5mM MgClz, 0.2mM NADH, 50ug/mL
aldolase, 1ug/mL triosephosphate isomerase (TPI), 10ug/mL glycerol-3-phosphate
dehydrogenase (GDH), an estimated 1uM Fru-2,6-P- to a total of 500uL. The reaction is initiated

using 50uL 25mM sodium pyrophosphate, and the change in Asso is measured.

C. In-vitro pull-down assay
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The binding buffer used in the in-vitro pull-down assay was composed of 150mM sodium

chloride, 25mM Tris-HCI pH=7.5, 5% glycerol, 0.1% NP-40, 1ImM DTT and was chilled on ice.

15uL of Glutathione resins are used for each reaction. Beads are washed with 200uL of
binding buffer and spun down at 1000x g for 30 seconds, and supernatants are removed. 2ug of
GST or GST-PNKP are added with 200uL of binding buffer. The mixtures were rotated at 4<C
for 30 mins. The mixtures were then washed once with 500uL of binding buffer, and the
supernatants were discarded. The beads were then resuspended with 200uL of binding buffer,
and 4ug of his-tagged IKK2 was added to each mixture. The mixtures were then rotated at 4<C
for 60 mins, spun down, and washed three times with 400uL of wash buffer. After the final
wash, 4x SDS loading dye was added to the mixture to 1x, and beads were boiled on a heat block
for 5 mins. Then, the beads were loaded to the SDS-PAGE gel and run at 200 volts for 45 mins,

and a western blot was performed to visualize the result.

D. Western Blotting

The samples were run on 10% SDS-PAGE gel at 200 volts for 45 mins. To transfer the
protein to the nitrocellulose membrane, the membrane, gel, foam pads, and blotting papers were
rinsed with transfer buffer (25mM Tris, 192mM glycine, 10% methanol) for 1 min and packed as
a transfer sandwich. The sandwich was then transferred to a tank between electrodes and ran at a
constant current of 400mA for 100 mins. After the transfer, the nitrocellulose membrane was
transferred to a clean cassette and blocked with 10mL of 5% milk in 1x TBST at room
temperature for 1 hour. The membrane was then incubated with 10mL of 1:2000 diluted anti-His
primary antibody in 1x TBST overnight at 4<C. The primary antibody was poured off and the

nitrocellulose membrane was washed for 10 minutes three times with 1x TBST. 10mL 1:10000
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diluted secondary antibody in 1x TBST was then added to the cassette and the membrane was
incubated at room temperature for 1 hour, and the membrane was subsequently washed for 10
minutes three times with 1x TBST. The membrane was developed with 2mL of ECL buffer
(20mM Tris-HCI pH8.6 with the addition of 4.4uL of p-coumaric acid, 10uL of luminol, and
1.5uL of hydrogen peroxide) and gently shaken for 90 seconds. The membrane was then dried

and exposed in ChemiDoc with the same setting (60 images between 1 sec to 150 sec).
E. Invitro kinase assay protocol

1-2 ug of wild-type or mutant PNKP was used for each reaction mixture. Proteins were
incubated with kinase buffer (20mM Tris-HCI pH 7.5, 100mM sodium chloride, 10mM MgCly,
1mL DTT, 200uM ATP). 2°P-labeled ATP and 50ng of IKK2 were added to initiate the reaction,
and the mixture was incubated for 30 mins. The reaction was terminated by adding 4x SDS
loading dye and boiling on heat-block for 5 mins, and samples were loaded on 12.5% SDS-
PAGE gel and run for 45 mins at 200V. The front band of the gel was removed by razor, and the
gel was wrapped with saran wrap. The gel was then incubated with a pre-blanked phosphor
screen in darkness overnight. The next day, the screen was analyzed on the Tycoon FLA9000

phosphorimager to visualize radioactive bands.

F. Protocol for preparing Fru-2,6-P

1. Purification using the batch method:

2uL of 50mM fructose-6-phosphate was used for each reaction. 10 reactions were performed
in parallel. A reaction cocktail consisting of 60mM Tris-HCI (pH 7.5), 1.5mM DTT, 5mM KP;
(pH 7.5), 20mM KCI, 40uM EDTA, 6mM MgClz, 5mM ATP, 10% glycerol, Img/mL BSA

(Buffer B) was then added to the reaction to a final volume of 200uL. The reaction was initiated
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by adding 100ug of PFKFB3. The reaction mixtures were incubated at 37 <C for 90 mins. The
reaction was quenched by incubating at 80 <C for 5 mins to inactivate enzymes. Each reaction
sample was spun down at 12000rpm for 1 min and diluted with 2mL using 10mM TEABC (pH
8.5) and all the samples were pooled together. Next, the sample was applied to 1.5mL of Q
Sepharose Fast Flow beads pre-equilibrated with 10mM TEABC (pH 8.5). The resin was step
eluted with TEABC buffer (pH8.5, 100-500mM, 50mM/step, 3mL/step), and the fraction with
350mM TEABC was collected and stored at -20<C, and 1mL of the fraction was sent to the Mass
spec facility to check the presence of Fru-2,6-P.. The rest of the fraction was evaporated to
dryness using the Savant SpeedVac, and the solid was dissolved into 20mM Tris-HCI (pH8.0).
Negative control was prepared in the same way despite that the PFKFB3 was inactivated by
incubating on a 95<C heat block for 5 mins before initiating the reaction. The 350mM TEABC

fraction was evaporated and dissolved into 20mM Tris-HCI (pH8.0).

2. Purification using Mono Q 5/50 GL

The 350mM fraction solids obtained from the previous batch step were dissolved in 1mL of
10mM TEABC pH8.5 and injected into the Mono Q 5/50 GL column. Then the column is eluted
with the gradient (Buffer A: 10mM TEABC pH8.5, Buffer B: 800mM TEABC pH8.5, 10mL 0-
32% B, 20mL constant 32% B, 10mL 32-80% B, 4mL 100% B). the fractions were collected and

tested for the presence of Fru-2,6-P> using the PPi-PFK assay.

3. Purification using prepacked Q Sepharose Fast Flow

The production of Fru-2,6-P. is performed with the same method described above. After the
reaction is quenched, the sample was diluted with 10 volumes of 10mM TEABC pH8.5 and

injected into a prepacked 5mL Q Sepharose Fast Flow column. Fru-2,6-P> was eluted using the
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gradient (Buffer A: 10mM TEABC pH8.5, Buffer B: 800mM TEABC pH8.5, 15mL 0-32% B,
12mL constant 32% B, 10mL 32-80% B, 4mL 100% B). All fractions were tested using the PPi-
PFK assay and fractions containing Fru-2,6-P, was evaporated to dryness using the Savant

SpeedVac.

G. Fru-2,6-P2 measurement

Measurement of Fru-2,6-P> is performed using the method developed by Schaftingen et
al. using pyrophosphate-dependent phosphotransferase (PPi-PFK), aldolase, triose
phosphoisomerase (TPI), and glycerol-3-phosphate dehydrogenase (GDH) (Schaftingen at al.
1982). The 450uL enzymatic mixture containing 25mM Tris-HCI pH 8, 0.2mM NADH, 5mM
MgCl,, 5mM F6P, 0.01U PPi-PFK, 50ug/mL aldolase, 1pg/mL TPI, 10pg/mL GDH, and
purified Fru-2,6-P2 is initiated by adding 50uL of 25mM sodium pyrophosphate, and the reaction
is incubated at room temperature for 10 mins. The reaction is quenched by adding 55uL of 10%
SDS, and the change in Assois measured. To accurately quantify Fru-2,6-P., a large scale of Fru-
2,6-P- is converted to F6P by adding 0.1M HCI, and the mixture is incubated at 37 <C for 30
mins. The reaction is quenched by adding an equivalent amount of 0.1M NaOH, and the increase
in F6P is measured using the F6P assay kit (Sigma Aldrich). The measured Fru-2,6-P2 was then
diluted to the nM scale and the change of Ass was measured to construct a linear standard curve.
The Fru-2,6-P2 from purification and cortex samples were diluted until the change of Asso falls

into the standard curve range.

H. Characterizing PNKP stability change
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Fru-2,6-P> purified from the prepacked Q Sepharose Fast Flow was dissolved into 10uL
of buffer containing 25mM Tris-HCI pH7.5, 150mM NaCl, 5mM MgCl_, 1% glycerol, and 1mM
DTT, and the concentration was measured by PPi-PFK assay before the experiment. WT PNKP
was diluted with the same buffer to 0.3mg/mL, and dissolved Fru-2,6-P, with corresponding
concentration (18.75-150uM) were mixed with diluted PNKP and loaded into TY-C001
capillaries at room temperature. Thermal denaturation was conducted on the NanoTemper Tycho

machine and the first derivative of Asso/As3p was measured.

I.  PNKP biochemical activity assay

The activity of PNKP is measured using a fluorescent-based biochemical activity assay.
The fluorophore-labeled deoxyribonucleotide substrates are the same as oligos used in Kalasova
et al., which are: [5’-(TAMN)-TAGCATCGATCAGTCCTC-3'-P], [5'-OH-
GAGGTCTAGCATCGTTAGTCA-(6-FAM)-3], and the complementary strand [5'-
TGACTAACGATGCTAGACCTCTGAGGACTGATCGATGCTA-3"]. (Kalasova et al., 2019)
To prepare the substrate for the assay, equimolar amounts of oligos are mixed in the annealing
buffer (L0OmM Tris-HCI pH7.5, 200mM NaCl, 1mM EDTA) and annealed by adding the
microtubes into the 700mL boiling water and let it freely cool down to room temperature. For the
assay, 0.1ng of purified PNKP is incubated with 50nM substrates in 50uL reaction buffer (25mM
Tris-HCI pH7.5, 130mM KCI, 10mM MgClz, ImM DTT, 1mg/mL BSA) at 37 <C for 30 mins.
The reaction is quenched by adding an equal amount of quenching buffer (90% formamide,
50mM EDTA, 0.1% bromophenol blue). The mixture is heated on a 95<C heat block for 5 mins,

and 6uL of the mixture is separated on a 20% Urea-PAGE gel. The TAMRA fluorescence is

detected using the Typhoon FLA 9000 laser scanner.
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J. Microscale thermophoresis

Wild-type PNKP purified from the size exclusion column was firstly diluted to 10uM and
labeled with fluorescent dye using the Protein Labelling Kit Red-NHS 2" Generation
(NanoTemper). For the binding experiment, fluorescence-labelled PNKP was diluted with the
buffer containing Tris-HCI pH7.5, 150mM NaCl, 10mM MgCl», 0.05% Triton X-100, and 1mM
DTT. Fru-2,6-P; purified using the Q Sepharose Fast Flow was dissolved with the same buffer
and the concentration was determined using the PPi-PFK assay. Fru-2,6-P> with serial dilutions
was mixed with the indicated protein and incubated in darkness for 20mins. Mixtures were

loaded into MO-KO025 capillaries at room temperature.
K. Measuring Fru-2,6-P: levels in patient cortex samples

The front cortex of healthy people and SCA3 or HD patients were received from our
collaborators from UTMB. The PNKP activities of each patient’s cortex tissues were tested by
our collaborators. The Fru-2,6-P- level in the nuclear extract of samples was measured using the
PPi-PFK assay. 10mg of tissues were used to prepare the nuclear extract. Tissues were
resuspended with 5 tissue volumes of Buffer A (10mM HEPES pH7.4, 1.5mM MgCl,, 10mM
KCI, 0.5mM DTT, 1ImM NazVOs4, ImM PMSF, and 1:200 protease inhibitor cocktails), and 5
tissue volumes of Buffer B (10mM HEPES pH7.4, 1.5mM MgCl,, 10mM KCI, 0.5% NP-40,
1:200 protease inhibitor cocktails) were added immediately. Tissues were homogenized
immediately after buffer B was added. The homogenized samples were kept on ice for 10 mins.
The samples were then spun down at 600 x g for 10 mins, and the supernatants were collected as
the cytosolic fraction. The pellets were washed and spun down 3 times with 10 sample volumes
of Buffer A. The washed pellets were resuspended in 10 tissue volumes of Buffer C (20mM

HEPES pH7.4, 25% glycerol, 420mM NaCl, 1.5mM MgClz, 0.2mM EDTA, 0.5mM DTT, 1Mm
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PMSF, 1mM NazVOs, 1:200 protease inhibitor cocktails) and kept on ice for 1.5 hours with
routinely tapping every 30 mins. The samples were then spun down at 12500 rpm for 15 minutes,
and the supernatants were kept as the nuclear extracts. The concentration of Fru-2,6-P2 in nuclear

extracts was measured using the PPi-PFK assay as described above.
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1. Result
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Fru-2,6-P2 interacts with PNKP and enhances its activity

To study the interaction between PNKP and Fru-2,6-P2 | produced Fru-2,6-P> using a
biosynthetic route using purified PFKFB3, F6P, and ATP. To purify Fru-2,6-P>, | first followed
the methods used by Myers et al. which passes diluted reaction mixture through Q Sepharose
Fast Flow beads and step-elutes Fru-2,6-P» out at 350mM TEABC pH&8.5 (Myers et al., 2010).
The 350mM fraction I obtained was dried by SpeedVac and sent for the MS analysis. The MS
data showed a peak at the molecular weight of 340, indicating the presence of Fru-2,6-P2. Since
the Fru-2,6-P» we purified contains ADP and ATP, we also prepared the same reaction without
adding PFKFB3, and purify it with the same method. The eluted 350mM fraction is named

“Mock”, which contains a similar amount of ATP and possibly ADP but no Fru-2,6-P-.
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Figure 8: Production of F2,6P, and elution using the step gradient (100-350mM TEABC pH8.5).
(A). The ESI-MS analysis of the presence of F2,6P; in the 350mM fraction after the elution. (B).
Measurement of purified F2,6P; using the F6P assay kit.

To test the binding of Fru-2,6-P> with PNKP, we checked PNKP stability using the
NanoTemper Tycho instrument to determine whether PNKP stability is altered by Fru-2,6-P2 in a
buffer containing 25mM Tris-HC1 pH7.5, 150mM NacCl, and SmM MgCl,. NanoTemper Tycho
is a quick method to qualitatively measure the effect of a ligand on a protein, but quantitative

characterization is not provided by this method. The first derivative of the PNKP denaturation
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curve shows two peaks at 43 and 55 <C respectively, and the second peak is significantly
decreased with the presence of Fru-2,6-P>. However, a similar effect is also observed in Mock
with a lesser extent (Figure 9A). We hypothesized that the effect we observed from the mock is
contributed by ATP. To validate our hypothesis, I checked the PNKP stability with ATP and
found a similar effect on PNKP, and we purposed that the ATP contributes to the change in
PNKP stability we observed on Fru-2,6-P> purified from the batch (Figure 9B). Therefore, we
need to further purify Fru-2,6-P> to separate it from ATP in order to quantitatively characterize its

binding to PNKP.

0.006 1 —— CONTROL
—— Mock 250
—— F26BP 250
0.005

0.004

0.003 1

0.002 -

First derivative (ratio)

0.001 4

0.000 A

—0.001 4

T T T T T T
40 50 60 70 80 20

0.006 —— CONTROL
—— ATP 0.5 mM
—— ATP2mM

0.005 1 \
iR
0.004 1 I

0.003

\¢/ W
\ [ \\%\\ / \\
0.002 — A
\/ \\S\\/ A A
/ SV, - /
0.001 1 - /
\

0.000

First derivative (ratio)

B . Temperature [*C]

Figure 9: PNKP stability change with Fru-2,6-P2, Mock, and ATP. (A). Change of PNKP
denaturation with 250uM Fru-2,6-P> purified from step elution or the equal amount of mock. The
change in PNKP stability is shown as the change in the first derivative of 350/330nm. (B).
Change of PNKP denaturation profile with ATP.
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Figure 10: Detecting F2,6P2 in elution gradients of MonoQ GL5/50 column. (A). Elution of
ADP + ATP in mono Q column. (B). Elution profile of F2,6P in the fraction 350mM TEABC
pH8.5 and (C) F2,6P in each fraction was detected using the PPi-PFK assay and the presence of
F2,6P> is indicated with the increase in AAszaso.

29



To get purified Fru-2,6-P> free from ADP or ATP, I performed secondary purification
using the MonoQ GL5/50 column. To determine whether Fru-2,6-P> can be separated from ADP
and ATP with gradient elution method, I firstly passed 50uM ATP and ADP to determine the
peaks that ATP and ADP are eluted (Figure 10A). Next, I passed purified Fru-2,6-P, through the
MonoQ column and tested the presence of Fru-2,6-P> in each elution fraction using the PPi-PFK
assay. It is necessary to assay every fraction since Fru-2,6-P> does not absorb light unlike ATP
and ADP. Pyrophosphate-dependent phosphofructokinase (PPi-PFK) is an enzyme in plants that
converts F6P to F1,6P2 using pyrophosphates and it is activated by Fru-2,6-P2. PPi-PFK assay
measures increase in the conversion of F6P to F16BP by PPi-PFK with the presence of Fru-2,6-
P,. At a nanomole scale, the increase in the production of F16BP is linearly correlated with the
concentration of Fru-2,6-P2 (Schaftingen at al., 1982). The PPi-PFK assay showed that Fru-2,6-
P2 is eluted between following ADP but preceding ATP elution (Figure 10B-C). However, the
amount of Fru-2,6-P> we obtained from the MonoQ column was too low that we couldn’t use it
to detect the effect of Fru-2,6-P> on PNKP. To obtain a higher amount of Fru-2,6-P», | performed
one-step purification of Fru-2,6-P> with Q Sepharose Fast Flow using the gradient elution. After
the Fru-2,6-P> enzymatic reaction, | added glucose to 2mM with 1U hexokinase and incubated
the mixture for 5 minutes before quenching the reaction to remove excess ATP. Next, I directly
loaded the reaction mixture in a SmL prepacked Q Sepharose Fast Flow column and eluted the
fractions using the optimized gradient. With the newly optimized method, we successfully

separated Fru-2,6-P, from ADP and ATP (Figure 11A).
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Figure 11: PNKP phosphatase assay on fractions containing Fru-2,6-P2. (A) Fru-2,6-P, was
purified using the prepacked Q Sepharose Fast Flow column and eluted with the gradient.
Fractions containing Fru-2,6-P> (40-44) are indicated. (B)100uL Fractions containing Fru-2,6-P>

and three control fractions (18-20) were dried and their effect on PNKP phosphatase activity is
tested using the PNKP phosphatase assay. Bands representing 3°-OH and 3’-P are indicated.

Our collaborator used the 3*P-labeled phosphatase assay to show PNKP activity, and we
tried to use an alternative method to study how PNKP activity is affected by Fru-2,6-P». |
performed a PNKP biochemical activity assay using the fluorescent-labeled oligos. I tested
PNKP activity with fractions containing only Fru-2,6-P, and found that PNKP phosphatase
activity is enhanced by fractions containing purified Fru-2,6-P2, which is consistent with our

collaborator’s result (Figure 11B).
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Next, I used the purified Fru-2,6-P> to characterize its effect on PNKP using NanoTemper
Tycho. I measured the amount of purified Fru-2,6-P> using the PPi-PFK assay and examined its
binding to PNKP. PNKP denaturation profile also showed that pure Fru-2,6-P alters the thermal
stability of PNKP. The addition of Fru-2,6-P,> decreased the second peak in a dose-dependent
manner and is saturated after 75uM (Figure 12). To quantitatively characterize the binding of
Fru-2,6-P> to PNKP, I performed the microscale thermophoresis (MST) assay on PNKP with
Fru-2,6-P,. The MST assay shows that Fru-2,6-P> interacts with PNKP with an affinity of

19.1+3.8uM (Figure 13). Together, my results suggest that Fru-2,6-P> directly binds to PNKP

and activates it phosphatase activity.

Altogether, I was able to prepare and purify Fru-2,6-P> and confirmed its binding to
PNKP in vitro. Work done by our collaborator’s lab further confirmed that pure Fru-2,6-P> was

able to rescue PNKP loss of activity in cells devoid of PFKFB3.
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Figure 12: Effect of the pure Fru-2,6-P2 fraction dilutions on PNKP stability.
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Figure 13: Data analysis of the microscale thermophoresis of PNKP with Fru-2,6-P2. MST-
determined binding affinity is shown.
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Figure 14: Western blot showing that IKK?2 weakly binds to PNKP.
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Figure 15: Sequence homology between the known IKK2 substrates and PNKP (A) and
serine 280 and 284 in the crystal structure of murine PNKP showing that S284 is buried in the
interface.
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Characterizing IKK2 in vitro phosphorylation on PNKP

We are interested in whether IKK?2 plays a role in regulating PNKP. The in vitro pull-
down assay shows that IKK2 weakly binds to PNKP (Figure 14). Since IKK2 is a kinase and it
phosphorylates many proteins other than IkB proteins, we hypothesized that PNKP might be a
substrate of IKK?2. To validate our hypothesis, I ran the in vitro kinase assay with PNKP and

IKK?2 and found that IKK?2 phosphorylates PNKP in vitro (Figure 16).

+IKK2(100ng)

GST-IkBa
GST-IkBa(1- PNKP
54)AA (1-54) a (WT)
lpg lug 2ug 2pg

IKK2

S PNKP

Figure 16: 3*P-ATP in vitro kinase assay using 100 ng IKK2 with 1 ug of recombinant GST-
IkBa(1-54)*A, 1 or 2 ug of IkBa(1-54)%, and 2ug of wild-type PNKP.

To determine which site of PNKP is phosphorylated, we first read the sequence to find
the potential IKK2 phosphorylation motif. We identified Serine 280 and 284 as possible IKK?2
phosphorylation sites since the two serine residues with three amino acids in between are also

found in other motifs such as the IKK2 phosphorylation motif on IxBa (Figure 3; Figure 15A).
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However, the crystal structure of murine PNKP shows that Ser284 is contained in a B sheet and
is buried in the interface, which in principle should be the residue difficult to contact IKK2
resulting in less phosphorylation of this residue. Furthermore, if the phosphorylation occurs,
phosphorylated Ser284 should disrupt the local folding of PNKP (Coquelle et al., 2011). In
contrast, Ser280 is exposed and can be easily recognized by IKK2 or other kinases. To examine
whether Ser 280 and Ser284 are the IKK?2 phosphorylation sites or not, we mutated Ser280 to
glutamate (S280E), Ser284 to glutamic acid (S284E), and both to glutamate (S280E/S284E, or
EE) to construct the phospho-mimetic PNKP. The kinase assay on all three mutants shows low
phosphorylation by IKK?2 (Figure 17). This result strongly suggests that Ser280 and Ser284 are

the phosphorylation sites of IKK2.

WT PNKP alone
WT PNKP +IKK2
S284/280E+IKK?2

IKK2 alone
S284E+IKK2
S280E+IKK2

S284C+IKK2

< pIKK2
- =< pPNKP

S WT 284E 280E EE

-

Figure 17: In vitro kinase assay showing phosphorylation of wt and PNKP mutants (Top).
Protein quality and relative amounts are shown (Bottom).

-

To further characterize the phosphorylation of PNKP by IKK?2 in vitro, we made PNKP
S280A, S284C, and PNKP EC (S280E, S284C) to further study possible phosphorylation on

these sites. Interestingly, both PNKP S280A and S280C show a similar level of phosphorylation
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by IKK2 (Figure 18). However, when both sites are mutated to other residues (S280E, S284C),
the phosphorylation is abrogated (Figure 18). Moreover, mutating Ser284 to cysteine, an isosteric
amino acid that cannot be phosphorylated, shows slightly less phosphorylation by IKK2
compared with WT (Figure 17; Figure 18). These results further indicate that both Ser280 and

Ser284 can be phosphorylated by IKK?2.

His-IKK2 (100ng)
GST-IkBa(1-54)(pg) PNKP(ug)
AA | o WT | s280A | s280 | sa80c | EE | s28ac |  EC
2 | 1 | 2 2 | 2 | 2 | 2 | 2 | 2 | 2

™ . .Y 0 IKK2

-—. -
- - s

Figure 18: *P-ATP in vitro kinase assay on S280A, S280C, and EC, comparing with other
mutants.

To characterize the effect of phosphorylation on PNKP activity, Both I and my
collaborators tested phosphatase activity on PNKP mutants. My fluorescent-based phosphatase
assay shows that the phosphatase activity of PNKP S284E is severely abrogated compared with
WT. Using my PNKP S284E mutant, our collaborators observed the same effect (Figure 19A,
D). Interestingly, my collaborator showed that S280E has higher phosphatase activity than WT,
indicating that phosphorylation on S280 enhances PNKP activity, while phosphorylation on
Ser284 or both sites arrogated PNKP activity (Figure 19A-B). Furthermore, the phosphatase

activity of PNKP S284 mutants is all abrogated except the isosteric cysteine mutant (S284C),
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indicating that Ser284 is important to maintain the structural integrity of PNKP (Figure 19A-B).
Given that Ser284 is buried in the interface while Ser280 is exposed, it is possible that
phosphorylation on Ser280 plays a predominant role and activates PNKP activity at low IKK2
activity, while excess IKK?2 activity induced by factors such as chronic inflammation can cause
phosphorylation on PNKP Ser284, which kills its activity. Also, the addition of Fru-2,6-P»
restores the phosphatase activity of S284E in a dose-dependent manner (Figure 19C). This result
indicates that Fru-2,6-P> may participate in restoring the phosphatase activity of pS284 PNKP.
Together these results suggests that IKK?2 is a potential regulator of PNKP, and its cellular

activity may cause dramatic changes in PNKP activity.

I acknowledge Dr. Anirban Chakraborty for contributing the *>P-based phosphatase assay

in Figure 19 and the in vitro kinase assay in Figure 17.
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Figure 19: 3?P-based phosphatase activity of WT and PNKP S280 mutants (A) or S284 mutants
(B) and the effect of Fru-2,6-P> on PNKP S284E. (A). Lane 1: substrates only. Ln 2-5:
phosphatase activity with 1ng purified protein. (B). Ln 1: substrates only. Ln 2-7: phosphatase
activity with 1ng purified protein. (C). Phosphatase activity of 1ng WT (lane 2) and S284E with
different concentration (25-100uM) of Fru-2,6-P> (lane 3-7). (D). Fluorescence-based
phosphatase activity of PNKP WT and S284E.
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Table 1: List of Control and SCA3 samples.

Sample ID | Classification Tissue Type Nuclear [F26P2](pmol/mg wet tissue)
57 Control Frontal Cortex 4.167
409 Control Frontal Cortex 1.236
619 Control Frontal Cortex 3.391

1073 Control Frontal Cortex 4.167
1602 SCA3 Frontal Cortex 1.356
1549 SCA3 Frontal Cortex 2.046
1832 SCA3 Frontal Cortex 0.425
1930 SCA3 Frontal Cortex 1.667
Control vs SCA3

__5.000

g

8 4.000

g 3.000

o

£ 2.000

@]

E—, 1.000

% 0.000

fu: Control SCA3

Figure 20: Level of Fru-2,6-P: in nuclear extracts of Control and SCA3 patient frontal

cortexes.
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Table 2: List of Control and HD patients.

Nuclear [F26P2]
(pmole/mg wet

Sample PMI PNKP tissue)
ID Age | Sex | hrs | Classification | Tissue type activity
1.859
14 65 | M 24 Control Frontal cortex Robust
1.046
609 61 | M 24 Control Frontal cortex Medium
0.965
729 5 | M 12 Control Frontal cortex Robust
1.588
260 39 | M | NR Control Frontal cortex Robust
1.425
915 81 | M 14 Control Frontal cortex Robust
1.778
283 70 | M| 21 Control Frontal cortex Robust
1.236
1174 5 | M 7 HD Frontal cortex Abrogated
0.179
761 76 | M 16 HD Frontal cortex Abrogated
0.125
1017 65 | M 12 HD Frontal cortex Abrogated
partially 1.154
1122 70 | M 8 HD Frontal cortex abrogated
0.802
1333 58 | M 19 HD Frontal cortex Abrogated
0.748
927 53 | M | 22 HD Frontal cortex Abrogated
1.534
423 41 | M 7 HD Frontal cortex Abrogated
0.775
57 74 F 6 Control Frontal Cortex Robust
. 0.965
110 73 F 14 Control Frontal Cortex medium
0.531
1539 53 F 11 Control Frontal Cortex Robust
0.287
1459 72 F 10 HD Frontal Cortex | Abrogated
0.667
2241 68 F 25 HD Frontal Cortex | Abrogated
0.260
1232 61 F 6 HD Frontal Cortex | Abrogated
0.504
1298 49 F 13 HD Frontal Cortex | Abrogated
0.125
1071 44 F 7 HD Frontal Cortex | Abrogated
. 1.154
644 45 | M 22 Control Frontal cortex Faint
1.696
172 70 | M 15 Control Frontal cortex Medium
1.615
718 83 | M 28 Control Frontal cortex | not checked
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Table 2: List of Control and HD patients. (Continued)

0.775

1874 717 | M 4 Control Frontal cortex | Not detected
1.398

675 43 | M 21 Control Frontal cortex Medium
Partially 0.504
1024 68 | M 5 HD Frontal cortex abrogated '
Not 1.127

565 58 | M 8 HD Frontal cortex abrogated
Not 1.561

1876 717 | M 7 HD Frontal cortex abrogated
Not 1.967

52 81 | M 17 HD Frontal cortex abrogated
Not 1.290

383 43 | M | NR HD Frontal cortex abrogated
1.371

115 62 | M 9 HD Frontal cortex Abrogated
1.724

899 76 F 14 Control Frontal cortex | Not detected
1.669

409 48 F 5 Control Frontal cortex | Not detected
Minute 1.588

892 69 16 Control Frontal cortex activity
0.748

1508 56 NR HD Frontal cortex Abrogated
0.938

107 76 F 8 HD Frontal cortex Abrogated
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Figure 21: Fru-2,6-P: level in the nuclear extracts of control and HD patients. (A). Fru-2,6-
P> level in male control and HD with abrogated PNKP activity. (B). Fru-2,6-P> level in the male
control and HD without abrogated PNKP activity. (C). Fru-2,6-P> level in female control and HD

with abrogated PNKP activity.



Measurement of Patient Nuclear Fru-2,6-P2

The discovery that PFKFB3 and Fru-2,6-P; is involved in PNKP associated DNA repair
complex motivated us to find if abrogated Fru-2,6-P; level is associated with neurological
diseases. Both SCA3 and HD are neurodegenerative diseases with mutant proteins containing
expanded polyglutamine-rich regions. Our collaborators have established that ATXN3 binds to
PNKP and stimulates its activity, while mutant ATXN3 abrogates PNKP activity instead, which
causes accumulation of DNA damage and SCA3 pathology (Chatterjee et al., 2015; Chakraborty
et al., 2020). Since the PNKP activities in SCA3 and HD patients are low, we are interested in if
the nuclear Fru-2,6-P; level in patient brains are altered. Therefore, we aimed to determine the
level of nuclear Fru-2,6-P, in SCA3 and HD patients. We obtained four control and four SCA3
patients’ brain postmortem samples, and I measured the nuclear Fru-2,6-P> level in the Control
and SCA3 samples. The result shows that level of nuclear Fru-2,6-P; in the SCA3 patient
cortexes is approximately 50% lower comparing with control (Figure 20). The result indicates

that the reduced level of nuclear Fru-2,6-P» is potentially a factor in the SCA3 pathology.

For the HD sample, our collaborators tested PNKP activity on 21 HD patients and found
that 17 of them had abrogated PNKP activity (Table 2). I tested all control and HD samples and
found that the level of nuclear Fru-2,6-P> in male HD patients with abrogated PNKP is
significantly lower than the level in control, while the nuclear Fru-2,6-P> level in male HD
patients without abrogated PNKP activity is close to the level of control (Figure 21A-B). For the
female samples, female HD patients showed abrogated PNKP activity, which might be caused by
a smaller number of patients tested. We found that females have a slightly a lower level of
nuclear Fru-2,6-P> compared with males, and female HD patients also have lower level of

nuclear Fru-2,6-P> compared with female control (Figure 21C). Together, our results suggested
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that there is a strong correlation between the level of PNKP activity and nuclear Fru-2,6-P> level
in brains, and lack of nuclear Fru-2,6-P; is potentially a factor of neurodegenerative diseases

such as SCA3 and HD.
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IV: Discussion
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Although PFKFB3 is extensively studied for its role in cancer, most of the studies,
however, focus on how PFKFB3 is regulated, while its product, Fru-2,6-P», is rarely studied.
This is largely due to the stereotype that Fru-2,6-P> is an important regulator of PFK-1, which
makes its role beyond glycolysis less likely. Since the major function of PFKFB3 is producing
Fru-2,6-P, the function of PFKFB3 in cells is closely related to Fru-2,6-P>. Though previous
studies on the role of PFKFB3 in the homologous recombination pathway suggested that the
kinase activity of PFKFB3 is required for its role in the homologous recombination, the author
did not dig into how Fru-2,6-P plays a role in the process and studied the role of PFKFB3 as a

scaffold-protein-like function instead (Gustafsson et al., 2018).

My goals are to determine whether Fru-2,6-P, regulates PNKP phosphatase activity and
whether IKK2 is a possible regulator of PNKP. In the first part of my thesis, I produced and
purified F-2,6-P in vitro using the combination of enzymatic production and anion exchange
chromatography and quantified my purified product using the enzymatic assay. I showed that
Fru-2,6-P> directly binds to PNKP through microscale thermophoresis. To our knowledge, this is
the first time that Fru-2,6-P- is shown directly binding to proteins other than PFK-1, and the
second role of PFKFB3 in the nucleus besides its function in regulating cell cycles. Combined
with the role of PFFKB3 in homologous recombination, we established that PFKFB3 is a critical
enzyme in DNA DDSR. Besides my in vitro studies, I also shipped my purified Fru-2,6-P> to my
collaborators, who performed in vivo studies. They showed that Fru-2,6-P> enhances PNKP

activity in vivo, which rescues the DNA repair in siPFKFB3 cells.

In the second part of my thesis, I established that IKK2 phosphorylates PNKP in vitro,
and the phosphorylation sites are likely to be Ser280 and Ser284. Interestingly, phosphorylation

on either site has a distinct effect on its phosphatase activity. However, whether the IKK?2
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phosphorylates PNKP in vivo is yet to be known. The in vivo study is limited due to the different
localization of two proteins. While PNKP is a nuclear protein, IKK2 locates in the cytoplasm.
While papers are reporting that IKK?2 presents the nucleus in different conditions such as UV-
induced NF-kB activation, the mechanism of how IKK?2 enters the nucleus remains a challenging
question (Ear et al., 2005, Tsuchiya et al., 2010). Therefore, more in vivo experiments need to be
performed to determine the relation between IKK2 and PNKP. Since UV-irradiation induces
DNA damage with 3’-phosphate, one possible hypothesis is that IKK2 enters the nucleus upon
UV irradiation and phosphorylates PNKP, which regulates its activity. The most intriguing aspect
of PNKP phosphorylation is that whereas the phosphorylation at S280 enhances 3’-phosphatase
activity, phosphorylation at S284 completely abrogates its phosphatase activity. It is being
speculated that S280 phosphorylation maintains homeostatic function of PNKP which is to
correct DNA damages in basal state to maintain the genome stability when IKK2 activity is low.
On the contrary, Ser284 phosphorylation is the death signal. That is, when this serine is
phosphorylated, the cell cannot survive because of excessive DNA breaks. Perhaps, this occurs
when cells are under excessive oxidative stress when IKK2 activity is maximum. More studies

are needed to confirm or reject the model.

The discovery that PFKFB3 is a component of the DNA strand break repair complex,
prompted us to speculate that Fru-2,6-P> might play a role in DNA repair. Having established
that Fru-2,6-P> binds and activates PNKP and that PNKP activity in the brains of HD and SCA-3
patients was low, we wanted to measure Fru-2,6-P> levels in the brain extracts. I tested the Fru-
2,6-P> level in spinocerebellar ataxia 3 (SCA3) patients and found a decreased level of nuclear
Fru-2,6-P> compared with control samples. Moreover, I tested Fru-2,6-P> concentration in

Huntington’s Disease (HD) patients and found that those HD patients with low PNKP activity in
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their brain also contained lower Fru-2,6-P» levels. Our collaborators have found that in all
samples where Fru-2,6-P> levels are low, PFKFB3 levels are also low. In the case of HD, about
70% of patients exhibited low PFKFB3 and low levels of Fru-2,6-P>. These results suggest that
PFKFB3 might play an important role in neurodegenerative diseases. It’s noticeable that the
binding affinity we obtained from the in vitro MST assay is significantly lower than the
concentration of Fru-2,6-P> we obtained from the nuclear extracts of cortex samples, suggesting
that the interaction between PFKFB3 and PNKP might be necessary for enhancing PNKP
activity. It is also possible that in the presence of entire repair complex, the affinity of Fru-2,6-P>
for PNKP becomes higher. It is also possible that Fru-2,6-P> works in conjunction with another

ligand and the affinity is much higher when the other ligand is present.

There are still several important but unanswered questions that need attention: The cause
of neurodegeneration in the other ~30% of HD patients where PFKFB3 and Fru-2,6-P; levels are
normal needs to be determined. Although we found Fru-2,6-P> levels are low in SCA-3 samples
we tested, we tested only four samples due to the rarity of the disease. More SCA-3 samples
should be tested to conclusively suggest the fraction of SCA-3 patients affected due to low
PFKFB3/ Fru-2,6-P2. Another aspect to be investigated is the role of PFKFB3 in other
neurological diseases such as Alzheimer’s disease, Parkinson’s disease. Finally, it is intriguing to
think if its analogs can be used as therapy in cases where low levels of Fru-2,6-P; are linked to

the pathology.
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