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Abstract

DNA serves as a detailed blueprint for cellular functions, but continuous exposure to
damaging agents poses a threat to genomuc stability, especially through DNA double-strand breaks.
Cells utilize two mamn repair pathways, non-homologous end jommng (NHEJ) and homologous
recombination (HR), to mutigate this nsk. Ubiquitylation, a widespread cellular process, 1s vital
for DNA damage repair, involving the attachment of ubiquitin to proteins. This mechanism relies
on E2 conjugating enzymes and E3 ligases, particularly RING E3 ligases, which target substrates
and activate E2 enzymes for ubiquitin transfer. The E2 ubiquitin conjugating enzyme Ubc13, along
with its binding partner Mms2, construct ubiquitin chains with distinctive lysine 63 (K63) linkage.
These chams are responsible for recnuting downstream DNA repair proteins. Another notable
RING E3 ligase, RINF138, plays a crucial role in ubiquitylating target protems to promote HR.
Here we investigate Ubc13 and RINF138. Ubc13 has been implicated in several different cancer
pathways. A new structure of Ubc13 revealed a novel conformation of its active site pomting
towards a dynamic active site loop. We suggest that distinctive structural characteristics of the
active site loop of Ubcl3 may serve as a foundation for the rational development and design of
targeted Ubcl3 inhibitors. We characterized two compounds, one which showed covalent
reactivity with Ubc13’s active site, but also inhibited a mutant of Ube13 which resembles other E2
conjugating enzymes, suggesting 1t 1s a non-specific inhibitor. The second compound, a small
frapgment, 15 believed to non-covalently bind to Ubcl3's active site, selectively inhibiting the
wildtype form of the enzyme. We suggest that this small molecule fragment represents a promusing
starting pomnt for developing next-generation mhibitors. Our studies confinued characterizing
RNF138, a RING E3 ligase, also implicated in disease pathways. We first characterized the DNA
binding of RNF138, which showed strong preference for long single stranded 3" and 5 DNA
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overhangs. AlphaFold2 structural modeling unveiled an overall flexible architecture, with N-
termunal domains, mcluding the RING domain and the first zinc finger, crucially mvolved mn E2-
ubiquitin coordination. Finally, we characterized the regulation of RNF138. We showed RNF138
1s ubiquutylated at K158 and phosphorylated by CDK2, and ATM kinase at residues T27, and S124
respectively. Interfering with the three post-translational modifications sigmificantly dimimishes
RNF138's capacity to facilitate HR Overall, our study provides significant insights into the
mechamsm underlying the essential roles of the E2 enzyme Ubcl3 and the RING E3 ligase

RENF138.
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B_, Pfeifer, T. A, Mcdermott, M. T, Ussher, J. R_, Hobman, T. C_, Glover, J. N. M_, and Hubbard,
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Chapter 1 — Introduction



1.1 Types of DNA Damage and Links to Human Health

Deoxyribonucleotide (DNA) serves as the genetic blueprint, encoding essential
information for cellular function. Cells depend on an intact genome for nonunal function, but
genetic integnity 1s constantly challenged by endogenous and exogenous damagimng agents, both of
which are estimated to contribute to 10° DNA damage events per cell per day’~. The barrage of
endogenous DNA damaging sources can arise from metabolic processes which may produce
reactive metabolites or oxygen species (ROS), DNA replication error and stress, and the presence
of water as a solvent may lead to hydrolysis®. Exogenous sources of DNA damage can range from
ultraviolet light (UV), chemotherapies, and ionizing radiation (IR)’. DNA damage can manifest in
different forms: misrepaired, or nusincorporated DNA bases from replication errors or stress, base,
and sugar modification from reactive metabolites, inter and interstrand crosslinks generated from
chemotherapeutics, and single-strand or double-strand breaks from i1omzing radiation. If DNA
lesions persist or are repaired erroneously sites of DNA damage can lead to genomic instability
highlighted by chromosomal abnormalities, and mutations leading to cell cycle arrest and cell
death, or mutations which overtime give rise to cancer*. Cells have evolved an intricate network
of signalling pathways to sense DNA damage and repair it in a timely matter preventing cell death

Or Cancer.

1.2 DNA Damage Response

As mentioned above DNA damage can manifest in a variety of ways. The DNA damage
response or DDR, 1s the network of proteins responsible for detecting DNA damage, recruiting
factors, and repairing the lesions* Reactive oxygen species (02" ") from metabolic processes can
react with mtric oxide (NO), which 1s mvolved in neurotransmission, immune system function,

and vasodilation to form peroxymitrite (ONOz) which can lead to DNA base oxidation and strand
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breaks®®. The modified bases can be repaired via base excision repair pathways (BER). Reactive
species can also form bulky base adducts disrupting the DNA helical structure by blocking Watson-
crick base painng. Tobacco carcinogens, more specifically polycyclic aromatic hydrocarbons can
react and form bulky adducts, and the persistence of bulky adducts have been found to be highly
mutagenic’. Furthermore, the formation of bulky base adducts can be caused by UV rays forming
pyrimudine dimers, which if unrepaired can lead to DNA strand breaks. These DNA modifications
are typically repaired via nucleotide excision repair (NER)®. In addition to the mentioned DNA
damage response pathways (BER. and NER), other mechanisms include mismatch repair (MMR),
the Fancom anema (FA) pathway, translesion DNA synthesis (TLS), non-homologous end jomning
(NHEJ), and homologous recombimation (HR)*. The MMR mechanism operates on DNA
mismatches and DNA replication-dependent insertion/deletion loops®. For the repair of DNA inter-
strand crosslinks, the FA pathway is activated'®. TLS functions as a bypass mechanism_ facilitating
the continuation of DNA replication despite base damage by mterchanging polymerases, followed
by subsequent repair'!. HR and NHEJ are two distinct DDR pathways utilized for the repair of
DNA double-strand breaks (DSBs), each functioning in different stages of the cell cycle* To align

with the primary focus of this thesis, only HR. and NHEJ will be explored in greater detail.

1.3 DNA Double Strand Breaks

DNA DSBs occur when both strands of the DNA duplex are severed on the phosphodiester
backbone broken creating DNA lesions close in space. Regardless of the source, DNA DSBs are
among the most dangerous DNA lesions, dnving chromosomal translocation, genomic instability
and may lead to cancer or cell death!>?*_ Additionally, faulty DSB repair pathways contribute to
various disorders involving developmental, immunological, and neurological pathways!'** DSBs
can anse from pathological exogenous sources, such as IR which can directly 1omze DNA,
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damaging the bases, or cleaving the backbone or indirectly by 1omzing water molecules producing
hydroxyl radicals'>. Furthermore, they can arise from the exposure to topoisomerase poisons'®.
Topoisomerase enzymes play a role in relieving the topological strain caused by processes like the
winding and unwinding of DNA duplexes during DNA replication. These enzymes create breaks
in the DNA strands to alleviate torsional strain, and then reconnect the ends to restore the continuty
of the DNA molecule. Inhibitors of topoisomerases, such as camptothecin (CPT), interfere with
the re-ligation step, preventing the reconnection of DNA ends and leaving topoisomerases bound
to DNA contamning a single-strand break. If a DNA replication fork encounters a single-strand
break stabilized by CPT, 1t halts and the replication fork collapses, resulting in the generation of a
one- or single-ended DSB'®!". Endogenous sources such as single strand breaks related to ROS
DNA damage, can escalate to DSBs if the lesions are within proximity and on opposite strands'®.
Additionally, unrepaired DNA lesions when encountered by DNA replication forks trigger
replication fork collapse'*'5'® Indeed, spontaneous DSBs may arise from programmed cellular
processes, which 1s the case during meiosis. At the first meiotic division, DSB repair 1s necessary
for comrect chromosomal segregation, which in turn generates gametes with different allele
combinations from the parent germ line". The two main pathways responsible for the detection
and reparr of DSBs are non-homologous end joimng (NHEJ) and, homologous recombination
(HR)*. The choice between the two main pathways is cell cycle dependent’®. NHEJ can typically
function 1n all stages of the cell cycle but 1s most active in Gap 1 (G1) phase in the cell cycle where
eukaryotic cells are growing and is the phase in between cell division and DNA replication'’. NHEJ
1s an efficient DNA repair pathway that can act i as little as half an hour and does not requure a
template strand to ligate the breaks. Instead the two ends flanking the break are directly ligated

together’®. While it is a practical process, NHEJ is considered error-prone due to the lack of



homology in ligating the DNA ends which may lead to chromosomal translocation, due to the
DNA ends being fused to different locations within the genome*!%!%?!_ Furthermore, chemically
mismatched DNA ends (3" phosphate group and a 5° hydroxyl) which are not suitable for ligation
may require additional enzymatic processes that may lead to msertions, deletions, or substitutions
at the break”>. HR repair pathways are homology driven, and rely on a donor sequence, which is
usually the sister chromatid from newly replicated cellular genome* This reliance on homology
restricts HR. mechamisms to be active within the synthesis phase (S) and post synthesis and in
between cell replication and cell division, Gap 2 phase (G2)'**!. Although HR is not as efficient
as NHEJ (~ 7 hours), the need for HR machinery to sift through the genome and find a homologous

region to repair the DSB makes it a less error prone pathway*"32!.

1.4 DSB Repair via Homologous Recombination

HR begins with the rapid recruaitment of Ku (Ku70/80) as the Ku heterodimeric protein 1s

abundant throughout all cell cycles, and binds DNA tightly>-** (

Figure 1.1). In addition to Ku, the MRN complex (Mrell, RADS50 and Nbs1) and ataxia-
telangiectasia mutated (ATM) are also recrmted. Mrell m the MRN complex has endo- and
exomuclease activity and 1s active in the presence CtBP mteracting protemn (CtIP) which 1s
phosphorylated by ATM when recruited”. The C{IP-MRN complex then carries out short range
3°- 5" end resection through its Mrell subumit generating a single stranded region which favours
HR and displaces Ku and prevents further binding of NHEJ proteins, making DNA end resection
a key step in determining pathway choice®’. Longer range DNA processing enzymes DNA2,
and EXO1 are further recnuted which mitiate 5°—3” DNA end resection to generate single stranded
DNA (ssDNA) 3° overhang®'*"_Replication protein A (RPA) filaments are then recruited to protect

the DNA ends, followed by the recrmtment of RADS51, which eventually replaces RPA with the
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help of PALB2 (partner and localizer of BRCA?) and BRCA? (breast cancer gene 2) proteins. This
mvolves disrupting the bond between RPA and single-stranded DNA (ssDNA) while promoting
the association of RADS1 with ssDNA”. RADS1 oligomers initiate strand invasion on a sister
chromatid scans a homologous region allowing for DNA synthesis by DNA polymerases, followed
41321

by annealing and ligation completing the repair process

1.5 DSB Repair via Canonical Non-Homologous End Joining

The 1mtial critical stage of non-homologous end joimng (NHEJ) involves the association
of the damaged DNA ends with the scaffold protein Ku heterodimer™-* (

Figure 1.1). Structurally, the Ku70/80 heterodimer forms a ring-shaped DNA binding
domain capable of accommodating two DNA double-strand turns, and its binding activity protects
DNA ends from endonuclease activity’'. Subsequently, a DNA-dependent serine/threonine protein
kinase catalytic subumt (DNA-PKcs) 1s recruited to the damaged sites upon interaction with DNA-
bound Ku?®. This complex facilitates the close proximity and stabilization of the broken DNA ends
to facilitate further processing, and its autophosphorylation signals recruitment of down stream
factors mnvolved in DNA end processing. Given the unplanned and undesired nature of DNA
breaks, these resulting ends often cannot be directly rejomned. Several reparr factors, including
polynucleotide kinase/phosphatase (PNKP) and Artenus, are believed to participate in the repair
of these irregular DNA ends?®. The remaining gaps are then filled in by p and A polymerases. The
ligation of the ends together is carried out by the DNA ligase IV, XRCC4, and XLF complex®*.
Additionally, an alternative pathway known as alternative non-homologous end jomning (A-NHEJ)
exists as a backup or alternative, particularly in cases involving mutated or absent classical NHEJ
factors. A-NHEJ utilizes the MRN complex, XRCC1, and PARPI1 to create microhomology

regions on the broken DNA ends through nucleolytic degradation, followed by the formation of
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short complementary regions’. Polymerase B can then fill in the gaps, and ligation can occur via

ligase I or IIT*!.

i

— 3
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IXRCC4XRCC4 -
3 P —RAD52

Figure 1.1. Major Pathways of DSB repair.

Left panel: In NHEJ, Ku protein 1s rapidly recruited to DSB, followed by DNA-PKces recriutment
and autophosphorylation. Polynucleotide kinase 3’phosphatase (PNKP), Artenus, and
polymerases are then recruited. PNKP 1s able to repair non-ligatable ends contaiming 5°0OH or 3'P
and Arterms has nuclease activity. X-ray repair cross-complementing protemn 4 (XRCC4) and
XRCC4-like factor (XLF) are recruited and act as scaffolds, as DNA hgase 4 ligates the DNA ends.
Right panel: HR. Ku and the MRN complex are both recruited independently to DSB, followed by
ATM recruitment and activation. MRN then carries out 3°-5 end resection displacing Ku. ATM
phosphorylates and recrmts CtIP followed by the recruitment of exonuclease-1 (EXO-1) and
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DNAZ2, and extensive 5’-3° end resection. RPA filaments bind ssDNA overhangs for protection,
followed by recruttment of BRCA1 and BRCA? which replace the filaments with RADS51. RADS1
scans and mitiates strand invasion on a sister chromatid with RADS52, and polymerases synthesize
the nucleotides in an error free manner.

1.6 Posttranslational Modifications and DSB Signaling

Extensive evidence suggests that DNA repair effectiveness and timeliness are regulated
through reversible post-translational modifications (PTMs)**~*. These modifications involve the
addition or removal of small chemical groups (such as methyl, acetyl, phosphoryl, adenosimne
diphosphate or proteins like ubiquitin) to biomolecules by specific enzymatic processes. These
mechamsms, such as conjugation (for example, methylation, phosphorylation, ubiqutylation) and
deconjugation, act as molecular toggles that synchromze the functions of various proteins, both
near and far to DNA damage sites and happen rapidly in a response to DNA lesions> ~°. PTMs are
known to facilitate interactions between proteins, regulate enzymatic functions, nfluence protein
localization within cells, and target proteins for degradation®—*. A cascade of PTMs is triggered
upon DSB detection, the two mamn PTMs we discuss m our work are phosphorylation and
ubiquitylation.

Phosphorylation involves the conjugation of a phosphoryl group onto serine, threomine, or
tyrosine residues imparting a negative charge which can mediate or prevent protein-protein
mteractions by affecting binding affimties or introducing conformational changes m target
proteins’’. Kinases transfer phosphoryl groups on to proteins, and phosphatases catalyze their
removal. Phosphatidylinositol-3 kinase-related kinases (PIKKSs), a major fanuly of kinases, play
key roles in DSB response mainly: DNA-PKcs, ATM, and ATR. (ataxia telangiectasia-mutated and
Rad3-related)***". Remarkably, a similar feature of PIKK enzymes is their size, all of which are
within 280-480 kDa*_ Additionally, they are serine/threonine kinases, and the kinase domains are

much more like phosphatidylinositol 3-kinase fanmly than other serine/threonine kinase domains,
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but interestingly, all evidence points towards specificity of PIKK to protein targets, over lipid*’.
DNA-PKcs is involved in the coordination of NHEJ (section 1.4)*%*°. ATM is an essential kinase
which phosphorylates histone H2 A vanant H2?AX on residue Ser139 (also known as YH2AX) upon
its recruitment after MRN complex detects the DSB, triggening a cascade of protein recrmtment
and amplifying the signalling far from the DSB*. Additionally, ATM phosphorylation of
checkpomt kinase 2 (CHK2) and p53, activates certamn cell programs in response to DSB, mainly
leading to cell cycle arrest in G1 phase, and preventing programmed cell death (apoptosis)™®*!.
ATR 1s a kinase activated mainly by UV-induced damage, or ssDNA coated by RPA complexes,
such structures arising from helicases and polymerases during DNA replication or during HR
respectively’®*?. The phosphorylation of checkpoint 1 (CHK1) by ATR slows cell cycle
progression and assists in resolving replication stress*>. Cyclin-dependent kinases (CDKs) are key
kinases that control transitions in the cell cycle**. The accumulation of CDKs at specific cell cycle
phases, and their activation by binding to their regulatory subumits, the cyclins, tngger progression
through the cell cycle stages****_ The progression through S, G2, and mitotic phases are triggered
by the phosphorylation activity of CDK2 and CDKI1*. Furthermore, CDK- dependent
phosphorylation events ensure HR can proceed during S/G2 by phosphorylating DNA end
resection proteins such as Mrel1, Nbs1, CtIP, activating HR and DNA end resection®’. Ubiquitin
(Ub) 1s a signaling protemn utilized by cells. One of the uses of Ub 1s protein recnutment and
amplification of DSB signaling when Ub 1s transferred to proteins on chromatin. Ubiqutylation 1s
the focus of our work and therefore 1s further reviewed in detail in section 1.6.

The cascade of PTMs extend beyond the actual repair of DNA DSB and contribute to the
amplification of signalling many DNA bases downstream and upstream of DSB*. Furthermore,

several types of PTMs simultaneously participate i regulation. A key pathway exemplifying the



crescendo of PTMs starts when the MRN complex detects a DSB, and ATM 1s recruited,
phosphorylating the histone H2A, becoming y-H2AX*?4¢0(Figure 1.2). This facilitates the
assembly of a large adaptor protein, MDC1, which binds yH2AX via its BRCT**>?_ Subsequently,
MDC1 undergoes two crucial phosphorylation events. The first phosphorylation, mediated by
casein kinase 2 (CK2), involves the modification of Ser-Asp-Thr motifs that facilitate binding
interactions with Nbsl, a component of the MRN nuclease complex™ The second
phosphorylation, carmed out by ATM kinase, enables the recrmtment of RNF8 through its
phospho-protein binding FHA domain®®**-** RNF8, an E3 ubiquitin ligase, forms Lysine-63 (K63)
linked polyubiquitin (polyUb) chains with the Ubc13/Mms2 E2 heterodimer>*®. These ubiquitin
chains likely target an umdentified substrate, leading to the recruitment of RNF168, which
amplifies the K63 chains through its ubiquitin-interacting motifs (UIMs)*®. Once recruited,
RNF168 collaborates with the E2 enzyme UbcH5c¢ to monoubiquitinate listones H2A/H?AX on
K13-15"%%"_ The resulting ubiquitylation of H2A at K15 (H2AK15ub) serves as a docking site for
53BP1, potentially favoring non-homologous end joming (NHEJ) over BRCA1-mediated repair
pathways®!_ Additionally, the extended K63 chains generated by the cooperative activity of RNF8
and RINF168 recruit RAP80 via its UIMs which in turn facilitates the recritment of ABRAXAS]1

and BRCA1, promoting homologous recombination (HR)%-5*.
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Mins2

33BP1 — NHE

Figure 1.2. DNA DSB signal amplification via PTM cascade.

When DNA damage occurs, a signaling cascade primarily regulated by ATM 1s set in motion. This
process entails the ubiquitylation of nearby histones through the actions of RNF8/RNF168, in
addition to various other post-translational modifications. Depending on the cell cycle phase, the
initial pathway can result in erther homologous recombination (HR) repamrr, which occurs
exclusively during the S/G2 phases, or non-homologous end joimng (NHEJ), involving BRCA1
or 53BP1, respectively.
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1.7 Cellular Ubiquitylation:

Ubiquitin, a 76 anuno acid signaling protein, 1s highly conserved and found across all life
forms and compared to other PTMs (methylation, acetylation, phosphorylation) its size makes it
unique allowing for a wider range of signaling activity®>%_ Ubiquitin s highly stable, adopting P -
grasp fold (four stranded P -sheet curls around a central alpha helix, and a flexible 6 residue C-
terminal tail)®*(Figure 1.4). Ubiquitin can be transferred onto a substrate lysine and conjugated
via its C-termunal carboxylate tail forming an i1sopeptide bond resulting in monoubiquitinated
substrate®5"_ A substrate can be monoubiquitylated on one site, or monoubiquitylated on multiple
sites. In addition to monoubiquitylation of substrates, polyubiquitin chains can form through the
successive conjugation of ubiquitin molecules on a substrate forming i1sopeptide bonds via its
seven lysines (K6, K11, K27, K29, K33, K48, K63) and its N-terminal methionine (M1)® (Figure
1.4A). The polyubiquitin chamns can form homogenous (ubiquitin connected via K48 only), linear
(K63), mixed and branched polyubiquitin chains (K11/K48)%(Figure 1.4D). A remarkable
number of genes in the human genome encode the ubiquitin system: two E1 ubiquitin activating
proteins (E1), ~40 Ubiquitin conjugating enzymes (E2), and greater than 700 ubiquitin ligases (E3)
genes, accounting for around 5% of human protein-coding genes®-®_Initially, in the first stage
E1 adenylates the carboxy-termunus of Ub (Gly76), activating it for the formation of a thioester
linkage to the active-site Cysteine (Cys) of E1%65°(Figure 1.3). Subsequently, Ub is transferred
from E1 to the active-site Cys of an E25-%° Interestingly, the linkage between subsequent ubiquitin
molecules within a chain 1s determined by the specific E2 involved in the reaction. Finally, the
E2, often working in conjunction with an E3, coordinates the creation of an isopeptide bond
between the carboxy-terminus (C-termunus) of ubiquitin and a lysine e-amino group on a target
protein®*®%  Through a step-by-step approach, polyubiquitin chains are formed through
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successive rounds of the E1-E2 steps facilitated by E3. In this process, the C-termunus of the donor
ubiquitin molecule 1s linked to a lysine residue on an acceptor ubiquitin instead of the lysme
residue on the substrate (target) proten®. A more in-depth look at the various chain types of
ubiquitin 1s demanded to gain insights into just how effectively nature has made use of

ubiquitylation, to regulate and transnut information i the cell.
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Figure 1.3 Ubiquitylation Cascade
Ubiquutylation of a substrate occurs in a step-by-step process mvolving E1-E2-E3 ubiquitlyation

cascade targetting substrate lysines to form isopeptide bonds. Synthesis of polybubiqutylation
1volves retterative process targetting lysine residues on the ubiquitin tethered to the substrate.



PolyUb chamns are specifically recogmzed by ubiquitin bmding domains (UBDs) in
proteins that recognize the different topologies and conformations of polyUb%-"° Recently,
ubiquitin has been found to be modified by phosphorylation and acetylation, which adds another
layer of complexity to ubiquitin signaling”. Furthermore in the last several years, ubiquitin
linkages to residues other than lysine on substrates have been identified”.

The two extensively studied types of ubiquitin chamns mvolve ubiquitin lysme 48 (K48),
which serves as the canonical signal for proteasomal degradation, and K63 which has non-
degradative roles, implicated n DNA damage response (DDR) and NF-«xB immunological
signalling®-">"_ However, various types of ubiquitin chains have been detected in studies of
eukaryote orgamisms (Figure 1.4D). Linear M1 chains are essenfial for activating the NF-xB
pathway through NF-«xB essential modulator (NEMO) recognition and binding via the ubiquitin-
binding in ABIN and NEMO (UBAN) motif, which was found to bind linear ubiquitin chains™ "
K29-linked chains participate in proteasomal degradation and innate immunity responses’®’". K6-
linked chains participate in DDR and mitochondrial homeostasis™. Additionally, K11-linked
chains were originally thought to target substrates for proteasomal degradation, but 1t was found
that K11-linked chains are poor substrates of the proteosome’. More recently K11-linked chains
have been mmplicated m formung the anaphase-promoting complex cyclosome (APC/C),
contributing to cell cycle regulation, additionally participatng in DDR, and protemn
stabilization™". K33-linked chains have been implicated in regulating protein-protein
interactions, immune response, and cellular trafficking processes™. The activity of K27-linked
chains has remained ambiguous but more recently has been implicated in DDR. pathways. It has
been proposed that two E3 ligases are mvolved in the formation of K27-lhinked chains within cells.

RNF168, a RING E3 ligase, has been documented to catalyze the assembly of K27-linked
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ubiquitin chains on histones H2A and H2A X within cellular contexts, aligns with the established
functions of RNF168, particularly in response to DNA damage’™® These chains have been
observed to facilitate the recruitment of DNA damage repair factors, such as p53 binding protein
1 (53BP1), to sites of DNA damage®™. Emerging insights into the functions of mixed and branched
polyubiquitin chains have further revealed complex signalling functions. K11/K48 branched
polyUb chains for example, strengthen ubiquitin signalling emanating from substrates and function
as proteasomal priority signals in cell cycle and protein quality control pathways’®. Recent
proteomic studies have revealed the covalent modification of ubiquitin by phosphorylation and
acetylation, and the first studies into the physiological relevance of the modifications only came
about in 2014 Eleven phosphorylation sites were discovered on ubiquitin in proteomic screens
(Figure 1.4B). The most well studied site 1s the phosphorylation at S65 on ubiquitin which has
been implicated in mitophagy signalling®'-*?. Ubiquitin phosphorylation by protein kinase 1
(PINK1), a well studied protein linked to Parkinson’s disease, was shown to act as a recruitment
platform for Parkin (an E3 ligase which accumulates in response to mutochondnal damage, and
PINK1 signalling), and autophagy adaptors which begin the process of mitophagy®.
Phosphorylation on S65 changes the structure of ubiquitin, and more importantly the surface
potential due to the negative nature of the phosphate group and these alterations are thought to be
recognized by Parkin and other unknown proteins driving mitophagy’*#1-%2_ Ubiquitin acetylation
occurs at the same lysine residues which typically would form polyubiquitin chams, therefore
acetylation competes with ubiquitin chain formation, impacting the overall shape and architecture
of polyubiquitin chains® (Figure 1.4C). K6, and K48 acetylated ubiquitin have been observed in
cells, but acetylation occurs on other lysine residues as well. Acetylation of K6 and K48 appears

to affect the ability of the ubiqutylation machinery to transfer ubiquitin onto substrates. Notably,
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acetylated ubiquitin has been found on histone proteins, specifically K6, K48 acetylated ubiquitin.
An acetyl memetic mutation of K6Q stabilized monoubiquitinated histone H2B7%%*_Acetylases of
ubiquitin are yet to be characterized and further charactenization i1s required. In the most recent
years, evidence of ubiquitin chains forming on substrate residues other than lysine residues have
emerged”'. For instance, the ubiquitylation of threonine by the human E3 ligase MYCBP2 has
been observed, where the ubiquitin 1s linked to the threonine via an ester linkage rather than the
canonical isopeptide linkage®® . Additionally, evidence of ubiquitylation of non-protein
molecules, such as the ubiquitylation of ADP-ribose (ADPR) has been observed. RING E3 ligase
DELTEX3L mteracts with the ADP-ribosyltransferase PARP9, indicating a potential link between
these two post-translational modifications. Furthermore, under conditions where E1, E2, and the
DELTEX3L-PARP9 complex were present, it was observed that the C-terminus of ubiquitin
underwent ADP-ribosylation®’. Further investigation into the physiological roles of these
modifications 1s necessary, setting the stage for exciting discoveries. There 1s still much to learn
about how the cell uses ubiquitin and its diverse chains. It should be noted that in addition to
ubiquitin, there are a number of ubiquitin-like modifiers, such as SUMO and NEDD that share
similarities to ubiquitin but possess distinct differences®”. Much still remains to be characterized.
A more mn-depth look at the E2-E3 machinery will provide further insight into just how effectively

nature has made use of ubiquitylation to regulate and transmit information in the cell.

16



D

“ vy 0
; v 3 . -}_'é;. rﬁl@;‘- 5 /
Bl @ @ e
K27

M1 Ké K11
(2W9N) (2XK5) (2MBQ) (518P)
) Py ey X i,
g 4 - r rrh "
r @ B g
Lo e GNP
K29 K33 K48 K63
(4822) (4XYZ) (1AAR) (2IF5)

Figure 1.4. Ubiquitin chains and modification sites.

A_ Crystal structure of ubiquitin with the highlighted lysine residues that are involved in forming
polyubiquitin chains, and the carboxyl terminal glycine. Protein Data Bank accession code (PDB):
1UBQ. B. 11 Phosphorylation sites identified on ubiquitin, with surface of ubiquitin shown n
white. C. 7 detected acetylation sites on ubiquitin, with surface of ubiquitin shown in white D.
Different diubiquitin chain linkages. The acceptor ubiquitin i1s colored dark red, and donor
ubiquitin 1s salmon colored. PDBs of each crystal structure 15 reported below each chamn. Starting
from top left to bottom right: M1 chains are open, flexible and lmear. K6 Chains form compact
chamns. K11, K27, and K29, K33 chains can be compact and open with different orientations of the
ubiquitins chamging the topology. K48 1s lughly compact compared to other chains. K63 chains
are linear, and flexible.

Overall our work has focused around understanding the mechanisms of E2 conjugating
enzymes, specifically Ubcl3 (Chapter 2) and E3 ubiquitin ligases, focusing on RNF138
(Chapters 3 and 4). Therefore, a more detailed examunation centred around the around the roles

of the two proteins, their signalling activities, and the therapeutic relevance 1s necessary.
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1.8 Ubc13 and K63-Linked Ubiquitin Chains

The network of signaling interactions emanating from DSB i1s a result of the ubiquitylation
of chromatin associated proteins around the break®**"!  K63-linked ubiquitin chains play a crucial
role recrmiting downstream factors. They are formed by a specific ubiquitin conjugating enzyme
E2 (named UBE2N or Ubc13), and either of its non-catalytic, E2-like binding partners, Mms2 or
UEV1A>#8_In the nucleus, Ubc13 bound to Mms2 is targeted to the DSBs through its interactions
with RNF8 a RING E3 ligase. This complex plays a crucial role in both HR and NHEJ, through
recruitment of key downstream factors BRCA-1, or 53BP1 respectively in a cell cycle dependent
manner (section 1.5). Ube13/Mms?2 are also involved in nucleotide excision repair, in response to
UV-induced DNA damage. Ubcl13/Mms?2 interacts with RNF111 which in response to DNA
damage binds UV-DNA damage sensing protein XPC, regulating its accumulation on damaged
DNA®# Ubc13/Mms? is also involved in DNA damage tolerance (DDT) pathways which are
triggered when the DNA replication machinery come across DNA damage on the template strands
at replication forks. Upon DNA damage of the template strand, DNA polymerases halt and detach
from the helicases, and RPA rapidly builds up on the resulting ssDNA®!. RPA recruitment drives
further recruitment of proteins which modify proliferating cell nuclear antigen (PCNA), promoting
the recruitment and interaction with polymerases involved in the error prone franslesion DNA

7192 The error-free lesion bypass or template switching (TS) repair

synthesis (TLS) repair pathway
pathway 1s engaged when Ubc13/Mms2, with E3s SHPRH and helicase-like transcription factor
(HTLH), ubiquitylates and elongates K63-linked ubiquitin chains on PCNA, driving the switch
from TLS to TS repair®®?. Ubc13/Mms?2 is further implicated in Fanconi anemia repair pathways,
which are responsible for repairing interstrand crosslinks®*. RNF8 1s thought to be the E3 ligase
mvolved in this pathway, K63-linked ubiquitin chains are recogmized by FA core protein complex
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FA-associated protein 20 kDa (FAAP20), which upon recrmitment leads to further signalling and
downstream recruitment of DNA damage repair proteins®™. Additionally, the activity of
Ubc13/Mms2 and RNF8 have been shown to play an integral role in telomere end protection®.
The ubiquutylation of Tppl, a protein involved m binding and protecting telomere ends, by the
Ubc13 complex stabilizes and retains Tppl on telomeres®. Ubc13’s activity extends beyond the
nucleus and is implicated in inflammation pathways due to its involvement in NF-xB signalling®>-
7 In the cytosol, Ubcl3 interacts with UEV1A which is nearly identical to Mms2, and the
heterodimer interacts with the E3 TRAF6, to generate cytoplasmic K63-linked polyubiquitin
chains that recruit and activate I-kB kinases”®. Ubc13/Uevla are also known to interact with RNF8,
and TRAF2, leading to NF-xB activation and translocation into the nucleus®*>*". Ubc13
signalling may also lead to activation of apoptotic pathways®®. The many cellular signalling
pathways Ubc13 1s implicated in warrant a closer look at its mechanism of action.
1.8.1 The Structure and Mechanism of Ubc13/Mms2

Structural studies of Ubc13 have revealed significant mnsights mto the mechanism of K63-
linked ubiquitin chain synthesis, and why Ubcl3 is a unique E27>%%10 (Figure 1.5). Ubc13
forms a tight heterodimer with Mms2 (Kp = 49 + 7 nM), and mutations to residues within the
binding interface disrupting the heterodimer have detrimental effects on K63-linked ubiquitin
chain formation'?'®? (Figure 1.5A). Another unique characteristic of Ubc13 compared to other
E2 protemns, lies within the active site (Figure 1.5B). Structural comparison of E2 configurations
reveals that the active site of Ubc13 takes on a distinct conformation within the E2 family'®. A
structural alignment with one of the other well characterized E2 enzymes, UbcH5c, reveals an
overall high simulanty between UbcH5c and Ubcl3. A closer look at the active site reveals

variations i the conformation of the active site loop residues ranging from 114-124 adjacent to
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the active site cysteine 87 (C87) in the two structures (Figure 1.5C). This 1s consistent across
evolutionary lines as both human and yeast Ubcl3 exlubit the same active site loop
conformations'™_ Interestingly, Ubc13 has an exposed L121 in the active site which allows for a
more open conformation. In comparison, the canonical loop conformation m other E2 fanuly
members (UbcH5¢ 1n this case), the leucine 1s packed against the core fold adopting a closed
catalytically active conformation (Figure 1.5C). The active site loop in Ubc13 transitions from the

open form, to closed conformation to in the presence of ubiquitin to facilitate catalysis®-'**

(Figure
1.5D.E).

The previously mentioned mechanism of ubiquitylation involving an E1 activates ubiquitin
through a trans-thioesterfication reaction. The donor ubiquitin 1s then transferred to the active site
cysteine of the E2 enzyme, specifically C87 in Ubc13°>%8. A second acceptor ubiquitin binds to
Mms2 non-covalently, mediated by the hydrophobic patch on ubiquitin (L8, 144, V70) and surface
residues of Mms2 M54, 156, and 167> (F igure 1.5D). Given the mteraction, the acceptor
ubiquitin 1s posifioned in way where K63 1s positioned for attack on the thioester of the donor
ubiquitin hinked to C87 (Figure 1.5E). In thus mteraction, K63 of the acceptor ubiquitin 1s
hydrogen-bonded by N123, likely driving the conformational change to accommodate the
incoming ubiquitin®>®*®_ Markin et al characterized the chemical environment of K63, and
suggested that the suppression of the pKa and deprotonation of K63 on the acceptor ubiquitin
promotes the nucleophilic attack on the thioester linkage in the active site of Ubcl3, and the
resulting reaction mtermediate 1s likely stabihized by N79, which 1s also imphicated in maintamning
the active site loop structure!®-'%_ Mutations in residues affecting the gating activity of Ubc13
have detrimental effects on catalysis®. Mutations in N79 reduced diubiquitin formation'®.

Furthermore, series of mutations m the active site loop D118 and A122 to glycine increased loop
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flexaubility and had a direct effect on Ubc13’s catalytic activity, increasing the rates of thioester
hydrolysis, and impaired aminolysis of the ubiquitin thioester bond'®*. The mechanism of
ubiquitylation by Ube13/Mms?2 points towards a mechamism of extending polyubiquitin chains on
already monoubiquitylated substrates. In vifro, Ubcl13/Mms2 can build free ubiquitin chains

however the physiological relevance of this activity is unclear>*197-108

E

Figure 1.5. Ubcl3 active site and K63- linked diubiquitin formation with Mms2.

A. Crystal structure of the heterodimeric E2 conjugating enzyme Ubc13 (blue) with its binding

partner Mms?2 (cyan), with the active site mghlighted with a box corresponding to the active site.

PDB accession code: 1J7D. B. Active site of Ubcl3, with the active site loop residues and the

catalytic cystemne labelled. C. Structural alignment of Ubc13’s active site (blue), with UbcHS5¢
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(green). The active site leucine 1s highlighted, showing Ubc13 1s i a open inactive state blocking
access to the active site cysteine, whereas in UbcHS5c, the leucine 1s in the closed conformation
and cysteme 1s available for reaction with the C-ternunal tail of ubiquitin. PDB accession code:
1X23. D. Crystal Structure of yeast Ubc13~Ub/Mms2~Ub. The acceptor ubiquitin interacts with
Mms2 noncovalently, positioned to attack the donor ubiquitin covalently linked to C87 m Ubc13
PDB accession code: 2GMI. E. zoomed in snapshot of the interaction showing N123 directly
engaging the acceptor ubiquitin, and N79 available to stabilize the reaction intermediates.
Importantly, 1121 1s in the active closed form.

1.8.2 Ubc13/Mms2 Activity with RNFS

The role of E3 ligases for Ubc13/Mms?2 1s crucial, as they catalyze the last step in the E3
ligase cascade by targeting the E2~Ub complex to the protein target5®. To aid in ubiquitin transfer,
RING E3 ligases mteract with both the substrate and a ubiquitin-conjugating enzyme (E2) linked
to ubiquitin via a thioester bond®_. Additionally, RING E3 ligases, play a crucial role in stimulating
the catalytic activity of the E2%°:19%:110 Without an E3 ligase, the ubiquitin thioester attached to the
E2 enzyme can assume various conformations, including a 'folded-back' confipuration. The
hydrophobic interaction of RING E3 ligases aligns the C-termunus of ubiquitin within the groove
of an E2 enzyme, potentially facilitating the activation of the thioester by the lysine residue of the
acceptor. This was observed in RNF4, a dimenic RING E3 hgase which was found to stimulate
ubiquitylation activity of UbcH5a. Imtially, one of the RING domains engages UbcH5a, while the
thioester linked Ub would be engaged by the other RING. This secures the C-terminal tail of Ub
mn the active site groove of the E2, positioming the carbonyl of G76 thioester optimally for
nucleophilic attack by the incoming substrate lysine. Ubc13 mteracts with many E3 ligases some
mentioned above, and our lab has previously looked at Ubc13/Mms?2 interaction with RNFS.
Hodge et al. showed RNF8 achieves conformational activation of E2-Ub complex, by the non-
covalent interaction between RNF8 and Ubcl3/Mms2~Ub. In a similar mechanism to RNF4,

RNFS ornents the E2~Ub thioester linkage in a conformation favoring a catalytic attack from a
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nucleophilic substrate lysine residue. Mutations in RNF8 that specifically affect the E2 stimulating
activity impair the DNA damage response.
1.8.3 Therapeutic Implications and Inhibitors of Ubc13/Mms2

Understanding the mechamism of activity of Ube13 1s crucial due to recent implications of
Ubel3 in disease pathways. Briefly hughlighted above are some of the functions Ubc13 plays in
cellular signalling, specifically DNA damage repair pathways, and NF-xB signalling®™-1%
Additionally, Ubc13 is implicated in mitogen-activated protein kinase (MAPK) signalling’'’.
Ubel3 1s up-regulated in metastatic breast cancer cells, and Ubc13/Uevla TRAF6 K63-linked
dependent tumor metastasis was observed in mouse model xenograft studies of breast cancer!!*.
K63-linked ubiquitin chains are required for activating nutogen-activated protem kinase kinase 1
(MEKK1), transforming growth factor p (TFGp-activating kinase 1 (TAK1) and down stream
MAPK cascades'!!-!13. TFGP pathways have been found to have the most potent effects on breast
cancer metastases, by promoting migration, intravasation, and epithelial mesenchymal transition
(EMT) in cancer cells!’*. In another breast cancer cell line (MDA-MB-231), it was shown that
UevlA promoted metastasis attributed to the activation of the NF-xB transcription factor in a
manner dependent on Ubc13'"2. Further evidence has emerged of Ubc13 upregulation in prostate,
colon, pancreatic, and lymphoma tumor tissues''>. Ubcl3 has also been implicated in
chemotherapeutic resistance in certain cancer cells. Nasopharyngeal carcinomas treated with the
DNA crosslinker cisplatin, which leads to collapse of replication forks and generation of DNA
DSB, results in upregulation of DNA repair pathways, leading to therapeutic resistance!!*. Cells
resistant to cisplatin show an mcrease in Ubcl3 expression, and depletion of Ubcl3 leads to
desensitization to cisplatin'*. There have been significant efforts aimed at exploring and creating

Ubcl3 mhibitors, primarily due to Ubecl3’s mvolvement n DDR and cytoplasmic signal
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transduction pathways associated with cancer. Certain approaches aimed at targeting the binding
mnterface between Ubc13/UevlA have been employed, of which two compounds were 1dentified
with varying binding affimties. A natural compound isolated from marine sponge species
specifically Luffariella variabilis was reported to inlubit Ubc13 interaction with UevlA | and also
had effects on the proteosome'®>. More recently high throughput screens for compounds that
inhibit NF-xB-mediated signalling, revealed a series of compounds that inhibit Ubc13!6. Our
group characterized the Ubc13 specific inhibitor NSC697923, along with a less specific inlhibitor
BAY 11-7082'%%:117 Both compounds were found to covalently modify Ubc13’s active site cysteine
and inhibit ubiquitin chain synthesis'®”. Interestingly, four mutations in Ubcl3
D8IN/R85S/A122V/N123P (quadruple mutant) resulted in a flipped Ubcl3 active site loop. A
crystal structure of the mutant revealed the mutant mimics the conformation present in UbcH5¢!%.
NSC697923 was found to only mnlibit Ubcl3 and was not reactive against the Ubc13 quadruple
mutant, suggestmg NSC697923 1s not reactive against other members of the E2 famuly of
proteins'®. The BAY compound inhibited both Ubc13, and the quadruple mutant. This is likely
due to 1ts smaller size which allows it to evade active site restrictions and mteract with C87. Both
compounds mhibited NF-xB activation and the DDR, albeit with off target affects in cells to
varying degrees'®_ Cellular investigations utilizing the recently identified compound NSC697923
are still in their early stages, but mitial findings suggest potential anti-cancer effects against
neuroblastoma and diffuse large B-cell lymphoma cells, and more recently the use of NSC696923
has been investigated in the context of sensitizing colorectal cancer cells to radiation!!6118:119 A
wealth of knowledge about the active site dynamics of Ubc13 has been gained using the mentioned
covalent compounds. Specifically, NSC697923 binds covalently to C87, with the mitrofuran

moiety forming hydrogen bonds with N123. The pocket created by the open conformation of
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Ubce13 facilitates specific interactions unique to Ubc13, thereby locking the protein mn 1ts inactive
form!”_In the canonical E2 enzyme conformations this pocket 1s blocked by the active site leucine,
preventing the binding of NSC697923, providing an opportumty for future rational drug design
strategies and inhibitor development'®.

To round off our discussion on ubiquitylation, a closer look at E3 ligases 1s warranted.
Particularly focusing on RNF138, a sigmficant participant in DNA damage response featured
promunently i two chapters of our study.

1.9 RING Finger Protein 138 E3 ligase

E3 lhigases are crucial for the final step of the ubiquitin cascade and catalyze the covalent
transfer of ubiquitin from an E2 enzyme to a substrate lysine®_ E3 ligases fall into two categories
based on therr mechamisms, those that act as intermediates and covalently attach ubiquitin before
transferring 1t to a substrate, as seen in Homologous to E6AP C-terminus (HECT), and Really
Interesting New Gene (RING)-1n-between-RING (RBR) and those that do not form a covalently
bound ubiquitin mntermediate as 1s the case for most RING class of E3 ligases, and U-box E3
ligases®®. RING E3 ligases typically contain a RING domain which interacts with an E2 enzyme
stimulating ubiquitin transfer The RING famuly of E3 hgases does not have a catalytically active
site to recerve the ubiquitin from the E2 enzyme, but instead play a role i positioming ubiquitin
E2-ubiquitin complex in the optimal position for the nucleophilic aftack by a lysme of a
substrate!?. RING domains can form dimers, or function as monomers and considered are a type
of zinc finger. A canonical RING domain 1s about 40 to 60 anuno acids in length and contains three
cysteines and histidine bound to one zinc ion, and another 4 cystemnes bound to a zinc 1on
(C3HC4)'?®. RING E3 ligases are prevalent in DNA repair signalling, and one of their many

functions mvolves recrmiting DNA repair machinery to sites of DSB, such as RNF8 and
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RNF168°!48-°69639 RNF8 forms a homodimer through its coiled-coil domain upon activation
and interacts through its RING domaimn with the heteromeric E2 Ubcl3-Mms2 to synthesize
lysine63-linked polyubiquitin chains on histone proteins surrounding DNA breaks ®® These
chains are recogmzed by monomeric RNF168 which contans two MIU (section 1.5). The RING
domain in RNF168 also interacts with the Ubc13-Mms? and amplifies the ubiquitin signal to
recruit down stream factors involved in DSB repair****. RNF138 is a conserved RING type E3
ligase mmtially discovered as a negative regulator of the Wnt-f pathway where it cooperates with
E2-25K E2 conjugating enzyme and synthesizes K48-linked polyubiquitin chains on T cell
factor/lymphoid enhancer factor targeting the complex to proteasomal degradation'’!. RNF138
ubiquitylates G2/M-phase specific E3 ubiquitin ligase (G2E3). This was mmtially hypothesized to
lead to G2E3 proteasomal degradation but may perhaps alter its enzymatic activity or
localization'**. Additionally, RNF138 ubiquitylates voltage-gated calcium channels, specifically

Ca2.1 channels present in neurons'”.

The over expression of RNF138 promotes
polyubiquutylation of Cav2.1 channels in presynaptic and postsynaptic regions within the neuron,
leading to hugher protein turnover. Furthermore, RNF138 1s implicated in synthesizing K63-linked
ubiquitin chains facilitating NFxB and Type I interferon signaling'**'>_ Interestingly, RNF138
has also been implicated in spermatogenesis, as its downregulation led to apoptosis of
spermatogonia'®®. Recent work points to the involvement of RNF138 in DSB repair, as the
depletion of RNF138 sensitizes cells to DNA damaging agents such as IR’ Indeed, RNF138
was found to promote HR by directly binding DNA overhangs post Mrell nuclease activity, but
prior to C1IP recruitment'®®. Cooperating with UbcH5a (also UBE2Da) E2, RNF138 ubiquitylates

CtIP, which facilitates its recruitment to DSB sites'™®. Ct-IP is an activator of DNA end

resection*'*"_ In parallel, Ku80, a subunit of the Ku (Ku70/Ku80) heterodimeric complex is
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ubiquitylated and displaced from the DSB sites'*®. Ku is highly abundant, and has remarkably high
binding affinity to DNA DSB, acting in a cell cycle independent manner™-'**_ Additionally, Ku
acts as a protector of DNA ends from DNA end resection, and as a scaffold for NHEJ machinery*>.
Therefore, the combined actions facilitating the recrutment of Ct-IP, and the displacement of Ku,
ensure that DNA end resection can proceed with the recruitment of HR downstream factors
(Figure 1.6). A thurd target more downstream m the HR pathway has been identified. The
ubiquitylation of Rad51D, which 1s a paralogue of Rad51 recombinase, 15 thought to contribute to

Rad51 filament assembly in response to ionizing radiation through an unknown mechanism?>!3!_
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Figure 1.6. RNF138 promotes HR by promoting DNA end resection.

After a double-strand break (DSB) forms, Ku and the MRN complex quckly and independently
bind to the DNA ends. The MRN imtially performs limited 35" directed resection, creating
binding sites for the RNF138-UBE2D complex. Subsequently, RNF138 ubiquitylates Ku80,
displacing Ku from the DNA ends. Additionally, RNF138-UBE2D ubiquitylates CtIP promoting
its recruitment to DSB breaks. This process creates conditions favorable for more extensive end
resection by additional nucleases, promotig DSB repair HR.

RNF138 1s related to a poorly characterized subfanuly of RING E3 ligases which includes
RNF125, RNF114, and RNF166"2. All four proteins are similar in size and have a RING domain
and three zinc fingers (ZNF), and a UIM'*?>. RNF138’s N-terminal RING domain plays a key role
in protein-protein interaction and its three zinc fingers are thought to play a crucial role in
recruitment to DNA DSB'?!1#-13Y_ RNF138 is the only member of the subfamily to have been
implicated in DNA binding, and DSB break repair so far. The first zinc finger (ZNF1) 1s atypical
m nature (C2HC) and differs from the canomical DNA binding zinc fingers with C2H2
coordinating one zinc ion'**. The C-terminal region contains two C2H2 zinc fingers but diverges
from classical DNA binding zinc fingers by the spacing of conserved hydrophobic residues, and
the spacing between the second cysteine and the first histidine'**. RNF138 was found to directly
bind DNA  with a preference to single stranded DNA overhangs, over double stranded blunt ends,
or single stranded DNA, suggesting the atypical ZNF domains in RNF138 may interact with the
DNA in a unique manner'?

The structure of RNF138 remains to be charactenized, therefore many questions persist
about its mechanism, and its atypical functional domains. A recent study published a partial
structure of RNF125 and revealed the importance of the RING domain and the first zinc finger
(ZNF1) in the interaction with its E2 conjugating enzyme, and its autoubiquitylation activity’**.

RING and ZNF1 have extensive intramolecular mteractions, and mutations in important residues
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were deleterious to its E3 activity'>*. Indeed, an alpha fold model of RNF138 shows similar overall
intramolecular interactions, with a much longer linker region separating the N-terminal RING and
ZNF from the C-terminal ZNFs, and UIM discussed extensively in (Chapter 3).

RNF138 1s a therapeutically relevant E3 ligase as 1t 1s overexpressed mn glioma cells, a very
aggressive type of brain cancer, promoting proliferation, metastasis, and radioresistance!*. This
1s thought to be due to the activation of extracellular-signal regulated kinase (ERK) pathways, but
the direct mechanism remains unclear'*>. What is clear though, is the down regulation of RNF138
mn glioma cells leads to cancer cell apoptosis. More recently, a group mapped a possible pathway
implicating RNF138 in the observed phenotype in glioma cells'””. RNF138 ubiquitylates and
degrades ribosomal protemns S3 (rpS3) which regulates the maturation and imtiation of translation
of elongation factors, and many more other cellular activities. One of the main functions of 1pS3
1s the interaction with TNF receptor typel-associated DEATH domain protein in response to
radiation, inducing apoptosis and activation of kinases, and caspase activity'>’. In glioma cells,
rpS3 was found to be down regulated, which 15 thought to be the driver of radioresistance. RNF138
1s implicated in the degradation of the nuclear translocating rpS3 in response to radiation, which
ultimately inhibits rpS3 mediated apoptosis'>’. RNF138 is further implicated in cisplatin
resistance in gastric cancer cells, as its activity activates Chk1 signaling pathways'*®. Furthermore,
the aberrant ubiquitylation of Cav2.1 channels present in neurons leads to aberrant protein
degradation, which is associated with the cerebellar disease episodic ataxia type 2 (EA2)'>.

It 1s evident that there 1s an abundance of data lughlighting the sigmificant roles Ubc13 and
RNF138 fulfill m the DNA damage response and cellular ubiquitin signaling. The findings
presented m this thesis encompass numerous mnquiries mto the structure and functions of these

pivotal proteins, leading to exciting insights and further questions to mvestigate.
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1.10 Chapter 2 Study Overview and Aims

In chapter 2 we set out to study Ubc13, we aimed to answer the questions surrounding the
gating activity of the protein, 1s it more dynamic than previously thought? Can we probe the active
site loop with small molecule compounds to gain insights into the dynamics, helping our
understanding Ubc13’s unique E2 activity, and ultimately in the future open the way for rational
drug design strategies. We uncovered a new C2 monochinic crystal form of the unbound Ubel3-
Mms2 heterodimer through batch crystallization at room temperature. Through a comparison of
this new structure with previous structures, we propose that the active site loop of Ube13 exhibits
greater flexibility than previously anticipated, existing in multiple conformational states. To delve
deeper mnto the adaptability of this active site, we mvestigated two newly identified compounds,
NSC291068 and a 2-mtrofuran fragment Each demonstrated a degree of specificity, with the
NSC291068 showing evidence of covalent reactivity to the active site cystemne, while 2-mtrofuran
interacts non-covalently in the binding pocket thought to be umque to Ubc13, H-bonding to N123.
The dynamic behavior of Ubc13's active site 1s critical and should be considered in future studies
aimed at designing next-generation inhibitors.

1.11 Chapter 3 Study Overview and Aims

In chapter 3, we aimed to unveil the molecular details underlying RNF138’s DNA binding
and E3 ligase activity in promoting HR. We aimed to address the following questions: 1) How
does RINF138 specifically recogmize DNA overhangs? 2) What roles do the individual functional
domains play m direct DNA binding and E3 higase activity? 3) What type of ubiquitin chains are
synthesized on RINF138 with regards to 1ts autoubiquutylation activity?

We immtially set out to punfy RNF138 from Escherichia coli (E.coli) and it was clear

RNF138 was unstable in vifro proving to be challenging to express and purify. Previous studies
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purified RNF138 using insect cell approaches however this protein proved to be poorly behaved
for biochemical studies. Instead, we set out to establish a mammalian cellular protemn expression
for RNF138 which potentially mght supply key mammalian cell chaperones and appropnate
PTMs for proper folding. However, we found that overexpressed RINF138 was toxic in mammalian
cells. We therefore reverted to E.coli expression, to characterize the binding activity of RNF138 to
DNA, by utilizing various protein truncations of RNF138. What became clear 1s RNF138 prefers
DNA overhangs as substrates, and requires all the protein domains for specific DNA binding.
Furthermore, RINF138 bound to DNA 1n a size dependent manner, preferring larger overhangs. An
extensive look at RNF138’s AlphaFold model reveals a “beads on a string” structure, with a
canonical N-terminal RING domain, followed by ZNF1 with extensive intramolecular interactions
between the domains, followed by a large linker, connecting two more ZNFs, and the UIM. The
flexability of RINF138 offers an explanation for its vast interaction network, and mvolvement in
different cellular signalling pathways, and reveals possible PTM sites, requured for its regulation
and activity.

1.12 Chapter 4 Study Overview and Aims

In chapter 4 we continued looking at RNF138 activity, more specifically how RNF138 1s
regulated. Previously RNF138 has been shown to function in a cell cycle dependent manner post
IR exposure, being active in S/G2, but not G1 phase. We predicted RINF138 activity 1s under cell
cycle control comciding with the preferential use of HR. In this study, we demonstrate that
RNF138 undergoes phosphorylation at threomine residue 27 by cyclin-dependent kinase activity
during the S and G2 phases of the cell cycle. Additionally, we observe constitutive ubiquitylation
of RNF138, with some ubiquitylation occurnng on lysine residue 158. Notably, the ubiqutylation
of RNF138 decreases in response to genotoxic stress. Through mutation of RNF138 at residues
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T27, K158, and the previously identified S124 ATM phosphorylation site, we reveal that post-
translational modifications at all three positions play a role in mediating DNA double-strand break
repair. Our findings provide insights into the functional mechanism and regulation of RNF138 by

the cell during HR._
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Chapter 2 — Characterizing the Active Site of Ubc13

2.1 Abstract

Ubcl3 1s an E2 conjugating enzyme involved n DNA damage and promnflammatory
signaling. Together with 1ts partner protein Mms2/Uevla, Ube13 builds K63-linked polyubiquitin
chains which play roles in cellular signaling. Ubc13 has shown promise to be a therapeutic target.
Understanding its active site structure and dynamics i1s crucial to both understanding the
mechamsm of K63-linked polyubiquitin chain formation and for the development of specific
mhibitors. Comparing the structures of different E2 enzymes highlights a unique conformation of
Ubel3's active site. When aligned with UbcHS5c, another well-studied E2 enzyme, Ubc13 shows
high overall similarity, but there are differences in the conformation of the active site loop residues
(114-124) near the active site cysteine. This difference 1s umique to Ubc13 making it an attractive
therapeutic target. Here we determine a structure of Ubc13 crystallized under near native solution
conditions that reveals a new active site conformation compared to previous structures which were
crystallized at lower temperatures. The new structure suggests that the active site loop 1s more
flexable than previously thought. To probe these dynamics, we characterized a novel covalent
compound NSC291068 and a noncovalent fragment 2-mitrofuran that mibit Ubel3 in vifro.
NSC291068 mhibited wild type Ubcl3, and a mutant with the active site loop in a conformation
similar to other members of the E2 fanuly suggesting it 15 a promuscuous compound. The 2-
nitrofuran fragment showed specificity for Ubc13 at hugh concentrations, and its mability to inhibat
mutant Ubcl3 suggests specificity. The fragment offers a new avenue of noncovalent drug
development. Understanding active dynamics of Ubcl3 1s crucial in developing tight binding

specific nhibitors of Ubc13.
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2.2 Introduction

Ubiquutylation 1s a common post-translational modification which regulates signal
transduction pathways. Imtially, ubiquitin (Ub) 1s activated by forming a thioester linkage between
C-terminal carboxylate of Ub and the active site cysteine of an E1 in the presence of ATP®-6.136
The activated Ub 1s transferred to a ubiquitin conjugating enzyme (E2) at the active site cysteine,
and with the help of an E3 ligase, the Ub-E2 complex recognizes and ubiquutylates specific protein
targets®6.120

Protemn ubiquitylation can lead to diverse downstream effects which are driven in part by
different forms of Ub chains that are linked to the substrate®. The K63-linked polyubiquitin
(polyUb) chains are linked by an 1sopeptide bond between the anuno group of K63 of one Ub and
the C-terminal carboxylate of the next Ub. Among the ~35 E2 enzymes in the human genome!*7-138
Ubel3 (UBE2N) 1s the only known E2 dedicated to the synthesis of K63-linked chains, and 1t does
so with the help of its binding partner: an E2-like Ub enzyme variant protein Mms2>>%%13%140_The
C-terminal tail of an activated Ub 1s transferred from an E1 enzyme to the active site cysteine of
Ubce13 to form a thioester bond (the acceptor ubiquitin), whilst the Mms2 binds a second Ub (the
donor Ub) and positions its K63 to attack the thioester bond to form K63-linked diubiquitin®-%8.
K63-linked polyubiquitin (polyUb) chains, synthesized by the Ubc13/Mms3 complex in the
nucleus in collaboration the E3 ligase RNF8, play a crucial role in recruiting downstream effectors
essential for the DNA damage response (DDR)*_ In the cytoplasm, Ubc13 cooperates with Uev1A,
a protein almost identical to Mms2. Cytoplasmic K63-linked polyUb chains generated by the
Ubc13/UevlA complex, in collaboration with TRAF6, promote NF-kB signaling pathways™®’.

E2 enzymes contain a loop adjacent to the active site cystemne (the gating loop: residues
114-124 1n Ubc13) that protects the active site from solvent and regulates access of Ub to the
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catalytic cysteine'®. While this loop is found in all E2s, the Ubc13 gating loop adopts a different
conformation compared to other E2s. However, once it 15 charged with Ub at C87, the gating loop
shifts into the conformation observed in the other E2s, allowing the attack of the incoming donor
K63 on the thioester-linked Ub'%'% More specifically, L121, which is well conserved within the
fanuly, occupies a position that would sterically block the attack of the acceptor ubiquitin K63 on
the active site C87. In other E2 enzymes, and in the structure of Ubc13 when C87 1s tethered to
the C-termunus of a donor Ub, the gating loop adopts a conformation in which 1.121 reorients so
that the acceptor K63 can access the active site C87. The gating mechamsm is based on the
hypothesis that two conformations exist and the dynamics between the two drive the specific
synthesis of K63-linked ubiquitin chains™ %1%

The umque structural properties of the Ubcl3 gating loop present the possibility for the
selective mhibition of Ubc13 by small molecule inhibitors®”1%_ The small molecule NSC697923
was uncovered 1n a high-throughput cell-based assay to identify inhibitors of NF-kB signaling and
was shown to inhibit Ubc13 but not other E2s in biochemical ubiquitylation assays!?%!'6 The
mechamsm of this mhibition was shown to involve the covalent modification of the active C87 by
the compound, dependent upon the presence of a pocket formed by the gating loop'®. A mutant of
Ubc13 harbouring 4 amino acid substitutions (Ubc13%P) which stabilized the gating loop in the
standard conformation and thus lacked the NSC697923-binding pocket was shown to be resistant
against NSC697923 inhibition in biochemical assays'®. In addition, cells in which wild type
Ubc13 (Ubc13%7T) was replaced with Ubc13%P were significantly resistant to mhibition of both
NF-kB and DNA damage signaling by NSC697923. Taken together, this information mdicates that
the umquely structured gating loop of Ubc13 could provide a route for the selective inhibition of

this critical enzyme.
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Ubel3’s active site loop has umique gating functions. We hypothesize there 1s erther a
transitional state conformation between the unbound and bound state, or the loop 1s flexible and
occupies different conformations at physiological temperature. In this study we determined a new
C2 monochnic crystal form of the unbound Ubcl3-Mms2 heterodimer through batch
crystallization at room temperature. The active site loop shows a conformational deviation from
the exusting structures of Ubc13 1n either the ubiquitin bound or unbound forms. We suggest that
Ubcl3’s active site loop 1s more flexible than previously thought and exists in multiple
conformational states. To further probe the plasticity of the active site, we characterized two novel
compounds, NSC291068 and 2-mifrofuran fragment NSC291068 reacts with the active site
cysteine specifically in a pH dependent reaction. The compound mnhibited ubiquitin chain
formation and inhibited both the Ubc13%T and Ubc13%C. Surprisingly, the 2-nitrofuran fragment
inhibited polyUb chain formation of Ubc13"T but the mutant was resistant to the fragment
suggesting specificity to Ube13’s unique active site.

NSC291068 shows promuse as an inhibitor of E2s, but not specifically Ubc13. The 2-
nitrofuran fragment shows pronuse as a specific inhibitor of Ubcl3, taking advantage of unique
active site charactenistics of Ubc13. The active site dynamics of Ubc13 are crucial and should be

considered in the future when designing next generation inhibitors.

2.3 Materials and Methods

2.3.1 Protein Constructs and Expression

All the proteins utilized in our study were cloned in pGEX-6pl vector, with a GST tag to
the N-termunus of the protemn of interest. E. coli BL21 Gold cells were transformed with all the

constructs, and colomes were selected with ampicillin and kanamyein.
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2.3.2 Bacterial Cell Growth and Induction

Transformed colomes were selected and inoculated in 5 mL of Luna Broth (LB)
supplemented with 5 pL of 50 mg/mL Kanamycin (50 pg/mL) and 5 pL of 100 mg/mL ampicillin
(100 pg/mL) and incubated overmight at 37 °C. The starter culture was subsequently transferred to
500 mL of LB broth contaimng 500 pL each of ampicillin and kanamycin and incubated for at
least 2-4 hours at 37 °C. Next, 25 mL of the 500 mL culture was transferred to 8 separate bottles,
each contaiming 1 L of LB broth supplemented with 1 mL of kanamycin and 1 mL of ampicillin
(same final concentrations as above). These 1 L preparations were then incubated at 37 °C for an
additional 2-4 hours. The optical density at 600 nm was measured to determune whether induction
was appropriate, with a target optical density of 0.6-0.7. Cells were induced by adding 200 pL of
1 MIPTG (200 pL of 0.5 M ZnCl> supplement for RNF8). The preparations were then incubated
overnight at 17 °C. The cells were pelleted by centrifugation at 4000 RPM (JLA-8.1 rotor) for 15
minutes at 4 °C. After discarding the supernatants, the pellet was frozen using liquid mitrogen and
stored at -80 °C.

2.3.3 Protein Production and Purification

The pelleted cells, whether freshly grown or retrieved from -80 °C storage, were
resuspended 1n lysis buffer (20 mM HEPES pH 6.8, 400 mM NaCl, 1 pL/ml. BME, and 10 pM
ZnCly only for RNF8), along with 200 pL of 1X protease mhibitor solution (Sigma Aldnch).
Resuspension was done at 4 °C with a magnetic stir bar for approximately 35 munutes. After
resuspension, cells were lysed by sonication at 70% amplitude, with 15-second pulses followed by
45-second pause intervals, totaling 3 minutes of somication. The lysate was centrifuged at 13000
RPM (JA-17 Rotor) for 40 minutes at 4 °C, and the pellet was discarded. The supernatant was

collected and mcubated with Glutathione Sepharose Beads (Sigma Aldrich) for 1 hour, then
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transferred to a falcon tube and centrifuged at 2000 RPM (JA-7.5) for 2 minutes at 4 °C_ After
discarding the supematant, the beads were rinsed with lysis buffer, and the centrifugation step was
repeated. The beads were then transferred back to a column and washed with lysis buffer GST-
tagged constructs were eluted with 10 mL elution buffer (20 mM HEPES pH 6.8, 400 mM NaCl,
1 pL/mL BME, 10 mM glutathione, and 10 pM ZnCl: only for RNF8). Four 10 mL fractions were
collected and pooled. The pooled fractions were digested with Human Rhunovirus 3C Protease
(HRV-3C) overmight, and the volume of the 50 mL overmight digests was concentrated to 1-2 mL
using 10 kDa centricon concentrator tubes (Sigma Aldrich). The proteins were then further purified
by size exclusion chromatography using a Superdex 75 16/60 column, with buffers adjusted for
each protemn (20 mM TRIS HCI pH 7.5, 150 mM NaCl, 1 mM TCEP for Ubc13 and Mms2; 20
mM TRIS HCI pH 7.5, 150 mM NaCl, 10 puM ZnSOs, and 1 mM DTT for RNF8). Protein elution
was monifored at 280 nm, and fractions corresponding to peaks were collected and pooled. The
success of each purification step was confirmed by runming samples on a 5-15% polyacrylamide
gel, which was subsequently stained with Coomassie blue dye. All proteins were quantified using
an absorbance assay at 280 nm ufilizing the extinction coefficient of each protem, with
guamidimum hydrochlonide. Ubcl3 and Mms2, were purified separately, and combined at 1:1
concentration. The complex was subjected to another round of size exclusion chromatography.
2.3.4 Crystallization:

Ubec13-Mms2 heterodimer was concentrated to 12 mg/ml. and stored in 50 mM TRIS pH
7.5, 150 mM NaCl, 1 mM TCEP at 4 °C, and then slowly equilibrated to room temperature.
Crystals were observed after 16 hours. Data was collected on a home source and refined using
Python-based Hierarchical Environment for Integrated crystallography (P ¥l and the

¥

active site loop was constructed using Crystallographic Object-Oriented Toolkit (COOT)™.
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Protein modeling and analysis was done using PyMOL. Structural coordinates were subnutted to
the Protein Data Bank (PDB) accession code: 9BIV (Table 2.1).

Table 2.1. Data Collection and Refinement Statistics of the New Struciture of Ubcl3.

Data Collection

Space Group lc121

|Cell Dimensions

b b.c (A) 86361, 42.942.93.79
ke B.v (®) 90, 108.37, 90
Resolution (A) 500-168(1.72-1.68)
R... 0.286

/G (1) 443 (1.68)
|Completeness (%) 099 (99 4)
Redundancy 76(3.9)

ICCyp 0.94
Refinement

Resolution (A) 42 68-1.68
R.eflections used in refinemnet 37360 (2564)
Rwork 0.1458 (0.1868)
Rfree 0.1781 (0.2042)
[Number of non-hydrogen atoms  |2735
[Macromolecules 2293

Ligands 0

Solvent 442

Protein residues 288

[Nucleic acid bases 0

B-factor 2183

EMS bond length 0.004

EMS bond angles 0.72
Ramachandran favored (%) 08 59
Famachandran allowed (%) 141
R.amachandran outliers (%) 0

R.otamer outliers (%) 04

[Clashscore 1.96

2.3.5 Structural analysis of Ubcl3 gating loop diversity in PDB entries.
All Ubc13 structures with resolutions below 3 A were downloaded from the PDB and

analyzed using PyMOL. (Figure 2.1A B). A conformational simulanty matrix for the gating loop
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for all the structures was determined by aligming all structures against all using all C-alpha atoms
except those in the gating loop (A114-D124). The average RMSD for all C-alpha within the gating
loop was then determined using the measurement tool in PyMOL for all of the structure pairs. The

all-in-all correlation matrix between the different average RMSD values were plotted in Biovinci.

Homo sapiens

f G isige
e

UAr Saccharomyces

Cerevisiae

. ~ Ubcl3-TRAF6 IHCT Homo Sapiens
Ubel2-Ub © Ubcl3-TRAF6 3HCU Homo Sapiens
»GMI ~ Ubcl3.0spl 3WR1 Homo sapiens
K  Ubel13-0TuBl ADHI Homo sapiens
 Ubcl3-Ospl 4IP3 Homo sapiens
| -

Cerevisiae

Figure 2.1. Alignment of Novel Loop with All Existing Ubc13 Yeast and Human Structures.

A. The colored active site loops correspond to the ones compared 1n this study. The remamning are
to show the conservation of the conformation of the loop with or without substrate binding, Mms2,
or E3 ligase binding. B. All structures of Ubc13 1n yeast and in humans used in the alignment in
panel A with therr PDB accession codes.

2.3.6 Thermal Shift Assay

360 pM of Ubc13™T Ubc 137 or Ubc139P were incubated with 5x and 10x molar excess
of inhibitors (NSC291068, NSC291057, 2-nitrofuran) and then diluted to 130 uM with 500x of
SYPRO orange dye, to a final concertation of 250x. 5 pL of the reacted protein and dye solution

was added to 15 pL of 20 mM Tns pH 7.5, 150 mM NaCl, 1 mM TCEP. The solutions were
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prepared in triplicate in 96 well plates. The temperature was increased from 20 °C to 95 °C degrees
m 0.5 °C merements over 45 minutes, and all sample read outs were done in triplicate using
MasterCycler RealPlex (Eppendorf) filter set at 550 nm_Readouts are fluorescence as a function
of temperature, and the melting temperature 1s inferred from the mnflection point.
2.3.7 Absorbance assay to monitor covalent addition of inhibitors to Ubcl3

100 pM of Ubc13 or Ubc13 C87S mutant were mcubated with 100 pM of the mhibitor in
50 mM HEPES, 75 mM NaCl. The absorbance at 420 nm was momitored over 15 munutes as a
measure of the degree of reaction, and each measurement was done in triplicate. A pH series was
determined over a range of pH 6.0 —9.0.
2.3.8 Mass Spectroscopy

Matnix- assisted laser desorption/iomization (MALDI) analysis was conducted to measure
the molecular weight of protein with or without compounds. The samples underwent a tenfold
dilution in a solution comprising 50% acetonitrile and water with 0.1% trifluoroacetic acid.
Subsequently, 1 pL of each diluted sample was mixed with 1 pL. of sinapmic acid solution (10
mg/ml, m 50% acetomtrile/water + 0.1% trifluoroacetic acid). The resulting sample/matrix
solutions were then spotted onto a stainless-steel target plate and allowed to air dry. Mass spectra
were acquired usmg an Autoflex Speed MALDI-ToF mass spectrometer (Bruker Daltonik,
Bremen, Germany) equipped with a Smartbeam-IT laser operating at a frequency of 2 kHz. Ion
analysis was conducted in positive mode, and external calibration was performed using a standard
protein mixture.
2.3.9 Ubiquitylation Inhibition Assay

200 oM of Ubc13 was pre-incubated with 0, 1, 2, 4, 6, 8, 10, 15 pM mlubitor or higher

concentration in the case of the 2-mitrofuran (0, 40, 80, 100, 200, 400, 600, 800 uM) for 10 minutes
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on ice. The remaining components were added in the following final concentrations to a final
volume of 50 pL 1n 50 mM TRIS-HCI pH 7.5, 100 mM NaCl, 10 mM MgS0O4 and 1 mM ZnCla:
500 oM E1, 1 uM RNF8, 200 nM Mms2, 50 pM ubiquitin and 2 mM ATP. The reactions were
mncubated at 37 °C for 90 min. Reactions were quenched with 2X SDS-PAGE loading buffer and
loaded on a 16% polyacrylanude gel. The protemns were transferred to an Immobilon PVDF
membrane, and blocked overmght at 4 °C. The membrane was probed using mouse anti-ubiquitin
IgG (Santa Cruz SC-8017) for an hour at room temperature. Membranes were washed and
mncubated with a 1:5000 dilution of anti-mouse linked horse radish peroxidise (Abcam), and the
chemiluminescence reaction was activated using the Clanity ECL substrate (BIO-RAD ab205719).
Western blots were imaged using ImageQuant LAS 4000, and membranes were exposed for 1
minute.

2.4 Results

2.4.1 New Active Site Loop has Altered Hydrogen Bonding Interactions

To probe the conformational states of Ubc13-Mms2, we sought out new crystallization
conditions for the complex. Our previous structural work was performed with protein that was
stored at 4 °C immediately prior to crystallization with PEG precipitant®®. We discovered that
complex incubated for ~24 hr at room temperature could be batch crystallized without added
precipitant in a new C2 crystal form Determmation of the structure of this form by molecular
replacement at 1.7 A resolution revealed a new conformation for the gating loop (Figure 2.2A.B)
that 15 distinct from either the previous structure crystallized in the absence of ubiquitin (Figure
2.2C), or the structure i the presence of Ub (Figure 2.2D). A more detailed companson of the
structures of the previous unbound structure of Ubcl3 (1J7D) with the Ub-conjugated form

(2GMI) and the new structure (9BIV), suggests that the new structure may represent an
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intermediate between 1J7D and the Ub-bound state (Figure 2.3) In 1J7D, the gating loop adopts a
conformation stabilized by two adjacent type 1b tumns, stabilized by internal hydrogen bonding
between N79 and tum 1, and N123 and the mterior of the protein, resulting 1n L121 lying above
the active site C87 (Figure 2.3B). In the new structure, furn 1 rotates away from N79, and turn 2
1s broken, adopting a more extended conformation (Figure 2.3C). In spite of these changes, 1121
remains in the “up” conformation and N123 1s internally hydrogen bonded, sinular to 1J7D. With
the binding of Ub, the conformation changes agamn, likely triggered by the interaction of N123
with the mcoming K63 of the donor Ub (Figure 2.3A,D). This rotation of N123 1s coupled to the
rotation of L121 so that it no longer occludes the active site cysteine and instead packs agamnst the
body of the protemn. Like the new crystal form, the region 119-122 adopts an extended

conformation and does not adopt the turn observed in 1J7D.
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B 9BIV =1J7D E9BIV = 2GMI

Figure 2.2. New Ubc13 Structure Reveals New Active Site Loop Conformation.

A. Structure of the heterodimer Ubc13 (blue) - Mms?2 (red) mn the new crystallographic form C2
monoclinic. Orange denotes the active site loop (A114-D124). Yellow denotes active site cysteine.
B. Zoomed m active site of new crystallographic form. C. Alipnment of the novel structure with
orange: Ubc13V(1J7D). D. Alignment of novel structure with cyan: Ubc13 (2GMI) bound to Ub.
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Figure 2.3. Analysis of Active Site Loop Hydrogen Bonding patterns Between Different States
of Ubc13 and UbcHS5c.

A. Ub (purple) conjugated structure of Ubc13/Mms?2 (blue, teal respectively) with the active site
highlighted (PDB:2GMI). B. Active site loop of the inactive form of Ubcl3, with the L121
pomnting upwards blocking the donor Ub from accessing C87. The hydrogen bonding pattern in
the furns near the active site loop 1s shown below (PDB: 1J7D). Notably, the active site loop
consisting of two turns, are held together by an extensive network of hydrogen bonds between
active site loop residues, and nearby residues, N79, H77, and P78. C. Active site loop of the new
form of Ubec13, crystallized in the C2 monochnic space group (PDB:9BIV). L121 1s still in the
“up” conformation blocking access to the active site C87, but the hydrogen bonding pattern 1s
altered 1n the residues near the active site loop. Notably, N79 1s no longer hydrogen bonded to
N119. Additionally, 1121 1s shifted and 1s hydrogen bonded to N123. D. The structure of Ubc13
active site conjugated to Ub. L121 moves mnto the canonical conformation found in other E2s
allowing for the donor Ub to access C87. The acceptor Ub is directly engaged by N123 whuch 1s
thought to be the driver of the conformational change. E. The structure of the active of UbcHS5c
conjugated to Ub. The hydrogen bonding with the Ub tail occurs with N119, as UbcHS5c does not
bind Mms2, and does not form K63-linked chains, therefore N123 1s not engaged. Overall, the
hydrogen bonding activity resembles the activated form Ubc13 (2GMI).

2.4.2 New Active Site Loop Conformation Points to More Flexibility in the Ubcl3 Active Site

To better document the range of conformations of the Ubc13 gating loop, we performed an
all against all comparison using all published PDB structures of Ubc13 meeting the resolution
cutoff of 3 A (Figure 2.4)_ All the structures were aligned against each other and C-alpha-C-alpha
distances within the Alal14-Asp124 gating loop were measured and averaged for each structure
pair (Figure 2.4A B) The structural differences are displayed in a correlative heat map in which a
positive correlation indicates the structures are more similar, and a negative value indicates the
two structures diverge from one another (Figure 2.4C). This analysis reveals that most of the
previously determined structures of Ubc13 determuned without a covalently tethered Ub or other
modifying binding partner form a famuly m which 1121 puards the active site cystemne and this
conformation 1s conserved between human and S. cerevisiae Ubc13. It has been reported that the
apo conformation of the active site loop observed in the crystal structure represents a ground state

46



and once Ub 1s introduced the conformation of the loop changes to the active state as observed in
2GMIP-103:109.110 - A5 expected. the Ub bound form of Ubcl3, as seen in the matrix, highly
correlates across other ubiquitin bound structures where the ubiquitin C-termunal tail stabilizes the
loop, holding 1t mn place (Figure 2c). E3 binding appears not to greatly impact the gating loop;
structures of the E3 TRAF6 bound to Ubcl3 resemble the Ubcl3 free conformation, while
structures of the E3s TRIM21 and TRIM26 bound to Ubcl3~Ub resemble the Ubcl3~Ub
conformation determuned in the absence of an E3. However, conformations of Ubec13 deternuned
with the inhibitory factors OTUB1 or Ospl show imntermediate conformations. This analysis
furthermore reveals that the new C2 form of Ubc13 1s distinet from the Ubc13~Ub forms and 1t 1s
more similar to the non-ubiquitylated forms of Ube13, including those structures bound to OTUBI,
OspL, or TRAF6. Taken together, this evidence suggests that the active site loop 1s more flexible
than previously thought to be. As seen in the matrix, static shots of every previously deposited
Ube13 structure vary to some degree (Figure 2.4C). Structures with more than one Ubc13 in the
asymmetric umt differ from one another. Different factors binding to Ubcl3 induce diverse
conformations within the loop as seen with various binding partners such as TRAF6 and the TRIM
proteins. We hypothesize the lack of precipitant and crystal equilibration at room temperature
yielded an unbiased crystallographic structure in a more dynamic system, allowing the loop to

sample physiological conformations, yielding a perhaps more physiologically relevant structure.
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Figure 2.4. All Against All Comparison of Ubcl3 Structures Reveals a Highly Flexible
System.

A All available high-resolution structures aligned in PyMOL. B. Representative image of how the
measurements were carried out in PyMOL. C. Correlative matrix generated in Biovinci of the all
against all comparison of the active site residues with darker blue denoting stronger correlation,
and white denoting negative correlation. The various bound forms are denoted - the remainder of
PDB accessions codes are apo forms of Ubc13.
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2.4.3 New Loop Conformation is Not a Crystal Packing Artifact

To determune if the conformations of the gating loops were influenced by crystal packing,
we compared the crystal environments of the different crystal forms (Figure 2.5). This analysis
revealed that the gating loop 1n human Ube13 (1J7D) approaches an Mms2 symmetry mate, which

may bias its conformation (Figure 2.5), however the loop 1s not in a tight packing.

I Ubcl3(1J7D)

Figure 2.5. Electron Density Maps of the Crystal Packing Environment of Ubcl3 (1J7D).
Cross-eyed display of the active site loop (orange) of Ube13 in 117D, with its electron density map

(grey mesh). The symmetry mate, Mms?2 from a different heterodimer within the erystal 1s shown
i red. Waters are represented as red asterisk.

The active site of the new crystal form 1s well resolved (Figure 2.6A), and mn contrast to
1J7D, there was no evidence of crystal packing on the loop conformation. The loop 1s farther away

from its symmetry mate, and water interrupts any possible interactions (Figure 2.6B).
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M Mms? symmetry mate
M C2 Ubcl3

Figure 2.6. Electron Density Maps of the Newly Fitted Loop and the Crystal Packing
Environment.

A. The newly bult model with the 2Fo-Fe map 1n grey, and constructed cartoon model m blue at
1.7 A displayed in cross eyed stereo. B. Cross-eyed display of the active site loop (blue) in
proxinuty with a symmetry mate from a different heterodimer, Mms?2 (red), and the respective
electron density maps. Waters from each respective model are also displayed. A possible
electrostatic interaction 1s lmghlighted with a dark grey dashed line. Waters are represented in
asterks Ubc13 (blue), and Mms? symmetry mate (red)
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It 1s important to note that crystal packing involving the loop was not observed in the yeast
1soforms (1JBB and 1JAT), however the structure of the active site loop m these yeast structures
are very simular to the 1J7D human 1soforms. Additionally, the loop was not closely packed with
symmetry mates in the Ub conjugated structure of Ubc13 (2GMI) (Figure 2.7A). We suggest that
the different loop conformations observed in these structures likely amses from inherent
conformational preferences rather than crystal packing effects. Furthermore, the lack of precipitant
and crystal equilibration at room temperature used to determine our new structure suggests that

this structure might represent more physiologically relevant structure of Ubc13 in its ground state.

M Ubcl3 (2GMI)
M Ub tail

Figure 2.7. Electron Density Maps and Crystal Packing Environment of Ub bound Ubcl3
(2GMI).

Cross-eyed display of the crystal packing condition. No symmetry mate within proxinity was
observed. The tail of Ub tail 1s seen m dark grey. Waters are represented with red asterisks.

2.4.4 Compound Binding Stabilizes Ubc13
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The critical roles of Ubcl3 mn NF-kB and DNA damage signaling has made this E2 a
particularly interesting target for therapeutic development® and a nitrofuran-based small molecule
Ubcl3 inhibitor has been discovered that covalently modifies the active site cysteine!?%:116
Interestingly, the active site loop plays a key role in the specificity of compounds targeting Ubc13.
Our finding that the Ube13 gating loop can occupy an additional conformation in the new crystal
structure demonstrates that this loop 1s even more flexible than previously expected. This
additional flexability suggests that Ubc13 could be reactive to a larger range of Michael addition

compounds than only NSC697923 (Figure 2.8). Therefore, we set out to probe the active site with

novel inhibitors.
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Figure 2.8. Previously Characterized Compounds that Inhibit Ubc13.

ANSC697923 B. BAY 11-7082. Compounds utilized in our study C. NSC291068, D.
NSC291057, E. NSC627708, F. NSC646124, G. NSC656835 and H. 2-mitrofuran.
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NSC291068 (Figure 2.8C) and NSC291057 (Figure 2.8D), were reported to inhibit Ubc13
1n a cellular based assay, simular to the previously published compounds NSC697923 and BAY 11-
708219116 (Fioure 2.8A,B). A common feature seen in all compounds, except for BAY11-7082, is
a 2-mtrofuran moiety. We utilized a thermal shift assay to probe the ability of these compounds to
affect the folding stability of wildtype Ubc13 (Ubc13™7). This assay relies on the binding of the
hydrophobic dye, SYPRO orange to hydrophobic residues within the protein that become exposed
as temperature 1s increased and the protein unfolds allowing for the measurement of the melting
temperature of the protein (Tw)'*’. An increase in the T of a protein upon interaction with ligand
suggests a favourable interaction and stabilization of the protein fold'**. In the case of Ubcl13, its
mntrinsic melting temperature in the presence of 2% DMSO 1s 55 4°C (Figure 2.9A). Pre-reacting
Ubc13WT with an excess of NSC291068 led to a 4.5 °C increase in T to 59.9 °C (Figure 2.9A),
suggesting that the compound stabilizes Ubc13. This shift is not observed in Ubc13%¥75, consistent
with a covalent modification of the active site cystemne (Figure 2.9B). In the case of NSC291057,
no shift was observed in either Ubc13%7 or the Ubc13“®"5 (Figure 2.9C,D). Interestingly, when a
10-fold excess of 2-mifrofuran was mcubated with Ubc13, an increase in Tw of 1.4 °C was observed
(Figure 2.9E). This shift was not observed when 2-mitrofuran was incubated with the Ubc13%P
mutant (Figure 2.9F). The resistance of the Ubc13%® mutant to the compound suggests that the

nitrofuran 1s specific to the Ube13 active site groove structure, and not to other E2s.
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Figure 2.9. Compound Binding Induces Stabilization of the Melting Temperature of Ubcl3.

A. Unfolding transition of 130 pM Ubc13%T with DMSO, 5x NSC291068, and 10x NSC291068
with T reported on the graph. B. Unfolding transition of 130 uM Ubc13%%" with DMSO, 5x, and
10x NSC068. C. Unfolding transition of 130 pM Ubc 13" with DMSO, 5x, and 10x NSC291057.
D. unfolding transition of 130 pM Ubc13“®™> with DMSO, 5x, and 10x of NSC291057. E.
unfolding transition of 130 uM Ubc13™" with DMSO, 5x and 10x of 2-nitrofuran. F. unfolding
transition of 130 pM Ubc13%° with DMSO, 5x and 10x of 2-nitrofuran.
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2.4.5 NSC291068 Reacts with the Active Site Cysteine of Ubcl3, and Inhibits Ubiquitin Chain
Formation

We previously used an absorbance assay to momnitor the covalent modification of Ubc13
with the nitrofuran-containing inhibitor NSC697923'%_In this assay, Ubc13 was incubated with
inhibitor and the reaction was monitored over 15 minutes. Like NSC697923, freatment of Ubcl3
with NSC291068 led to an absorbance peak at 420 nm and a reaction was observed (Figure
2.10A). The absorbance peaks were different between the two compounds, with NSC697923
having a maximal absorption peak at 380 nm. We predict tlus difference 1s due to the new bond
formed with C87, despite both compounds bemg predicted to have the same leaving group. This
reaction required the active site cysteine, as no reaction was observed with the Ubc13C87S mutant
(Figure 2.10A). An increased rate of reactivity was observed m more alkaline conditions,
consistent with a mechamsm where the active site C87 nucleophilically attacks the compound
(Figure 2.10B). NSC291068 was also able to mhibit Ube13 Lys63-linked polyubiquitin chain
building in an in vitro assay (Figure 2.10C). To test the specificity for Ubc13 we utilized Ubc13?P.
NSC21068 inhibited the mutant with similar affinity to Ubc13™7T suggesting that, unlike
NSC697923, the compound 1s not selective for the native Ubc13 active site configuration (Figure
2.10D). To further confirm the reactivity of NSC291068 we utilized mass spectrometry. Reaction
of Ubcl3 with NSC291068 led to an increase in mass of 137 Da (Figure 2.11A, B), consistent
with the covalent addition of a mitrofuran-containing adduct to the active site cysteine (Figure
2.10G). In contrast, the related NSC291057 compound showed no effect on Ubc13 Tm and no
mhibition of Ub chain building, suggesting that this compound 1s not a Ubc13 mhaibitor (Figure
2.10E, F). We predict the overall size and geometry of the compound does not allow 1t access into

the active site of Ubc13.
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Figure 2.10. NSC291068 reacts in a pH dependent manner and inhibits ubiquitin chain
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formation.

(A) Absorbance assay with a wavelength fo 420 nm using Ubc13%T and Ubc13“™ over 15
minutes. (B) NSC291068 reactivity pH 6.0 — 9.0. (C) Western blot of ubiquitin inhibition assay

with Ubc13™7T, first lane is a 2% DMSO control, 2°¢ lane nothing but reaction components, 3" lane
to 7 lane are reactions pre-reacted with NSC291068 concentrations ranging from 1-15 pM. Bands
correspond to ubiquitin. (D) Ubc13%P utilized in the assay with NSC291068. (E)Ubc13VT pre-
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reacted with NSC291057 concentrations ranging from 1 pM-10 pM. (F) Ubc13%® with
NSC29105. (G) Proposed mechanism of inhibition of NSC291068.
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Figure 2.11. Mass analysis shows the addition of the adduct to Ubcl3.

A. Mass spectrometry data collected using orbitrap analyzer, and the molecular weight of Ubc13%7F
was measured to be 17548 6 Da, in agreement with the theoretical molecular weight. B. Ubc13%*
reacted with NSC291068, and the molecular weight was measured to be 17685.9 Da, in agreement
with the theoretical molecular weight post adduct reaction with active site cysteine.
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2.4.5 2-Nitrofuran specifically inhibits Ubc13.

The 2-mitrofuran motety 1s a common feature of the inlibitors NSC291068 and
NSC697923. The thermal shift assay suggested 2-nitrofuran could interact with Ube13 WT but not
the active site mutant Ubc13%® (Figure 2.9E.F), suggesting 2-nitrofuran might provide a lead
towards a non-covalent inhibitor targeting the unique Ubc13 active site structure. It was previously
observed m cellular based assays that compounds lacking the mitrofuran moiety showed no
reduction in Ubc13’s activity'!® (Figure 2.8E, F, G), and we found that these compounds also were
not able to inhibit Ubc13 in the in vifro ubiquitylation assay (Figure 2.12A, B, C). Taken together,
these results pointed to the importance of the 2-mitrofuran group for inhibition and we therefore
decided to test its ability to inhibit Ub chain formation. Consistent with the results of the thermal
shift assay, we found that 2-nitrofuran inhibited the ubiquitylation activity of Ubc13%T but not

Ubc13% (Figure 2.12D, E).
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Figure 2.12. The Nitrofuran Moiety Plays a Key Role in Inhibiting Ubc13.

Western blots of Ub inhibition assay with Ubc13%7T incubated with compounds lacking the
nifrofuran moilety A. NSC646124, B. NSC627708, C. NSC656835. D. Western blot of Ub
mhibition assay using elevated concentrations of the 2-mitrofuran moiety. E. Ub inhibition assay
using Ubc13%P incubated with 2-nitrofuran

2.5 Discussion

Ubcl3 1s an E2 conjugating enzyme responsible for synthesizing K63-linked polyUb
chains which play a key role in DNA damage response, and NF kB signalling®®?>*_The active
site loop of Ubcl13 is central in how it carries out its function®!%!. The current model suggests

residue 1121, which exhibits significant conservation within the enzyme fanuly, occupies a
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posttion that would obstruct the attack of acceptor ubiquitin K63 on the active site C87 due to
steric hindrance!®*1%_In other E2 enzymes, and in the Ubc13 structure when C87 is linked to the
C-terminus of a donor ubiquitin, the gating loop undergoes a conformational change wheremn 1121
repositions to allow access of acceptor K63 to the active site C87°>'%". This gating mechanism is
postulated to mvolve two distinet conformations, with dynamics between them driving the
selective synthesis of K63-linked ubiquitin chains'®'% Here we present a new conformation,
crystallized i a more native environment lacking any precipitants. Notably, L.121 maintamns the
ability to block access to C87 in the presented structure, suggesting that the loop 1s flexible, but 1t
remains in the inactive state. Interestingly, a different hydrogen binding pattern 1s observed
compared to the Ub bound and unbound forms of Ubcl3. In the 1J7D structure, the gating loop
assumes a conformation held by two adjacent type 1b turns, stabilized by internal hydrogen
bonding between N79 and turn 1, as well as N123 and the protemn's mterior. Consequently, L121
1s positioned above the active site C87. In the updated structure, turn 1 shifts away from N79,
while furn 2 becomes disrupted, adopting a more elongated conformation. Despite these
alterations, L.121 remams m the "up" position, and N123 maintains internal hydrogen bonding,
mirroring the arrangement m 1J7D. Upon Ub binding, the conformation undergoes further
modifications, likely mitiated by the interaction between N123 and the incoming K63 of the
acceptor ubiquitin. This reorientation of N123 1s linked to the repositioming of L121, which no
longer obstructs the active site cysteme but instead aligns with the protein's body. Like the revised
crystal structure, the region spanning 119-122 adopts an elongated conformation and does not
exhibit the turn observed m 1J7D. A comparative analysis of all the available structures of Ubc13
in the PDB revealed the various conformations the loop can occupy with different binding partners.

Notably, the newly characterized structure remamns umque in comparson to all the structures but
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1s ultimately closer in conformation to the unbound, than the Ub-bound forms. We hypothesize
there 1s erther a transitional state conformation between the unbound and bound state, or the loop
1s flexable and occupies different conformations at physiological temperature. In past studies, two
compounds were crystallized covalently linked to Ubc13, providing insights into the dynamics of
the active site. BAY 11-7082 left a smaller adduct attached to the cysteine and 1t was able to evade
Ubc13? loop, and still inhibit its activity'®’. In contrast NSC697923 only inhibited Ubc13%T in
vitro and not Ubc13®® and specificity was validated in vivo'®™. Structural analysis reveals
NSC697923 reacted with C87, and the mitrofuran moiety formed a hydrogen bond with N123
(Figure 2.13A) N123 was found to play a key role in interacting with covalent compounds found
to mhbit Ubcl3, further stabilizing the adducts post reaction as previously shown with
NSC697923 and BAY 11-7082. Notably, there were no sigmficant conformational changes
induced in the active site loop when compared to the unbound structure of Ubc13'%.

To gain more 1nsights into Ube13 active site dynamics, we pursued two simular compounds
that were discovered in the same screen as NSC697923. NSC291057 showed no direct binding, or
reactivity with Ube13. It was also unable to inhibit polyUb chain formation. NSC291068 showed
direct interaction with Ubel3, stabihizing Ubcl3’s melting temperature by 4 °C. Moreover, the
reactivity with the active cysteme, rather than a serine mutant, provides evidence of interaction at
the active site. The mass spectrometry data confirmed the adduct left over in the active site 15 137
g/mol. When compared to the adduct left over when NSC697923 reacts at the active site (111
g/mol)!%?, the active site cysteine must attack at a different carbon than at the nitrofuran, leaving
two more carbons extending the 2-mitrofuran in the active site. This points to a new mechamsm of
covalent inlubition. To further investigate NSC291068 specificity we studied its effects on in vifro

Ub chain synthesis_ Its ability to inhibit both Ubc13%"T and Ubc13%P suggests NSC291068 is a
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nonspecific E2 inhibitor. We hypothesize it evades the obstructed active site groove in Ubc13%P,
while tethered to the active site cysteine. This could be due to the two additional carbons on the
adduct left on C87. Excitingly, we saw evidence of the interaction of 2-nitrofuran with Ubc13™7F
due to the observed shift in Tw, and, at higher concentrations, the fragment was able to mhibat
polyubiquitin chain formation. Ubc13%® was resistant to 2-nitrofuran, suggesting it specifically
inhibits the active site groove of Ubc13"7T. Structural comparison between the newly crystallized
form (9BIV) and the previously crystallized Ubc13 bound to the 2-nitrofuran adduct post-reaction
with NSC697923 (40NM) shows that N123 likely remains available for hydrogen bonding with
the 2-nitrofuran (Figure 2.13A). 1121 does not sterically hinder the covalent adduct and 1s closer
to the “up” position like 1J7D. The overlay of Ubc13%" and 4ONM reveals the L121 occupies the
groove mn the mutant which sterically hinders the 2-mtrofuran (Figure 2.13B). We predict the 2-
nitrofuran fragment likely is sterically hindered by L121 in Ubc13%° making it a non-covalent
specific inhibitor of Ubel3.

A B

p T~ e
EOBIV B 40NM CO40NL B 40NM

Figure 2.13. Active Site Analysis with NSC697923.
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The crystal structure of Ubc13 reacted with NSC697923, with the 2-mitrofuran adduct covalently
linked in the active site (grey) overlayed on the new form of the active site loop (blue) A. and the
structure of Ubc13%P (orange) B. using PyMOL. Key residues are shown in sticks. Notably, the
residues mutated in Ube139° D81N, R85S, A122V and N123P.

Certain limutations of our study stem from our mability to determine the structures of the
new compounds bound to Ubc13. Future studies should focus on charactenizing the structures of
compounds for future development of next generation mhibitors. Furthermore, in vifro
characterization showed promusing results in the compounds ability to inhibit Ubc13, but in vive
studies are necessary to study the effects of inhibiting Ubc13 on DDR.

Knowing the dynamics of the active site of Ubcl3 can help in further developing the
mhibitors to more specific compounds. For example, NSC697923 1s specific to Ubcl3 but off
target effects were observed m cells. Modifying certain chemical groups while mamtaming
hydrogen bonds within the active site could be key 1n increasing specificity and reducing reactivity.
The mitro group on the nitrofuran can be substituted with primary amudes, nitrile, or a methyl
sulfone. The 2-nitrofuran fragment opens a non-covalent avenue in drug design. The umque
conformation of the active site loop, and the presence of N123 within the groove, offers up a
selectivity determinant. There have been several strategies employed 1n assembling fragments into
larger specific and tight binding compounds'**. The 2-nitrofuran could be modified, and several
components can be added that take advantage of Ubc13°s relatively deep groove compared to other
E2s to improve specificity and affimty, while elininating the prerequusite reactivity of a covalent
mhibitor. Understanding drug targets such as Ubc13 with non-redundant characteristics 1s key due
to the opportunity of having a selectivity determinant. Our work suggests that explorng the
mntricate details of protemn structure and dynamics could enhance our ability to develop highly

specific and potent inhibitors.
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Chapter 3 — Mechanistic Insights into DNA Damage
Sensing RING E3 Ligase RNF138

3.1 Abstract

RNF138 1s a ubiquitin E3 ligase that binds DNA double-strand breaks, i a cell cycle-
dependent manner, promoting homologous recombination during the S2 and G phases. These
actions are carried out by ubiqutylating and displacing the heterodimer Ku from DNA ends.
RNF138 also ubiquitylates Ct-IP, facilitating DNA end resection. Here we characterized the DNA
binding mechanism of RNF138 by testing its binding with various DNA constructs. Our binding
studies revealed a strong preference for 3" and 5° overhang DNA, which RNF138 binds with a
strong preference for larger overhangs Furthermore, truncating RNF138 leads to a notable
weakeming of DNA binding, suggesting that many regions of the protein are mvolved mn DNA
binding. AlphaFold modelling of RNF138 suggests a flexible N-termunal region followed by
localized ordered domains consisting of a RING domain followed by a zinc finger, connected to
two C-termunal zinc fingers and a ubiquitin interacting motif, in a “beads on a string” like

configuration.
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3.2 Introduction

The maintenance of a cell’s DNA 1s important to protect against a variety of diseases and
disorders'*. DNA constantly subjected to insults from both endogenous and exogenous forces;
therefore, organisms have implemented a variety of mechamisms to deal with the different kinds
of damage that can occur'’. A particularly problematic form of damage is a double-strand break
(DSB)®. DSBs are highly cytotoxic lesions, and the occurrence of such a break in the DNA can
have multiple consequences, such as chromosomal instability, missense, nonsense mutations, and
even cell death*?*# The two most prevalent methods for dealing with DSBs are homologous
recombination (HR) and non-homologous end joining (NHEJ)"*!**! Homologous recombination
uses a sister chromatid as a template to repair the double-strand break'**. Non-homologous end
joming will process the two raw ends of the strand, removing nucleotides to produce blunt ends
and sealing the new gap®’. A reduction or absence of the employment of HR can lead to the
accumulation of mutations over time and often results in an increasingly unstable genome* The
use of HR 1s carefully managed within the cell, through posttranslational modifications (PTMs),
and mismanagement of the levels of HR has been associated with tumongenesis and, i rare
instances, resistance to chemotherapy and radiation treatments'#”.

Ubiquutylation has been identified as an important PTM at several pomts i the HR
pathway and is used in both degradative and non-degradative signalling'**. The generally accepted
mechanmsm starts with the activation of ubiquitin by an E1 enzyme, followed by the transfer of the
activated ubiquitin to a ubiquitin-conjugating enzyme, E2, which, with the help of an E3 ligase,
transfers the activated ubiquitin to a target substrate®>®_ E3 ligases are crucial in the final step of
the ubiquitin cascade, facilitating the transfer of ubiqutin from an E2 enzyme to a substrate

lysine®8-1201_ These ligases fall into two main categories based on their mechanisms: those that
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transiently bind ubiquitin before transferring 1t to the substrate, such as HECT and RBR, and those
that do not form such an intermediate, typical of most Really Interesting New Gene (RING)-class
E3 ligases'??. RING E3 ligases usually feature a RING domain that interacts with an E2 enzyme,
promoting ubiquitin transfer'*’. Unlike HECT ligases, the RING family lacks a catalytically active
site to directly accept ubiquitin from the E2 enzyme!*-!>?_ Instead, they position the E2-ubiquitin
complex optimally for the substrate's lysine to undergo nucleophilic attack!>!.

Our focus 1s a DNA-binding ubiquitin E3 ligase, known as RING finger protemn 138 or
RNF138'%%130. RNF138, identified as a conserved RING-type E3 ligase, was first recognized for
its role as a suppressor of the Wnt pathway'?'  More recently, RNF138 has been associated with
DNA damage responses and has been shown experimentally to correlate with mecreased sensitivity
of a cell to DNA damaging agents upon its depletion®-1**13°. RNF138 was found to promote HR
by directly binding DNA overhangs post MRN end resection and ubiquitylates Ku, displacing the
heterodimeric complex which protects DSB from end resection and promotes recruitment of
proteins involved in NHEJ'?_ In parallel, RNF138 cooperates with the UBE2D (UbcHS) family
of E2 enzymes to ubiquifylate and recrut CtIP to DSB which promotes HR and extensive DNA
end resection'’.

RNF138 1s related to a poorly characterized family of RING E3 ligases, RNG125, RNF114,
and RNF166 all of which share similar size and domain distribution’*>. All four proteins consist
of a RING domain on the amino (N)-termunus, connected by a short linker (L1) to a zinc finger
(ZNF1), followed by a linker (L2) which separates the N-ternunal domains from 2 more zinc
fingers (ZNF2, ZNF3), a 3" linker (L3) and a ubiquitin interacting motif (UIM) on the carboxy
(C)-terminus'**%13*  Recent characterization of RNF125°s N-terminal regions has revealed

msights mto the catalytic functions of this fanuly of E3 ligases, but the structure and molecular
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function of RNF138 is yet to be characterized'**!>*. More recently, several studies have revealed
an important role for RNF138 1n cancer. It 1s overexpressed in glioma cells, a very aggressive type
of brain cancer, promoting proliferation, metastasis, and radioresistance’?” %> It is further

implicated in cisplatin resistance in gastric cancer cells'*®

. Therefore, 1t 1s imperative to
characterize RNF138’s activity and understanding the functions of the domains of RNF138 1s key
to understanding RNF138’s DNA and protein binding activities.

In this study, we set out to biochemically characterize RNF138. We mmtally truncated
RNF138 to varying degrees to investigate the impact they may have on DNA binding. followed
by investigating the length of DNA required for RNF138 binding. Our results reveal that RNF138
15 a relatively unstable protein, which prefers larger DNA substrates, specifically DNA substrates
containing large overhangs Furthermore, truncation of any domains within RNF138 reduced or
eliminated DNA binding. AlphaFold? analysis of RNF138 revealed a highly flexible protein, with
organized domains separated by linker regions. Utilizing AlphaFold2 with the multimer
implementation, reveals the RING and ZNF2 with elements from L2 are involved in E2 and

ubiquitin interaction.
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3.3 Methods

3.3.1 Protein Constructs and Expression

Four constructs of RNF138 were gifted from Dr. Leo Spyracopoulos’s lab from Dr. Brian
Lee, full-length RNF138, RING-ZNF1, ZNF1, ZNF2, ZNF3, and ZNF2, ZNF3. The fifth construct
truncated at the UIM was generated in our lab. All constructs were generated with Glutathione S-
Transferase (GST) tags, connected by a 3C protease cut site for tag removal Both genes were
mtroduced into the plasnud pGEX6pl, which also contamned the genes for ampicillin resistance.
These genes were expressed in a bactenial expression system. The plasmuds were transformed into
BL21 Gold E. coli cells, which contained genes that provided kanamyecin resistance.
3.3.2 DNA Constructs

All oligonucleotides were purchased from Integrated DNA Technologies (IDT) (Table
3.1). Four 3’ labelled 6-carboxyfluorescemn (FAM), with a 5’phosphate group, at 1 mM
concentrations. The remaimning oligonucleotides were ordered at 100 pM. Upon arrival, DNA
substrates were resuspended i water. For annealing reactions 1:1 of FAM labelled DNA with a
complementary unlabelled DNA strand were combined in an Eppendorf tube. The tubes were

mncubated at 95 °C for 5 min. The tubes were then allowed to cool down slowly overnight to room

temperature.
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Table 3.1. Oligonucleotide Sequences Utilized in Our Study

Number | Oligonucleotide Sequence
of bases
40 P35 TAACGGAGAGGCTAAGGATGTACTGCTTGTTAGGCTCCAT 3 FAM
40 5 ATGGAGCCTAACAAGCAGTACATCCTTAGCCTCTCCGTTA 3
60 5 ATGGAGCCTAACAAGCAGTACATCCTTAGCCTCTCCGTTAAGTGCCAATTTCACTGTAAG 3
20 5 ATGGAGCCTAACAAGCAGTAS
30 P 5 TAACGGAGAGGCTAAGGATGTACTGCTTG 3 FAM
30 5 ACAAGCAGTACATCCTTAGCCTCTCCGTTA 3
40 5 ACAAGCAGTACATCCTTAGCCTCTCCGTTAATGGAGCCTA 3

20

5 ACAAGCAGTACATCCTTAGC 3

20

P 5 AACGGAGAGGCTAAGGATGTS FAM

20

5 ACATCCTTAGCCTCTCCGTT 3

30

5 ACATCCTTAGCCTCTCCGTTATGGAGCCTA 3

10

5 ACATCCTTAG 3

15

P5 TAACGGAGAGGCTAA S FAM

15

5 TTAGCCTCTCCGTTA3

20

5 TTAGCCTCTCCGTTAATGGA 3

10

5 TTAGCCTCTC 3

3.3.3 Bacterial Cell Growth and Induction

In the case of all RNF138 constructs, we started with an E. coli BL21 Gold cell line. This
cell line was transformed with a plasimd pGEX6P1, which contains ampicillin-resistant genes, as
well as the gene for RNF138-GST constructs. Our mitial culture was moculated from bactenal
colonies on ampicillin and kanamyein plates, m 5 mL of LB Broth treated with 5 pl. of 50 mg/mL
kanamycin (50 pg/mL) and 5 pL of 100 mg/ml. ampicillin (100 pg/mL) and incubated overnight
at 37 °C. We transferred the entire 5 mL preparation to 500 mL of LB Broth pre-treated with 500
uL of kanamycin and ampicillin. This culture was incubated for at least 2-4 hours at 37 °C. The
optical density for our sample was measured at 600 nm to deternune whether or not to move on to

the next step. Once the optical density fell between 0.6 and 0.7, we moved on to the next culture.
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8 bottles, each contamning 1 L of LB broth, were prepared, and treated with 1 mL of kanamycin
and ampicillin. 50 mL from the 500 mL preparation was added to each bottle. The 1 L preparations
were mcubated at 37 °C for a further 2-4 hours. Again, optical density at 600 nm was used to
determine whether to move on to mduction. 0.6-0.7 was once again the target optical density. The
cells were mnduced by the addition of 200 pL of 0.5 M ZnClz and 200 pL of 1 M IPTG to each 1L
bottle. The preparations were then mcubated overmight at 17 °C. The cells were pelleted out of
solution via centrifugation at 4000 RPMs (JLA-8.1 rotor) for 15 minutes at 4 °C. Supernatants
were discarded, and the pellet was either used right away or frozen via hquid nitrogen and stored
at -80 °C.
3.3.4 Bacterial Expressed Protein Purification

The following protocol was used for all protein constructs. The pelleted cells, used directly
following growth or retrieved from -80 °C, were resuspended m RINF138 lysis buffer (50 mM Tris
pH 7.5, 500 mM NaCl, 10 pM ZnCl, 1 pL/mL BME). To the sample, 0.04 g of lysozyme and 200
UL of a protease mhibitor cocktail (Sigma Aldrich) were added. Resuspension was carried out at 4
°C, using a magnetic stir bar set up for ~35 nunutes. Following resuspension, the cells were lysed
by sonication at an amplitude of 70%, using 15 seconds on 45 seconds off pulses, for a total of 3
minutes of sonication. The lysate was subsequently centrifuged at 12000-13000 RPMs (JA-17
Rotor) for 40 munutes at 4 °C. The pellet was discarded. The supematant was then treated with 4.5
mL of polyethyleneimine (PEI) (dropwise to a final concentration of 0.05% w/v over
approximately 15 minutes). The sample was left o nux for an additional 20 nunutes, then
centrifuged at 13000 RPMs (JA-17 rotor) for 30-35 nunutes at 4 °C to pellet out any precipitated
DNA. The supernatant 1s collected to proceed to GST affimty chromatography. The supernatant

was then transferred to a bottle and mcubated with glutathione sepharose beads (Sigma Aldrich)
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for 1 hour. This nuxture was transferred to a falcon tube following incubation and was centnfuged
at 4500 RPMs (JA-7.5) for 2 munutes at 4 °C. The resulting supernatant was discarded, the bottle
was rinsed with lysis buffer and the previous centrifugation was repeated. The beads were
transferred back to a column and washed with lysis buffer (50 mM Tris pH 7.5, 500 mM NacCl, 10
UM ZnCly, 1 pL/mL BME). We eluted the GST-tagged constructs with 10 mL volumes of elution
buffer (50 mM Tris pH 7.5, 500 nM NaCl, 10 pM ZnCly, 10 mM glutathione, 1 pL/mL BME).
Four of these 10 mL fractions were collected i total. Each of these fractions was collected in test
tubes. One additional 15 mL fraction was also collected and was always collected last. These
fractions were pooled and digested with 3C protease overnight. At this point in the experiment, we
needed to separate free GST from RNF138 as they are far too close in size to be effectively
separated 1n size exclusion chromatography. We concentrated the 50 ml overmight 3C digests
volume down to 1-2 ml using 10 kDa concentrator tubes, added 20 mL of lysis buffer lacking
glutathione and repeated cycles of centrifugation at 4000 RPMs (JA-7.5 rotor) three times,
effectively buffer exchanging glutathione out. After the 3™ run, the samples were further diluted
with lysis buffer and incubated on fresh glutathione beads for an hour and a half at 4 °C. The flow
through after the incubation was collected, the column was washed twice with lysis buffer bringing
the total volume to 40 mL., the proteins were then concentrated to 2 mL usmng 10 kDa centricon
concentrator tubes (Sigma Aldrich). Finally, size exclusion chromatography was applied to the
sample. We employed a Superdex 75 16/60 column, and protein elution was monitored using a
280 nm UV lamp, fractions corresponding to a peak i 280 nm were collected. These fractions
were pooled for further use. The success of the steps of purification was established by running
samples taken from each step 1 a 5-15% polyacrylamide gel The resulting gel(s) were run at 240

volts for 30 minutes and then stained usmg Coomassie blue dye.
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3.3.5 Mammalian Cell Cloning and Transfection

Exp1293F cells were gifted to us from Dr. Marek Michalak’s lab. Mammalian cell construct
of RNF138 was cloned mnto pCDNA3.1 vector, with a CMV promoter followed by N-termunal
GST tag, followed by a Tobacco Etch Virus (TEV) protease cleavage site, 3C protease, and 10x
His-tag. Fresh Expi293 cells were thawed and cultured in Nalgene Single-Use PETG 125 mL
Erlenmeyer Flasks (Thermofisher Scientific) and passaged 3 ftimes in CDM4HEK?293 media
(Cytiva), supplemented with 1X GlutaMAX before transfection. 125 mL flasks containing 35 mL
of cells were grown on a shaker at 37 °C, 80% humidity environment, and 8% CO: atmosphere
with a shaker speed of 125 rpm. For the first passage, cells were counted using trypan blue, and a
hemocytometer, to determine cell numbers and viability. At the first passage, 1-3 x 10° viable
cells/mL were acceptable. Following the first passage, routine general maintenance of cells was
carried out when they reached a density of 3-5x10° viable cells/mL. For transfection, cells were
grown to 3-5 mve (million viable cells)/mlL >95% viable. They were pelleted, at 600 xg for 2 mun
at room temperature and the media was carefully removed. Fresh warm media was added to give
a final of 1 mev/mL and incubated overmght. On the second day cells were counted and spun down
at 600 x g for 2 mun, at room temperature and media was gently removed. Growth media was
replaced with warm transfection media HyCell TransFx-H (Cytiva), supplemented with +0.1%
Pluronic F-68, to give a final volume of 20 mve/mL. 1.25 pg DNA/mve was added while gently
swirling, 3.75 pL of 1mg/ml 40 kDa PEI/'mvc was added slowly while swirling and cells were
mncubated for 3 hours. In a separate flask, transfection media + 0.1% Pluronic F-68 were warmed
in the expression flask to give Imve/ml final, cells containing the DNA PEI muxture, were then
transferred into the expression flask, 3.5 mM of valproic acid (VPA) was added. Cells were

incubated for 4 days. After 4 days, cells were counted, pelleted, and flash-frozen mn liquid nifrogen.
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3.3.6 Expi293 GST protein purification

Around a 160 million cells were utihized. Cells were lysed by resuspension in 5 mL of
phosphate-buffered saline (PBS) supplemented with 1 mM EDTA, 1% Triton 3-100; 1 mM DTT
and 1 tablet of cOmplete™ Protease Inhibitor Cocktail (Millipore Sigma). Cells were pipetted up
and down on ice and allowed to tumble for 1 hour at 4 °C. Cells were then sonicated, with short
pulses at 70% amplitude, 1 second on, 5 seconds off. Cells were then spun down at 13000 RPMs
(JA-17 rotor) for 30-35 munutes at 4 °C, the supemnatant was collected, the pellet was washed again
with 3 mL of lysis buffer, spun down again, and the supernatant was collected. GST beads were
equilibrated with lysis buffer at 4 °C, and the supematant was mcubated with 1 mL of GST beads
and allowed to incubate for 1 hour at 4 °C. The protein was then eluted using the lysis buffer,
except 0.5% Triton, and supplemented with 10 mM reduced glutathione. Histidine purifications
followed the same protocol, but instead of GST beads, we utilized HisPur™ Ni-NTA Resin
(Thermofisher Scientific), and 100 mM 1nmdazole was used for elution.
3.3.7 SDS-PAGE and Immunoblotting

The samples were loaded into small, custom-cast gel trays containing Tris solutions with
specific concentrations and pH levels (37.5 mM at pH 8.8 for the mam layer and 12 5 mM at pH
6.8 for the supporting layer), along with 0.1% sodium dodecyl sulphate (SDS), and 5-12%
polyacrylamude. Precision Plus protein dual colour standards from Bio-Rad were used as reference
markers. Electrophoresis was conducted at 150 volts m a runmng buffer solution containing 25
mM Tris pH 8.3, 192 mM glycine, and 0.1% SDS. The separated proteins were then transferred
onto a nitrocellulose membrane via wet electro-transfer for one hour at 110 volts using a transfer
buffer solution contamning 25 mM Trnis pH 8.3, 192 mM glycine, and 20% methanol. For

immunoblotting, the nitrocellulose membrane was mitially blocked with a solution of 4% fish skin
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gelatin (FSG) dissolved in TBS (Tris-buffered saline) at room temperature. The primary antibodies
were diluted in freshly prepared TBS contaiming 0.1% Tween-20 (TBST) or 2% FSG for RNF138
antibodies and incubated overnight at 4 °C on a rocker. The membranes were subsequently washed
three times, each for 10 nunutes, in TBST. They were then incubated for 1 hour at room
temperature with secondary antibodies conjugated with horseradish peroxidase (HRP), IRDye
680RD, or IRDye 800CW (all from LI-COR. Biosciences) mn TBST. Following incubation, the
membranes were washed again three times, each for 10 nunutes, in TBST, followed by a single
wash in TBS for 10 munutes. HRP activity was detected by immersing the membranes in
Amersham ECL Prime Western Blotting Detection Reagent (from Cytiva) for 2 munutes.
Chemuluminescence signals were acquired usmg the Odyssey Fc Imaging System and quantified
by densitometry using Image Studio software, both from LI-COR Biosciences. Fluorescence
signals from IRDye were also detected using the same 1maging system and quantified sinularly.
3.3.8 Electrophoretic Mobility Shift Assay

Senially diluted concentrations of RNF138 constructs (0/0.02/0.04/0.08/0.2/0.4/0.8/2/4/8
uM) were tested agamnst a consistent concentration (20 nM) of DNA substrate. Each reaction
mixture comprised 1 pL of 3’FAM DNA substrate, 1 pL of protein in storage buffer, 5 pL. of EMSA
binding buffer (containing, 25 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM DTT, and 10%
glycerol), and 2 pL of H2O, which were mixed and then incubated for 10 minutes. Followmg this,
2 pL of 4X EMSA loading dye (consisting of 10% glycerol, 240 mM Trnis-HCI (pH 7.5), and 4
mg/ml. bromophenol blue) was added to the reaction nuxture before loading it onto a pre-run 6%
native polyacrylanude gel (prepared with a ratio of 19:1 acrylammde/bisacrylanmde).

Electrophoresis was conducted at 100 V for 55 nunutes at 4 °C mn 1X TBE buffer. Free and bound
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DNA substrates were then wisualized using a Typhoon™ phosphonimager and qualitatively
analyzed.
3.3.9 AlphaFold2 Modelling and Analysis

Structural modeling and predictions for RNF138 (Uniprot accession: Q8WWVD3), UbHSb
(P62837) and Ubiquitin (POCG48) were conducted using the ColabFold implementation of
AlphaFold2 (https://github_com/sokrypton/ColabFold)!**'%"_ The protein sequences were input in
AlphaFold MMseq2 Google Colab notebook (version 1.5.5). Output models were assessed and
ranked based on predicted template modelling (pTM) and interface predicted template modelling
(1pTM) scores, with the highest scoring model selected for further analysis. Model visualization,
analysis, and image creation were performed using PyMOL (Version 2.3.3, Schrodinger, LLC).
Confidence metrics were generated and plotted using Microsoft Excel (version 2403) and

Morpheus (available at: https://software.broadinstitute org/morpheus). All structural alignments

were done with experimental structures deposited in the protein data bank (PDB) (Table 3.2).
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Table 3.2. Proteins Used in the structural Alignments.

PDB AC Proteins RMSD ( )
8GBQ RNF125-UbcH5b 0.387
4QP1 RNF146-UbcH5a 0.692
4AP4 RNF4-UbcH5a 0.706
2YHO MYLIP-UbcHS 0.905
4A4C Cbl-UbcHSb 0.667
3RPG BMI-RING1b-UbcH5b 0.501
4V3K RNF38-UbcH5b~Ub 0.460
4AUQ BIRC8-UbcH5b~Ub 0.409
8GCB RNF125-UbcH5b~Ub 0.486
3ZNI Cbl-UbcH5b~Ub 0.556
6W9D RNF12-UbcH5b~Ub 0.477
SULK RNF165-UbcH5b~Ub 0.512

3.3.10 Crystallization

We carried out several crystallization screens with ZNF2 3, using screens from Anatrace’s
MCSG crystallization smte. We made use of MCSG-1, MCSG-2, and MCSG-3. The trays were
periodically checked for potential development of crystals via exanunation under a microscope.
Just as with ZNF2 3, we carried out microlytic crystallization screens with the full-length RNF138
complexed with DNA. The DNA strand used 1n this complex had a 40 nucleotide double-stranded
region and a 20 nucleotide 3° overhang. The same screens from Anatrace’s MCSG crystallization

suite were used. We made use of MCSG-1, MCSG-2, and MCSG-3.
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3.3.11 Thermal Shift Stability Assays

This procedure was the same for the two constructs. First, 360 pM of protein was diluted
to 130 pM with 500x of SYPRO orange dye. The final concentration of the dye was 250x. A
SYPRO assay consists of a library of low and high salt buffers, at varying pH values ranging from
pH of 3 to 10. 5 pL of the reacted protein and dye solution was added to 15 pL of each buffer. The
solutions were prepared in triplicates in 96 well plates. The temperature was increased from 20 °C
to 95 °C degrees m 0.5 °C increments over 45 nunutes, and all sample readouts were done in
triplicates using MasterCycler RealPlex (Eppendorf) filter set at 550 nm. The results produced are
fluorescence values as a function of temperature, wherein the melting temperature 1s inferred from
the inflection point™**.

3.4 Results

3.4.1 Purification of RNF138 Constructs

To characterize RNF138 biochemically, the protein had to be 1solated. We utilized different
constructs as this approach allowed us to study the various domains of RNF138 1n 1solation to fry
to understand their functions and gam insights into their stability (Figure 3.1A). Imitially, we
decided to utilize E. coli as the expression host as it 1s the most cost-effective way to express large
amounts of protein and purify 1t. We received four constructs as a gift from Dr. Leo Spyropoulos’s
lab: RNF138%T RING-ZNF1, ZNF1.2 3, and ZNF2.3, and we created 1 more truncation, a

construct lacking the UIM, RNF138'-*?* (Figure 3.1A).
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Figure 3.1. Protein Constructs, and Schematic Representation of DNAs Used in Our Study.
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All samples were subjected to GST-affimty tag punfication, followed by
polyethyleneimine (PEI) precipitation, to precipitate contaminating DNA and extraneous DNA
binding protemns out of our samples, followed by sizing exclusion chromatography. All the
truncations were successfully purified with greater than 80% purnty (Figure 3.2A-E). Except for
ZNF2 3, all constructs were relatively unstable over time and expressed in lower yields. To
mitigate instability, protemns were kept at high salt, lower concentrations, and flash frozen, and
were only buffer exchanged and concentrated when they were to be used (Figure 3.3A). ZNF2 3
was used 1n crystallization screens due to 1ts promusing yields and stability (Figure 3.3B), but we
have not been successful i our efforts to crystallize this construct. We decided to try a mammalian
cell expression system concurrent with E.coli punfication to investigate whether a more native
environment will yield more stable forms of RNF138. E. coli lacks mammalian protein
chaperones, and our protemn may require specific post-translational modifications (PTMs) for
proper folding, stability, and overall function. We utilized Exp1293F cells, which are suspension-
adapted human embryonic kidney (HEK293) cells. Two constructs containing RNF138™T, with
differing tags, were cloned under the control of a CMV promoter. The GST- RNF138"T_His
construct, yielded ambiguous results, as antibodies for both GST, and His tags were non-specific
and the current antibodies for RNF138, were also very cross-reactive when probing cell extracts.
We were unable to confirm 1if there was any protemn expression using that construct. Another
construct was generated, by cloming an N-gernunal GFP tag instead of GST and we kept the C-
termunal tag. Anti-GFP bodies are well characterized and are relatively non-cross-reactive. We
were able to detect protein expression using this construct and carry out purification, but the yields
were far lower than we anticipated (Figure 3.2F). Further optimization 1s required which may

yield enough for biochemical, and structural characterization of RNF138.
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Figure 3.2. RNF138 Purification Results.

A. E.Coli expressed protein size exclusion chromatogram and a representative image of an SDS-
PAGE gel of the final purification step of RNF138"T. B RNF138!2 C. RING ZNF1 D. ZNF1,
ZNF2, ZNF3 E. ZNF2 ZNF3. F. Immunoblot of non-transfected Expi cells (left, control) and GFP-
His-RNF138 construct (right panel) with the following samples: pellet post lysis and spin down
(PL), supernatant post lysis and spin down (SN), post nickel column elution (EL). Pnmary mouse
anti-GFP (1/2000) was used, and secondary anti-mouse HRP (1/5000).
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Figure 3.3. Thermostability Shift Assay Using SYPRO Orange Dye of RNF138"T, ZNF2,
ZNF3, and RING ZNF1 in Different Buffer Conditions.

Protemns were diluted with SYPRO orange dye and incubated with a library of buffers ranging
from pHs of 3 to 10, with each pH having two different NaCl 150 mM and 500 mM NaClL
Temperatures were gradually increased, and fluorescence was measured as a function of
temperature. Melting temperatures are mnferred from the inflection pomnt. A lower melting
temperature suggests an overall less stable protein in the respective solution. Both constructs were
consistently less stable, the most stable buffers are shown. A. Overall RNF138%T was most stable
in high salt buffer conditions, with the most stable buffer bemng the selected as our lysis buffer in
our experiments: 50 mM Trnis pH 7.5 500 mM NaCl, with a melting temperature of: 50.8+0.3°C.
The same buffer with 150 mM NaCl, was the most stable (41.5+0.6°C) m the low salt buffers
therefore this was the selected buffer for our biochemical analysis of RNF138. B. ZNF2, ZNF3
was more stable, with the highest melting temperature (58.9+0.3°C) m 50 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfomc acid) and 500 mM NaCl. A lower melting temperature
was observed with lower salt concentrations, but the melting temperature remained higher than
RNF138%T suggesting ZNF2, ZNF3 construct is more stable. In comparison to RNF138%7T in 50

mM Tris pH 7.5 500 mM and 150 mM NaCl ZNF2, ZNF3 had melting temperatures of 58 5+0.6°C,
and 57.9+0.3°C respectively.
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3.4.2 RNF138 Preferentially Binds DNA Overhangs

RNF138 is recruited to DSB by directly binding DNA'*_ To characterize the DNA binding
mechamsm of RNF138, we ufilized an electrophoretic mobility shuft assay (EMSA) using purified
RNF138 full length, and different proten truncations which were mcubated with different
fluorescently labelled DNA constructs and were visualized on native gels starting with a 40 base
3" FAM labelled DNA (Figure 3.4). The two constructs which showed significant DNA binding

2

activity were RNF138™" and RNF138'*” and both showed a preference for DNA with 20
nucleotides 3’ and 5’ overhang. A shift is observed at 200 nM and 2 pM for RNF138"7T and
RNF138'?% respectively, suggesting a 10-fold stronger interaction with the wildtype protein
compared to the RNF138 lacking a UIM (Figure 3.4). This pattern 1s also observed in the case of
the 5 overhang (Figure 3.4). A 2-fold difference between 3" and 5 overhang DNA was observed
in the case of RNF138"T with binding happening at 400 nM of protein. RNF138!-** again had a
10-fold weaker interaction as a shift was observed at 4 pM (Figure 3.4). Interestingly, although
the overhang region remains 20 nucleotides long in the 5° overhang DNA construct, the double
stranded region of the DNA gets smaller. This 1s because all the DNA constructs were designed to
complement the 40 nucleotide FAM labelled DNA strand, which may explain the discrepancy
observed between 3’ and 5° overhang DNA binding. This suggests that the duplexed region of the
overhang constructs may affect protein binding. In the case of 40 base single-stranded (ssDNA)
and 40 base-paired double-stranded (dsDNA), RNF138"" bound both with similar affinities,
shifting the DNA at 800 nM of protein, whereas RNF138-**° showed binding at 8 uM to the
ssDNA and 4 pM to dsDNA (Figure 3.4). Overall, the results reveal that RNF138 has a strong

preference for DNA overhangs, and removing the UIM leads to a marked drop in DNA binding

affimty. Additionally, the shortening of the duplexed region in the 5’overhang construct was
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observed to reduce the binding affinity by 2-fold, signalling an involvement of the double-stranded
region of DNA. Interestingly, the DNA binding activity of RNF138 does not plateau at higher
concentrations, suggesting a non-specific binding, wherein increasing concentrations of RNF138

lead to the loading of more protein molecules onto the DNA.
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Figure 3.4. Analyzing RNF138™T and RNF138'-2*° Binding to DNA Substrates by EMSA.
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The left panel corresponds to RNF138" " and the right to RNF138!***_ Top to bottom in both panels
the DNA constructs used correspond to 40 base strands of FAM labelled DNA annealed or single
stranded to 60 bases (20 bp 3 overhang), 20 bases (5’ overhang), 40 base ssDNA, and 40 bp blunt
end indicated to the left of each gel row Increasing concentrations of protein
(0/0.02/0.04/0.08/0.2/0.4/0.8/ 2/4/8 uM) indicated by a black wedge above each gel, were titrated
against 20 nM of 3° FAM labelled DNA indicated by the asterisk.

3.4.3 RNF138 binds DNA in a size-dependent manner

Mrel1 endonuclease activity creates large overhangs before the recrmtment of subsequent
DNA end resection machinery”’_ It has been previously shown that RNF138 binds to DNA on the
scale of the minimally resected DNA initiated by Mrel1 (~100 base overhang)'*®. We generated a
library of DNA in which the lengths of both the overhang and the duplex regions were varied to
examine the dependence of the size of the DNA on RNF138 binding. Annealing a 40-nucleotide
strand of DNA to a 30 nucleotide FAM labelled DNA (Figure 3.5, left column), which halved the
size of the 3’overhang from 20 to 10 nucleotides, led to a 4-fold reduction in binding affimty to
DNA, with a shift occurring at 800 nM. The same pattern was also observed when a 20-nucleotide
strand was annealed to the 30-nucleotide creating a 10 base 5’overhang, with a shift occurring at
2 pM of RNF138. There was no binding observed for the 30-base ssDNA_ A 10-fold reduction in
binding was noted for the 30-base pair blunt end construct, compared to the 40 base pair duplexes,
with a shift observed at 4 pM of RNF138.

The length of the duplexed region was reduced by 10 nucleotides by shorteming the single-
stranded FAM-labeled DNA from 30 to 20 nucleotides (Figure 3.5, center column). This shortened
strand was then annealed to a 30-base strand to create a 3' overhang, or to a 10-base strand to create
5' overhangs. When maintaimming a 10-nucleotide overhang, the reduction in the duplexed region
of DNA resulted in decreased binding affinity for the 3' overhang to 2 pM. Simularly, another 10-

base pair reduction in the duplexed region decreased binding to the 5' overhang to 4 pM. No
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binding was observed with ssDNA  and when the length of the blunt-end DNA was reduced to 20
bases, the binding affimity shifted to 8 pM of RNF138.

Finally, RNF138 showed a markedly lower affimty for both 3" and 5° overhang DNA  with
binding affimties at 4 pM, when the overhang regions were halved to 5 nucleotides (Figure 3.5,
right column). No binding was observed for the 15 base pair double-stranded blunt end DNA.
Collectively, these results pomnt to a size dependence for RNF138 DNA binding activity with a

consistent preference for larger single-stranded overhang DNA.

86



S 3
5

5 3
3 —5
5 3
5 3
3 S

RNF138VT

10 base overhang
30 base FAM

10 base overhang
20 base FAM

5 base overhang
15 base FAM

e
TIYLYIV)

'huuuuu b

..-#

(WAL

PIYIYIY IV ITLY .

-—#

LY.

o il il b i e

—#

ot ol

o i g g -

ot el bl b o

—#

[ i e =

Nl o o o

__—‘

e ————

__—‘

I |

L™

Tl b i b i el

IﬁHHHUH-- -

T - — - -

87

Figure 3.5. Analyzing RNF138"T DNA binding affinity to smaller DNA constructs.

Systematic reduction in sizes of DNA were titrated with RNF138™" with increasing concentrations
(0/0.02/0.04/0.08/0.2/0.4/0.8/ 2/4/8 pM) indicated by a black wedge above each gel, agamst 20
nM of 3° FAM labelled DNA indicated by the asterisk on the schematics on the left. The numbers
on top of the gels refer to the number of nucleotides of each overhang (top), and the number of
nucleotides m each FAM labelled DNA constructs (bottom).The left panel corresponds to



RNF138"" top to bottom in both panels the DNA constructs used correspond top to bottom: 30
base strands of FAM labelled DNA annealed to or single stranded 40 bases (10 bp 3’overhang), 20
bases (5’overhang), 30 base ssDNA, and 30 bp blunt end indicated to the left of each gel row.
Middle panel top to bottom: 20 base strands of FAM labelled DNA annealed to or single stranded
30 bases (10 bp 3 overhang), 10 bases (5’overhang), 20 base ssDNA, and 20 bp blunt end. Right
panel top to bottom: 15 base strands of FAM labelled DNA annealed to or single stranded 20 bases
(10 bp 3’overhang), 10 bases (5’overhang), 15 base ssDNA, and 15 bp blunt end.
3.4.4 Significant truncations of RNF138 ablate DNA binding

Zme fingers are motifs implicated 1n DNA binding. More specifically, RNF138’s zinc
fingers have been implicated in the recruitment of RNF138 and retention at DNA DSB'®_ To test
for the extent of involvement of the zinc fingers in DNA binding, three more truncations were
tested for DNA binding using EMSA: RING ZNF1, ZNF1-3 (ZNF1, 2, 3) and ZNF2 3 (Figure
3.6). Interestingly, the N-termunal region RING ZNF1 construct showed some binding to DNA
(Figure 3.6, left column), although the pattern observed with each of the DNA constructs signals
non-specific binding as it occurs at high protein concentrations and bands were observed to be near
the wells of the gel with smeanng in other lanes, signalling aggregation. ZNF1-3 contams the
ZNF1, L1, and ZNF2, ZNF3 (Figure 3.6, center column). Interestingly, the protein appeared to
also aggregate, sequestering DNA in the well. This construct was the least stable of the truncations,
suggesting a poorly folded protein, consistent with the observed aggregation in EMSA. The last
construct we tested, ZNF2_ 3, had the two C-terminal zinc fingers, ZNF2 and ZNF3, and showed
no DNA binding (Figure 3.6, nght column) All mn all, our findings suggest all the domains
contribute to RNF138°s DNA binding activity, whether directly mteracting with DNA or indirectly,

wvia structural stabilization.
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Figure 3.6. Analyzing RNF138 Truncations DNA Binding Activity.

RNF138 constructs from left to nght: RING ZnF1, ZNF1, ZNF2, ZNF3 and ZNF2 ZNF3. Top to
bottom 1 both panels the DNA constructs used correspond to 40 base strands of FAM labelled
DNA annealed to or single stranded 60 bases (20 bp 3’overhang), 20 bases (5’ overhang), 40 base
ssDNA, and 40 bp blunt end indicated to the left of each gel row. Increasing concentrations of
protein (0/0.02/0.04/0.08/0.2/0.4/0.8/ 2/4/8 pM) mndicated by a black wedge above each gel, were
titrated agamnst 20 nM of 3° FAM labelled DNA indicated by the astenisk.
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3.4.5 AlphaFold2 Modelling Reveals a Flexible Protein with Localized Structural Domains

Charactenizing RNF138’s DNA binding activity revealed an involvement of all of the
domains of RNF138 which demanded structural characterization to aid us in understanding more
about 1ts function. RNF138 remains to be structurally characterized, and ongoing trials have yet to
yield an experimental structure. Predicting protein structures solely based on amino acid sequence
has been an ongoing problem for many years. Recently, a computational method employing
machine learning called AlphaFold2 scored highly in the Critical Assessment of Protein Structure
Prediction — an international competition aimed at benchmarking protein folding algorithms — and
since has become the gold standard for protein structural prediction'>>!*®. We employed
AlphaFold? to glean insights into RNF138’s structure alongside crystallographic trials (Figure
3.7). The modelled structure revealed a flexible N-terminal region, followed by a RING doman,
L1, and ZNF1 (Figure 3.7A). The RING domain coordinates two zinc 1ons, with a C2CH
configuration for one binding site and a C4 configuration for the other. The C2HC ZNF exhibits a
ppa fold, characteristic of ZNF domains, with a-helices from flanking linkers capping both ends
(Figure 3.7A). The N-ternunal domains are connected to two more zine fingers, ZNF2 and ZNF3
predicted to be packed against each other, followed by another linker connecting the UIM Figure
3.7A). A closer look at N-termunal RING and ZNF1 reveals an intricate network of hydrophobic
and electrostatic and hydrogen bonding interactions, stemming from the RING domaimn, ZNF1 and
some contributions from the linker following ZNF1 (Figure 3.7B). More recently, a partial
structure of RNF125, a protein related to RNF138 in size, anmuno acid sequence, and domain
organization, has been characterized'>!**+1>3_ The N-terminal region of RNF125 was crystallized,
revealing a nearly identical network of interactions to RNF138 (Figure 3.7C). The residues

mvolved, specifically methionine 98 (M98 in RNF138, M112 in RNF125) m the center of the
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hydrophobic interaction, are highly conserved between both proteins, and these residues are also
conserved in two other fammly members related to RN125 and RNF138 — RNF166, and RNF114
(Figure 3.8)_ It 1s noteworthy that the construct containing only the three zinc fingers without the
RING domain exhibited the lowest stability, suggesting a potential misfolding of the N-termunal
domain when 1t lacks the RING domain. Analysis of the two C-terminal zinc fingers reveals a
network of hydrophobic residues emanating from ZNF2, and ZNF3, which were modelled to pack
against one another. The residues imnvolved with the intricate network are highly conserved across
other family members related to RNF138 (Figure 3.8). The UIM was predicted to be alpha-helical,

which 1s consistent with previously characterized structures.

Figure 3.7. AlphaFold2 Modelling of RNF138™T.

A. Highest ranked AlphaFold? predicted model of RNF138 with an overall predicted template
modelling (pTM) value of 0.699. The individual domains are coloured respectively: linkers in
white, RING in cyan, zinc fingers (ZNF) in blue, and the ubiquitin interacting motif (UIM) 1n dark
yellow. Zine 1ons are modelled as grey spheres. The RING domain folds onto ZNF1 (highhighted
by black box), with a linker (L1) in between acting like a hinge. A second longer linker (L.2), which
15 54 amuno acids long joins the N-terminal RING and ZNF1 to ZNF2 and ZNF 3, which appear to
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pack and form a folded structure and are followed by a short linker (L3) and the UIM. B.
Interdomain interactions mvolved between the RING domain and ZNF1. M98, and F98 in ZNF1,
form hydrophobic mnteractions with V24. R99 forms electrostatic interactions with the RING E23.
Additionally, Y107 from L2 1s extended to form h-bonding with the RING domam. C.
Superimposed crystal structure of RNF125°s RING ZNF1 domains i green. Protemn data bank
(PDB) accession code: SDKA. Met, and Val are conserved, and Leu replaces Phe 1n RNF125._ The
polar charged residues Glu, Arg, and Tyr (from L2) are also conserved in RNF125. D. Close-up
on the predicted packing of ZNF2, and ZNF3. A network of hydrophobic interactions 1s observed
with 1172, and 1173 from ZNF?2, are packed closely to 1191, V208, and L.211 of ZNF3.
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Figure 3.8. Sequence Alignment of RNF138 with Related Proteins.

Clustal Omega protein sequence alignment of the RING E3 ligase family which RNF138 is part
of. All 4 E3 ligases are sinular in size and have similar domains. Different shadings correspond to
different thresholds of conservation, black being conserved in all 4 sequences. Dark Grey
corresponds conserved mutations with an overall better simlarify between the 4 sequences,
compared to lighter grey which may include missense mutations. the black boxes lighlight the
different domains starting with RING domain indicated by C3HC4 (the residues involved in
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coordinating 2 zinc 1ons), ZNF1 (C2HC), ZNF2, ZNF3 both coordinating zinc 1ons with a C2H2
configuration, and the UIM. Red asterisks point to the residues observed in the mter-domain
interactions between the RING and ZNF1, in the crystal structures of RNF125 (PDB: 5SDKA) and
our AlphaFold? model of RNF138, evidently relatively conserved across all four members. The
red dots mdicate the hydrophobic core residues between ZNF2, and ZNF3 which were observed
to fold closely, also conserved across all four members of the fanmly.
3.4.6 AlphaFold Fold Modelling Reveals RING ZNF1 E2 Interaction

Recent mnovations in AlphaFold? have allowed for the prediction of protein complexes,
allowmng for the structural prediction of protein-protein imteractions using the multimer
implementation’**!*’. RING domains in RING E3 ligases have a primary function of protein-
protein interactions’. A well-characterized interaction in RING E3 ligases is the non-covalent
mteraction with E2 conjugating enzymes, with covalently linked ubiqutin, for substrate
transfer'**!*! RNF138 has been found to interact with several E2 conjugating enzymes,
synthesizing different ubiquitin chains'?-*%132 We utilized AlphaFold-multimer to model
RNF138 interaction with UbcH5b, an E2 conjugating enzyme shown to work with RNF138 to
ubiquitylate substrates'*? (Figure 3.9). The model reveals the involvement of N-terminal elements
in binding to the E2, specifically the RING domain, ZNF1, and some binding contributions from
the linker region (Figure 3.9A). A closer look reveals canonical mteractions typically involved
between the E2 and RING domains, mainly between highly conserved hydrophobic residues on
the loop coordinating zine 1ons within the RING domain: V20, A46, and P57 with the hydrophobic
patch on the E2 enzyme (Figure 3.9B). Additional electrostatic, and hydrogen bonding interactions
were observed between Q22 and the lighly conserved R58 residue in RNF138 (Figure 3.9B).
Non-canonical E2-E3 interactions were also observed, maimnly interactions stemming from ZNF1
and the following linker (Figure 3.9C). Specifically, R87 from ZNF1 forms a crucial hydrogen
bond with the alpha helix, below the hydrophobic patch of the E2. Three residues from the linker,

Y108,Y112, and N111, further contribute to bonding with polar residues on the same helix (Figure
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3.9C). A structural alignment with RNF138 in comparison to other crystallized E2-E3 ligase
complexes reveals a similar overall pattern (Figure 3.9D). Crucial residues mvolved in the E2-E3
complexes are conserved (Figure 3.9E). More recently the structure of the RING-ZNF1 of
RNF125 was crystallized with UbcHS5b, showing canonical RING interactions between RNF125,
and UbcHSb, and the non-canonical residues as well'>*| consistent with AlphaFold modelling of
RNF138. In conclusion, modeling of RNF138°s N-ternunal regions with the E2 UbcH5b, suggest
this may form a complex to activate the E2. The role of ZNF1 may extend beyond structurally
stabilizing the RING domain and could play a role in direct interaction with the E2, with some

residues from the linker coming into contact as well.
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Figure 3.9. AlphaFold2-Multimer Modelling of RNF138 Interaction with UbcHSb.

A. Highest ranked model shown in surface representation of UbcH5b (pink) bound to RNF138
(purple) with an interface (1) pTM of 0.873. Only the N-terminal region with some residues of L2
are shown for clarity. The overall structure shows a direct interaction of the RING domain, as L1
acts like a hinge, bringing ZNF1 and elements of L2 closer to E2 creating a clamp like structure.
B. Close up on the canonical RING mteractions modelled by AlphaFold. Interactions between
V20, P57, and A46 on the RING domain with A96 P85, and F62 on UbchS5b create a hydrophobic
core flanked by hydrogen bonding and electrostatic interactions. Mainly: R5 and S94 of Ubch5b
hydrogen bond the main chain atoms of P57, and V20 of the RING domain. R58, and Q22
extending from the RING mteract with the main chain of Q92, and hydrogen bond with RS on
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UbcHS5b, respectively. C. Extended non-canomical E2-E3 interactions of charged residues from
ZNF1 (R87) and L2 (Y108, Y112, and N111) with polar residues and charged residues (N7, K8,
S11, D12) on the helix packed against RNF138. D. Structural alipnment of monomeric RING E3
ligases (cyan) crystallized with their respective E2s (grey). RNF138 1s in purple, and RNF125
(RING ZNF1) crystallized with UbcHS5b 1s in green (PDB accession code: 8GBQ). E. Clustal
Omega sequence alignment of RING domains structurally alipned with m panel D. Residues
observed in the experimental structures and our mode] are highlighted in the red boxes.
3.4.7 Residues Located at the N-terminal of the RING Domain Contribute to Stabilizing the
Closed Conformation

To facilitate the transfer of ubiquutin, 1t's widely acknowledged that RING E3 ligases need
to stabilize the closed conformation of the bound E2~Ub conjugate!?’. This involves establishing
contacts with both the E2 and the conjugated Ub, positioming ubiquitin in a way which 1s essential
for making the thioester bond between the E2 and ubiquitin open to nucleophilic attack. In a recent
study, the RING-ZNF1 domains of RNF125 bound to UbcH5b-Ub, but not the E2 alone, in
pulldown experiments suggesting RNF125 interacts with ubiquitin’>3.

We utilized AlphaFold-multimer to model mteractions of RNF138 E2~Ub (Figure 3.10).
The modeling showed interactions between ubiquitin and the RING domain of RNF138, consistent
with interactions observed i other RING E3 proteins. Notably, R58, a highly conserved residue
found 1n other monomeric RING E3 ligases, 1s positioned i close proximity to both the E2 enzyme
and ubiquitin (Figure 3.10A). R58 plays a crucial role in stabilizing the closed conformation by
mteracting with both proteins and positioning the ubiquitin molecule in a conformation that
facilitates nucleophilic attack'>. Furthermore, 156, another highly conserved position in RING
domains, packs against I36 in ubiquitin (Figure 3.10A). Additionally, residues N-terminal to the
RING domam, such as D15, contact and form electrostatic interactions with K11 on ubiquitin,
consistent with similar interactions found between RNF125 and ubiquitin’**!>* (Figure 3.10A).
An intrigning observation arises from a structural overlay of previously crystallized RING
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domains bound to E2~Ub, which revealed a sinular pattern of protein-protemn interaction with
RNF138 (Figure 3.10C). Upon closer examination of ZNF1 m our model, we observed its
mnteractions with the N-terminal region of the E2 enzyme. It appeared to wrap around and open
the RING-ZNF1 interface to facilitate this interaction (Figure 3.10B). This interaction was also
observed in the RNF125 experimental structure and was found to be crucial for the activation of
the E2 enzyme'> (Figure 3.10C,D). Collectively, our model suggests the N-terminal extension of

RNF138, in conjunction with characteristics shared by other RING E3 higases, works to stabilize

the closed conformation of the E2~Ub conjugate, and likely facilitate catalytic actrvity.
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Figure 3.10. AlphaFold-Multimer Model of RNF138 Bound to E2-Ub.
A. RING ZNF1 of RNF138 (purple) modelled with E2 (grey) and ubiquitin (brown). Conserved
R56 interacts with both the E2, and ubiquitin packing against both 1pTM 0.885. L56 forms a
hydrophobic interaction with 136 hydrophobic patch on ubiquifin. Electrostatic interactions
between D15 in the flexible N-termunal region of RNF138, and K11 from ubiquitin are also
observed. B. 90 rotation of panel A. ZNF1 and L2 extend and wrap around to the backside (N-
termunal region) of the E2 enzyme suggesting allosteric activation in the presence of the E3 ligase.
C. Alignment of experimentally determined structures of RING E3 domains (cyan), bound to an
E2 protein (surface grey), and ubiquitin (white). RNF138 15 in blue, and RNF125 15 green. Overall,
all structures had an RMSD less than 0.800 A when aligned on RNF138, suggesting an overall
conserved binding interface between E3-E2~ubiquitin. D. 90 rotation of panel C excluding all
structures but RNF125 RING ZNF1-UbchH5b~Ub. The extended mteractions with the backside
of the E2 enzyme 1s evident in the expennmental structure of RNF125, conserved m our model of
RENF138.
3.4.8 AlphaFold2 Statistical Metrics and Analysis

AlphFold?2 statistical metrics includes pTM and 1PTM, which stem from a measure called
template modelling (TM) score, which evaluates the precision of the overall protemn structure and
tends to be less affected by localized inaccuracies'>. pTM specifically is a comprehensive metric
indicating the accuracy of AlphaFold model**""_ Overall, a pTM value greater than 0.5 indicates
an accurate overall fold of the predicted structure, meaning 1t might be simlar to the “true”
structure' 41 A score below 0.5 is indicative of a poorly predicted or the prediction is likely
wrong'**'*_ Conversely, ipTM evaluates the precision of the predicted positions of the constituent
subunits within a protein-protein complex'**. Scores exceeding 0.8 indicate confident, high-quality
predictions, whereas scores below 0.6 indicate potential prediction failure!*. The predicted
alignment error (PAE) and the predicted local distance difference test (pLDDT) are two additional
metrics to take into consideration. PAE represents a comprehensive assessment of domain position
confidence spanning long distances, computed for each residue in comparison to all others'**-1>7.
It quantifies the predicted error in Angstroms (A) for residue x when the model is aligned with the

"true" structure at residue y. Importantly, PAE's applicability extends beyond residues within the
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same monomer, enabling convenient analysis of both intra- and inter-position confidence'*'*"_ A

smaller PAE value between residues of distinct domains suggests a lower expected error, indicating
AlphaFold2's confidence in the positioning of these residues, and vice versa'>. pLDDT plot is a
measure of local confidence of each individual residue’®. The scale ranges from 0 to 100, where
higher scores signify greater confidence and typically a more precise prediction! 177160
Specifically, scores exceeding 70 indicate a high degree of confidence in the positioning of the Ca
atom, while scores surpassing 90 indicate a high level of confidence in the arrangement of side
chain atoms! 3157160

Overall the pTM value for the top ranked model of RNF138 1s 0.699 suggesting a correct
solution. The median pLDDT score for the whole structure was 88.9, suggesting an overall mgh
local confidence 1n our model (Figure 3.11B). Specifically, the N-termunal region, had a median
pLDDT score of 88 9 (Figure 3.11B). Furthermore, the C-terminal domains had a median pLDDT
score of 87.94 (Figure 3.11B), indicative of high local confidence. Interestingly, the median
pLDDT score for L2 was 26.1 (Figure 3.11B), consistent with a disordered region, represented as
a ribbon 1 our model. More specifically M98, the residue mn the center of the hydrophobic
mnteractions between the RING and ZNF1 had a pLDDT score of 909 (Figure 3.11B).
Additionally, 1212 mvolved in key interactions between ZNF2, and ZNF3 had a pLDDT score of
88.1 (Figure 3.11B). The high pLDDT scores indicate a high level of confidence in the predicted
structure and interactions at these specific sites. The reliability of these predictions suggests that
the modeled structure accurately represents the spatial arrangement of these residues. To validate
the interaction and positioming of the overall domains, we conducted an analysis of the PAE plot
generated from our model (Figure 3.11A). Overall, the median value of PAE for the whole

structure was 22 36 A. However, in the RING and ZNF1 regions of the plot, a median PAE value
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of 2.82 A is observed (Figure 3.11A), similarly in the ZNF2, and ZNF3 regions a median PAE
error value of 2.12 A is observed (Figure 3.11A). The low PAE values indicate that there is
accurate placement of domains relative to one another in these regions, but overall RNF138 1s

flexable due to the highly dynamic hinker separating the N-terminal and C-terminal domamns.
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Figure 3.11. AlphFold2 Confidence Metrics of RNF138

A A plot illustrating the PAE was generated for the structure of RNF138. PAE serves as a long-
range metric for domain position confidence, evaluating the confidence of each residue relative to
all others The N-terminal domains of RNF138 exlubited lugh-confidence PAE values, with a
median predicted error of 2.82 A. Conversely, the flexible linker linking the N-terminal and C-
terminal domains showed a high predicted error, with a median pAE value of 22.36 A indicating
a flexible region within the protein. For the C-terminal ZNF2, ZNF3, the median pAE was 2.12 A,
indicating a high-confidence prediction. PAE 1s useful for assessing both intra- and inter-position
confidence since i1t does not require residues to belong to the same monomer. Although the N- and
C-termunal domains reside within the same monomer and exhibit folding and interaction, they are
separated by a large flexible linker. The pAE error between the N-ternunal and C-termunal domains
is relatively high (16.77 A) due to the dynamic linker, making it challenging to confidently predict
residues mnvolved in their interaction. Overall, this modeling suggests that RNF138 1s a flexible
and dynamic protein susceptible to post-translational modification. B. pLDDT plot of RNF138 the
model. The model was confidently predicted overall, as indicated by a median pLDDT score of
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889 Residues within the N-terminal RING domain, as well as ZNF1, ZNF2, ZNF3, and UIM
consistently showed high pLDDT values (>80). However, L2 exhibited low scores (<50),
suggesting disorder.

When bound to UbcHS5b and ubiquitin, RNF138 had a median pLDDT value of 63.8
(Figure 3.12B). The local confidence plot shows reduction in confidence of the C-terminal
domains. Overall, the N-ternuinal domain maintamned high pLDDT value, with a median score of
929, suggesting high local confidence (Figure 3.12B). Interestingly crucial residues in the RING
domain, ZNF1, and 1.2 (D15, V20, Q22, T45, A46, P57, and R58, R87, Y108, Y112, and N111)
1dentified to be part of the interface with UbcHS5b and ubiquitin had median pLDDT values of
92 3. The ugh pLDDT wvalues associated with these residues sigmfy a high level of confidence in
their predicted positions within the protein structure. The PAE plot generated for RNF138 bound
to UbcHS5b, and ubiquitin revealed the structured regions RING ZNF1, and ZNF2, ZNF3 had
median PAE values of 2.92 A and 9.23 A (Figure 3.12A), suggesting a strong prediction of the N-
termunal domains of RNF138. The binding of UbcHS5b distorted the positions of ZNF2, ZNF3 as
AlphaFold? 1s unable to model the disordered second linker reliably, therefore increasing error in
the model. UbcH5b and ubiquitin were both predicted accurately with median PAE values of 2.35
A and 1.89 A respectively (Figure 3.12C,D,B). Importantly, the median PAE of 4 44 A observed
for the RING, ZNF1, L2, and UbcH5b lughlights the precision of their spatial arrangement within
the predicted model (Figure 3.12B). Additionally, the median PAE between RING ZNF1 L2, and
Ubiquitin is 4.39 A (Figure 3.12B). Finally, the median PAE value between Ubc5Hb and ubiquitin
is 3.91 A (Figure 3.12B). Collectively the low median PAE error values combined with an iPTM

score of 0.885 suggest a mghly accurate model of the interactions between N-termunal regions of

RNF138 with UbcHS5b and ubiquitm.
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Figure 3.12. Confidence Metrics of the Modelled Proteins: RNF138, UbcHSb and Ubiquitin

A. PAE plot for the predicted structure of RNF138, UbcH5b, and ubiquitin. The quadrans
corresponding to each aligned and scored structure are labelled besides, or below respectively.
pLDDT plots of RNF138™T UbcHSb, and ubiquitin (A., B., and C.) respectively. E. From left to
right: RNF138, UbcHS5b, and ubiquitin coloured according pLDDT scores. The colors dark blue
and red represent pLDDT scores indicating high confidence (>90) and low confidence (<50)
respectively.

3.5 Discussion

In this study, we assessed the ability of RNF138 to bind different DNAs relevant to DNA
damage repair, and to understand the confributions of different protein domamns to these
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mnteractions. Purifying RNF138 and the vanous truncations proved to be challenging, but these
challenges were circumvented by varying buffer conditions, and keeping concentrations lower
until more 1s required, which then fresh protein was used promptly. Both RNF138WT and
RNF138'?* showed DNA binding, with RNF138"" binding observed at 200 nM and RNF138"
2% binding at 4 pM when incubated with 3’overhang DNA_ suggesting strong involvement of the
entire protein mn DNA binding activity. Supershifting was observed at higher concentrations of
RNF138, suggesting multiple RNF138 molecules nught bind these DNA substrates. Interestingly
our results showed lower binding affinity relative to previously studies of the DNA binding of
RNF138. This could be attributed to the larger DNA substrates used in the previous study. Our
DNAs n general contamed ~20 base single-stranded regions and ~40 bp duplexed regions, while
the previous study used 50 base single-stranded DNA, with a 50 bp duplexed region. Additionally,
the difference could be due to the different expression systems. The previous study used insect-
cell expressed RNF138, which mught have additional post-translational modifications, or may be
better folded than our E. coli-expressed material'®. Our Expi293F expression system was our
attempt at circumventing this discrepancy, but we were unable to express useable amounts of
RNF138 in this way. Further truncation of RNF138 strongly diminished DNA binding, suggesting
the involvement of all RNF138’s domamns in DNA binding activity. The systematic reduction in
the size of the DNA substrate further dimimished the DNA binding affimty. We imitially thought
the zinc fingers would likely bind DNA regardless of the presence or absence of other domains,
but this 1s not the case. Likely, there 1s direct involvement of several different elements within
RNF138 responsible for DNA binding, and in addition, there are likely structural contributions
from the other domains required for overall protemn stability which are not directly involved in

DNA binding.
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Insights from AlphaFold? models about the overall structure of RNF138 reveal a lughly
flexable protein with localized ordered domains. RING E3 ligases, such as TRAF6, are known in
certain cases to work as dimers. No evidence of dimenzation was observed during protein
purification, and AlphaFold failed to model a dimenic structure therefore we proceeded to treat
RNF138 as a monomeric RING E3 ligase. The N-termunal region of RNF138 has an intricate
network of mteractions between the RING domaimn and ZNF1. The residues involved m the
interactions were conserved across related proteins RNF125, RNF166, and RNF114. Interestingly,
the experimental structure of RNF125 RINGZNF1 reveals a nearly identical pattern of binding
between the RING domain, and ZNF1, suggesting an important structural role of ZNF1 and overall
stabilization of the RING domain. Due to the flexibility in L2, the exact overall structure of the C-
termunal regions 1s not confidently modelled, but we can comment on ZNF2 3 which were
modelled to be packed against each other with conserved hydrophobic residues facilitating the
mnteraction.

The binding interaction modelled by AlphaFold? between the RING domain and the E2
enzyme mirrors stmilar interactions observed in experimentally characterized structures of RING-
E2 complexes. Interestingly, the recently published structure of RNF125 RING-ZNF1, and E2
revealed the important canonical interactions of the RING domain with the E2. Those mnteracting
residues are conserved in RNF138 and were observed in the AlphaFold2? model of the RNF138-
E2 complex. In addition to the RING domain, non-canomical mnteractions were also observed with
the ZNF1 and L2. Our model 1s consistent with previous experimental findings in the structure
RNF125-UbcHS5b, suggesting an important role of the N-termunal region in catalytic activity.
Interestingly 1t was found that the RING alone 15 not enough for the catalytic activity of RNF125,

further implicating ZNF1 and residues in L2 in the catalytic activity of RNF138134153 Like
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RNF138, two extensively studied RING-E3s, LNX1 and TRAF6, each feature at least one ZNF
positioned C-terminally to the RING domain'5'~!%3_In both LNX1 and TRAF6, the RING domains
form dimers, while the C-termunal ZNF does not tightly interact with the RING domain. Instead,
the ZNF located C-terminal to the RING domain mnteracts with the ubiquitin molecule to maintain
the activated state of the E2~Ub conjugate bound to the RING domain of 1ts dimeric counterpart.
LNX1 1s particularly noteworthy as it not only contains a C-termunal ZNF domain but also
harbours another ZNF domain N-terminal to the RING domain'®*'® In this structural
arrangement, these two ZNFs pack together, extending the RING dimer interface and stabilizing
the activated state of the conjugate. Interestingly, RNF138 as a monomeric RING E3 hgase,
mnteracts with the ubiquitin and E2 through a conserved R58 residue, predicted to be the linchpin
residue stabilizing and positioning ubiquitin for nucleophilic attack’>*. Another conserved residue
1s the 156, which nteracts with the hydrophobic patch on ubiquitin. Both are canonical RING
ubiquitin interactions observed in other monomeric RING E3 ligases'?’. An interesting observation
1s the importance of region N-termunal of the RING domain, where important electrostatic
interactions were observed in our model contributing to the interaction with ubiquitin. In addition
to the activation of UbcH5b by interaction with the E3, a number of studies have shown that the
mnteraction of ubiquitin with the N-termunal region of the E2, often referred to as the backside-
binding site, significantly enhances activity!*>!*1%6 The ubiquitin molecule that binds to the
backside of UbcHSb enhances activity, at least mn part, because it restricts the flexibihity of
UbcHS5b'™. This form of allosteric regulation warranted a closer look at non-RING elements of
RNF138 as from the AlphaFold model an extended interaction between RINF138 and UbcHS5b 1s
observed. Upon rotating the structural model 90 degrees, 1t became evident that ZNF1 1s extended

and wraps around the N-terminal region of the E2. Interestingly, this was also observed in the
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experimental structure of the RNF125 N-termunal region with E2. Biochemical characterization
further revealed this extended interaction facilitate E2 activity. Mutations in residues contacting
the E2 from ZNF1, lead to a reduction in catalytic activity. Indeed, the back-side mnteraction of
non-RING elements with E2 has been observed in other E3 ligases, which 1s the case for the RING
E3s A07 and gp78'%-%_ In addition to the core RING interaction with the E2, they have an
additional helix which interacts with the backside N-terminal region of the E2 enzyme.
Collectively, our model underscores the importance of the N-termunal region of RNF138
catalytic activity, and likely overall structure of RNF138. Through the overall structural

stabilization of RNF138, which may mediate DNA binding and retention on DSBs.
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Chapter 4 — The Role of RNF138 in DNA End
Resection is Regulated by Ubiquitylation and CDK

Phosphorylation

4.1 Abstract

Double-strand breaks (DSBs) are DNA lesions that pose a sigmificant threat to genomic
stability. The repair of DSBs by the homologous recombination (HR.) pathway 1s preceded by DNA
end resection, the 5° to 3" nucleolytic degradation of DNA away from the DSB. We and others
previously identified a role for RNF138, a RING finger E3 ubiquitin ligase, in stimulating DNA
end resection and HR._ Yet, little 15 known about how RINF138’s function 1s regulated in the context
of DSB repair. Here, we show that RNF138 1s phosphorylated at residue T27 by cyclin-dependent
kinase (CDK) activity during the S and G2 phases of the cell cycle. We also observe that RNF138
1s ubiquitylated constitutively, with ubiqutylation occurring in part on residue K158 and nising
during the S/G2 phases. Interestingly, RNF138 ubiquitylation decreases upon genotoxic stress. By
mutating RNF138 at residues T27, K158, and the previously identified S124 ATM phosphorylation
site (Han et al., 2016, ref. 22), we find that post-translational modifications at all three positions
mediate DSB repair. Cells expressing the T27A, K158R, and S124A vanants of RNF138 are
impaired in DNA end resection, HR activity, and are more sensitive to 1omzing radiation compared
to those expressing wildtype RNF138. Our findings shed more light on how RNF138 activity 1s

controlled by the cell during HR.
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4.2 Introduction

DNA double-strand breaks (DSBs) occur when both DNA strands are severed in close
proximity and are considered the most dangerous DNA lesion'®”. They are mainly repaired by two
major mechanisms, namely homologous recombmation (HR) and non-homologous end jomning
(NHEJ). HR typically uses the sister chromatid as a template for repair'®®_ As the sister chromatid
1s generated upon DNA replication, this restricts HR activity to the S and G2 phases of the cell
cycle'®®!™ HR commences with DNA end resection, the 5’ to 3’ nucleolytic degradation of DNA
away from the DSB'"!. The process generates 3’ single-stranded DNA (ssDNA) overhangs which
are rapidly coated by RPA (replication protein A) complexes'”'. End resection is initiated by the
muclease activities of the MRN (Mrel1-Rad50-Nbs1) (:ﬂmplexmj the Mrel1 endonuclease activity
being activated upon binding to CtIP'"*'™ The overhangs are further extended by the
exonucleases Exol and Dna2!"! | after which RPA is exchanged for the Rad51 recombinase. Rad51
activity then drives the search for the homologous locus 1n the sister chromatid, imitiating strand
invasion and the eventual restoration of the site of damage by DNA synthesis!®®.

If DSBs are mstead repaired by NHEJ, the two DNA ends are directly ligated together once
they are made to be chemically compatible by end processing™. NHEJ requires binding of the
DNA ends by the Ku70-Ku80 (Ku) heterodimer'”, which serves as a platform to assemble the
NHEJ machinery™-!"5!77 NHEIJ 1s active during all phases of the cell cycle'™ but is especially
important in G1 phase as that 1s when HR 1s not active. The decision of whether to perform NHEJ
or HR is a dynamic process governed by multiple decision points!”®. End resection biases cells to
performung HR_ as the resulting ssDNA overhangs are not amenable to ligation by NHEJ, and Ku

itself has low affinity to ssDNA'™. However, Ku recruits to DSBs regardless of the cell cycle
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phase'” and its presence on chromatin is a block to end resection®*!”_ Thus, the removal of Ku
is required for both end resection and HR to proceed®*!"™.

A recurring theme 1 the regulation of DSB repair 1s post-translational modification (PTM),
the reversible covalent conjugation of protemn or chemical groups onto biomolecules. PTMs
include phosphorylation, catalyzed by kinases such as the cyclin-dependent kinases (CDKs)'%?,
and by members of the PI-3-kinase-related kinase (PIKK) famuly, such as ATM (ataxia
telangiectasia mutated), which is activated by DNA damage®®. Ubiquitylation also plays major
roles in the DSB response!®!. Here, the ubiquitin protein is conjugated to its target substrates
through sequential activity of three classes of enzyme, E1, E2 and E3. We and others have shown
that the E3 ubiquitin ligase RNF138 promotes HR**'*-3!_ Originally found to inhibit Wnt-B-
catenin signaling'?!, RNF138 belongs to a family of E3s with similar domain structure’*?. This
includes an N-terminal RING (Really Interesting New Gene) finger domain, which mteracts with
the E2 ubiquitin conjugating enzyme'*"*>32 three zinc finger (ZNF) domains, and a C-terminal
ubiquitin mteracting motif (UIM). The zinc finger domains mediate its recrmtment to DNA
damage 1! and bind DNA!?*:3% showing preference for ssDNA overhangs'* Mechanistically,
RNF138 promotes HR by stimulating DNA end resection***°_ It promotes the ubiquitylation of
Ku80, which evicts Ku from chromatin'®_ It also mediates the ubiquitylation of C{IP, facilitating
CtIP’s accumulation at DSB sites*?. These parallel actions — promoting the recruitment of CtIP, a
stimulator of resection, and facilitating the dissociation of Ku, which blocks resection —help ensure
end resection can proceed'®?. Downstream of end resection, a third target of RNF138-dependent
ubiquitylation was found to be Rad51D*1*! a RadS1 paralogue that may contribute to Rad51
filament assembly'®*. Although it is not clear how Rad51D ubiquitylation contributes to HR*®, the

recruitment of Rad51D to DNA damage is dependent on RNF1381%!.
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While 1t 15 established that RNF138 participates in HR_ how its activify 1s controlled in HR
has not been extensively investigated. Intniguingly, in response to IR, RNF138-dependent
ubiquitylation of Ku80 occurs in S/G2 phase, but not G1 phase.'” This hints RNF138 activity
might be under cell cycle regulation to comcide with the onset of HR. We also wondered if
RNF138 could be regulated by ubiquitin conjugation. In this study, we find that RNF138 1s
phosphorylated in S and G2 phase by CDK activity on residue T27, and 1s also ubiquitylated on
residue K158. Both sites mediate RNF138 function mn DSB reparr, as cells expressing the T27A
and K158R mutants exhibit defective DNA end resection, HR activity, and heightened sensitivity
to 1omzing radiation relative to those expressing wildtype RNF138. We also mvestigate whether
the same processes are impacted by mutations at S124, a previously identified ATM
phosphorylation site on RNF138'*!. Our findings uncover how RNF138 activity is governed by

the cell, providing more msight into 1ts contribution to DSB repair.
4.3 Methods

4.3.1 DNA Constructs and siRNAs

The FLAG-RNF138 vector (contamming the full-length RNF138 ORF and a single FLAG
tag (DYKDDDDEK) directly C-termunal to 1f, within the AbVec2 0 expression vector) was a gift
from Michael Hendzel (Umversity of Alberta). pEGFP-RNF138-WT and -AUIM (with the
RNF138 ORF C-terminal of the GFP tag) were generated previously'”; the AUIM mutant contains
residues 1-228 of full-length RNF138. pCDNA3-HA-ubiquitin-WT and -L73P (both contamning
residues 2-76 of ubiquitin) plasmuds were gifts from Tony T. Huang (New York Umversity School
of Medicine)'®. pcDNA4-TO-hygromycin-sfGFP-MAP was a gift from Dannel McCollum
(Addgene plasmid #44100; http//n2t net/addgene:44100; RRID-Addgene 44100)'®°_ The siRNA-
resistant RNF138 ORF was imnserted into the pcDNA4-TO-hygromycin-sfGFP-MAP vector
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between the superfolder GFP (sfGFP)-N175 and Hiss modules by GenScript Biotech (Piscataway,
New Jersey, USA), producing the pcDNA4-TO-hygromycin-sfGFP-RNF138-MAP (abbreviated
sfGFP-RINF138) construct. The siRNA-resistant RNF138 ORF was mserted mto the pmCherry-
C1 vector by Biomatik Corporation (Kitchener, Ontario, Canada), producing the mCherry-
RNF138 construct. The sfGFP-RNF138-T27A, -S124A and -K158R. mutants were generated by
GenScript Biotech (Piscataway, New Jersey, USA). All other mutants were generated using the Q5
Site-Directed Mutagenesis Kit (New England Biolabs) according to the manufacturer’s
mstructions. Sequences were verified by Sanger sequencing performed by the Molecular Biology
Service Unit (Dept. of Biological Sciences, University of Alberta). DNA primers used for Sanger
sequencing (Table 4.1) and site-directed mutagenesis (Table 4.2) and siRNA (Table 4.3) were

custom synthesized by Sigma-Aldnich (St. Lows, Missour1, USA).
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Table 4.1. Primers for DNA Sequencing.

Name Sequence (5° — 37) Construct Direction
RINF138 21 For | GGCCACGTCCTACACCGA any contaimng RNF138 | forward
;{f 138 210 ACGGGCCTTAGACCTTGAAA any contamming RNF138 | forward
gfl;g 169 ATAGGGGACAATGTGCTCCG any contaiming RNF138 | reverse
gﬁ?:é‘w 138 TGAAATTTGTGATGCTATTGCTTT | FLAG-RNF138 reverse
pEGFP-C1 For | CATGGTCCTGCTGGAGTTCGTG GFP-RNF138 forward
pEGFP-C1 Rev | CAGGTTCAGGGGGAGGTGTGG GFP-RNF138 reverse
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Table 4.2 Primers for ()5 Site-Directed Mutagenesis (New England Biolabs).

Mutation

Templates

Sequences of Primer Pairs (5° - 3°)

Annealing
Temp.

RNF138-
T27A

FLAG-
RNF138-WT,
GFP-RNF138-
WT, mCherry-
ENF138-WT

Forward: GGTGCTCAAAgegCCCGTGCGGA
Reverse: TCCTGACAGACGGGGCAGTAG

72°C

RNF138-
T27E

GFP-RINF138-
WT, sfGFP-
RNF138-WT,
mCherry-

ENF138-WT

Forward:
GGTGCTCAAAgagCCCGTGCGGAC
Reverse: TCCTGACAGACGGGGCAG

67°C

RNF138-
K158R

GFP-RNF138-
WT, mCherry-
ENF138
-WT/-T27A/-
S124A/
-T27TA-S124A

Forward: CCTACTTTTageTGTCCCCTG
Reverse: ATGACCAGAAGAACTTGTATTC

60°C

RNF138-
S124A

FLAG-
RNF138-WT,
GFP-RNF138-
WT,

mCherry-
ENF138
-WT/-T27A

Forward: CTTTCAGATCgctCAAGATTCAG
Reverse: TTTGGAATGATAGAAGAAACAC

58°C

RNF138-
S124E

sfGFP-
RNF138-WT,
mCherry-
RINF138-WT

Forward:
CTTTCAGATCgagCAAGATTCAGTAGGG
Reverse: TTTGGAATGATAGAAGAAACAC
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Table 4.3. siRNAs.

Name Target Sense Sequence (5° —3")
siCTRL Luciferase CGUACGCGGAAUACUUCGA
(negative control)
. RINF138
siRINF138 - - CCAAACUGCUGUUGAAGAA
coding region (20)

The following siRNAs pooled together:

:}%RTISS ](E;NFI 38 es 3 ﬁ GGAGGGAAUUGUAUUGAUA

(used only in SEIE{.‘] ted by AAAGAGUGGUGUUUACUAU

Fig. S1A) Dharmacon Inc.) GGGAAUAGGGAUAGACUUU
AGCCAUACAUCUUAAUGAA

siCDK1 CDK1 CCUAGUACUGCAAUUCGGGAAAUUU

siCDK2 CDEK2 CCUAUUCCCUGGAGAUUCUGAGAUU

4.3.2 Cell Lines, Tissue Culture, and Transfection of Nucleic Acids

All cells were maintained at 37°C in a hunudified atmosphere contaimning 5% CQOs. Unless
indicated, all cells were cultured m low glucose Dulbecco’s Modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS, Gibco), 50 umits/mL penicillin and 50 pg/mL
streptomycin (both Gibco). Cells approaching confluency were detached using trypsin-EDTA
solution, 0.25% (Sigma-Aldrich) prior to subculture. All cell lines were tested for Mycoplasma
using DAPI staining. HeLa cells were a gift from Alfred C.O. Vertegaal (Leiden Umiversity). The
Hel.a HB-ubiquitin cell line'® was a gift from Peter Kaiser (University of California, Irvine).
HEK?293 cells were a gift from Michael Hendzel (Umiversity of Alberta). U20S cells stably
expressing doxycycline-inducible I-Scel and the DR-GFP reporter (TRI-DR-U20S) were a gift
from Philipp Oberdoerffer (Johns Hopkins University)'®”. U208 cells stably integrated with FRT
(flippase recogmition target) sites and the TetR tetracycline repressor-expressing pcDNA6/TR
vector (U20S-TREx cells) were a gift from Armun Gamper (Unmiversity of Alberta). The Flp
recombinase (Flp-In) system was not exploited to generate stable cell lines in U20S-TREx.
Instead, pcDNA4-TO-hygromycin-sfGFP-RNF138-MAP constructs were stably integrated into
U20S-TREx cells upon transient transfection and selection in DMEM supplemented with 10%
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charcoal-stripped FBS (Sigma-Aldnich) and 200 pg/mL hygromycin B (Invitrogen). To enrich for
cells expressing the sfGFP-RNF138 constructs, 5 pg/mL doxycycline (Sigma-Aldnich) was added
to the culture medium for 20-24 hours, then GFP™ cells were 1solated by fluorescence-activated
cell sorting (FACS). U20S-TREx cells stably expressing RNF138 constructs were maintained
DMEM with 10% FBS, 150 to 200 pg/mL hygromycin B, and 10 pg/mL blasticidin S (Gibco).
Unless indicated otherwise, plasnud DNA was transfected mnto cells using Effectene Transfection
Reagent (Qiagen) according to the manufacturer’s mstructions 18-24 hours before assays were
performed. siRNA was transfected mto freshly seeded cells using Lipofectamine RNAiMax
Transfection Reagent (Invitrogen) once ~48 hours before assays were to be performed. Unless
indicated otherwise, siRNA (Table 4.3) to RNF138 was transfected at a final concentration of 60
nM, while siRNAs to CDK1 and CDK2 were transfected at a final concentration of 50 nM. Control
siIRNA targeting luciferase was transfected at the same final concentration as the targeted sSIRNA.
4.3.3 Cell Cycle Synchronization

HeLa cells were synchromized by the double thymidine block method. Thymidine (4 mM
final concentration) was added to the culture medium of asynchronous cells at ~40% confluency
for 16-18 hours (block #1). The cells were then washed twice with room temperature sterile PBS,
replaced with warmed DMEM + 10% FBS, and incubated at 37°C (release). 7-8 hours post-release,
cells were transfected with DNA constructs, if necessary. 2-3 hours post-transfection (or 9-11 hours
post-release), thymudine (4 mM final concentration) was again added to the culture medium and
kept for 12-14 hours (block #2). At thus point the cells were considered synchronized to the G1/S
transition. To allow synchronous progression through the cell cycle, the cells were released by 2

washes with ice-cold PBS followed by 37°C incubation in warm DMEM + 10% FBS. Cells were
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then harvested at various timepoints post-release to enrich for specific cell cycle phases (e.g. 3
hours for S phase, 7 hours for G2 phase, 11 hours for G1 phase).
4.3.4 Harvesting Cells

For HEK?293, the cells were dislodged from the culture vessel by flushing the surface with
the culture medium. Cells were then pelleted by centrifugation at 525g for 5 munutes at 4°C. The
other cell lines were dislodged via trypsimization: they were washed twice in ice-cold PBS (137
mM NaCl, 2.7 mM KCl, 10 mM Na:HPOs, 1.8 mM KH2PO4, pH 7.4), detached with trypsin-
EDTA solution, 0.25% (Sigma-Aldrich) at 37°C for 5 munutes, resuspended mto 4 volumes of 1ce-
cold DMEM + 10% FBS, and pelleted by centrifugation at 525g for 5 nunutes at 4°C. All cells
were then resuspended into ice-cold PBS and centrifuged again (525g, 5 munutes, 4°C). After
removing the supematant, the pellet was flash frozen in liquid mtrogen before storage at -80°C.
4.3.5 Cell Cycle Profiling by Flow Cytometry

If needed, this procedure was performed during the above cell harvesting method. When
cells were resuspended in PBS after the first centrifugation, 10-20% of the cell pellet was saved.
To this fraction, much of the supernatant was removed, after which the cells were vortexed mto an
1ce-cold mixture of PBS prepared with 70% ethanol as the solvent. The cells were fixed by -20°C
incubation for at least 30 minutes. The cells were washed once in PBS, then tumbled end-over-end
for 30 minutes at room temperature in PBS contamning 100 pg/ml. RNase A (Invitrogen) and 3.8
mM sodium citrate. Propidium 1odide was added to a final concentration of 50 pg/ml., and the
cells were again tumbled end-over-end at room temperature for at least 30 nunutes. The propidium
10dide intensity was then measured for single cells by flow cytometry using a FACSCanto II (BD

Biosciences).
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4.3.6 Cell Treatments

All mibitors were purchased from Millipore-Sigma or Selleck Chemucals and dissolved
mn DMSO (or, for hydroxyurea, water). Inhibitors were diluted in warmed (37°C) culture medium
immediately prior to cell treatment. Vehicle controls contained only the solvent of the inhibitors
diluted to the same extent Unless indicated otherwise, cells were treated with the following
concentrations of mhibitors: 25 pM roscovitine, 2.5 pM AZD5438, 10 pM RO-3306, 10 pM
SB203580. For treatment with ultraviolet light (UV), cell monolayers were washed in PBS, which
was then removed, and exposed to 20 seconds of UV (equivalent to ~60 J/m*). The culture medium
was quickly re-added and cells were incubated at 37°C for 1 hour after which they were harvested.
For treatment with ionizing radiation, cells were exposed to 10 Gy from a *°Co source (Gammacell
220 Irradiation Umit, purchased 1978, Atomuc Energy of Canada Linuted), allowed to recover for
1 hour at 37°C, then harvested. For the remaming DNA damaging agents, cells were replaced with
culture mediuum contaiming the agents and incubated at 37°C (1 pM camptothecmn for 1 hour; 25
uM phleomycin for 1 hour; 2 mM hydroxyurea for 4 hours), then harvested.
4.3.7 Preparation of Whole Cell Extracts

Frozen pellets (obtained from the above cell harvesting protocol) were resuspended mto
ice-cold High SDS Lysis Buffer (25 mM HEPES pH 7.4, 500 mM NaCl, 2% sodmum dodecyl
sulfate, 1% Tnton X-100, 0.5% sodmm deoxycholate, 1 mM EDTA) supplemented with 2X
cOmplete protease imnhibitor cocktail, EDTA-free (cOmplete, Roche) and 1X phosSTOP
phosphatase imhibitor cocktail (phosSTOP, Roche). The nuxture was then sonicated with a Fisher
Scientific Model 705 Sonic Dismembrator with nucrotip probe (at amplitude 1 to 5, for 1 munute).
4X SDS Sample Buffer (250 mM Tris pH 6.8, 8% sodium dodecyl sulfate, 40% glycerol, 0.2%

bromophenol blue) was then added to attain a final concentration of 13, while 2-mercaptoethanol
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(BME) was added to a final concentration of 5%. The samples were treated at 95°C for 5 minutes
at 900 rpm on a ThermoMixer F1.5 (Eppendorf) prior to resolution by SDS-PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis).
4.3.8 SDS-PAGE and Immunoblotting

Samples were loaded mto hand-cast mim-gels compnsing Tris (37.5 mM, pH 8.8 for the
resolving layer; 12.5 mM, pH 6.8 for the stacking layer), 0.1% sodium dodecyl sulfate (SDS), and
5-12% polyacrylamide. Precision Plus protein dual color standards (Bio-Rad) were loaded as the
molecular weight ladder. Electrophoresis was performed at 150 V in Running Buffer (25 mM Tris
pH 8.3, 192 mM glycime, 0.1% SDS). The resolved proteins were then wet electro-transferred onto
0.2 pm nitrocellulose membrane for 1 hour at 110 V in Transfer Buffer (25 mM Tris pH 8.3, 192
mM glycine, 20% methanol). To perform immunoblot, the mitrocellulose was first blocked 1n 4%
fish skin gelatin (FSG) dissolved in TBS (50 mM Tris pH 7.5, 150 mM NaCl) at room temperature.
TBS with 5% bovine serum albumin (BSA) was used as the blocking solution when phospho-
specific antibodies were used as the primary antibody. The primary antibodies were diluted in
freshly prepared TBS + 0.1% Tween-20 (TBST). For phospho-specific antibodies, 5% BSA was
included in this solution, while for the anti-RINF138 anfibodies, 2% FSG was included. The diluted
antibodies were incubated with the membranes for either 1 hour at room temperature or overnight
at 4°C under gentle rocking. The membranes were then shaken in TBST (3 tumes, 10 minutes each),
mncubated for 1 hour at room temperature with horseradish peroxidase (HRP)-, IRDye 680RD- or
IRDye 800CW-conjugated secondaries (all LI-COR. Biosciences) in TBST under gentle rocking,
and shaken m TBST (3 times, 10 nunutes each) and TBS (once, 10 munutes). HRP activity was
detected by incubating the membranes m Amersham ECL Prime Western Blotting Detection

Reagent (Cytiva) for 2 minutes. Enhanced chemiluminescence (HRP) or fluorescence (IRDye)
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signals were acquired on the Odyssey Fc Imagmng System and quantified by densitometry with
Image Studio software (both LI-COR. Biosciences). If re-probing was required, membranes were
treated with Stripping Buffer (100 mM glycine pH 2.2, 1% SDS) for 30 munutes with vigorous
shaking, rinsed with distilled water, and air-dried overmight. They were then re-blocked and probed
with the necessary primary and secondary antibodies. To ensure immunoblots for loading controls
of whole cell extracts (actin, tubulin) and immunoprecipitations (anti-GFP on GFP-RINF138, anfi-
FLAG on FLAG-RNF138) could be quantified without saturation, in such situations primary
antibodies were used at low concentrations (Table 4.4) and blots were detected via fluorescence
(IRDye) mnstead of enhanced chemuiluminescence.

Table 4.4. Antibodies.

Catalogue . _— —
Antibody Source Numb-egru Identifier Dilution (Application)
L . . . 1:10000 — 1:20000
rabbit anti-f-actin Sigma AS060 RRID:-AB 476738 for 1 hour (IB)
mouse anti-BrdU grwa - L IRpN202 | RRID:AB 2314032 | 1:1000 overnight IF)
; Santa Cmz . ) -
mouse anti-CDE]1 Biotechnology sc-54 RERID:-AB 627224 1:1000 overnight (IB)
. Santa Cmz . ) -
rabbit anti-CDE2 Biotechnology sc-163 RRID:AB 631215 1:1000 overnight (IB)
rabbit anfi-phospho- | Cell  Signaling . .
Chk] (Ser345) Technology 2348 RRID:AB 331212 1:5000 for 1 hour (IB)
rabbit anfi-phospho- | Cell  Signaling . . .
Chk? (Thr68) Technology 2197 RRID:AB 2080501 | 1:1000 overnight (IB)
rabbit anti-Cyclin A Santa Cruz se-751 RRID:AB 631329 1:1000 overnight (IB)
Biotechnology = )
. - . . 1:4000 — 1:8000
mouse anfi-FLAG tag Millipore Sigma | F1804 RERID:-AB 262044 for 1 hour (IB)
L Cell Signaling . 1:4000 — 1:8000
rabbit anti-FLAG tag Technology 14793 RRID:AB 2572201 for 1 hour (B)
. . Cell  Signaling . . -
rabbit anti-Geminin Technology 5165 RRID:AB 10623289 | 1:1000 overnight (IB)
] Santa Cmz ] 1:2000 — 1:6000
mouse anti-GFP Biotechnology sc-0006 RRID:-AB 627695 for 1 hour (IB)
rabbit anti-GFP Proteintech 50430-2-AP | RRID:AB 11042881 | 1:5000 for 1 hour (IB})
rabbit anfi-phospho- | Cell  Signaling . .
H2AX (Ser]39) Technology 2577 RRID:AB 2118010 | 1:3000 for 1 hour (IF)
N . 1:4000 — 1:8000
rabbit anti-HA tag Abcam ab9110 RRID:AB 307019 ovemight (IB)
L St John's . 1:1000 — 1:4000
rabbit anti-RINF138 Laboratory STI112342 | RRID:AE 2038082 overnight (IB)
rabbit anti-RNF138 Abcam ab92730 RRID:AB 2238719 | 1:1000 overnight (IB)

120




(used only in Fig. 53A)

1:8000 for 1 hour (IF)

Alexa Fluor 647

mouse anti-RPA2 Abcam ab2175 RRID:-AB 302873 12000 o isht (IB)
Tabbii  antiphospho- | Betiyl _ 12000 1.12000
RPA? (Serd/Ser8) Laboratories A300-245A | RRID:AB 210547 | o vermioht (1IB)
rabbit anfi-phospho- N
Ser/Thr @-STQ | Se  Sienalng | g5 RRID-AB 330318 | 1:1000 overnight (IB)
ATM/ATR substrate) Y
mouse anti- Cell Signaling . 1:500 — 1:1000
phospho-Thr-Pro (P-TP) | Technology 9391 RRID:AB_331801 | o ioht (1B)
mouse anti-o- Tubulin | Genscript A01410 RRID:AB_1968943 | 120009~ (léi'm
mouse anti-Ubigquitin %:;gtal i ologcymz sc-8017 RRID:-AB 2762364 | 1:1000 overnight (IB)
donkey anti-mouse | LI-COR ] ]
o TRDye 630RD, | Biotectmology | 92668072 | RRID:AB_ 10953628 | 1220000 for 1 hour (1B)
donkey  anti-rabbit | LLCOR _ _
o TRDye cookny | Broechuolomy | 926-68073 | RRID:AB 10954442 | 1:20000 for 1 hour (IB)
donkey anti-mouse | LI-COR ] ]
o TRDye 3000w | Biotectmology | 2632212 | RRID:AB 621847 | 1220000 for 1 hour (B)
donkey _ anti-raboit | LLCOR _ _
o TRDye 5000w | Biotectmology | 2632213 | RRID:AB 621848 | 1220000 for 1 hour (B)
goat anti-mouse IgG— | LI-COR . .
g Biotechnology | 92680010 [ RRID:AB 2721263 | 1:5000 for 1 hour (1B)
goat anfi-rabbit IgG— | LI-COR . .
g Bioweimology | 92650011 | RRID:AB 2721264 | 1:5000 for 1 hour (18)
oat anfi-mouse IgG— Jackson
g ImmunoResearch | 115-165-146 | RRID-AB 2491007 | 1:500 for 1 hour (TF)
Cy3 .

Laboratories
goat anti-rabbit IgG— | ¢ oonen A21244 | RRID:AB 2535812 | 1:250 for 1 hour (IF)

4.3.9 FLAG Immunoprecipitation

Pellets of FLAG-RNF138-expressing HeLa cells from a 100 mm dish were resuspended
mto ice-cold NETN-500 (50 mM Tnis pH 8.0 at 4°C, 500 mM NaCl, 0.5% IGEPAL CA-630, 1
mM EDTA) supplemented with fresh 2X cOmplete, 125X phosSTOP, and 50 mM N-
ethylmaleinude (NEM) and shaken on ice (250 rpm, 20 nunutes). The lysate was clarified by
centrifugation at 20000g for 15 nunutes at 4°C, and the resulting pellet was discarded. 10% of the
supernatant was saved as an mput control and mixed with an equal volume of 2X SDS Sample
Buffer (125 mM Tnis pH 6.8, 4% sodium dodecyl sulfate, 20% glycerol, 0.1% bromophenol blue)

along with BME to a final concentration of 5%. The input control was then heated to 95°C for 5
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minutes at 900 rpm on a ThermoMixer F1 5. The remaimng supernatant (90%) was diluted to
reduce the NaCl concentration to 150 mM, then mixed with 20 pL of anti-FLAG M2 magnetic
beads (Sigma) that were pre-washed twice in ice-cold TBS + 0.5% IGEPAL CA-630 (TBSN). The
mixture was fumbled end-over-end for 2 hours at 4°C. Non-specific binding was removed by 4
washes in 1ce-cold TBSN. Each wash mvolved vortexing for 20 seconds, centrifuging at 2700g for
2 munutes, placing the sample on a magnetic rack, and aspirating the supematant. Bound protemns
were eluted off the beads by adding 2X SDS Sample Buffer and heating for 10 nunutes at 95°C at
1200 rpm (ThermoMixer F1.5). The eluate and input control fractions were then processed for
SDS-PAGE and immmunoblotted. For the eluate fraction, the modification of interest (e.g.
phosphorylation) was blotted for first, then the membrane was stripped and re-probed to detect
immunoprecipitated FLAG-RNF138.
4.3.10 GFP Immunoprecipitation

Pellets of GFP construct-expressing HEK293 cells from a 100 mm dish were resuspended
mnto ice-cold RIPA Buffer (50 mM Trnis pH 7.4 at 4°C, 150 mM NaCl, 1% IGEPAL CA-630, 1%
sodium deoxycholate, 0.1% SDS, 1 mM EDTA) supplemented with fresh 2X cOmplete, 125X
phosSTOP, and 50 mM NEM and shaken on ice (250 rpm, 20 minutes). The lysate was centrifuged
(20000g, 15 nunutes, 4°C), and the pellet discarded. 10% of the supernatant was taken out as an
mput control and processed as in the FLAG Immunoprecipitation procedure (above). The
remaining supernatant (90%) was nuxed with 15 pL of GFP Selector agarose beads (NanoTag
Biotechnologies, Géttingen, Germany) that were pre-washed twice m ice-cold RIPA Buffer, then
tumbled end-over-end at 4°C for 1 hour. To remove non-specific binding, the beads were washed
twice i ice-cold RIPA Buffer, then 4 times in ice-cold Stringent Wash Buffer (50 mM Tnis pH 8.0

at 4°C, 2 M NaCl, 1% IGEPAL CA-630, 0.25% sodium deoxycholate, 0.1% SDS, 1 mM EDTA).
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Each wash involved vortexing for 20 seconds, centrifuging at 3000g for 2 minutes, and aspirating
the supernatant. Bound proteins were eluted by adding to the beads 2 SDS Sample Buffer with
5% BME and heating on the Thermomixer (95°C, 30 munutes, 1200 rpm). Both the mnput and eluate
fractions were then subjected to SDS-PAGE and immunoblot analysis. For the eluate fraction, the
modification of interest (e g. ubiquitylation) was blotted for first, then the membrane was stripped
and re-probed to detect the immunoprecipitated GFP-tagged protemn.
4.3.11 Co-Immunoprecipitation

Pellets of GFP construct-expressing HEK293 cells from a 100 mm dish were processed as
in the procedure for GFP Immunoprecipitation (above), with the following changes: NETN-150
(50 mM Tnis pH 8.0 at 4°C, 150 mM NaCl, 0.5% IGEPAL CA-630, 1 mM EDTA) was used in
place of RIPA Buffer, 20 pL of GFP Selector agarose beads (NanoTag Biotechnologies) were used,
and the beads were washed 4 times with only NETN-150 to remove non-specific interactions.
4.3.12 CDK2 in vifro Kinase Assay

HEK?293 cells were transfected with DNA constructs encoding GFP, GFP-RNF138-WT, or
GFP-RNF138-T27A (2 150 mm dishes per construct) and harvested the next day. The cell pellets
were then resuspended mto ice-cold RIPA Buffer (as above) supplemented with fresh 2X cOmplete
and 1X phosSTOP and shaken on ice (250 rpm, 20 minutes), after which the lysates were clarnfied
by centrifugation (20000g, 15 nunutes, 4°C) and tumbled end-over-end at 4°C for ~3-4 hours with
20 pL of GFP Selector agarose beads that had been pre-washed twice in RIPA Buffer. The beads
were then washed three times 1n ice-cold RTIPA Buffer and three times in ice-cold TBSN buffer (as
above). Washes were performed as per the GFP Immunoprecipitation procedure (above). Any
residual TBSN above the beads was then removed, and the bead suspension for each construct was

evenly split into two portions of ~13 pL each. Each portion was promptly mixed on ice with
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components from a CDK2 Assay Kit (catalogue number 79599, BPS Bioscience, San Diego, CA,
USA) to a final volume of 45 pL: 6 pL of 5X kinase assay buffer 1, 1 pL of 500 pM ATP, 5 pL of
sterile double-distilled water, and 20 pL of either CDK2/Cyclin A? mixture (concentration of
stock: 2.5 ng/pL. mn 1X kinase assay buffer 1) or 1X kinase assay buffer 1. The reaction nuxtures
were then incubated at 30°C (300 rpm, ThermoMixer F1.5). The reaction was quenched 45 minutes
later by adding 45 pL of 2X SDS Sample Buffer and heating the mixture to 95°C for 5 minutes
(900 rpm, ThermoMixer F1.5). Upon SDS-PAGE, the relative kinase activity of CDK2 was
detected by immunoblotting for phospho-Thr-Pro (P-TP) and GFP.
4.3.13 Isolation of Ubiquitin Conjugates by Nickel Affinity Purification

HeLa HB-ubiquutin cells from 150 mm dishes were harvested as descnibed above, except
prior to pelleting for flash freezing, the cells were resuspended into ice-cold PBS and 10% of each
sample was taken out to serve as the input control. All samples were then pelleted by centrifugation
(525g, 5 minutes, 4°C) and flash frozen i hqud mtrogen before storage at -80°C. The 10% wnput
control was processed separately for lysis to prepare whole cell extract (as above) wiile the
remainder was processed for mickel affimty punification, described here. All buffers were prepared
at most 4 hours before use. All washes entailed vortexing in the indicated buffer for at least 20
seconds, centrifugation at 750g for 2 munutes, and removal of the supernatant via vacuum
aspiration. Cell pellets were dissociated mto ice-cold Guamdine Lysis Buffer (6 M guanidine-HCI,
100 mM sodium phosphate buffer pH 8.0, 10 mM Trnis, 5 mM mmudazole, 5 mM BME) by vortex
and sonicated for 1 minute (amplitude 25, Fisher Scientific Model 705 Sonic Dismembrator with
microtip probe). The lysate was then mixed with 150 pL. of Ni-NTA agarose beads (Qiagen) that
were pre-washed three times in Guanidine Lysis Buffer. The muxture was agitated on a rocker for

4 hours at room temperature. Non-specific mteractions were removed with sequential washes at
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room temperature: once in Guamdine Wash Buffer (6 M guamdine-HCl, 100 mM sodium
phosphate buffer pH 8.0, 10 mM Tnis, 10 mM mmdazole, 0.1% Triton X-100, 5 mM BME), once
mn pH 8 Urea Wash Buffer (8 M urea, 100 mM sodium phosphate buffer pH 8.0, 10 mM Trs, 10
mM mmdazole, 0.1% Triton X-100, 5 mM BME), and three times in pH 6.3 Urea Wash Buffer (8
M urea, 100 mM sodmm phosphate buffer pH 6.3, 10 mM Trs, 0.1% Triton X-100, 5 mM BME).
Bound proteins were eluted off the beads with Ni-NTA Elution Buffer (150 mM Tris pH 6.7, 200
mM imdazole, 5% sodium dodecyl sulfate, 30% glycerol, 0.05% bromophenol blue, 5% BME) at
60°C for 30 mun on a ThermoMixer F1.5 (Eppendorf) at 1200 rpm and resolved by SDS-PAGE
for subsequent immunoblotting
4.3.14 Cycloheximide Chase Assay

HEK?293 cells were transfected with the indicated GFP-RNF138 DNA constructs. 20 hours
later, cycloheximide was added to the culture medium to 100 pg/mL with or without MG132 (5
uM final concentration). Cells were incubated for various fimepoints up to 16 hours and then
harvested. Whole cell extracts were prepared, and protein expression levels were analyzed by
fluorescence-based immunoblotting, with GFP mtensity normalized to the mtensity of actin.
4.3.15 Laser Microirradiation of Live Cells

U20S cells were seeded on 35 mm glass-bottom dishes (MatTek Corporation). 24 hours
later, they were fransfected with 200 ng of the indicated DNA construct and mcubated for ~16
hours. Prior to imaging, cells were pre-sensitized with 0.5 pg/ml. Hoechst 33258 for 30 mun at
37°C, washed with PBS, and replaced with warmed phenol red-free DMEM contamning 25 mM
HEPES + 10% FBS (both Gibco). The dishes were maintained at 37°C mn a humudified 5% CO:
atmosphere while being imaged on a Nipkow spinning disk confocal system (UltraVIEW ERS,

PerkinElmer) mounted on an Axiovert 200M mverted microscope (Zeiss) and equipped with an

125



sCMOS camera (Pnme BSL Photometrics). Localized DNA damage was mduced in a single 1 pm
thick line spanning the width of the cell nucleus using a 5 mW 405 nm diode laser coupled to a
FRAP (fluorescence recovery after photobleaching) module (UltraVIEW Photokinesis,
PerkinElmer) with the followmng settings: 20% power output, 20 iterations. The GFP fusion
proteins were then excited with a 488 nm argon laser and seen through a 63X 1.4 numerical
aperture o1l immersion DIC Plan-Apochromat objective lens (Zeiss). Time-lapse images in the
GFP emussion channel were recorded using Volocity 6.3 software (PerkinElmer). The fluorescence
mntensity at the laser stripe over time was determined via Image J software. Measurements from
30-75 cells pooled from three independent experiments were averaged.
4.3.16 Immunofluorescence Staining

Stable cell lines generated in U20S-TREx were seeded onto sterilized glass coverslips
(#1.5 thickness, Electron Microscopy Sciences) and transfected with siRNA 1 hour later. ~28 hours
post-transfection, 5 pg/mL doxycycline was added to the culture medium for ~16-20 hours to
mnduce sfGFP-RNF138 expression. After a 1-hour treatment with 1 pM camptothecin, the cells
were washed twice with ice-cold PBS, then incubated twice, 3 minutes each, with ice-cold RPA
Extraction Buffer (25 mM HEPES pH 7.9 at 4°C, 300 mM sucrose, 50 mM NaCl, 0.5% Triton X-
100, 1 mM EDTA, 3 mM MgClL). They were then washed again twice with ice-cold PBS prior to
fixation at room temperature for 20 munutes mn 2% paraformaldehyde in PBS. The reaction was
quenched for 10 minutes n 100 mM NH4Cl 1n PBS, and the cells were permeabilized for 5 minutes
mn PBS + 0.5% Tween-20. The cells were then mcubated with pnmary antibodies for 1 hour at
room temperature or overnight at 4°C, incubated in PBS + 0.1% Tween-20 for 5 nunutes, washed
6 times 1 PBS, and incubated with secondary antibodies for 1 hour at room temperature. All

antibodies were diluted in PBS, and antibody mcubations were performed with the coverslips
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being mverted into 75 pL droplets of the antibody solution. The cells were then counterstained in
10 ng/pL: DAPI in PBS for 20 nunutes, washed 6 times in PBS, and mounted onto microscopy
slides in Mounting Medium (2% propyl gallate in PBS prepared with 10% DMSO and 80%
glycerol as the solvent). Images were acqured on a fluorescence microscope (Zeiss
Axiolmager Z2) usmg version 7.104 of MetaMorph software (Molecular Devices). The
microscope utilized a 1.4 numerical aperture 40X o1l immersion DIC M27 Plan-Apochromat
objective lens (Zeiss) and Prime BSI sCMOS camera (Teledyne Photometrics). Extraction-
resistant nuclear foc1 were quantified using the Cell Intensity Mean of Vesicles feature of the
Statistics module of Imaris x64 software version 9.9.1 (Oxford Instruments).
4.3.17 In vivo Homologous Recombination (DR-GFP) Reporter Assay

Per condition, ~4 X 10% TRI-DR-U20S cells were electroporated with 60 nM siRNA and
if necessary, 2 pg of mCherry-RNF138 DNA wia a 4D-Nucleofector X Unit (program CM-104)
with SE Cell Line 4D-Nucleofector X Kit L (both Lonza Bioscience). 8 hours post-transfection, 1
ng/mL doxycycline (Dox) was added to the culture medium for 24 hours to induce expression of
I-Scel. The culture medium was then replaced and cells were cultured without doxycyclme for
another 24 hours. Cells were collected according to the above cell harvesting procedure except
that instead of being flash frozen, the cells were vortexed into 2% paraformaldehyde i PBS and
mncubated for 20 minutes for fixation. The cells were then washed 3 times in PBS. The frequency
of GFP™ cells was measured by flow cytometry (FACSCanto II, BD Biosciences) on at least
100,000 cells.
4.3.18 Clonogenic Survival Assay

Stable cell lines of U205-TREx were seeded in 100 mm dishes and transfected with sIRNA

1 hour later. ~40 hours post-transfection, the cells were detached by trypsimization and kept on ice.
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The cell density was measured on an automated cell counter (Corning) equipped with CytoSMART
Cloud (CytoSMART Technologies). Cells were then seeded in duplicate onto 60 mm dishes and
incubated at 37°C with or without 5 pg/mL doxycycline for ~16 hours. The number of cells seeded
per dish were as follows: parental + siCTRL — 900 cells, parental or sfGFP-RNF138-WT +
siIRINF138 — 4000 cells, all other cell lines + siRNF138 — 12000 cells. The dishes were exposed to
up to 5 Gy of ionizing radiation from a ®Co source (Gammacell 220 Irradiation Unit, purchased
1978, Atomic Energy of Canada Limited), after which the culture medium was replaced. The cells
were incubated at 37°C for 7-10 days; 5 pg/mL doxycycline was included m the medium 1f sfGFP-
RNF138 expression was required. The medium was then removed and cells were fixed and stained
n 0.5% Crystal Violet/25% methanol. Colonies of =50 cells were counted. The surviving fraction
was calculated by dividing the number of colonies formed at a given dose by the number that
formed at 0 Gy.
4.3.19 Sequence Alignment

Amino acid sequences of RNF138 orthologues were obtained from UmProt, aligned with
Clustal Omega (European Bioinformatics Institute, European Molecular Biology Laboratory), and
annotated in ESPript 3.0
4.3.20 AlphaFold Modeling

RNF138 modeling and predictions were performed using the ColabFold implementation
of AlphaFold (https:/github com/sokrypton/ColabFold)***". The AlphaFold MMseqs2 Google
Colab notebook (version 1.5.2) was used as previously described'®_ Confidence metrics were

plotted with Microsoft Excel (version 2204) and Morpheus

(https://software broadinstitute org/morpheus).
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4.3.21 Image and Data Processing

Raw micrographs and immunoblot scans were adjusted with the Levels tool and cropped
in Adobe Photoshop 2023 and 2021, respectively. For immunofluorescence micrographs, images
from the same biological replicate were scaled to identical settings. For GFP immunoprecipitation
assays, GFP-RINF138 ubiquitylation was quantified from densitometry readings of immunoblots
with Image Studio software (LI-COR. Biosciences). HA signal from immunoprecipitates was
normalized to the GFP signal immunoprecipitated. All praphs were generated in Prism 9
(GraphPad) and display the mean with error bars showing the standard deviation. Unless imndicated
otherwise, ordinary one-way ANOVA with Sidék's multiple comparisons test was performed to
determune statistical sigmificance. Asterisks depict statistically sigmificant differences: ns (not
significant), (p<0.05), (p<0.01), (p <0.001), (p <0.0001). Figures were arranged

and labeled using Adobe Illustrator 2023.

4.4 Results

4.4.1 RNF138 Protein Expression is Maintained Over the Course of the Cell Cycle

To ascertain how RINF138 1s regulated, we first asked 1f its expression was controlled in a
cell cycle-dependent manner. As the expression of the HR factor BRCAI1 peaks during the S and
G2 phases'®'*? we surmised RNF138 protein levels could behave similarly, coinciding with its
role in mediating Ku80 ubiquitylation and eviction from chromatin in S/G2'*. We chose to
examine RNF138 expression in HeLa cells as they can be efficiently synchromzed to the G1/S
transition by double thymudine block. HeLa can then be released for different timepoints to
approach specific cell cycle phases (30). Flow cytometric analysis confirmed that the chosen
timepoints sufficiently enriched for cells in either S, G2 or G1 phase (Figure 4.1A). When whole

cell extracts from these samples were immunoblotted, we detected a prominent immunoreactive
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band above 25 kDa m all cell cycle phases (Figure 4.1B). As RNF138’s molecular weight 1s
predicted to be 28 kDa, and transfecting cells with short interfering RNA (s1RINA) targeting both
coding and non-coding regions of the RNF138 gene reduced detection of the band (Figure 4.2A),
the immunoblot signal just above 25 kDa represents endogenous RNF138. Interestingly, while a
minor increase m RNF138 expression was seen at G2 phase, RNF138 was shll adequately
expressed in Gl phase, and overall, substantial changes in expression were not seen at any
particular phase (Figure 4.1C). We thus conclude that in HeL.a cells, RNF138 protem expression
1s relatively constant over the course of the cell cycle.
4.4.2 RNF138 is Phosphorylated at Residue T27 by CDK-Dependent Activity

We reasoned RNF138 activity might be regulated durning the cell cycle by a different
mechamsm. Transitions in the cell cycle are controlled by CDKs, whose activities accumulate at
specific phases, and are stimulated when bound to their regulatory subunits, the cyclins**!'**. CDK
activity promotes HR and DNA end resection*-'**!** and players in DNA end resection such as
Mrell, Nbs1, CIP, Dna2, and Exo1 are indeed targets of CDK phosphorylation'**-2%%_ Analysis of
RNF138’s primary structure revealed a single putative CDK consensus phosphorylation motif
(S/T-P-X-K/R)*, with the potential phosphorylation site at threonine 27 (T27). This motif 1s
conserved in RNF138 orthologues spanmng Xenopus laevis, chuicken, and mammals (Figure
4.1D), and was predicted to be the only CDK site on RNF138 by the algorithm GPS 6.0 2™ (Figure
4.2B). Further, the AlphaFold prediction of RNF138’s structure shows T27, despite being located
within the RING domain, 1s solvent-accessible and potentially available for phosphorylation
(Figure 4.8A-E). T27 1s also at the centre of a positively charged surface of the RING (K26, R40,

K41, R48, R80) (Figure 4.8B), the addition of a phosphoryl group potentially altering
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electrostatics in the region. We thus hypothesized RNF138 1s phosphorylated at residue T27 by
CDK activity.

To uncover if RNF138 was phosphorylated, we first transfected HeLa cells with FLAG-
tagged RNF138, and performed anti-FLAG immunoprecipitation to ennich for exogenous
RNF138. Expressing FLAG-RNF138 yielded a protemn that migrated at 37 kDa upon sodium
dodecyl sulfate polyacrylanude gel electrophoresis (SDS-PAGE) (Figure 4.1E), despite RNF138
being predicted to be 28 kDa. While endogenous RINF138 nugrated at the expected position upon
SDS-PAGE (Figure 4.1E Figure 4.2A), immunoprecipitated FLAG-RNF138 was detected at 37
kDa by an anti-RNF138 antibody (Figure 4.4A). We thus attribute the reduced electrophoretic
mobility of FLAG-RNF138 to the FLAG tag, speculating the tag’s five negatively charged
aspartate residues hinder SDS binding to the protem, impeding its migration during
electrophoresis. We next immunoblotted the FLAG immmunoprecipitates for the presence of
phospho-threonine immediately N-termunal of a proline residue (phospho-Thr-Pro, or P-TP), a
motif shared by the substrates of both CDKs and mitogen-activated protein kinases (MAPKs) We
observed P-TP signal on FLAG-RNF138 (Figure 4.1E), suggesting RNF138 was a substrate for
phosphorylation at TP sites. To detect if RNF138 was phosphorylated in a cell cycle-dependent
manner, we fransfected HeLa cells with FLAG-RNF138 and synchromized them to S, G2, or G1
phase. The cells were smtably enriched for the phases of mterest, although the synchromzation
efficiency was less than in untransfected HeLa cells (Figure 4.1F, compare to Figure 4.1A), likely
from punor cytotoxicity resulting from FLAG-RNF138 overexpression. FLAG
immunoprecipitation revealed P-TP signal that peaked at S phase and progressively weakened as
cells approached the G2 and then G1 phases (Figure 4.1G). In support of this, P-TP signal was

partially reduced in cells that were not synchromized by double thymudine block (Figure 4.1G),
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which primarnily contain cells in G1 phase (Figure 4.1F). Importantly, the P-TP signal occurred at
37 kDa, and did not appear in immunoprecipitates from untransfected cells (Figure 4.1E,G),
indicating the P-TP signal was associated with FLAG-RNF138. We thus conclude RNF138 1s
phosphorylated in a cell cycle-dependent manner, with the modification occurring pnimarily in S
and G2 phase.

CDK2 and CDK]1 activity trigger progression through the S and G2 phases (31). To confirm
that the P-TP signal observed on RNF138 was dependent on CDK activity, we treated HeLa cells
expressing FLAG-RNF138 with roscovitine and AZD5438, inhibitors that target both CDK1 and
CDK2 activity’®2%_ and RO-3306, an inhibitor of CDK1 activity’”’. The P-TP signal in FLAG
immunoprecipitates was reduced upon treatment with each inhibitor (Figure 4.1H). As a control,
treating the cells with SB203580, an mhibitor of MAPK activity, did not affect the P-TP signal,
mndicating the phosphorylation on RNF138 arose solely from CDK-dependent activity (Figure
4.4B). We also assessed the P-TP signal on FLAG-RNF138 when cells were transfected with
siIRNA targeting CDK1 or CDK2. Knocking down either kinase capably reduced RNF138 TP
phosphorylation (Figure 4.1I) While CDK1 or CDK?2 depletion did decrease the proportion of
cells in S or G2 phase, in both cases from 49.5% to ~45% (Figure 4.4C), accounting for this
difference still resulted in the P-TP signal dropping ~50% when either CDK was depleted (Figure
4.1I). Thus, the P-TP signal on RNF138 1s dependent on CDK1 and CDK2. In support of a role
for CDK2 i RNF138 phosphorylation, CDK2 and its binding partner Cyclin A could co-
immunoprecipitate with RNF138 (Figure 4.1J), indicating RNF138 may form a complex with
CDK2-Cycln A. Consistent with this, GFP-RNF138 was capably phosphorylated by
CDK2/Cyclin A2 in vifro. Moreover, compared to GFP-RNF138, GFP itself was only mimmally

phosphorylated by CDK2/Cyclin A2, demonstrating the specificity of CDK2 activity toward
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RNF138 (Figure 4.1K). Overall, our findings suggest RNF138 1s phosphorylated by the action of
CDK1 and CDK2.

To demonstrate that T27 1s the site of TP phosphorylation on RNF138, we ablated the site
by mutating T27 to a non-phosphorylatable alamne residue (T27A) m the FLAG-RNF138
construct. P-TP signal was severely impaired in immunoprecipitates of T27A relative to wildtype
(WT) FLAG-RNF138 (Figure 4.1L)._ At first, we could not completely eliminate P-TP signal from
the T27A mutant (Figure 4.1L, right panel), speculating residual signal anses from other proteins
co-precipitating with FLAG-RNF138 at the same molecular weight. In line with this, loading a
smaller amount of the immunoprecipitates for SDS-PAGE completely abrogated P-TP signal in
the T27A mutant (Figure 4.4D). As well, unlike GFP-RNF138-WT, the T27A vanant was not
phosphorylatable by CDK2/Cyclin A2 in vifro (Figure 4.1K). Altogether, our results suggest

RNF138 1s phosphorylated at position T27 in a CDK1- and CDK2-dependent manner.
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Figure 4.1. RNF138 is Phosphorylated by CDK-Dependent Activity.

A. Flow cytometric analysis of propidium 1odide signal in Hel.a cells that were left asynchronous
(async) or were synchromzed by double-thymidine block without release (not rel) or with release
to the S, G2, and G1 phases. B. Immunoblot of whole cell extracts from cells treated as in A).
Gemunin expression was used to confirm ennchment for cells n S phase, while Cyclin A
expression was used to confirm enrichment m the S/G2 phases. C) Quantification of endogenous
RNF138 expression from B). RNF138 expression was normalized to a-tubulin levels. D. Clustal
Omega amino acid sequence alignment of the CDK consensus phosphorylation motif from human
RNF138 and its orthologues. UniProt accession numbers are indicated in Figure 4.6A. E. FLAG
immunoprecipitation (IP) from asynchronous HeLa cells expressing FLAG-RNF138,
mmmunoblotted for phosphorylated TP sites (P-TP). F. As m A), but with HeLa transfected with
FLAG-RNF138 during the first release step of double thynudine block. G. FLAG IP and IB of
cells processed as in F). H. FLAG-RNF138-expressing asynchronous HeLa cells treated with the
CDEK inhibitors roscovitine (rosco), AZD5438, or RO-3306 or vehicle control (DMSO) for 4 hours
before harvest, FLAG IP, and IB. 1. HeLa cells were transfected with siRNA (s1) to luciferase
(CTRL), CDK1 or CDK2, along with FLAG-RNF138 DNA, and subjected to FLAG IP and IB.
Quantification of relative P-TP signal 1s adjusted for the altered proportion of cells in S or G2
phase resulting from knockdown of CDK1 or CDK?2 from the same biological replicate (Figure
4.4C). J. GFP co-immunoprecipitation for endogenous CDK2 and Cyclin A mm HEK?293 cells
transfected with sfGFP-MAP-tagged (58) RNF138 or the empty vector (vector). K. CDK2 in vifro
kinase assay, with GFP, GFP-RNF138-WT or -T27A as potential substrates. The GFP constructs
were expressed in HEK?293 cells and immunoprecipitated. Kinase activity was detected by
mmmunoblotting for P-TP. - a non-specific band detected by the GFP antibody. L. As m E_| but
with FLAG-RNF138-WT and -T27A. The IP eluates were loaded at different volumes (first and
second runs; the second run, with 1/4 the volume loaded, 1s shown in (Figure 4.4D). MW:
molecular weight standards. Shown are representative results from at least 2 (I), 3 (G, H, K, L), at
least 3 (E, J), and 4 (B) biological replicates. Averages were calculated from at least 2 (A, C) or at
least 5 (F) biological replicates pooled together
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Figure 4.2. Related to Figure 1

A) Immunoblots (IBs) of U20S cells were transfected with siRNA targeting luciferase (sitCTRL)
or the RNF138 gene (siRNF138) within its coding or 3° untranslated region (UTR). siRNA
targeting the RNF138 UTR was comprised of a pool of four siRNAs, each at 40 nM. B) Results
from the scan of the primary sequence of full-length human RNF138 by the GPS (Group-based
Prediction System) 6.0 web server (44) for consensus phosphorylation motifs of the cyclin-
dependent  kinase (CDK) subset of the CMGC  famuly of  kinases
(http://gps biocuckoo.cn/online php).

4.4.3 RNF138 is a Target for Polyubiquitylation

The repair of DSBs 1s coordinated by a cascade of ubiquutylation events, contributing to
protein recniutment to sites of damage, the assembly and disassembly of complexes involved in
181,208

repair, and protemn turnover . We consequently were curious if RNF138 was also a target of

ubiquitylation. Previously, we studied SUMOvylation of CtIP in HeLa cells stably expressing His-
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tagged SUMO-2; SUMO-2 is a ubiquitin-like modifier also conjugated to proteins’®. From these
cells, we 1solated the pool of His-tagged proteins by nickel affinity purification (“His pull-down™),
which represented those that had incorporated SUMO-2. We attempted to use the same strategy to
study the ubiquitylation of endogenous RINF138, this time using HeLa cells stably expressing
6xHis-biotin-tagged ubiquitin (HeLa HB-ubiquitin)'® with the goal of exploiting the 6xHis
component for mckel affimity purification. Nickel beads could successfully ennich ubiquitylated
proteins from extracts of these cells relative to plain HeLa cells not expressing HB-ubiquitin
(Figure 4.4E). However, despite our best efforts, we were unable to detect ubiqutylated RNF138
in the His pull-down fraction, even though RNF138 expression was observed in whole cell extracts
(Figure 4.4E), nnghtmost panel). Monoubiquitylated RNF138 should increase in molecular weight
by ~10 kDa, and such a species (~38 kDa) was not clearly observed in HeL.a HB-ubiquitin relative
to plamn HeLa cells (Figure 4.4E). Perhaps ubiquitylated RNF138 1s of low abundance, such that
these species are below the detection hnut of our immunoblotting approach. The issue i1s
exacerbated by RNF138 antibodies detecting non-specific signals during immunoblotting (Figure
4.4E, nghtmost panel). It 1s difficult to discern which higher order species in the His pull-down
arise from ubiquitylated RNF138 or are simply non-specific in nature, complicating our analysis.
Thus, in our hands, we do not consider His pull-down a wviable approach to study RNF138
ubiquitylation.

As an alternate strategy to detect RNF138 ubiquutylation, we tumned to exogenous co-
expression of green fluorescent protein (GFP)-tagged RINF138 and HA-tagged ubiquitin (HA-Ub)
in cells followed by immunoprecipitation for GFP. This approach would boost expression of both
ubiquitin and RNF138, improving the detection of ubiquitylated RNF138. In addition to WT-

ubiquitin, we also used an HA-tagped mutant, with leucine 73 substituted with proline (HA-Ub-
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L73P), that 1s conjugable to substrates but resistant to deubiquitinating enzymes (51). We hoped
this would stabilize ubiquitylated RNF138, increasing the likelihood of its detection. We also
performed these expermments in HEK293 cells, which capably tolerated overexpression of GFP-
RNF138. GFP-RNF138 was 1solated by immunoprecipitation with anti-GFP beads under stringent
conditions. Eluates from the beads were then processed for SDS-PAGE and subjected to
mmmunoblotting for the HA tag. When HA-Ub-WT and GFP-RNF138 were co-expressed, we
detected a smear of immunoreactivity to HA appearing under 75 kDa and extending beyond 250
kDa, where the signal greatly imntensified (Figure 4.3A), strongly suggesting GFP-RNF138
(theoretically ~55 kDa 1n size but migrating at ~63 kDa to start) was polyubiquutylated. This signal
was absent in cells when HA-Ub-WT was co-expressed with empty vector GFP (Figure 4.3A).
Notably, higher order HA signal was also present when the same experiment was performed with
HA-Ub-L73P (Figure 4.3A). Sinularly, thus signal was much reduced when GFP was used in place
of GFP-RNF138. However, using HA-Ub-L73P shifted the bulk of the HA smear between <75 to
~150 kDa, and reduced the intensity of the signal appearing >250 kDa (Figure 4.3A). At lower
molecular weights, the smear resolved to a distinct laddering pattern perhaps revealing different
species of ubiquitylated RNF138, each band suggestive of a different number of ubiquitin moieties
attached to the protemn. The discrepancy in how RNF138 conjugates appear using HA-Ub-WT or
-L73P 1s consistent with the observation that L73P-Ub 1s conjugated to targets less efficiently than
WT-Ub in vifro (51). On ubiquitin, 173 sits in a hydrophobic patch used by some E3 ligases to
assemble polyubiquitin chains, and the proline substitution disrupts hydrophobic packing m this
region'®_ In our case, it is clear expressing 1.73P- instead of WT-Ub restricts the extent by which
RNF138 can be polyubiquutylated, but 1t 1s still polyubiquitylated nonetheless. While smearing

above unmodified GFP-RINF138 did not appear when we first re-probed the immunoprecipitates
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for GFP (Figure 4.3A), these immunoblots were performed usmg infrared-fluorescent secondary
antibodies, which we find are less sensitive to signals of low abundance. When chemmluminescence
was mstead used to develop the GFP immunoblots, we observed smeanng above the unconjugated
GFP-RNF138 band, although the laddering was not as distinct as that detected by HA
immunoblotting (Figure 4.3B).

Contimung on, to confirm RNF138 1s ubiquitylated, we observed that the ladder of HA
signal in immunoprecipitates of GFP-RNF138 was absent if HA-Ub-L73P was not transfected into
cells (Figure 4.3C), mdicating the signal resulted from HA-Ub-L73P co-expression. We also co-
expressed a truncated GFP-RNF138 deleted of 1ts UIM (AUIM) (Figure 4.4E) with HA-Ub-L73P.
Here, the bands in the HA-Ub ladder exhibited a downward shift in size relative to those from
GFP-RNF138-WT, consistent with the decrease in molecular weight resulting from deleting the
UIM (Figure 4.3D). This defimtively showed that the HA signal on GFP-RNF138 anses from
ubiquitylation events on RNF138 itself and not from protemns that are madvertently co-

immunoprecipitated. We thus conclude that RNF138 1s constifutively polyubiquitylated in cells.
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Figure 4.3. RNF138 is Constitutively Polyubiquitylated.

Stningent GFP immunoprecipitations (IP) were performed for HEK293 cells expressing A. and B.
HA-ubiqutin-WT or -L73P and GFP-RNF138 or free GFP, C. GFP or GFP-RNF138 with or
without HA-Ub-L73P, or D. HA-Ub-L73P with GFP or GFP-RNF138-WT or -AUIM, the products
of which were then immunoblotted. B. contains select immmmoprecipitate samples from A), with
GFP immunoblot signals below 75 kDa developed by infrared-fluorescent (IR) secondary
antibodies, and GFP signals above 75 kDa developed by horseradish peroxidase-coupled
secondary antibodies and enhanced chenuluminescence (ECL). Shown are representative results
from at least 4 biological replicates (each of A, C, D). MW: molecular weight standards.
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A. FLAG immumnoprecipitates (IPs) of HEK293 cells expressing FLAG-RNF138 or not were
immunoblotted for the FLAG epitope or RNF138 (Abcam antibody). B. G2-synchromized HeLa
cells were treated with 0.2% DMSO vehicle confrol (veh), 50 pM roscovitine (rosco), or the MAP
kinase mhibitor SB203580 (MAPK1) at 10 pM for 4 hours. Cell extracts were then IP°d for
RNF138 or with control immunoglobulin G (IgG) and immunoblotted for phosphorylated TP sites
(P-TP) or RNF138. C) Flow cytometric analysis of propidium 1odide signal in HeLa cells treated
as in Figure 4.1I Averages in C) were calculated from 3 biological replicates pooled together. D.
FLAG IP from asynchronous HeLa cells expressing FLAG-RNF138-WT or -T27A and
immunoblotted for P-TP and FLAG. The first run of the IP and the input control 1s shown in Figure
4.1L. The second run of the IP 1s shown here; 1/4 the volume of the IP eluate from the first run 1s
loaded. mIgG: mouse anti-FLAG immunoglobulin G fragments used for IP, detected by the anti-
mouse—HRP secondary antibody. E. 90% of a single pellet of plain HeLa cells and 3 cell pellets
of HeLa stably expressing 6XHis-biotin-ubiquitin (HeL.a HB-ubiquitin) was subjected to nickel
affimty punification (“His pull-down™), while the remaiming 10% was processed to generate whole
cell extract (input). The samples were resolved by SDS-PAGE and transferred to nitrocellulose
membrane. The His pull-down fraction was first stamned for total protemn with REVERT total
protein stain (LI-COR Biosciences), then immunoblotted (IB’d) for RNF138, and finally stripped
and IB’d for ubiquitin. For the remaiming 10% of cells, whole cell extracts were prepared for the
mput control (rightmost panel) and IB’d for RNF138. Note the RNF138 antibody detects other
species beyond RNF138 () . RNF138 itself (predicted molecular weight: 28 kDa) 1s detected just
above 25 kDa (arrow). MW: molecular weight standards. F. Schematic diagrams of the structural
domains in wildtype (WT) and the AUIM mutant of GFP-tagged RNF138. G. Quantification of
IBs (such as Figure 4.7G) for doxycycline (Dox)-inducible expression of sfGFP-RNF138 vanants
n U20S5-TREX cells stably integrated with their DNA. H. Example titration of Dox concentrations
to induce sfGFP-RNF138-WT and -T27E expression, detected by IB. D. 1s a representative result
from at least 6 biological replicates. Averages m G. were calculated from at least 7 biological
replicates pooled together.

4.4.4 Insights into the Dynamics of RNF138 Ubiquitylation

Having determined that RNF138 1s a target for ubiqutylation, we sought to understand
how different cellular conditions would affect RNF138 ubiquitylation. We first asked if the cell
cycle factored mto the degree of RNF138 ubiqutylation. We synchromized HeLa cells to the S,
G2, and G1 phases, and during the process co-expressed in them low levels of HA-Ub-WT and
GFP-RNF138. Despite transfecting in low levels of GFP-RINF138, its expression was shghtly

cytotoxic to HeLa, resulting in a reduction in synchromization efficiency (Figure 4.5, compare
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with Figure 4.1A). Still, GFP immunoprecipitation consistently revealed more RNF138
ubiquitylation i samples enriched for S phase cells compared to ones enriched for G1 phase cells
(Figure 4.5B-C). As well, samples enriched for cells m G2 had similar or greater levels of
ubiquitylation than those enriched for S phase cells (on average, 1.986 times more). We infer then
that RNF138 ubiquitylation 1s cell cycle-dependent, with ubiquitylation mereasing in S and G2
phase and decreasing in G1 phase.

We also examuned if genotoxic stress would alter RNF138 ubiquitylation. We expressed
HA-Ub-WT and GFP-RNF138 in HEK?293 cells and treated the cells with various DNA damaging
agents. We used 10mzing radiation from a gamma source (IR) and phleomycin (phleo) to induce
DSBs. We also treated cells with ultraviolet light (UV), along with the replication stress-inducing
agents camptothecin (CPT, which also induces DSBs) and hydroxyurea (HU). Treating cells with
any of the agents reduced the signal of higher order HA-Ub on GFP-RNF138 (Figure 4.5D-E).
This was not due to vanable expression of HA-Ub-WT between the samples, as signals from HA-
Ub-WT conjugates were comparable in whole cell extracts (Figure 4.5D). Therefore, DNA
damage induces a reduction in RNF138 ubiqutylation. Overall, our data reveal differential
ubiquitylation of RNF138 depending on cell status, with ubiquitylation nsing when cells are in

S/G2 phase and lesseming upon genotoxic stress.
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Figure 4.5. The Dynamics of RNF138 Ubiquitylation Upon Cell Cycle Progression and DNA
Damage.

A. Flow cytometric analysis of propidium 1odide signal in HeLa cells synchromized by double-
thymidine block and release. The cells were transfected with GFP-RNF138 and HA-ubiquitin-WT
during the first release. B. GFP immunoprecipitation (IP) assay from cells treated as m A). C.
Quantification of ubiquutylated GFP-RNF138 from B). HA signal in the IP fraction was normalized
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to GFP signal i the IP fraction. : a paiwred, two-tailed, parametric t-test comparing the S and G1
phase conditions for ubiquitylated GFP-RNF138 gives p = 0.0043 (p < 0.01). D. HEK293 cells
were transfected with HA-ubiquitin-WT and GFP or GFP-RINF138 and exposed to phleomycin

(phleo), 1omizing radiation (IR), camptothecin (CPT), hydroxyurea (HU), or ultraviolet hight (UV).
The cells were then subjected to GFP immunoprecipitation and immunoblot analysis. Chk1 and
Chk? phosphorylation (P) at S345 and T68, respectively, are markers for activation of the DNA
damage response. E) Quantification of D. as per C. Shown are representative results from 3 (D)
and at least 6 (B) biological replicates. Averages were calculated from 3 (E), at least 4 (A), or at
least 5 (C) biological replicates pooled together.

4.4.5 K158 is a Site of RNF138 Ubiquitylation

Four proteomic screens have identified residue K158 as a ubiquitylation site on RNF138
expressed in HEK293_ HelL.a cells, and Jurkat cells*!%13. K158 was also a site of ubiquitylation in
a study that found RNF138 promotes oncogenic signaling in lymphomas expressing L265P-
mutated MyD88'**_ Interestingly, the K158 residue is conserved across RNF138 orthologues
(Figure 4.6A). It 1s also predicted to be solvent-exposed (Figure 4.8A, C-E), in line with 1t being
accessible for modification. To determine 1f K158 was indeed a ubiqutylation site in our system,
we generated a K158R. mutant of GFP-RINF138, the argimine substitution mamtaming the positive
charge but ablating the site of ubiquitylation. GFP immunoprecipitates of the construct exhibited
a notable reduction i HA-Ub signal relative to WI-RNF138 when co-expressed with HA-Ub-
L73P (Figure 4.6B), substantiating K158 as a site for RNF138 ubiquitylation.

As polyubiquitin chains are known to target proteins for degradation by the proteasome®'#,
we determined the impact of disrupting K158 ubiquitylation on RNF138 stability by a
cycloheximide chase assay. We expressed GFP-RNF138-WT or -K158R i HEK293 cells,
mhibited protein synthesis with cycloheximide, and monitored exogenous RNF138 levels over
time. We found that the K158R mutant was turned over at a reduced rate compared to WT-RNF138
(Figure 4.6C-D). In the same expeniment, we also mhibited proteasome activity with the

compound MG132. MG132 treatment partially and fully restored WT- and K158R-RNF138
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stability, respectively (Figure 4.6C,E), indicating RNF 138 turnover 1s at least partly dependent on
proteasomal activity. Taken together, these findings indicate K158 15 a site of constitutive
ubiquitylation on RNF138, and modification of this site by ubiquitin can promote proteasome-

mediated turnover of the protein.
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Figure 4.6. K158 is a Site of RNF138 Ubiquitylation.

A. Clustal Omega amino acid sequence alignment of the region contaimning the K158 residue from
human RNF138 with its orthologues. B. Stringent GFP immunoprecipitation (IP) was performed
for HEK293 cells transfected with HA-Ub-L73P and GFP or GFP-RNF138-WT, -K158R, or -
AUIM and then immunoblotted. MW: molecular weight standards. C) Immunoblot of whole cell
extracts of HEK?293 cells transfected with GFP-RNF138-WT or -K158R. and treated with
cycloheximide (CHX) with or without MG132 for various timepoints. D. and E. Quantifications
of C). Shown are representative results from 2 (C) and at least 5 (B) biological replicates. Averages
in D) and E) are of 2 biological replicates pooled together.

4.4.6 T27 and K158 are Not Required for the Recruitment of RNF138 to Sites of Damage
We so far observed CDK-dependent phosphorylation of RNF138 on residue T27 and, in
support of previous findings'?#?1%-213 ybiquitylation on RNF138 at K158. To study how these post-
translational modifications impact RNF138’s function in the DSB response, we continued our
mvestigations m U208 osteosarcoma cells, a standard cell line used to study the DSB response.
The three zinc finger domamns (ZNF1, ZNF2, and ZNF3) are together essential for targeting
RNF138 to DNA damage sites'” ZNF2 and ZNF3 are predicted to pack together in a single
domain; this ZNF2/3 domain 1s flexibly tethered to the rest of the protein by a long linker (Figure
4.8A, C-E). As K158 1s situated immediately N-termunal of ZNF2 m RNF138 (Figure 4.7A), we
asked if ubiquutylation at K158 mught contribute to RNF138 recrumitment to DNA damage. We
transiently transfected U20S cells with nummal amounts of DNA encoding GFP-RNF138-WT or
-K158R. To induce DNA damage, we pre-sensitized cells with Hoescht 33358, then wradiated
nucler with a stripe of 405 nm light. Timelapse fluorescence imaging was used to momitor the
recruitment of the fusion proteins to the regions of damage over 5 minutes. Both GFP-RINF138-
WT and -K158R effectively accumulated at laser stripes (Figure 4.7B), although the K158R

mutant exiubited a munor impairment when the recrmtment kinetics were examined (~25%
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decrease 1n signal relative to WT at 200 s) (Figure 4.7C). We conclude then that the K158 site
promotes but 1s not essential for RNF138’s accumulation on damaged DNA_

We next asked if T27 played a role in RNF138 recrmtment to damage. This time, we
generated phospho-ablating alanine (T27A) and phospho-mimicking glutamate (T272>E27, T27E)
substitutions for T27 m the context of GFP-RNF138. While the WT and T27A GFP-RNF138
constructs were capably enriched at laser microurradiated stripes (Figure 4.7D), the T27A mutant
displayed a subtle defect in retention over time (~10% decrease 1n signal relative to WT at 240 s)
(Figure 4.7E). Meanwhile, the T27E variant accumulated at laser stripes, but exhibited a shight
defect in accrual (14.75% decrease 1n signal relative to WT at 100 s) and a discermible defect in
retention (36.22% decrease 1 signal relative to WT at 300 s) (Figure 4.7D-E). It appears then that
a permanent negative charge at T27 may impact sustamned localization of RNF138 to chromatin,
perhaps owing to electrostatic repulsion impacting DNA binding potentially contributed by the
posttively charged surface of the RING domain (Figure 4.8A, B). Regardless, it 1s clear the
function of residue T27 1s not required for RNF138’s localization to sites of DNA damage.
Collectively, these data suggest modifications at K158 and T27 are not required for RNF138’s
accrual at DNA damage, but may have minor roles in promoting recruitment to (K158) and

regulating retention on (T27) chromatin.

150



+ FLAG-RNF 138
- WT  OWT S14A
CPT = . + +

o

T
|[ o -

o
|-—— — —|_ [Hein

5124 K158
| | 245
ER) [ e [
L] 105 158 180 188 215 228 43
C
" —wr
=
E - K158R
i
& el
c saadEiREERERE R Y 0 Y
§.1r_| I Ll
g r.-, ‘‘‘‘‘‘‘‘‘‘‘‘‘
.
= N
e - r -
2 f
B {4
1} %
e JY
e} 100 rana] oo
E Time (s)
2 1004
g
E w
B J
&
§ &0
g o
2 407
L
~
=
= &
[1+]
T
4
0
Time (s)
aranial WT TI7A T27E S1244, S1E KASAR
- - + - £ - % - + - + - + o
— —— — a——|| - . |— GFP

—-—-1——_——--—__.—-| |-——--— -—-[ [hctin

Figure 4.7. Recruitment Kinetics of RNF138 Mutants at T27 and K158 to Sites of DNA
Damage; Stable Expression of T27, S124, and K158 Variants in U20S-TREx Cells.

A. Schematic diagram of the structural domains n wildtype (WT) RNF138 and the positions of
the post-translational modification sites mvestigated. B. Representative micrographs of live U208
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cells transfected with GFP-RNF138-WT or -K158, microurradiated in a line across the nucleus
with a 405 nm laser, and monitored by time-lapse microscopy (arrow: region wrradiated). C.
Quantification of relative fluorescence intensity over time at the microirradiated region in B). The
relative recrmtment kinetics of 30 cells per construct, pooled from 3 biological replicates, were
averaged. D. As in B) but for U20S expressing GFP-RNF138-WT, -T27A, and -T27E. E.
Quantification of relative fluorescence intensity over tume at the microurradiated region in D). For
a single replicate, the mean recnutment kinetics of ~25 cells were calculated for each construct.
The normalized means from 3 biological replicates were then averaged and plotted (~75 cells total
per construct). F. FLAG mmmunoprecipitation (IP) and subsequent immunoblot of HeLa cells
expressing FLAG-RNF138-WT or -S124A and treated with camptothecin (CPT) or not for 1 hour.
G. IB of parental or stable sfGFP-RNF138 vanant-expressing U20S-TREzx cells induced with
doxycycline (Dox) or not. Shown are representative results from 3 (B, D), 4 (F), and at least 7 (G)
biological replicates. Scale bars denote 10 pm.

152



95

s

85 z
75 E -
85 w 208
w
b= 55 E H
a 45 - 105
3 E 8
35 S
25 0
15

0 30 60 90 120150180210240
RING ZNF1 ZNF2 ZNF1 UM

RING INF1 ZNFZ INF1 UM
Residue Number Scored Residue

Figure 4.8. AlphaFold-Predicted Model of RNF138°s Structure.

A Predicted model®*1°¢ of human RNF138 (UniProt accession Q8WVD3) with individual
domains coloured respectively: linkers in white, RING 1n green, zinc fingers (ZNF) in blue,
ubiquitin mteracting motif (UIM) in dark yellow. The RING domain folds onto ZNF1, linked
together by a hinge-like linker. A longer linker (54 residues) connects the N-ternunal RING and
ZNF1 to ZNF2 and ZNF3, which appear to pack and form a folded structure and are followed by
the UIM. The post-translational modification sites described m this study are lughlighted: T27
(red), S124 (dark blue), and K158 (orange). B. Closeup view of residue T27 in A), highlighting
posttive residues in close proximity and fornung a positively charged surface in the RING domain.
C., D. Predicted Local Distance Difference Test (pLDDT)!® plot of the predicted model of

153



RNF138. pLDDT scores range from 0 to 100, where scores above 70 indicate a high level of
confidence in the position of the Ca atom, and scores above 90 indicate a high level of confidence
n the placement of side chain atoms. Scores below 50 are generally considered as indications of
low confidence and suggest disorder'®®. Dark blue and red correspond to high confidence (>90)
and low confidence (<50) pLDDT scores, respectively. The colour gradient on the graph (D)
corresponds to the same colour scheme in panel C). Overall, the model was predicted with high
confidence with a median pLDDT of 88.9. The residues in the N-terminal RING domain and ZNF1
had consistently high pLDDT high values. Notably, T27 had a score of 91.6. The linker connecting
the N-termunal domains to the C-ternunal domains was predicted with low confidence, suggesting
flexability within those residues. S124 1s positioned in the flexible linker with a pLDDT score of
26.05, suggesting a dynamic or flexible region’>>"""-'%_The C-terminal zinc fingers and UIM were
predicted with high confidence. Interestingly, residue K158, preceding ZNF2, had a pLDDT score
0f 94.12_ E. Plot representing the predicted alignment error (pAE) for the predicted structure of
RNF138. In confrast to pLDDT, which measures local confidence, pAE 1s a long-range domain
position confidence metric that calculates the confidence of each residue in relation to all other
residues’™* 7. It quantifies the predicted error in Angstroms (A) for residue x if the model were
aligned onto the true structure at residue y. The pAEs within the N-terminal domains of RNF138
were of high confidence, with a median predicted error of 2.82 A_ The flexible linker connecting
the N-terminal and C-terminal domains had high predicted error, with a median pAE value of 22 36
A further suggesting a flexible region in the protein. The C-terminal domains had a median pAE
of 5.1 A, suggesting a high confidence prediction. pAE is practical for measuring and analyzing
both intra- and interposition confidence because it does not impose the requirement for the residues
to belong to the same monomer'*>1>7_ Although the N- and C-terminal domains are within the same
monomer and appear to fold and interact, they are separated by the large flexible linker. The pAE
error between the N-terminal domains and C-terminal domains is relatively high (16.77 A) due to
the dynamuc hnker making it difficult to confidently predict residues involved m the mnteraction
between the N- and C-terminal domains. Overall, this modeling suggests RNF138 1s a flexible and
dynamic protein accessible to post-translational modification.

4.4.7 The RNF138 PTM Sites T27, 5124 and K158 are Important for DNA End Resection
An additional residue on RNF138, S124, has been reported to be phosphorylated in an
ATM kinase- and DNA damage-dependent manner'*!. $124 resides in the long, flexible linker
between ZNF1 and ZNF2 (Figure 4.7A Figure 4.8A,C-E), so it would also be available for
phosphorylation. We confirmed that S124 was the sole DNA damage-induced phosphorylation site
on RNF138 by immunoblotting immunoprecipitates of FLAG-RNF138-WT and -S124A for the

phosphorylated PIKK substrate consensus motif (phospho-Ser/Thr-Gln, or P-S/TQ) (Figure 4.7F).
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Treating HeLa cells with CPT mduced S/TQ phosphorylation on FLAG-RNF138-WT, whule this
signal was completely abolished in the S124A mutant. Whule it has been reported that the S124A
mutant is proficient in recruitment to laser-microirradiated stripes’®) the effects of S124
phosphorylation on other aspects of HR. have not been investigated.

As RNF138 promotes DNA end resection in HR'**13? we next examined what impact
mutations at T27, S124, and K158 would have on the efficiency of DNA end resection. We opted
for a simultaneous knockdown and complementation approach m U20S cells, depleting
endogenous RNF138 and re-expressing exogenous, siRNA-resistant WT-RNF138 or versions
where the PTM sites were mutated. We employed the tetracycline-regulated expression (TREx)
system to enable inducible expression of exogenous RNF138 i the bulk of cells. This system was
comprised of U20S cells stably expressing the TetR tetracycline repressor (U20S-TREx) being
transfected with the pCDNA4-TO-hygromycin-sfGFP-MAP vector'®. The vector contains Tet
operator sequences which are bound by TetR, enabling transcriptional repression of the encoded
transgene in the absence of tetracycline or doxycycline, but inducible expression in their presence.
Using this vector, we generated U20S-TREx cells stably expressing siRNA-resistant RNF138-
WT or its mutants tagged with all four of the FLAG, 8XHis, streptavidin binding peptide (SBP),
and superfolder GFP (sfGFP) tags'®>. When induced with doxycycline, these cell lines produced
fusion proteins of ~65 kDa (Figure 4.7G), from here on referred to as sfGFP-RNF138 constructs.
The WT and K158R variants of RNF138 were expressed at similar levels as measured by
quantitative immunoblotting (Figure 4.7G,Figure 4.7G). On the other hand, the T27A, T27E,
S124A and S124E mutants were expressed, on average, 2.7-3.7 times higher than WT. We
attempted to adjust the doxycycline concentrations to induce similar expression levels of the

variants, but these differences could not be eliminated at the concentrations tested (0.1 pg/mL— 5
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ng/mL) (Figure 4.4H). Perhaps the differences in expression reflect other factors among the cell
lines, such as the frequency of vector integration or integration in heterochromatic versus
euchromatic regions. Nonetheless, we achieved inducible expression of exogenous RNF138 i
U20S-TREx cells, and importantly the expression levels of WT/K158R, T27A/T27E, and
S124A/S124E were comparable within each pair, respectively.

With the TREx system ready, we examined the ability for U20S-TREzx cells expressing
these mutants to undergo end resection in response to treatment with CPT. CPT was chosen as it
mhibits DNA Topoisomerase I (TOP1), stabihizing TOP1 cleavage complexes that, upon collision
with a DNA replication fork, are converted into single-ended DSBs*!°_ In this way, CPT-induced
DSBs are generated in an S phase-dependent manner’"’, biasing repair pathway choice to DNA
end resection and HR. To monitor end resection, we detected the occurrence of ssDNA by
immunofluorescence staining (IF). U20S-TREX cells were labeled with the brommated nucleoside
5-bromo-2’-deoxyunidine (BrdU), which 1s incorporated into DNA. The process of resection
generates ssDNA, exposing an epitope on BrdU that can be detected by IF under non-denaturing
conditions. The appearance of BrdU foc1 in response to CPT 1s thus indicative of active DNA end
resection”'®?!"_ As expected, treating parental U20S-TREx cells with CPT significantly increased
the intensity of BrdU foc1 (Figure 4.11A-B Figure 4.9A-C). In accordance with RNF138 being
shown to promote DNA end resection'**-1*°_ this intensity was significantly reduced when the cells
were transfected with siRNA targeting RNF138 (Figure 4.11A-B, Figure 4.9A-C). We next
performed flow cytometric analysis to check if the difference was due to changes in the ratio of S
phase cells. Depleting RNF138 in U20S-TREx did not substantially alter the proportion of cells

in S phase (Figure 4.11E). Therefore, the change in BrdU focal intensity did not arise from a shaft
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mn the frequency of S phase-cycling cells, rather reflecting a perturbation i efficient DNA end

resection.
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Figure 4.9. The RNF138 PTM Sites T27, S124 and K158 are Important for DNA End
Resection.

A., B, C. Left panel: Representative BrdU mmmunofluorescence (IF) nmucrographs of sfGFP-
RNF138 vanant-expressing U20S-TREx cells transfected with siRNA to RNF138 (siRNF138)
and treated with doxycycline (Dox) to induce expression of sfGFP-RNF138 from a single
biological replicate. C. includes parental U20S-TREx cells transfected with or without siRNF138.
In all, cells were treated with camptothecin (CPT) or not for 1 hour. YH2AX was used to indicate
DNA damage, while DAPI stain labeled the nucleus. Right panel: quantifications of relative
mtensity of nuclear BrdU foci. For CPT-treated cells, only YH2AX" cells were quantified. The
fluorescence intensities of foci for conditions within a given cell line were normalized to each
other, with the average fluorescence intensity set at 1 for the untreated sample (no CPT). Averages
were derived from the focal intensity of at least 150 cells each from 2 biological replicates (at least
300 cells total per condition). D., E., F. As m A -C_, but performing IF for RPA? foci. Scale bars
denote 10 pm. See Figure 4.11A-D for additional representative mucrographs from experiments
depicted in Figure 49A,B.DE. In all, ordinary one-way ANOVA with Sidik's multiple
comparisons test was performed to determune whether differences between conditions were
statistically significant.  :  pvalues were <0.0001. For A), ns: p=0.8921. For B), ns: p>0.9999.
ForD), : p=0.0002.

We next exanuned the impact of RNF138 mutations on DNA end resection. U20S-TREx
cells were depleted of endogenous RNF138 and complemented with WT or mutated sfGFP-
RNF138 by freatment with doxycycline. In agreement with T27 bemg an important
phosphorylation site, average BrdU focal intensity i the cell line expressing the T27A mutant was
substantially reduced compared to cells expressing WT-RNF138, and at levels barely above that
of the same cells not treated with CPT (Figure 4.9A), indicating dramatically reduced end
resection. The contrary was observed for the T27E mutant, with mean BrdU focal mntensity
extensively higher than WT (Figure 4.9A). Perhaps the negatively charged glutamate substitution
results n constitutively active RNF138, constantly promoting resection. Hence, the
phosphorylation of RNF138 at T27 plays a crucial role in RNF138s ability to promote DNA end
resection. Performing the same assay on the S124A mutant showed reduced BrdU focal intensity

relative to WT (Figure 4.9B), demonstrating a role for S124 phosphorylation in RNF138 function.
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Interestingly, unlike T27E, the S124E mutation was unable to restore BrdU focal intensity (Figure
4.9B). Perhaps glutamate substitution at S124 1s msufficient to cause the same conformational
changes elicited by serine phosphorylation. Nevertheless, the fact that both S124A and S124E
mutations reduce BrdU intensity underscores the importance of the S124 site in RNF138 function.
We also performed the same assay for the K158R substitution mutant U20S-TREx cells
expressing sfGFP-RNF138-K158R. exlibited reduced intensity in BrdU foci relative to cells
expressing WT (Figure 4.9C), indicating K158 plays a role in RNF138’s ability to promote DNA
end resection. As a control, we confirmed that concurrently depleting endogenous RNF138 while
mnducing expression of sSfGFP-RNF138-WT with doxycycline did not severely alter the proportion
of cells in S phase (Figure 4.11E). We also checked if this proportion was affected by expressing
any of the RNF138 mutants. The S phase fraction was similar (~31-37%) among all the U20S-
TREX cell lines, whether expression of the sfGFP-RNF138 mutants was imnduced or not (Figure
4.11F). Thus, the observed differences in BrdU focal intensity were not from cells being more or
less responsive to CPT from changes in the fraction in S phase.

As active end resection generates ssDNA overhangs that are rapidly coated and protected
by the binding of RPA complexes' 21821321 e asked if the observed changes in BrdU focal
intensity would correlate with RPA binding. To do so, we performed a similar IF assay in U20S-
TREZx, this time detecting extraction-resistant foci of the RPA complex subunit RPA? in response
to CPT. As seen with BrdU foc1 (Figure 4.9A-C.Figure 4.11A B), knocking down RNF138
reduced RPA focal intensity (Figure 4.9D-F Figure 4.11C.D), indicating the mhibition of end
resection. Notably, CPT-induced RPA focal intensity was partially rescued upon concurrent
expression of sfGFP-RNF138-WT (Figure 4.9D-F). As well, the T27A  S124A, and K158R

varniants exhibited significantly reduced RPA2 focal mtensity relative to WT-RNF138 (Figure
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4.9D-F). Likewise, RPA? focal intensity was rescued by the T27E mutant, but not by the S124E
mutant (Figure 4.9D). Our results with RPA?2 foci thereby recapitulate our findings seen with
native BrdU foc1.

The N-termunal region of RPA? 1s phosphorylated by the PIKKs in response to DNA
damage®®. As Ser4 and Ser8 phosphorylation on RPA2 (P-S4/S8-RPA?) is dependent on CtIP
130.17% and occurs after the binding of RPA complexes to ssDNA?'*22!_ it has been used as a readout
for end resection'**?%_ To further support that end resection is regulated by PTMs on RNF138, we
detected CPT-induced P-S4/S8-RPA?2 i the same cell lines by immunoblot (Figure 4.10A,B).
Consistent with our previous findings'?, cells transfected with siRNA to RNF138 exhibited
reduced RPA? phosphorylation upon stimulation with CPT. Cells knocked down of RNF138 and
expressing sfGFP-RNF138-T27A, -S124A, -S124E, or -K158R could not restore P-S4/S8-RPA?2
to the levels seen with WT-RNF138, agreeing with our IF data with BrdU and RPA? foci. In fact,
the cells exhibited P-S4/S8-RPA?2 levels below that of parental U20S-TREx cells treated with
RNF138-targeting siRNA_ Unlike the IF data however, the T27E mutant did not recover P-S4/S8-
RPA? to levels near or above WI-RNF138 (Figure 4.10A, B Figure 4.11A D). It may be that the
resection induced by T27E, seen by IF, somehow cannot trigger RPA2 phosphorylation as
effectively as having a phosphoryl group on T27, and that RPA?2 phosphorylation requires events
additional to RPA binding ssDNA. Stll, this data reveal the importance of the T27 site in early
RNF138-dependent DSB signaling. Overall, the analysis of BrdU foci, RPA? foci, and phospho-
RPA? levels suggest phosphorylation at T27 and S124 and ubiquitylation at K158 are important

for RNF138’s role in promoting DNA end resection.

161



A B

parantal WT T2TA T2TE S124A S1ME K158R '"'3&_
Dox = = = + + + #+ + + + + #+ + + g -
sIRNF138 - - + + + + -+ + + + + + + + i *
CPT - + 4+ - + - 4+ - =* - % -+ -4 o
=3 & 201
—-—_-—_|_—__—-—*"-*"I GFF E
?;F-_--__-—i|—--—_—| RMF138 E
2 10
L EEEIE PR,
— - = - P-RPAZ 2
= - - = E (54/58) £
- E o
e g e ¥
W — | i i  — — — FRAZ #&@W&Q{#@ﬁ
= siRNF138
mJ——_——_-_- |—————_| a-Tubulin =

C D 2.05
STOF

A,
5eel Is]

/hmruiugmﬁ recombination a -

Dox  =Eeairr o o &

e o

P 2 054

0.0
'——Nﬂ- - - - - WT T27A T27E S14ASTZ4EK1S8R

. s Dox: - + - + + + - - + +
siCTRL sIRNF13E
E F
parental  WT .pamntalfsuCTﬂl. .WT*W‘SB'W
SCTRL + - = - 1.19
SRNFI -+ 4+ ] [ parentai + sirnr1za [ T27a+ siRnF138 + Dox
- - - 1.0+
orp [ B vresrnrice [ rere < sreeriae « Do
—
RNF138 - -Lﬁ - 0.9+ u 51244+ siRNF136 + Dax
B-Actin [ ——— ;
11 % 0.8+ . 5124E + siRNF138 + Dox
) - + SICTRL = 1
1l #m’m _ @ 07 .msaRfisNFBBfan
. parental + siRNF138 o 1
- 0.8 W + $iRNF138 T 0.6- .
% 0.8 & WT + $iRNF138 + Dox % 1
B 7! g 0.5+
Llc.||u 0,64 0 0.4- y
.E 0.5+ g . |
> A ]
= 04 = 08
< o
@ 0.3+ & 0.2
0.2 1
XE :
0.1 " ] T
]
0.0 0.0+
1] T T T T
9 2 3 5
Dose (Gy)

162



Figure 4.10. T27, 5124, and K158 on RNF138 are important for RPA2 Phosphorylation,
HR activity, and cell survival.

A. Immunoblot of whole cell extracts of parental or sfGFP-RNF138 vanant-expressing U20S-
TREX cells transfected with or without siRNA to RNF138 and treated with camptothecin (CPT)
or not for 1 hour. Arrow: main band for P-RPA (S4/S8); note its reduced electrophoretic mobility
compared to unmodified RPA?. B. Quantification of fold induction of P-RPA? (S4/S8) signal from
A). P-RPA? (S4/S8) signal was normalized to that of RPA?2 expression. The resultmg values from
CPT-treated samples were then ratioed to those left untreated. C. Schematic diagram of the DR-
GFPreporter assay in TRI-DR-U2O0S cells expressing doxycycline (Dox)-mducible I-Scel. D. DR-
GFP reporter assay mn TRI-DR-U20S cells transfected with siRNA to luciferase (s1CTRL) or
RNF138 (siRNF138) and complemented with siRNA-resistant mCherry-RINF138 vanants or not.
GFP" cells were quantified by flow cytometry. E. Bottom: Clonogenic survival assay for parental
or sfGFP-RNF138-WT-expressing U20S-TREx cells transfected with siCTRL or siRNF138,
mnduced with Dox 1if necessary, and treated with increasing doses of 1onzing radiation (IR). Top:
mmmunoblot of endogenous and exogenous RNF138 expression of cells used for the clonogenic
survival assay at time of wradiation. F. Clonogenic survival assay for parental or sfGFP-RNF138
vaniant-expressing U20S-TREX cells transfected with ssiCTRL or siRNF138, induced with Dox or
not, and treated with increasing doses of IR. Within each biological replicate, the surviving
fractions obtained were normalized to the surviving fraction of the parental cells + ssiCTRL + 1 Gy
condition. A) 15 a representative result from at least 2 biological replicates. Averages were
calculated from 2 (B), at least 2 (D, F), and 6-10 (E) biological replicates pooled together.

4.4.8 T27, 5124 and K158 on RNF138 are Important for HR and Cell Survival

In HR, the processes of homology search, strand invasion, and DNA synthesis occur
downstream of DNA end resection (2). As T27, S124, and K158 affected the efficiency of end
resection, we next determuned 1if the frequency of HR was impacted by the same mutations. To do
so, we used the direct repeat GFP (DR-GFP) reporter assay (67), utilizing U20S cells integrated
with two repeats of the GFP open reading frame (ORF) (Figure 4.10C). These copies are mutated
such that neither produces a fluorescent protein product; the upstream copy contamns stop codons
and a recognition site for the restriction endonuclease I-Scel, while the downstream copy 1s
truncated, with the N- and C-ternunal regions removed. Expression of I-Scel induces a site-specific

DSB 1n the upstream copy of the GFP ORF. If the DSB 1s repaired by HR using the downstream
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copy as a template, the sequence encoding intact, fluorescent GFP 1s generated. Consequently, the
proportion of GFP” cells after I-Scel expression reflects the efficiency of HR. We generated
siIRNA-resistant, mCherry-tagged constructs of WI-RNF138 and 1ts PTM site mutants (T27A,
T27E, S124A, S124E, K158R), then transfected them into TRI-DR-U20S cells stably expressing
doxycycline-inducible I-Scel and depleted of endogenous RINF138. As expected, I-Scel induction
alone markedly increased the frequency of GFP™ cells, and this frequency was sharply mhibited
when the cells were depleted of RNF138 (14) (Figure 4.10D). Consistent with our IF data for end
resection detected by RPA2 foci (Figure 4.9D-FFigure 411CD), adding back mCherry-
RNF138-WT and -T27E m the presence of RNF138 siRNA partially rescued the frequency of HR
to levels seen in cells expressing endogenous RNF138 (Figure 4.10D). On the other hand, cells
expressing the -T27A, -S124A  and -K158R mutants exhibited severely reduced HR frequencies
(Figure 4.10D). Interestingly, the S124E mutant was fully capable of restoring HR frequency, in
fact to levels surpassing that of WT-RINF138, sinular to the T27E mutant (Figure 4.10D). It
appears that i this specific context (DR-GFP reporter assay, mCherry-tagged RNF138), S124E
resembles the actions of constitutively phosphorylated RINF138. Thus, the T27, S124, and K158
sites are important for RNF138s ability to promote HR_

With end resection and the occurrence of HR dependent on the aforementioned PTM sites,
we asked if cell survival upon DNA damage would also be impacted by mutations at the sites. To
do so, we performed clonogenic survival assays on U20S-TREZX cells treated with 1 to 5 Gy of IR_
Knocking down RNF138 impeded the colony forming ability of parental U20S-TREx (Figure
4.10E), mn hine with previous observations (14, 20). This was not due to mdirect effects on the cell
cycle from RNF138 depletion, as the proportion of cells in S or G2 phase (and therefore conducive

to HR) increased slightly when RNF138 was depleted (Figure 4.11B). Conversely, clonogenic
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survival was rescued m sfGFP-RNF138-WT-expressing U20S-TREx cells depleted of
endogenous RNF138 (Figure 4.10E). As a control, when doxycycline was not added to the culture
medium, preventing expression of sfGFP-RNF138-WT, survival was reduced (Figure 4.10E).
Agam, these effects were not from mndirect changes on the cell cycle, as the S/G2 fraction of cells
was similar whether doxycycline was added or not (Figure 4.11E). Having confirmed that survival
to IR 1s dependent on RNF138, we tested how the PTM site mutants would fare in colony forming
ability using U20S-TREx cells stably expressing the sfGFP-RINF138 vanants. Consistent with our
IF results for resection (Figure 4.9A-F), cells expressing the T27A, S124A S124E, and K158R
mutants exhibited relative surviving fractions smmlar to or below that of parental U20S-TREx
cells depleted of RNF138 (Figure 4.10F). At 1, 2, and 3 Gy, cells expressing the T27E mutant
showed intermediate survival, greater than the former mutants but less than WT-RNF138. None of
these effects were from fluctuations in the cell cycle distribution, as the stable cell lines did not
show appreciable differences in the S/G2 phase fraction (~58% to 63.6%) upon doxycycline
induction (Figure 4.11F).

All m all, these data exemplify the role of the T27, S124, and K158R residues in promoting
HR and cellular survival in the face of DSBs. They are also mostly concordant with the phenotypes
observed for the mutants in DNA end resection, assayed by RPA2 and BrdU foc1 formation (Figure

4.9A-F,Figure 4.11A-D).
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Figure 4.11. Related to Figures Figure 4.9 and Figure 4.10.

A. and B. Additional representative micrographs from Figure 4.9. Representative BrdU
immunofluorescence (IF) micrographs of parental U20S-TREx cells transfected with or without
siIRNA to RNF138 (siRNF138) and treated with camptothecin (CPT) or not for 1 hour. YH2AX
was used to mdicate DNA damage, while DAPI stain labeled the nucleus. Micrographs are derived
from the same biological replicates presented in the left panels of Figure 4.9 (A) and Figure 4.9B
(B), respectively. C. and D. As per A) and B), but for RPA? foc1 mstead. Micrographs are derived
from the same biological replicates presented in the left panels of Figure 4.9D (C) and Figure
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4.9E (D), respectively. E. Flow cytometric analysis of propidium iodide signal in parental or
sfGFP-RINF138-WT-expressing U20S-TREX cells transfected with siRNA to RNF138 or not, and
with or without doxycycline (Dox) induction. F. Flow cytometric analysis of propidium iodide
signal in sfGFP-RNF138 vanant-expressing U20S-TREx cells nduced with Dox or not. Averages
were calculated from 2 (F) or at least 2 (E) biological replicates pooled together. Scale bars denote

10 pm.
4.4.9 Investigating the Interplay Between Post-Translational Modifications on RNF138

Lastly, we investigated whether interplay occurs between the PTMs on RNF138. We first
performed immunoprecipitation experiments on the single PTM site substitution variants of GFP-
RNF138 expressed in HEK293 cells. We assessed the impact of S124A and K158R on the P-TP
signal (Figure 4.12A), the impact of T27A and K158R on the CPT-induced P-5/TQ signal (Figure
4.12B), and the impact of T27A and S124A on RNF138 ubiqutylation by HA-Ub-WT (Figure
4.12C). We observed that the K158R. substifution had no effect on the P-TP and P-S/TQ signals
on RNF138 (Figure 4.12A B), concluding that K158 1s dispensable for phosphorylation events at
T27 and S124. Next, the S124A substitution partially reduced the P-TP signal (Figure 4.12A),
suggesting S124 phosphorylation may support but 1s not required for phosphorylation on T27.
However, the T27A mutation strongly impaired the P-S/TQ signal (Figure 4.12B). As well, basal
higher-order ubiquitylation on GFP-RNF138 was notably reduced by the T27A and S124A
mutations, preventing the decrease in RNF138 ubiquitylation mnduced by CPT from being seen
(Figure 4.12C Figure 4.5D,E). Therefore, T27 phosphorylation may serve as a prerequisite for
S124 phosphorylation, and functional T27 and S124 sites seem to be important for RNF138
ubiquitylation.

With this nterdependency in mind, we asked what effect expressing the T27A-S124A (TS),
T27A-K158R (TK), and S124A-K158R (SK) double mutants, as well as the T27A-S124A-K158R

(TSK) triple mutant, would have on the ability for cells to perform HR. The aforementioned
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mutations were incorporated in siRNA-resistant mCherry-RNF138 by sequential site-directed
mutagenesis, the products of which were used in the DR-GFP HR reporter assay upon concurrent
depletion of endogenous RNF138. Expressing the double and triple mutants resulted in stmilar low
HR frequencies upon I-Scel expression (Figure 4.12D). These values were also similar to those
for the T27A, S124A and K158R single mutants, which were already low to start and simlar to
HR frequencies for cells depleted of endogenous RNF138. As ablation of any of the PTM sites, or
any combination of them, was sufficient to impair HR. to baseline levels, tlus finding emphasizes
the importance of all three sites in the function of RNF138 and suggests they could all act within
the same pathway on RNF138. Thus 1s in agreement with the dependence of RNF138 ubiquutylation
on the T27 and S124 residues (Figure 4.12C), and the dependence of S124 phosphorylation on

the T27 site (Figure 4.12B).
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Figure 4.12. Investigating the Interplay Between Post-Translational Modifications on T27,
S124, and K158R on RNF138.
A, B. Stringent GFP immunoprecipitations (IP) were performed for HEK293 cells expressing GFP
or GFP-RNF138 vanants and immunoblotted for phosphorylated TP sites (P-TP) (A) or treated
with camptothecin (CPT) or not for 1 hour and immunoblotted for phosphorylated S/TQ sites (P-
S/TQ) (B). C): Stringent GFP IP and subsequent immunoblotting was performed for HEK293 cells
co-expressing HA-Ub-WT and GFP or GFP-RNF138 variants and treated with CPT or not for 1
hour. In all samples, 10 pM MG132 was added to the culture medium starting 1 hour prior to CPT
treatment to improve preservation of HA-Ub signals. D. DR-GFP reporter assay in TRI-DR-U20S
cells transfected with siRNA to luciferase (sitCTRL) or RNF138 (siRNF138) and complemented
with mCherry empty vector (emp) or siRNA-resistant mCherry-RNF138 vanants or not. I-Scel
expression was induced by doxycycline (Dox). GFP™ cells were quantified by flow cytometry. WT:
wildtype, T: T27A, S: S124A. K: K158R, TS: T27A-S124A TK: T27A-K158R, SK: S124A-
K158R, TSK: T27A-S124A-K158R. Shown are representative results from 2 (A, B) and 3 (C)
biological replicates. Averages mn D) were calculated from 2 biological replicates pooled together.

4.5 Discussion

Multiple reports have implicated a role for RNF138 in the DNA damage response®>'* 13!,
As an E3 ubiquitin ligase, RINF138 facilitates the ubiquitylation of Ku80, CtIP, and Rad51D,
actions that promote the occurrence of HR*>1?*-131_Little however is known about how its activity
1s regulated m the context of DSB repair. While RNF138 was reported to be phosphorylated by
ATM in response to IR at position S124'*!  the functional significance of this modification
remained unclear, as it did not affect RNF138’s recruitment to sites of DNA damage’!.
Furthermore, as RNF138 stimulates Ku80 ubiquitylation in S/G2, but not G1 phase'® it appeared
RNF138 activity could be regulated by the cell cycle, although how this occurred was not
previously explored. Thus, we sought to elucidate additional mechamsms by which RNF138 could
be regulated. In HeLa cells, we detected a slight increase in RNF138 protein levels during G2
phase (Figure 4.1C), consistent with the reported increase in RNF138 messenger RNA transcripts
in G2!*2. However, RNF138 protein was expressed throughout the cell cycle, and at relatively
constant levels (Figure 4.1A-C)_ As HR is specific to the S/G2 phases'™ we speculate RNF138

expression in G1 may serve its roles outside of HR, such as binding interactors and ubiquatylating
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substrates in NFxB or Wnt-B-catenin signaling'*'-'?*!222_ Regardless, it became clear that factors
beyond protein level regulate RNF138 activity in HR. We located a putative CDK substrate
consensus motif within RNF138’s amino acid sequence (Figure 4.1D). In addition, RNF138 was
a hit in proteomic screens for ubiquitylated proteins®®>"*) and ubiquitylation events are well
known to govern the response to DSBs'®!. We therefore addressed if ubiquitylation and CDK-
dependent phosphorylation occurred on RNF138 and were mvolved 1n its function in HR

We report here that RNF138 1s phosphorylated in a CDK-dependent manner This
phosphorylation peaked during S phase, was dependent on CDK 1 and CDK2, occurred on residue
T27 (Figure 4.1G-LK L Figure 4.4D), and, importantly, stimulated RNF138-mediated DNA end
resection (Figure 4.9A D Figure 4.10A B). While the precise mechamsm by which CDK
phosphorylation activates RNF138 requires further study, 1t aligns with a pro-resection function
for CDK activity in S/G2. RNF138 has been shown to mediate ubiquitylation of the pro-resection
factor CtIP, enabling C{IP’s recruitment to DSBs"*’. RNF138-dependent ubiquitylation of Ku80
also promotes the eviction of the DNA end-protecting and NHEJ-promoting! "7 Ku heterodimer
from chromatin'® As Ku displacement is required for DNA end resection to begin®*'" this
contributes a second mode to trigger end resection. Notably, CtIP itself 1s phosphorylated by CDK
activity, the phosphorylated version activating the endonuclease activity of Mrell to mitiate DNA
end resection!’%173:19-201.233 The Ku heterodimer is also a substrate for CDK activity; Ku70 is
phosphorylated by CDK1 and CDK2 during S, G2, and M phase’*, and in budding yeast, CDK-
phosphorylated Yku80 promotes HR and impairs NHEJ*>. Phosphorylated Ku, similar to
ubiquitylated Ku?*®, has been found to dissociate from DNA?****_The evidence points to a model
where concerted CDK activity mn S and G2, acting on multiple fronts, like RNF138, CtIP, Ku, and

other resection factors!®1%8202203  cylminates to drive the process of DNA end resection.

¥
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Interestingly, our laser microurradiation data also suggests that beyond promoting DNA end
resection, T27 phosphorylation may serve a munor role i regulating RNF138’s retention on
chromatin (Figure 4.7D,E).

We also find that RNF138 1s constitutively polyubiqutylated, with K158 serving as a site
of modification (Figure 4.3A-D,Figure 4.6B,Figure 4£.12C). This 15 in line with a recent report
1dentifying K158 as a ubiquitylation site on RNF138, with the K158R substitution able to suppress
negative regulation of oncogenic MyD88 signaling'**. As the K158R mutant could not completely
eliminate HA-Ub-L73P signal in GFP-RNF138 immunoprecipitates (Figure 4.6B), there are likely
other residues by which RNF138 1s ubiqutylated. Indeed, four additional lysine residues on
RNF138 were detected to be ubiquitylated in one proteomic screen®'”. Yet, K158 is probably an
abundant site for ubiquitylation, as it was the only ubiquitylation site predicted by UbPred
software!?*, and was consistently ubiquitylated in four proteomic screens, detected in three of these
as the only site of modification on RNF138%!%*1*_ Phenotypically, despite exhibiting reduced
turnover and prolonged stability, the K158R. mutant was still clearly defective in promoting DNA
end resection (Figure 4.6C.D,Figure 4.9C,F,Figure 4 10A B). Although K158 was not essential
for RNF138 recruitment to laser stripes, the K158R mutant also showed a nunor impairment in
recruitment (Figure 4.7C), and this change could contribute at least partly to the defect in end
resection. Overall, the data suggests ubiquitylation on K158 activates RINF138 for end resection.
This 1s supported by the increase mn ubiquutylated RNF138 ubiquutylation in the S and G2 phases
(Figure 4.5B,C), overlapping with the times end resection and HR are active. As RNF138 1s
appreciably expressed during all cell cycle phases (Figure 4.1C), we suspect the enhanced
ubiquitylation mn S/G2 serves more to activate the protemn for end resection and HR rather than

actively target it for proteasomal degradation. Further study, particularly of the linkages in the
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ubiquitin chams conjugated to RNF138, 1s required to validate this idea. We also observed that
RNF138 ubiquitylation was reduced upon DSBs, UV, and replication stress (Figure 4.5D.E,
Figure 4.12C). In support of this, a proteomuc screen found ubiquitylation at K158 was reduced 3
hours after HEK293 cells were exposed to UV irradiation”'’. Since K158 ubiquitylation promotes
DNA end resection (Figure 4.9C F Figure 4.10A,B), the reduction in ubiquitylation, seen after 1
hour of genotoxic stress (Figure 4.5D.E), may reflect a negative regulatory mechamsm,
constraining RNF138 activity after actions to resolve the stress have commenced. For HR, this
might prevent overstimulation of DNA end resection, which could lead to a loss of genetic
information. Uncontrolled resection might also deplete local RPA pools, causmg aberrant
annealing, secondary structures, and degradation in unprotected ssDNA?"®. Together, our data
suggest RNF138 1s regulated by ubiquitylation, with ubiquitin conjugation to K158 serving to
activate the protemn i1n DSB repair.

Our work thus identifies two additional PTMs that contribute to RNF138’s function in DSB
repair, the aforementioned K158 ubiquitylation and CDK-dependent T27 phosphorylation. Both
promote RNF138’s role in stimulating DNA end resection, as the T27A and K158R variants inibat
RNF138-dependent resection in response to CPT (Figure 4.9A,C-D,F.Figure 4.10A,B). Using the
S124A mutant, we also demonstrate S124 phosphorylation positively regulates RNF138°s role in
end resection (Figure 4.9B.E Figure 4.10A B), providing functional significance to the known
ATM-dependent modification'*!. Aligning with these observations, the T27A, S124A, and K158R
mutations dramatically reduced HR. frequency in vive (Figure 4.10D) and sensitized cells to DNA
damage by IR (Figure 4.10F), suggesting the defects in end resection translated to negative
consequences downstream. Supporting the importance of T27 phosphorylation, the phospho-

mimicking T27E vanant could restore DNA end resection, HR, and clonogenic survival (Figure
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4.9A D.Figure 4.10D,F), despite having a partial defect in retention on chromatin (Figure
4.7D,E). Intnguingly, like T27E, the S124E mutant was also capable of restoring HR. (Figure
4.10D), although 1t was unable to rescue end resection and clonogenic survival (Figure
4.9B.E Figure 4.10A,B.F). We note that the end resection and survival assays were conducted
with sfGFP-RNF138, while the HR. reporter assay ufilized the mCherry-RINF138 fusion. Beyond
the different fluorescent proteins, the sfGFP construct also contains three other epitope tags'® We
speculate construct-specific conformational differences could explain the discrepancy in results
for S124E. Alternatively, it could be that the S124E variant does not sufficiently promote end
resection yet 1s capable of activating HR through a separate mechanism_ Indeed, we did not assess
if the stability or recruitment of RadS1D, another target of RNF138 ubiquitylation in HR**"*! were
impacted by the PTM site mutations in RNF138. We thus cannot conclude if the effects on HR and
survival arise solely from changes in end resection or if alterations m Rad51D function also
contribute. Nevertheless, our functional readouts reiterate that PTMs at T27, S124, and K158 are
important to the role of RNF138 m protecting cells from DSBs.

Our data ultimately point to a scenario where phosphorylations at T27 and S124 and
ubiquatylation at K158 all positively regulate RNF138 activity in end resection and HR. This may
enable RNF138 to mntegrate signals of both DNA damage and cell cycle stage, ensuning 1t 1s fully
active when DSB breaks occur during S/G2 phase. An attractive 1dea 1s that cell cycle-dependent
ubiquitylation and CDK-dependent T27 phosphorylation prime RNF138 to function in S/G2.
ATM-dependent phosphorylation at S124, triggered by DSBs, could perhaps give the final go-
ahead signal to license RNF138 activity. Support for this notion may come from the observation
that a functional T27 site 1s important for the DNA damage-dependent phosphorylation of RNF138

on S124 (Figure 4.12B), suggesting T27 phosphorylation could precede phosphorylation on 5124.
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This of course needs to be tested further, and more study i1s needed to decipher the molecular
mechanmsms by which each of the PTMs activate RNF138. In the end, our data provide additional

intricacies to the tightly orchestrated molecular events triggered upon DSB damage.
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Chapter S — Conclusions and Future Directions
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5.1 Brief Study Overview

This thesis presents comprehensive investigations into the E2 conjugating enzyme Ubc13
and the RING E3 ligase RNF138. Structural characterization of Ubc13 was conducted along with
a study of the modulation of 1ts activity using small molecule inhibitors. Additionally, we explored
the DNA binding activity of the RING E3 ligase RNF138, gamned insights mto its structure using
AlphaFold?, and examined its regulation in mammalian cells, particularly in response to DNA
damage.

5.2 Conclusions and Future Directions: Characterization of Ubcl3

5.2.1 New Ubc13 Structure Reveals New Active Site Loop Conformation

Our work began when we crystallized a new form of Ubc13-Mms?2 under more native
conditions than had been used previously. E2 enzymes feature a gating loop near the active site
cysteine, shielding it from solvent effects and controlling ubiquitin access®™-1%%-10%-103.108 A jthough
all E2s possess this loop, Ube13’s gating loop (residues 114-124) displays a unique conformation
within the E2 family®-!%1%3 1,121 a conserved residue, typically obstructs the attack of the
acceptor ubiquitin K63 on the active site C87%1%3. When C87 is bound to the C-terminus of a
donor ubiquitin, the gating loop shifts to enable access to C87 by reorienting Leul21, rearranging
Ubc13 to a conformation similar to that seen in other E2s for example, UbcHS5¢>>##°_ This gating
mechanism 1s believed to be exclusive to Ubc13 and plays a pivotal role in its ability to synthesize
Lys63 ubiquitin chains®-*-°_ Previous work by our group has explored the active site of Ubc13
using small molecule compounds'®. This approach is based on the premise that the unique
structure of the Ubcl3 gating loop enables selective inhibition by small molecules®:1%
NSC697923 — discovered through a high-throughput cell-based assay targeting NF-kB signaling

inhibitors — specifically inhibits Ubc13 without affecting other E2s in ubiquitination assays''®. This
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mhibition mechanism mvolves the covalent modification of active C87 by NSC697923, dependent
on a pocket formed by the gating loop'®. A Ubcl13 mutant (Ubc13?P) with four amino acid
substitutions stabilized the gating loop in the conformation found in other E2s lacks the
NSC697923-binding pocket, rendering it resistant to NSC697923 mhibition in biochemical
assays'”. In our newly characterized structure (PDB: 9BIV), the active site loop exhibits a
structural difference compared to known structures of Ubc13, whether ubiquitin is bound (2GMI)*
or not (1J7D)*. The newly obtained structure may represent an intermediate state between the
unbound and ubiquitin-bound forms. In the unbound form, a specific conformation of the gating
loop 1s stabilized by internal hydrogen bonding while, mn the ubiquitin-bound form, interaction
with ubiquitin triggers conformational changes in the loop, allowing it to no longer obstruct the
active site. The newly obtained structure exlubits characteristics of both states, indicating a
transitional state. An analysis of structures of Ubc13 when bound to various E3 ligases or other
regulatory factors such as OTUBI1 and Ospl reveals diverse conformations of the active site loop.
This implies that the binding of these factors may impact Ubc13's catalytic activity by affecting
the conformation of the active site loop. This suggests the active site loop of Ubc13 may be more
flexable than previously believed, potentially adopting multiple conformational states.
5.2.2 Probing Ubcl3 Active Site with Small Molecule Compounds

To explore the flexibility of the active site, we mvestigated two new compounds:
NSC291068 and a 2-mitrofuran fragment Both compounds exhibited a thermal shift upon
mcubation with Ube13, indicating favorable interactions with the protemn, and displayed a degree
of specificity. NSC291068 specifically targeted the active site cysteine, and i1t hindered ubiquitin
chain formation in vitro, but it also inhibited Ubc13%C, suggesting an inhibitory mechanism not

dependent on the binding groove in Ubcl3. The 2-mitrofuran fragment showed specificity, only
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inhibiting ubiquitin chain synthesis for Ubc13"" but not Ubc13%°. A structural overlay between
9BIV and 1J7D reveals the availability of N123 in the active site. This suggests 2-mtrofuran 1s
likely capable of inhibiting both forms of Ubc13 as it can likely form the hydrogen bond in the
active site. The compounds NSC627708, NSC646124, and NSC656835, lacking the 2-mtrofuran
moiety, all demonstrated an mability to mhibit Ubc13, underscoring the crucial role of the 2-
nitrofuran mozety in Ubcl3 mhibition. An attractive mechamism of action 1s that 2-mtrofuran
mhibits Ubc13 similarly to NSC697923, thereby inlubiting Ube13 specifically, but through a non-
covalent interaction. This discovery opens pronusing avenues for the development of non-covalent
mhibitors targeting Ubel3 i future research. Interestingly, NSC291057, observed to react with
reducing agents, was not observed to directly bind or inhibit Ube13. Thus 1s perhaps due to the
large size of the compound which 1s unable to be accommodated in the active site.
5.2.3 Next Generation Inhibitors of Ubc13

The motivation for developing small-molecule inhibitors targeting Ubcl3 has been
discussed previously in Chapter 2. Recent research has highhghted the mvolvement of this E2
enzyme 1n the pathogenesis of various cancers, as well as its role in the development of resistance
to conventional chemotherapies'*!"*+11827-28 {Jhc13 possesses several characteristics making it
an attractive target for inhibition® Specifically, it is a unique enzyme in humans, meaning there
are no altenative proteins capable of performing of its function of synthesizing K63-linked
ubiquitin chains®. Ubc13 plays a significant role in two critical pathways, NF-xB signaling and
the DNA damage response, both crucial for cancer cell proliferation and survival®®67-1.95.96.13%
Another compelling aspect of Ubc13 as a target for chemical inhibition in cancer treatment 1s the
discovery of its distinct active site®™1%1%1%_ Ag discussed in Chapter 2, traditional E2 enzymes

are not typically amenable to drug targeting due to their lack of deep, complex active site pockets
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commonly targeted by small molecule inhibitors®. Moreover, a subset of human E2 enzymes (~17
out of approximately 34) share a ligh degree of structural similanty and amino acid
conservation'?’_ Therefore, our identification of a unique active site loop conformation and small
binding pocket 1s essential for specifically inhibiting Ubcl3, distingmishing 1t from other E2
enzymes®-**1%_ Our work has characterized a covalent compound NSC291068 showing increased
promiscuity compared to the previously characterized compound NSC697923!%° While these
results are pronusing, the high levels of reactivity of both compounds to sulthydryl groups linut
the therapeutic potential of these compounds. For next generation mhibitors, considering a more
electron withdrawing or electron donating group would render the aromatic sulfone (aryl sulfone)
group a poorer leaving group, making the compound less reactive®”. We have also explored the
possibility of finding a noncovalent inibitor of Ubc13. We found that 2-mitrofuran could bind and
mhibit Ubel3 catalytic activity. While this compound only bound with low affimty, it was shown
to bind and specifically inhibit Ubel3 and not other E2s, providing some promise that it might
offer a potential mhibitor lead. We hypothesize that 2-mitrofuran mhibits by binding the Ubc13
pocket in much the same way that the mitrofuran docks in the case of covalent inhibition, forming
a hydrogen bond with N123. This would immobilize the loop 1n its mnactive conformation to block
Ubcl3 catalytic activity. From a pharmaceutical standpoint, nitro groups are frequently less
favored because of their metabolic instability and known toxicities”*?. Substitutions for the nitro
group in the furan ring with altemative electron-withdrawing groups that are similar mn size and
structure might still mamtamn hydrogen bonding interactions with the Ube13. It 1s expected that
substituting the mtro group with less electron-withdrawing groups will reduce the compound's

overall reactivity, potentially enhancing specificity.
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5.2.4 Synthetic Lethality

An additional characteristic of Ubc13 which makes 1t a desirable target lies in the principal
of synthetic lethality. Synthetic lethality refers to the phenomenon where the combination of two
genetic alterations, neither of which alone 1s lethal to the orgamism, results in cell death or impaired
viability?>!. Essentially, it describes a situation where the simultaneous presence of two specific
mutations or perturbations leads to a phenotype that 1s lethal or unable to survive, while each
individual alteration alone is viable™’. This concept is particularly relevant in cancer research and
drug development™!-*3*_ Recently, Ubc13 knockdown has been identified as synthetically lethal
with the G-quadruplex (G4) ligand currently in clinical trials, CX-5461%. G-quadruplex (G4)
structures, which form transiently at guanine-rich sequences in DNA and RINA across various
organisms, play crucial roles in biological processes like gene regulation, telomere maintenance,
and DNA replication”**>*_ During DNA replication and transcription, the presence of stable G-
quadruplex (G4) structures can lead to replication stalling and transcriptional dysregulation®’.
Various factors are mvolved in resolving these stable structures to facilitate duplex refolding,
replication, or transcription®®?*_ When factors responsible for G4 resolution are lacking, genome
mtegrity can be compromised, leading to chromosomal deletions, rearrangements, or
mutations?>-3623240 In mammalian cells which lack homologous recombination (HR) factors
BRCA1 and BRCA?, instability at G4 templates 1s observed in the presence of G4 ligands like
CX-5461772124 X 5461 exhibits two significant activities: stabilizing G-quadruplex (G4)
structures and inhibiting ribosomal RNA (rRNA) synthesis through RNA polymerase 14243
Although these activities may not be mutually exclusive, CX-5461 has shown an mitial human
safety profile n advanced myelomas, non-Hodgkin lymphomas, and acute leukenmas, as

demonstrated in a phase I clinical trial®*’. Furthermore, preclinical studies have indicated
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promusing anfitumor effects against various cancer types, including MYCN-amphified
neuroblastomas, ovarian, and prostate cancers®**>2. Recent findings suggest that CX-5461's G4
stabilizing activity induces DNA damage, partly through replication stalling, which 1s synthetically
lethal with loss of homologous recombination repair and mdependent of RNA polymerase I
activity’®. Specifically, knocking down Ubc13, and RNF168 sensitized cells to G4 stabilizers™>.
Additionally, the combination of CX-5461 with NSC697923 was shown to enhance toxicity in
cancer cells’. Synthetic lethality provides a strategy for developing targeted cancer therapies™ '~
334 By exploiting the genetic vulnerabilities of cancer cells, synthetic lethal interactions can be
targeted to specifically kill cancer cells while sparing normal cells***-***_ Furthermore, synthetic
lethality offers a way to overcome drug resistance mechanisms observed n cancer trea 3,
Exploring synthetic lethal pathways mvolving Ubcl3 holds great promise for future research,
especially as next-generation inhibitors continue to be developed.
5.3 Conclusions and Future Directions: Characterization of RNF138
DNA Binding Activity and Structure
5.3.1 RNF138 Preferentially Binds DNA Overhangs

This study focused on understanding the functional domains of RNF138 and their
interactions with various DNA substrates. With a remarkable improvement in cost, and increased
availability of the Exp1293F expression system, we opted to express RNF138 in mammalian cells.
Expressing RNF138 m Exp1293F cells was an attempt to address the challenges encountered with
RNF138 expressed mn E. coli. Through Expi293F cells, we aimed to provide a more native
environment conducive to proper protemn folding and stability. This cellular system offers the

presence of mammalian chaperones and facilitates key post-translational modifications, potentially

resulting in enhanced stability and purity of RNF138%*%_ Unfortunately, we initially encountered
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challenges in expressing sufficient levels of RNF138 after introduction into Exp1293F cell lines.
When RNF138 was expressed with a GFP and His tag, we were able to detect the protein at every
step of punification with anti-GFP antibodies, but further optinuzation of the system 1s required as
protein yields were too low to be useful. Despite facing challenges in purifying RNF138 1 human
cells, we were able to obtain sufficient quantities from E. coli expression for our studies by fine-
tuning buffer conditions and meticulously controlling protein concentrations. Both RNF138™T and
RNF138'% exhibited DNA binding activity, with varying affinities, with RNF138"7 exhibiting
stronger binding interactions at lower concentrations compared to RNF138%°. The remaining
truncations did not show DNA binding activity. This 1s likely due to the direct and indirect
mvolvement of all domaimns within RNF138 to DNA binding affimity. A strong preference for
overhang DNA was observed, with the size of the overhangs on both ends the single stranded and
duplexed regions affecting binding affimities. This finding aligns with a previous study, which
demonstrated that RNF138 exhibited stronger binding affinity to larger DNA molecules,
particularly those with extended overhangs'? . Perhaps this preference points to the recruitment of
RNF138 post Mre-11 nuclease activity’-'**. RNF138 contains a UIM, which are known to
recognize and bind ubiquitin™®. Previous cellular studies have indicated that the UIM plays a
crucial role in DNA strand retention, underscoring the significance of substrate recognition in this
process'?_ Interestingly, as higher concentrations of protein were titrated, a noticeable super-
shifting of the bands on the gels was observed, indicating multiple protomers binding the DNA at
higher concentrations®’_
5.3.2 Insights into the Structure of RNF138 Using AlphaFold2

An experimental structure of RNF138 has yet to be determined, and ongoing efforts to

achieve this remain unsuccessful. The structural insights obtained from AlphaFold2!%%-1%¢ models
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provided valuable information about the flexibility of RNF138 and the organization of its ordered
domains. Likely the overall flexibility of the protein leads to solubility 1ssues. Flexibility becomes
apparent upon closer examination of PAE statistical reports, which show highly localized areas of
confidence interspersed with predicted regions of disorder The mterdomain interactions in
RNF138 further emphasizes 1ssues observed in our different constructs. The construct ZNF1,
ZNF2, ZNF3 was unstable, perhaps because it lacks the RING domain that 1s required to interact
with ZNF1 for proper folding. ZNF2 and ZNF3, like the N-terminal domain, were confidently
predicted, and our study's construct exhibited stability, implying potential interplay n the folding
of the ZNFs. Surprisingly, this construct did not show DNA binding, likely due to the requirement
of other elements within RNF138._ It 1s possible that elements from the second linker (L2), which
connects the N-terminal domains to the C-termunal domains (ZNF2 and ZNF3), directly participate
mn DNA binding. These elements may rely on the presence of other domains for structural support
and proper folding. AlphaFold2 modeling of the N-terminal RING and ZNF1 domains strongly
suggests thewr involvement m E3 catalytic activity, as evidenced by the robust interdomain
interactions observed, akin to those seen i RNF125 and TRAF6U21*13  Additionally,
AlphaFold2 multimer*!*" confidently predicted that the RING, ZNF1, and elements from L2
mteract with the E2 and ubiquitin. The crystal structure of RNF125 with E2, combined with
experimental data from techmiques like nuclear magnetic resonance, indicate that RNF125
functions as a monomer'**!**_ Additionally, it is observed that elements beyond the RING domain
play a role in stabilizing and activating the ubiquitin-E2 complex!**!>_ This suggests that these
elements outside of the RING domain likely function independently of dimenization. AlphaFold2
modeling of RNF138 strongly predicted a monomeric structure, and the results obtained from size

exclusion chromatography during protein purification indicates that RNF 138 does not form dimers
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in solution. An interesting observation 1s the placement of ubiquitin bound to the UIM m RNF138
m one of the models (Figure 5.1). UIMs are short helical structures, involved m ubiquitin
recognition™®. Typical UIM interactions occur between hydrophobic residues in the UIM helix
and hydrophobic residues in the ubiquitin hydrophobic patch®®. Further interactions are
supplemented with a C-terminal positively charged patch on ubiquitin and N-ternunal acidic patch

in UIMs236.

Figure 5.1. RNF138 UIM in Complex with Ubiquitin.

The UIM helix (blue) complex with ubiquitin (surface representation grey). Purple surface
represents the hydrophobic patch on ubiquitin. The blue surface represents a positively charged C-
termunal patch on ubiquitin. A canonical bnding interface of Y233 T235, A236, V237, and F241
of RINF138°s UIM are predicted to complex with ubiquitin. Additional interactions are typically
observed i all UIMs N-termunal to the hydrophobic residues, with a conserved motif (DEEE)
which form electrostatic interactions with the C-terminal region of ubiquitin. E229, and E230 are
shown complexed®S.
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5.3.3 Amodel of RNF138 Activity on DNA Overhangs.

Based on our study, we can speculate and propose a model for the mechanmism of how
RNF138 activates ubiquitylation in response to DNA strand break binding (Figure 5.2). The N-
termunal region 1s mnvolved in catalysis. Specifically, the RING domain, ZNF1, and several
residues from L2, bind and promote ubiquitylation of substrate with the E2~ubiquitin complex.
The remainder of L2, ZNF2 and ZNF3 are mvolved in DNA binding and recnutment to DNA
overhangs. The DNA was modelled using zinc finger 1 of Poly [ADP-ribose] polymerase 1
(PARP1) bound to DNA, which was overlayed over zinc finger 2 of RNF138. All the domains are
mvolved in overall structural stabilization of the linker, therefore are necessary for stable DNA
binding. Finally, the UIM 1s mnvolved in recogmzing ubiquitylated substrates, and 1s mvolved in
substrate recognition.

Ultimately, the models generated by AlphaFold? require further expennmental validation.
Challenges such as the inability to model post-translational modifications and mutations, which
can significantly impact protein function, pose difficulties in elucidating the mechanism®>>-1%.
Future studies should aim to solve the experimental structure of RNF138 aided by AlphaFold2 for
construct design This may reveal insights into the function of the independent domains.
Furthermore, co-crystallization trials with the preferred DNA substrates could be significant in
revealing DNA binding activity of RNF138. Strategies to address cooperative binding, may requare
solution-based analysis of RNF138. A powerful approach to investigate the mechamsm of RNF138
DNA binding is Small Angle X-Ray Scattering (SAXS)*%**_ Despite its low resolution, SAXS is
a technique used to visualize proteins in solution, providing dynamic insights into protem behavior
rather than static snapshots®*®*>®_ AlphaFold2 models serve as valuable tools for molecular

replacement in phasing novel structures or can be employed for SAXS envelope fitting in the
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absence of experimental structures’®®2?%*. All models can then be tested by structural guided
mutagenesis, via in vifro studies such as EMSAs, mutating key residues identified in the models
to see the outcome. Additionally, in vive studies can be carred out for model verification. This
strategy 1s not hmited for DNA binding activity but can also be extended to characterizing

RNF138’s E3 ligase activity.

-Uhiguitin

N-terminal
= domain
catalysis

ZNF2, ZNF3
L2 DNA
binding

UIM
substrate
recognition

Figure 5.2. A model of RNF138 Activity on DNA Overhangs.

The RNF138 model (blue) was constructed based on the modeled structure of RNF138 with E2-
Ubiquitin (pink and orange) and aligned to show ubiquitin bound to UIM in the second-ranked
model. DNA was modeled using DNA-bound PARPI zinc fingers (PDB: 4DQY), with the zinc
finger portion aligned to ZNF2 of RNF138. However, caution 1s advised in interpreting the position
of the hinker, as 1t 1s disordered and likely flexible. AlphaFold? cannot model disordered regions,
so this model remains speculative and requires validation.
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5.4 Investigating the Regulation of RNF138

5.4.1 RNF138 is Regulated by Ubiquitylation and Phosphorylation

We proceeded with our exploration of RNF138, focusing on specific post-translational
modification (PTM) sites that appeared to be critical for its regulation. We observe a regulatory
role for the E3 ubiquitin ligase RNF138 in end resection, controlled by both ubiquitylation and
CDK-dependent phosphorylation events. Interestingly, RNF138 ubiquitylation levels fluctuate
during different cell cycle phases, being elevated during S and G2 phases but decreased under
prolonged genotoxic stress. This suggests a potential role as a switch, to prime and restrict RNF138
activity. Phosphorylation also plays a crucial role in regulating RNF138 activity in end resection
and HR progression. Phospho-ablation mutations at T27 and S124 sites impair HR-dependent gene
conversion, while phospho-mimicking substitutions at these positions rescue HR activity beyond
wildtype levels. These findings provide deeper insights into the molecular signals and events
governing DNA end resection. In future mvestigations of the RNF138 study, the focus should
mitially be on understanding the ubiquutylation process of RNF138. We hypothesize that increased
ubiquitylation during the S/G2 phases activates RNF138 rather than marking 1t for proteasomal
degradation. To support this hypothesis, we plan to identify the types of ubiquitin chamn linkages
formed on RNF138. One approach mvolves performing GFP immunoprecipitations on HEK293
cells co-expressing GFP-RNF138 and HA-UDb, followed by probing with antibodies specific to
different ubiquutin chain hinkages. Alternatively, deubiquitinases (DUBs) can be used to determune
ubiquitin chain linkages?®*. DUBs are enzymes that cleave ubiquitin molecules from proteins or
disassemble polyubiquitin chains'®*%*2% By selectively targeting specific ubiquitin linkages,

DUBs can reveal the types of ubiquitin chamns present on a protein or witlun a cellular
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environment'#2%%2%_ Ubiquitylated RNF138 can be immunoprecipitated and subject to a
treatment with a library of DUBs to determine specific ubiquitin linkages®®.

Another area of exploration mvolves identifying the E3 ubiquitin ligase responsible for
adding ubiquitin molecules to RNF138. Since RNF138 itself 1s an E3 ligase, 1t 1s worth
mvestigating whether the ubiqutylation of the protein occurs through autocatalytic activity. To
address this question, we could disrupt the function of the RING domaimn by mutating specific
residues that were identified to play a role in catalysis, for example Met98, while nuninuzing
structural mstability, and then assess whether ubiquitin signals are still present. If autocatalysis 1s
not responsible for RNF138 ubiqutylation, we could explore other potential E3 ligases for
RNF138 by depleting them using siRNA and examimng RNF138 ubiquitylation once again. One
potential candidate E3 ligase is A20, known for its role in inhibiting NFxB signaling®®!1?*_In certain
B cell malignancies, A20's E3 activity 1s involved m ubiquatylating RNF138, thereby suppressing
the oncogenic activity of L265P-mutated MyD88'>. Interestingly, A20 has been found to
negatively regulate DSB signaling independently of its catalytic activity by mhibiting H2A
ubiquitylation and the accumulation of RNF168 and 53BP1 through direct binding to RNF168.
We have previously attempted to analyze RNF138 ubiquitylation activity in vifro by using Ubc13
as the E2 enzyme in the reaction. RNF138 seems to only build ubiquitin chamns at elevated
concentrations, compared to RNF8, a well characterized E3 ligase mvolved in synthesizing K63-
linked ubiquitin chains. Moving forward, our research can extend this in vifre assay by including
both known substrates of RNF138 and by varymng the E2 conjugating enzymes used. Such
approaches can contribute to a comprehensive understanding of its catalytic activity, potentially

shedding light on its autocatalytic properties. Such approaches can contribute to a comprehensive
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understanding of its catalytic activity, potentially shedding light on its autocatalytic properties as
well.
5.4.2 Cell Cycle Dependent Regulation of RNF138

Our research demonstrates that the ubiquitylation and CDK-mediated phosphorylation of
RNF138 vary with the cell cycle. We observed increases in both ubiqutylation and TP motif
phosphorylation during the S/G2 phases. We explored potential interactions between these PTMs
mn RNF138. Our observations revealed that the K158R substitution did not alter the p-TP and p-
S/TQ signals on RNF138. Thus indicates that K158 1s not essential for phosphorylation events at
T27 and S124. Conversely, the S124A substitution led to a partial reduction mn the p-TP signal,
suggesting that S124 phosphorylation may contribute to, but i1s not indispensable for,
phosphorylation at T27. However, the T27A mutation sigmficantly dimimished the p-S/TQ signal.
Additionally, the basal levels of higher-order ubiquitylation on GFP-RNF138 were notably
decreased by the T27A and S124A mutations, masking the expected reduction in RNF138
ubiquitylation induced by CPT. Consequently, T27 phosphorylation may be a prerequusite for S124
phosphorylation, and both functional T27 and S124 sites appear crucial for RNF138
ubiquitylation. Considering this interconnectedness, we sought to investigate the impact of
expressing the T27A-S124A (TS), T27A-K158R (TK), and S124A-K158R (SK) double mutants,
as well as the T27A-S124A-K158R (TSK) triple mutant, on the cell's ability to engage in HR_
Expression of both double and triple mutants led to sumlarly low HR frequencies. These
frequencies were comparable to those observed for the T27A, S124A and K158R single mutants,
which were mitially low and akin to HR frequencies m cells lacking endogenous RINF138. The
depletion of any PTM site, or any combination thereof, was adequate to reduce HR to baseline

levels, undersconng the significance of all three sites in RNF138 function and indicating their
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potential involvement in a shared pathway. Interestingly, K158 1s not the only ubiquitylation site
detected on RNF138 as K26 and K41 were also detected. AlphaFold? modelling reveals key
insights into the posttranslational modification sites’*>'>". §124 and K158 are both exposed and
fall in 1.2. T27 1s within the RING domain. The AlphaFold model indicates that wiile T27 1s
exposed to solvent, the proline and arginine residues of the CDK phosphorylation motif are buried,
potentially obstructing recognition by CDKs. For CDKs to phosphorylate T27, the RING domain
would likely need to be unfolded. It 1s possible that ubiquitylation at K26 and/or K41 facilitates
this process by inducing conformational changes that unfold the RING domain and allow full
accessibility of RNF138's phosphorylation motif to CDK activity. Therefore, further investigation
mto the roles of K26 and/or K41 in RNF138 ubiquitylation, and whether T27 phosphorylation
relies on the integrity of one or both lysine sites 1s warranted.

Ultimately, our findings suggest that phosphorylation events at T27 and S124, along with
ubiquatylation at K158, collectively enhance RNF138 activity in end resection and HR. processes.
The question remains how, and as previously mentioned, in vifro charactenization of RNF138 1s
mmperative to answer the questions. For example, to test the effects of the PTMs in vifro,
phosphorylated RNF138 can be used m in vifro assays to determune if E3 ligase activity 1s
mncreased. Furthermore, DNA binding affimty studies could be conducted with phosphorylated or
ubiquitylated RNF138 to determune the affects on DNA binding affinity. AlphaFold2 1s limited in
that 1s unable to model post translational modifications, therefore an experimental structure of
RNF138 with posttranslational modifications may reveal insights into the overall mechanism of
action. In summary, our investigation into RNF138 regulation not only sheds light on its intricate
control mechanisms but raises a plethora of compelling questions, opening exciting avenues for

further exploration into the precise regulation of RNF138 function.
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5.4.3 Therapeutic Implications of RNF138

The therapeutic significance of RNF138 1s underscored by its mvolvement in varous
cancer-related processes!>127128.133 1t {5 notably overexpressed in glioma cells, a particularly
aggressive form of bramn cancer, where 1t promotes proliferation, metastasis, and resistance to
radiation therapy'*>. Furthermore, RNF138 has been implicated in conferring resistance to
cisplatin in gastric cancer cells'® Changes in individual amino acids within proteins can
sometimes cause minimal impact, but they often disrupt protein folding, activity, or stability”**
265 While only a small portion of these variants has been studied experimentally (4 million
missense variants, 2% clinically characterized as benign or pathogenic)*®, there is a vast amount
of biological sequence data available that can be used for machine learning purposes*—2%.
AlphaMissense 1s a computational tool designed to assess the potential harmfulness of missense
variants®®_ Tt uses a refined version of AlphaFold, which has been specifically adapted and
optimized using data on missense variants found in human and primate populations®®_ By training
on this varant population data and incorporating information about the frequency of these variants,
AlphaMissense learns to predict whether a given missense vanant 1s likely to cause harm or
not’®*2™_ For all 71 million possible single missense variants in the human genome, it provides a
probability score indicating the likelithood of the varant bemng "likely bemgn" if the vanant 1s
probably harmless, "likely pathogemic" if 1t 1s likely to cause harm, or "uncertamn" 1f the prediction
is unclear’®**"®_ AlphaMissense has predicted 511 possible missense variants to be likely
pathogenic in RNF138. 20 likely pathogenmic predictions fall on residues characterized mn our
studies (Figure 5.3). Mutations occur at several key sites within RNF138: T27, a crucial
phosphorylation site; R58, essential for interacting with the E2 and ubiquitin; M98, a residue

located within the core of hydrophobic interactions between the RING domain and ZNF1; I191,
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key 1n the hydrophobic packing between ZNF2 and ZNF3; and finally, A236, which interacts with
the ubiquitin hydrophobic patch within the UIM. Future charactenization of RNF138 can use this
tool as a starting point in charactenizing these varants, to try to understand the underlying result
of the mutations on RNF138 function. Understanding the effects of these mutations in patient
tumors could help identify whether tumor cells are proficient or deficient m homologous
recombination (HR), thus determuning their sensitivity to treatment. This i furn can aid n future

development of therapeutics, and personalized treatments for specific tumour profiles in patients.
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Figure 5.3. AlphaMissense Model of RNF138 Annotated with Predicted Pathogenic
Mutations
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AlphaMissense model of RINF138 colored according to the likelihood of pathogenesis at every
amino acid (https://alphamissense hegelab org/). Bening vanants are scored 0.1-0.2 (blue).
Ambiguous vanants are typically scored 0.2-0.7 (white). Likely pathogenic vanants are valued
greater than 0.8 (red). These values are derived from vanious features extracted from the variant
sequence, including its amino acid composition, predicted structural context, and evolutionary
conservation. They are benchmarked against ClinVar, a database of known pathogenic and benign
variants. 20 likely pathogenic missense vanants are shown of 5 key amino acids characterized in
our studies with an arrow pointing to their position in the model. A. T27. B. R58. C. M98. D. 1191
E.A236.
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Appendix A. Reversible and irreversible inhibitors of coronavirus
Nsp15 endoribonuclease.
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The emergence of severe acute respiratory syndrome coro-
navirus 2, the causative agent of coronavirus disease 2019, has
resulted in the largest pandemic in recent history. Current
therapeutic strategies to mitigate this disease have focused on
the development of vaccines and on drugs that inhibit the viral
3CL protease or RNA-dependent RNA polymerase enzymes. A
less-explored and potentially complementary drug target is
Nspl5, a uracil-specific RNA endonuclease that shields coro-
navirnses and other nidoviruses from mammalian innate im-
mune defenses. Here, we perform a high-throughput screen of
over 100,000 small molecules to identify Nspl5 inhibitors. We
characterize the potency, mechanism, selectivity, and predicted
binding mode of five lead compounds. We show that one of
these, [PA-3, is an irreversible inhibitor that might act via
covalent modification of Cys residues within Nspl5. Moreover,
we demonstrate that three of these inhibitors (hexachloro-
phene, IPA-3, and CID5675221) block severe acute respiratory
syndrome coronavirus 2 replication in cells at subtoxic doses.
This study provides a pipeline for the identification of Nspl5
inhibitors and pinpoints lead compounds for further develop-
ment against coronavirus disease 2019 and related coronavirus

Since its appearance in late 2019, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has infected hundreds
of millions of individuals globally and killed more than 18
million people (1, 2). Exposure to this virus can lead to res-
piratory problems, systemic inflammation, and multiorgan
dysfunction, which collectively define coronavirus disease 2019
(COVID-19) (1). Coronaviruses are characterized by large
single-stranded positive sense RNA genomes of roughly 30 kB
and a “corona” structure in their envelope (3-5). SARS-CoV-2

* These authors contributed equally to this work.
* For comrespondence: Basil P, Hubbard, basilhubbard@utoronto.ca,

ZASBMB

is classified as a lineage B betacoronavirus alongside its most
phylogenetically similar relative, SARS-CoV-1 (4). Translation
of the SARS-CoV-2 viral genome is performed by host cell
ribosomes and generates four structural proteins: an envelope
protein involved in viral assembly and budding, a membrane
protein involved in defining virion shape, a nucleocapsid
protein that packages genomic RNA, and a spike protein
involved in host attachment and entry (6, 7). SARS-CoV-2 also
contains 16 nonstructural proteins (Nsps) including the 3C-
Like main protease (3CLpro/MPro, Nsp5), the papain-like
protease (PLPro, Nsp3), and the RNA-dependent RNA poly-
merase (RdRp) complex (Nsp7, Nsp8, and Nspl2) (5, 8, 9).
Finally, nine open reading frames that encode additional
accessory proteins have been annotated (5, 8, 9).

Current strategies to combat COVID-19 have focused on
the development of prophylactic vaccines mostly directed
against the SARS-CoV-2 spike protein (10) and small-
molecule drugs targeting the 3CLpro (11}, PLPro (12), and
RdRp complex (13). Recently, the Food and Drug Adminis-
tration approved the first two small-molecule drugs, nirma-
trelvir/ritonavir and molnupiravir, which target the 3CLpro
(14) and RdRp (15) complex, respectively, for therapeutic use.
Despite these advances, transmission of SARS-CoV-2 con-
tinues in the population, and severe outcomes including death
persist (16). This is in part because of the evolution of new
viral variants that acquire mutations in genes that encode
vaccine-induced antibody targets (16, 17). Furthermore, it has
been suggested that current pharmaceutical treatments against
COVID-19 could also be rendered ineffective in the future
because of resistance ( 18). Thus, there is a need to broaden the
repertoire of coronavirus antiviral treatments to additional
targets in the SARS-CoV-2 proteome,

A promising but less explored SARS-CoV-2 drug target is
MNspl5, a nidoviral endoribonuclease that selectively cleaves 3’
of uridylates (NendoU) to generate 2,3 -cyclic phosphodiester
and 5'-hydroxyl termini products (19, 20). Nspl5 cleaves both
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ssRNA and dsRNA but not DNA (20, 21). Structurally, it is
comprised of a hexamer formed by the dimerization of two
trimers (20). X-ray crystal (20} and cryo-EM structures (22)
reveal that each monomeric unit has three domains: an
N-terminal domain involved in multimerization, a middle
domain, and the C-terminal catalytic core (20). The active site
contains residues that are reminiscent of the catalytic triad
found in RNase A, including two histidine residues (His235
and His250) that act as general acid—base catalysts and a lysine
residue (Lys290) (19, 20). Two other important residues within
the active site are Ser294 and Tyr343, which are thought to
enforce uracil specificity (20). Unlike RNase A, Nspl5 requires
coordinated manganese ions (Mn?*) for catalysis (20). These
ions are purported to maintain active site conformation and
substrate binding (20).

The role of Nspl5 in coronavirus replication and patho-
genesis is complex and multifaceted (5). Several studies have
suggested an essential role for Nspl5 in viral replication, as
mutation of Nsp15 blocks viral RN A synthesis in certain cell
types (23) and attenuates disease phenotypes in mice (24).
Experimental data suggest that Nspl5 also plays an impor-
tant role in shielding viruses from innate host cell immunity
(24). It has been proposed that Nspl5 facilitates evasion of
dsRNA sensors that would normally activate a type [
interferon (IFN) response by cleaving viral dsRNA outside
the replication complexes (24). This is supported by studies
with SARS-CoV-1 showing that Nspl5-defective viruses
induce MDAS, PKR, and OAS/RNase L dsRNA sensing
pathways (5, 24-26) and by studies with SARS-CoV-2
implicating Nspl5 in suppression of IFNB production (27).
Finally, recent work has shown that Nspl5 cleaves 5' poly-
uridines from negative sense viral RNA (PUN RNA) and
thereby decreases MDAS-mediated IFN response (28).
While its multiple roles in viral biology are still being
elucidated, it is apparent that Nspl5 plays a critical role in
coronavirus pathogenesis (24) and is therefore an attractive
candidate for drug design.

Only a few Nspl5 inhibitors have been experimentally
validated to date (5). These include benzopurpurin B, which
inhibits RNase A and numerous nidoviral Nspl5 homologs
(19), betulonic acid derivatives that inhibit Nsp15 from HCoV-
229E but not SARS-CoV-2 viruses (29), and tipiracil, which
acts as a competitive inhibitor of Nspl5 (30). The p-amyloid
antiaggregation molecule Exebryl-1 also robustly inhibits
SARS-CoV-2 Nspl5 in vifro but displays weaker potency in
cells (ECsp of roughly 65 pM in Calu-3 cells) (5). While these
and other studies (31, 32) have clearly demonstrated the po-
tential to chemically inhibit Nsp15, small-molecule scaffolds
that are potent, bioactive, and nontoxic remain ehisive. Here,
we perform a high-throughput screen (HTS) of over 100,000
diverse compounds to identify Nspl5 inhibitors that meet
these criteria. We refine our initial list of hits by using a
workflow that encompasses a series of biochemical and bio-
physical experiments to eliminate pan-assay interference
(PAIN) compounds (33). We then characterize the potency,
selectivity against other Nsp15 orthologs, kinetic mechanisms,
predicted binding mode, and cellular activity/toxicity of five
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lead compounds, These include the antimicrobial drug hexa-
chlorophene (34), the PAK1 kinase inhibitor IPA-3 (35), and
three proprietary molecules (CID5220994, CID5266986, and
CID5675221) from the ChemPBridge DIVERSet library. We
find that these inhibitors operate through reversible mecha-
nisms, with the exception of IPA-3, which is irreversible and
likely covalent. Moreover, we demonstrate that hexachloro-
phene, [PA-3, and CID5675221 inhibit SARS-CoV-2 replica-
tion in Vero CCL-81 cells at subtoxic doses. Overall, this work
provides a comprehensive platform for the identification and
validation of small-molecule Nspl5 inhibitors and identifies
several potent, bioactive, and relatively nontoxic lead com-
pounds with potential for further development into treatments
against COVID-19 and related illnesses.

Results
Measurement of SARS-CoV-2 Nsp15 enzyme kinetics

To measure Nspl5 enzyme kinetics and determine the ideal
parameters for a high-throughput compound screen, we
adapted a previously described biochemical assay (21). This
assay employs a monouridylated ssRNA substrate that is
flanked by a 6-carboxyfluorescein (6-FAM) moiety at the 5’ end
and a tetramethylthodamine quencher at the 3 end (21).
Cleavage of the substrate by Nspl5 eliminates FRET between
the fluorophore and quencher, resulting in a fluorescent signal
(21). For our studies, we substituted the tetramethylrhodamine
group with a ¥ black hole quencher (Fig. 14), which has been
demonstrated to yield more consistent results in biochemical
assays (36). We purified recombinant SARS-CoV-2 Ngp15 from
Escherichia coli and tested its ability to cleave several ssRN As of
different sequence length and composition alongside positive
and negative controls (Fig. 51, A and B). We identified one
sequence, RNA2 (5-FAM-CAACUAAACGAAC-BHQ1-3"),
which yielded low background and robust signal in the presence
of Nspl5 (Fig. 51B). This substrate was used in subsequent
experiments. Next, we verified that the signal being measured in
the assay required Nspl5 activity using a catalytic histidine
mutant (H250A) and an inactive monomeric truncated protein
variant (Fig. 1B) (26, 37). In addition, we confirmed that the
signal was enhanced by manganese ions (Fig. 51C) and abro-
gated by metal chelation with EDTA (Fig. 51D). These experi-
ments validated the ability of our assay to reliably measure
Nspl5 activity.

Enzyme and substrate concentrations and reaction time
must be carefully chosen to ensure optimal hit identification
when performing HTSs (38). To determine the K, of RNA2,
we first measured fluorescence over a time window for re-
actions containing vadable amounts of substrate at a fixed
enzyme concentration (Fig. 1C). In addition, we sedally diluted
precleaved (fluorescent) RNA to generate a standard curve
relating fluorescence signal to the amount of product produced
(Fig. 1D). Next, we plotted the slopes (derivatives) of the lines in
Figure 1C versus RNA substrate concentration and used the
standard curve equation (Fig. 1D) to transform the y-axis to
reaction rate (Fig. 1E). Fitting this plot to a Michaelis—Menten
curve yielded a K, value of ~3 pM for RNA2 and a V,__, value
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results, Nsp, nonstructural protein,

of ~0.3 pM/min, which are in agreement with recently pub-
lished results (31). Finally, to optimize the enzyme concentra-
tion and time for our HTS, we generated reaction progress
curves at a fored substrate concentration (05 pM) at various
enzyme concentrations. As shown in Figure 1F, we found that
product cleavage progressed until saturation was reached be-
tween ~30 and 60 min, depending on the enzyme concentra-
tion used. These data were used to guide the selection of
parameters for our fixed end-point high-throughput compound

SCreen.
HTS for small-molecule inhibitors of SARS-CoV-2 Nsp15

The identification of Nspl5 inhibitors was accomplished
by carrying out a screen of over 108,000 small molecules,

ZASBMB

comprised of compounds sourced from Maybridge, Pre-
stwick, Microsource Spectrum, LOPAC-1280, TimTec, and
ChemBridge DIVERSet collections. Overlap between com-
pound libraries was <0.1%. After acoustic dispensing of
buffer, enzyme, and compound into wells of 384-well plates,
an initial read was performed to measure background and
account for autofluorescence. Next, substrate was added,
and reactions were allowed to proceed for ~20 min before
being stopped via the addition of 100 mM EDTA, at which
time a second measurement was recorded. Finally, a 5FAM
RNA lacking a quencher was added to each reaction, and a
third measurement was performed to account for potential
signal quenching caused by each compound. Reactions with
benzopurpurin B (inhibitor) and reactions without enzyme
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were used as positive controls on each plate (19), whereas
reactions in the presence of 0.2% dimethyl sulfoxide
(DMS0) were used as a negative control (no inhibition). The
signal/noise ratio of accepted plates was 5 with an average
Z' score of 0.47 £ 0.11 (standard deviation). As this was a
challenging assay with respect to read timing and reagent
additions, plates with a Z' score >0.3 were accepted as
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complete since the high signal/noise ratio enabled reason-
ably good distinction of actives. Plots summarizing the re-
sults of the screen are shown in Figure 24 and Fig. 524,
After filtering out compounds displaying high auto-
fluorescence (read 1) or quenching (read 3-read 2), we
identified 1280 reactions with fluorescence values >2 stan-
dard deviations from the mean. The corresponding
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Figure 2. Identification and validation of SARSCoV-2 Nsp15 inhibitors. A, plot summarizing the results of the primary ~108,000 compound high-
throughput screen wsing the FAM-BHO1 RMA substrate. DMSO was used as a negative control, and reactions without enzyme, or with enzyme in the
presence of benzopurpurin B, were used as positive controls. B, schematic outlin gsﬂ'ne pipeline used to prioritize hits. Gels showing the results of Nsp15
nathve RNA cleavage assays in the presence of increasing mnc!ntraﬂnns of (0) QD5220994, (D) C1D5266986, (E) CID5675221, (F) hexachlorophene, or (G)
IPA-3. Nsp15 (7.5 ng/pl) and RNA substrate (25 ng/pl) wene incubated with compounds and a 31-nt single “fF-containing RNA substrate for 1 hat37 °C
Bands representing the uncleaved substrate and the 21-nt cleaved product were visualized by pedforming denaturing gel electrophoresis followed by SYBR
Gold staining. Representative gels are shown; experments were repeated three times with similar results. BHQ1, black hole quencher 1; DMSO, dimethy|
sulfoxide; F carboxyflucrescein; Nsp, nonstructural protein; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2
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compounds from these reactions were selected for further
inspection, as outlined in the workflow in Figure 28,

We performed a secondary screen of our initial hits using a
substrate in which 5FAM was replaced with 5'Cy5 (a red-
shifted dye) to eliminate compounds yielding artifactual in-
hibition because of interaction with the 5'FAM group. The
results of this experiment are shown in Fig. 52, B and C.
Reactions without enzyme and reactions with enzyme and
DMS0O only were used as positive and negative controls,
respectively. The 20 most potent inhibitors identified in the
Cy5 screen, taken from the pool of hits greater than three
standard deviations away from the mean, were purchased or
resynthesized and then individually tested for Nsp15 inhibi-
tion and fluorescence quenching using both the 5FAM and
5'Cy5-conjugated substrates. The results of this analysis,
shown in Fig. 53, identified eight compounds (CID5220994,
CID5266986, CID5675221, CID5326429, hexachlorophene,
IPA3, B-lapachone, Reactive Blue 2) that inhibited Nspl5
using either substrate, without appreciable quenching

Validation of HTS hits

One of our hits, p-lapachone, had previously been identified
in an Nspl5 inhibitor screen (5) and was shown to induce
nonspecific enzyme inhibition through production of reactive
oxygen species. We confirmed this finding using an Amplex
Red assay, which measures hydrogen peroxide formation
caused by reducing agents such as DTT undergoing redox
cycling in the presence of oxygen or certain compounds
(Fig. 54) (39). Consequently, p-lapachone was excluded from
further analysis.

Interactions with the substrate or artificial chemical moi-
eties on the substrate can be a source of assay interference
{40). To ensure that our compounds could inhibit Nspl5 ac-
tivity on native substrates, we tested the remaining seven
compounds in a PAGE-based RNA cleavage assay. Briefly, this
assay employed a 31-nt poly(A) ssRNA substrate containing a
single uridylate, which when cleaved by Nsp15 generates RNA
fragments of 10-nt and 21-nt in length. We set up cleavage
reactions with Nspl5 and native substrates in the absence or
the presence of 25 pM or 50 pM of each compound and
analyzed the reaction products on a SYBR Gold-stained gel. In
our initial assay shown in Fig. 55, three of seven compounds
displayed robust inhibitory activity, whereas the others dis-
played weaker effects. Inhibition of Nspl5 by CID5326429 was
modest and sporadic, and Reactive Blue 2 produced a fluo-
rescent artifact, resulting in these compounds being depriori-
tized. Titrations of the remaining five compounds,
CID5220994, CID5266986, CID5675221, hexachlorophene,
and IPA-3, using the native substrate assay revealed that all
five displayed dose-dependent effects (Fig. 2, C-G).

PAIN compounds are nuisance molecules that commonly
come up as hits in HTSs because of their ability to interfere
with common biochemical assays or inactivate enzymes in a
promiscuous manner (33). We performed a battery of tests to
evaluate if any of our hits displayed these properties. First, we
investigated i our lead hits could be forming colloidal
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aggregates that block Nsp15 activity by carrying out reactions
in the presence of a nonionic detergent, to see if inhibition
would be relieved (41). As shown in Fig. 56, there was an in-
crease in Nspl5 activity with CID5266986, CID5675221,
hexachlorophene, and IPA-3 and a higher increase in activity
with CID5220994, when reactions were performed in the
presence of either 0.01% Triton-X or CHAPS. However, we
also observed a roughly twofold increase in the baseline ac-
tivity of Nsp15 in the presence of detergents, which accounted
for some of the increased enzyme activity observed with the
inhibitors. This increase in enzyme activity in response to
detergents has previously been documented and is speculated
to occur because of reduced adhesion of active enzyme to
plastic surfaces in wells (42). Second, we tested if any of our
compounds inhibited Nsp15 by inducing protein aggregation
and/or denaturation. For this purpose, a dynamic light scat-
tering (DLS) assay that estimates Nspl5 protein particle
diameter based on the rate at which scattered light fluctuates
in the solution was performed, in the absence or the presence
of each of our hits (43). The results of this analysis yielded a
single sharp peak on the intensity size distribution plot for all
samples, with polydispersity index values ranging from 0.06 to
0.09 and consistent particle diameters ranging from 122 to
13.0 nm. These data reflect a monodisperse and homogenous
sample (44) and indicate that protein aggregation was not
induced by the compounds at the tested concentrations
(Fig. 57). Finally, to rule out general RNA-compound in-
teractions, we performed fluorescence polarization assays with
an RNA probe in the presence of each of the five compounds.
As shown in Fig 58, we did not detect any appreciable binding
between the compounds and the RNA substrate. Collectively,
these data imply that CID5220994, CID5266986, CID5675221,
hexachlorophene, and IPA-3 inhibit Nspl5 activity wia
nontrivial mechanisms.

Characterization of lead compounds

To characterize our validated hits, we performed detailed
dose-response titrations to quantify the concentration at
which each of them inhibited Nspl5 activity by 50% (IC.;). As
shown in Figure 3, CID5220994 and CID5266986 had rela-
tively high ICs, values (~50 and 78 pM), whereas CID5675221
was a stronger inhibitor (ICg, of ~20 pM), and hexachloro-
phene and IPA-3 were the most potent (ICsp, of ~1 pM and
~7 pM, respectively). These values were generally consistent
with the results of the semiquantitative native substrate assay
(Figs. 2 and 3). The fact that CID567221 appears less potent in
the gel-based assay than the fluorescent assay can be explained
on the basis that it exhibits some quenching in the 5 FAM
channel (Fig. 53). Next, we performed titrations of RNA sub-
strate in the presence of fixed concentrations of each inhibitor
to gain insight into their kinetic mechanisms. Modeling these
results using steady-state enzyme kinetics (38), we found that
CID5266986, CID5675221, and hexachlorophene displayed
mixed mechanisms of inhibition (increased K, and decreased
Vinax) whereas CID5220994 appeared to be competitive with
substrate (increased K, only), and IPA-3 was noncompetitive

224

1 Biol. Chern. (2003) 299(11) 105341 5



Inhibitors of coronavirus Nsp15 endoribonuclease

>

ClD5220994

: 2 8

Mormalized Activity (%)

G =50.9+2.8 uM
; I I1ID
Compound (pM)

CID5675221

-
]
wn

-
o

B 8

Normalized Activity (%) €3
2

ICsy = 20.7 1.6 pM
o o C e
Compound (pubd)

IPAZ

Normalized Activity (%) [TI

15 =680.31 pM
1 10 100
Compound (M)

B
= CID5266986
& 125
£
% 100
% 75
T W
E
3 25

[Cog = T8 +4.3 UM

10 100 200
Compound (Uh)

Hexachlorophene

2

Mormalized Activity (%) O

ICsp=1.6£0.1 pM
04 1 10 50

Compound (M)
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(decreased Vi, only, Fig. 59). Calculated K; values for the
inhibitors ranged from ~1 to 73 pM (Fig. 59F). Finally, to
establish if these inhibitors were reversible or irreversible, we
obtained reaction progress curves following release of pre-
incubated enzyme-inhibitor complexes by dilution (Fig. 44).
These data revealed that Nspl5 activity was restored once
concentrations of CID5220994, CID5266986, CID5675221,
and hexachlorophene were dramatically lowered, whereas
[PA-3 inhibition was irreversible.

Previous studies have characterized IPA-3 as a selective,
allosteric, and irreversible inhibitor of the Pakl kinase (35, 45).
[PA-3 contains a central disulfide bond (Fig. 2G), and while it
does not form mixed disulfides with surface-exposed cysteines
on Pakl, it covalently modifies cysteines within its regulatory
domain and blocks binding to its upstream activator, Cdcd2
(45). To test if the IPA-3 might be inhibiting Nspl5 via its
reactive disulfide group, we first performed Nspl5 cleavage
reactions in the presence of standard (1 mM) and high
(10 mM) concentrations of DTT reducing agent. Previous
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work showed that DTT concentrations greater than 1 mM
relieved Pakl inhibition by IPA-3 (35). In line with these re-
sults, we found that excess DTT nearly completely reversed
inhibition by IPA-3, implicating thiol groups in its mechanism
of inhibition (Fig. 510).

We used TOF mass spectrometry to further characterize the
interaction. We found that preincubation of Nspl5 with [PA-3
resulted in a ~333 Da peak shift versus the apoprotein
(Figs. 4B and 511), corresponding roughly to the molecular
weight of one [PA-3 molecule (350 Da). Next, we attempted to
map the location of the modified residues using LC-MS/MS5.
There are a total of five Cys residues within Nspl5, and several
of these are known to influence Nspl5 activity (46). While we
were unable to detect any modified peptides, we did note the
absence of a particular peptide species, corresponding to
amino acids 291 to 308 in Nspl5, in the [PA-3-treated sample
versus the control (Fig. 4C). Importantly, this peptide con-
tained two cysteines, Cys291 and Cys293, that were recently
shown to form adducts with p-mercaptoethanol (47). Given
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active site is colored in orange, and residues being substituted are shown in red. MD, molecular dynamics; Nsp, nonstructural protein.
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this, we speculated that Cys291 and Cys293 might be under-
going split IPA-3 modification (half of the structure), which
would also explain the corresponding peak shift. Moreover, as
these residues are adjacent to Lys290 and Ser294, two key
active site residues involved in catalysis (19, 20), we investi-
gated what effects their modification might have on Nspl5
enzyme activity. We generated C291A/C293A and C291W/
C293W mutant proteins and found that substitution of these
Cys residues with Ala reduced enzyme activity, and that
replacement with Trp residues, which sterically mimic the
bulky diphenyl of the split IPA-3 modification, inactivated the
enzyme (Fig. 40}). We analyzed the mutant proteins using size-
exclusion chromatography. As shown in Fig 512, we found
that the wildtype protein and both mutants yielded single
peaks at similar elution volumes (48). While global changes in
structure and hexamerization cannot be fully ruled out as a
possible explanation for the loss of activity of the mutants,
molecular dynamics (MD) simulations comparing the struc-
ture of wildtype Nspl5 (20) to that of a computationally
modeled C291W/C293%W mutant protein revealed that the
bulky residues likely cause a distortion of the active site. This
could lead to impaired substrate binding or improper posi-
tioning within the catalytic core (Fig. 4E). Together, these data
indicate that IPA-3 inhibits Nspl5 activity irreversibly through
covalent modification of Cys residues, and that Cys291 and
Cys293 are likely implicated in the mechanism of inhibition.
We attempted to cocrystallize the reversible inhibitors with
Nsp15 to gain deeper insight into their mechanisms, While we
were able to generate a novel structure of an Nspl5-H250A
catalytic mutant protein (26) (Figs. 1B and 513), we were un-
able to obtain structures for the Nspl5—inhibitor complexes.
Therefore, we used molecular modeling and MD simulation
studies as an alternative strategy. In addition to the previously
reported active site (20), we identified a deeper allosteric
binding site on the surface of the enzyme that could mediate
interactions with the noncompetitive inhibitors (Fig. 54).
Several residues within this pocket including Tyr279 have
previously been implicated in chemical interactions with
Exebryl-1 (5) and other Nspl5 inhibitors (32). Initially, we
docked the four reversible inhibitors into both the active and
allosteric sites in order to determine their differential affinity
for each site. Subsequently, Nspl5-inhibitor complexes were
subjected to a 150 ns MD simulation in order to investigate the
binding dynamics and free energies of each inhibitor in both
active and allosteric sites. In agreement with our experimental
data, the MMPBSA binding affinity of the competitive inhib-
itor CID5220994 was higher in the active site compared with
the allosteric site (Fig. 5B). Interestingly, the mixed inhibitors
(CID5266986 and CID5675221) exhibited affinity for both
binding sites, although the affinity for the allosteric site was
significantly higher (Fig. 5B). Unfortunately, we were unable to
model hexachlorophene binding because of its chlorine atoms
interfering with the total simulation system charges. Binding
modes of CID5675221 into the active site and allosteric site are
shown in Figure 5, C and D, with the resulting active site
distortion highlighted in Figure 5E. Depictions of the binding
modes of CID5220994 and CID5266986 are presented in
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Fig. 514. Collectively, these data provide a theoretical basis for
the kinetic mechanisms of the lead compounds and provide
structural insight into how these molecules may be inhibiting
Nspl5 activity.

Assay of ability of lead compounds to suppress SARS-Col/-2
replication in cells

To translate our findings to cells, we first evaluated the
toxicity of the five lead compounds using a luminescent ATP-
based cell viability assay (CellTiter-Glo) in Vero CCL-81 cells.
These are monkey kidney cells that have previously been used
as a model for SARS-CoV-2 infection (49). CID5675221 had a
very high CCsp value (=240 pM), whereas CID522099%4,
CID5266986, hexachlorophene, and IPA-3 were moderately
toxic to cells at higher doses, with CCsp values ranging from
~15 to 42 pM (Fig. 515). Next, we used a plaque assay to test
the ability of these compounds to inhibit production of in-
fectious SARS-CoV-2 virions at subtoxic concentrations;
remdesivir was used as a positive control As shown in
Figure 6A4, CID5675221, hexachlorophene, IPA-3, and the
positive control significantly reduced viral titers, whereas the
effects of CID5220994 and CID5266986 were not statistically
different from the control.

To establish the approximate selectivity indexes for the
three bioactive compounds, we performed dose titrations and
measured their inhibitory effects on viral replication and cell
viability in parallel. Cellular [Cs;, values were ~20 pM, ~1 pM,
and 10 pM for CID5675221, hexachlorophene, and IPA-3,
respectively (Fig. 6, B-D), mirroring our i vitro results
(Fig. 3, C—E). Using these data in combination with the cyto-
toxicity measurements (Fig. 6, B-D), we determined the
selectivity index of the small molecules to be CID5675221
~15, hexachlorophene ~16, and IPA-3 ~5. Finally, as com-
plementary assays for assessing virus replication and infection,
respectively, we measured intracellular SARS-CoV-2 RNA
using quantitative RT-PCR and assessed levels of the viral
spike protein in cells using immunofluorescence in the
absence or the presence of each compound. We found that all
three compounds significantly reduced viral RNA in a dose-
dependent manner (Fig. 6, E-G) and decreased the presence
of viral spike proteins in Vero CCL-81 cells (Fig. 516). These
findings establish several new Nspl5 inhibitors that actively
inhibit SARS-CoV -2 replication in cells at nontoxic doses.

Selectivity of inhibitors against Nsp15 homologs and
unrelated proteins

Nspl5 from SARS-CoV-2 is highly similar to homologs
from SARS-CoV-1 and Middle East respiratory syndrome
(MERS) (Fig. 517), displaying amino acid identity of 88% and
51%, respectively (20). Based on this, we wondered if our lead
inhibitors might also be effective in inhibiting these related
enzymes. We tested the ability of the five lead compounds to
inhibit the Nspl5 homologs from these viruses at two doses
corresponding roughly to the SARS-CoV-2 ICy, and IC)y,
values. In agreement with our hypothesis, we found that the
effects of the compounds on Nspl5 from SARS-CoV-1 were
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and molecular modeling of several lead Nsp15 inhibitors. A, protein structures showing the Nsp15 catalytic (active) site

colored in orange and the identified allosteric site colored in green. B, free energy of binding for select inhibitors in the active or allostedc pockets. Binding
mode of the mixed inhibitor Q105675221 inside the (C) catalytic pocket or (D) allostedc pocket of Nsp15 after 150 ns of MD simulation. Hydrogen bonds and
hydrophobic contacts are shown using dashed blue and red lines, respectively. £, diagram highlighting the active site distortion caused by binding of
CID5675221 into the allosteric site. MD, molecular dynamics; Nsp, nonstructural protein.,

virtually equivalent to those observed with the SARS-CoV-2
enzyme, with the exception of hexachlorophene, which was
less potent (Fig. 5184). We also observed some degree of in-
hibition of MERS Nspl5 by all lead compounds, albeit with
reduced potency. This was especially evident for CID5220994
and CID5266986, and to some extent [PA-3, which displayed
only modest effects (Fig. S18B8). We next tested if these com-
pounds could inhibit the activity of RN Ase A, a more distantly
related RNA endonuclease that uses a similar catalytic mech-
anism. As shown in Fig 518C, we did not observe any inhi-
bition of this enzyme by the compounds. Finally, we tested the
effects of the lead compounds on a completely unrelated
enzyme, the NAD-dependent lysine deacetylase SIRT1 (40). As
anticipated, none of the compounds inhibited SIRT1 enzy-
matic activity (Fig. 518D). In sum, these data show that
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CID5220994, CID5266986, CID5675221, hexachlorophene,
and IPA-3 are able to selectively inhibit Nsp15 homologs from
multiple coronaviruses without altering the activity of other
RNA endonucleases and unrelated enzymes.

Discussion

Outbreaks of SARS-CoV-2 around the world continue, and
there remains a need to develop new therapeutics to ensure
that treatments against evolved variants are available (1). From
a screen of over 100,000 small molecules, we identified five
promising lead compounds that inhibit Nspl5 activity in a
native substrate assay in vitro (Fig. 2). Three of these, hexa-
chlorophene, [PA-3, and CID5675221, were effective in
blocking SARS-CoV-2 viral replication in cells (Fig. 6). The
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results of this study add to the growing body of evidence (5, 32}
that suggests fully optimized Nsp15 inhibitors could 1 day be
employed as alternative or complementary therapeutics to
current state-of-the-art COVID-19 drugs.

Lipinski's rule of 5 is a classic predictor of how suitable a
molecule may be as a drug (50). This theory states that a drug-
like molecule should (1) have no more than five hydrogen
bonds, (2) have no more than ten hydrogen bond acceptors, (3)
have a molecular weight of <500 Da, and (4) have a lip-
ophilicity (LogP) value of <5 (50). As shown in Fig. 519, our
five lead compounds fulfilled all these criteria, with the
exception of hexachlorophene, which had a larger LogP value
of 7.25. However, our empirical data identified several prop-
erties of these first-generation inhibitors that would need to be
revamped to realize their therapeutic potential. For example,
both CID5220994 and CID5266986, the two weakest in-
hibitors, caused toxicity in cells at concentrations close to their
in vitro ICsy values (Figs. 3, 6 and 515). Interestingly,
CID5266986 bears striking structural similarity to Exebryl-1, a
compound currently in clinical trials for the treatment of
Alzheimer's disease that was recently characterized as a mixed
inhibitor of Nspl5 (5).

Hexachlorophene (Mabac) has a long history of use as a
biocide in toothpaste, soaps, and topical treatments, although it
has recently been removed from many nonprescription products
because of concerns over neurotoxicity (51). Its antimicrobial
activity results from its ability to inhibit the membrane-bound
part of the electron transport chain, leading to inhibition of
respiration and cell leakage (52). In addition, it inhibits a broad
range of different enzymes, including phosphatases such as
SHP2 (53), adenylyl cyclases (54), and sucdnate dehydrogenase
(55). Our data show that hexachlorophene also potently inhibits
the Nspl5 enzyme and blocks SARS-CoV -2 viral replication in
cells with an ICsp of ~1 to 2 pM (Figs. 3 and 6). While we are
the first to report inhibition of Nspl5 by this compound, several
past studies have implicated hexachlorophene in related antiviral
activity. For example, a previous publication showed that
hexachlorophene abrogated SARS-CoV-2 replication in Vero
cells (56). Moreover, a separate publication characterized
hexachlorophene as a competitive inhibitor of the 3CL protease
from SARS-CoV-1 (57). While its promiscuity, toxicity, and
chemical properties preclude it from being used systemically,
our findings suggest that hexachlorophene could be a promising
additive to topical formulations aimed at redudng the spread of
COVID-19 viz hand and skin sanitization. For example, the
prescription skin cleaner pHisoHex contains a 3% w/w emulsion
of hexachlorophene, which corresponds to a concentration of
73.7 mM (58). While topical agents using this dose carry some
risk because of absorption and toxicity (51), our results indicate
that a dose ~ 10,000 times lower (Fig. 6) would be sufficient to
block SARS-CoV-2 replication.

SARS-CoV-2 Nspl5 contains five cysteine residues (Cys103,
Cys117, Cys291, Cys293, and Cys334) that have been impli-
cated in subunit oligomerization (59) and interactions with the
RNA substrate (47). Our finding that IPA-3 inhibits Nspl5
activity through potential covalent modification of cysteines is
supported by previous work demonstrating the same mode of
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action against the Pakl kinase (60). While there is a ~16 to
18 Da discrepancy between the sum of the masses of Nspl5
and IPA-3 (42,257 Da) and the experimentally determined
mass for the main Nspl5-IPA-3 adduct (42,240 Da), this could
be explained by the loss of one hydroxyl group on IPA-3,
alone, or in combination with the loss of reduced cysteine
hydrogens on the protein during covalent reaction. However,
further investigation is needed to elucidate the exact chemistry
of the reaction. Our assertion that Cys291 and Cys293 (Fig. 4)
play a crucial role in this process is supported by a previous
cryo-EM study that designated these residues as reactive (47).
Moreover, modeling from this study indicated that Cys291
may participate in substrate interactions in the postcleavage
state of the enzyme (47). Our independent docking and
simulation studies show that modification of these residues by
bulky aromatic groups, such as those found within IPA-3,
causes a distortion in the active site that may impair sub-
strate positioning and/or release (Fig. 4E). This finding was
confirmed experimentally by our mutation studies showing
that substitution of these residues with tryptophan results in a
loss of enzyme activity (Fig. 4D). Finally, the fact that [PA-3
inhibits Nspl5 from SARS-CoV-1 and SARS-CoV-2 with
equal potency, but shows reduced effect on the MERS ho-
molog (Fig. 518), could be explained on the basis of the con-
servation of both Cys291/Cys293 amongst the SARS viruses
but only Cys293 in MERS (Fig. 517).

[PA-3 has previously been characterized as an isoform-
selective non-ATP competitive inhibitor of the p21-activated
kinase Pakl, and it is currently being investigated as a poten-
tial anticancer drug (35, 60). While initial reports showed that
[PA-3 did not react with surface-exposed cysteines on Pakl
(35), later reports demonstrated its mechanism of inhibition to
be covalent modification of the protein regulatory domain
(45). Covalent inhibitors bind to targets in two distinct steps:
(1) equilibrium bond formation or reversible interaction and
(2) covalent bond formation or irreversible interaction (61).
Despite previously being classified as PAIN molecules (62),
modern covalent inhibitors are emerging with advantages over
traditional mechanistic inhibitors, including increased po-
tency, the ability to target shallow binding sites, and defense
against drug resistance (61). In fact, the recently approved
COVID-19 drug paxlovid acts through reversible covalent in-
hibition of the 3CL protease (63). Although IPA-3 inhibits
multiple enzymes and is not specific for Nspl5 (35), medicinal
chemistry work could be performed to refine its binding
selectivity. Moreover, the novel mechanism of covalent inhi-
bition of Nsp15 involving Cys291/293 discovered in this study
could be exploited to develop new rationally designed Nspl5
inhibitors.

CID5675221 is a novel compound based on a rhodanine
scaffold, which is found in drugs such as the aldose reductase
inhibitor epalrestat (64). This small molecule demonstrated
efficacy against SARS-CoV-2 with an ICs; of <20 pM and was
the least toxic of any lead hit in our study (Figs. 6 and 515).
Our kinetic experiments revealed that this compound had an
apparent mixed mode of inhibition (Fig. 59). However, our
structural studies suggest a primarily noncompetitive
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mechanism of inhibition for CID5675221, stemming from the
formation of multiple hydrogen bonds with residues located in
the N-terminal allosteric pocket, including Tyr279, Asn200,
Ser274, and Asn273 (Fig. 5, D and E). We observed that
binding of CID5675221 to the allosteric site distorts GIn347,
an essential residue of the Nspl5 catalytic site (Fig. 5, D and E).
More precisely, CID5675221 exerts structural strain on
GIn347, shortening the distance between it and Val292 from
166 to 48 A, causing closure of one side of the catalytic site
(Fig. 5E). While we speculate that CID5675221-mediated
Nspl5 inhibition is caused mostly by binding to the allo-
steric and not the active site, our observations during the MD
simulation do account for mixed inhibitory effects (Fig. 5).

Based on this model, several refinements to the chemical
structure of CID5675221 can be proposed. Foremost, we
propose eliminating the nitro group from the molecule, as this
moiety has classically been considered a toxicophore by me-
dicinal chemists (65). Our in silico model indicates that bio-
isosteric replacement of this group with a carboxylic acid
would not alter molecular stability or affinity of the inhibitor
for the allosteric pocket. In addition, we hypothesize that
introduction of a hydroxyl group to the ortho position of the
benzene ring, resulting in a hydrogen bond gain, would impose
additional strain on Tyr279 and Gln347. While these modifi-
cations are only based on preliminary structural studies, we
speculate that CID5675221 is an attractive lead hit for further
development using medicinal chemistry approaches.

Overall, this study identifies a set of five lead inhibitors for
SARS-CoV-2 Nspl5, a promising coronavirus drug target (29),
that operate through diverse reversible and irreversible (co-
valent) mechanisms. We propose that derivatization of these
molecules through chemistry, supported by additional crys-
tallographic studies, and/or rational design of new molecules
that harness the mechanisms described in this work, could lead
to second-generation inhibitors with improved potency and
drug-like properties. As many of these scaffolds are active
against Nspl5 variants from other coronaviruses (Fig. 518),
optimized Nspl5 inhibitor therapeutics would be useful not
only for the treatment of COVID-19 but also infections from
SARS-CoV-1, MERS, and related coronaviruses that are
known or yet to be discovered.

Experimental procedures
Constructs and cloning

The sequence encoding wildtype SARS-CoV-2 Nspl5 pro-
tein (Protein Data Bank [PDB] ID: 6VWW) (20) was codon
optimized for bacterial expression and purchased as a custom
gene synthesis plasmid from IDT (Table 51). This sequence
was PCR amplified using primers found in Table 52 and
inserted into a pET-based wvector (derived from pC013;
Addgene #90097) using the NEBuilder HiFi DNA assembly
cloning kit (NEB), according to the manufacturer's in-
structions. The resulting construct was verified by Sanger
sequencing using T7 primers (Table 52). The AQ-28
A336-347 Nspl5 mutant construct was prepared in a similar
fashion using its specific primers (Table 52). To prepare the
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Nspl5 H250A, C291A/C293A, and C291W/C293W mutants,
Q5 site-directed mutagenesis (NEB) was performed on the
wildtype Nspl5 construct using the primer sequences included
in Table 52, as per the manufacturer’s instructions. Sequences
corresponding to SARS-CoV-1 Nspl5 and MERS Nspl5 were
ordered as bacterial codon-optimized gBlocks from IDT (se-
quences in Table 51) and were cloned into the BamHI and
HindlIl restriction sites of a pET-28B(+) plasmid. All plasmids
were validated by sequencing

Nsp15 protein purification

Wildtype and mutant Nspl5 proteins were purified as pre-
viously described (20), with several modifications. Briefly,
BL21(DE3)pLYsS cells were transformed with plasmids
encoding Nspl5. Starter cultures were grown overnight
(~16 h) at 37 °C with 5 ml of LB broth in the presence of
50 pg/ml carbenicillin. About 1 ml of this culture was then used
to inoculate 2 | of LB—carbenicillin, and this culture was grown
as above until an absorbance of 0.6 at 600 nm was reached.
Following this, IPTG was added to a final concentration of
1 mM, and the culture was incubated at 18 *C overnight. Cells
were pelleted by centrifugation at 3500g for 15 min and
resuspended in lysis buffer (20 mM Tris-Cl, pH 7.5, 250 mM
NaCl, 5 mM imidazole, pH 8.0) supplemented with Roche
Complete Ultra protease inhibitor (Sigma) and 0.1 M PMSF.
The mixture was incubated on ice for 30 min before being
sonicated (15 s pulse-on and 59 s pulse-off for a total of 15 min
at 55% amplitude). Cellular debris was pelleted by centrifuging
at 28,000g for 1 h. Next, the lysate was collected and subjected
to filtering through a 045 pM podlyvinylidene difluoride
membrane. The filtered lysate was loaded onto a 1 ml HisTrap
HP column (Sigma) and purified using an AKTA Start System
(Cytiva). The column was washed with buffer (20 mM Tris-Cl,
pH 80, 250 mM NaCl, 10 mM imidazole, pH 80) until UV
baseline was reached and subsequently eluted in gradient
fashion. The final elution buffer was comprised of 20 mM Tris—
Cl, pH 8.0, 250 mM NaCl, 250 mM imidazole, pH 8.0. Pooled
protein fractions were concentrated with a Pierce Protein
concentrator 10K (Thermo). During concentration, the buffer
was exchanged with 20 mM 30 Hepes-KOH, pH 7.5, 500 mM
NaCl, 1 mM DTT, and 10% glycerol. Concentrated protein was
aliquoted and stored at -80 *C until usage. Protein concen-
tration was measured using the DTT-resistant Pierce 660 nM
Protein BCA Assay kit (Thermo).

Nsp15 FRET-based activity assay

We adapted a previously described FRET-based assay,
which employs a uracil-containing RNA substrate that is
flanked by fluorophore and quencher moieties (21). Sequences
for the substrates are listed in Table 53. Reactions were set up
in black 96-well flat-bottom polystyrene plates (Corning) in
60 pl volume of reaction buffer (25 mM Hepes, 50 mM NaCl,
5 mM MnCl, and 1 mM DTT) and contained 1 ng/pl Nsp15
and 1 pM substrate unless otherwise stated. Where applicable,
compounds were dissolved in DMSO and subsequently added
to the reaction (DMSO concentration was kept to less than
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1%). Reactions were incubated at 37 °C for the indicated times
and read at excitation /emission wavelengths of 490/520 nm for
FAM or 645/670 nm for Cy5 using a SpectraMax i3x spec-
trophotometer (Molecular Devices).

HTS

Screening was performed at the High Content Analysis Core
facility at the University of Alberta and at the Biofactorial High
Throughput Biology Facility at the University of British
Columbia. The library of compounds screened was comprised
of roughly 30,000 compounds from the Canadian Chemical
Biology Network collection, 1280 from LOPAC, 3040 from the
TimTec collection, 50,000 from the ChemBridge DIVERSet
collection, and 24,000 ChemPBridge compounds from the
GlycoNet collection. Compound overlap between the collec-
tions was < (.1%. Reagents were distributed into 384-well black
flat bottom plates (Greiner) using either a JANUS 384-well
liquid handling system (PerkinElmer) or an Echo525 acoustic
dispenser (Beckman Coulter) contained in a Labeyte Access
Workstation. The reaction setup was similar to that described
previously, in which the final concentration of Nspl5 was 1 ng/
pl and that of RNA was 0.5 pM. The reaction volume was
20 pl. Sequences for the positive control, RNAZ, and Cy5 RNA
substrates are listed in Table 53. Compounds were dissolved in
DMS0O and screened at a final concentration of roughly
10 pM. DMSO without any inhibitors was used as a negative
control, and either 100 pM of benzopurpurin B or a reaction
without Nspl5 was used as a positive control. Readings were
taken at excitation/emission wavelengths of 490/520 nm for
FAM or 645/670 nm for Cy5. Read 1 measured auto-
fluorescence in a reaction mixture containing buffer, Nspl5,
and compound. Subsequently, RNA substrate was added, and
following incubation at 37 °C in a humidified incubator for
20 min, the reaction was stopped by addition of 100 mM
EDTA and read 2 was performed. After the addition of 1 pM of
positive control FAM-RNA (Table 53) to the reaction, read 3
was taken to test for potential quenching. Percent inhibition
values were calculated as follows: (read 2 - read 1)/average
negative control. Compounds that were found to quench the
positive control by >50% in read 3 were excluded from further
analysis.

Amplex Red assay

Redox reactivity of the lead compounds was assessed using
the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit
(Invitrogen), according to the manufacturer’s instructions.
Briefly, test compounds were diluted in assay buffer to a final
concentration of 100 pM in the presence of the indicated
concentrations of DTT in 96-well plates, Hydrogen peroxide at
a concentration of 10 pM was used as a positive control. The
reaction was started by addition of 02 U/ml horseradish
peroxidase and 50 pM final concentration of Amplex Red re-
agent. The reaction was incubated in the dark for 15 min at
room temperature. Plates were read using a SpectraMax i3x
spectrophotometer at excitation and emission wavelengths of
560 nm and 590 nm, respectively.
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Nsp15 native RNA cleavage assay

The native RNA cleavage assays employed a 31 nucleotide
int) ssRNA (IDT and Biosynthesis) with the sequence
5'-rATATAr ArTATATATAr ArTATATATATATATATATATAT AT UrAt-
ArATArArArArArArA-3, whose cleavage at the “rU” site re-
sults in 21 nt and 10 nt fragments. The reaction was set up ina
10 pl volume containing a final concentration of 7.5 ng/ul
Nspl5 and 250 ng of RNA in assay buffer (25 mM Hepes,
50 mM NaCl, 5 mM MnCl,, and 1 mM DTT) and allowed to
run for the indicated time. Prior to gel loading, samples were
prepared with 2x formamide-based RNA loading dye (NEB)
and were boiled at 95 *C for 5 min. Samples were electro-
phoresed on a denaturing 15% Mini-Protean TBE-UREA
polyacrylamide gel (Bio-Rad) at 200 V for ~40 min at room
temperature. Gels were stained with SYBR Gold (Thermo
Fisher) for 20 min and imaged at Cy3 fluorescent channels
(520/605 nm excitation/emission) with an Amersham Imager
680 (Cytiva).

DLS

DLS was performed with a solution containing 1 mg/ml of
wildtype Nspl5 in storage buffer (50 mM Hepes [pH 8],
150 mM NaCl, and 1 mM Tris(2-carboxyethyl)phosphine
along with a 1% DMSO), in the absence or the presence of the
indicated compounds. Compounds were tested at a concen-
tration of fivefold excess compared with protein, with a
consistent 1% DMSO concentration. The solutions were spun
down and subjected to analysis using a Zetasizer Ultra Red
(Malvern Panalytical) instrument in reusable 50 pl cuvettes.
Measurements were performed using a He—Ne laser emitting
at 633 nm, at a scattering angle of 9, at a temperature of
25 °C, and with a laser power of 10 mW. Samples were
analyzed in three cycles, and the correlation function graphs
were averaged. The particle’s hydrodynamic diameter was
derived from the correlation function using Z5 Xplorer soft-
ware (Malvern Panalytical, version 1.0).

Fluorescence polarization assay

Inreasing concentrations of Nspl5 protein or inhibitor were
titrated against a constant concentration of RNA substrate. A
labeled RNA substrate (20 nM) was used in a reaction volume
of 20 pl and dispensed in OptiPlate 384 F black microplates
(PerkinElmer) after a 10 min incubation. 6-FAM fluorescence
was excited at 480 nm, and its emission was measured at
535 nm using an EnVision 2103 Multilabel Plate Reader (Per-
kinElmer, Inc). The change in polarization was plotted against
the logarithmic concentration of the protein or inhibitor.

MALDI-TOF mass spectroscopy

About 20 mg/ml of wildtype Nspl5 protein was pre-
incubated overnight in the absence or the presence of a five-
fold molar excess of each compound. Samples were diluted 10-
fold (50% acetonitrile/water + 0.1% trifluoroacetic acid), and 1
pl of each was then mixed with 1 pl of sinapinic acid (10 mg/
ml in 50% acetonitrile/water + 0.1% trifluoroacetic acid). The
sample-matrix solutions were spotted onto a stainless-steel
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target plate and allowed to air dry. Mass spectra were acquired
using an Autoflex Speed MALDI-TOF mass spectrometer
(Bruker Daltonik) with a Smartbeam-II laser at a frequency of
2 KHz. lons were analyzed in positive mode, and external
calibration was performed using a standard protein mixture,

LC-M5/M5 mapping of modified peptides

Samples of recombinant Nspl5 protein (10 pg) were incu-
bated in a buffer solution (25 mM Hepes/pH 7.5 with 50 mM
NaCl, 5 mM MnCl,, 0.1 mM DTT) in the absence or the
presence of 67 pM IPA-3 for periods of either 4 h or 16 h, at
25 °C or 4 °C, respectively. Subsequently, samples were pre-
pared for LC-MS/MS analysis. Samples were dissolved in
100 mM ammonium bicarbonate, reduced (DTT), alkylated
(iodoacetamide), and subjected to digestion with trypsin
(Promega sequencing grade) overnight at 37 *C. The pH of the
samples was then adjusted to 3 to 4 with formic acid, and they
were dried, dissolved in water + 0.2% formic acid, and desalted
(Pierce C18 tips). The tryptic peptides were resolved and
ionized by using nano flow HPLC (Easy-nLC 1000; Thermo
Scientific) coupled to a Q Exactive orbitrap mass spectrometer
(Thermo Scientific) with an EASY-Spray capillary HPLC col-
umn (catalog no.: ES902; Thermo Scientific). The mass spec-
trometer was operated in data-dependent acquisition mode,
recording high-accuracy and high-resolution survey orbitrap
spectra using external mass calibration, with a resolution of
35,000 and an mi/z range of 300 to 1700. The 12 most intense
multiply charged ions were sequentially fragmented by using
high-emergy collisional dissociation, and spectra of their
fragments were recorded in the orbitrap at a resolution of
17,500.

X-ray crystallography

Crystals of the Nspl5 H250A mutant protein were grown by
sitting drop vapor diffusion with a reservoir solution con-
taining 0.2 M calcium acetate, 0.1 M imidazole, HCI (pH 8),
and 10% (w/v) PEG 8000. Diffraction data were collected on a
home source rotating anode, and indexed, integrated, and
scaled using HEKL2000 (HKL Research Inc). Molecular
replacement was carried out using PHASER (search model
PDB ID: &VWY (https://wwwrcsb.org/structure/6V W),
chain A). Data quality assessment was carried out using
Xtriage (Phenix). Twinning was detected (Twin law: h, -h-k
and -1}, and the twinning law was applied in further refinement
steps. Refinement in PHENIX utilized automated non-
crystallographic symmetry and reference model restraints
throughout, with the latter being removed for the final
refinement round.

Molecular modeling

The crystal structure of Nspl5 was obtained from the PDB
(PDB ID: 6WXC) (20), and Schrodinger's Mastro and EPIK
(66) were used to prepare the protein structure by removing
chain B, followed by a short minimization, addition of missing
side chains, and equilibration of the protonated group to the
biological pH (7.0). The SiteMap module of Schrodinger (67)
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was used to detect binding sites on the surface of Nspl5
protein. The 3D structures of the inhibitors were prepared for
docking using the UCSF CHIMERA, V1.10.2 dock prep tool in
the framework of the AMBER99SB force field (68). Using
AutoDock Vina (69), all the compounds were docked into the
two identified binding pockets with a grid box of 40 x 40 x 40
and a spacing of 0.375 A. A total of 12 docking runs were
performed with exhaustiveness of 40 for each inhibitor. Prior
to doing the molecular dynamic simulation on the enzyme-
inhibitor complexes, an MD simulation on the apoprotein
was performed using the GROMACS 2021 package (70).
TIP3P water models were utilized to solvate the protein with a
1 nm marginal cushion on each side. The box was then
neutralized using NaCl, and the system was minimized using
the AMBERS9SBOILDN force field. The system was heated to
300 K and equilibrated for 500 ps using the Berendsen Ther-
mostat. Using the isothermal-isobaric ensemble at 1 bar with
the Parrinello-Rahman barostat, an additional equilibration
was also performed. A 150 ns production run was performed
using the periodic boundary condition. The Lenard-Jones, the
Coulomb (cutoff = 1.0 nm), and the particle mesh Ewald were
used to calculate the Van Der Waals and electrostatic in-
teractions. The enzyme-inhibitor complexes were analyzed
using the same conditions. The AnteChamber Python Parser
interfacE (71) was used for ligand parameterization. All the
data were plotted using Schrodinger's PyMOL package and
ChimeraX (72). The free energy of interaction between each
inhibitor and Nsp15 was calculated using the gmx_MMPBSA
tool (73). The C291%W/C293W mutant protein structure was
generated and prepared using Schrodinger's Maestro. MD
simulation for this protein was performed as described previ-
ously, and snapshots were taken every 75 ns for structural
comparison, assessment, and analysis.

Vero CCL-81 cell culture

Cells were obtained from American Type Culture Collec-
tion and were previously authenticated and shown to be
negative for mycoplasma at the time of purchase. Cells were
maintained in high glucose Dulbecco’s modified Eagle's me-
dium (Thermo Fisher) supplemented with 10% fetal bovine
serum, Canadian origin (Sigma), and 1x penicillin—strepto-
mycin—glutamine (Thermo), and grown in a 37 *C humidified
incubator with 5% CO,.

Cell cytotoxicity assay

Vero CCL-81 cells were seeded in 96-well plates
(Greiner) at 10,000 cells per well overnight before com-
pounds were added to wells at the indicated concentrations
alongside a DMS0O control. Twenty-four hours later, cell
viability was assayed using the CellTiter-Glo Luminescent
Cell Viability Assay (Promega), according to the manufac-
turer's instructions. Briefly, this assay relies on the quan-
tification of ATP using a proprietary Ultra-Glo Luciferase
that converts luciferin to luminescent oxyhiciferin in the
presence of ATP. Cells were incubated in 100 pl of com-
plete media with 100 pl of reconstituted CellTiter-Glo
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Reagent (buffer plus substrate). Samples were mixed by
shaking for 10 min, and then luminescence was measured
using a Spectramax i3x (Molecular Devices) device. Data
from experimental wells were normalized to the appro-
priate DMSO control.

SARS-CoV-2 sourcing and propagation

The Canadian clinical isolate of SARS-CoV-2 72B/CA/
CALG (74) was propagated at the biosafety level 3 laboratory
at the University of Alberta in Vero-E6 cells {American Type
Culture Collection), grown in Dulbecco's modified Eagle's
medium supplemented with 3% fetal bovine serum, 15 mM
Hepes, 1x L-glutamine, and penicillin—streptomycin. All ex-
periments using live virus were carried out at this facility, in

accordance with approved protocols.

SARS-CoV-2 plaque assay

SARS-CoV-2 supernatant samples were serially diluted (10-
fold dilutions) in fresh media and used to infect monolayers of
1 x 10F Vero-CCL-81 cells in 24-well plates (Greiner) for 1 h.
Subsequently, viral supernatants were removed, and cell
monolayers were overlaid with a mixture of MEM (Thermo
Fisher Scientific) and 075 to 1.5% carboxymethylcellulose
(Sigma— Aldrich). Cells were maintained at 37 °C for 3 days to
allow plaque development to occur. Before plaque counting,
cells were fixed with 10% formaldehyde and stained with 1%
crystal violet in 20% ethanol.

Assessment of SARS-CoV-2 RNA levels following drug
treatment

Vero CCL-81 cells were seeded in 96-well plates (Greiner) at
1 x 10" cells per well. The next day, cells were rinsed once with
PBS, and SARS-CoV-2 at a multiplicity of infection of 0.1 was
added to the wells using fresh media supplemented with 10%
fetal bovine serum containing either DMSO or inhibitors, The
cells were then incubated at 37 °C for 24 h. Next, following
removal of the supernatant, total RNA from Vero CCL-81 cells
was extracted using the NucleoSpin RNA kit (Macherey-
Nagel), following the manufacturer's protocol. Total RNA was
reverse transcribed using 0.5 to 1 pg of total RNA and
ImProm-II Reverse Transcriptase (Promega), according to the
manufacturers protocol. Quantitative RT-PCR was per-
formed with PerfeCTa SYBR Green SuperMix (Quanta Bio-
Sciences) using a CFX96 Touch Real-Time PCR Detection
System (Bio-Rad). The cycling conditions were 45 cycles of
94 °C for 30 s, 55 °C for 60 5, and 68 *C for 20 s. Gene
expression (fold change) was calculated using the 9{-AACT)
method using human B-actin messenger RNA as the house-
keeping gene. The B-actin primers used for this analysis were
5-TGGATCAGCAAGCAGGAGTATG-3 and 5'-GCATTT
GCGGTGGACGAT-3. The SARS-CoV-2 spike primers were
5'-CAATGGTTTAACAGGCACAGG-3 and 5'-CTCAAGTG
TCTGTGGATCACG-3. Remdesivir (Medkoo) at 2.5 pM was
used as positive control in selected assays.
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Assessment of SARS-CoV-2 protein levels via
immunofiluorescence following drug treatment

Vero CCL-81 cells were grown overnight on coverslips at
1 x 10° cells per well in 12-well plates (Greiner). DM50 or
inhibitors were added to the cells in fresh media combined
with SARS-CoV-2 virus at a multiplicity of infection of 0.1.
After 24 h of incubation, coverslips were collected for staining
and imaging of viral antigens. The coverslips were fixed with
4% paraformaldehyde and permeabilized and blocked with a
Triton X-100 (0.2%)-bovine serum albumin (3%) solution.
Cells were incubated with a 1:250 dilution of mouse mono-
clonal anti-SARS-CoV/SARS-CoV-2 spike protein antibody
(1A9; GeneTex) at room temperature for 1.5 h. Next, they
were washed twice and then incubated with Alexa Fluor 647
secondary antimouse antibodies (Invitrogen), diluted at
1:1000, and 4 6-diamidino-2-phenylindole (1 pg/ml) was
added for 1 h at room temperature prior to being washed (two
times). Antibodies were diluted in blocking buffer, and PBS
containing 0.3% bovine serum albumin was used for the wash
steps. Samples were visualized using an Olympus 1 = 81
spinning-disk confocal microscope. Images were analyzed us-
ing Volocity (PerkinElmer) or Gen5 (BioTek) software.

Data analysis and software

GraphPad Prism (GraphPad Software, Inc) was used for
general plotting and statistics. Chemical structures were
generated using ChemDraw (ChemAxon), and chemical
properties (Fig. 519) were predicted using Percepta software
(ACD/Labs).

Quantification and statistical analysis

Mumbers of trial replicates and appropriate statistical
measures and tests are indicated in the figure captions.

Data availability

All data relating to this study are included in the article and
supporting information files. Inguiries relating to this study
and reagent requests should be directed to the corresponding
author, Dr Basil P. Hubbard (basil hubbard@utoronto.ca). All
new plasmid constructs generated from this project will be
made publicly available on Addgene ("http://www.addgene.
org"). Structural data corresponding to Nspl5-H250A have
been deposited in PDB (accession code: 8D34). Raw LC-MS/
MS data files have been deposited in the MassIVE repository
(“https://massiveucsdedu” and are freely available:
MSV000092541.
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Despite significant progress in understanding the path-
ogenesis of type 2 diabetes (T2D), the condition remains
difficult to manage. Hence, new therapeutic options tar-
geting unique mechanisms of action are required. We
have previously observed that elevated skeletal muscle
succinyl CoA:3-ketoacid CoA transferase (SCOT) activ-
ity, the rate-limiting enzyme of ketone oxidation, con-
tributes to the hyperglycemia characterizing obesity
and T2D. Moreover, we identified that the typical anti-
psychotic agent pimozide is a SCOT inhibitor that can
alleviate obesity-induced hyperglycemia. We now ex-
tend those observations here, using computer-assisted
in silico modeling and in vivo pharmacology studies that
highlight SCOT as a noncanonical target shared among
the diphenybutyipiperidine (DPBP) drug class, which in-
cludes penfluridol and fluspirilene. All three DPBPs tested
(pimozide, penfluridol, and fluspirilene) improved glycemia
in obese mice. While the canonical target of the DPBPs is
the dopamine 2 receptor, studies in obese mice demon-
strated that acute or chronic treatment with a structurally
unrelated antipsychotic dopamine 2 receptor antagonist,
lurasidone, was devoid of glucose-lowering actions. We
further observed that the DPBPs improved glycemia in
a SCOT-dependent manner in skeletal muscle, sug-
gesting that this older class of antipsychotic agents

may have utility in being repurposed for the treatment
of T2D.

It is imperative that new treatments continue to be devel-
oped for type 2 diabetes (T2D), as the majority of individ-
uals with T2D will eventually require multiple therapies
to control their glycemia (1,2). Recent observations have
demonstrated that high-fat diet (HFD)}-induced obesity in
mice increases the expression/activity of sucdnyl Cof:3-
ketoadd Cof transferase (SCOT) in skeletal musde, the
rate-limiting enzyme of ketone oxidation (3). It was deter-
mined that a muscle-spedfic knodkout (KO) of SCOT
(SCOTM***¥%) in mice improves glycemia in response to
experimental obesity, implying that this metabolic adapta-
tion may contribute to the pathology of obesity-induced
T2D. Intriguingly, it was demonstrated with in silico
modeling that pimozide, an antipsychotic drug from the
diphenylbutylpiperidine (DPBF) family, was a SCOT inhib-
itor. In vivo studies confirmed that pimozide inhibited
SCOT, while ra:a.pimlaﬁnuiﬂ:le glucose-lowering effect ob-
served in obese SCOT"™**® mice. Moreover, pimozide
failed to improve glycemia in obese SCOTM=%K0 mice,
confirming that its ability to improve glycemia de-
pended on SCOT inhibition and not its canonical anti-
psychotic actions where it primarily inhibits the
dopamine 2 (D) receptor (4).
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Pimoride and other members of the DPEP family, were
synthesized as D, receptor antagonists in the late 1960z to
treat schizophrenia and other mental disorders (5-7). Pimo-
dide is currently used to manage tics in Tourette syndrome,
as typical antipsychotic agents have been predominantly
supplanted by atypical antipsychotics (e.g, lurasidone) (8).
In relation to previous findings demonstrating that pimo-
dide improves glycemia in obesity through SCOT inhibition,
our aim was to determine whether the ability of pimozide
to inhibit SCOT is preserved among the DPBPs, which may
suggest new therapeutic utility in repurposing this drug
dass for the potential treatment of T2D.

RESEARCH DESIGN AND METHODS

An expanded version of our research design and methods
can be found in the Supplementary Material.

Animals

All animal procedures were approved by the institution's
health sciences animal welfare committee, with animals re-
ceiving care according to guidelines from the Canadian
Coundl on Animal Care. To induce experimental obesity,
8-weel-old male CS7BL/6] mice were fed either a low-fat
diet (LFD) {(D12450J; Research Diets) or an HFD (D12451;
Research Diets) for 12 weeks. Male mice were randomly as-
signed to receive dther vehicle control (com oil) or pimo-
dide, fluspirilene, or penfluridal (10 mg'kg once every
48 h) by oral gavage for 4 weeks. All animals were subjected
to intraperitoneal (IF) glicose tolerance tests (IPGTTs) and
IP insulin tolerance tests ([PITTs) at 2 and 3 weeks post-
treatment, respectively. At study completion, animals were
killed with euthanyl (12 mg), following which their tissues
were extracted and snap frozen in liquid nitrogen for stor-
age at —80°C.

Molecular Modeling

The DPBP structures were prepared in the framework of
the AMBERS9SB force field using the University of Califor-
nia, San Frandsco, Chimera Dock Prep toal (2). The docking
was performed using AutoDock Vina (10), followed by two
sets of molecular dynamics (MD) simulations, one for the
apo-SC0T (Protein Data Bank ID: 3DLY) and the other for
the SCOT-drug complex using GROMACS 2021 (11). The
system was neutralized to the physidogical salt concentra-
tion and the energy minimized using the AMBER99SB-
ILDN force fidd (12). The system was equilibrated to 1 bar
and heated to 300 K before performing the 40-ns produc
tion run for apo-SCOT and SCOT-drug complex using the
periodic boundary. Root mean square deviation (RMSD), li-
gand positional RMSD, root mean square fluctuation
(RMSF), and hydrogen bonding analyses were caloulated us-
ing GROMACS. All figures were generated using ChimeraX,
and Pymol and Drug Discovery Studio Visualizer were used
for protein-drug interaction analysis (13).
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Assessment of Glucose Homeostasis

After an overnight or 6-h fast, [PGTTs and IPITTs were
performed following administration of glicose (2 g/'kg) or
insulin (0.5 units/kg), respectively, with the Contour Next
blood glucose monitoring system (Bayer) used to assess
blood glicose levels sampled from tail vein whole blood.

SCOT Activity
Frozen tissues were homogenized in PBS (pH 7.2) with
protease inhibitors (Halt Protease Inhibitor Cocktail; Thermo
Fisher Scientific). The resulting lysate was centrifuged at
20,000g for 20 min at 4°C, and the supernatant was col-
lected for measuring the rate of acetoacetyl CoA forma-
tion as previously described (14).

Statistical Analysis

All values are presented as mean + SEM. Multiple groups
were compared using a one- or two-way ANOVA, followed
by Bonferroni post hoc analysis. Differences were consid-
ered significant when P < 0.05. GraphPad Prism 9 soft-
ware was used for all data analyses.

Data and Resource Availability
Al data associated with this study are available from the

corresponding author upon reasonable request.

RESULTS

DPBPs Analogously Bind and Inhibit SCOT

The binding modes of penfluridol and fluspirilene were
compared with that of pimozide with MD, followed by an
MD simulation to determine the stability and dynamics
of the DPBEP-enzyme complex. Analysis of the binding
modes revealed that all DPBEPs, analogous to pimozide,
promptly aligned and established a hydrogen bond with
two critical binding pocket residues, namely Lys368 and
Gly322 (Fig. 1A-D).

BMSD analysis revealed that these compounds did not
impose any significant distortion on the backbone of the
SCOT (Fig. 1E), and the three DPEPs were sufficiently sta-
ble inside the cxryanion pocket of SCOT during MD simula-
tion (Fig. 1F). The BMSF of the side chains analysis of the
drug-enzyme complex and apo-SCOT structure confirmed
the initial docking poses, indicating that the DPBPs under
investigation linger in contact with the residues mentioned
above throughout the MD simulation (Fig. 1G). Hydrogen
bond interactions were also computed throughout the MD
simulation, highlighting their importance in DPBP-SCOT
interactions (Fig. 1H).

We next used a cellfree assay system to quantify ace-
toacetyl CoA formation by recombinant SCOT in the pres-
ence of its endogenous substrates (Fig. 1I). Consistent
with our in silico model, all three DPEPs bind to SCOT
and reduce SCOT's ability to synthesize acetoacetyl CoA

(Fig. 1.7).
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Figure 1—DPEPs bind SCOT and inhibit its catalytic activity. A-D: The predicted binding modes of DPEPs in the oxyanion pocket of
SCOT. The X-ray crystal structure of human SCOT (Protein Data Bank 1D 3D0LX) was acquired, and DPBPs wene docked into its binding
pocket. The docked structunes’ homologouws binding modes and interacting residues of SCOT's catalytic pocket that confribute to pimo-
zide (4), penfluridol (B), and fluspirilena (C) binding are illustrated. D: The overaid structures of the DPEPs inside the oxyanion pocket of
SCOT. Hydrogen bonds are represented with green, «-w interactions with red, halogen bonds with cyan, and w-alkyl interactions with a
broken purple line. E-H: Analysis of the MD simulation of the SCOT-drug complexes. Backbone RMSD (E), ligand positional BMSD (F),
side chain BMSF of apo-3COT and SCOT-dmg complax with the DPEPs (G), and the number of lydrogen bond contacts of DPEPs with
SCOT's catalytic pocket during the length of the MD simulation (H) are shown. /: Schematic representation of the SCOT activity assay that
measures formation of acetoacetyl CoA. & SCOT activity recombinant enzymea) in the presence of DMSO0 (wehicle control) and the thres
DPEPs (300 nmal/L). Data are mean + SEM. Differences wera determined using a two-way ANOVA, followed by Bonferroni post hoc anal-
ysis. *P < 0.05 vs. vehicle control.

DPBP-Mediated SCOT Inhibition Reverses there was negligible impact on ad libitum/random-fed
Obesity-Induced Hyperglycemia B-OHE levels (Fig. 2E). The improvement in glycemia fol-
Male mice were subjected to experimental obesity through lowing an IPGTT previcusly observed with pimozide (3)
HFD supplementation (obese mice), whereas their lean was mirrored by penfluridol and fluspirilene (Fig. 20)
counterparts were provided an LFD (lean mice). Mice while associated with lower circulating insulin levels (Fig.
were treated with either vehide control, pimozide, pen- 2D). Conversely, treatment with all three DPEPs did not

fluridol, or fluspirilene (each at 10 mgkg every 48 h
through oral gavage) during the final 4 weeks (Fig. 24).
All three DPEPs elevated circulating B-hydroxybutyrate
(B-OHE) levels in response to an overnight fast, though 5

improve glycemia following an IPITT (Fig. 2E and F).
Treatment with the DPFEPs does not induce hypoglyce-
mia, as glucose profiles were unaffected following an

4[]E-’G'IT in lean mice (Supplementary Fig. 14 and E).
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Figure 2 —DPBEPs improve glucose homeostasis in obese male mice. A: Schematic representation of the experimental design to deter-
mine whether DPEPs impact glycemia in obesity. Eight-week-cld male C57BEL/G) mice wene fed either an HFD (obesa mice) or LFD (lean
mice) for 8 weeks before receiving pimozide, fluspiriene, and penfluridael (10 ma/Akg every 48 h) orally for 4 weeks (week 12). IPGTT was
performed at week 10, and IPITT was completed at week 11 before animal euthanasia and tissue collection at the end of the study (week
12). B: Circulating f-0OHE levels in obese mice in the fed and fasted state (16 h) after 2 weeks of treatment with the DPBEPs (n = 7-10).
C:IPGTT and its associated areas under the curve (ALICs) in obese mice. Obese mice wene fasted ovemight (16 h) befons IP administration
of glucosa (2 g/kg body weight). D: Plasma insulin levels before (0 min) and 30 min after IP glucese injection. E and F: IPITT (0.5 units/kg
body weight) and the cormesponding percentage drop in the blood glucose levels. G- Body composition analysis of the obese mice be-
fore and after 2 weeks of treatment with either vehicle control or the various DPEPs. Fat mass (G), lean mass (H), and body weight () wens
measured using quantitative nudear magnetic resonance relaxometry. J~L: Measurement of SCOT activity in the isolated tissues of the
obase mice treated with aither vehicle control or the three DPBPs. The amount of acetoacety] CoA produced by the endogenous SCOT in
the soleus muscle (J), gastroeonemius musde (K), and brain (L) of the DPBP-treated cbese mice is shown. Data are mean + SEM. Differ-
ences wene determined using either a one- or two-way ANOVA, followed by Bonferroni post hoc analysis. $P < 0.05 vs. wehicle control-
freated counterparts; #7 < 0.05 vs. the respective 0-min counterpart; *F < 0.05 vs. all other groups. Tx, treatment.
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DPBP administration in obese mice demonstrated no im-
pact on fat mass, lean mass, or body weight (Fig. 2G-I),
which was recapitulated in lean mice (Supplementary Fig
1C-E). Furthermore, all three DPBPs inhibited SCOT ac-
tivity in skeletal muscle and brain lysates collected at
study completion (Fig. 27-L).

DPBPs Exert Glucose Lowering Through Suppressing
Muscle and Brain SCOT Activity

Consistent with pimozide failing to improve glycemia in
obese SCOT"™**° mice (3) (Supplementary Fig. 24-C),
all three DPBPs failed to improve glicose tolerance in
obese SCOTM™4*C mice whereas they alleviated ghicose
intolerance in obese human a-skeletal actin-Cre (HSA™™)
mice (Fig. 3A-C). This improvement in glycemia for all
three DPBPs in obese HSA™ mice was assodated with
lower droulating insulin levels (Fig. 3D), while all three
DPEPs also incoeased droulating B-OHE levels following
an overnight fast (Fig. 3E).

Ketones are an essential fuel source for the brain during
pralonged periods of starvation (15), and brain energy me-
tabolism can regulate whole-body glucose homeostasis
(16,17). Thus, we generated bmin-specific SCOT KO
(SCOT™™ ™ %) mice that lack SCOT activity within the brain
(Supplementary Fig. 2D-F). Treatment of cbese nestin™
bittermates with all three DPEPs once again improved gh-
cose tolerance, whereas treatment with all three DPBEPs
failed to improve glucose tolerance in obese SC AinkD
mice (Fig. 3F-H). Although treatment with all three DFEPs
was still assodated with lower circulating insulin levels in
the cbese nestin™ mice, DPBP-treated cbese SCOT™*"*"
mice consistently had higher droulating insulin levels after
ghicose administration than their nestin™ mice counter-
parts (Fig. 3I). In addition, drculating B-OHB levels following
an overnight fast were elevated in the obese scoT "
mice or in response to treatment with the DPEPs in the
nestin™" littermates (Fig. 3.J).

D: Receptor Inhibition Is Dispensable for
DPBP-Mediated Glucose Lowering

To assess the potential contribution of the canonical actions
of DPBPs as D, receptor antagonists toward cur observa-
tions, we next treated obese mice with a single IP injection
of a structurally unrelated D- receptor antagonist, hirasi-
done (10 mg'kg) (18,19 (Fig 44). When compared to
treatment with pimozide, we observed that lurasidone had
no impact on droolating B-OHE levels and was unable to
improve glycemia during an IPGTT (Fig. 4B and (). In addi-
tion, lurasidone was devoid of actions to diminish SCOT
activity (Fig. 4D and E). Similarly, treatment of obese mice
with lurasidone (10 mg/kg) for 4 weeks yielded identical
findings to acute treatment whereby no change in ghicose
tolerance, drculating B-OHB levels, or SCOT activity was
ohserved (Fig. 4F-I).

Diabetes Volume 72, January 2023

DISCUSSION

In this study, we demomsirated that the D receptor antag-
onist DPEPs, originally developed to treat schizophrenia,
also inhibit SCOT activity and induce ghicose lowering in
ovemight-fasted obese mice. While this may not be repre-
sentative of obese individuals with T2D where improve-
ments in glycemia need to ideally be present throughout,
we have observed that pimozide also induces ghicose lower-
ing with short-term fasting and in the ad libitum state (3).
With the use of state-of-the-art in silico modeling techni-
ques, we show that the DPBPs tightly bind to the catalytic
pocket of SCOT to inhihit its enzymatic activity.

Our previous studies were limited because they did not
rule out a possible role for the canonical antipsychotic ac-
tions of pimozide as a D; receptor antagonist in mediating
ghicose lowering. We posited that the ghicose-lowering ac-
tions of pimozide and other DPBPs would be independent
of these actions, since glycemia was improved in mumerous
studies following D receptor activation (20-22). Further-
more, the partial D receptor agonist bromocriptine exhib-
its antthyperglycemic effects in people with T2D (23).
Monetheless, to mule out these actions, we treated mice
with a structurally unrelated antipsychotic agent that in-
hibits D receptors, hirasidone. We spedfically chose lurasi-
done as its distinct chemical structure should dictate that
it does not inhibit SCOT activity (24). The inability of hira-
sidone to improve glucose tolerance is consistent with cur
data illustrating that the DPEP-mediated alleviation of obe-
sity-induced hyperglycemia depends entirely on the ability
of the DPEPs to inhibit SCOT.

We observed some discrepandes compared with our pre-
vious findings with pimozide (3), in particular, treatment
with the DPBPs did not improve insulin tolerance in obese
mice, This may be explained by a reduced fasting period
(6 h) versus the overnight fast implemented in our previ-
ous study (3) and is consistent with our data following a
5-h fast, demonstrating that pimozide treatment does not
improve skeletal muscle insulin sensitivity in obese mice
during a hyperinsulinemic-euglycemic clamp. We posit
that noninsulin-mediated glucose disposal accounts for
DPBP-mediated glucose lowering. This may be attributed
to increased glucose oxidation in musde secondary to
stimulation of pyruvate dehydrogenase (PDH) activity, the
rate-limiting enzyme of glucose oxidation. Indeed, it has
been suggested that increased mitochondrial oxidation of
glucose is suffident to improve glycemia independent of
msulin signaling (25), and we did observe that DFEP
treatment of obese mice decreased PDH phosphorylation
(indicative of increased PDH activity) in gastromemius
muscle but not in the brain (Supplementary Fig. 34-C).

Omne of our surprising observations is that reductions in
brain SCOT activity may contribute to the ghicose-lowering
actions of the DPBPs. Although the glucose dearance pro-
files of obese SCOT™ ™ mice were comparahle to that of
obese nestin™ mice, the DPBPs failed to improve glycemia
in SCOT*™™™° mice As our previous findings revealed
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Figure 3—The glucose-lowering actions of DPEPs require inhibition of SCOT in both skeletal muscle and brain. A-D: IPGTTs in cbese
SCOT™=4*%3 mica and their HSAS™ littermates treated with either vehicle contral (VC) or pimazide (4), fluspiriens (B), or penfluridal (C)
(10 ;r_r_{kg every 48 h) and their corresponding dirculating insulin levels at 0 and 30 min {&) {7 = 6-7). E: Circulating B-0HE levels in cbese

3O mice and their HSAS™ littermates treated with either VC or the three DPEPs measured befone and after a 16-h fast {n=6-7).
F: IPGTTs in cbese SCOTH ™™ mice and their nestin®™® littermates treated with either VC or pimozide (F), fluspirlensa (3), or penfluridol
{H) (10mg'ka every 48 h) and their comesponding circulating insulin levels at 0 and 30 min (f) (7 = 4-5). J: Girculating B-0OHB levels in obesa
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B: IPGTT and its corresponding area under the curve (ALIC) in cbese mice that received a single IP injection of either vehicle contral fcom
oil); a structurally dissimilar D, antagonist, lurasidone (10 mg/kg); or pimozide (10 mgfkg). C: Circulating B-OHBE levels in each group (n =

7-9). D and E: SCOT activity (recombinant enzyme) in the presence of DMS0 (vehicle), pimozide (300 nmolfL), or lurasidone (300 nmol/L)
and its corresponding activity rate (n = 3). Fand G: IPGTT and its corresponding ALUC inobese mice treated for 2 weeks with either vehicle

control (cor oil), lurasidone (10 ma/Ag), or pimozide (10 mg/kg) and circulating B-0HE levels ineach group {7 = 3-4). H and I: 3COT activ-

ity in gastrocnemius muscle and its corresponding activity rate (n = 3). Data are mean + SEM. Differences were determined using either a

one- or two-way ANOVA, followed by Bonferroni post hoc analysis. *P < 0.05 vs. vehicle control-treated cbese mice.

that pimozide inhibits S5COT in a noncompetitive manner
(3), one potential ewplanation for the lack of effect in
SCOT*™™ ™ mice may be due to the higher droulating ke-
tones in these mice. Subsequent elevations in muscle ace-
toacetate would overcome the DPEP-mediated inhibition

of SCOT, supporting the DPFBPs' inability to promote gh-
cose lowering. An altemative explanation could rdate to

the inhibition of brain SCOT activity playing a regulatory
role in whole-body glucose homeostasis. This regulatory
role appears to require simultaneous inhihition of brain
and musde SCOT activity/ketone oxidation, since the
DPEPs remain capable of inhibiting brain SCOT activity in
SCOT=**" mjice or inhibiting musde SCOT activity in
SCOT*™ ™ mice. While a potential brain-muscle ketone

SCOTHRO mice and their nestin™® littermates treated with either VC or the three DPEPs {n = 4=5). Data are mean + SEM. Differences
were determined using either a one- or two-way ANOVA, followed by Bonferroni post hoc analysis. *P < 0.05 vs. VC-treated obese

HSAS™ or cbese nestin®® mice; #P < 0.05 vs. the respective 0-min counterpart; $P < 0.05 vs. the respective nestin®® counterpart. ALC,
area under the curwe.
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metabolism axis regulating glycemia appears intriguing,
there are several concerns regarding nestin™ mice and
perturbed metabolic phenotypes that make such an inter-
pretation ambiguous. Nestin™ mice fed an HFD demon-
strate improved insulin sensitivity with no improvement in
ghicose levels (26). In support of this, our comparisons of
nestin™ mice, floxed SCOT mice, and their Cre/floxed
SCOT-negative wild-type littermates fed an HFD indicate
that nestin™ mice do exhibit improved insulin sensitivity
with no change in fasting ghicose levels, as well as a gener-
alized growth defect (Supplementary Fig. 44-F). As the
DPBPs were still capable of improving glucose tolerance in
nestin™® mice but not in SCOT*™™ ™ mirce, this suggests
that brain SCOT activity and ketone oxidation regulate gly-
cemia even if nestin™* mice harbor these metabolic pheno-
types. However, Cre expression driven by the nestin
promoter is also leaky, with reported expression in muscle
tissues (26). Although we chserved normal SCOT expres-
sion in gastrocemius musdes from SCOT™™"** mice, it is
possible that SCOT expression may have been decreased in
other muscles, which could also account for the failure of
the DFBPs to induce ghicose lowering in these mice. As
such, further interrogation of SCOTE="* mice is still nec-
essary to determine whether brain ketone addation plays
a critical role in the regulation of glycamia in obesity.

In summary, our study has demonstrated that not only
pimozide but the DPBP drug dass in general are also
SCOT inhibitors. Through these actions and not their
ability to inhibit D5 receptors, they induce potent ghicose
lowering in obesity. While increases in drculating ketone
levels secondary to SCOT inhibition may lead to ketoad-
dosis as a potential adverse effect, the extent of this in-
crease appears comparable to that observed in individuals
consuming ketogenic diets and is more reflective of a nu-
trtional ketosis (15). As the DPBPs appear to be relatively
safe in humans, where they have been previously ap-
proved for the treatment of schizophrenia/psychosis, this
drug class may have utility in being repurposed for the
treatment of T2D, though careful monitoring of dreulat-
ing ketones will be necessary.
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Appendix C. Calnexin, More than Just a Molecular Chaperone

This chapter was published:

Tautvydas Paskevicius, Rabih Abou Farraj, Marek Michalak, and Lws B. Agellon. Calnexin, More
Than Just a Molecular Chaperone. Cells.
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Abstract: Calnexin is a type | integral endoplasmic reticulum (ER) membrane protein with an N-
terminal domain that resides in the lumen of the ER and a C-terminal domain that extends into the
cytosol. Calnexin is commonly referred to as a molecular chaperone involved in the folding and
quality control of membrane-associated and secreted proteins, a function that is attributed to its ER-
localized domain with a structure that bears a strong resemblance to another luminal ER chaperone
and Caz"—bim:ling protein known as calreticulin. Studies have discovered that the cytosolic C-terminal
domain of calnexin undergoes distinct post-translational modifications and interacts with a variety of
proteins. Here, we discuss recent findings and hypothesize that the post-translational modifications
of the calnexin C-terminal domain and its interaction with specific cytosolic proteins play a role in
coordinating ER functions with events taking place in the cytosol and other cellular compartments.

Keywords: calcium binding protein; cell signaling; endoplasmic reticulum; molecular chaperone;
protein—protein interactions

1. Introduction

The endoplasmic reticulum (ER) is organized as a continuous membrane network
of branching tubules and flattened sacs that envelop a single lumen. The ER performs a
plethora of functions in cells, including lipid and steroid synthesis, Ca®* storage and signal-
ing, protein synthesis and maturation involving protein folding and post-translational mod-
ification [1-3]. Human cells express approximately 10,000 different proteins at any given
moment [4]. More than a third of all of these proteins are synthesized on ER membrane-
bound ribosomes where proteins are either destined for residence in the ER, plasma mem-
brane, Golgi apparatus, lysosomes or secreted from the cell [5]. Even though the native
structure and conformation of a given protein is largely determined by its amino acid
sequence [6], many newly synthesized proteins require assistance by molecular chaperones
to reach their native fold at a biologically relevant time scale [7]. To help facilitate proper
folding and quality control, the ER employs two major folding systems: the general path-
way that is mediated by BiP (the ER homolog of the 70-kDa heat shock protein, Hsp70)
together with protein disulfide isomerase PDIA1, and the N-linked glycoprotein pathway
which is governed by lectin chaperones calnexin and calreticulin, commonly referred to as
the calnexin/ calreticulin cycle [8]. Both calreticulin and calnexin share structural similarity
with respect to their lectin-like domains with calreticulin being an ER lumen-resident pro-
tein while calnexin is a type | integral ER membrane protein with a transmembrane helix
and cytosol-exposed C-terminal domain. This review is focused on the role of calnexin not
only as an ER. chaperone involved in the protein quality control pathway but also on the
emerging view on its importance in coordinating ER and cytosolic events via the unique
interactions of calnexin with a variety of proteins at the ER—cytosol interface [2-14].

2 Discovery of Calnexin

In 1982 a novel ER-associated protein with an apparent mass of 90 kDa was detected
using polyclonal antiserum raised against membrane fractions of rough ER [15]. Cell
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culture immunofluorescence analysis using these anti-rough ER antibodies revealed an
extensive, reticular network of membrane occupying the entire cytoplasm and extending
to the nuclear membrane [15]. However, it was not until a decade later when the 90 kDa
phosphoprotein (referred to as pp90) was identified as being associated with ER signal
sequence receptor complexes in canine pancreatic microsomes [16]. Two other research
groups simultaneously reported the identification of p88 (reported as an 858 kDa protein) in
transient association with partially assembled class I major histocompatibility molecules
in murine lymphoma cell lines [17] and IP90 (reported as a 90 kDa intracellular protein)
interacting with T-cell antigen and B-cell antigen receptor complexes [18]. Molecular
cloning and characterization of the canine [P90 cDNA revealed that its encoded protein
was a type | ER membrane protein [16]. Due to its Ca®*-binding properties [16] and a high
degree of amino acid sequence similarity with calreticulin [19], a major Ca**-binding ER
resident protein, the pp90 protein was named calnexin [16,20-22]. Since then, calnexin has
been observed to interact transiently with a wide array of nascent membrane or soluble
M-linked glycoproteins.

Calnexin, together with calreticulin and ERp57 (also known as PDIA3) [23], forms
the core components of a pathway that facilitates the folding and quality control of newly
synthesized proteins with N-linked carbohydrate side chains [24,25]. This folding pathway
has been widely studied and therefore well characterized and described in several excellent
review articles [26-31]. Today it is well established that calnexin is ubiquitously expressed
in all cells containing the ER membrane. It is highly conserved among different species
(Figure 1), with its intraluminal domain responsible for chaperone function displaying the
highest level of conservation and indicating the evolutionary importance of the chaperone
domain of calnexin. Calnexin can be found distributed within different ER membrane sub-
domains, including a variety of ER membrane contact sites [32] such as perinuclear rough
ER contacts with the ribosome-translocon complex [33,34], smooth ER, nuclear envelope
and the mitochondria/ER contact sites (also referred to as the mitochondria-associated
membrane [12,35]. The characteristic distribution of calnexin molecules within ER mem-
branes is controlled by the post-translational modifications including palmitoylation and
phosphorylation at its C-terminal domain, which are discussed later. Moreover, it was
initially reported that calnexin is present on the cell surface of immature thymocytes in
a complex with the CD3 antigen due to incomplete ER retention [36,37]. Other studies
have detected small amounts of calnexin on the cell surface of various cell types [35]; the
redistribution of calnexin between ER and plasma membranes was proposed to be con-
trolled by the state of calnexin C-terminal domain phosphorylation and association with
phosphofurin acidic cluster sorting protein 2 (FACS-2) [39]. Moreover, plasma membrane
localization of calnexin has been detected in cancerous tumors such as oral squamous cell
carcinoma and melanoma [40] while another study reported calnexin as being secreted in
the serum of lung cancer patients, making calnexin a possible sero-diagnostic marker [41].

2.1. Calnexin-Deficient Animal Models

Much of the early work on calnexin focused on biochemical and cellular aspects. Thus,
animal models lacking calnexin were created to gain insight into its physiological impor-
tance. D). melanogaster has three genes encoding calnexin among which calnexin99A has
the highest similarity with mammalian calnexin [44]. Mutations in calnexin99A affected
the maturation and function of rhodopsin, which in turn led to age-dependent retinal
degeneration [44]. Additionally, calnexin99A mutants displayed impaired Ca>* buffering,
which contributed to the development of the retinal degeneration possibly due to Ca®*
toxicity [44]. Inactivation of the calnexin gene in C. elegans resulted in developmental and
reproductive defects that were temperature sensitive [45]. These mutant worms also exhib-
ited growth impairment under calcium insufficiency [45]. Furthermore, RMAi-mediated
silencing of the calnexin gene resulted in suppressed necrotic-like cell death [46]. In D.
rerio (zebrafish), calnexin is required for the development of the mechanosensory system
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called the lateral line [47]. Upon the knockdown of calnexin, zebrafish exhibited reduced
posterior lateral line cell proliferation and increased ER stress-dependent apoptosis [47].
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Figure 1. Amino acid sequence alignment of calnexin from different species. The default Clustal
X color scheme was used for similar/identical amino acid residues [42]: blue for hydrophobic, red
for positively charged, magenta for negatively charged, green for polar, cyan for aromatic, pink for
cysteine, orange for glycine, yellow for proline and no color for amine acid residues that are not
conserved. Dashes represent gaps in the amino acid sequence. The N-terminal signal sequence,
intraluminal domain, transmembrane domain and C-terminal domain are indicated based on human
calnexin protein topology. The numbering of amino acid residues referred to in the figure as well
as the text corresponds to the mature human calnexin protein. Alignment was performed using
Multiple Alignment using Fast Fourier Transform (MAFFT) high speed multiple sequence alignment
program (https: / /toolkit tuebingen.mpg.de / tools /mafft; accessed 31 August 2022). Jalview [43] was
used to visualize amino acid alignment. Additional calnexin sequences from different species are
shown in Supplementary Figure 51.
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Two independent calnexin-deficient mouse strains have been generated [45,49]. Unlike
calreticulin deficiency which is embryonic lethal due to impaired Ca®*-dependent transcrip-
tional regulation resulting in defective cardiac development [50], calnexin-deficient mice
were born live but exhibited a high degree of neonatal lethality [48,49]. Calnexin-deficient
mice were borm with neurological disorders that included severe ataxia [48,49]; however,
one functional calnexin allele is sufficient to prevent this defect [48]. The first study de-
scribed the high early postnatal mortality of calnexin-deficient mice [49] and surviving
mice exhibited ataxia due to the substantial loss of motor nerve fibers. The subsequent
study by Kraus et al. [48] found however that surviving calnexin-deficient mice were fertile,
had a normal life span, but were 30-50% smaller than their wild-type littermates. These
mice developed peripheral neurcpathy abnormalities manifesting as gait disturbance with
instability, splaying of the hind limbs, tremors and a rolling walk but no reduction in the
numbers of neurcnal fibers was apparent [48]. Additionally, another mouse strain express-
ing a mutant form of calnexin-lacking amino acid residues 103-242 (encoded by exons
4-6), which deleted the regions involved in disulfide bond formation (Cys!! and Cys!"%)
and carbohydrate binding (Tyr!*® and Lys'*), exhibited features that were identical to the
calnexin-deficient mice, suggesting that the loss of chaperone function was responsible for
the observed neurclogical defect [45,49]. Consistent with this idea, mice that only express
the truncated version of calnexin lacking the C-terminal domain do not have apparent
disturbances in motor function and display normal motor and sensory nerve conduction
velocities [51]. Surprisingly, calnexin-deficient mice display no apparent aberrations in
immune system development and function [458].

It is interesting to note that despite the ubiquitous presence of calnexin in all cells that
possess an ER network, the loss of calnexin in the whole organism does not produce a
common phenotype but rather manifests in a variety of phenotypes.

2.2, Calnexin as a Molecular Chaperone

It is predicted that more than 30% of all eukaryotic proteins are glycoproteins with
more than 90% of these containing N-linked sugars [52]. The folding and maturation of
newly synthesized glycoproteins in the ER is assisted by calnexin and its soluble ER lumen-
resident homolog, calreticulin. Whereas calnexin binds to glycans in protein domains that
are close to membranes, calreticulin interacts with glycans that extend deeper into the ER
lumen [31]. Immediately after the nascent polypeptide exits the translocon and enters the
ER lumen, oligosaccharyltransferase transfers dolichol-pyrophosphate-bound branched
core glycan to the sidechain nitrogen of the asparagine residue of the N-glycosylation con-
sensus sequence motif (Asn-X-Ser/ Thr, where X is any amino acid except for proline) [53].
The branched core oligosaccharide is comprised of three terminal glucoses, nine mannoses,
and two N-acetyl-glucosamines (GlesMangGlcNAc; ). After the glycosylation, N-linked
glycans are then processed by the subsequent action of endoplasmic reticulum (ER) glu-
cosidases [ (GI) and II (GII) removing the outer and middle glucose residues, respectively.
As a result, the processing intermediate containing the single terminal glucose moiety is
specifically recognized by calnexin and calreticulin [24,54,55]. Additionally, using their
extended arm-like P-domains, calnexin and calreticulin recruit ERp57, cyclophilin B and
ERp29 (also known as PDIA9) [56-60] to promote glycoprotein folding and maturation.
Subsequently, the remaining innermost glucose moiety is removed by GII releasing the
glycoprotein substrate from the calnexin—calreticulin complex. If the protein is correctly
folded at this point, it is released from the ER and transferred to the Golgi apparatus to
continue its journey along the secretory pathway. However, if the protein has not reached
its native three dimensional conformation, it is re-glucosylated by the ER-folding sensor
uridine diphosphate (UDP)-glucose:glycoprotein glucosyl transferase (UGGT) facilitating
the re-association with calnexin and calreticulin for an additional round of the folding
cycle [61]. Thus, the protein can re-enter the calnexin/ calreticulin cycle multiple times until
the native conformation is reached.
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If numerous folding cycles fail to properly fold the protein, the misfolded protein is
marked for degradation. Terminally misfolded glycoproteins and unassembled oligomers
are retro-translocated to the cytosol and are degraded by the ubiquitin-proteasome system,
a process known as ER-associated degradation (ERAD) [62]. This process is regulated
by ER x-mannosidase [ [63] and ER degradation-enhancing a-mannosidase-like protein
(EDEM] [64]. Proteins undergoing multiple calnexin/calreticulin cycles are eventually
subjected to mannose trimming by ER a-mannosidase I converting MansGlcNAcz-glycans
to MangGlcNAc; [65]. The slow kinetics of this enzyme essentially act as a timer for
repeated glycoprotein folding cycles [66]. As a result, MangGlcN Acz becomes less efficient
UGGT substrate [27] and instead is recognized by EDEM which acts as a signal triggering
ERAD [67]. EDEM directly interacts with calnexin and accepts terminally misfolded
glycoproteins upon mannose trimming [68,69]. This is followed by retro-translocation into
the cytosol where the misfolded proteins are polyubiquitinated which are then degraded
by the cytosolic 265 proteasome [70].

In the event of persistent ER stress and the extensive accumulation and aggregation of
misfolded proteins, a selective form of autophagy named ER-phagy is used to ensure the
timely removal of damaged ER [71]. During this process excessive or damaged portions
of ER are fragmented and sequestered through ER-phagy receptors by double-membrane
autophagic vesicles that eventually fuse with lysosomes for degradation [71]. It has been
shown that calnexin makes a stable complex with the ER-phagy receptor FAM134B [72]. In
collagen-producing cells calnexin acts as a co-receptor recognizing misfolded procollagen
molecules in the ER lumen triggering FAM134B to recruit and bind the autophagosome
membrane-associated protein LC3. In turn, this ER-phagy complex delivers a targeted
portion of ER that contains both misfolded procollagen and calnexin to the lysosome for
degradation [72]. Additionally, it has been shown that calnexin- FAM13B can facilitate the
clearance of proteasome-resistant polymers of al-antitrypsin Z in ER through a different
vesicular transport pathway [73]. This pathway is known as the ER-to-lysosome-associated
degradation (ERLAD), since ER-derived vesicles containing misfolded proteins are not
encapsulated by autophagosomes but instead fuse with endosomes for degradation [73].

It was initially proposed that calnexin was an important factor in the development of
the immune system, considering its importance in the folding and quality control of secreted
and membrane-bound glycoproteins. It has been suggested that calnexin is involved in
the folding and assembly of major histocompatibility complex (MHC) class I, although
one study using a cultured cell model showed that these proteins can fold properly in the
absence of calnexin [74-80]. Additionally, calnexin participates in MHC class II [51], T-cell
antigen receptor (TCR) [21,52-85] and B-cell antigen receptor (BCR) [86-58] assembly and
maturation. However, since mice with whole-body calnexin deficiency display normal
immune function, it is apparent that calnexin is not essential for the development of the
immune system in this species [45].

3. Structure of Calnexin

The gene for human calnexin (CANX) is located towards the distal end of the long
arm of chromosome 5 (5g35.3 locus) spanning ~33 kbp and comprised of 15 exons [59]
(Figure 2). It makes a mature transcript of 4915 bp that is translated into a 592 amino acid
residue polypeptide.

Meanwhile, the mouse calnexin gene (Canx) is located on a reverse strand of the long
arm of murine chromosome 11 and has a similar arrangement but with only 14 exons
that are transcribed into a 4281 bp transcript which encodes a polypeptide of 591 amino
acid residues. The human calnexin polypeptide is a 67 kDa type-I integral membrane
protein but is often mistakenly referred to as a 90 kDa protein due to its high content of
acidic residues which electrostatically repel SDS resulting in an insufficient electromotive
incentive and a lowered electrophoretic mobility on SD5-PAGE. The calnexin polypeptide
is composed of three topological domains (Figures 2 and 3): an N-terminal ER intraluminal
domain, a transmembrane segment and a cytosol-facing C-terminal domain [16]. The ER
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CANX
gene

Exains

luminal domain is responsible for chaperone function and thus is often referred to as the
folding module [56,90]. The transmembrane segment anchors calnexin to the ER membrane
and possibly also contributes to its chaperone function [91]. Finally, the 90 amino acid
long C-terminal domain is oriented towards the cytosol and undergoes several distinct
post-translational modifications [12,33,35,92-97].

CANX
protein

ER Lumen o
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NH3 M-domain P-domain TM| C-domain | RKPRRE-COO"

aa. .yulll,r i

Signal peptide

258 11112212 369 LB
Repeats

s

Figure 2. Schematic linear sequence of the calnexin gene and its encoded protein. The human calnexin
gene is located on a forward strand of distal end of the long arm of chromosome 5 and is comprised
of 15 exons (of which 14 are protein-coding exons) transcribed to a mature transcript of 4915 bp that is
translated into a 592 amino acid residue polypeptide. Linear schematic representation of the calnexin
protein and the corresponding exons encoding the specific protein domains of calnexin. The white
boxes in the gene schematic diagram correspond to the untranslated regions of the first and last exons.
The calnexin protein schematic diagram shows the signal peptide (red), the luminal domain (green for
the N-domain and blue for the P-domain), the transmembrane domain (TM, yellow) and the cytosolic
C-terminal domain (orange). The hatched box represents a portion of the ER membrane. Four repeats
of Motif 1 and four repeats of Motif 2 are labelled as “11112222" and depict the proline-rich amino
acid sequence repeats in the P-domain. The ER retention signal (RKPRRE) is shown as the most distal
(C-terminal amino acid sequence.

3.1. The ER Lumen-Localized N-Terminal Domain

The ER luminal domain of calnexin is responsible for its lectin-like chaperone function
and is the site for interaction with cyclophilin B, ERp29 and ERp57 [56-60]. It also contains a
20 amino acid residue N-terminal signal sequence that is responsible for targeting calnexin
into the ER. The crystal structure of the intraluminal portion of canine calnexin was solved
by Schrag et al. [29] at 2.9 A resolution and revealed the asymmetry featuring two distinct
structural components comprised of a compact globular domain towards the N-terminus
(referred to as the N-domain) and an elongated arm-like proline-rich domain (referred
to as the P-domain) towards the C-terminus (Figure 4) [99]. The N-domain is composed
of concave and convex antiparallel B sheets that have six and seven p strands, respec-
tively, which together form a f-sandwich structure [99]. The calnexin luminal domain
co-crystallized with a-D-glucose revealed the site for the carbohydrate binding within
N-domain on the concave p sheet, where Tyr!®, Lys!¥, Tyr!®5, Glu!®* and Glu*® (coordi-
nates refer to the human calnexin amino acid sequence) form hydrogen bonds with glucose
hydroxyl groups, while the Met!®® sidechain interacts with the glucose ring via van der
Waals interactions [99].
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Figure 3. Schematic representation of full-length membrane-embedded calnexin. Calnexin (Protein
Data Bank DOL 10.2210/ pdb1JHN/pdb) has three domains: luminal domain (comprised of N
and P subdomains), transmembrane domain and C-terminal domain (no experimental structural
information available). The yellow circle depicts a bound Ca?* ion. The numbering of amino acid
residues in the C-terminal domain is relative to the mature N-terminus. The transmembrane domain
was modelled based on molecular dynamics simulation performed by Lakkaraju et al. [34] and shows
that Pro* introduces a kink in the helix located approximately at the midpoint of the domain. The
C-terminal domain was modelled using AlphaFold [98]. The calnexin C-terminal domain undergoes
distinct post-translational medifications including palmitoylation at Cys*¥? and Cys*® [35] (shown
in blue); sumoylation at L}’Sm [96] (shown in green); and phosphorylation at Ser®, Ser* and
Ser™®® [97] (shown in red); Asp™™ proteolytic cleavage site (shown in black). Known and potential
sites of post-translational modifications in the calnexin C-terminal domains of various species are
shown in Supplementary Figure 51.

The P-domain [100] extends 140 A away from the N- domain and forms a large hairpin
loop (Figure 4). This loop consists of two types of motifs (Motif 1 and Motif 2) of proline-rich
sequence repeats bearing the consensus sequence of -DP(D/ E)A-KPEDWIND/E) and G-
W-P-IN-P-Y, respectively. Each motif is repeated four times and arranged in a linear manner
‘11112222’ where four repeats of motif 1 extend away from the N-globular domain and then
fold back onto the strand with four repeats of motif 2. Every copy of motif 1 interacts with
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a copy of motif 2 in a head-to-tail fashion [99]. This hook-like arm is further stabilized via
hydrophobic interactions of conserved isoleucine residues [26]. In addition, there are three
regions of high amino acid sequence similarity, flanking the repeat motifs. Both N-globular
and P-domain harbors one disulfide bond: Cys'*—Cys!7* and Cys*'—Cys**#, respectively,
in the human calnexin sequence [%5].

N-globular
domaln
B
Carbohydrate
binding site
Calcium
binding site

554

N\
Figure 4. Crystal structure of the calnexin luminal domain and its characteristics. (A) Crystal structure
of the calnexin intraluminal domain. The globular N-globular domain is shown in green while the
P-domain is depicted in yellow. (B) Calnexin putative Ca**-binding site, showing a Ca> ion (yellow
circle) coordinated by Asp*!®, Asp”, Ser™ and potentially Lys™. (C) Calnexin carbohydrate binding
site, showing the sidechains of Tyr'*, Lys™8, Tyr'®5, Glu'®, Glu*® and Met'® involved in the
binding of carbohydrate moieties.

Early studies indicated that calnexin harbous multiple low affinity Ca®* binding sites
in both the N- and Cterminal regions [16,89]. However, the three-dimensional structure
of the luminal domain revealed only a single putative Ca® binding site coordinated
by Aspl®, Asp” and Ser™ [99]. This Ca®* binding site is highly conserved between
calnexin and calreticulin, as the P-domain of calreticulin also binds a single Ca®* ion with
high affinity [101] through Asp®® (refers to human calreticulin; homologous to Asp*!® in
calnexin), GIn?®, Lys®2, and Lys®*, with two water molecules [99]. Moreover, the binding
of Ca®* to the ER luminal portion of calnexin plays a structural role by triggering Ca®*-
dependent conformational changes [102]. In addition, the calnexin luminal domain was
shown to bind Zn?* and ATP; both regulate conformational changes [102], while ATP alone
enhances the aggregation suppression abilities in vitro, even though no ATPase activity
has been reported [103], and Zn?* facilitates the binding of ERp57 [104].

3.2. The Transmembrane Domain

Using a molecular dynamics simulation, a single transmembrane spanning domain
comprised on an a-helix was predicted for calnexin. The Pro** (refers to the human
calnexin sequence) at approximately the midpoint of the a-helix introduces a tilt of ~30°
with respect to the surface of the membrane (Figure 3) [34]. Replacement of the Pro** with
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leucine to remove the kink in the transmembrane helix negatively affects the interaction
between calnexin and the ribosome—translocon complex [34]. It was proposed that the
anchoring of calnexin to the ER membrane facilitates its association with membrane-bound
substrates, enhancing its chaperone function [91].

3.3. The Cytosolic C-Terminal Domain

Much of the work characterizing the function of calnexin has focused on the intralu-
minal and transmembrane domain and consequently little is known about the C-terminal
domain. [t is known that the C-terminal domain plays an important role in the retention of
calnexin in the ER as this domain contains the RKPERE motf, which acts as an ER retention
sequence [105]. To date, no structural information about the calnexin C-terminal domain is
available. This highly acidic 90 amino acid long segment (theoretical pl of 4.52 for human
calnexin) faces the cytosol and is thought to be flexible and unstructured [16,26]. The acidic
nature of this domain contributes to the unusual electrophoretic mobility of the calnexin
in SDS-PAGE. Based on the number of amino acids encoded by the calnexin mRNA, the
predicted molecular mass of calnexin is 67 kDa. However, the apparent molecular mass
of calnexin on SD5-PAGE gels is dramatically increased to 90 kDa protein. The anionic
character of the calnexin C-terminal domain imparts this domain with multiple low affinity,
but high capacity Ca®*-binding sites [87].

4. Post-Translational Modifications of the Calnexin C-Terminal Domain

Unlike the compact luminal domain of calnexin, the cytosol-exposed C-terminal
domain appears to be unstructured which makes it easily accessible. Indeed, re-
cent studies have found that the cytosol-exposed C-terminal domain undergoes post-
translational modifications, which include palmitoylation [92-94], phosphorylation,
sumoylation [12,33,35,95-97] and proteolytic cleavage [10] (Figure 3).

4.1, Palmitoylation

Calnexin is palmitoylated at both juxtamembranous cysteines Cys®*?2 and Cys®® (or
Cys*? and Cys*® counting from the mature N-terminus) by an ER palmitoyltransferase
DHHCG [34]. Over 90% of calnexin molecules are S-acylated at a steady state suggesting
that the cell maintains constant pamitoylation-depalmitoylation cycles of calnexin [34].
Moreover, molecular dynamics simulations predicted that upon palmitoylation, the C-
terminal domain adopts different conformations with respect to the transmembrane helix
axis suggesting that palmitoylation might affect the capacity and/ or selectivity of calnexin
to interact with additional proteins outside the ER via its cytosolic C-terminal domain.
Palmitoylation at Cys*"® was predicted to have a more prominent effect on the conformation
of the C-terminal domain, suggesting possible functional/ regulatory difference between
Cys™? and Cys®® state of palmitoylation. Using both computational and experimental
approaches, it has been shown that the calnexin half-life increases 9-fold upon palmitoyla-
tion [106]. As a functional consequence, the palmitoylation of both cysteines preferentially
localizes calnexin to the perinuclear rough ER while also facilitating the association with
the ribosome—translocon complex. This association was shown to be crucial for chaperone
function, as calnexin can capture its substrates as they emerge through translocon [34].
Other studies have also shown that palmitoylated calnexin is localized to the mitochondria-
ER contact sites [107,108], where it interacts and controls sarco-endoplasmic reticulum Ca**
transport ATPase 2b (SERCA2b) [13], an interaction that modulates ER-mitochondria Ca®*
signaling [11,12,35]. It has been shown that upon short-term ER stress, the pool of palmi-
toylated calnexin is reduced, shifting non-palmitoylated calnexin localization to rough ER
where it interacts with ERp57 to facilitate protein folding and quality control [12]. Further
studies should help to clarify the impact of calnexin redistribution on the remodeling of
cellular processes and the regulation of cellular function.
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4.2. Phosphorylation

Calnexin harbors three phosphorylation sites in its C-terminal domain: Ser™*, Ser®
and Ser®? (in the human calnexin sequence). These sites are known to be phosphory-
lated by casein kinase CK2 (at Ser™>* and Ser®**) [07,109] and extracellular signal-regulated
kinase-1 ERK-1 (at Ser®?) [33]. ERK-1 is activated by mitogen-activated protein kinase 1
MEK]1 under conditions that promote protein misfolding [110]; therefore, the phosphory-
lation state of Ser®®® exemplifies calnexin function in ER quality control. Upon ER stress,
detection of misfolded protein accumulation leads to ERK-1 activation and enhanced cal-
nexin phosphorylation at Ser®*® which in turn leads to the specific recruitment of calnexin
to ER-membrane bound ribosomes. This specific recruitment facilitates calnexin function
as a chaperone to enhance glycoprotein quality control at the ER ribosome-translocon
complex by prolonging its association with unfolded proteins [33,95]. In synergy with
the phosphorylation of Ser*®?, the phosphorylation of Ser™* and Ser”** by CK2 further
promotes calnexin-ribosome interaction [33]. Moreover, the phosphorylation of these two
residues disrupts calnexin interaction with phosphotfurin acidic cluster sorting protein 2
(PACS-2), a key regulator of mitochondria/ER contact sites [111], thus shifting calnexin
distribution from these sites to rough ER. [39]. Another study also showed that calcineurin,
a Ca”*-dependent phosphatase, dephosphorylates Ser®® [112] thereby controlling the phos-
phorylation status of Ser®? which was shown to also modulate calnexin interaction with
SERCA?2b which in turn regulate intracellular Ca®* oscillations [13]. Taken together, phos-
phorylation of calnexin in its C-terminal domain illustrates another level of complexity in
controlling calnexin distribution among different ER membrane subdomains and therefore
influences its function.

4.3. SUMOwylation

Sumoylation is a type of post-translational modification involving the covalent at-
tachment of the small ubiquitin-related modifier (SUMO) protein (~10 kDa) to certain
proteins [113]. Calnexin interacts with sumoylation E2 ligase UBC9 via its C-terminal
domain and undergoes sumoylation at Lys®® [96]. Sumoylated calnexin interacts with
protein tyrosine phosphatase 1B FTP1B [96], linking the protein quality control pathway
with insulin and leptin signaling [114].

4.4, Protedlytic Cleavage

It was previously reported that apoptotic stimuli caused calnexin to undergo prote-
olytic cleavage at its C-terminal domain by either caspase-3 or caspase-4 at a DXXD site
resulting in the attenuation of apoptosis [9]. Another study showed that cells stimulated
with epidermal growth factor (EGF) triggers caspase-8-dependent proteolytic cleavage of
the calnexin C-terminal domain at Asp®" yielding a 63 amino acid peptide [10] that translo-
cates to the nucleus where it makes a stable complex with Protein Inhibitor of Activated
STAT 3 (PIA53) thus preventing PIAS3 from inhibiting Signal Transducer and Activator of
Transcription 3 (STAT3). Palmitoylation of calnexin, which targets it to mitochondria/ ER
contact sites, is required for EGF-induced cleavage of calnexin whereas ER stress prevents
its proteolytic cleavage [10].

Despite some variation in the calnexin C—tennma;:grimat}r structure (Figure 51), the
positions of Cys™2, Cys®®, Ser™®, Ser™!, Ser", Lys™®, which represent sites for post-
translational modifications (Figure 3), are moderately conserved (ranging from 44 to 65%)
suggesting similar modifications might also occur in different organisms.

5. The Calnexin C-Terminal Domain, a Cytosol-ER Regulatory Nexus

In addition to modifying enzymes, recent studies have found that the C-terminal
domain of calnexin interacts with a variety of proteins [14,96,115-118] which, depending
on the type of modifications introduced, have a substantial impact on cellular homeostasis
and function. Some of the cellular processes affected by the post-translational modification
of the C-terminal domain have already been described in the preceding section.

258



Cells 2023, 12, 403

11 of 16

Endocytosis is an example of a cellular process that is altered via the calnexin C-
terminal domain. It has been found that the binding of SGIP1 to the calnexin C-terminal
domain mhibits clathrin-dependent endocytosis in neuronal cells, and the absence of
calnexin in mice causes an increased endocytosis in the nervous system [15]. Cellular
efflux of substrate cholesterol is similarly altered via the calnexin C-terminal domain. The
binding of the human immunodeficiency virus (HIV) protein Nef to ABCA1, the main
cellular cholesterol transporter, disrupts the interaction of calnexin with ABCA1, leading
to its retention in the ER and eventual degradation, thereby inhibiting ABCA1-dependent
cholesterol efflux [119]. The accumulation of HIV-infected cells accumulate cholesterol in
HIV infected cells leads to the increased formation of plasma membrane lipid rafts which
serve as sites of HIV entry, assembly, and budding [120]. Moreover, Nef promotes the
interaction calnexin with the HIV glycoprotein protein gp160 enhancing HIV envelope
protein maturation [119].

Further insight into the pathophysiological relevance of the calnexin C-terminal do-
main was provided by recent studies on a complex formed by the calnexin C-terminal
domain and the cytosolic protein Fabp5 (also referred to as epidermal fatty acid binding
protein). This unexpected complex was detected during a search for calnexin interaction
partners using the yeast two-hybrid system [118]. While whole-body calnexin deficiency
leads to myelinopathy in mice [45], loss of calnexin also causes resistance to induction
of experimental autoimmune encephalomyelitis (EAE), a model of inflammatory central
nervous system demyelination, coincident with the phenotype of whole-body Fabp5 defi-
ciency [121,122]. In fact, deletion of the calnexin cytosolic C-terminal domain, the site for
Fabp5 interaction, is sufficient to impart resistance to EAE induction [51]. This resistance
due to the inhibition of circulating T-cell infiltration across endothelial cells of the blood-
brain barrier when the formation of the complex between calnexin C-terminal domain and
Fabp5 was prevented [51,121]. In contrast, experiments using a cell culture model of the
blood—brain barrier demonstrated that promoting the formation of the calnexin/Fabp5 com-
plex enabled T-cells to traverse the endothelial cells of the blood-brain barrier model [51].
It is possible that the stable interaction of Fabp5 with the calnexin C-terminal domain
prevents calnexin from interacting with other regulatory proteins or from redistributing to
subdomains of the ER. membrane system.

The ability of the calnexin C-terminal domain to undergo distinct post-translational
modifications and interact with regulatory proteins suggests that the calnexin C-terminal
domain is a dynamically modifiable segment of a key ER-resident protein that acts as an
interface for facilitating communication between cytosolic and ER processes.

6. Summary

Calnexin was first characterized as a molecular chaperone in the ER. The structure of
calnexin resembles calreticulin, another ER-resident chaperone and Ca®*-binding protein.
Calnexin and calreticulin, along with additional accessory ER proteins that include ERp57,
participate in the calnexin/ calreticulin cycle responsible for the folding and maturation
of glycosylated proteins synthesized in the ER some of which are destined for cellular
export. Unlike calreticulin however, calnexin is anchored to the ER membrane via its
transmembrane domain and its C-terminal domain that extends to the cytosol. Recent
studies have discovered that the calnexin C-terminal domain is subject to post-translational
modification featuring lipidation, sumoylation, phosphorylation and proteolytic cleavage.
These modifications result in the redistribution of calnexin within ER membranes and
are associated with the remodelling of cellular processes. Other cytosolic proteins have
also been found to interact with the calnexin C-terminal domain and influence cellular
function, indicating that these interactions are important in integrating cytosolic and ER
events. These findings help pave the way towards the identification and characterization
of new calnexin functions, in addition to its well-recognized role as a molecular chaperone.
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/ fwwwomdpi.com /article,/10.3390 / cells12030403/ s1, Figure 51: Amino acid sequence alignment of
calnexin from multiple species.
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