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Abstract

The presence of uracil in DNA calls for rapid removal facilitated by the uracil-DNA glycosylase
(UNG) family of enzymes, which initiates the base excision repair (BER) pathway. In humans,
uracil excision is accomplished primarily by the human UNG (hUNG) enzymes. In addition to
BER, hUNG enzymes also play a key role in somatic hypermutation to generate antibody
diversity. hUNG has several isoforms, with hUNG1 and hUNG2 being the two major isoforms.
Both isoforms contain disordered N-terminal domains, which are responsible for a wide range of
functions, with minimal direct impact on catalytic efficiency. Subcellular localization of hUNG
enzymes is directed by differing N-terminal sequences, with hUNG1 dedicated to mitochondria
and hUNG?2 dedicated to the nucleus. An alternative isoform of hUNG1 has also been identified to
localize to the nucleus in mouse and human cell models. Furthermore, hUNG2 has been observed
at replication forks performing both pre- and post-replicative uracil excision to maintain genomic
integrity. Replication protein A (RPA) and proliferating cell nuclear antigen (PCNA) are
responsible for recruitment to replication forks via protein-protein interactions with the N-
terminus of hUNG2. These interactions, along with protein degradation, are regulated by various
post-translational modifications within the N-terminal tail, which are primarily cell-cycle
dependent. Finally, translocation on DNA is also mediated by interactions between the N-terminus
and DNA, which is enhanced under molecular crowding conditions by preventing diffusion events
and compacting tail residues. This review summarizes recent research supporting the emerging
roles of the N-terminal domain of hUNG.
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1. Introduction

Uracil is a prevalent non-canonical base in the human genome, resulting from spontaneous
hydrolytic deamination of cytosine or misincorporation of deoxyuridine monophosphate
(dUMP) by DNA polymerases (Lindahl 1993; Andersen et al. 2005; Chon et al. 2019). Each
day, an estimated 60-500 cytosine deamination and up to 10,000 dUMP misincorporation
events occur per genome (Krokan et al. 2002; Sire et al. 2008). The steady-state level of
uracil in the genome is influenced by the efficiency of DNA repair, with base excision repair
(BER) being the primary repair pathway and mismatch repair (MMR) being a backup.
Unrepaired uracil in DNA is mutagenic, resulting in G:C to A:T transitions during DNA
replication (Krokan et al. 2002). On the other hand, mutagenic processing of genomic uracil
residues generated by AID/APOBEC cytidine deaminases plays an important role in
adaptive and innate immunity, B-cell lymphomagenesis, and contributes to mutation
signatures of many human cancers (reviewed in Krokan et al. 2014).

Critical to the processing of uracil from DNA are the human uracil-DNA glycosylase
(hUNG) enzymes. hUNG enzymes are the primary UNG enzymes responsible for uracil
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excision in humans (Slupphaug et al. 1995; Schormann et al. 2014). hUNG searches and
cleaves the uracil residue from DNA and initiates the BER pathway (Krokan et al. 2014).
hUNG also plays a key role in somatic hypermutation to generate antibody diversity,
supported by the association of missense mutations in the UNG gene with hyper-IgM
syndrome type V, a type of immunoglobulin (Ig) deficiency (Imai et al. 2003). The catalytic
domain of hUNG enzymes, which is responsible for the excision process itself, has been
extensively researched and discussed (Parikh et al. 2000; Krokan et al. 2001; Visnes et al.
2009; Schormann et al. 2014). However, focused reviews of the also-important disordered
N-terminal domain are absent in the literature. This article focuses on the various functions
of the hUNG N-terminal domain in subcellular localization, replicative repair, protein-
protein interactions, protein turnover, and translocation on DNA. For kinetic aspects of the
lesion search and recognition by UNG enzymes, please refer to excellent reviews (Zharkov
et al. 2010; Esadze and Stivers 2018).

2. Subcellular Localization

A single nuclear human UNG gene of 13.5 kb encodes two main isoforms, hUNG1 and
hUNG?2, as a result of two separate promoters and alternative splicing (Slupphaug et al.
1993; Haug et al. 1996; Nilsen et al. 1997). While the 269 amino acid catalytic domain is
conserved, the two isoforms contain differing N-termini sequences, which prompt their
differential subcellular localization (Fig. 1) (Nilsen et al. 1997; Otterlei et al. 1998). In the
absence of binding partners, the N-terminal region is largely unstructured (Rodriguez et al.
2020). Residues 1-92 make up the N-terminus of hUNG2, which contains a nuclear
localization signal comprised of positively charged residue clusters (K and R residues),
rendering hUNG?2 the primary uracil-DNA glycosylase enzyme in the nucleus (Slupphaug et
al. 1995; Otterlei et al. 1998). N-terminal residues 1-35 of hUNGL1 replace residues 1-44 of
hUNG2, with the remaining 48 N-terminal residues being conserved (Nilsen et al. 1997).

Although hUNG1 had been considered strictly mitochondrial, emerging research has shown
that the unique sequence allows for dual localization of different variants of hUNG1 (Nilsen
et al. 1997; Sarno et al. 2019). The N-terminus of hUNG1 residues 1-83 contains both a 29-
amino acid amphiphilic helix, which acts as a mitochondrial targeting signal (MTS), and
positively-charged residues of a nuclear localization signal (Bharati et al. 1998; Sarno et al.
2019). This allows for mitochondrial and nuclear variants of hUNG1, which facilitate uracil
excision within both compartments. Upon entering mitochondria, hUNG1 is primarily
cleaved between residues 29 and 30 by a mitochondrial processing peptidase (MPP) (Sarno
et al. 2019). However, two minor forms lacking 75 and 77 N-terminal residues have also
been reported (Fig. 1) (Bharati et al. 1998). Being the only known mitochondrial uracil-
DNA glycosylase, hUNGL1 plays an important role in retaining genomic integrity in
mitochondria, though more research into the mitochondrial functions is necessary.

The identification of a novel, unprocessed isoform of hUNGL1 in the nucleus of mouse and
human cells has led to a better understanding of its properties and functions (Sarno et al.
2019). The variant has a higher molecular weight relative to its mitochondrial counterpart
and constitutes approximately 25% of the total nuclear UNG in mouse B lymphocyte cells
(Sarno et al. 2019). The nuclear UNG1 isoform assists in processing genomic uracil in
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mouse and human cells, though at a lower rate than hUNG2 (Sarno et al. 2019). In hUNG2-
knockout cells, uracil levels increase significantly; however, the presence of the nuclear
hUNG1 variant decreases the total genomic uracil levels by 5-fold compared to double
knockout cells, indicating that the nuclear variant of hUNGL1 plays a redundant role in
removing uracil residues in the nuclear genome (Sarno et al. 2019). Comparably, the total
uracil levels in mouse B lymphocyte UNG1- and UNG2-knockout cells were similar to those
in wild-type cells (Sarno et al. 2019). With hUNG2 being most abundant in proliferating
cells, the reduced uracil excision of hUNG1 may be the lack of the proliferating cell nuclear
antigen (PCNA) binding motif for increased recruitment to replication machinery or the
absence of upregulation during S-phase, as discussed in later sections. Aside from removing
genomic uracil, hUNGL1 also supports class switch recombination (CSR) in mouse B-cells
(Sarno et al. 2019), in which hUNG2 has been considered as a major player previously
(Conticello 2008). During antibody maturation in B-cells, hUNG2 cleaves AlID-induced
uracil to form AP sites destined for further processing in a mutagenic manner (Conticello
2008). This latter function of the nuclear hUNG1 isoform may be linked to its ability to
physically interact with replication protein A (RPA) (Sarno et al. 2019), considering the
presence of the RPA-binding motif in all three isoforms and the essential role of RPA in
CSR (Chaudhuri et al. 2004). The lack of the PCNA interacting motif and the ability to
interact with RPA have led to the proposed function of the nuclear hUNGL1 isoform being
dedicated to uracil in ssSDNA or ssDNA-dsDNA junctions (Sarno et al. 2019), although this
proposal remains to be tested explicitly. Nonetheless, the overlapping roles of hUNG1 and
hUNG?2 in the nucleus may prove advantageous during periods of elevated nuclear uracil.

3. hUNG at Replication Foci

hUNG?2 initiates BER in replicating DNA in order to retain genomic integrity during
replication. h(UNG2 is most abundant in proliferating cells, and cellular assays have detected
it in replisomes behind active replication forks for initiation of BER (Haug et al. 1998; Marit
Otterlei, Emma Warbrick, Toril A.Nagelhus, Terje Haug, Geir Slupphaug, Mansour Akbari,
Per Arne Aas, Kristin Steinsbekk, Oddmund Bakke 1999; Bjoras et al. 2017). In UNG null
mice, an increased level of genomic uracil was detected in proliferating cells; however, only
a slight increase in spontaneous mutation frequency was observed (Nilsen et al. 2000). In
order to facilitate replicative repair, hUNG2 is several-fold upregulated in early to mid S-
phase (Marit Otterlei, Emma Warbrick, Toril A.Nagelhus, Terje Haug, Geir Slupphaug,
Mansour Akbari, Per Arne Aas, Kristin Steinsbekk, Oddmund Bakke 1999; Visnes et al.
2009). The high catalytic turnover of UNG enzymes also makes them suitable for uracil
excision during replication, allowing them to keep up with replication machinery (Visnes et
al. 2009). Indeed, hUNG2 has been shown to be a component in a multiprotein complex
isolated from the nuclei of human cycling cell, with the complex containing most of the
essential components of BER and is thought to be readily recruited to the lesion site during
replication (Parlanti et al. 2007). hUNG2 association at replication forks is regulated and
enhanced by protein-protein interactions involving the N-terminal tail. It is probable that a
ternary complex forms at replication foci containing PCNA, RPA, and hUNG2, based on
binding affinity assays (Weiser et al. 2017). The binding of hUNG?2 to replication machinery
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by PCNA and RPA recruitment allows for pre- and post-replicative repair of DNA within the
nucleus.

Pre-replicative Repair

hUNG2 performs pre-replicative uracil excision at replication forks to ensure the fidelity of
the replicative DNA polymerases. The N-terminus of hUNG2 directly interacts with DNA at
ssDNA-dsDNA junctions, and a lack of the N-terminus results in reduced uracil excision
activities at junction sites (Weiser et al. 2018). The N-terminal tail is targeted to SSDNA at
5’-overhangs adjacent to the parental dSDNA, where it removes uracil near the sSDNA-
dsDNA junction (Weiser et al. 2018). Furthermore, binding of hUNG2 to ssDNA-dsDNA
junctions results in ~30-fold enhanced excision activity for uracil located 9-bp from the
junction site and 5-fold enhancement for uracil positioned 33-bp from the junction site when
compared to the catalytic domain alone (Weiser et al. 2018). This enhancement is due to the
increased affinity for ssSDNA at replication foci, which is 6-fold greater with the N-terminus
included relative to the catalytic core alone (Weiser et al. 2018). The N-terminal tail also
allows for a strong preference for ssDNA at physiological concentrations of Mg2*, which
could potentially assist in its localization (Kavli et al. 2002). Additionally, in the case of a
single uracil residue at ssDNA-dsDNA junctions, the position of the uracil does not affect
excision activity; however, when multiple lesions are present, the N-terminus (in the
presence of 5’-ssDNA overhangs) facilitates preferential targeting of uracil closest to the
junction site (Weiser et al. 2018). The N-terminus, which has more conformational
flexibility than that of the catalytic domain, can also orient hUNG2 bound to 5’ overhangs,
which allows for excision of uracil in the 3’-5’ direction relative to the overhang (Buchinger
et al. 2018; Weiser et al. 2018).

In order to increase association at replication forks for pre-replicative excision, the N-
terminus of hUNG2 interacts with trimeric RPA. RPA has a high affinity for ssDNA and
binds to 3’- or 5’- overhangs, subsequently recruiting hUNG?2 to stalled replication forks for
removal of uracil (Weiser et al. 2018; Weiser 2020). The association between hUNG2 and
RPA enhances the affinity for DNA at replication foci and obviates the need for hUNG2 to
diffuse to active replication forks from bulk solution (Weiser 2020). The affinity of hUNG2
for RPA-bound junction DNA is 4.5-fold greater than that of DNA substrate alone (Weiser
2020). Residues 66—88 of the N-terminus, which form an induced alpha helical
conformation upon binding to RPA, predominantly interact with the winged-helix of the
RPA32 subunit, which is separated from the RPA DNA binding domain by a flexible 32
amino acid linker (Mer et al. 2000; Weiser 2020). Similar to the effects of the N-terminal
tail, hUNG2 bound to RPA preferentially excises uracil closer to the junction site (Weiser et
al. 2018). However, when bound to RPA, hUNG2 excision is limited to the length of the
flexible linker, which extends further from the junction site (Weiser 2020). Thus, excision of
uracil within 30 base pairs of sSSDNA-dsDNA junctions is enhanced in the presence of RPA,
while excision beyond 30 base pairs is significantly decreased, with a 6-fold higher
selectivity for uracil residues located at 21 bp rather than 45 bp from the junction (Weiser et
al. 2018; Weiser 2020). Uracil excision kinetic assays further support the above findings and
show enhanced excision activity when hUNG2 is in complex with RPA (Weiser et al. 2018;
Weiser 2020). Assays containing an RPA-bound ssDNA-dsDNA junction substrate with a 5’
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overhang, and a uracil located 21-bp from the junction site, showed up to a 17-fold
stimulation in uracil excision compared to the tailless UNG control (Weiser 2020). With
RPA, uracil excision is enhanced by ~4- to 6-fold with 5’ overhangs and up to 14-fold with
3’ overhangs (Weiser 2020). A model has been proposed where the flexible linker of RPA32
may position hUNG?2 such that it can excise proximal uracils near 3" or 5" junction
overhangs. This mechanism may be relevant for processing sSDNA behind replicative
polymerases for post-replicative repair of dsSDNA (Weiser et al. 2018).

RPA variants lacking the RPA32 winged-helix still interact with the N-terminus of hUNG2,
suggesting the existence of multiple interacting sites between the two proteins. Experiments
with different truncated forms of RPA show that hUNG2, with the binding site lying within
residues 20-91, can bind another site of trimeric RPA within either its DNA binding core or
flexible linkers (Weiser 2020). Enhancement of hUNG2 affinity for junction sites facilitated
by the secondary interaction is 10-fold weaker than that with wild-type RPA, but still 2-fold
greater than hUNG?2 alone, based on binding assays (Weiser 2020). Uracil excision assays
show a 3- to 4-fold increase in excision activity compared to solutions lacking RPA, even
when the concentration of RPA is less than the DNA substrate (Weiser 2020). hUNG2 bound
to the RPA variants can also act on DNA at further lengths from the DNA binding core than
seen with wild-type RPA, with uracil excision occurring at lengths of 45-bp compared to 30-
bp with the winged-helix (Weiser 2020). The role and binding location of the second RPA-
binding site are unknown and require further investigation.

3.2. Post-replicative Repair

hUNG2 plays a critical role in removing incorporated uracil residues in post-replicative
DNA repair. The N-terminus of hUNG2 contains a PCNA binding motif (PIP-box)
consisting of residues 4-11 (Fig. 1), which assists in targeting hUNG2 to replication forks
by binding to one of the three interdomain connecting loops of homotrimer PCNA (Ko and
Bennett 2005; Weiser et al. 2017). This binding suggests that UNG2 is localized to newly
replicated DNA for rapid removal of uracil resulting from dUMP misincorporation during
replication (Buchinger et al. 2018; Sarno et al. 2019). Additionally, BER at replication forks
containing PCNA switches to long-patch repair, likely as a result of PCNA interacting with
the DNA polymerases involved in repair (Parlanti et al. 2007). Disruption of the PCNA
binding motif greatly impairs the recruitment of hUNG2 to replication foci, though
localization still occurs by means of the N-terminus or recruitment by RPA (Torseth et al.
2012). PCNA loaded on DNA substrates stimulates hUNG2 catalytic activity up to 2.6-fold,
as shown in /n vitro uracil excision assays (Ko and Bennett 2005). PCNA stimulation
increases in the presence of replication factor C (RFC) and ATP, which are utilized in
loading PCNA onto the DNA substrate (Ko and Bennett 2005). Molecular crowding agents,
which may include the replication machinery, have also been shown to increase the order of
PCNA-binding motif of hUNG2, which may enhance association with PCNA (Rodriguez et
al. 2020). A single PCNA homotrimer has also been observed to bind to an average of two
hUNG2 enzymes; therefore, it is possible that multiple hUNG2 molecules are recruited to
replication forks to perform rapid post-replicative BER (Ko and Bennett 2005).

DNA Repair (Amst). Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Perkins and Zhao Page 7

4. Post-translational Modifications of the N-terminal Domain

PTMs play an important role in regulating BER, primarily through their effects on protein-
protein interactions and enzyme degradation. hUNG undergoes 30 reported PTMs, including
phosphorylation, ubiquitylation, and acetylation, with many PTM sites located in the N-
terminus of both isoforms (Hornbeck et al. 2015). Using two-dimensional SDS-PAGE
followed by mass spectrometry analysis, a stepwise phosphorylation pattern has been
identified at S23, T60, and S64 of hUNG2 in HelLa cells (Hagen et al. 2008).
Phosphorylation of hUNG is facilitated by cyclin-dependent kinases and cyclins (D’Errico et
al. 2017). Presumably, phosphorylation proceeds from the N-terminus to the C-terminus,
although phosphorylation of S23 is not a prerequisite for subsequent modification (Hagen et
al. 2008). hUNG?2 expression is upregulated in late G1-phase and early S-phase, and down-
regulated in late S-phase and G2-phase (Hagen et al. 2008). In early S-phase, most of the
hUNG?2 is unmodified or monophosphorylated (S23) (Hagen et al. 2008; Weiser et al. 2017).
At the end of S-phase, phosphorylation also occurs at T60 and S64, with the amount of the
di- and triphosphorylated forms dominant in late G2-phase.

With respect to the known binding motifs of hUNG2 with PCNA and RPA, S23, T60, and
S64 are adjacent to but outside these motifs (Fig. 1). Nevertheless, biochemical and cellular
studies have revealed the effects of phosphorylation at these residues on protein-protein
interactions. For example, the phospho-mimicking variant (S23D) of hUNG2 results in a
greater affinity for RPA and replicating chromatin, whereas hUNG2 variants T60D and
S64D reduce the affinity for RPA (Hagen et al. 2008). On the other hand, none of the variant
forms of hUNG markedly alter the binding to PCNA as compared to the wild-type protein,
based upon unaffected localization to nuclei and replication foci in HeLa cells expressing
these variants transiently. Protein semisynthesis, the assembly of a protein from a
combination of synthetic and recombinant fragments (Thompson and Muir 2020), has been
used to prepare native phosphorylated forms of hUNG?2 to investigate the effects of
phosphorylation. For example, within the PCNA-binding motif (residues 4-11, also known
as the PIP-box motif), there are three sites for phosphorylation: T6, Y8, and S9.
Phosphorylation at T6 and Y8 has been shown to inhibit PCNA binding, based on binding
affinity assays (Weiser et al. 2017). Phosphorylation of Y8 within the PCNA-binding motif
has a greater inhibitory effect than T6 for PCNA binding (Weiser et al. 2017), and is the
most prevalent PTM within the entire enzyme (Hornbeck et al. 2015). Therefore,
phosphorylation at the PIP-box motif could potentially facilitate the dissociation of hUNG2
from dsDNA (enhanced by PCNA) and its association with ssDNA (enhanced by RPA).

The effect of phosphorylation on the catalytic activity of hUNG2 has been implicated from
enzyme kinetic analysis using phospho-mimicking variants (Table 1) (Hagen et al. 2008;
Weiser et al. 2017). Compared to wild-type hUNG2, three variant forms (S23D, S23D/
T60D, and S23D/T60D/S64D) showed elevated A,5-and K}, values, with varying extents for
different proteins (Hagen et al. 2008). The catalytic efficiency (k ./ K;;) stays unaltered
overall, with the exception of the S23D/T60D/S64D variant exhibiting an approximately
30% increase relative to wild-type hUNG2. Similarly, the K78Q variant, an acetylation
mimic of hUNG2, shows no change in the enzymatic activities relative to wild-type hUNG2
(Bao et al. 2020). An S12C variant and proteins with phosphorylated residue pT6 (UV-
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induced phosphorylation of T6 has been observed /in vivo) or pY8 also show catalytic
activity comparable to the wild-type enzyme (Lu et al. 2004; Weiser et al. 2017). Therefore,
PTMs of the N-terminal domain have minimal effects on the uracil excision kinetics of
hUNG2, although the modifications may affect the glycosylase activity via protein-protein
interactions (Weiser 2020).

hUNG2 turnover is dependent on the PTMs in the N-terminal tail, with phosphorylation and
acetylation signaling for ubiquitylation and subsequent protein degradation. In late G2-
phase, the level of the triphosphorylated form (S23D/T60D/S64D) of hUNG2 dominates
over the mono- and di-phosphorylated forms (Hagen et al. 2008). Site-directed mutagenesis
experiments support the role of the sequence encompassing T60 and S64 in hUNG?2 as a
phosphodegron (Hagen et al. 2008). Roscovitine, a protein kinase inhibitor, prevents hUNG2
degradation, further implicating the role of phosphorylation in protein degradation (Fischer
et al. 2004). Following the formation of the triphosphorylated form (the phosphodegron),
another form has a higher molecular weight, suggesting that ubiquitylation follows
phosphorylation in the late G2-phase (Hagen et al. 2008). Supporting this notion, assays
involving proteasome degradative activity inhibitors identify a ubiquitylated form of hUNG2
(Fischer et al. 2004). Therefore, the triphosphorylated form (S23/T60/S64) of hUNG2 is
thought to direct ubiquitylation and proteolytic degradation (Hagen et al. 2008).
PhosphoSitePlus reports four ubiquitylation sites in the N-terminus, with K78 being the
most common site of ubiquitylation within the entire enzyme (Hornbeck et al. 2015).
Recently, acetylation of hUNG2 (primarily at K78) has been shown to facilitate its
degradation via interactions with UHRF1 (Ubiquitin Like With PHD And Ring Finger
Domains 1), a type E3 ubiquitin ligase (Bao et al. 2020). Supporting the role of E3 ubiquitin
ligases in hUNG2 degradation is the observation of scaffolding proteins cullin 4A (CUL4A)
and cullin 1 (CUL1) during human immunodeficiency virus type 1 (HIV-1) Vpr-induced
degradation of hUNG2 (Schréfelbauer et al. 2005; Schrofelbauer et al. 2007). ROS-induced
deacetylation of hUNG2 by class I or 1l histone deacetylases (HDACs) then prevents
interactions between UHRF1 and the hUNG2 N-terminus, and confers cancer cell resistance
to HoO»-induced cytotoxicity (Bao et al. 2020). Therefore, it has been proposed that HDAC
inhibitors can be used to induce a synergistic killing effect during cancer treatment by
promoting hUNG2 degradation resulting from PTMs of the N-terminus (Bao et al. 2020).
Exploring novel approaches involving modulating the level and activity of hUNG2 in cancer
treatment is a promising area of research.

5. N-terminal Domain of hUNG Facilitates Translocation on DNA

Similar to other DNA glycosylases, hUNG2 searches for uracil by two methods of facilitated
diffusion: DNA sliding and hopping (Fig. 3). Sliding, also referred to as associative
translocation, involves hUNG2 binding to DNA and “sliding” along the major groove to scan
for lesions (Schormann et al. 2014; Rodriguez et al. 2017). While sliding, hUNG2 is
transiently bound to DNA as it diffuses past the ion cloud (Schonhoft et al. 2013). Hopping,
also referred to as dissociative translocation, involves hUNG2 dissociating from the DNA
strand and reassociating at another site (Schormann et al. 2014; Rodriguez et al. 2017).
Hopping allows hUNG2 to bypass protein-bound regions of DNA, which would otherwise
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disrupt translocation when sliding (Esadze and Stivers 2018). In order to search efficiently
for lesions, hUNG2 utilizes both modes of diffusion.

The N-terminal tail plays an important role in enhancing the translocation of hUNG2 on
DNA, especially under molecular crowding conditions. Contact between DNA and the N-
terminal tail, which increases under molecular crowding conditions, allows for efficient
sliding by preventing diffusion into the bulk solution. Wild-type hUNG2 sliding is 3-fold
greater than that of the catalytic core alone, as evidenced in translocation assays (Rodriguez
et al. 2017). The addition of the crowding agent polyethylene glycol 8000 (PEG8K)
increases the sliding range and site transfer probability of hUNG2 even further (Rodriguez et
al. 2017). The transfer probability is defined as the fraction of hUNG2 molecules that excise
one uracil site followed by translocation and excision of the other uracil in the same DNA
molecule without diffusing into the bulk solution (Schonhoft and Stivers 2012). Uracil traps
are utilized to determine the rate of sliding from the total rate of translocation (Fig. 3)
(Schonhoft and Stivers 2012). In such an assay, data show that under conditions lacking
molecular crowding, hUNG?2 sliding is abolished, indicating that hopping dominates under
such conditions (Rodriguez et al. 2017). However, with PEG8K and uracil traps in solution,
the translocation efficiency occurring at 20-bp spacing is about 68% of that in the absence of
the trap (Rodriguez et al. 2017). The overall probabilities of sliding at the 20-bp spacing are
40% for wild-type hUNG2 and only 10% for the catalytic domain, supporting the role of the
N-terminus of hUNG?2 in facilitating sliding (Rodriguez et al. 2017). Similar effects of
hUNG2 have also been demonstrated in human cells (Esadze et al. 2017). In human cells
transfected with fluorescent DNA, hUNG?2 translocates (both sliding and hopping) across
10-bp with a probability of 100% (Esadze et al. 2017). The likelihood decreases to 54% with
40-bp and 10% with 80-bp spacing, both higher than those observed in the in vitro assays
(Esadze et al. 2017). At 40-bp spacing, there is a probability of ~8% that sliding will occur
and 46% that hopping will occur (Esadze et al. 2017). Even with crowding conditions in
human cells, the major method of DNA translocation is hopping, particularly in cases of
larger spacing between uracil (Esadze et al. 2017). Therefore, sliding is primarily observed
with short lengths of DNA (<10 base pairs), the range of a helical turn, but this still allows
for scanning of more than a single base pair (Porecha and Stivers 2008). In addition, the
hopping mechanism of DNA translocation also shows a 35% increase for hUNG2 enzymes
containing the N-terminal tail, and an additional 13% increase in the presence of crowding
agents, for a total of 48% increased lesion search by hopping (Dey and Bhattacherjee 2019).
The amplified hopping is a result of molecular crowding preventing hUNG2 from fully
diffusing into the bulk solution when transferring to another site on the DNA strand
(Cravens et al. 2015; Esadze and Stivers 2018). By means of the N-terminal tail and
molecular crowding, hUNG?2 translocation on DNA is significantly increased compared to
the catalytic domain alone.

Mechanistically, the crowding agents surround hUNG2 and confine it to the DNA ion cloud,
reducing diffusion events (Esadze and Stivers 2018). Such effects are not unique to hUNG
and have also been demonstrated with human 8-oxoguanine DNA glycosylase (hOGG1)
(Esadze and Stivers 2018). The 92-amino acid N-terminal domain of hUNG2 interacts with
ssDNA and dsDNA weakly and nonspecifically only in the presence of PEG8K, with Ky
values being 23 uM and 10 uM, respectively (Rodriguez et al. 2020). Presumably, volume
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exclusion collapses the N-terminus in order to favor a more compact enzyme-substrate
complex, which enhances association with DNA and overshadows negative effects of salt
ions in the nucleus (Esadze et al. 2017; Rodriguez et al. 2017; Rodriguez et al. 2020). Such
properties support the role of the N-terminus in modulating the DNA-binding activity of
hUNG. NMR chemical shifts show the primary points of conformational changes within the
N-terminal tail lie between residues S67 and A68 and within residues 84-89 at the C-
terminus of the helix, though the remainder of the N-terminus is required for full DNA
binding affinity (Rodriguez et al. 2020). The junction of the extended coil region lies
between S67 and A68 and the RPA-binding helix, allowing for conformational flexibility
(Rodriguez et al. 2020). S67 is also a site for serine phosphorylation, which may negatively
impact conformational changes needed for DNA binding (Rodriguez et al. 2020).
Furthermore, molecular dynamic simulations suggest the role of positively-charged residues
5-19 and 73-88, particularly R76, K78, R84, and R88 of the RPA-binding motif, in
facilitating nonspecific and electrostatic interactions with DNA (Dey and Bhattacherjee
2019; Rodriguez et al. 2020). Overall, the effects associated with the N-terminus under
crowding conditions (PEG8K) result in a 5-fold higher A.;: and a 4-fold lower Ky, as
measured by steady-state analysis (Rodriguez et al. 2017). The N-terminal tail, protein
conformational plasticity, and crowding agents act synergistically to facilitate the diffusion
of hUNG in a crowded environment.

6. Conclusions and Future Perspectives

The N-terminal tail of hUNG enzymes directs and assists in their enzymatic functions within
the cell. By means of signal sequences within the domain, hUNG enzymes are located to the
nucleus and mitochondria, though overlapping N-terminal sequences result in dual
localization of hUNGL1 (Sarno et al. 2019). In order to prevent mutagenic processing,
hUNG?2 initiates BER at replication foci in pre- and post-replicative processes (Weiser et al.
2018; Weiser 2020). hUNG2 and nuclear hUNGL1 also function in mutagenic processing of
uracil residues in Ig diversification in activated B-cells (Sarno et al. 2019). Localization at
replication forks is enhanced by association with RPA and PCNA, with these interactions
being modulated by certain types of PTMs within their respective binding motifs (Ko and
Bennett 2005; Hagen et al. 2008; Weiser et al. 2017; Weiser 2020). Aside from protein-
protein interactions, N-terminal PTMs also regulate protein turnover, with phosphorylation,
acetylation, and ubiquitylation likely involved in its degradation (Hagen et al. 2008; Bao et
al. 2020). Additionally, the N-terminal tail enhances association with DNA and translocation
across it in the search for uracil (Esadze et al. 2017; Rodriguez et al. 2017). This effect
increases further in the presence of molecular crowding agents such as those present in the
nucleus, which compact the N-terminal tail and decrease diffusion into the bulk solution
(Rodriguez et al. 2020). Overall, investigating the N-terminus provides mechanistic insights
into the complex DNA repair processes initiated by hUNG enzymes and its modes of
regulation.

Many of the known PTMs of hUNG enzymes lie within the N-terminal tail. For hUNG2, it
carries 19 out of the 29 reported PTMs; in hUNGL, it carries 9 out of the 19 reported PTMs
(Bao et al. 2020). As discussed, these PTMs have roles in regulating the functions and
degradation of hUNG enzymes. Modulating N-terminal PTMs to increase the degradation of
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hUNG2 may be a novel strategy for cancer therapy. Specifically, HDACs counter ROS
treatment by deacetylating hUNG2 and preventing protein degradation following UHRF1
ubiquitylation, which ultimately increases cancer cell survival (Bao et al. 2020). Treating
cancer cells with therapeutics that include HDAC inhibitors may be utilized to allow
deacetylation of hUNGZ2, increase its turnover, and prevent repair of ROS-induced uracil
incorporation within DNA (Bao et al. 2020). N-terminal phosphorylation events may also
represent a step in the degradative process for further investigation (Hagen et al. 2008).
Additionally, PTMs may modulate DNA substrate specificity of hUNG enzymes via protein-
protein interactions. Interactions with PCNA and RPA can be modulated by PTMs within
their respective N-terminal binding motifs (Torseth et al. 2012; Weiser et al. 2017). For
example, phosphorylation of T6 and Y8 have been shown to exert inhibitory effects on the
binding of hUNG2 to PCNA, and an Arg88Cys variant of hUNG2 also shows impaired RPA
binding (Torseth et al. 2012; Weiser et al. 2017). Importantly, PCNA slides along dsSDNA
while RPA hinds to ssDNA, recruiting hUNG enzymes to their respective substrates (Weiser
et al. 2017). By modulating these protein-protein interactions through PTMs, the substrate
specificity and thus, the roles of hUNG enzymes (replicative repair, antibody maturation,
etc.) might be altered. Therefore, it is important to understand the relative abundance of
different PTMs, their dynamics, and their biological effects in each hUNG isoform. Use of
modern quantitative proteomic approaches is likely expected to answer these questions.

The discovery of the nuclear hUNGL1 raised additional questions regarding this isoform. It is
clear that hUNG1 can compensate for the loss of hUNG2 in uracil removal and CSR in
mammalian cells (Sarno et al. 2019); however, whether nuclear hUNG1 functions in a
specific biological context remains to be explored. For example, it has been proposed that
the nuclear hUNG1 can be specialized in uracil cleavage in ssDNA-dsDNA junctions by
interacting with RPA (Sarno et al. 2019). Although the presence of hUNG2 in BER
complexes was reported, whether nuclear hUNGL is present in such complexes has not yet
been tested.

The division of labor among the different uracil-DNA glycosylases remains an intriguing
question. While other UNGs exist in humans, including SMUGL1, TDG, and MBD4, their
lower catalytic rates or different substrate specificities make them inadequate to fulfill the
functions of hUNG enzymes (Kavli et al. 2005; Doseth et al. 2012). For instance, SMUGL,
which is the second major uracil-DNA glycosylase in mammalian cells, has been shown to
participate in uracil excision, but does not fully compensate for the loss of UNG enzymes
(Kavli et al. 2005; Kemmerich et al. 2012; Dingler et al. 2014; Alsge et al. 2017). In UNG-
deficient mice (UNG ™), SMUGL is the major contributor to the residual genomic uracil
excision, significantly decreasing uracil levels compared to double knockout cells (UNG
~/~SMUGI "), though a modest increase in uracil levels is still observed in multiple tissue
types (Alsge et al. 2017). Furthermore, uracil excision activity is abolished on single-
stranded uracil substrates in mouse UNG-knockout cells, even in the presence of SMUG1
(Alsge et al. 2017). This is consistent with studies on UNG-deficient mice displaying
inhibited CSR and SHM, which occurs on ssDNA substrates, resulting in reduced lifespans
and substantially increased development of B-cell lymphomas (Nilsen et al. 2003;
Kemmerich et al. 2012; Alsge et al. 2017). Human patients exhibiting hUNG deficiency or
mutations also show severely impaired CSR and altered SHM, with SMUG1 and other
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uracil-DNA glycosylases again falling short (Imai et al. 2003; Kavli et al. 2005). Such
defects of hUNG cause hyper-IgM syndrome (HIGM), which is an immunodeficiency
disorder triggering a susceptibility to bacterial infections and lymphoid hyperplasia, among
other symptoms (Imai et al. 2003; Kavli et al. 2005). With ssDNA being ~100-fold more
prone to deamination, along with its importance in antibody maturation following AID-
induced deamination, abolishing uracil excision from ssDNA is problematic (Kavli et al.
2007). However, the nuclear variant of hUNGL1 is able to conduct CSR and SHM with the
same efficiency as hUNGZ2, suggesting its presence as a potential alternative (Sarno et al.
2019). The conserved N-terminal RPA-binding motif also allows for increased association
with ssDNA substrates (Sarno et al. 2019). Sharing multiple nuclear functions, substrate
specificity, catalytic rates, and the N-terminal RPA binding motif makes the nuclear variant
of hUNGL an ideal backup enzyme to hUNG2. Additional research is required to fully
elucidate the respective contribution of uracil DNA glycosylases within the nucleus.
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Figure 1.

N-terminal amino acid sequences of hUNG1 nuclear and mitochondrial variants and
hUNG2. Binding motifs are shown in yellow and labeled with their respective interacting
proteins, i.e. proliferating cell nuclear antigen (PCNA) and replication protein A (RPA).
Isoform-specific residues are shown under brackets. The primary mitochondrial processing
peptidase (MPP) cleavage sites is denoted between residues 29 and 30, and minor MPP
cleavage sites are shown between residues 75 and 76 and 77 and 78. Conserved catalytic
domain residues are labeled as CD at the C-terminus. Post-translational modifications
(obtained from Hornbeck et al. 2015 and Bao et al. 2020) are shown above corresponding
residues with the following labels: red as acetylation, orange as ubiquitylation, and blue as
phosphorylation.
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Graphical representations of pre- and post-replicative repair at replication forks. (A) hUNG2
is depicted interacting with the 5’ overhang at sSDNA-dsDNA junction sites, where it
initiates pre-replicative BER of parental DNA with specificity for uracil closer to the
junction site. The winged helix of RPA32 is shown bound to the RPA-binding motif of
hUNGZ2, where it initiates either pre-replicative BER of parental DNA or ssDNA, or it
initiates post-replicative BER following replicative polymerases. (B) The PCNA interdomain
connecting loop (IDCL) is shown bound to the PCNA-binding motif (PIP-box) of hUNG2,
where it initiates rapid post-replicative BER following replicative polymerases. Other

proteins involved in replicative machinery are not shown.
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Figure 3.
Graphical representation of hUNG?2 translocation on DNA by hopping (the dissociative

pathway) and sliding (the associative pathway). Uracil trap assays are represented by an
abundance of uracil (U), which prevents hUNG2 from translocating via hopping, essentially
deactivating the enzyme and leaving only translocation by sliding. For details, see Schonhoft
and Stivers 2012.
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Table 1.

Enzyme kinetic parameters of wild-type and variant hUNG2. Data are from (Weiser et al. 2017) and (Hagen et
al. 2008).

Enzyme Substrate  Keae (MiN7Y) Ky (MM) koK (Min~t pM~1)  Relative efficiency (Keat/Km)variant/(Keat/Km)wt

wild-type dsDNA 449 1 449

S23D 870 18 483 1.07

$23D/T60D 641 14 458 1.02

$23D/T60D/S

64D 726 1.2 605 1.35

wild-type ssDNA 663 0.05 13300

$23D 1981 0.14 14200 1.07

$23D/T60D 1141 0.09 12700 0.96

S23D/TE0D/S 1360 0.11 12400 0.93

64D

wild-type dsDNA 636 + 68 0.7+02 900 + 280

s12C 546 + 36 0.6+0.1 900 160 1.0+0.36

pT6 585 + 74 0.7+0.3 800 370 0.9 +0.50

pY8 687 + 58 0.8+02 900 +230 1.0+ 0.40
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