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Abstract

The information contained in our genome is essential for the proper functioning of different
physiological processes in cells that are required for our growth and survival, making the
maintenance of genome integrity a task of utmost priority. Our cells have evolved a highly
elaborate, complex and well regulated process of DNA repair that accompanies cell cycle
regulation, chromatin remodeling and transcription of repair proteins, collectively known as,
DNA damage response. Amidst different kinds of DNA damage, double strand breaks pose a
serious threat to the cell survival, however most of the time these breaks are repaired by Non
Homologous End Joining (NHEJ) or Homologous Recombination (HR). HR involves the end
resection of broken DNA strands followed by a homology search, DNA synthesis and the ligation
of the broken strand. The end resection of the broken DNA strand is a special feature of the HR
process, which is precisely controlled by many factors and performed by proteins such as CtIP
and the MRN complex. RAP80, a DNA repair protein was initially believed to promote HR over
NHEJ by recruiting proteins to DNA damage sites that favor end resection, such as BRCAI that
forms a multi protein complex with Abraxas, BRCC36, BARD1 and RAP80, known as BRCA1
A complex. BRCA1, a major player of the DNA repair pathway is a crucial tumor suppressor
protein whose mutations show strong links to breast and ovarian cancer. Recent advances suggest
that although RAP80 recruits BRCAT1 to the DNA damage sites, eventually it represses HR by
sequestering BRCA1 within the complex and restricting its association with other complexes that
endorse end resection. This decisive role played by RAP80 in the repair pathway choice is due to
its ability to recognize Lys-63 linked ubiquitin chains and SUMO moieties through its ubiquitin

and SUMO interacting motifs present at the N-terminal region. A single deletion mutation in the
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ubiquitin interacting motif of RAP80 has been linked with cases of familial breast cancer.
Additionally, a mutation in the SUMO interacting motif of RAP80 has been linked to somatic
mutations in cancer cells, highlighting the importance of ubiquitin and SUMO recognition in
genome protection. We employed NMR spectroscopy, binding studies, stability studies and MD
simulations to understand the molecular basis of ubiquitin and SUMO recognition of RAP80. We
demonstrate that the AE81 mutation in the first ubiquitin interacting motif of RAP80 leads to a
structural frameshift of the helix with causing modest changes in the stability. The prominent
reason for the impaired binding of this mutant with ubiquitin is its loss of favourable electrostatic
interaction, resulting in a loss of multivalent binding advantage.

We also determine the binding affinity of the SUMO interacting motif of RAP80 with SUMO-2
using NMR methods and show that the phosphorylation of RAP80 by casein kinase 2 enhances
its affinity for SUMO-2 by ~25 fold due to increased electrostatic interactions between the
phosphorylated serine residues and the basic loop of SUMO-2 present at the binding site.
Understanding these binding interactions from a structural and thermodynamic point of view is
fundamental in order to develop a holistic understanding of the ubiquitin and SUMO recognition
process. Our research has provided a closer look at the critical interactions in ubiquitin and
SUMO signaling in DNA repair and has opened up new avenues for future research in DNA

repair field.
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Preface

This thesis is organized in four chapters and two appendices. A part of the first chapter that forms
the introduction of the thesis has been published before as a review article and the following two
chapters have also been published before. Chapter 4 that concludes and throws light on the future
directions for the research is original work. Both the appendices are original work and have not

been published elsewhere.

Some parts of Chapter 1 are taken from the published review article. B.L. Lee, Anamika, J.N.M.
Glover, M.J. Hendzel and Leo Spyracopouls. J. Mol. Biol.(2017). Molecular Basis for K-63
linked ubiquitination processes in double-strand DNA break repair : A focus on kinetics and
dynamics. doi:10.1016/j.jmb.2017.05.029. I wrote manuscript for the introduction of the
ubiquitination and SUMOylation in the DNA double strand break repair.

Chapter 2 has been published before as - Anamika, Craig J. Markin, Manoj K. Rout and Leo
Spyracopoulos. (2014) Molecular Basis for Impaired DNA Damage Response Function
Associated with the RAP80 AE81 Defect. J. Biol. Chem. 28:12852-12862. 1 purified the proteins
with CJM, collected NMR data and performed the analysis with CJM and LS. I also contributed

to the figure making and manuscript editing.

Chapter 3 has been published before as - Anamika and Leo Spyracopoulos. (2016) Molecular
Basis for Phosphorylation-dependent SUMO Recognition by the DNA Repair Protein RAP80 J.
Biol. Chem. 291, 4417-4428. L. S. and I designed the study and wrote the paper. I labeled,
expressed, and purified RAP80 and SUMO-2, performed NMR experiments, and analyzed NMR
data with assistance from L. S. MD simulations with NMR restraints, and NMR lineshape
analyses were conducted and analyzed by L. S. and myself. Aromatic HSQC NMR pulse
sequences were written by L. S., set up and analyzed by me. All authors analyzed the results and

approved the final version of the manuscript.
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Chapter 4 is the overall discussion of the research carried out in Chapter 2 and 3 and forms the

ground for the appendices.

Appendix A and B are original work and not published anywhere.
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Chapter 1

Introduction



DNA Damage and Repair: A Focus on DNA Double Strand Breaks

DNA contains the genetic information required for the survival, growth and reproduction
of living organisms[1]. It serves as the blueprint of life. DNA is composed of four
nucleotides, linked by phosphodiester bonds to form a polynucleotide chain; these double
stranded polynucleotide chains are structurally organized in to basic units called
nucleosomes, wherein 147 base pairs of DNA are wrapped around histone core that is
composed of two copies of each histone, H2A, H2B, H3 and H4 and appear as beads on a
string in electron micrographs[2]. The histone H1 binds the linker DNA connecting two
nucleosome units and exists in one copy per nucleosome, unlike other core histones[2].
Multiple layers of extensive folding and packing of these basic units result in the
condensation of ~3 billion base pairs of DNA that can be linearly stretched to 2 meters in
length, into a nucleus of size 3 pum[4]. The condensed state of chromatin varies during a
cell cycle to facilitate chromosomal segregation and cell division, wherein the interphase
chromosome is in the most decondensed state and the metaphase stage represents the
highly condensed state[5]. Since the DNA functions as the information center of the cell,
the maintenance of genomic integrity is a well regulated process as any damage to DNA
can cause changes or loss of genetic information that can give rise to various diseases and
abnormalities, cancer being one of them[1]. On a daily basis our genome is endlessly
challenged by various external and internal factors such as radiation, various chemicals
and free radicals generated during metabolism that has the potential to hamper the
physical integrity and alter the chemical composition of DNA causing DNA base
mismatch, single strand DNA breaks and double strand DNA breaks[1]. Double strand
DNA breaks pose a major threat to cells and it can lead to a loss of genetic information or
initiate its rearrangement leading to chromosomal translocation which is an underlying
cause for many diseases [1,7]. Double strand DNA breaks are repaired by one of the two
mechanisms— Non Homologous End Joining (NHEJ) and Homologous Repair (HR),
depending on the stage of the cell cycle. Both processes are accompanied with cell cycle
checkpoint activation and transcription of repair proteins, collectively known as DNA
damage response (DDR)[7.8]. NHEIJ is active during most of the cell cycle and involves

the direct ligation of the broken strands without being guided by the homologous
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sequence of the sister chromatid which makes this process more likely to incorporate
error in the repaired DNA strand[9]. In contrast to NHEJ, HR is active only in S and G2
phases of cell cycle and involves a search for a homologous region in the sister chromatid
near the break site which renders it less prone to errors and assures the faithful restoration
of genetic information[10]. Collectively, both repair pathways ensure that the genomic
integrity of the cell is maintained. The choice between the two pathways is a crucial task

and is well-regulated.

DNA Double Strand Break Repair by Homologous Recombination: A

Brief Overview

DNA double strand break repair by homologous recombination is a highly elaborate and
complex process that involves changes at multiple levels. At the molecular level, changes
in nucleotides such as nucleotide excision and synthesis is accompanied with alterations
at the chromatin level such as chromatin organization causing its decondensation for easy
access of the enzymatic machinery and repair factors to the damage sites[11,8]. At a
cellular level, it influences the nuclear architecture by changing the number, size and
morphology of the nuclear bodies and regulates the cell cycle progression and
apoptosis[12]. In order to accomplish these tasks efficiently, different proteins
accumulate at the double strand break sites spatiotemporally, guided by different post
translational modifications that lead to the sequential progression of events resulting in
the repair of broken strand[13,8,11,14]. The broken DNA strands induce chromatin
relaxation that is sensed by an unknown protein followed by concomitant or sequential
sensing of DNA breaks by the MRN complex and activation of ataxia telangiectasia
mutated (ATM) kinase[8]. ATM phosphorylates histone variant H2ZAX at serine 139, and
the resulting phosphorylated histone (y-H2AX), acts as a recruitment scaffold for
downstream repair proteins, forming a foci like structure that can be visualized by
fluorescence microscopy([8,11,15]. Hundreds to thousands copies of y-H2AX span mega
base pairs of DNA at one repair focus that also accommodates multiple copies of

different DNA repair factors[15]. Immunofluorescence staining and detection of y-H2AX
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foci by fluorescence microscopy has dramatically expanded the understanding of
recruitment and involvement of different proteins near damage sites[16]. MDCI1
(mediator of DNA damage checkpoint 1) binds y-H2AX and is phosphorylated by ATM
kinase that acts as a binding platform for RNF8, a ubiquitin E3 Ub ligase[20,22]. A
number of different Ub ligases, discussed in details below, lead to the conjugation of
monoubiquitin and Ub chains of different topologies at damage sites, the most relevant
one being Lys-63 linked Ub chains that enables the recruitment of key downstream repair
factors[13,20]. These chains recruit repair proteins such as BRCA1, BRCA2, RADS1,
and endonucleases such as EXOI1 and CtIP, and play important roles in repair pathway
choice between NHEJ and HR, chromatin reorganization, and repair pathway regulation.
Mechanistically, repair of DSBs by HR involves extensive resection of DNA ends by
nucleases such as EXO1, DNA2, CtIP, and Mrel1 of the MRN complex, resulting in the
formation of ssDNA, which then binds replication protein A (RPA). In order to perform a
homology search within the sister chromatid, RPA is exchanged with RADS51 by the
assistance of BRCA2, and the resulting RAD51-ssDNA strand undergoes a homology
search, followed by DNA synthesis, ligation, and conclusion of repair, thereby regaining
the integrity of the broken chromosome[20]. Figure 1.1 displays the sequential

recruitment of important players of HR.
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Figure 1.1: A brief overview of the DNA repair process by homologous recombination.



The progression of above mentioned steps in the DNA repair by homologous
recombination that involves the recruitment of multiple repair factors to the damage sites
is enabled by a multitude of post-translational modifications such as ubiquitination,
SUMOylation, phosphorylation, acetylation and PARylation[8,14]. Amidst different
kinds of post-translational modifications that play important roles in the seamless repair
of double strand breaks by HR, the work presented here aims at understanding the

molecular basis for the recognition of ubiquitin and SUMO modifications.

Ubiquitin - A Post Translational Modifier

The post-translational modification of proteins by ubiquitin is essential for the various
tasks associated with the repair process such as timely recruitment, removal and retention
of crucial proteins at the DSB sites, chromatin reorganization, the choice of repair
pathway and ultimately the process of end resection and repair. Ubiquitin (Ub) is an 8.5
kDa, 76 residues globular protein, composed of a five-stranded [3-sheet, an a-helix, a 3,
helix and a flexible C-terminal tail[21-23]. It can be conjugated to other proteins through
an amide bond between its C-terminal glycine, and an acceptor lysine on substrate. Ub
possesses seven surface lysine residues K6, K11, K27, K29, K33, K48 and K63, which
can be enzymatically linked to the C-terminus of a sequential Ub and result in Ub chains
of distinct links and topologies[24]. The conjugation of Ub to any protein equips it with
an additional surface for interaction with other proteins possessing at least one Ub
binding domain[23]. Ub conjugation to protein substrates is carried out by the sequential
action of three enzymes. Initially, the Ub C terminal glycine is covalently attached to
cysteine within an E1 enzyme through a thioester bond, followed by interaction of the
E1~Ub complex with an E2 Ub conjugating enzyme, and subsequent Ub transfer to the
E2 active site cysteine. E3 Ub ligases bind E2~Ub complexes and substrate proteins,
leading to the formation of an amide bond between the e-amino group of a substrate
lysine, and the C-terminus of Ub[23,24]. Figure 1.2 is a schematic diagram of the
ubiquitin conjugation mechanism. The ubiquitination is a reversible process where the
deconjugation of Ub or Ub conjugates is carried out by a set of deubiquitinase

enzymes[24,25]. Ub can itself be conjugated with one of the seven lysine residues on the
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surface of another Ub and form Ub chains of different linkages and topologies which act
as signals in various cellular pathways and broadens the repertoire of ubiquitin
signaling[26]. K48-linked Ub chains typically signal for the proteasomal degradation of
substrate, whereas K63-linked chains serve as a signaling platform for various pathways,
one of them being DSB repair[27,28]. Chains of K6, K27 and K33 linkages have been
recently reported to take part in the DNA repair process[29-31].
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Figure 1.2: The Ubiquitin Enzyme Cascade- Ub activating enzyme, E1 is attached with
an Ub to form E1~Ub complex, in the presence of ATP which then interacts with Ub
conjugating enzyme, E2 and forms E2-Ub complex, that along with the enzyme Ub ligase
E3 that has substrate specificity transfers the Ub to substrate. This enzymatic cascade is
repeated multiple times to form Ub chains on the substrate.



Key Ubiquitination Events in the DSB Repair by Homologous

Recombination

The ubiquitin E3 ligases responsible for different kinds of Ub modifications at the DSB

sites are mentioned below:

RNF20-RNF40: The histone H2B monoubiquitination at K120 by this heterodimeric E3
Ub ligase regulates chromatin compaction; a reorganization step that is required for
transcription elongation[32-35]. Histone H2B modification also occurs in response to
DNA double strand breaks, in an ATM dependent manner with RNF20-RNF40, resulting
in the accumulation of early repair proteins such as XRCC, RADS51 and BRCA1, for both
NHEJ and HR repair pathways[32,35].

RNF2-BMI1: This heteromeric E3 Ub ligase belongs to the polycomb group proteins, an
important group of epigenetic regulators. RNF2-BMI1 depleted cells show an impaired
DNA damage response, and increased sensitivity to radiation[36]. RNF2-BMI1 is
responsible for the monoubiquitination of the core histone H2A at K119/K120, to enable
gene silencing, as well as to initiate DNA repair by facilitating recruitment of the

downstream repair proteins RAP80, 53BP1, and BRCA1 to damage sites[37,38].

RNF8 and RNF168: The E3 Ub ligase RNFS8 is recruited to damage sites through
binding of phosphorylated MDC1 via its FHA domain[39—41]. RNFS in conjunction with
the heterodimeric E2/UEV complex Ubcl13-Mms2, synthesizes K63 chains on linker
histone H1[42]. A second E3 ligase, RNF168, then binds these K63 chains through an N-
terminal Ub binding domain (UBDI), which leads to monoubiquitination of the core
histone H2A at K13/K15, in conjunction with the E2 UbcH5[43—47]. It is also possible
that RNF168, with Ubc13, can synthesize K63 chains at damage sites. Subsequently, K63
chain recognition by RAP80 in complex with BRCA1 and BRCC36 is obligatory for HR-
mediated DNA repair[48—50]. The monoubiquitination of histone H2A at K13/15, and
dimethylation of K20 at histone H4 are recognized by the Ub-dependent recruitment

motif (UDR) and Tudor domain of 53BP1, respectively, resulting in initiation of
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NHEJ[51-53]. In its constitutive state, histone H4 with dimethylated K20 is bound to the
polycomb group protein L3MBTL1 and demethylases. These components are likely
removed through attachment of K48 Ub chains by the E3/E2 pair RNF8/UbcHS, followed
by removal of L3MBTL1 by the AAA-ATPase VCP/p97 segregase[54-58]. The
ubiquitination activities of RNF8/RNF168 are thought to be involved in determining the
balance between recruitment of the repair protein S3BP1 and the BRCAI-A complex to

damage sites, which determines if repair will proceeds by NHEJ or HR.

HERC2: HERC?2 is a 500 kDa protein belonging to the HECT family of E3 Ub ligases
that is required for RNF8 and RNFI168 dependent ubiquitination[59]. Upon DNA
damage, it is phosphorylated by ATM and binds the FHA domain of RNFS, to facilitate
accumulation of 53BP1 and BRCA1 at damage sites by promoting stabilization, or
formation, of the RNF8- Ubc13 complex. HERC2 is not directly involved in K63 chain
formation through the Ub ligase activity of its HECT domain[60,61].

CHFR: The E3 Ub ligase CHFR is recruited to sites of damage near the onset of repair,
prior to recruitment of RNF8/RNF168[62]. It contains FHA, RING, and cysteine rich
domains, as well as a polyADP-ribose (PAR) binding zinc finger (PBZ) motif[63]. It
interacts with the E2s Ubc13 and UbcHSC, to synthesize K63- and K48-linked chains,
respectively[63]. CHFR binds polyADP-ribose modifications at sites of DNA damage
through its PBZ motif, and functions to ubiquitinate PAR polymerase 1, which leads to

its early removal from the DSB repair process via proteasomal degradation[62].

RNF138: The E3 Ub ligase RNF138, is recruited to damage sites through DNA binding
mediated by its zinc finger domains (ZNF); this promotes end resection and HR repair by
ubiquitinating and displacing Ku80 from ssDNA, and by binding Mrell of the MRN

complex through its ZNF domains to recruit CtIP/EXO1 nuclease to damage sites[64,65].

BRCA1-BARDI1: BRCAI1 is a tumor suppressor protein, found to be mutated in

numerous malignancies; this protein is composed of an N-terminal RING and C-terminal



BRCT domains which facilitate interactions with multiple proteins to function in the
maintenance of genome integrity[66]. BRCA1 interacts with BARDI, forming a
heteromeric E3 Ub ligase that modifies substrates with different Ub linkages, including
BRCA2, CtIP and histone H2A[30,66—75]. Whilst BRCA1 has been the subject of
intense research efforts, the molecular basis for its involvement in HR-driven DSB repair
remains mysterious[76,77]. Figure 1.3 displays the diverse Ub linkages reported at the
sites of double strand breaks. A continuous flux of ubiquitin signaling is maintained by
the activity of deubiquitinases specific of ubiquitin linkages[13,78,79]. The DUB activity
of BRCC36[73,74], OTUB1[75,80,81] and POH1[82,83] counteract RNF8/RNF168
mediated ubiquitination, USP3[84,85], a H2A and H2B specific DUB acts as a negative
regulator of BMI1/RNF2 and RNF20-RNF40 mediated ubiquitination[20].
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Figure 1.3: Diverse Ub modifications at the double strand break sites. RNF20-RNF40
leads to the monoubiquitination of histone H2B. RNF2-BMI1 is responsible for
monoubiquitination of H2A. RNF8 binds to phosphorylated MDC1 and in conjunction
with Ubc13 and Mms?2 leads to the formation of K63 linked Ub chains on histone H1 that
acts as a binding site for RNF168. RNF168 along with E2 UbcHS leads to the
monoubiquitination of H2A at K13/K15 that along with methylated histone H4 acts as a
binding site for S3BP1. RNF168 can also partner with Ubc13 and Mms2 and catalyze
Lys-63 linked Ub chains on an unknown protein. Lys-63 linked Ub chains are the binding
sites for RAPS80 that recruits BRCA1 A complex (RAP80, Abraxas, BRCC36, BRCAI,
BARD1).
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SUMO - A Post Translational Modifier

SUMO (Small Ubiquitin like MOdifier) belongs to the family of ubiquitin like modifiers
and is expressed in five different isoforms: SUMO-1-5. They have been implicated in
various biological functions like DNA repair, nuclear body formation and transcriptional
regulation[26,86—88]. Although SUMO displays considerable similarities with Ub, it
differs from Ub in the context of binding[26,87]. SUMO proteins are small, globular,
possess a structural fold like ubiquitin (~10-12 kDa) and are conjugated to other proteins
via an enzymatic cascade similar to ubiquitin involving SUMO specific E1, E2 and E3
enzymes[87]. SUMO-1 shows ~45% sequence identity with SUMO-2 and SUMO-3
whereas SUMO-2 and SUMO-3 share ~95% sequence identity[89], SUMO-4 awaits
further research to expose its biological functions and SUMO-5 was recently discovered
as a regulator of PML nuclear body with its expression being restricted to specific
tissues[90]. SUMO is attached to the lysine residue of other proteins at a consensus
sequence — PYKXE/D (1 represents a large hydrophobic residue) via SUMO specific E1l
activating enzyme that forms a thioester bond with the terminal glycine of SUMO that is
generated upon maturation by proteases[90]. The resulting E1-SUMO complex then
interacts with the only known SUMO E2, Ubc9 and the SUMO is transferred to the active
site cysteine residue of the E2 enzyme. The conjugation of SUMO onto the substrate
lysine can be carried out either by only E2 or a SUMO specific E3 enzyme can facilitate
the reaction to achieve substrate specificity (See Figure 1.4)[87]. The isoforms SUMO-2
and SUMO-3 contain the consensus SUMOylation sequence and can be attached to form
polySUMO chains of different or mixed isoforms. In contrast to SUMO-2 and SUMO-3,
SUMO-1 does not contain a SUMOylation motif and is unable to form SUMO-1 chains
thereby acting as a chain terminator, when conjugated. Like Ub signalling, the repertoire
of SUMO signals is broadened by the presence of different isoforms and the ability of
different lysines to be SUMOylated to form polySUMO chains of different linkages and

isoforms.
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Figure 1.4: The SUMO conjugation machinery. SUMO is conjugated to SUMO specific
El in an energy dependent manner followed by the interaction of E1~SUMO complex to
E2 (Ubc9) and transfer of SUMO to E2. SUMO specific E3 with substrate specificity
interact with E2-Ub and facilitate the transfer of SUMO to the substrate. Ubc9 (E2) can
carry out the transfer of SUMO to substrate independently of E3. Subsequent rounds of
this enzymatic cascade result in the formation of SUMO chains on the substrate. Note:
SUMO-1 lacks a SUMOylation motif and hence incapable of forming chains.
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Emerging Role of SUMO in DSB Repair by Homologous Recombination

Unlike ubiquitination, the role of SUMO in DSB repair is not well defined. However

there is strong evidence indicating a deeper role for SUMO in the process. Different

isoforms of SUMO have been shown to gather at sites of DSBs along with the SUMO E3

ligases PIAS1 and PIAS4[92,93], whose activity is required for proper accrual of Ub

chains at DSBs. Although, the field is still in its nascent phase, these are the notable

SUMOylation events affecting the DSB response, and involve timely recruitment and

removal of repair factors from the sites of DNA damage.

The polycomb group protein BMI1 has been shown to monoubiquitinate H2A,
and its SUMOylation by CBX4 is a contributing factor for its accumulation at the
DSB sites[94].

The MDCI protein is also SUMOylated upon DNA damage, a necessary step for
its removal from sites of damage by the SUMO-targeted E3 Ub ligase (STUbL)
RNF4[95].

The RAP80 protein binds K63 chains at damage sites through tandem UIMs (Ub
interacting motifs), and possesses a SIM (SUMO interacting motif) adjacent to the
UIMs that is important for its recruitment to the damage sites.[48,96-99] RAP80
also interacts with the SUMO E2 Ubc9, and the ensuing SUMOylation is
important for its functional role at DSBs[100].

The BRCAI1 is also modified by SUMO and co-localizes with SUMOI,
SUMO2/3, and Ubc9 at DSB sites. SUMO modification of BRCA1 has been
shown to enhance its Ub ligase activity in cells, which in turn, is important for
DSB repair[92].

The Mrell protein is a constituent of the MRX complex in yeast (equivalent to
the MRN complex in humans) and possesses two conserved SIMs. SIM1 is
essential for the assembly of MRX complexes at DSB sites, and SIM2 is thought
to recruit SUMOylated conjugates to Mrel1 facilitating subsequent recruitment of
SUMO E2 Ubc9 and the SUMO E3 Ub ligase Siz2, to enhance general
SUMOylation of DNA repair proteins, presumably to assist repair[101].
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e The exonuclease EXO1, that resects DNA ends during HR-mediated DSB repair,
is constitutively SUMOylated by PIAS1/4-Ubc9, and this is a requirement for its
Ub-dependent EXO1 degradation at stalled replication forks, to avoid excessive
resection of free DNA ends. Moreover, it was found that the deSUMOylating
enzyme SENPO6 interacts with EXO1 to antagonize this process[102].

e The SUMO specific protease SENP7 assists DSB repair by cleaving SUMO
chains on KAP1, a key transcriptional regulator; this releases CHD3, a chromatin
remodelling complex, which then brings about chromatin decondensation, a
physical requirement for repair proteins to gain access to the damage sites[103].

The above mentioned ubiquitination and SUMOylation events in the DSB repair process
is just the tip of the iceberg, other kinds of post-translational modification such as
phosphorylation, acetylation and methylation and their cross talk with each other

contributes to the complexity of the process.

The Controversial Role of RAP80 in the Homologous Recombination

One of the special features of the homologous recombination repair is the DNA end
resection, which is performed by the MRN complex and CtIP[11]. BRCA1 is also called
“caretaker of genome” because of the multiple roles it plays at double strand break sites.
It consists of N-terminal RING domain, required for its ubiquitin E3 ligase activity and a
C-terminal BRCT domain through which it interacts with multiple proteins and
accomplishes its several functions. The three complexes of BRCAl- A, B and C are
named after its association with Abraxas, BACH1 and CtIP in a multiprotein complex.
BRCA1 is recruited to the sites of DNA damage by its association with RAP80 in the A
complex, promotes DNA end resection through its association with CtIP and assists in the
process of RADS1 loading through its interaction with BRCA?2[104]. Given its numerous
functions in promoting homologous recombination it is not surprising to note that it is a
tumor suppressor gene and women with BRCAI mutations are at a high risk of
developing breast and ovarian cancer in their lifetime[104,105]. Furthermore,
approximately 20% of familial breast cancer has been linked to mutations in the BRCA1

and BRCA2 genes[105]. RAP80 due to its ability to recognize Lys-63 linked ubiquitin
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chains and recruit BRCA1 in a multiprotein BRCA1 A complex at DNA damage sites,
was believed to endorse HR over NHEJ[106-108]. However, recent advances suggest an
opposite role for RAP80 in the repair process; RAP80 sequesters BRCA1 in the A
complex and limits its association with other complexes that promote HR and ultimately

acts as a negative regulator of HR[104,106].

RAP80 stands at the junction of Ub and SUMO signaling by recognizing both the
moieties and leading the recruitment of crucial repair proteins at the damage
sites[50,96,97,107]. The ability of RAP80 to recognize the Ub and SUMO linkages is
crucial for the seamless progression of the repair process, underscored by the finding that
a single deletion mutation in the first ubiquitin interacting motif is linked to cancer[105].
Moreover, a phosphorylation site mutant of the RAP80 SUMO interacting motif is
recorded in the COSMIC (Catalog Of Somatic Mutation In Cancer); linking the failure to
recognize these post-translational modifications at a molecular level to predisposition or
progression of cancer[106]. Understanding the molecular details and energetics of the
binding interaction between RAP80 and its partners Ub and SUMO is fundamental to
gaining insight in to the Ub and SUMO signaling in the DNA repair pathway. This will
also lead to a better understanding of other physiological processes in addition to DNA
repair, that involve ubiquitin and SUMO modifications. Furthermore, it will aid the

treatment of diseases like cancer by facilitating the design of rational drug therapies.

Molecular Basis for Recognition of Ubiquitin and SUMO Signals

Ubiquitin mostly interacts with its binding proteins through the hydrophobic patch
centered around Ile44 and formed by the residues such as L8, 144, V70 and H68[26,27].
Another hydrophobic patch formed by 136, L71 and L73 of ubiquitin and the Phe4 patch
formed by Q2, F4 and T12 serve as a site of interaction for different Ub interacting
proteins[26]. All the surface of interaction on Ub along with the seven lysine residues are

highlighted in Figure 1.5.
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Figure 1.5: A surface representation of ubiquitin with Ile 44 patch highlighted in yellow,
Ile 36 patch highlighted in pink and Phe4 patch highlighted in brown.

The proteins interacting with ubiquitin contain at least one of the ubiquitin binding
domains (UBD): UBA (UBiquitin Associated domain), UIM (Ubiquitin Interacting
Motif), NZF (Npl14 Zinc Finger) or MIU (Motif Interacting with Ubiquitin)[109,110].
Although most of the UBDs bind Ub with a low affinity, they differ in their structure and
site of interaction[109,110]. An extensively studied UBD is UIM, found in many
trafficking proteins with a consensus motif of ~20 residues, centered around alanine (Ala)
and flanked by acidic residues (Ac): X-Ac-Ac-Ac-Ac-®-X-X-Ala-X-X-X-Ser-X-X-Ac-X-
X-X-X where X is less conserved residue and @ stands for a large hydrophobic
residue[111-113]. The UIMs interact with the Ile44 hydrophobic patch of Ub with a
binding affinity ranging from 100 pM- 2 mM for monoubiquitin[110-113]. The DNA
repair protein RAP80 that takes the centre stage of the thesis contains two tandem linked
UIMs that binds K63 linked chains specifically at the sites of DNA damage[114,115]. As
mentioned in the next chapter, Chapter 2, the NMR derived solution state structure of
RAPSO reveals that the tandem UIMs adopt a helical structure, like other UIMs and the

X-ray structure of tandem UIMs of RAP80 bound to K63 linked ubiquitin chain reveals
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that the hydrophobic residues of the UIM contact the Ile 44 patch of Ub and the acidic
residues flanking the hydrophobic residues of the UIM stabilize the interaction by
contacting the positively charged flexible C-terminal tail of Ub, highlighting the impact
of both the hydrophobic and acidic residues in the UIM-Ub interaction[114,116]. Since
the UIM binds with a moderate to low affinity with Ub, most of the reported UIMs are
placed close to each other in order to increase the affinity of the interaction to several
fold, owing to the avidity effect[115]. The binding of RAP80 with Ub has been studied in
detail, using NMR titrations and elaborate thermodynamic models and it was
demonstrated that tandem UIMs of RAP80 binds Ub in a multivalent fashion to achieve a
higher affinity, which is balanced by conformational selection between helix and coil
states of the tandem UIMs[115]. The biological impact of this interaction was
underscored when a single deletion mutation in the first UIM of RAP80 was linked with
cases of familial breast and ovarian cancer[105]. The AE81 RAP80 mutant protein
displayed impaired binding with Ub and multiple chromatid breaks were observed in the
metaphase spread of cells expressing the AE81 RAP80 gene, displaying a highly
compromised genomic integrity[116,105]. In Chapter 2, the structural and binding details
of AE81 RAP8O were explored to understand the impaired binding with ubiquitin and
using NMR titrations, stability studies and MD simulations we show that the deletion in
the N-terminal of the first UIM of RAP80 leads to a structural frameshift of the N-cap
motif and due to the loss of favorable electrostatic interaction, there is an abolishment of

multivalent binding[116].

The field of SUMO research is in its incipient stage and there is much more to learn about
the interaction with SUMO, which is evident in the finding that there are only two SUMO
binding domains identified so far as opposed to numerous Ub binding domains reported.
The SUMO interacting motif (SIM) and a novel SUMO binding zinc finger are the only
two known SUMO binding domains, with extensive studies being done on
SIM[87,117,118]. The SIMs have been reported in multitude of proteins involved in
DNA repair, transcriptional repression, nuclear body formation and chromatin
remodelling[87,119]. The SIMs studied so far are composed of a stretch of 4-5

hydrophobic residues flanked by acidic residues on either or both the sides of the
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hydrophobic core[118]. In some cases, they also contain serine/threonine residues that
can be phosphorylated juxtaposed to the hydrophobic core[49,120,121]. They adopt a [3-
strand conformation in isolation and upon binding to SUMO, they form an intermolecular
[-sheet. The hydrophobic core of the SIM binds the hydrophobic groove formed between
3, strand and a, helix of SUMO, highlighted in salmon pink and teal for SUMO-1 and
SUMO-2 respectively, as shown in Figure 1.6. The flanking acidic residues or
serines/threonine upon phosphorylation plays a major role in the SUMO-SIM binding.
The negatively charged flanking region provides specificity to the orientation of the SIM
binding to SUMO by forming favourable electrostatic interaction with the positively
charged SUMO loop (connecting the (3, strand and a, helix) and thereby stabilizing the
interaction[49,91,120].

SUMO-1

Figure 1.6: The surface representation of SUMO-1 and SUMO-2. The cleft between the
B, strand and a, helix of SUMO-1 and SUMO-2 that serves as the binding site for
proteins containing SUMO interacting motifs are coloured in salmon pink and teal,
respectively.
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In addition, these negatively charged residues also enhance the binding affinity by many
fold[49,120]. RAP80 contains a SIM N-terminal to its tandem UIMs and have been
reported to be required for the optimal recruitment of DNA repair complexes to the DNA
damage sites[96,97]. The SIM of RAP80 also contains two serine residues C-terminal to
the hydrophobic core that can be phosphorylated by CK2[49]. In Chapter 3, we explore
the molecular basis of RAP80 SIM binding to SUMO-2 isoform using NMR techniques
and MD simulations. We performed a detailed comparative analysis of RAP80 binding to
SUMO-2 with and without phosphorylation and show that the binding affinity of RAP80
SIM for SUMO-2 increases by ~25 fold upon phosphorylation and the NMR lineshape
analysis and chemical shift directed structure of phosphorylated RAP80 SIM bound to
SUMO-2 reveals that the enhanced affinity is due to the increased electrostatic
interactions between the phosphorylated residues of RAP80 SIM and the basic loop of
SUMO connecting the 3, strand and o, helix. In addition to deepening our understanding
of SUMO: SIM interactions, our findings also indicate a role for CK2 enzyme in the

recruitment of DNA repair complexes to the damage sites, mediated by RAP8&0.

Integration of Ubiquitin and SUMO Signals: The concept of SUMO-Ub
Hybrid Chain

The complexity and diversity of Ub and SUMO signalling is further expanded by the
discovery of STUbLs (SUMO Targeted Ubiquitin Ligases) such as RNF4 and RNFI111.
They conjugate Ub on to polySUMO chains and result in the formation of SUMO-Ub
hybrid chains[122]. The STUbL RNF4 is recruited to the sites of DNA damage and also
affects the recruitment of RAP80 and BRCA1[96,123]. RNF4 binds polySUMO chains
through its multiple SIMs and ubiquitinates polySUMO chains through its RING
domain[124]. The resulting SUMO-Ub hybrid chains (K63-Ub,-SUMO-2) have been
proposed as a highly specific signal in the DNA damage repair[96,97]. The hybrid chain
bound the N-terminal SIM-UIMs of RAP80 with ~80 fold higher affinity as compared to
RAP80O binding with Ub/SUMO alone[96]. The evidences for hybrid chain as a

biologically relevant signal are exciting and compelling, however their physiological
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presence is still in question. From a structural point of view, the interaction seems

favourable due to the positioning of SUMO, Ub in hybrid chain and the relative distance
between SIM and tandem UIMs of RAP80[20]. In terms of binding affinity, the

multivalent binding can elevate the affinity substantially which can be expected to be

enhanced further by several fold due to the phosphorylated SIM-SUMO binding[20].

Exploring the atomic details of the interaction will help us understand the recognition of

such mixed signals in greater details.
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Chapter 2
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Function Associated with the RAPS0 AE81 Defect
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Introduction

The recognition of K63-linked polyubiquitin (polyUb) chains plays a central role in the
DNA damage response (DDR) by recruiting repair protein complexes to sites of double
stranded DNA breaks (DSB), or DNA damage foci[1]. The protein RAP80 is involved in
multivalent recognition of polyUb chains through N-terminal tandem ubiquitin
interacting motifs (tUIMs), and is fundamental for protein recruitment in the DDR[1,2].
Defects within mechanisms underlying the binding of repair proteins to DNA damage
foci may give rise to tumorigenesis and the progression of disease[3,4]. This highlights
intense efforts to identify binding partners for BRCA1 and BRCA2, tumor suppressors
whose recruitment to sites of DNA damage is essential for repair[5,6]. RAP80 is a large,
80 kDa protein comprised of a number of domains; the polyUb binding function is
localized to a pair of closely spaced, or tandem UIMs, short a-helices that bind the
canonical hydrophobic interface centered on Ile44 of Ub[7-9]. The individual UIMs of
RAPS80 have low affinity for Ub monomers (K, ~500 mM). In tandem, the UIMs employ
a multivalent binding mechanism to substantially increase the affinity for K63-linked or
linear polyUb chains with two to four linked monomers, to K, values ranging from 2—75
mM][7,8]. Approximately 20% of familial breast cancers arise from germline mutations in
the BRCAI and BRCA2 genes[3]. The genetic basis for the remaining cancers is not
known, but is suspected to involve mutations in genes with lower penetrance than BRCA 1
and BRCA2, potentially in combination with environmental or other factors[3]. Given that
BRCA1 and BRCAZ2 proteins function within protein complexes that localize to sites of
DNA damage, mutations in genes for proteins that interact with these tumor suppressors
may also be involved in cancer susceptibility[3]. Recently, an alteration within the highly
conserved N-terminal UIM region from the RAP80 gene was discovered in a group of
112 BRCAI/BRCA2 mutation negative Finnish breast cancer families[3]. The alteration,
AES1, is an in-frame deletion of the first of three sequential Glu residues that occur at the
N-terminus of the first UIM a-helix. The RAP8O AE81 mutant demonstrated reduced

ubiquitin binding in GST pull down assays, and reduced localization to DNA damage
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foci in confocal microscopy studies with U20S cells. Furthermore, cells expressing AES1
RAP80 show increases in chromosomal abnormalities that are consistent with defective
DSB repair[3]; these results point to the biological relevance of the AE81 mutation, and a
potential familial link to cancer. We investigated the molecular basis for impaired
recognition of Ub by AE81 RAPS0, through the use of solution state NMR spectroscopy
in conjunction with detailed thermodynamic binding models. In addition, we used the
temperature dependence of the 'H, chemical shifts to measure the stability of the o-
helices for the tandem UIMs in AE81. The results indicate that the multivalent binding
advantage for tandem UIMs in RAPS80 is lost in the AE81 mutant, and provide a
molecular description for a primarily structural defect that may be involved in the

pathogenesis of cancer.

Experimental Procedures

Mutagenesis, protein expression and purification

The AE81-RAP8O-tUIM mutant was made using PCR mutagenesis with recombinant
pGEX-6P-1 RAP80-tUIM plasmid[8] as a template. Inserts harboring the deletion mutant
were re-ligated into pGEX-6P-1 and verified by sequencing (ClearView BioStructures,
Inc., Edmonton, Alberta). Overexpression and purification of [U-""N] and [U-"C,"”N]-
wild type-RAP80-tUIM was carried out as previously described [8,10]. Overexpression
and purification of [U-"N] and [U-"C,”N]- AE81-RAP80-tUIM was also carried out as
previously described for wild type RAPO-tUIM[8,10], with the exception that 10 M urea
was added to the purified protein solution, and removed by dialysis before the final size-
exclusion chromatography step (Superdex 30). This step was included in order to
denature any remaining protease following cleavage of the GST affinity tag. Tandem Ub,
was expressed and purified as previously described[8], whereas recombinant ubiquitin

was purchased from Boston Biochem (Cambridge, MA).
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NMR spectroscopy, main chain relaxation measurements and structure

determination

NMR spectra for titrations of AE§1-RAP80-tUIM with Ub/Ub, were collected at 25 °C
using a Varian Unity INOVA 600 MHz spectrometer. Samples (350 mL) were placed in 5
mm SHIGEMI microcell NMR tubes, with buffer containing 50 mM TRIS, 150 mM
NaCl, 2 mM DTT pH 7.3 and 10 % D,O. Chemical shift assignment for AE81-RAP80-
tUIM was conducted at 5°C, the NMR sample contained 0.1 mM DSS as an internal
chemical shift reference, and the protein concentration was 0.6 mM, with buffer
conditions identical to those at 25°C. Backbone 'HY, 'H,, °C,, "C, and "N chemical
shifts were assigned using 3D HNCACBJ[11,12], CBCA(CO)NNH[12,13], and
HBHA(CO)NH[14] spectra, and the automatic assignment feature within the program
CARA[15]. These assignments were verified manually using the Sparky program[16].
Main chain dynamics for wild type and AE81-RAP80-tUIM were analyzed through
measurement of "N-R,, R,, and {'H}-"N nuclear Overhauser effect (NOE) relaxation
data[17] at 5 °C and 600 MHz. NMR samples (350 ml) were placed in a SHIGEMI
microcell NMR tubes in buffer consisting of 50 mM TRIS, 150 mM NaCl, 2 mM DTT
pH 7.3 and 10 % D,0. Protein concentrations were 0.5 and 1.3 mM for [U-"N]-wild type
and [U-"N]- AE81-RAP80-tUIM, respectively. The relaxation data were analyzed
according to the model free approach as previously described [18,19]. For NMR structure
determination, NMR spectra for wild type and AE81-RAP80-tUIM were collected at 5°C
using a Varian Unity INOVA 600 MHz spectrometer. NMR samples (350 ml) were
prepared in 5 mm SHIGEMI microcell NMR tubes in buffer containing 50 mM TRIS,
150 mM NaCl, 2 mM DTT pH 7.3 and 10 % D,O, with 1.2 and 0.6 mM for [U-"C,"”N]-
wild type and [U-"C,”N]- AE81-RAP80-tUIM, respectively. Backbone 'H", 'H,, °C,,,
“Cg, "CO and N chemical shifts at 5°C for wild type RAP80-tUIM were assigned using
3D HNCOI[20], HNCACBJ[11,12], CBCA(CO)NNH[12,13], and HBHA(CO)NH[14]
spectra, and the automatic assignment feature within the program CARA[15];
assignments were verified manually using the Sparky program[16]. Side chain 'H
chemical shifts were assigned using 3D "N TOCSY-HSQC spectra[21] with the aid of

assignments at 25°C. Interproton distance restraints were derived from 3D "N NOESY-
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HSQC spectra[21] with a mixing time of 200 ms. For these NMR experiments, sample
conditions were similar to those used for chemical shift assignment at 5°C, with the
exception that protein concentrations were 0.3 and 1.3 mM for [U-"C," N]-wild type and
[U-"N]- AE81-RAP80-tUIM, respectively. Quantitative main chain ¢ and y dihedral
angle restraints as well as rotamer probabilities for the side chain y* dihedral angles, were
derived from NMR chemical shifts using the TALOS-N program[22]. In addition, helix
N-cap box motifs were identified from NMR chemical shifts using the MICS program
[23]. Structures for wild type and AE81-RAP80 were calculated using torsion angle
dynamics and the simulated annealing protocol in Xplor-NIH[24]. NOE restraints were
sorted into strong (1.8-2.9 A), medium (1.8-3.5 A), and weak (1.8-5.0 A) distance
ranges. Backbone torsion angle restraints were obtained from the values calculated by the
TALOS-N program. y* angle restraints were included for residues for which TALOS-N
indicated that a single rotamer was favored. Twenty structures were calculated in this
manner for wild type RAP80-tUIM and AE81-RAP80-tUIM. Structures and restraints
have been deposited in the Protein Data Bank under accession codes 2MKG and 2MKEF,
and BMRB codes 19774 and 19773, respectively.

RAPS80 UIM a-helix stability measurements

The temperature dependencies of 'H, chemical shifts for AE81-RAP80-tUIM were
measured by collecting 2D 'H-""C HSQC spectra from 5-50°C, in steps of 5°C. The
NMR sample was prepared identically to that used for main chain chemical shift
assignment at 5°C, as described above. Due to extensive overlap for 'H, resonances, per
residue chemical shifts were obtained by deconvolution of the spectra through fitting to a
lineshape function defined as the sum of one to four Gaussian curves, depending on the
degree of overlap, using Mathematica[25]. Spectra were converted to tabular format
using the pipe2txt.tcl program implemented in NMRPipe[26], and this text file was
subsequently imported into Mathematica for deconvolution. Regions surrounding peaks
of interest were defined, and chemical shifts and intensities within these regions were
extracted. 1D 'H projections were obtained by summing “C, planes together; the

projection was subsequently fit to the deconvolution function. Fitted parameters included
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linewidths, intensity scaling factors, and chemical shifts for the Gaussian peaks. In order
to obtain an estimate of the chemical shift error, the dimensions of the initial selection
box were varied within reasonable bounds and the procedure repeated; the chemical shifts
thus obtained were averaged, and the standard deviation was taken to be the error. The
resonances analyzed in this manner were F85, L89, and A113. Chemical shift overlap for
most other peaks was too severe for effective deconvolution. In the case of F85 at 50°C,
an overlapping water artifact precluded chemical shift determination, thus, this point was
not included in the subsequent analyses. In order to facilitate direct comparison of the
helical stabilities of wild type and AE81-RAP8O-tUIM, we reanalyzed our previously
measured 'H,, data[8] using this deconvolution methodology. The chemical shift changes
were fit to a two state cooperative helix-coil transition, as previously described [8,27].
Errors in the fitted values of T, and AT, the midpoint and width of transition respectively,
were obtained from Monte Carlo simulations using the errors determined during the

chemical shift deconvolutions.

Chemical shift titrations for AE§1-RAP80-tUIM with Ub and tandem Ub,

2D 'H-""N HSQC NMR spectra[28] for titrations of [U-"N]- AE81-RAP80-tUIM with
unlabeled human recombinant ubiquitin (Boston Biochem) and of [U-"C,”N]- AES81-
RAPSO-tUIM with tandem Ub, were collected at 25°C and 600 MHz. Protein
concentrations for the stock solutions of AE81-RAP80-tUIM, Ub, and Ub, used in NMR-
monitored titrations were determined using amino acid analyses. Titrations were
conducted by diluting labeled AE§81-RAP80-tUIM with aliquots from stock solutions of
Ub or Ub,, and following chemical shift changes, as previously described[8]. The
concentrations of [U-"N]- AE81-RAP80-tUIM were 215, 209, 201, 188, 174, 160, 146,
133,119, 105, and 53 uM; the concentrations of Ub were 0, 90, 221, 443, 666, 889, 1112,
1334, 1557, 1780, and 890 uM, corresponding to RAP80:Ub ratios of 0,04, 1.1,2.4,3.8,
5.5,7.6, 100, 13.1, 169, and 16.9. The decrease in protein concentration during the
titration allows for more extensive sampling of the binding isotherm resulting in an
increase for the precision of the fitted K, value, as previously described[29]. For the Ub,
titration, concentrations of [U-"C,”N]- AE81-RAP80-tUIM were 206, 203, 196, 190,
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182,160, 136, and 121 uM, and the corresponding concentrations of Ub, were 0, 40, 131,
215, 310, 596, 908, and 1096 uM, corresponding to RAP80:Ub, ratios of 0,0.2,0.7, 1.1,
1.7,3.7,6.7, and 9.1. For some residues, overlap prevented chemical shift determination
for certain titration points; these were not included in the fitting procedure to extract
binding constants. Determination of the dissociation constants for binding of Ub to the N
and C-terminal UIMs, K,y and K}, ¢, respectively, was achieved using a global fit of the
chemical shift changes of all significantly shifting residues to a binding model describing
the interaction of Ub with the N-terminal UIM (N-UIM), the C-terminal UIM (C-UIM),

or two Ub molecules simultaneously bound to both UIMs (8):

[1]

EADIEEAT
KD,N"'KD,C) (KD,N+KD,C>

[PLy )= (

where,

[P] is the concentration of free RAP80

[L] is the concentration of free Ub

[PL,] is the concentration of RAP80 with Ub bound to the N-UIM

[PL.] is the concentration of RAP with Ub bound to the C-UIM

[PL, ] is the concentration of RAP80 with Ub bound to both the N- and C-UIM, with
K,y and K, - as described above.

The total protein concentration is given by [P] + [PL,] + [PL.] + [PLy ]

The total ligand concentration is given by [L] + [PLy] + [PL¢] + 2[PLy(].

Chemical shift changes for residues from the N-UIM were taken to reflect either Ub
binding to this UIM alone, or with a second Ub bound to the neighboring UIM, but not
Ub bound only to the C-UIM; a corollary approach was also used to assess Ub binding
for residues belonging to the C-UIM. Unlike binding of Ub to wild-type RAP80-tUIM as
characterized in our previous work[8], the deletion of E81 abrogates Ub binding to the N-
UIM. This is manifested as drastically reduced Ag,,, values for residues of the N-UIM,

the result of greatly reduced levels of saturation. In order to achieve an estimate of this
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weakened affinity, it was necessary to restrain AJ,,,, values for some residues of the N-
UIM during the global fit as follows: the free chemical shifts and their direction of
movement upon titration with Ub matched those observed for wild type RAP80-tUIM,
thus, AS,,,,
AE81-RAP8O-tUIM. The K,y and K, values from fits using these constraints

values for K90 and S92 were used as the corresponding AS§,,,, values for

individually were then averaged to give the reported values. The dissociation constants
(Kpn and K, ) for binding of Ub, to AE81-RAP80-tUIM were obtained in an analogous

manner, except with the substitution of a binding model for Ub, rather than Ub, as

follows:
Pl[L [P][L]
Ko = %P}}I[JN% Kou= [P/Lc]
PI[L [PI[L]
Kpc= %Pc]l[‘c::ll Koe= [PCLN]
[2]
p,L, L P.L.||L
[PN'CLNLC] ) (I[(DA,N +]I£D,1) ! (I[(D’N +]I[(D’]C)
BLP] | [RL][P
[PNPCLN’C] ) (£<D,N +]I£D,3) ' (IEDW +]I£D’:C|)
where,

[P] is the concentration of free RAP80

[L] is the concentration of free Ub,

[PyLy] is the concentration of RAP80 with the N-Ub from Ub, bound to the N-UIM,
[PyLc] is the concentration of RAP80O with the C-Ub from Ub, bound to the N-UIM,
[P-L] is the concentration of RAP80O with the C-Ub from Ub, bound to the C-UIM,
[P.L,] is the concentration of RAP80 with the N-Ub of Ub, bound to the C-UIM,
[PyP.Ly ] is the concentration of one Ub, molecule with the N-UIM from one RAP80
molecule bound to the N-Ub and the C-UIM from a second RAP80 bound to the C-Ub
from Ub,
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[Py cLyLc] 1s the concentration of one RAP80 molecule with the N-UIM bound to the N-
Ub from one Ub, and the C-UIM bound to the C-Ub from another Ub,. K}, and K, are
as described above.

The total protein concentration is given by [P] + [PyLy] + [PyLc] + [PcLy) + [PeLe] +
[PycLaLcl + 2[PyPcLy ]

The total ligand concentration is given by [L] + [PyLy] + [PcLo] + [PcLy] + [PyLc] +
2[PycLyLcl + [PyPcLy .

Ad,,. values for residues (K90, and S92) of the N-UIM were likewise individually

constrained at their wild type RAP80-tUIM values in order to achieve a reasonable fit,
and the fitted K,y and K. values were again averaged. Chemical shift errors were
determined using Monte Carlo methods; where possible, isolated peaks used in the K,
determination were extracted from the spectra, noise was added to each point in a random
fashion (based on the overall level of spectral noise, obtained from NMRDraw [26], and
the chemical shift was determined using a parabolic fit, as described in reference[29].
This procedure was repeated 10000 times, and the standard deviation of the chemical
shift was determined for the ensemble of values. When it was not possible to extract an
isolated peak, the error was estimated as the median of the other chemical shift errors
calculated for the spectrum. However, uncertainty in the stock protein concentrations is
typically much larger than that for chemical shifts, and is the main source of error in the
determination of K, values from NMR titrations. The stock protein concentration errors
were taken to be 10%[29,30]. Subsequently, both chemical shift and protein
concentration errors were used to estimate errors for the fitted dissociation constants,

using 250 Monte Carlo trials.

Stability calculations for the Ub—RAP8(0 N-UIM interaction

MD simulations were conducted to estimate the free energy of interaction for wild type or

AE81 RAP80 N-UIM with Ub using the AMBER 11/12 suites of biomolecular

simulation programs[31]. A starting model for the interaction between the N-UIM from

RAPS80 and Ub was generated from the structure of K63-Ub, bound to wild type RAP80

(pdb id: 3A1Q)[9]. Given that the crystallographic structure lacks RAP80 residues N-
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terminal to E81, and contains a GPLGS cloning artifact instead, these five residues were
removed and replaced with the residues M79-T80, whose main chain and side chain
dihedral angles were set at standard N-cap values. This wild type model was then used to
create a starting model for the interaction between AE81-RAP80 N-UIM and Ub.
However, M79 in the AE81 mutant cannot be accommodated in the N-cap conformation
due to steric clashes with Ub. Thus, the main chain and dihedral angles for M79 and T80
were set at standard a-helical values, the side chain of T80 was set at x* ~ £180° to form a
favorable electrostatic interaction with R42 from Ub, and the side chain from M79 was
set at y'~ +60° to form favorable van der Waals interactions with L73 from Ub. The
starting models were then energy minimized using a generalized Born implicit solvent
model[32]. Using these initial models, MD simulations were conducted with the
JO9SBNMR forcefield[33], the TIP3P water model, and a particle mesh Ewald approach
(PMEMD) with default parameters was used for calculating long-range electrostatics, as
implemented in CUDA[34]. SHAKE was used to restrain covalent bonds to hydrogen,
temperature was regulated using a Berensden thermostat, and pairwise non-bonded and
electrostatic interactions were cutoff at 8 A. The initial structural models were solvated in
a truncated octahedral water box with a distance of 24 A between protein atoms and their
images in adjacent unit cells, and the systems were neutralized with Na* ions. The
systems were heated over 50 ps to 298 K with 2 kcal/mol restraints on solute atoms, and
equilibrated to 1 atm pressure for an additional 50 ps. Production dynamics were
conducted for ~16 ns. After discarding the first ~4 ns, the free energies of binding were
determined from the average over 12 snapshots (1 per ns), using the MMPBSA python
scripts in AMBER 11 with the ffO9SBNMR forcefield[33], a Poisson-Boltzmann implicit

solvent model, and entropy refinement using the normal mode approximation[35].

Results

NMR spectra for AE§1-RAP80-tUIM

The superposition of 'H-""N HSQC NMR spectra for wild type and AE81-RAP80-tUIM

is shown in Fig. 2.1. The spectra reveal large chemical shift changes near the site of the
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deletion mutation, with smaller or insignificant chemical shift changes in the remaining

N- and C-terminal UIM domains.
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Figure 2.1: 2D 'H-"N HSQC NMR spectra for wild type (red) and AE81 (blue) RAP80-
tUIM.

NMR monitored titrations for the interaction of AES§1-RAP80-tUIM with Ub and
tandem Ub,

The interaction between AE81-RAP80-tUIM and mono or tandem Ub2 chains was
analyzed using NMR-monitored titrations. [U-15N]- AE81-RAP80-tUIM was titrated
with unlabeled Ub (Fig. 2.2). For a Ub: AE81-RAP80-tUIM ratio of 17:1, substantial
chemical shift changes are localized to the C-UIM (Fig. 2.2a). Representative chemical

shift changes for residue E82 during titration with monoUb are shown in Fig. 2.2b. The
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changes are linear, small in magnitude, and not accompanied by substantial line
broadening, indicative of weak 1:1 binding with fast kinetics (k,;,> 10000 s™). For the C-
UIM, representative chemical shift changes for A115 upon titration with Ub are linear
and large in magnitude, indicating a 1:1 binding interaction that is substantially stronger
than that for the N-UIM (Fig. 2.2¢). As in the case of the N-UIM, lack of substantial line
broadening is indicative of fast binding kinetics. The NMR-monitored titration was
analyzed using a binding model wherein the N- and C-UIMs bind Ub independently with
separate dissociation constants, K,y and Kp., respectively (Fig. 2.2d and eq. 1).
Representative fits of the chemical shift changes for residue S117 from the C-UIM are
shown in Fig. 2.2e, and remain similar to wild type, with K, = 590 + 80 uM. In contrast,
Ub binding to the N-UIM is significantly impaired with K}, y increasing ~20 fold to 24 + 8
mM (Fig. 2.2f). The binding of AE81-RAP80-tUIM to tandem Ub, chains was assessed
by monitoring chemical shift changes for [U-""C,"’N]- AE81-RAP80-tUIM upon titration
with unlabeled Ub, (Fig. 2.3). As in the case of binding to mono Ub, large chemical shift
changes are confined to the C-UIM for AE81-RAP80-tUIM:Ub, ratios of 1 to 9 (Fig.
2.3a). Representative spectral changes for both UIMs (Figs. 2.3b,c) are similar to the
results for titration with mono Ub. The chemical shift changes within the N-UIM are
linear, small, and consistent with fast kinetics, whereas those for the C-UIM are linear,
but large in magnitude, and indicative of fast binding kinetics. The titration was analyzed
using a binding model lacking multivalent effects, wherein the different Ub molecules in
tandem Ub, bound independently to the individual UIMs in AE81-RAP8O-tUIM with
separate dissociation constants, K,y and K, (Fig. 2.3d and eq. 2). Representative fits of
the chemical shift changes upon addition of Ub, to [U-"C,”N -AE81-RAP80-tUIM are
shown in Fig. 2.3e.f. For Ub, binding, K}, is 8 £ 2 mM, modestly stronger than binding
of Ub, indicative of severe impairment in Ub recognition in comparison to wild type. The
value for K, remains the same as that observed for binding of Ub, 700 + 122 uM. The
slightly enhanced affinity observed for K,y for Ub, in comparison to Ub binding likely

reflects the presence of some residual multivalency when the C-terminal UIM is bound.
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Figure 2.2: Titration of AE81-RAP80-tUIM with Ub. a), Maximum chemical shift
changes for the interaction of Ub with AE81-RAP80-tUIM. Representative regions from
2D 'H-""N HSQC NMR spectra from the N-UIM b) and C-UIM c¢), from AE81-RAPS0-
tUIM titrated with unlabeled Ub. d), Binding model used to analyze the interaction of
AE81-RAPS0 with Ub (eq. 1). e), Chemical shift changes for S117 within the C-UIM are
indicated on the vertical axis, and concentrations of AE81-RAP80-tUIM and unlabeled
Ub titrant are indicated on the horizontal axes. Experimentally determined chemical shift
changes are shown as points, and the best fits to the binding isotherms are shown as

surfaces. f), Chemical shift changes for K90 within the N-UIM, additional details as in
(e).
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Figure 2.3: Titration of AE§1-RAP80-tUIM with tandem Ub,. a), Maximum chemical shift
changes for the interaction of Ub, with AE§1-RAP80-tUIM. Representative regions from 2D
'H-"N HSQC NMR spectra from the N-UIM b), and C-UIM c¢), from AE81-RAP80-tUIM

titrated with unlabeled Ub,. d), Binding model used to analyze the interaction of AE81-

RAP80 with Ub, (eq. 2). e), Fits of chemical shift perturbation data to binding models for
RAP80-tUIM binding to tandem Ub,. Chemical shift changes for S117 within the C-UIM are
indicated on the vertical axis, and concentrations of AE81-RAP80-tUIM and unlabeled Ub

titrant are indicated on the horizontal axes. Experimentally determined chemical shift changes

are shown as points, and the best fits to the binding isotherms are shown as surfaces. f),

Chemical shift changes for K90 within the N-UIM, additional details as in (e).
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NMR chemical shifts indicate that the N-UIM helix N-cap is maintained in AES81-
RAP80-tUIM

The N-cap is a common structural motif that stabilizes the N-termini of o-helices. The N-
cap motif possesses an NMR signature that is defined by an upfield shift for the random
coil °C,, value of the capping residue, and a structural signature that includes main chain
gand  dihedral angles of ~ —94° and +167°, respectively [36,37]. The "“C, chemical
shift values for the N-terminal residues from the N-UIM show the characteristic signature
for a helix N-cap for both wild type and AE81-RAP80-tUIM (Fig. 2.4a). Using 'H", 'H,,,
“C,, Cy, "CO (wild type), and °N chemical shifts, quantitative values for the main
chain ¢ and y angles were derived from the TALOS-N program, and helix capping motifs
were predicted from the MICS program. The calculated main chain dihedral angles
indicate the presence of an N-UIM helix N-cap for both wild type and AE81-RAP80-
tUIM (Table 2.1 and Supplemental Tables 2.4 and 2.5). In addition, residue T80 is
predicted to be in an N-cap conformation with 90% and 80% probability for wild type
and AE81-RAP80-tUIM, respectively (Supplemental Tables 2.6 and 2.7).

wild type AE81
Residue o) v (®) 9() w(°)
M79 77+ 11 141 = 10 71+8 141 = 10
T30 —72+5 162+4 —74+6 1616
ES81 58 +4 40 +4 _ _
ES2 67 +4 40+6 50+4 37+6

Table 2.1: Main chain dihedral angles for the N-cap motif in wild type and AE§1-RAP80
N-UIM a-helices from NMR chemical shifts.
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NMR structures for wild type and AE81-RAP80-tUIM

In addition to identifying a helix N-cap for the N-UIM, the quantitative values for the
main chain ¢ and y angles from the TALOS-N program indicate that the structure of the
N and C-UIMs from wild type and AE81-RAP8O-tUIM are a-helical. Additionally, the
TALOS-N program predicts that a number of side chains within the helices adopt the
expected y' angles (typically —60° or £180° for Val, Supplemental Tables 2.8 and 2.9)
that avoid steric clashes between side chain and main chain atoms. Structural statistics for
the wild type and AE81 mutant structures calculated on the basis of NOE and TALOS-
derived dihedral angle restraints are given in Table 2.2. Importantly, the %' angle for T80
for wild type and AE81-RAP80-tUIM predominantly adopts the expected +60° rotamer
for the N-cap conformation, allowing the side chain hydroxyl to hydrogen bond with the
main chain amide of the N+3 residue, or E83 and Q84 for wild type and AESI,
respectively. The TALOS main chain dihedral angles, and distance restraints derived
from "N NOESY HSQC NMR spectra, were used to calculate structures for the N-
terminal UIM for wild type and AE81-RAP80 (Fig. 2.4b-d). The NMR-derived structures
indicate that the N-terminus from the N-UIM for AE81-RAP80 undergoes a structural

frameshift, wherein E81 in wild type is replaced by T80 in the AE81 mutant.
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wild type RAP8O-tUIM AE81 RAP80-tUIM

distance restraints

total 65 120
intraresidue 24 56
sequential (li—jl = 1) 40 57
medium (2 < li—jl < 4) 1 7
long (li—jl = 5) 0 0
dihedral restraints 57 ¢,57 w, 15 ' 56 ¢,56 v, 14 y'
restraints violation

distance of > 0.5 A 0 5
dihedral of > 5 ° 8 8
®w in the most-favored 94.2 93.7
region (%)

Table 2.2 - Structural statistics for twenty NMR-derived structures for wild type and
AE81-RAPS0-tUIM.
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Figure 2.4: (a), Characteristic upfield “C, chemical shift changes for the helix N-cap in
AE81-RAPS0-tUIM (blue, left panel) and wild type (red, right panel). (b), Representative
NMR structures for the N-UIM from wild type and AE81-RAPS80, wild type is shown
with main chain atoms in the cartoon representation and colored red, and AE81 is shown
in blue, key residues near the N-cap are shown in the stick representation. Ensemble of
twenty NMR structures for the N- and C-UIMs from (c¢), wild type and (d), AE8I1-
RAPS8O0. The structures are superimposed on the a-helix of the N-UIM, wild type is shown
with main chain atoms in the cartoon representation colored red, AE81 is shown in blue.
(e), Main chain order parameters (S*) for wild type (red) and AE81-RAP80-tUIM (blue)
from "N NMR relaxation data at 600 MHz and 5° C. The relative flexibility is indicated
by 1-S°, and shown as increasing width of the main chain for wild type (f), and AE81-
RAPS80-tUIM (g). Residues lacking relaxation data are colored grey, and the structures
correspond to those closest to the average structure from the respective ensembles.
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Main chain dynamics for wild type and AE81-RAP80-tUIM from "N relaxation
measurements

“N-R,, -R,, and {'"H}~""N NOE NMR relaxation measurements at 5°C (data not shown)
indicate that in general, the UIM a-helices (N-UIM residues 81-95; C-UIM residues
~108-117) for wild type and AE81-RAP80-tUIM are as rigid as well-defined regions of
secondary structure in globular proteins with order parameter (S°) values slightly in
excess of 0.8 (Fig. 2.4e-g). The extreme N- and C-termini of wild type and AE81-
RAPS0-tUIM, residues 7279 and 120-131, respectively, are highly dynamic with S
values lower than ~0.5 (Fig. 2.4e-g). Additionally, the linker region (residues 96 — 102)
between the N- and C-UIMs is also flexible, though not to the same extent as the termini,
with S* values between ~0.5 — 0.7. Similarly, residue T80 that forms the N-cap within the
N-UIM for wild type and AE81-RAPS0 is also flexible, with S values of ~0.5 (Fig. 2 4e).
Commensurate with the increased flexibility evident in S” values, the extreme termini and
linker region also show slow timescale motions, characterized by the time constant 7, in
the nanosecond range (data not shown). Residues E81 (wild type) or E82 (AES8I1)
immediately adjacent to the capping threonine residue are rigid with S* values in excess

of 0.8 (Fig. 2 4e).

RAPS80 UIM a-helix stability

The temperature dependence of 'H, chemical shifts indicate that, in general, the N-UIM
and C-UIM o-helices retain stability for AE81 in comparison to wild type RAP80, with
~70% and >90% helical content at the centers of the a-helices at 25 and 5°C, respectively
(residue 89, N-UIM; residue 113, C-UIM) for wild type and AE81 (Table 2.3 and Fig.
2.5). However, near the site of the deletion mutation (residue 85), there is a decrease in
stability, with AT,, = —13+6 K, which corresponds to ~10 and 20% less helical content at
5 and 25°C, respectively, for residue F85 of AE81 near the N-terminus of the N-UIM in
comparison to wild type (Fig. 2.5). This modest destabilization at the N-terminus is
consistent with results from quantitative chemical shift analysis at 5°C using the TALOS-
N program that indicates T80 has ~10% lower probability of adopting the N-cap

conformation for AE81 in comparison to wild type. Assuming that Ub binds only the o.-
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helical state of the UIM (conformational selection), the experimentally determined

dissociation constants are larger than expected. Using eqgs. 3 and 4 in reference (8), the

dissociation constant for binding to a purely a-helical state can be derived from the

experimental values of K,y and K, - using:

K,=K;"xf,

(3]

where K;* is the experimental, or apparent, K, value for the N- or C-UIM (K, or K}, (),

and fj; is the fraction of a-helix.

wild type AES81
Residue T, (K) AT (K) T, (K) AT (K)
85 309+4 46 £ 10 296 + 4 41+9
89 302+2 15+3 305+3 20+ 4
113 316 £ 6 21+4 3125 17+4

Table 2.3: Stability of wild type and AE81-RAP80 a-helices from 'H, NMR monitored
temperature titrations.
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Figure 2.5: Temperature dependence for 'H, chemical shifts for residues F85, L89, and

A113 in wild type (red) and AE81-RAP80-tUIM (blue). f. indicates fraction in the
random coil conformation.
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Stability calculations for the Ub—RAP8(0 N-UIM interaction

From the MD simulations for the complex between wild type RAP80 and the N-UIM and
Ub (Fig. 2.6a), MMPBSA calculations using AMBER 11 give a favorable free energy of
interaction for wild type RAP80 of —19 + 4 kcal/mol. The structural frameshift for the
AE81-RAP80 N-UIM causes residues M79 and T80 to rotate 90° about the helix axis.
Thus, for the N-UIM of AE81 in the N-cap conformation, the side chain from M79 will
sterically clash with residues 70—73 from Ub at the N-UIM-Ub interface. However, when
residues M79 and T80 adopt a-helical conformations, the side chain from M79 at the N-
terminus of the N-UIM can be accommodated. Using the MD simulations as reasonable
models for the AE81 N-UIM-UD interaction gives a free energy of interaction of —9+4
kcal/mol, leading to an unfavorable change in the free energy of interaction for the
mutant with AAG (mutant-wildtype) of +10+5 kcal/mol. The pairwise energy
decomposition with respect to van der Waals, electrostatic, and polar solvation terms is
shown in Fig. 2.6b, and demonstrates the unfavorable changes in the energetics of
binding between the C-terminus of Ub and the N-terminus of the N-UIM as a result of the
AE81 mutation. To facilitate comparison to the experimental values for K, the

experimental free energy of binding was calculated according to:

AG = RTIn(K ) (4]

where R is the gas constant (1.987 x 10~ kcal K" mol™), T is temperature (K), and K,

(mol L™) is given by eq. 4, thus including the effects of conformational selection.
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Figure 2.6: (a) Structural consequences of the AE81-RAP80 N-UIM N-cap frameshift
for the interaction of the N-UIM with Ub. A representative snapshot from the MD
simulation for the wild type RAP80 N-UIM-Ub interaction is shown with main chain
atoms in the cartoon representation colored red, and one for the AE81-RAP80 N-UIM-
Ub interaction is shown in blue; labeled residues colored green and in the stick
representation correspond to wild type, those colored cyan and in the stick representation
correspond to AE81. (b) Differences in the per residue pairwise energy decomposition for
the interaction of AE81 and wild type RAP80-tUIM with Ub (AAE = AE81- wild type).

Discussion

2D 'H-"N NMR spectra for wild type and AE81-RAP80-tUIM indicate that the overall
a-helical structure of the UIM domains remains intact (Fig. 2.1). As expected, the
crosspeak for E81 vanishes, and is essentially replaced by E82 in the deletion mutant.
Interestingly, the crosspeaks for E83 and Q84 for AE81 RAPSO0 shift to the approximate
locations for residues E82 and E83, respectively, in the wild type protein. Residue T80,
adjacent to the deletion site, also experiences a large chemical shift change. These main
chain amide chemical shift changes indicate that the structure of the C-UIM remains
unchanged, whereas the N-UIM undergoes a structural frameshift, maintaining helical

secondary structure. Consistent with these results, main chain and side chain dihedral
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angles derived from NMR chemical shifts, show that the N-cap structure is maintained in
AE81-RAP8S0-tUIM through the structural frameshift, with E82 in AE81-RAP80-tUIM
taking the role of E81 in wild type RAP80-tUIM. The structural implications for the
frameshift are evident in the NMR structures for the N-cap in AE81 and wild type
RAP80-tUIM (Fig. 2.4b). For AE81-RAP80-tUIM, residues M79 and T80 translate ~1.5
A along the N-UIM helix axis towards the C-terminus, and rotate about the helix axis
~90°. In the context of the interaction between Ub and the N-UIM, the structural
frameshift causes E81 in wild type RAP8O to be replaced by T80 in the AE81 mutant,
and the N-cap can no longer be accommodated at the Ub-UIM interface due to steric
clashes with the side chain of M79. However, if residues M79 and T80 adopt an a-helical
conformation, the side chain of M79 moves away from the interface, which can facilitate
binding, but favorable electrostatic interactions between E81 from RAP80 and residues
R42,R72,1L73, and R74 from Ub are disrupted, and replaced by interactions between the
shorter side chain of T80 and R42, R72, L73, and R74 from Ub (Fig. 2.6a). It is likely
that the a-helical conformation at residues M79 and T80 can be adopted to some extent,
given the flexibility at these residues observed through "N NMR §° values (Fig. 2.4e-g)
as well as random coil index chemical shift S* values[38], determined through the
TALOS-N program (Supplemental Tables 2.4 and 2.5). NMR-monitored 'H-"N
chemical shift titrations of Ub into wild type and AES81 RAP80-tUIM reveal that loss of a
single N-terminal glutamic acid residue results in near abolishment of Ub binding for the
N-UIM. The twenty-fold increase in Ky for binding of Ub to AE81 RAP80 N-UIM
corresponds to a 2.2 kcal/mol loss in binding affinity (eqs. 3 and 4). Similarly, the NMR
titration results for binding of Ub, to AE81-RAP80 show a substantial impairment in Ub
recognition for the N-UIM, with a twelve-fold increase in Ky, or a loss of 1.5 kcal/mol
in binding affinity. Taken together, the results for Ub and Ub, binding to AE81-RAP80-
tUIM indicate that this single residue mutation leads to abolishment of multivalent
binding in comparison to wild type RAP80-tUIM. Interestingly, stability calculations
from MD simulations for the free energy of interaction between wild type or AE81-
RAP80 N-UIM and Ub are in agreement with the experimental values determined from
NMR, with the calculated AAG of +10+5 kcal/mol comparing favorably with the

experimental AAG of +2 kcal/mol. Importantly, these calculations suggest that disruption
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of the interaction between RAP80 and polyubiquitin is mainly due to the loss of key
electrostatic interactions between E81 within the N-UIM and residues R42, and 72-74
from the C-terminus of Ub (Fig. 2.6). In further support of a predominantly structural
basis for the defective function of AE81-RAPS80, the stabilities of the a-helices for the N-
and C-UIMs of the deletion mutant remain similar to wild type, with ~70% a-helical
content at 25°C. A modest destabilization near the N-terminus of the N-UIM is observed
as a 20% loss in helical structure for residue F85 (Table 2.3). Using eqs. 3 and 4, this
difference in helical content indicates that the destabilization results in a modest loss of
0.2 kcal/mol in binding energy. In other words, taking into account this loss in inherent
helicity, and assuming K,y = K, [8], the K,y for Ub binding to AE81 would be
expected to increase from 590 to 767 mM, rather than to the experimentally measured

value of 24 mM.

In light of intense efforts to investigate the putative association between defects within
binding partners for BRCA1/BRAC2 tumor suppressors and a hereditary disposition to
breast cancer, the results provide a compelling molecular basis for genomic instability
resulting from a single amino acid deletion in RAP80. This defect impedes polyUb
recognition, is likely responsible for aberrant targeting of BRCA1/BRCA2 to DNA
damage foci, and is potentially involved in the pathogenesis of disease. Considering the
broad, vital role that multivalent interactions play in human biology[39], and the variety
of different UIM-Ub pairs[40,41], it is of interest that near complete abolishment of
multivalent binding is implicated in the development of cancer. That is, binding of
polyUb by AE81-RAP80 is not abolished; the C-UIM binds Ub normally, whereas
abrogated binding of Ub by the N-UIM is responsible for the near total loss of

multivalent recognition.
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Supplemental Information

Supplemental Table 2.4: TALOS output for main chain ¢ and y dihedral angles for wild type
RAP8O-tUIM.

REMARK TALOS-N Protein Backbone Torsion Angle Prediction Table
EEMQE% Prediction Summary for Chemical Shift Input wtRAPSOUIM_5C_TALOS_withGLUstretch.tab
REMARK PHI is the predicted torsion angle C(i-1) N(i) CA(i) C(i) (degrees).
REMARK PSI is the predicted torsion angle N(i) CA(1) C(i) N(i+1) (degrees).
REMARK

REMARK DPHI and DPSI are the estimated standard deviations of the
REMARK prediction errors in PHI and PSI (degrees).

REMARK

REMARK DIST is the TALOS-N database matching score.

REMARK

REMARK S2 is the Wishart RCI chemical shift order parameter,

REMARK JACS, 127(43), 14970-14971.

REMARK

REMARK COUNT is the number of database triplets used to form

REMARK  the torsion angle predictions.

REMARK

REMARK CLASS is the classification of the prediction result:

REMARK None: no torsion prediction was made.

REMARK

REMARK Strong/Generous: majority consensus in database matches;
REMARK prediction is likely to be good.

REMARK

REMARK Warn: no consensus in database matches, do not use prediction.
REMARK

REMARK Dyn: RCI-S2 value indicates that residue has dynamic conformation.
REMARK

REMARK Reference:

REMARK Y. Shen, and A. Bax:

REMARK Protein backbone and sidechain torsion angles predicted from
REMARK NMR chemical shifts using artificial neura % networks

REMARK J. Biomol. NMR (in press).

REMARK

REMARK TALOS-N Version 4.01 Rev 2013.148.15.55 TALOSN_INFO
DATA FIRST_RESID 1

DATA SEQUENCE LGSRKIAQMTEEEQFALALKMSEQEAREVN SQEEEEEELLRKAIAESLNSCRPSD
DATA SEQUENCE ASATR

VARS RESID RESNAME PHI PSI DPHI DPSI DIST S2 COUNT CS_COUNT CLASS
FORMAT %4d %s %8.3f %8.3f %8.3f %8.3f %8.3f %5.3f %2d %2d %s

-2 L.9999.000 9999.000 0.000 0.000 0.000 0.000 0 9 None

-1G 97.551 22591 29405 76924 0.8260.104 8 9 Dyn

0S -67.246 149052 5.702 9.140 0.4280.13225 6 Dyn

74 R -70.139 140.509 8.786 11.966 0.3470.18525 9

75K -68.049 144,031 8.803 8.234 0.3020.226 25 15 Dyn

761 -76.810 136.103 14.427 9.684 0.3420.290 10 18 Dyn

77 A -78.189 151.141 18.929 22450 0.4240.335 8 18 Dyn

78 Q -70.269 138.680 13.834 12.566 0.3440.367 8 18 Dyn

79M -76.614 141.217 10.694 9.563 0.1710.479 25 18 Dyn

80T -72.125 161.755 5.201 4.298 0.089 0.639 25 18 Strong

81 E -58.191 -39.675 3.782 4.400 0.0570.841 25 18 Strong

82E -67475 -40324 4319 5.546 0.0580.893 25 18 Strong

83E -67412 -40.454 3415 3.116 0.0570.900 25 18 Strong

84 Q -64.776 -38.577 3.323 4308 0.0620.891 25 18 Strong

85F -66.223 -40.569 3.666 5.043 0.0570.8722518 Strong

86 A -64.275 -38.715 5.057 4.062 0.0620.857 25 18 Strong

87L -67.352 -41.999 5328 5927 0.0630.83225 18 Strong

88 A -66.822 -38.958 5.383 4358 0.0700.824 25 18 Strong

89 L -67.356 -38.841 4.283 4.617 0.0800.809 25 18 Strong
90 K -68.934 -36486 3419 3.928 0.1010.800 25 18 Strong
91 M -68.669 -36.115 4.449 6.149 0.126 0.782 25 18 Strong
92 S -69.330 -34.294 6.866 5.802 0.1610.761 25 17 Strong
93 E -68.702 -37.908 3.187 5.204 0.2030.748 25 14 Strong
94 Q -66.626 -36.623 4.116 6.898 0.246 0.722 25 14 Strong
95 E -68.260 -34478 6.111 8.456 0.3120.671 25 15 Strong
96 A -69.236 -29.380 4472 8239 0.366 0.600 25 18 Dyn

97R -73.373 -14.808 9.298 9.728 0.4410.529 25 18 Dyn

98 E -87.447 -3.738 11.367 10.529 0 582 0.485 8 18 Dyn

99V -72.538 141.241 9.018 11.385 0.5190.403 9 18 Dyn
100 N -69.177 142.263 14.532 19.048 0.4480.396 9 18 Dyn
101 S -64.420 -33.434 10.028 9440 0.37504

102 Q -66.923 -35355 4.651 4.858 0.2690.6

50 8 18 Dyn
0.616 25 18 Strong
103 E -67.910 -36.326 4.124 4.363 0.190 0.768 25 18 Strong
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104 E -68.817 -37.863 4.786
105 E -67.264 -39.553 3.739
106 E -65.635 -39.778 3.736
107 E -65.629 -37.715 3.584
108 E -67.275 -41.857 3.727
109 L -66.706 -36.591 4.656
110 L -68.563 -36.216 5.115

111 R -66.608 -35.896 4.368
112K -65.916 -38.693 6.030
113 A -65.415 -35.566 5.394
1141 -67.805 -40.509 4.268
115 A -66.288 -36.605 3.856
116 E -67.538 -36.661 3.850
117 S -71.251 -28.744 6.500
118 L -75.617 -18.846 6.091
119N -82.906 -7.893 14.303

120 S -91.674 -3.762 13.204

0.829 25 18 Strong
0.858 25 18 Strong
0.873 25 18 Strong
0.879 25 17 Strong
0.870 25 17 Strong
0.836 25 16 Strong
0.815 25 11 Strong
20.791 25 8 Strong
0 0.826 25 9 Strong
0.124.0.837 25 15 Strong
0.107 0.855 25 18 Strong
0.097 0.839 25 18 Strong

0.124 0.791 25 18 Strong
0.174 0.693 25 18 Strong
0.256 0.549 25 18 Dyn
0.3580.448 4 17 Dyn

0.5500.395 4 11 Dyn

10.

121 C 9999.000 9999.000 0.000 0.000 0.000 0.000 0 5 None
122 R 9999.000 9999.000 0.000 0.000 0.000 0.000 0 3 None
123 P -61.414 146442 5455 6.242 0.6220.639 25 9 Strong
124 S -70.200 155.084 8.144 9.080 0.507 0.645 25 15 Strong
125D -66.590 142312 12.109 20.220 0.556 0.623 8 18 Warn
126 A -66.589 -21.370 8.284 9476 0.6020.417 10 18 Dyn
127 S -85.055 -8.892 9.262 11.723 0.606 0.329 8 18 Dyn
128 A 92447 0.572 12514 48.191
129 T -79.268 140403 14.356 17.498 0.8940.210 9 18 Dyn

130R -89.179 127.129 12.130 11.924

0.797 0.240 7 18 Dyn
1.5320.144 25 17 Dyn

131 S 9999.000 9999.000 0.000 0.000 0.0000.000 0 11 None
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Supplemental Table 2.5: TALOS output for main chain ¢ and y dihedral angles for DE81-
RAP8O-tUIM.

REMARK TALOS-N Protein Backbone Torsion Angle Prediction Table
REMARK Prediction Summary for Chemical Shift Input delIES1RAPSOUIM._talos_input_Manoj.tab
REMARK

REMARK PHI is the predicted torsion angle C(i-1) N(i) CA(i) C(i) (degrees).
REMARK PSI is the predicted torsion angle N(i) CA(i) C(i) N(i+1) (degrees).
REMARK

REMARK DPHI and DPSI are the estimated standard deviations of the
REMARK prediction errors in PHI and PSI (degrees).

REMARK

REMARK DIST is the TALOS-N database matching score.

REMARK

REMARK S2 is the Wishart RCI chemical shift order parameter,
REMARK JACS, 127(43), 14970-14971.

REMARK

REMARK COUNT is the number of database triplets used to form
REMARK the torsion angle predictions.

REMARK

REMARK CLASS is the classification of the prediction result:

REMARK None: no torsion prediction was made.

REMARK

REMARK Strong/Generous: majority consensus in database matches;
REMARK prediction is likely to be good.

REMARK

REMARK Warn: no consensus in database matches, do not use prediction.
REMARK

REMARK Dyn: RCI-S2 value indicates that residue has dynamic conformation.
REMARK

REMARK Reference:

REMARK Y. Shen, and A. Bax:

REMARK Protein backbone and sidechain torsion angles predicted from
REMARK NMR chemical shifts using artificial neural networks

REMARK J. Biomol. NMR (in press).

REMARK

REMARK TALOS-N Version 4.01 Rev 2013.148.15.55 TALOSN_INFO
DATA FIRST_RESID 0

DATA SEQUENCE GPLGSRKIAQ MTEEQFALAL KMSEQEAREV NSQEEEEEEL LRKAIAESLN
DATA SEQUENCE SCRPSDASAT RS

VARS RESID RESNAME PHI PSI DPHI DPSI DIST S2 COUNT CS_COUNT CLASS
FORMAT %4d %s %8.3f %8.3f %8.3f %8.3f %8.3f %5.3f %2d %2d %s

-2 L.9999.000 9999.000 0.000 0.000 0.0000.000 0 7 None

-1 G 122.684 168458 70.797 96.295 1.7410.403 6 11 Dyn

0S -77.712 -13.020 15.135 12.055 1.1420.499 6 11 Dyn

74R -68.593 -19410 5.292 8921 1.0500.59825 12 Dyn

75K -98.133 4.140 12.035 11.015 1.1560.480 8 12 Dyn

761 -76.737 133513 8.929 8.872 0.8590.403 25 12 Dyn

77 A -80.734 137.157 16.166 31.133 0.868 0.324 10 12 Dyn

78 Q -70.257 136.225 14.188 19411 0.5220.332 812 Dyn

79M -70.897 141.494 7.600 10.133 0.278 0.411 25 12 Dyn

80T -74.067 161.229 6.332 5991 0.2170.559 2512 Dyn

82E -59.005 -37.156 4474 6308 0.2060.771 25 12 Strong

83 E -67.038 -40.567 4978 4.698 0.2020.819 25 12 Strong

84 Q -67.202 -36.536 3.288 5.664 0.2010.808 25 12 Strong

85F -66.058 -43.085 2.790 5.732 0.1880.785 25 12 Strong

86 A -63.471 -37.591 3.604 4.178 0.1960.758 25 12 Strong

87L -66.817 -41.142 4977 7.128 0.2050.719 25 12 Strong

88 A -66.547 -37.536 6.150 5.709 0.2300.679 25 12 Strong

89L -67.854 -39372 3562 5.200 0.2450.640 25 12 Strong

90 K -68.778 -35.935 4.504 5.257 0.2890.623 25 11 Strong

91 M -68.831 -35.740 4280 6.419 0.3120.626 25 11 Strong

92 S -69.438 -33.286 7.086 7421 0.3460.647 25 11 Strong

93 E -69.017 -30.665 5.712 6.656 0.4020.669 25 12 Strong

94 Q -74.184 -25.542 8.799 10.260 0.4570.652 25 12 Strong

95 E -87.880 -5.686 12.836 16.278 0.5790.594 6 12 Dyn

96 A 83.006 -7.487 12.146 42.808 0.7120.557 8 8 Dyn

97 R 9999.000 9999.000 0.000 0.000 0.0000.000 0 4 None
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98 E 9999.000 9999.000 0.000 0.000 0.0000.000 0 4 None

99V -77.098 140.754 11.152 10.762 0.5050.30525 8 Dyn
100 N -68.429 144289 6.850 15.647 0.4190.316 10 12 Dyn
101 S -63.958 -31.733 11.294 12.136 0.466 0.380 512 Dyn
102 Q -66.182 -35230 4.010 6.299 0.3830.523 2512 Dyn
103 E -67.800 -35.506 5.116 4.431 0.3210.700 25 12 Strong
104 E -69.047 -37.635 4.156 4.709 0.2710.775 25 11 Strong
105 E -66.506 -39.639 3.738 5.141 0.2380.81225 11 Strong
106 E -66.308 -38.163 4.389 6.156 0.204 0.83225 11 Strong
107E -64.162 -40.219 3422 3.822 0.1910.837 25 12 Strong
108 E -67.155 -39.546 2951 4.685 0.1800.817 25 12 Strong
109 L -66.581 -41.084 3.890 5.251 0.1650.800 25 12 Strong
110 L -67.100 -39.654 4.428 4.642 0.1710.798 25 12 Strong
111 R -64.748 -38.840 4.497 4.704 0.1850.806 25 12 Strong
112K -66.216 -38.705 3.597 4.896 0.1830.802 25 12 Strong
113 A -65.219 -38.883 3.263 3.247 0.1810.788 25 12 Strong
1141 -68.298 -41.524 4.134 4.597 0.1890.786 25 12 Strong
115 A -65.269 -37.413 3.800 4.705 0.206 0.782 25 12 Strong
116 E -68.755 -36.654 3.953 5071 0.2450.743 25 12 Strong
117 S -66.588 -32.330 4.727 7.744 0.257 0.639 25 12 Strong
118 L -69.059 -25.303 5.004 9427 0.3580.52025 12 Dyn
119N -90477 -3.228 14.081 12978 0.3860.517 2512 Dyn
120 S -75.484 144.098 10.818 13.208 0.5550.587 7 12 Dyn
121 C -98.809 153.711 21.968 11.927 0.893 0.740 10 12 Generous
122 R -65.846 139.706 7.277 9.837 0.9460.787 25 8 Strong
123 P -62.475 149365 7.658 9.184 0.6210.701 25 8 Strong
124 S -65.293 149.486 8.174 11.348 0.4790.587 25 8 Dyn
125D -71.623 141.188 11.622 20.029 0.6120.569 7 12 Dyn
126 A -75437 -18.664 15.549 14.825 0.6410.434 612 Dyn
127 S -91.251 -1.794 12360 15.141 0.7260.375 3 12 Dyn
128 A 87.046 4489 8.019 11.049 0.7550.305 7 12 Dyn
129 T -77.362 142438 10.895 11.501 0.696 0.281 25 12 Dyn
130 R -81.343 137.581 10.191 11.651 1.1620.229 25 12 Dyn
131 S 9999.000 9999.000 0.000 0.000 0.0000.000 0 8 None
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Supplemental Table 2.6: MICS output for structural motifs within wild type RAP80-tUIM.

REMARK MICS Protein Structural Motif Prediction Table
REMARK Prediction Summary for Chemical Shift Input WT-5C_07jan14-update-from-21Jan14_talos.tab

REMARK CS_COUNT is the number of chemical shifts for given residue

REMARK Q_H is the predicted probability to be a residue in a helix

REMARK Q_E is the predicted probability to be a residue in a strand

REMARK Q_L is the predicted probability to be a residue in a loo

REMARK Q_NCAP is the predicted probability to be a Ncap resicﬁle in a Ncap motif
REMARK Q_CCAP is the predicted probability to be a Ccap residue in a Ccap motif
REMARK Q_T1@2 is the predicted probability to be the 2nd residue in a type I beta-turn
REMARK Q_T2@2 is the predicted probability to be the 2nd residue in a type II beta-turn
REMARK Q_T1p@2 is the predicted probability to be the 2nd residue in a type I' beta-turn
REMARK Q_T2p@2 is the predicted probability to be the 2nd residue in a type II' beta-turn
REMARK Q_T8@2 is the predicted probability to be the 2nd residue in a type VIII beta-turn
REMARK S2 is the Wishart RCI chemical shift order parameter [JACS, 127, 14970-14971]

DATA FIRST_RESID 69

DATA SEQUENCE GPLGSRKIAQ MTEEEQFALA LKMSEQEARE VNSQEEEEEE LLRKAIAESL
DATA SEQUENCE NSCRPSDASA TRS

VARS RESID RESNAME CS_CNT SS_CLASS Q_H Q_E Q L Q_NCAP Q CCAP Q_Tl@2 Q_T2@2
Q_TIp@2 Q_T2p@2 Q_T8@2 S2
FORMAT %4d %15 %2d %1s %8.3f %8.3f %8.3f %8.3f %8.3f %8.3f %8.3f %8.3f %8.3f %8.3f %8.3f

L 0.114 0252 0579 0.000 0.000 0.041 0.000 0.000 0.001 0.014 0.101
0.042 0.345 0.514 0.003 0.000 0.041 0.002 0.023 0.014 0.016 0.140
0.128 0.149 0.518 0.000 0.000 0.060 0.017 0.003 0.005 0.121 0.206
0.040 0.185 0.706 0.012 0.000 0.021 0.000 0.000 0.002 0.034 0.241
6L 0.189 0.211 0.545 0.000 0.000 0.000 0.017 0.006 0.000 0.032 0.289
0.123 0.173 0.610 0.000 0.009 0.000 0.000 0.019 0.015 0.051 0.332
0.032 0439 0.514 0.000 0.004 0.000 0.004 0.007 0.000 0.000 0.364
0.014 0.270 0.687 0.000 0.002 0.007 0.010 0.010 0.000 0.000 0476
0.005 0018 0.081 0.871 0.008 0.000 0.011 0.006 0.000 0.000 0.636
0919 0.003 0.049 0.000 0.013 0.000 0.000 0.006 0.000 0.009 0.838
0973 0.000 0.005 0.000 0.017 0.000 0.002 0.001 0.000 0.001 0.890
0963 0.000 0.003 0.001 0.028 0.000 0.002 0.001 0.000 0.001 0.897
. 0.000 0.003 0.001 0.037 0.000 0.001 0.001 0.000 0.002 0.888
0951 0.001 0.005 0.001 0.037 0.000 0.003 0.002 0.000 0.001 0.869
0950 0.001 0.003 0.000 0.037 0.004 0.000 0.000 0.005 0.000 0.854
0941 0.000 0014 0.001 0.036 0.001 0.003 0.001 0.000 0.003 0.829
0952 0.000 0.004 0.002 0.037 0.000 0.001 0.001 0.000 0.003 0.821
0942 0.001 0.014 0.003 0.036 0.003 0.000 0.000 0.000 0.000 0.806

—

e

(=)
AW W
==

<mMA>TOTMNZI AT > > TOmmm =320 > —R~RA
O\O\O\O\O\WMO\O\O\O\O\O\O\O\O\O\O\O\O\O\O\O\
o T T T o T T e
=] =]
O \O
N W
S 9]
=]
]
S
—
=]
S
—
(e}
=]
]
S
W
=]
S
(98]
3
(e}
=
S
[98)
(e}
=
(=]
S
(e}
S
=]
S
=]
S
=]
S
=]
S
S
—
=]
~J
O
Ny

= =2 *ANeoNeNeoNeNelNeoNoNole ol clo olocJoolo oo oo oo JENENENERNENEN|
o T T T T
(e}
o0
®
N
(e}
(e}
S
g
(e}
(e}
O
S
(e}
S
[\®)
S
B . O . .
oo o
[\®)
~
[}
o
[\
@)
(e}
(]
S
(98]
o
(e}
S
3
[«
(e}
S
9}
o
(e}
S
(e}
(e}
(@)
J
o

——
COOOVRIATNERND—OORARNENR—OORATNN R

ON 6L 0.059 0.048 0830 0.003 0.043 0.002 0.000 0.000 0.012 0.005 0.393

1S 6L 0.050 0.156 0.675 0.004 0.004 0.101 0.007 0.000 0.000 0.003 0451

2Q 6H 0563 0.036 0276 0.002 0.019 0.069 0.000 0.000 0.000 0.037 0.600
103E 5H 0.716 0051 0.188 0.007 0.016 0.007 0.000 0.000 0.000 0.014 0.709
104E OH 0.621 0.061 0.288 0.005 0.016 0.000 0.000 0.000 0.008 0.000 0.709
I05E OH 0394 0.240 0.298 0.019 0.018 0.000 0.000 0.001 0.000 0.031 -9998.000
106E OL 0372 0.085 0.333 0.078 0.015 0.000 0.072 0.010 0.000 0.034 -9998.000
107E OH 0.649 0026 0.045 0246 0.020 0.000 0.000 0.001 0.000 0011 0.812
108E 3H 0947 0.001 0.012 0.000 0.029 0.005 0.002 0.003 0.000 0.001 0.832
109L 6H 0913 0.000 0.020 0.012 0.034 0.000 0.001 0.001 0.017 0.002 0.841
110L 5H 0.884 0.002 0.060 0.018 0.032 0.000 0.001 0.001 0.000 0.000 0.856
111R 0H 0940 0.001 0.006 0.006 0.036 0.000 0.000 0.001 0.008 0.002 0.860
112K 3H 0944 0.002 0.005 0.001 0.037 0.005 0.003 0.000 0.000 0.003 0.860
113A 6H 0930 0.001 0.005 0.002 0.036 0.008 0.000 0.001 0.016 0.002 0.859
1141 6 H 0.930 0.001 0.028 0.002 0.036 0.000 0.000 0.002 0.000 0.000 0.854
115A 6H 0885 0.048 0016 0.000 0.033 0.001 0.005 0.003 0.008 0.001 0.836
116 E 6H 0.878 0.008 0.024 0.001 0.031 0.021 0.016 0.015 0.004 0.000 0.788
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0.762
0.731
0.260
0.056
0.028
0.038
0.126

0.115
0.005
0.043
0.325
0.395
0.087
0.042

0.044
0.171
0.574
0.545
0.475
0.818
0.543

0.000
0.002
0.004
0.002
0.005
0.001
0.004

0.033
0.026
0.055
0.002
0.002
0.014
0.009

0.027
0.060
0.003
0.004
0.001
0.000
0.197
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0.017
0.000
0.000
0.033
0.030
0.007
0.024

0.000
0.001
0.000
0.007
0.003
0.000
0.009

0.001
0.003
0.011
0.005
0.000
0.000
0.003

0.000
0.001
0.051
0.020
0.061
0.034
0.043

0.690
0.551
0.459
0411
0.409
0.661
0.656



Supplemental Table 2.7: MICS output for structural motifs within AE81-RAP80-tUIM.

REMARK MICS Protein Structural Motif Prediction Table
REMARK Prediction Summary for Chemical Shift Input ConvertedSequence_cara_mics.tab

REMARK CS_COUNT is the number of chemical shifts for given residue

REMARK Q_H is the predicted probability to be a residue in a helix

REMARK Q_E is the predicted probability to be a residue in a strand

REMARK' Q_L is the predicted probability to be a residue in a loo

REMARK Q_NCAP is the predicted probability to be a Ncap resicﬁle in a Ncap motif
REMARK Q_CCAP is the predicted probability to be a Ccap residue in a Ccap motif
REMARK Q_T1@2 is the predicted probability to be the 2nd residue in a type I beta-turn
REMARK Q_T2@2 is the predicted probability to be the 2nd residue in a type II beta-turn
REMARK Q_T1p@2 is the predicted probability to be the 2nd residue in a type I' beta-turn
REMARK Q_T2p@2 is the predicted probability to be the 2nd residue in a type II' beta-turn
REMARK Q_T8@2 is the predicted probability to be the 2nd residue in a type VIII beta-turn
REMARK S2 is the Wishart RCI chemical shift order parameter [JACS, 127, 14970-14971]

DATA SEQUENCE LGSRKIAQMT EEQFALALKM SEQEAREVNS QEEEEEELLR KAIAESLNSC
DATA SEQUENCE RPSDASATRS

VARS RESID RESNAME CS_CNT SS_CLASS Q_H Q_E Q L Q_NCAP Q CCAP Q_Tl@2 Q_T2@2
Q_Tip@2 Q_T2p@2 Q_T8@2 S2
FORMAT %4d %1s %2d %1s %8.3f %8.3f %8.3f %8.3f %8.3f %8.3f %8.3f %8.3f %8 .3f %8.3f %8.3f

-1G 3L 0.067 0.058 0.862 0.008 0.000 0.000 0.000 0.000 0.000 0.005 0.359
0S 5L 0.030 0.247 0.591 0.025 0.000 0.048 0.023 0.014 0.008 0.014 0472
74R 4L 0290 0.044 0.544 0.006 0.000 0.051 0.021 0.001 0.013 0.030 0.629
75K 5L 0361 0.085 0430 0.016 0.000 0.050 0.003 0.000 0.014 0.041 0.622
761 5L 0374 0.092 0487 0.010 0.017 0.000 0.000 0.002 0.000 0.018 0.605
77TA 5L 0.164 0083 0.694 0.000 0.011 0.000 0.000 0.004 0.007 0.037 0.548
78Q 5L 0018 0.135 0.812 0.000 0.014 0.000 0.005 0.015 0.000 0.000 0.523
79M 5L 0006 0.159 0801 0.006 0.009 0.000 0.012 0.007 0.000 0.000 0.560
80T SL 0.006 0.031 0.148 0.790 0.004 0.001 0.013 0.006 0.000 0.000 0.659
82E 5H 0.898 0.004 0.073 0.000 0.010 0.000 0.001 0.005 0.000 0.009 0.813
83E 5SH 0974 0.001 0.007 0.000 0.014 0.000 0.002 0.001 0.000 0.001 0.866
84Q 5H 0967 0.001 0.005 0.001 0.023 0.000 0.001 0.001 0.000 0.002 0.873
8F 5H 0958 0.002 0.005 0.000 0.028 0.000 0.002 0.002 0.000 0.002 0.859
86A 5H 0932 0004 0017 0.000 0.037 0.003 0.000 0.000 0.005 0.001 0.840
87L SH 0945 0.001 0.006 0.002 0.036 0.005 0.004 0.000 0.000 0.001 0.815
88 A 5H 0935 0.003 0018 0.003 0.036 0.003 0.000 0.000 0.000 0.002 0.793
89L SH 0936 0.001 0.014 0.005 0.036 0.003 0001 0.001 0.000 0.003 0.784
90K 5H 0924 0004 0.027 0.006 0.036 0.003 0.000 0.000 0.000 0.001 0.784
91M 4H 0903 0.001 0.032 0.016 0.032 0.009 0.003 0.002 0.000 0.002 0.793
92S 5H 0.756 0.116 0072 0.026 0.030 0.000 0.000 0.000 0.000 0.000 0.787
93E 5H 0.832 0.006 0.068 0011 0.043 0.028 0.004 0.007 0.000 0.000 0.783
94Q 5H 0.832 0.009 0074 0.009 0.030 0.030 0.003 0.008 0.005 0.000 0.754
95E 5H 0.823 0.007 0.088 0.011 0.022 0.046 0.000 0.000 0.002 0.000 0.705
96A 5H 059 0.120 0.171 0.004 0.021 0.070 0.000 0.000 0.004 0.019 0.630
97R SL 0445 0.059 0394 0.008 0.045 0.000 0.014 0.014 0.005 0.016 0.571
98E 5L 0072 0065 0801 0.011 0.028 0.000 0.000 0.003 0.013 0.007 0.545
9V 5L 0.113 0.105 0.728 0.018 0.009 0.000 0.013 0.014 0.000 0.000 0.522
100N 5L 0.010 0.042 0.865 0.046 0.005 0.000 0.009 0.010 0.013 0.000 0519
101S SL 0.099 0.152 0.568 0.101 0.005 0.046 0.015 0.009 0.003 0.002 0.563
102Q SH 0.666 0.012 0225 0.086 0.007 0.000 0.000 0.000 0.000 0.003 0.665
103E 5H 0932 0.003 0.039 0.013 0.012 0.000 0.000 0.000 0.000 0.001 0.789
104E 5H 0959 0001 0.018 0.002 0.016 0.000 0.001 0.000 0.001 0.001 0.842
105E 4H 0957 0001 0.012 0.002 0.026 0.000 0.001 0.001 0.000 0.001 0.864
106E 5H 0955 0.000 0.007 0.001 0.031 0.000 0.002 0.001 0.001 0.001 0.873
107E 5H 0950 0.000 0.005 0.001 0.035 0.000 0.002 0.001 0.004 0.001 0.875
108E 5H 0951 0.000 0.003 0.001 0.037 0.000 0.002 0.001 0.004 0.002 0.864
109L 5H 0947 0.001 0.002 0.001 0.036 0.000 0.002 0.002 0.007 0.001 0.853
110L 5H 0955 0.002 0.002 0.001 0.037 0.001 0.000 0.000 0.000 0.001 0.848
111R 5SH 0952 0.000 0.005 0.001 0.037 0.001 0.000 0.001 0.000 0.003 0.852
112K 5H 0940 0.002 0.007 0.001 0.036 0.006 0.004 0.003 0.000 0.001 0.854
113A 5H 0915 0.004 0.037 0.002 0.036 0.007 0.000 0.000 0.000 0.000 0.849
1141 5H 0.886 0.002 0.027 0.003 0.035 0.000 0.017 0.012 0.013 0.005 0.843
115A 5H 0864 0.066 0022 0.001 0.035 0.000 0.000 0.000 0.012 0.000 0.827
116 E 5H 0.834 0.007 0.038 0.002 0.029 0.032 0.030 0.013 0.017 0.000 0.798
117S SH 0.736 0.102 0.071 0.003 0.026 0.057 0.003 0.000 0.003 0.000 0.732
118L 5H 0.627 0.013 0.182 0.000 0.049 0.092 0.014 0.011 0.004 0.009 0.659
119N 5L 0.086 0.087 0.753 0.009 0.009 0.000 0.007 0.000 0.004 0.046 0.651
120S SL 0.013 0.261 0.662 0.000 0.005 0.012 0.021 0.003 0.000 0.024 0.692
121C 4E 0.008 0555 0405 0.005 0.009 0.005 0.010 0.001 0.000 0.004 0.757
122R OL 0.024 0.067 0849 0.010 0.007 0.000 0.022 0.000 0.000 0.021 0.791



0.154
0.091
0.095

0.037
0.360
0.395
0.115
0.175

0.035
0.168
0.205

0.285
0.083
0.118
0.122
0.404

0.434
0.632
0.576

0.595
0.487
0.440
0.755
0.418

0.003
0.009
0.015

0.006
0.021

0.000
0.000
0.000

0.008
0.007
0.009

0.007
0.009
0.007
0.008
0.003

0.232
0.054
0.063

0.000
0.021

0.022
0.000
0.000
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0.050
0.003
0.007

0.006
0.004
0.004
0.000
0.000

0.012
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.001
0.000
0.000

0.000
0.000
0.000
0.000
0.000

0.071
0.036
0.030

0.064
0.015
0.015
0.000
0.000

0.609
0.628
0.644

0.601
0.554
0.498
0.459
0411



Supplemental Table 2.8: TALOS output for side chain y' angles for wild type RAP80-tUIM.

REMARK TALOS-N Protein Chil Conformation Prediction Table
REMARK Prediction Summary for Chemical Shift Input WT-5C_07jan14-update-from-21Jan14_talos.tab
REMARK

REMARK Q_Gm is the probability to be with a g- (gauche-) rotamer.
REMARK Q_Gep is the probability to be with a g+ (gauche+)rotamer.
REMARK Q_t 1s the probability to be with a t (trans) rotamer.
REMARK

REMARK CS_COUNT is the number of chemical shifts in the query triplets
REMARK used to predict chil conformation.

REMARK

REMARK CLASS is the classification of the prediction result:
REMARK na: no chil prediction was made.

REMARK g-/g+/t: 3-state chil prediction

REMARK

REMARK Reference:

REMARK Y. Shen, and A. Bax:

REMARK Protein backbone and sidechain torsion angles predicted from
REMARK NMR chemical shifts using artificial neural networks
REMARK J. Biomol. NMR (in press).

REMARK

REMARK TALOS-N Version 4.01 Rev 2013.148.15.55 TALOSN_INFO

VARS RESID RESNAME CS_COUNT Q_Gm Q_Gp Q_T CLASS
FORMAT %4d %s %2d %5 .3f %5 .3f %5.3f %s

-2 L 90.3330.3330.333 na
0S 60.3510.486 0.163 na
74 R 90.5800.131 0.289 na
75K 150.5170.078 0.405 na
76118 0.886 0.064 0.050 g-
78 Q 18 0.651 0.099 0.250 g-
79 M 18 0.529 0.102 0.369 na
80 T 18 0.050 0.901 0.050 g+

81 E 18 0.462 0.194 0.344 na
82 E 18 0.497 0.208 0.295 na
83 E 18 0.567 0.061 0.372 na
84 Q 18 0.533 0.102 0.366 na
85F 180.1890.026 0.785 t

87 L 18 0.562 0.040 0.399 na
89 L 18 0.633 0.041 0.326 g-
90 K 18 0.493 0.082 0425 na
91 M 18 0.627 0.083 0.290 g-
92 S170.2890.553 0.158 na
93 E 14 0.536 0.065 0.399 na
94 Q 140.6290.1100.261 g-
95E 150.613 0.066 0.321 g-
97 R 18 0.583 0.083 0.335 na
98 E 18 0.823 0.088 0.088 g-
99V 180.1580.1000.741 t
100 N 18 0.388 0.225 0.388 na
101 S 180.241 0.5190.241 na
102 Q 17 0.634 0.103 0.263 g-
103 E 11 0.595 0.093 0.312 na
104 E 50.3330.3330.333 na
105E 00.3330.3330.333 na
106 E 00.3330.3330.333 na
107 E 30.3330.3330.333 na
108 E 90.567 0.061 0.372 na
109 L 14 0.692 0.045 0.263 g-
110 L 11 0.562 0.040 0.399 na
111 R 80.5390.079 0.383 na
112K 90.500 0.096 0.403 na
114118 0.898 0.051 0.051 g-
116 E 18 0.613 0.066 0.321 g-
117 S 180.289 0.553 0.158 na
118 L 18 0.705 0.043 0.252 g-
119N 170.578 0211 0.211 na
120 S 11 0.273 0.497 0.230 na
121 C 50.3330.3330.333 na
122 R 30.3330.3330.333 na
124 S 150.289 0.467 0.244 na
125 D 18 0.340 0.193 0.466 na
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127 S 18 0.289 0.467 0.244 na
129 T 18 0.444 0.444 0.112 na
130 R 170.422 0.086 0.492 na
131 S110.3330.3330.333 na

Supplemental Table 2.9: TALOS output for side chain ' angles for DE§1-RAP80-tUIM.
REMARK TALOS-N Protein Chil Conformation Prediction Table
REMARK Prediction Summary for Chemical Shift Input delIES1RAPSOUIM._talos_input_Manoj.tab
REMARK
REMARK Q_Gm is the probability to be with a g- (gauche-) rotamer.
REMARK Q_Gep is the probability to be with a g+ (gauche+)rotamer.
REMARK Q_t 1s the probability to be with a t (trans) rotamer.
REMARK
REMARK CS_COUNT is the number of chemical shifts in the query triplets
REMARK used to predict chil conformation.
REMARK
REMARK CLASS is the classification of the prediction result:
REMARK na: no chil prediction was made.
REMARK g-/g+/t: 3-state chil prediction
REMARK
REMARK Reference:
REMARK Y. Shen, and A. Bax:
REMARK Protein backbone and sidechain torsion angles predicted from
REMARK NMR chemical shifts using artificial neural networks
REMARK J. Biomol. NMR (in press).
REMARK
REMARK TALOS-N Version 4.01 Rev 2013.148.15.55 TALOSN_INFO
VARS RESID RESNAME CS_COUNT Q_Gm Q_Gp Q_T CLASS
FORMAT %4d %s %2d %5 .3f %5 .3f %5.3f %s
-2L 70.3330.3330.333 na
0S110.1480.5820.270 na

74 R 120.562 0.115 0.323 na
75 K 12 0.561 0.085 0.354 na
76112 0.843 0.061 0.096 g-
78 Q 12 0.651 0.099 0.250 g-
79M 12 0.564 0.138 0.298 na
80 T 12 0.050 0.901 0.050 g+
82 E 120497 0.133 0.370 na
83 E 120.5370.143 0.319 na
84 Q 120.5700.069 0.361 na
85F 120.1890.0260.785 t

87 L 12 0.562 0.040 0.399 na
89 L 120.633 0.041 0.326 g-
90K 11 0.538 0.089 0.373 na
91 M 11 0.595 0.090 0.314 na
9251103140514 0.172 na
93 E 120.6130.066 0.321 g-
94 Q 120.6290.1100.261 g-
95E 120.6130.0660.321 g-
97R 40.3330.3330.333 na
98 E 40.3330.3330.333 na
99V 80.1650.104 0.731 t
100 N 12 0.356 0.206 0.438 na
101 S 120.158 0.553 0.289 na
102 Q 12 0.537 0.095 0.368 na
103 E 12 0.568 0.134 0.298 na
104 E 11 0.613 0.066 0.321 g-
105 E 11 0.536 0.065 0.399 na
106 E 11 0.565 0.100 0.335 na
107 E 12 0.536 0.065 0.399 na
108 E 12 0.536 0.065 0.399 na
109 L 12 0.633 0.041 0.326 g-
110 L 12 0.480 0.039 0.480 na
111 R 120.436 0.128 0.436 na
112K 12 0.456 0.088 0.456 na
114112 0.847 0.051 0.102 g-
116 E 12 0.565 0.100 0.335 na
1175 120.3140.5140.172 na
118 L 12 0.692 0.045 0.263 g-
119N 12 0.676 0.050 0.274 g-
120 S 120.310 0.429 0.262 na
121 C120.3050.475 0.220 na
122 R 80.5140.151 0.335 na
124 S 8 0.289 0.467 0.244 na
125D 12 0.360 0.232 0.409 na
127 S 120.289 0.467 0.244 na
129 T 12 0.351 0.551 0.098 na
130R 120.4440.112 0.444 na
131S 80.3330.3330.333 na
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Introduction

The DNA repair process in eukaryotic cells is an indispensible life process responsible
for maintaining the fidelity of the genome[1,2]. The genomic information encoded within
the molecular structure of DNA is relentlessly compromised as a result of factors that
include free radicals arising from metabolic processes, radiation, and replication
errors[1]. By virtue of highly regulated and efficient DNA repair mechanisms, most DNA
damage does not progress to viable malignant tumors[1]. Amongst the different kinds of
damage that alter DNA structure, double strand breaks are the most deleterious[1].
Depending the nature of DNA damage, checkpoint activation and cell cycle arrest
accompany a number of repair pathways, including homologous recombination, non-
homologous end joining, or alternative non-homologous end joining repair, function to
combat the damage[3]. Similar to many life processes, homologous recombination is
governed by the hierarchical and synergistic action of different post-translational
modifications, such as phosphorylation, ubiquitination, and SUMOylation[4,5]. The
severed ends of damaged DNA are sensed by the MRE11/Rad50/NBS1 (MRN) protein
complex, followed by recruitment of ATM kinase and its concomitant activation[3,5,6].
This results in the phosphorylation of nearby histones, which serves as a marker for
initiation of repair[3,5]. Phosphorylated histones comprise the binding site for MDCl,
which is also phosphorylated by ATM kinase; subsequently, phosphorylated MDC1
recruits the ubiquitination enzyme RNF8 which acts with the Ubc13/Mms2 heterodimer
to attach K63-linked Ub chains at damage sites, in combination with the Ub ligase
RNF168[3,7,8]. One of the biological functions for K63-linked polyUb chains is to serve
as a signal for BRCA1 recruitment, a key protein that is obligatory for repair of DNA
damage, and cell cycle checkpoint activation. RAP80, an 80 kDa nuclear protein, is
responsible for recruitment of the BRCA1 A complex (BRCA1, BARDI1, BRCC36,
Abraxas and RAP8O0) to sites of DNA damage by binding K63-linked Ub chains through
tandem a-helical UIMs[9,10]. In addition to ubiquitination, SUMOylation of different
DNA repair proteins by PIAS4, a SUMO specific E3 ligase, is involved in BRCAI
recruitment[11,12]. The well established role for K63-linked polyUb recognition by
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RAP80 in BRCAI recruitment was recently modified by the finding that RAP8O
possesses a SIM, N-terminal to the tandem UIMs, which is partly responsible for BRCA1
A complex recruitment to DNA damage sites[13,14]. Optimal recruitment of BRCA1 to
damage sites depends on the combined action of the SIM and UIM of RAPS8O0; this
implies that there are two possibilities for SUMO and polyUb binding: independent
recognition of the individual modifier proteins, or recognition of SUMO-Ub hybrid
chains[13,14]. Hybrid chain recognition is appealing in comparison to independent
modifier binding, as a result of an ~80-fold higher affinity for RAP80 as compared to
SUMO and Ub binding alone[14]. In addition, the requirement of RNF4, a SUMO-
binding Ub ligase, for BRCA1 recruitment by RAP80, suggests that hybrid chains are the
preferred candidates for RAP80 binding[14].

There are four SUMO isoforms in mammalian cells- SUMO-1, 2, 3 and 4. SUMO-1
shows 45% sequence identity to SUMO-2 and SUMO-3, whereas SUMO-2 and SUMO-3
share 95% sequence identity, and can form polySUMO chains. The function of SUMO-4
is currently unknown. Although their sequences and chain forming capabilities vary, all
SUMO isoforms assume a Ub-like fold[15]. From a structural perspective, the binding of
SUMO to its cognate partners typically involves electrostatic and hydrophobic
interactions, unlike Ub interactions, which typically involve a hydrophobic patch
centered on Ile44[16-18]. The SIM is the most extensively studied SUMO binding motif,
with a hydrophobic module (V/DX(V/T)(V/I), bordered by N and C-terminal acidic
modules[18]. The three isoforms of SUMO bind SIMs within a hydrophobic groove
between the o, helix and the 3, strand, typically forming an intermolecular 3-sheet at the
interface. The orientation of the [ strand has been observed in both parallel and
antiparallel conformations depending on the specific SIM sequence and SUMO
isoform[19]. This is believed to result from the distribution of negatively charged
residues adjacent to the hydrophobic SUMO-interacting module from the SIM. This
region also possesses serine residues that are typically phosphorylation sites, and play a
role in determining SUMO isoform preference[17,18]. Phosphorylation of the SIM serine
residues provides enhanced electrostatic interactions, that generally result in a substantial

increase in the affinity of the SUMO-SIM interaction[20,21]. A number of structures for
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phosphorylated SIMs bound to SUMO-1 are have been reported[19,21-25]. However, the
molecular basis for the interaction between SUMO-2 and its cognate phosphorylated SIM
is unknown. The DNA repair protein RAP80 has been shown to preferentially interact
with SUMO-2[14], and possesses a canonical CK2 phosphorylation site within its SIM.
In this study, the structure of the N-terminal UIM and SIM domains from RAP80, as well
as the molecular basis for binding of SUMO-2 to the SIM were investigated using NMR
spectroscopy. We also determined the first structure of SUMO-2 bound to a
phosphorylated SIM, which in conjunction with measurement of the thermodynamics and
kinetics of SUMO-2 binding for the phosphorylated and non-phosphorylated states of
RAP80, provide insight into the molecular determinants underlying the SUMO-2

specificity of this critical DNA repair protein.

Experimental Procedures

Cloning, protein expression and purification of RAP80

RAP80 is a 719 residue, multi-domain protein consisting of N-terminal nuclear
localization signals (~residues 3—-35), two N-terminal tandem UIMs (~residues 80 — 120),
an N-terminal SIM (~residues 35-50), and in the C-terminal half, an Abraxas interacting
region (AIR) and two putative zinc fingers[26]. The central AIR domain binds
phosphorylated Abraxas within the BRCA1 complex[9,10,27]. This function, combined
with the independent SUMO and Ub binding properties of the N-terminal region
(~residues 30-120)[13,14,28,29], facilitates DNA damage recognition and repair by the
BRCAT1 complex. To study the SUMO binding properties of human RAP80, residues 33-
131 were cloned into the EcoRI and BamHI sites of pHis-P1, and the insert sequence was
verified by sequencing. Expression of the His,-tagged fusion constructs results in an N-
terminal GAMDP cloning artifact following cleavage with TEV protease. For expression
of unlabeled proteins, 100uLL of electrocompetent Escherichia coli strain BL21(DE3)-
RIPL cells were transformed with 300 ng plasmid, and allowed to grow overnight on agar
plates containing ampicillin and chloramphenicol at 37 °C. A single colony was picked

and used to inoculate 50 mL of LB starter culture, which was incubated at 37 °C
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overnight. LB containing ampicillin and chloramphenicol (500 ml) was inoculated with 5
mL of starter culture and incubated at 37 °C with shaking at 250 rpm. Upon optimal
growth to ODg,, ~0.6-0.8, cells were induced with 0.4 mM IPTG. Post induction, cells
were grown overnight at 25 °C and subsequently harvested. Cells were suspended in 100
mL of lysis buffer containing 20 mM imidazole, 500 mM NaCl, 20 mM sodium
phosphate, 2 mM DTT, 10 mM MgSO,, 5 ug/mL DNase I and 0.5% protease inhibitor
cocktail II (Calbiochem catalog no. 538132), pH 7.3, and subjected to sonication.
Following cell rupture, lysate was centrifuged at 25000 rpm in a Beckman JA-25.5 rotor
for 30 min at 4 °C. The supernatant was filtered using a Millipore steriflip 0.45 pum
vacuum filtration unit. The filtrate was affinity-purified using a His-prep FF 16/10
column equilibrated with buffer containing 20 mM imidazole, 500 mM NaCl, 20 mM
sodium phosphate and 2 mM DTT at pH 7.3. Bound protein was eluted using a gradient
of increasing imidazole concentration ranging from 20 mM to 500 mM. Fractions
containing protein, as detected by UV absorbance, were pooled and the His, tag was
cleaved by addition of 100 pL of 210 uM TEV protease with incubation at 4 °C
overnight. The cleaved His, affinity tag was removed by passing the sample over a His-
prep FF 16/10 column; unbound protein was collected, and exchanged using a dialysis
membrane with a 3.5 kDa cutoff, into buffer containing 50 mM Tris, 150 mM NacCl, 2
mM DTT, at pH 7.3. Final purification was carried out by size exclusion with a HiLoad
26/60 Superdex 75 column equilibrated with 50 mM Tris, 150 mM NaCl, and 2 mM DTT
at pH 7.3. Fractions containing protein were pooled and concentrated using an Amicon
Ultra 15 centrifugal membrane filtration device with a cutoff of 3 kDa. For expression of
[U-"N] and [U-"C,”N]-labeled protein for NMR studies, cells were grown to ODy,
~0.6-0.8 in 2 L of LB media, and pelleted by centrifugation using a Beckman JA-10.5
rotor for 30 minutes at 5000 rpm. Cells were washed in M9 medium, and suspended in
250 mL of M9 media containing "N labeled ammonium sulphate as the sole nitrogen
source or both "°N labeled ammonium sulphate and "°C labeled glucose as the sole carbon
source. Cells were acclimatized to the change in media conditions for ~2 hours through
incubation at 25 °C and shaking at 250 rpm. Protein expression was induced using 0.4
mM IPTG. Following induction, the incubation temperature was reduced to 18 °C for

overnight growth. Purification was achieved as described for unlabeled proteins.
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Protein expression and purification of SUMOQO-2

pET28a plasmid harboring residues 1-93 of human SUMO-2 was a gift from Dr.
Lawrence Mclntosh, University of British Columbia. Expressed SUMO-2 contained an
N-terminal His, tag, which results in a GSH cloning artifact following cleavage by
thrombin. Protein expression and purification strategies for unlabeled, [U-""N] and [U-
BC,”N] labeled SUMO-2 were similar to those for RAP80 constructs, except where
noted. Thrombin cleavage of the SUMO-2 His, tag was carried out using a Thrombin
CleanCleave kit (Sigma-Aldrich). Cleaved SUMO-2 was dialyzed against thrombin
cleavage buffer containing 50 mM Tris HCl, and 2.5 mM CaCl, at pH 7.9, followed by
incubation with thrombin immobilized agarose beads at room temperature for 48 hours.
Post cleavage, thrombin beads were removed by centrifugation and the protein was
dialysed in nickel column binding buffer (20 mM imidazole, 20 mM sodium phosphate,
150 mM NaCl, 2 mM DTT, pH 7.3). Purification by size exclusion chromatography was
similar to that for RAP80 constructs. For all protein samples, purity and molecular weight

were confirmed using SDS-PAGE and MALDI-TOF mass spectrometry.

RAP80 SIM peptide synthesis and phosphorylation

Peptide containing residues 35-50 (RLEDAFIVISDSDGEE) from RAP80, with an
acetylated N-terminus and amidated C-terminus, was chemically synthesized (Biomatik,
99% pure). Doubly phosphorylated peptide was synthesized through incubation of 0.18
mM peptide with 1000 units of CK2 (Casein Kinase 2) (New England Biolabs), in
reaction buffer containing 0.63 mM ATP, 50 mM Tris, 10 mM MgCl, 0.1 mM EDTA, 2
mM DTT, 0.01% Brij35, pH 7.5. The reaction was carried out at 30 °C for 4 hours.
Complete phosphorylation at residues S44 and S46 was confirmed by MALDI-TOF mass
spectrometry. For NMR-monitored binding studies and structure determination of
SUMO-2 with phosphorylated RAP80 peptide complex, phosphopeptide containing
RAP80 residues 37-49 (EDAFIVIpSDpSDGE) was chemically synthesized (Biomatik,
95.96% pure).
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NMR chemical shift assignment

All NMR experiments were carried out on a Varian Unity INOVA 600 MHz
spectrometer, except where noted. All samples were prepared in SHIGEMI microcell
NMR tubes. Main chain resonance assignments for RAP80,, 5, were accomplished at 25°
C using a [U-"C,”N] NMR sample in 50 mM Tris, 150 mM NaCl, 45 mM TCEP, and
pH 6.1, with a protein concentration of 0.3 mM, 0.1 mM DSS as an internal reference,
and 10% D,O, and the 3D HNCACB[30,31], CBCA(CO)NNH[31,32],
HNN(CA,CO)[33,34], HNCO[35], and HN(CA)CO[36] experiments. Backbone 'H", "N,
C,, PCO and "C; chemical shifts were assigned manually using the SPARKY program
[37] and verified using the automatic assignment feature of CARA[38]. These main chain
chemical shift assignments were readily translated to pH 7.3 for subsequent NMR
experiments, as pH-dependent chemical shift changes were minimal. Main chain
resonance assignments for SUMO-2 were obtained in a similar fashion using a [U-
C/"®*N] NMR sample containing 0.4 mM SUMO-2 in 50 mM Tris, 150 mM NaCl, 2 mM
DTT, 10% D,O, and 0.1 mM DSS as an internal standard at pH 7.3. Chemical shifts were

verified against those deposited in the BMRB (accession number 6801).

Main chain 'HY, 'H,, and side chain proton chemical shifts for chemically synthesized
RAPS80,; 5, were assigned using 2D TOCSY and NOESY experiments[39] at 5 and 25 °C,
for a sample containing 0.7 mM peptide in 50 mM Tris, 150 mM NaCl, 2 mM DTT, and
0.1 mM DSS, and 10 % D,0O, at pH 7.3. Chemical shifts for synthesized, doubly
phosphorylated pRAP80;,,,, were assigned similarly using a sample containing 0.5 mM
peptide in 50 mM Tris, 150 mM NaCl, 2 mM DTT, 0.1 mM DSS, and 10 % D,O at pH
7.3.
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Chemical shift perturbation mapping for [U-"N]-RAPS80,,,,, upon SUMO-2

addition

In addition to following SUMO-2 chemical shift changes upon titration with RAP80
peptides, we determined RAP80,; ;,, main chain '"H" and N chemical shift changes upon
interaction with SUMO-2, by recording 2D 'H-"N HSQC NMR spectra for 0.3 mM [U-
N]-RAP80,; 5, in 50 mM Tris 150 mM NaCl, 2 mM DTT, and 10% D,O at pH 6.1 until
there were no significant changes in RAP80 resonances upon SUMO-2 addition (>10-

fold excess of SUMO-2).

NMR monitored titrations for [U-"N]-SUMO-2 with RAP80,,,;,,, RAP80,.,, and
PRAP80;, 4

Generally, changes in main chain amide chemical shifts for SUMO-2 upon addition of
various RAP80 peptides were followed at different titration points using 2D 'H-"N
HSQC NMR spectra [40,41]. Titration of 225 pM [U-"N] SUMO-2 in 50 mM Tris, 150
mM NaCl, 10 mM DTT, and 10% D,O, at pH 7.3 was carried out by adding increasing
amounts of stock solution containing unlabeled RAP80,; 5, in the same buffer. During
titration, the increase in RAP80;; 5, is accompanied by dilution of SUMO-2 with
concentrations of 225, 211, 198, 184, 171, 157, 144, 117, 91, 64 and 11 uM, and
RAP80;;, 5, concentrations of 0, 35, 70, 104, 139, 174, 208, 278, 347, 416 and 555 uM.
For these titration points, the RAP80,; ,5,/SUMO-2 concentration ratios were 0, 0.16,
0.35, 0.56, 0.81, 1.12, 144, 2.36, 3.82, 6.49 and 51.98. For this, and all subsequent
titrations, the combined "N and 'HY chemical shift change for each residue was
calculated according to Ad = [(A8"”N/5)*+ (A8'HY)*]"?, where A8"°N and AS'H" are the
respective "N and 'H" chemical shift changes in ppm. These combined chemical shift
changes were numerically fit to a 1:1 binding isotherm to determine the dissociation
constant (K,), as previously described [41]. For all titrations, protein concentrations were
measured using the BCA assay and verified with amino acid analyses. For NMR-
monitored titrations of SUMO-2 with RAP80,; ,, a stock solution of unlabeled RAP80;;
sowas titrated into a 380 uM [U-"N] SUMO-2 sample in 50 mM Tris, 150 mM NaCl, 2
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mM DTT, and 10% D,0, at pH 7.3. The concentrations of SUMO-2 and RAP80,; , at the
various titration points were 376, 373, 368, 359, 342, 324, 303, 288, 253, 217, 181, 145,
108, 72,36 uM, and 0, 5, 15, 31, 64, 98, 136, 163, 229, 296, 364, 431, 498, 565, and 633
uM, respectively, giving concentration ratios for RAP80;5.5,/SUMO-2 of 0, 0.013, 0.040,
0.08,0.18,0.30,0.44,0.56,0.90, 1.36,2.01,2.97,4.6,7.84 and 17.5(41).

Titration of SUMO-2 with synthetic pRAP80,,, peptide was carried out by adding
increasing concentrations of peptide to a 190 uM [U-""N] SUMO-2 sample in 50 mM
Tris, 150 mM NaCl, 2 mM DTT, and 10% D,0O, at pH 7.3. Concentrations of SUMO-2
and pRAPS80,,_,, for the different titration points were 190, 188, 185, 179, 172, 159, 147,
136, 124, 113, 102, 91, 80, 69, 68, 61, 51,46 uM, and 0, 1, 4,7, 12, 22, 30, 38, 46, 54,
62, 70, 78, 86, 88, 100, 120, 135 uM, respectively, with corresponding concentration
ratios for pRAPS80,,_,,/SUMO-2 of 0, 0.006, 0.02, 0.04, 0.07, 0.14, 0.20, 0.28, 0.37, 0.47,
0.60,0.77,0.97,1.24,1.29, 1.63,2.35 and 2.93.[41].

Chemical shift differences were calculated for the first and last points from the titrations
of SUMO-2 with various RAP80 peptides, and mapped onto the structure of free SUMO-
2 (PDB ID: 1WM2). For these chemical shift maps, common missing residues included
N- and C-terminal residues and prolines: M1, A2, D3, N15, D16, Q90-G93, P6, P39,
P66, P73, and broadened residues: K33, K35. For the titration with RAP80.; ,5,, missing
residues in the 'H-"N NMR spectra due to low SUMO-2 concentration include E4, Q25,
R36,R50, M55, and E81.

NMR structure determination for RAP80,; ,,, and the SUMO-2/pRAP80,, ,, complex

The secondary structure for RAP80,, 5, was determined using protein backbone (¢, y)
and side chain (x') torsion angles determined with the TALOS-N program], using

quantitative analysis of backbone 'H, 'H,,, "CO, "*C, and side chain *C;; chemical shifts.

To determine a structure for pPRAP80,, ,,in complex with SUMO-2, a sample containing

0.4 mM [U-"C/"N]-SUMO-2 and 1.2 mM pRAPS80;, ,, was prepared in buffer containing
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25 mM Tris, 2 mM DTT and 10% D,O, pH 7.3. For assignment of bound SUMO-2
backbone 'HY, “N, “C,, “CO, and side chain “C; chemical shifts, 3D HNCACB,
CBCA(CO)NNH, HNCO, HN(CA)CO, and 2D 'H-"N HSQC NMR experiments were
collected. Side chain carbon and proton chemical shifts were obtained using the 3D
(H)CCTOCSY(CO)NNH and H(CC)TOCSY(CO)NNH NMR experiments[43-46].
Chemical shift assignment was accomplished manually using the SPARKY NMR
software, and automatically using CARA. The six aromatic side chains of SUMO-2 H17,
F32, H37, Y47, F60, F62 and F87, were assigned using an in-house modified 2D 'H-"C
aromatic TROSY HSQC[47], an in-house 2D 'H-"*C aromatic NOESY TROSY HSQC
pulse sequence, as well as the 2D (HB)CB(CGCD)HD and (HB)CB(CGCDCE)HE
aromatic side chain correlation experiments[48]. To assign pRAP80,,,, side chain and
backbone proton chemical shifts for peptide bound to SUMO-2, 2D TOCSY and NOESY
experiments[49] with suppression of SUMO-2 signals from protons bound to °C and "N
were carried out on a Unity INOVA 800 MHz NMR spectrometer using the same sample.
To determine interacting residues between [U-">C/"N]-SUMO-2 and unlabeled
pRAP80,, ,,, 2D "“C/®N F -filtered, F;-edited NOESY experiments for aliphatic and
aromatic protons were carried out[49]. Intermolecular NOEs were assigned using side
chain proton assignments for bound SUMO-2, and side chain proton assignments for
bound pRAPS80,,,,. A total of fifteen intermolecular NOEs between SUMO-2 and
pRAPS80,,,, were assigned, as well as 28 intramolecular pRAP80;, ,, NOEs. Restraints for
NOEs were determined on the basis of peak intensities, and assigned to distance ranges
using the auxiliary programs from the Amber 14 biomolecular simulation suite of
programs[50]. Main chain torsion angle restraints for bound SUMO-2 were determined
with the TALOS-N program using main chain 'HY, 'H,, "CO, "“C, and side chain “C,
chemical shifts. Torsion angles for bound peptide were determined from 'H and 'H,
chemical shifts using the PREDITOR program[51]. Torsion angle restraints were used in

structure calculations for residues with a PREDITOR confidence score higher than 0.7.

For structure calculations, the starting model for SUMO-2 was derived from the high-
resolution crystal structure (PDB ID: 1WM2)[52]. N-terminally acetylated and C-
terminally amidated pRAP80;,_,, peptide was manually docked to strand b, from SUMO-
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2, in the parallel b-strand conformation, to generate a starting model for the complex. The
choice for this initial model was based on the following experimental observations, that
suggested a parallel b-strand conformation for peptide: intermolecular NOEs between
SUMO-2 and RAPS8O residues 141/I43, combined with a lack of intermolecular NOEs
between F40 and V42 from RAP80 and SUMO-2, significant main chain amide chemical
shift perturbations for a network of positively charged residues including H17, K35, H37,
and K42 for SUMO-2, and corresponding large 'H, and "H" chemical shift changes for
pS44, D45, and pS46 for SIM peptide, upon SUMO-SIM interaction. This initial model
was solvated in a truncated octahedral TIP3P water box, with a distance 24 A between
protein atoms from images in adjacent unit cells. The starting model was energy
minimized using the ff14SB force field and the sander program within the Amber 14 suite
of biomolecular simulation programs, with pairwise long range electrostatics and van der
Waals interactions cut off at 8 A. In addition, default parameters for phosphoserine
bearing a —2 charge (S2P residue) were employed[53]. The simulation system was heated
for 50 ps to a temperature of 298 K, solute atoms were subjected to 2 kcal/mol restraints,
and allowed to equilibrate to 1 atm pressure for a further 50 ps. The system was then
subjected to production dynamics for 40 ps with the inclusion of NMR-derived distance
and dihedral restraints. Structural statistics for twenty snapshots from the last 40 ps of the

simulations with NMR restraints are given in Table 3.1.
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pRAP80;, 4 SUMO-2
distance restraints -
total 30 -
intraresidue 3 -
sequential (li—jl = 1) 21 -
medium (2 < li—jl < 4) 6 -
long (li—jl = 5) 0 -
Intermolecular 15 15
dihedral restraints 11 ¢,11 w, 0’ 68 ¢, 68 v, 30 '
restraint violations
distance > 0.5 A 0 0
dihedral > 5 ° 4 8

¢/v in the most-favoured

region (%)

88.8

Table 3.1: Structural statistics for twenty NMR-derived structures for

2/pRAPS0;; .
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NMR lineshape analyses

For titrations of SUMO-2 with RAP80,;5, and pRAP80,,,y, lineshape analyses were
carried out using the Bloch-McConnell equations for two-site chemical exchange, as
previously described[54], to yield the kinetics (k,, and k) of the RAP80 SIM/SUMO-2

interaction, as well as changes in kinetics upon phosphorylation.

Results

Secondary structure for RAP80,, ,;, from quantitative chemical shift analysis

The Ub and SUMO binding properties of RAP80 are confined approximately to residues
30-120[13,14,28,29], with the tandem UIMs (residues 80-120) forming o-helical
structure[55]. In order to determine the molecular basis of SUMO-2 recognition by
residues 30-50 from RAP80, we explored the structure of free RAP80,, 5, using NMR
spectroscopy. 2D 'H-"N HSQC NMR spectra for RAP80,, ,,, are shown in Fig. 3.1a. The
'H chemical shifts range from ~7.7-8.9 ppm; this relatively narrow dispersion suggests
that for RAP80,, 5, other than the tandem o-helical UIM domains, a specific global fold
is not adopted. Quantitative chemical shift analysis of main chain torsion angles using the
TALOS-N program indicates that residues 33-39, N-terminal to the SIM, adopt a random
coil conformation (Fig. 3.1b), and are flexible, as indicated by random coil index derived
S* values of ~0.50 [56]. TALOS-N chemical shift analysis indicates that residues 40-47
that form the SIM, adopt a [ strand conformation with a high probability of ~0.95 (Fig.
3.1b). Residues 48-78 that connect the SIM to the tandem UIMs also adopt a primarily
random coil conformation, with higher flexibility, as indicated by an average random coil
derived S* value of ~0.3. Residues belonging to the tandem UIMs adopt a-helical
conformations, as previously described (28,29). The LR motif (residues 60-78), believed
to assist in recruitment of BRCA1 to damage sites [57], does not adopt a specific

secondary structure and appears flexible, at least in uncomplexed states.
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Figure 3.1: (a), 2D 'H-"N HSQC NMR spectra for free RAP80,; 5, (red) and bound to
SUMO-2 (blue). Residues 40—44 are broadened beyond detection upon SUMO-2 binding.
(b), secondary structure for free RAP80,, 5, derived from quantitative chemical shift
analysis, with a-helix shown in red, and b-strand shown in blue. (c), chemical shift
perturbations for RAP80,, ;5, bound to an eleven-fold excess of SUMO-2.
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Chemical shift perturbation mapping for [U-"N]-RAPS80,, ,;, upon interaction with
SUMO-2

To delineate the N-terminal residues of RAP80 that interact with SUMO-2, we followed
changes in main chain amide resonances for RAP80,, 5, upon SUMO-2 binding using 2D
'H-"N HSQC NMR spectroscopy (Fig. 3.1a). In general, a significant chemical shift
change accompanying a protein-protein interaction can be expected to have a threshold
value of ~0.1 ppm, up to a maximum of ~0.5 ppm [55]. There are few residue-specific,
significant chemical shift changes for RAP80;, 5, within the typical range (Fig. 3.1c).
However, the main chain '"H" and "N resonances for residues expected to be directly
involved in the interaction with SUMO-2, F40, 141, V42 and 143, could not be detected
upon interaction with SUMO-2 due to extensive line broadening. The resonances for
residues adjacent to the hydrophobic SIM residues, on the other hand, S44, D45, S46, and
D47, shifted linearly with increasing SUMO-2, without severe line broadening, consistent
with fast chemical exchange. These results suggest that RAP80 interacts with SUMO-2
exclusively via the SIM, similar to the interaction of RAP80 with Ub, wherein only UIM

residues are directly involved in binding [29].

NMR-monitored titrations for the [U-"N]-SUMO-2/RAP80;; ,,, interaction

To gain insight into the molecular basis underlying specificity of the SUMO-2/RAP80
interaction, we employed NMR spectroscopy to determine the RAP80 binding site on
SUMO-2 using chemical shift mapping, and to determine a quantitative dissociation
constant for the interaction. 2D 'H-"N HSQC NMR spectra of SUMO-2 in the absence
and presence of RAP80,, 5, are shown in Fig. 3.2a with per residue combined chemical
shift changes shown in Fig. 3.2b. SUMO-2 main chain amide resonances showing
significant changes upon interaction with RAP80,, 5, are located within strand f3,, helix
a,, the loop connecting them, as well as loop residues near the 3,,helix in free SUMO-2
(Fig. 2c¢). These regions form the typical SIM interaction site for the various SUMO
isoforms[18]. Residues K33 and K35 are undetectable as a result of line broadening, and

remained unobservable upon saturation of the binding site. Other residues in the binding
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cleft, including V30 (Fig. 3.2d.e), Q31, F32, 134, R36, T38, L40, S41, K42, and L43,
showed linear chemical shift changes which could be followed throughout the titration.
The main chain amide resonances for F32 and L40 were broadened at high RAP80,;
131/ SUMO-2 ratios. Fitting chemical shift changes for twenty SUMO-2 residues that could
be followed during the titration to a 1:1 binding isotherm gives an average dissociation

constant (Kp,) of 195 + 33 uM.
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Figure 3.2: (a), 2D 'H-"N HSQC NMR spectra for free SUMO-2 (red) and bound to
RAPS80; 15, (blue). (b), chemical shift perturbations for SUMO-2 bound to a 52-fold
excess of RAP80;, 5. (¢), Residues experiencing chemical shift changes greater than one
standard deviation from the mean (red) and those broadened beyond detection (orange)
are mapped on the surface of SUMO-2, between o, helix and B, strand. (PDB ID
IWM?2). (d), fits of chemical shift perturbation data to 1:1 binding isotherms for the
SUMO-2 interaction with RAP80.; ,5,. (), Chemical shift changes for V30 are indicated
on the vertical axis, and concentrations for SUMO-2 and unlabeled RAP80., 5, are
indicated on the horizontal axes. Experimentally determined chemical shift changes are
shown as points, and the best fit to a 1:1 binding isotherm is shown as a surface. (f),
expanded region from the 2D 'H-"N HSQC NMR spectra taken during titration of
SUMO-2 with RAP80;; ,5,, showing chemical shift changes for V30.
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Chemical shift perturbation mapping, NMR monitored titrations, and lineshape

analysis for interaction of [U-"N]-SUMO-2 with RAPS0,; .,

To facilitate NMR and structural studies, we synthesized peptides encompassing the
minimal binding motif from RAP80 (residues 35-50 or 37-49), given the lack of structure
adjacent to these regions, and that no significant chemical shift changes are observed
beyond these regions in NMR binding studies employing the longer RAPS80;; 5,
construct. The synthetic peptides were N-terminally amidated and C-terminally acetylated
to maintain neutrality for the terminal residues, thereby avoiding introduction of non-
physiologically relevant electrostatic interactions. To ensure that the peptides retained the
SUMO interactions of the longer RAP80,, 5, construct, we conducted chemical shift
mapping and NMR-monitored titrations to determine the binding site of the RAP80;; 4,
peptide on SUMO-2, as well as the K, and kinetic constants for the interaction, as

described in detail below.

Main chain amide 'H" chemical shifts from SUMO-2 residues showing significant
changes upon interaction with RAP80,; 5, are evident in 2D 'H-"N HSQC NMR spectra
(Fig. 3.3a,b), and the results recapitulate those for titrations with the longer RAP80;, 5,
construct. Similar to the RAP80;; ,;,—SUMO-2 interaction, residues K33 and K35 could
not be detected due to extensive line broadening. Residues in the vicinity of K33 and
K35, such as F32, 134, R36, H37, and T38 showed linear main chain amide chemical
shift changes upon interaction with RAP80,,. Fitting chemical shift changes for
seventeen residues to a 1:1 binding isotherm yields an average K, of 239 + 54 uM (Fig.
3.3c), with corresponding linear chemical shift changes for V30 shown in Fig. 3d. The K,
for the SUMO-2 interaction with RAP80; 5, is the same within error for interaction of the
longer RAP80,; 5, construct with SUMO-2 (195 + 33 mM). We conducted lineshape
analysis for the chemical shift changes of V30 during the titration to determine the
kinetics of interaction (Fig. 3.3e). Fits of the lineshape changes to two site chemical
exchange using the Bloch-McConnell equations yields a k,, value of 5.9 x 10° M s™', and

on

a k,; value of 1511 s
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Figure 3.3: (a), 2D 'H-"N HSQC NMR spectra for free SUMO-2 (red) and bound to
RAPS80;5 5, (blue). (b), Chemical shift perturbations for SUMO-2 bound to a seventeen-
fold excess of RAP80,; 5,. (c), Residues experiencing chemical shift changes greater than
one standard deviation from the mean (red) and those broadened beyond detection
(orange) are mapped on the surface of SUMO-2, between o,-helix and [3,-strand. (PDB
ID: 1TWM2). (d), fits of chemical shift changes to 1:1 binding isotherms for the SUMO-2
interaction with RAP80;, 5,. Chemical shift changes for V30 are indicated on the vertical
axis, and concentrations for SUMO-2 and unlabeled RAP80, 5, are indicated on the
horizontal axes. Experimentally determined chemical shift changes are shown as points,
and the best fit to a 1:1 binding isotherm is shown as a surface. (e), expanded region from
2D 'H-""N HSQC NMR spectra taken during titration of SUMO-2 with RAP80,s ,, with
ligand/protein ratios indicated. (f), lineshape analysis for V30 N chemical shift changes
taken from 2D 'H-"N HSQC NMR spectra taken during titration of SUMO-2 with
RAPS80;, 5,, experimental data are shown as blue dots connected by lines, and the best fits
are shown as green lines.
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Chemical shift perturbation mapping for RAP80,; .,upon phosphorylation

RAPS80 contains a canonical CK?2 recognition motif [S/T]-X-X-[D/E][58] adjacent to
hydrophobic module of the SIM, that possesses the sequence: S,,D,sS,D,,. We assessed
the phosphorylation of RAP80 by CK2 using 'H NMR spectroscopy. N-terminally
acetylated, C-terminally amidated RAP80,; 5, was doubly phosphorylated at Ser44 and
Ser46 with CK2. Phosphorylation of the two serines was confirmed by mass
spectrometry, and the observation of significant chemical shift changes for the backbone
and side chain protons from Ser44/Ser46 (Fig. 3.4). In addition, a significant change for
the "H" chemical shift for D47 is also observed. The ~0.3 ppm downfield shift for the "H"
of serine upon phosphorylation is suggestive of a hydrogen bond between the amide

proton and phosphoryl group, as previously observed [59].
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Figure 3.4: '"H~'H" fingerprint region from the NMR spectra for RAP80;s 5, (blue) and
phosphorylated RAP80;; 5, (red).
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Chemical shift perturbation mapping, NMR monitored titrations, and lineshape

analysis for the SUMO-2 interaction with pRAPS80,,_,,

In order to assess the impact of RAP80 phosphorylation on the specificity of the
RAP80/SUMO-2 interaction, we determined the RAP80 binding site on SUMO-2, as well
as the dissociation and kinetic rate constants using NMR spectroscopy. The interaction of
[U-"N] SUMO-2 with SIM peptide phosphorylated at S44 and S46 (pRAP80;;,,) was
studied using chemical shift titrations of SUMO-2 with pRAP80;,,,. The 2D 'H-"N
HSQC NMR spectra, and associated chemical shift maps for SUMO-2 in the absence and
presence of pRAP80,, ,, are shown in Figs. 3.5a,b. For the interaction between pRAP80,,.
s and SUMO-2, the binding site is similar to that for unphosphorylated RAP80;; 5.
However, the NMR resonances for residues F32, 134, R36, T38, L40, and L43 showed
extensive line broadening and concomitant signal loss for [pRAP80;,.4]:[SUMO-2]
ratios<1. For peptide/protein ratios>1, the resonances appear less broad, and upon
saturation, become more intense in comparison to titrations with unphosphorylated
peptide. This behaviour indicates that the SUMO-2 interaction with RAP80 SIM peptide
becomes more specific upon phosphorylation. However, the main chain amide chemical
shifts for residues K33 and K35 remain broad, even at saturating concentrations of
phosphorylated SIM peptide. For ten residues that could be followed during the titration,
the average K, value was determined to be 9+3 uM (Fig. 3.5¢,d), a ~25 fold increase in
binding affinity upon phosphorylation. From lineshape analysis (Fig. Se), the values of
k,, and k_; were determined to be 1.1 x 10* M™" s™" and 1020 s', respectively. Compared
to the kinetics of binding for unphosphorylated RAP80 SIM, k_, increases by ~100 fold,

whereas k  decreases by 1.5 fold.
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Figure 3.5: (a), 2D 'H-"N HSQC NMR spectra for free SUMO-2 (red) and bound to
doubly phosphorylated RAP80;, 4, (blue). (b), chemical shift perturbations for SUMO-2
bound to a three-fold excess of pRAP80;,,,. (), residues experiencing chemical shift
changes greater than one standard deviation from the mean (red) and those broadened
beyond detection (orange) are mapped on the surface of SUMO-2, between o,-helix and
B,-strand. (PDB ID: 1WM2). (d), fits of chemical shift changes to 1:1 binding isotherms
for the SUMO-2 interaction with pRAP80,,,,. Chemical shift changes for V30 are
indicated on the vertical axis, and concentrations for SUMO-2 and unlabeled pRAP80+, ,,
are indicated on the horizontal axes. Experimentally determined chemical shift changes
are shown as points, and the best fit to a 1:1 binding isotherm is shown as a surface. (e),
expanded region from 2D '"H-""N HSQC NMR spectra taken during titration of SUMO-2
with pRAPS80,, ,,, with ligand/protein ratios indicated. (f), lineshape analysis for V30 "N
chemical shift changes taken from 2D "H-""N HSQC NMR spectra taken during titration
of SUMO-2 with pRAP80,,.,,, experimental data are shown as blue dots connected by
lines, and the best fits are shown as green lines.
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NMR structure for the SUMO-2/pRAPS80,, ,, complex

In general, the timescale for exchange between the free and bound forms of SUMO/SIM
complexes results in significant NMR resonance broadening, rendering structural studies
of the complex difficult[24]. For the SUMO-2/pRAP80,,,, complex, intermolecular
NOEs between the hydrophobic region of the SIM (F,l,,V,,1l,;), and NMR experiments
selective for aromatic residues on SUMO-2, particularly F32 at the interface, help define
the structure of the complex for this region. In contrast, for the electrostatic binding
region of the interface, extensive line broadening for SUMO-2 residues, and the inability
to obtain NOE-based NMR distance restraints between SIM phosphate groups and
SUMO-2, present a significant challenge to NMR structure determination. To overcome
these difficulties, we adopted an NMR-guided structural approach wherein sparse NMR
data are combined with molecular dynamics simulations using a modern force field, in
explicit solvent, to determine a model for the structure. To that end, quantitative main
chain ¢and y dihedral angles for both SUMO-2 and doubly phosphorylated RAP80 SIM
peptide, intramolecular peptide NOEs, and intermolecular SIM-SUMO-2 NOEs, in
combination with the highly developed AMBER ff14SB molecular dynamics
forcefield[50], facilitated the calculation of NMR structures for the complex. A
representative SUMO-2—-pRAP80,,_,, structure (Fig. 3.6a) highlights the parallel SIM
orientation with phosphorylated serine residues interacting with a basic region within the
SIM binding cleft from SUMO-2. The parallel B-strand from pRAP80,,,, completes a 3
sheet in the intermolecular complex with strand 3, from SUMO-2, consistent with large,
positive chemical shift changes (A8 = bound—free) in the '"H"-'H, fingerprint region of
the bound peptide (Fig. 3.6b,c)[60]. The fingerprint region also indicates that the N and C
termini of the peptide are flexible and not involved in binding, as supported by a lack of
significant changes for the main chain proton chemical shifts of E37, D38, A39, G48 and
E49 upon binding SUMO-2 (Fig. 3.6b.c). At the N-terminus, A39 and F40 side chain
atoms do not directly contact SUMO-2. The side chain from SIM residue 141 forms
multiple intermolecular contacts with the side chains of V30, F32, A46, and R50, from
SUMO-2. In addition, SIM residue 143 contacts the side chains from SUMO-2 residues

K42 and L43. The phosphate group from S44 is involved in electrostatic interactions with
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the side chains from K35 and H17 from SUMO-2. This close interaction is supported by
an ~0.5 ppm downfield shift for the histidine side chain H** protons, as shown in Fig.
3.6d. D45 from pRAP80;, ,,1s involved in favourable electrostatic interactions with K42
and the T38 hydroxyl group from SUMO-2. The pS46 phosphate group from the SIM
peptide shows favourable electrostatic interactions with the side chains of H37 and K35
from SUMO-2. The involvement of H37 in the interaction is supported by a downfield
shift for the histidine H** protons by ~0.5 ppm (Fig. 3.6d). At the C-terminus of the SIM
peptide, residues D47, G48, and E49 appear flexible, consistent with narrower 'HY
resonances in C/"”N-filtered experiments for the protein peptide complex, in comparison
to directly interacting residues. The atomic coordinates (code 2N9E) have been deposited

in the Protein Data Bank (http://wwpdb.org/). NMR chemical shifts have been deposited

in the BioMagRes Bank, www.bmrb.wisc.edu (accession no. 104587).
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Figure 3.6: (a), NMR structure for the SUMO-2/pRAPS80+, ,,complex. The main chain
atoms are shown in the schematic representation (RAP80 SIM blue, SUMO-2 teal). Key
electrostatic interactions are indicated by yellow dashed lines, and include hydrogen
bonds between the main chain atoms of the SIM hydrophobic module, and interactions
between the SUMO-2 specificity module and the negatively charged side chains of the
SIM. (b), '"H" main chain amide chemical shift changes (bound—free) for pRAP80;,
upon binding of SUMO-2. (c), 'H, main chain chemical shift changes (bound-free) for
pRAPS0,, ,, upon binding of SUMO-2. (d), 2D 'H-"C HSQC NMR spectra showing side
chain chemical shifts for the SUMO-2 H* atoms from residues H17 and H37 in the free
state (red) and upon interaction with pRAP804,,, (purple). (e), sequence alignment for
the SIM binding loop from SUMO-1 and -2, and the alignment for the SIM from RAP80
and that from “modified” DAXX which contains residues from the PML SIM N-terminal
to L;; to facilitate crystallization. (f), Comparison of the structure of the SUMO-
2/pRAP80;, 4, complex with the SUMO-1/pDAXX,;;,,, complex (PDB ID: 4WIJP).
SUMO-1 and -2 are shown in purple and cyan, respectively, the electrostatic SUMO
recognition modules from the pSIMs are shown in blue. Dashed yellow lines highlight
key intermolecular electrostatic interactions. The hydrophobic SUMO recognition
modules from the pSIMs are not shown for clarity.
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Discussion

For RAP80,; ,;,, 2D 'H-"N NMR spectra, and quantitative chemical shift analyses were
used to derive per residue flexibility and main chain secondary structure, and indicate that
the N-terminal region of RAP80 consists of three independent domains. These domains
include a partially structured SIM, and two partially structured, tandem UIMs,
surrounded by flexible regions. From chemical shift perturbation mapping and NMR-
monitored titrations for various RAP80 constructs, we observe that the minimal region
sufficient for interaction with SUMO-2 encompasses residues 40-47 from the RAP80
SIM. Similar to Ub binding to the tandem UIMs [29], the RAP80 SIM binds SUMO-2
independently. Furthermore, we determined that residues 50-78 between the SIM and
tandem UIMs are not involved in Ub binding. The affinity of the RAP80-SUMO-2
interaction is weak, with a K, of ~200 mM, and interestingly, double phosphorylation of
the SIM at S44 and S46 gives rise to a ~25-fold increase in the affinity of the interaction.
NMR lineshape analysis indicates that this is due to a substantial increase in k,, for
SUMO-2/RAP80 SIM association; a result of enhanced electrostatic interactions between
the phosphate groups of S44/S46, and a positively charged SUMO-2 region at one end of
the SIM interaction site. The key role for electrostatics in the modulation of SUMO-SIM
interactions is underscored by a prominent dependence on salt concentration[24]. The
binding affinity of unphosphorylated RAP80 SIM for SUMO-2 is comparable to the
affinities of SIM-C from DAXX for both SUMO-1 and SUMO-2 with K, values of ~140
mM at 200 mM KCI, but weaker in comparison to the ~40 mM K, for SIM-N binding to
both SUMO-1 and SUMO-2 at 200 mM KCIl[24]. It should be noted that for these affinity
comparisons, SIM-C from DAXX shares the SDSD electrostatic module sequence with
RAPS80, whereas SIM-N from DAXX does not (DDDD). Upon double phosphorylation
of RAP80, the SUMO-2-SIM interaction affinity increases, with a K, ~9 mM; this is
comparable to a K, of ~1 mM for the tetraphosphorylated PML SIM-SUMO-1
interaction, though the greater affinity for the phosphoPML/SUMO-1 interaction, in
comparison to that for RAP80/SUMO-2, is likely a result of lower salt concentration for
the former interaction[21,23].
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The NMR-derived solution state structure of SUMO-2 in complex with pRAP80,, ,, is the
first structure of SUMO-2 bound to a phosphorylated SIM. The structure of the complex
shows a rich variety of electrostatic interactions, as well as key hydrophobic interactions,
generally separated into two distinct, but adjacent regions, or modules of the binding
interface, as generally observed for SUMO-SIM interactions. The negatively charged
region of RAP80 [pS,,-D,s-pS.-D4;], adjacent to hydrophobic SIM module [F,-1,,-V,,-
I,;] is involved in extensive electrostatic interactions with the positively charged residues
of the SIM binding interface on SUMO-2. Specifically, the observed chemical shift
changes for the SUMO-2 H17 and H37 side chain H* protons upon phosphoSIM
binding, suggest electrostatic interactions with a distance range of 3-5 A between the
histidine N** and SIM phosphate oxygen atoms for the histidine—phosphoserine pairs.
This is consistent with the known relationship between crystallographic structures and
chemical shift changes for histidine side chain H* protons from RNase A upon
interaction with nucleotide phosphate groups[61,62]. Other key electrostatic interactions
include the intermolecular hydrogen bonds across the peptide planes from RAP80 and
SUMO-2 that form the intermolecular b-sheet, as well as intramolecular SIM hydrogen
bonds between the phosphoserine side chain g-oxygens and their respective main chain

amide protons.

The RAP80 SIM-SUMO-2 structure is similar to the mDAXX C-terminal SIM/SUMO-1
interaction (PDB ID: 4WJP)[21], though there are important differences in the
electrostatic module of the binding interface that form the basis of specificity
determinants (Fig. 3.6e, f). The residues from the SIM hydrophobic modules, FIVI for
RAP80 and IIVL for DAXX, insert into the hydrophobic SUMO binding cleft similarly,
with the side chain of the second and fourth residues buried, and in direct contact with
SUMO. As with other SUMO-SIM interactions, key structural differences are found in
the electrostatic binding module adjacent to the hydrophobic module. Specifically, there
are key sequence differences for positively charged residues in the electrostatic SIM
binding module of SUMO, that includes a SIM binding loop flanking the interaction site
(Fig. 6¢, residues M40 to K46, and R36 to K42 in SUMO-1 and SUMO-2, respectively).
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In the case of the electrostatic phosphorylated SDSD modules from both RAP80 and the
C-SIM from DAXX (PDB ID: 4WJP), the first phosphoserine from RAP80, pS44, forms
favourable electrostatic interactions with K35 from strand b2 adjacent to the N-terminus
of the binding loop, as well as H17 from strand bl. In contrast, the first phosphoserine
from DAXX, interacts with K46 from helix al of SUMO-1, which lies on the opposite, or
C-terminal side of the SIM binding loop. In addition, SUMO-1 lacks an equivalent to the
positively charged H17 SUMO-2 residue at the N-terminal side of the binding loop, and
possesses Y21 instead. Furthermore, a key SIM binding loop histidine, H37 from SUMO-
2 and H43 from SUMO-1 occurs at opposite ends of the SIM binding loop. These
differences result in the second phosphate from DAXX interacting with the C-terminal
portion of the SIM binding loop, whereas the second phosphate from the RAP80 SIM
interacts with the N-terminal portion of the SIM binding loop (Fig. 3.6f). Thus, the
change in orientation for various SIM phosphoserine side chains upon interacting with
cognate SUMO isoforms can be attributed to different charge distributions in the

electrostatic binding modules from SUMO.

From a broader biological perspective, the N-terminal region from RAP80 connects
numerous signalling pathways, including SUMOylation, ubiquitination, phosphorylation,
and lysine and acetylation, with DNA damage repair[63,64]. For example, it has recently
been suggested that phosphorylated SIMs function as a node in a network that connects
CK2 signalling with SUMOylation[20]. CK2 has also been shown to be involved in
double strand break repair through homologous recombination by assisting the
association of the DNA repair protein Rad51 to the MRN complex through
phosphorylation[63]. Double phosphorylation of the canonical CK2 site in RAP80
substantially elevates the binding affinity for SUMO-2, and suggests a deeper role for
CK2 in the repair of double stranded DNA breaks, at least within the context of RAP80
mediated recruitment of BRCA1 to DNA damage sites. Interestingly, the phosphorylation
of SIMs may be cross-regulated through acetylation of K33 in SUMO-2 and K37 in
SUMO-1, although additional lysines near the SIM binding cleft may be involved [65-
67]. From a structural perspective, K33 and K35 are critical for electrostatic interactions

with SIM or phosphorylated SIM; their acetylation abolishes SUMO-SIM binding,
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[1]

[2]

[3]

[4]

[5]

although not in all cases. In the case of RAP8O0, it will be of interest to determine if the
interaction with SUMO-2 is regulated by acetylation of K33 and K335, linking regulation

of SUMO acetylation with DNA repair by homologous recombination.

The molecular basis underlying the role of ubiquitination and SUMOylation in the
RAP80-mediated function of the DNA damage response is not yet fully understood. It is
unclear if these post-translational modifications function independently, or if hybrid
SUMO-UD chain recognition is necessary for RAP80 recruitment to DNA damage sites.
The latter model is alluring, given that the polySUMO binding Ub ligase RNF4 has been
shown to be necessary for BRCAI recruitment[14], and can catalyze the covalentl
attachment of Ub to SUMO chains[68]. This study provides the first molecular details
underlying the SUMO/RAPSO0 interaction, and its regulation by phosphorylation. It will
be of interest to gain a deeper understanding of the interplay between various regulatory
and signalling processes in RAP80-mediated BRCA1 recruitment to the DNA damage

sites.
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Chapter 4

Conclusion and Future Directions
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In Chapter 2 we quantified the impaired binding of the RAP80 AE81 mutant with
ubiquitin and diubiquitin and studied the structural and stability details of the mutant
protein in comparison with the wild type protein. We demonstrated using NMR titrations,
molecular dynamics simulations and structural studies that due to the deletion of E81 at
the N-terminal region of UIM1 of RAPS8O0 there is a structural frameshift of the a-helix.
Although the N-cap motif and the structural integrity of the protein is maintained, the
binding is impaired due to the loss of favourable electrostatic interaction between E81
and R74 and the surrounding residues of ubiquitin that leads to a loss of the multivalent
binding and results in the diminished recruitment of repair factors to the sites of DNA
damage subsequently leading to a possible compromise in the genomic integrity[1][2].
Chapter 3 focuses on the binding details of RAP80 SIM in both its free and
phosphorylated form with SUMO-2 isoform. We also explored the structural details of
phosphorylated RAP80 SIM binding with SUMO-2. It expanded the molecular
understanding of SUMO:SIM binding and its intimate link with phosphorylation to the
DNA repair field. We demonstrate using NMR chemical shift titrations and lineshape
analysis that upon phosphorylation of RAP80 SIM by the CK2 there is a substantial
increase in the binding affinity due to ~100 fold increase in the k,, of the interaction. The
structural details of the complex indicate that this is due to the presence of additional
electrostatic interaction between the phosphorylated SIM and the basic loop of the
SUMO-2 at the binding interface. The structural aspects of phosphorylated RAP80 SIM
binding with SUMO-2 and its comparison with previously reported SUMO-
1:phosphorylated SIM structure has helped us gain invaluable insight into the SUMO
isoform specificity[3]. In addition to contributing new knowledge to the ubiquitin and
SUMO signalling in the DNA repair, we provide the molecular level understanding of an
impaired binding process in the DNA repair that can potentially lead to the pathogenesis
of deadly disease like cancer. However, there are many open questions that need attention
in order to gain a deeper insight of the ubiquitin and SUMO signalling in isolation, and

their implications on a broader scale.
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Critical Mutations in BRCA1 Interacting Proteins

As mentioned in Nikkila et. al[2], approximately 20% of familial breast cancer are linked
to mutations in the BRCA1 and BRCA2 genes whose prominence in the maintenance of
genome integrity cannot be emphasized enough. The genetic cause for the rest 80% is
still unknown and may involve mutations in BRCA1 BRCA?2 interacting proteins or any
other unidentified high penetrance genes[2]. In addition to mutations in RAP80, BACHI,
PALB2, RADS50, NBS1 and TopBP1, a screening for other interacting proteins with
critical mutations will be beneficial in identifying the mutations that can be a threat to

genomic integrity and a potential cause for the predisposition to cancer[4-6].

The Role of RAP80 LRM in the Recognition Process

The N-terminal region of RAP80 connects numerous signalling pathways such as
ubiquitination, SUMOylation and phosphorylation, owing to the presence of SIM, CK2
phosphorylation sites and tandem linked UIMs. As mentioned in Panier et. al[7], the
optimal recruitment of RAP80 to the DNA damage sites is dependent on its LRM motif
in addition to its UIMs, which is 8 residues N-terminal to the UIM1. We showed that the
residues N-terminal to RAP80 do not adopt the same alpha helical conformation and do
not show any change in the chemical shift upon ubiquitin addition, indicating that they do
not contribute directly to the ubiquitin binding at the damage sites. Nevertheless, these
residues might be critical in recognizing the ubiquitinated substrate or contribute to the
binding of N-terminal region of RAPS80 to the high affinity ligand - SUMO-Ub, hybrid
chain, synthesized at the DNA damage sites by RNF4, a SUMO targeted ubiquitin
ligase[8]
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The Interaction of RAP80 with Different SUMO Isoforms

The binding of different isoforms of SUMO with the SUMO interacting motif of PML
and Daxx have been studied in both in its free and phosphorylated form[9][10]. The high
degree of similarity between RAP80 SIM (,,FIVISDSD,;) and Daxx SIM
(75,IIVLSDSD,,,) sequences inspired us to compare their affinities. As reported in Chang
et. al[10], upon phosphorylation of both the serines of Daxx SIM by CK2 its affinity for
SUMO-1 is ~10 fold higher than SUMO-3 which is 11.9 + 2.7 uM (measured by ITC)
and similar to our reported affinity of 9 + 3 uM (measured by NMR titration). We
restricted our study to SUMO-2 due to its preferred binding to SUMO-2 over SUMO-1 as
indicated in invitro pull down assays[8,11]. Due to a similar charge distribution of
SUMO-1 and SUMO-2 in the SIM binding groove and the loop connecting the a, helix
and {3, strand, we expected pRAP80 to bind SUMO-1 with a similar affinity and later
carried out the NMR titration of phosphorylated RAP80 SIM with SUMO-1, reported in
Appendix A. We determine the binding affinity to be ~8 + 5 puM, similar to the
phosphorylated RAP80 binding with SUMO-2, but ~4 fold less than Daxx SIM binding
with SUMO-1 which is ~2 + 04 pM which might be due to the method used for
determination of binding affinity. The structure of pRAP80:SUMO-1 complex will shed

more light on the atomic details of isoform specificity.

SUMO Acetylation and its Interaction with SIM

Our work also opens new avenues of research, such as the involvement of SUMO lysine
acetylation in the SUMO signalling. The residues K33 and K35 of SUMO-2 play a key
role in the SIM recognition by providing an electrostatically positive site for interaction
with the negatively charged or phosphorylated serine residues of SIM[3]. The residues
K33 and K35 have been reported be acetylated in cells and demonstrated to abolish its
interaction with SIM containing proteins. This might lead to an additional layer of
regulation in the SUMO:SIM signalling[12-14]. The structure of pRAP80:SUMO-2 and
the NMR titration experiments establish the significant role played by K33 and K35 in its

interaction with RAP80 SIM and its acetylation may be an important mode of regulating

113



the SUMO:SIM signalling in the DNA repair pathway. More studies need to be carried
out to understand the intricate signalling details of the SUMO:SIM interaction in DNA

repair pathway.

The Role of CK2 in the RAP80 Mediated BRCA1 Recruitment to the DNA Damage
Sites

We also hinted at the role of CK2 in the RAP80 mediated BRCA1 recruitment to the
DNA damage sites inspired by the dramatic increase in the affinity of RAP80 SIM for
SUMO-2 upon phosphorylation. The inhibition of CK2 has been reported to delay the
foci removal suggesting its role in the DNA repair, however in order to investigate the
direct role of CK2 in the recruitment of RAP80 to the DNA damage sites, we compared
the foci forming ability of a RAP80-S44A ,S46A mutant with the wild type RAP80. We
did not observe any evident change in the number of foci formed by both the CK2 site
mutant and the wild type RAP80 (unpublished data). Although the recruitment was
unaffected, there might be an effect on the retention of RAP80 at the damage sites.
Consistent with our predicted role of CK2 in DNA repair, S44F mutation has been listed
in the COSMIC (Catalogue Of Somatic Mutation In Cancer), indicating a deeper role for
CK2 mediated phosphorylation in the regulation of the function of RAP80 in genome
protection[15]. We also studied the cellular expression of cells expressing a gfp-rap80-
S44A,S46A mutation and we observe a reduced puncta formation when compared to the
wild type protein in the absence of DNA damage, implications and details of which are
mentioned in Appendix B. From a structural point of view, the substitution of
phenylalanine in place of serine will not only lead to the loss of a potential
phosphorylation site but the mutation also has the ability to impede or obstruct the
phosphorylation of S46, the phosphorylated residue at -2 to +2 position serves as a
positive specificity determinant[16]. The presence of a bulky hydrophobic residue near
the site of phosphorylation might also affect the specificity for the site, negatively[16].
The effect of mutation at one site might have more deleterious consequences that can lead

to a total loss of phosphorylation, resulting in the loss of binding affinity. Apart from the
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ability to be phosphorylated, the interaction of RAP80S44F to SUMO-2 also poses few
concerns from a structural standpoint. The incorporation of phenylalanine in place of
serine might cause steric hindrance due to its bulky side chain and the interaction
between the hydrophobic side chain of phenylalanine and the positively charged residues
such as K35, R36 and H37 of SUMO-2 will not be a favoured, leading to an impaired
binding[3]. However, an experimental analysis of structure and binding will provide a

firm understanding of the interaction.

The Role and Recognition of Hybrid Chain by RAP80

The chemical shift derived secondary structure of N-terminal RAP80 shows that it
contains a SIM in a 3-strand conformation at the near N-terminus, a 32 residue flexible
linker connecting the SIM and the tandem UIMs that are a-helical[3]. The RAP80 N-
terminal SIM-tUIMs bind the SUMO-2-Ub, chains with a significantly higher affinity as
compared to SUMO and Ub alone, in vitro[8]. Although structural studies need to be
carried out to understand the molecular level of the binding, it can be safely assumed that
the binding of hybrid chain to RAP80 will have additional multivalent advantage and
alongwith the SIM phosphorylation, the increase in affinity can be significant, as reported
in Guzzo et. al[8][17]. Besides the role of N-terminal SIM-tUIMs of RAP80 in DNA
repair, we also discovered its role in the nuclear puncta formation independent of DNA
damage, explained in Appendix B. Using fluorescence microscopy we show that the
SIM-tUIMs of RAP80 have the ability to form nuclear puncta in the absence of induced
DNA damage and their deletion leads to a complete absence of these puncta. These
puncta partially co-localize with PML nuclear bodies and their co-localization may be
through its binding to hybrid chain, as both the SIM and UIMs collectively contribute
towards the puncta formation. PML protein is modified by hybrid chain mediated by the
STUbL, RNF4 which is necessary for PML degradation and RNF168 has been reported
to localize to PML bodies thorough its ability to bind hybrid chains[18][19]. The hybrid
chain may be a biologically relevant signal in DNA repair and PML regulation offering

additional specificity over SUMO and Ub chains of specific linkage.
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Our work presented here has contributed to the knowledge base of ubiquitin and SUMO

signalling and opened new avenues of research for a holistic understanding of the

signalling process in DNA repair and other processes for the benefit the humankind.
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The interaction of phosphorylated RAP80;,_, with
SUMO-1
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Introduction

The SUMO interacting motif of RAP80 has been shown to preferentially interact with the
SUMO-2 isoform in pull down assays[1-2]. However, the Daxx SIM, with a highly
similar sequence as RAP80 SIM has been shown to interact with both SUMO-1 and
SUMO-2 isoforms with a similar affinity in its unphosphorylated state, at a physiological
salt concentration[3]. Furthermore, the Daxx SIM upon phosphorylation binds SUMO-1
preferentially over SUMO-2, with a very modest increase in affinity[4]. Please see the
table (Table A1) below for the experimentally determined K, values. To investigate the
RAP80 SIM interaction with SUMO-1 isoform, we performed a NMR chemical shift
titration and our results indicate that the RAP80 SIM binds SUMO-1 with a similar
affinity as SUMO-2.

Peptide SUMO-1 SUMO-2/3
RAP80 SIM
- K, =239+54 uyM
(RLEDAFIVISDSDGEE)
RAP80 pSIM
- K, =9+3 uM
(EDAFIVIpSDpSDGE)
Daxx SIM
K, =110+ 14 pyM K, =170+ 24 uyM
(IYKTSVATQCDPEEIIVLSDSD)
Daxx pSIM
K, =1.6+04 pM K,=11.9+2.7 uyM
(KTSVATQCDPEEINIVLpSDpSD)

Table A.1: The experimentally determined K, values for RAP80 and Daxx SIMs in free
and phosphorylated states for SUMO-1 and SUMO-2.

Experimental Procedures

Protein and peptide expression and purification

pET28a plasmid encoding 1-97 of human SUMO-1 (P63165) was provided by Dr.
Lawrence Mclntosh, University of British Columbia. The expression and purification
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protocol for [U-"N] labeled SUMO-1 was similar to that for SUMO-2, as previously
described[5]. Phosphorylated RAP80 SIM peptide encompassing residues 37-49
(EDAFIVIpSDpSDGE) was chemically synthesized Biomatik[5].

NMR monitored titration of SUMO-1 with phosphorylated RAP80;,

An NMR-monitored chemical shift titration experiment was carried out using [U-"N]
SUMO-1 in buffer containing 50 mM Tris, 150 mM NaCl, 2 mM DTT, and 10% D,O at
pH 7.3, with a protein concentration of 200 uM. The sample was prepared in a SHIGEMI
microcell NMR tube. Phosphorylated RAP80 peptide was prepared with a concentration
of 500 mM in the same buffer as SUMO-1. 2D 'H-"N HSQC spectra were acquired at
each addition of stock peptide solution. To ensure that the protein-peptide interaction was
saturated, peptide was titrated into SUMO-1 was conducted until no further changes were
evident in the NMR spectrum of SUMO-1. The concentrations of [U-"N] SUMO-1 and
unlabeled peptide for the 19 titration points were 196, 194, 191, 186, 178, 164, 153, 141,
129,117, 106, 95, 83, 66, 65,59,49,44,40 and O, 1,4, 7, 13, 22, 30, 39,47, 55, 63, 71,
79, 82, 86, 109, 147, 165, 250, respectively. For the titration, the pRAP80/SUMO-1
ligand/protein ratios were 0, 0.006,0.02,0.04,0.07,0.13,0.2,0.27,0.36, 0.46,0.59, 0.74,
0.94, 1.23, 1.31, 1.84, 3.0, 3.7, and 6.2. The concentrations of the stock protein and
peptide solutions were determined using amino acid analyses. The combined chemical
shift changes, Ad, for backbone amide 'H and N chemical shifts were calculated
according to Ad = [(AS"N/5)*+ (AS'HY)*]"?, where AN and AS'HN are the respective
“N and 'H" chemical shift changes in ppm. The combined chemical shift changes for
each residue were fit to a 1:1 binding isotherm to determine the binding dissociation

constant (K)), as described previously[5].
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Results

CK2 phosphorylated RAP80 SIM binds SUMO-1 with a similar binding affinity as
SUMO-2.

In our previous work we determined the binding affinity of SUMO-2 for CK2
phosphorylated RAP80,,,, and we reported the dissociation constant, K, to be ~9+3
uM[S5]. Here, we used CK2 phosphorylated RAP80 SIM to quantify its binding with
SUMO-1 as phosphorylation of SIM has been reported to increase the affinity and
specificity for its substrate. As indicated in Figure A.1 a, 'H-"N HSQC spectrum of
SUMO-1 (free-red, bound-blue) many residues of SUMO-1 displayed significant change
in the chemical shift upon addition of pRAP80,, ,,and residue wise change in combined
chemical shift change is displayed in Figure A.1 b. The residues displaying largest
chemical shift change are from 35-47, which is highlighted in pink in the cartoon
representation of SUMO-1, Figure A.1 ¢ (PDB ID- 1A5R). The residues showing
significant chemical shift changes belonged to the SIM binding cleft of SUMO-1 located
between o, helix and {3, strand. The fitting of chemical shift change to protein and peptide
concentration for L47 is shown in Figure A.1 d. The chemical shift change of residue L47
is shown in Figure A.l e and the average K, values for 25 residues showing significant

change in chemical shift was determined to be 8 + 5 uM.
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Figure A.1: (a), Two dimensional 'H-"N HSQC NMR spectra for free SUMO-1(red)
and bound to pRAPS80,,,, (blue). The arrows indicate the direction of chemical shift
movement from free to bound upon addition of pRAP80;,, (b), Chemical shift
perturbation map of SUMO-1 upon addition of ~6 fold excess of pRAP80;,,, (c),
Residues showing significant change in combined chemical shift (A§ > 0.15) and the
ones showing broadening beyond detection are colored in pink on SUMO-1 structure
(PDB ID- 1A5R) (d), The chemical shift changes of residue L47 upon addition of
pRAP80,,, 1s displayed on vertical axis and the concentrations of SUMO-1 and
pRAPS80,, ,, are shown on horizontal axis. Experimental values are denoted in points and
the surface represents the best fit to a 1:1 binding isotherm (e), 'H-"N HSQC spectrum of
SUMO-1 with the residue L47 is expanded and displayed at different concentrations of
PRAP80;;.4.
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Discussion

The RAP80 SIM upon phosphorylation by CK2 binds SUMO-1 with a similar affinity as
SUMO-2. The phosphorylated RAP80 SIM binding with SUMO-2 might be relevant in
other physiological processes such as its interaction with PML body. PML body is
modified by all the SUMO isoforms and our immunofluorescence experiments in
Appendix B, and others show that the RAP80 puncta localizes with PML body, which
might be dependent on the interaction of RAP80 SIM with SUMO-1 isoform[6-9].
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Appendix B

The SUMO and Ubiquitin binding drives the
DNA damage independent puncta formation

by RAPS0.
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Introduction

RAP80 has been extensively studied for its role in DNA repair, where it binds SUMO
and ubiquitin modifications at the DNA double strand break sites through its N-terminal
SUMO and Ubiquitin binding motifs[1-4]. Through its central region it interacts with
Abraxas, a component of BRCA1 A complex and leads to the recruitment of crucial
DNA repair proteins such as BRCA1, BRCC36, BARD1 and Abraxas to the sites of
DNA damage[5-7]. In addition to its well-defined role in DNA repair, it has also been
shown to interact with different nuclear receptors such as estrogen receptor o and retinoid
related testis-associated receptor and modulate their transcriptional activities[2-8].
RAP80 (Receptor Associated Protein) is a 79 kD protein consisting of a SIM followed by
tandem UIMs at its N-terminal(2,8). It also contains two zinc fingers at the C-terminus
that interacts with the histone H2B of nucleosome[9]. The SIM of RAP80 binds SUMO-
2 with a modest affinity of ~200 uM which is enhanced by ~20 fold upon
phosphorylation of two serines adjacent to the hydrophobic core of SIM by CK2[10]. The
UIMs of RAPS8O specifically recognize Lys-63 linked ubiquitin chains; each UIM binds
monoubiquitin with an affinity of ~500 uM. They work together in a multivalent fashion
to enhance the affinity of RAP80 for Ub chain by ~20 fold[11-12]. The multivalent
recognition of Ub chains by RAP80 and the affinity enhancement through increased
electrostatic interaction between phosphorylated SIM of RAP80 and SUMO underlies the
specificity of N-terminal RAP80 for Ub chains and SUMO modifications. The complete
structural features of RAP8O0 still needs to be elucidated, however the N-terminal of
RAP80 (33-131) contains a beta strand SIM joined by a flexible linker to the two tandem
linked alpha helices held together by a flexible linker, giving it an overall characteristic
of a disordered segment of a protein[10]. The crosstalk between SUMO and Ub modifiers
often play a major role in different cellular processes such as protein degradation and
DNA repair[13-15]. The ubiquitin E3 ligase, RNF4 is a polySIM containing protein that
binds polySUMO chains and ubiquitinates them resulting in the synthesis of SUMO-Ub
hybrid chains is required for the optimal recruitment of BRCA1 and RAPS8O0 to the sites
of DNA damage(8). One such hybrid chain, SUMO-K63(Ub), has been implicated in
DNA repair and has been proposed as a binding partner of N-terminal RAP80[3.4]. The
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N-terminal region of RAP80 binds the hybrid chains SUMO-2-K63(Ub), linked Ub, with
an ~80 fold higher affinity as compared to its binding affinity for SUMO-2 or Ub alone,
in vitro(8). The mechanism of hybrid chains binding with RAP80 N-terminal RAP80 has
not been studied in atomic details, however the presence of a long ~32 residues flexible
linker between the SIM and the tandem UIMs of RAP80 can facilitate a multivalent
interaction between the two and along with the ~25 fold increased affinity of RAP80 for
SUMO-2 upon phosphorylation by CK2 can be a plausible cause for the ~80 fold
enhanced affinity of N-terminal RAP80 for SUMO-K63(Ub), hybrid chains[8,16].

Multiple, low affinity interactions of proteins with their binding partners guide their
phase separation in to protein-RNA or protein dense cellular compartments[16,17].
Intrinsically disordered regions of proteins containing multivalent binding motifs drive
such interactions that are crucial for the phase separation of proteins. Post-translational
modifications such as phosphorylation also play a crucial role in the phase separation of
proteins. The valency and affinity of the binding sites dictate the separation or likeliness
of proteins into these protein dene compartments[17-19]. Our fluorescence images of
RAPS0 show that in the absence of DNA damage (under normal conditions) it has a
propensity to form nuclear puncta. Despite the striking resemblance of these puncta with
repair foci, our colocalisation studies indicate that not all the RAP80 nuclear puncta are
DNA repair foci. By abolishing the binding of RAP80 with ubiquitin and SUMO, the
numbers of nuclear puncta are reduced, probably due to the diminished phase separation
of RAPS8O0 into protein dense compartments. Similar results were observed after mutating
the two CK2 phosphorylation sites of RAP80, adjacent to its SIM. The functional
relevance of RAP80 puncta formation was shown by its colocalization with PML bodies
and histone, H2AK119Ub. By forming puncta and being sequestered in PML nuclear
body RAPSO is able to respond to the DNA damage repair pathway quicker and is
protected from the proteasomal degradation. The localization of RAP80 puncta with
histone, H2AK119Ub suggests its role in transcriptional repression. In summary, our
findings indicate that in addition to the well-characterized role of SIM and UIMs of
RAP80 at the sites of DNA repair, both the motifs and associated post-translational
modification of RAP80 SIM by CK2 are crucial for the formation of nuclear puncta,

probably by phase separation which is required for the accomplishment of its roles in
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DNA repair and transcriptional repression.

Experimental Procedures

Cell line, plasmids and transfection

Human U20S cells were used for all the experiments, and were cultured in DMEM
media supplemented with 10% FBS (Fetal Bovine Serum). The DNA sequence for
plasmids encoding for wild type GFP-RAP80, GFP-RAP80 ASIM, GFP-RAP80 AUIM,
GFP-RAP80 ASIM AUIM, GFP-RAP80 SIM-UIM and GFP-RAP80-S44AS46A are
listed in Supplemental Data Table 1. The plasmid encoding for wild type GFP-RAP80
was obtained from Dr. Anton Jetten (National Institute of Environmental Health
Sciences, NIH, USA) and the GFP-RAP80 ASIM mutant was created by deleting the
residues 40-47 using site directed mutagenesis (GenScript). For immunofluorescence
staining, U20S cells were grown on coverslips and transfected with the 0.5-1 pug of
plasmid according to the manufacturer’s instructions on Effectene, a transfection kit from
QIAGEN. For FRAP experiments U20S cells were grown on MaTek dishes and

transfected using the similar conditions to those for growth on coverslips.

Immunofluorescence staining

Cells grown on coverslips were exposed to an ionizing radiation (2Gy) using a Mark I
68A irradiator (JL Shepherd & Associates), with a "*’Cs source and incubated for 1 hour
prior to IF staining, where indicated. To carry out the IF staining, cells were pre-extracted
by incubating in RIPA buffer, or 0.5% Triton X-100 for 3-5 minutes, washed with 1X
PBS (Phosphate Buffer Saline); cells were subsequently fixed by incubating in 4%
paraformaldehyde for 10 minutes. Cells were then washed in 1X PBS and coverslips
were inverted for incubation with primary antibody for 60 minutes at 25° C or overnight
at 4° C, then washed in 0.1% TritonX-100 and 1X PBS. Cells were then incubated with

specific secondary antibodies for 30 minutes at 25° C followed by washing with 0.1%
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TritonX-100 twice and once with 1X PBS. Coverslips were then mounted using

mounting media containing DAPI on the microscope slide.

Antibodies

The following antibodies were used for IF staining. Anti-RAP80 (Cell Signalling), anti-
v-H2AX (Active motif, Cell Signalling), anti-PML (Santa Cruz Biotechnology), anti-
BLM(Bethyl Laboratories), anti-Ubiquityl Histone H2A (Upstate) and anti-RING-1B
(MBL Life Science). Anti mouse and anti-rabbit Alexa fluor 488, Cy3 and Cy5

conjugated secondary antibodies from Invitrogen were used as applicable.

Fluorescence Microscopy

IF stained cells were observed and imaged using an Axiovert 200 M microscope (Carl
Zeiss Inc.), equipped with Metamorph software (Molecular Devices), a cooled CCD
camera and different fluorescence optics. Images were analyzed using the Image J
software to study nuclear foci as well as co-localization of proteins. The brightness and
contrast levels for few images were adjusted to reduce the background intensity and were

converted to 8-bit for the preparation of figures using Adobe Illustrator CC.

FRAP Experiments

U20S cells were cultured on MaTek dishes and transfected with plasmids for GFP-
tagged protein according to the experiment performed. FRAP was performed by
photobleaching a strip within the nucleus as described previously [20-21]. Images were
collected until complete fluorescence recovery was achieved. The total recovery time for
different proteins was determined based on the time taken for the slope of the recovery
curve to flatten. Wild type GFP-RAP80 and the various mutants were imaged for 40
seconds. The fluorescence was normalized to the background and photobleaching during
the imaging as mentioned in the references. The first image collected for all the different
proteins before photobleaching was used to represent the live cell image from the GFP-

tagged wild type and mutants of RAP80 and RYBP. A minimum of 15 cells were imaged
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for each experiment, and each FRAP experiment was performed in triplicates in most
cases, except where indicated. The mean recovery data were calculated from each cell to

represent the FRAP curve for each protein.

Results

RAP80 forms nuclear puncta independent of DNA damage

The visual analysis of live cell images of ~50 U20S cells transiently expressing GFP-
WT-RAP80 displayed the expression of RAP80 in three patterns, under normal
conditions: a population evenly distributed in the nucleoplasm, small foci like puncta
expressed in >20 number in few cells and medium sized (0.1-1 pM) puncta ranging from
1-15 in numbers in most of the cells, as shown in Figure B.la. To rule out this
observation as a case of protein overexpression, we IF stained U20S cells for
endogenous RAP80 and a similar pattern of expression was observed which is shown in
Figure B.1b. We focused our study to medium sized puncta. The foci like puncta may be
the sites of DNA repair caused due to incipient DNA damage or replication associated
repair(18,19). In order to investigate that, we IF stained U20S cells expressing GFP-WT-
RAP80 with antibody against endogenous y-H,AX, a reliable marker of DNA repair(24).
As shown in Figure B.lc, a subset of the mid-sized RAP80 puncta colocalized with y-
H2AX and a population of these puncta did not co-localize with y-H2AX. A visual
analysis of the mid-sized puncta in ~50 GFP-WT-RAP80 expressing U20S cells fixed
and stained with y-H,AX showed that nearly half of the mid sized RAP80 nuclear puncta
co-localized with y-H,AX whereas the rest half of them did not show any colocalization.
The abovementioned results indicate that RAP80 forms mid sized nuclear puncta
independent of DNA damage. In addition to the co-localization studies we also
performed photobleaching experiments and monitored the recovery curve for GFP-WT-
RAP80 nuclear puncta under normal conditions and after exposing the cells to ionizing
radiation of 2 Gy and incubating for an hour before preforming the experiment. The data
shown here is from one experiment performed with an approximate of 10 nuclear puncta

was photobleached and analyzed. The arithmetic mean of the normalized FRAP curve of
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the cells under normal conditions was calculated and compared to the average of
normalized FRAP curve intensity of similar number of puncta in cells exposed to IR. As
shown in Figure B.1d, the half recovery of fluorescence was observed within first 2-3
seconds suggesting the interior of the puncta to be dynamic. The nuclear puncta under
normal conditions also exhibited a fraction of immobile or stable population in
comparison with RAP80 puncta in the repair foci. Upon visual analysis of the images
captured during FRAP experiment, one third of the WT-RAP80 nuclear puncta showed
delayed recovery, and the complete recovery was not achieved on the FRAP timescale
(40 seconds), indicating that a certain population of the GFP-WT-RAP80 puncta forms a
more stable structure as compared to repair foci. We also performed a similar comparison
of FRAP recovery curves for the nucleoplasm of U20S cells expressing GFP-WT-
RAP80 under normal conditions with the nucleoplasm of U20S cells expressing GFP-
WT-RAP80 and exposed to ionizing radiation. As indicated in Figure B.le, the
nucleoplasmic RAP80 recovery curve under normal conditions is similar to when cells
were exposed to ionizing radiation. The mobile and immobile population remains same
under both the conditions along with the rate of recovery. The normalized recovery

intensity was of both puncta and nucleoplasm was fit to the equation mentioned below:

F(T) = C1(1-e™"™) + C2(1-e“'D)

where F is the normalized fluorescence intensity, C1 and C2 are the constants and k1 and
k2 are the rates for two rates of reaction and t is the time interval[25]. The above
mentioned equation was used to detect the presence of any binding interaction in addition
to diffusion. A shown in Figure B.2a and B.2b and Table B.1, in both puncta and
nucleoplasm there is a binding interaction of RAP80 in addition to diffusion, reflected in
the k1 and k2 values, where k2 is approximately 4-6 times slower than k1, indicating a
binding interaction of RAP80 in both its puncta and nucleoplasm. A similar pattern is
observed for the GFP-RAP80-WT puncta and nucleoplasm population under the
conditions of DNA repair, shown in Figure B.2g and B.2h. We show RAP80 forms

medium sized (0.1-1 uM) nuclear puncta independent of DNA damage; under normal
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conditions a subset of these puncta forms stable complex. We also show that RAP80 in

both the nucleoplasm and puncta is involved in binding interaction.
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Figure B.1: (a), U20S cells expressing wild type-GFP-RAP80. (b), U20S cells
expressing endogenous RAPS0. (¢), U20S cells expressing wild type GFP-RAPS80, IF
stained with y-H2AX, without exposing the cells to radiation. Cells were analyzed for co-
localization of GFP-RAP80 foci with y-H2AX foci. The GFP-RAP80 foci marked with
arrow do not co-localize with y-H2AX foci. Also shown are the images for nuclear
staining by DAPI and the merged image for RAP80 stained in green and y-H2AX in red.
(d), FRAP curves for the puncta of wild type GFP-RAP80 (Blue) without any exposure
to radiation and after exposure to radiation (dark pink). The fluorescence recovery curves
for puncta under both the conditions (normal and radiation exposed) are displayed
together. (e), FRAP curves for the nucleoplasm of wild type GFP-RAP80 (cyan) without
any exposure to radiation and after exposure to radiation (light pink). The fluorescence
recovery curves for puncta under both the conditions (normal and radiation exposed) are
displayed together.
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Figure B.2: The normalized FRAP intensity values were fit to a two rate equation with
the fits for GFP-WT-RAP80 puncta shown in (a), GFP-WT-RAP80 nucleoplasm region
shown in (b), GFP-ASIM-RAPS80 puncta shown in (¢), GFP-ASIM-RAP80 nucleoplasm
region shown in (d), GFP-AUIM-RAP80 puncta shown in (e), GFP-AUIM-RAPS0
nucleoplasm region shown in (f), The puncta formed by U20S cells expressing GFP-
WT-RAPS80 and exposed to a radiation of 2 Gy in (g), The nucleoplasm of U20S cells
expressing GFP-WT-RAP80 and exposed to a radiation of 2 Gy in (h).

Table B.1: The values of the rates, k1 and k2 obtained after fitting the normalized FRAP
intensity to the two rate equation for all the mutants in puncta and nucleoplasm is shown
here. The errors associated with both the values are also shown
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The SUMO interacting motif of RAPS80 is crucial for its puncta formation

To investigate further in to the RAP80 domains responsible for the DNA damage
independent puncta formation, we deleted the SUMO interacting motif of the RAP80 and
examined the expression pattern and mobility of the GFP-RAP80-ASIM using
fluorescence microscopy and photobleaching experiments. The mid sized nuclear puncta
were counted for ~50 U20S cells expressing GFP-RAP80-ASIM and compared with
U20S cells expressing GFP-WT-RAP80. As shown in Figure B.3a, B.3b, B.3b and Table
B.2, the number of puncta is almost reduced by half upon the deletion of SIM motif of
RAP80. Whilst the ability to form puncta was retained, a significant reduction in the
number of puncta suggest that the SIM of RAP80 contributes partially to the formation
and maintenance of the structural integrity of these mid-sized nuclear puncta. The
reduction in the number of these mid-sized puncta may be partially due to the impairment
in the ability of the RAP80 ASIM to form repair foci, however not entirely due to the
residual ability of RAP80 ASIM protein to form repair foci by recognizing the ubiquitin
modifications at the DNA damage sites through its intact tandem Ub interacting motifs.
We performed the photobleaching experiment of U20S cells expressing GFP-RAPS0-
ASIM mutant to study the molecular dynamics of its mid-sized puncta in comparison to
WT-RAPS80. The mean values of normalised fluorescence intensity of ~10 puncta from
three independent experiments were plotted against time as shown in Figure B.4a, and
compared with GFP-WT-RAPS0 puncta. The FRAP curve of GFP-RAP80 ASIM mutant
displays a dynamic interior like WT-RAP80 nuclear puncta. In addition a decrease in the
immobile or stable population of puncta was also observed confirming that SIM of
RAP80 has a role in the immobile or stable fraction of RAP80 puncta. The dynamic
characteristics of the nucleoplasmic population of GFP-RAP80 ASIM and GFP-WT -
RAP80 did not show any difference in the mobile and immobile population, as well as
the recovery curve, as shown in the Figure B.4d. The FRAP recovery curve of both the
puncta and nucleoplasm of GFP-RAP80-ASIM were fit to the biexponential equation,
shown in Figure B.2c and B.2d, respectively. The estimated values of k1 and k2 for the
puncta and nucleoplasm is shown in Table B.2. Like, GFP-WT-RAP80, GFP-RAP80

ASIM population in both puncta and nucleoplasm displays a binding interaction.
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Figure B.3: (a), U20S cells were transfected with plasmid encoding wild type-GFP-
RAP80, grown and imaged live using 2-photon microscope (b), U20S cells were
transfected with plasmid encoding GFP-tagged SIM deletion mutant of RAP80- GFP-
RAPSOASIM, grown and imaged live using 2-photon microscope (c), U20S cells were
transfected with plasmid encoding GFP-tagged UIM deletion mutant of RAP80- GFP-
RAPSOAUIM, grown and imaged live using 2-photon microscope (d), U20S cells were
transfected with plasmid encoding GFP-tagged SIM and UIM deletion mutant of RAP80-
GFP-RAPS0OASIM AUIM, grown and imaged live using 2-photon microscope (e), U20S
cells were transfected with plasmid encoding only the N-terminal of RAP80 consisting of
SIM and UIM motifs, GFP-RAP80-SIMUIM, grown and imaged live using 2-photon
microscope (f), U20S cells were transfected with plasmid encoding GFP-tagged CK2
phosphorylation mutant of RAP80- GFP-RAP80S44AS46A, grown and imaged live
using 2-photon microscope (g), The average number of mid-sized puncta of RAP80
expressed by different constructs of RAP80 is shown as a bar graph. Table B.2: The
average number of mid sized puncta formed by different mutants of GFP-tagged-RAP80
with the number of cells averaged are indicated.
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The ubiquitin interacting motifs of RAP80 is required for its puncta formation

The tandem linked ubiquitin interacting motifs of RAP80 is responsible for its
multivalent binding to Ub chains and increasing the affinity of the RAP80 towards the
ubiquitin moieties. To study the effect and contribution of UIMs in the formation and
maintenance of mid-sized RAP80 nuclear puncta, in the absence of DNA damage we
transfected U20S cells with GFP-RAP80 AUIM construct and visually analysed the live
images of ~ 50 cells for the appearance of nuclear puncta. As shown in Figure B.3c, 3g
and Table B.2, there was a drastic reduction in the number of mid sized puncta formed by
the U20S cells expressing GFP-RAP80 AUIM construct. More than 60% of the cells
completely lost the ability to form mid-sized nuclear puncta. Similar to GFP-RAP80
ASIM expressing cells, a subset of the nuclear puncta formed in the cells expressing
GFP-RAP80 AUIM may be the DNA repair foci with RAP80 recruited to the damage by
the retained ability of SIM to recognize SUMO modifications, as demonstrated before.
Upon analysis of the FRAP recovery curves of GFP-RAPS80 AUIM cells and its
comparison to GFP-RAP80-WT, we observed that the deletion of UIMs of the RAP80
resulted in a loss of the stable/immobile population of the protein, shown in Figure 4B.
Like GFP-RAP80 ASIM and GFP-RAP80-WT, the interior of the puncta was highly
dynamic due to the fast recovery of the fluorescence. Due to a significant loss in the
ability of GFP-RAP80 AUIM mutant to form puncta (as indicated in Table B.2), the
FRAP curves of only 15 puncta were analyzed from three independent experiments. The
photobleaching curve obtained from the nucleoplasm region displayed similar
characteristics to GFP-RAP80 ASIM mutant and GFP-RAP80-WT. The rates of diffusion
and binding obtained by fitting the FRAP curve to a two rate equation are shown in
Figure B.2e and B.2f, suggesting diffusion and binding interaction of the puncta and

nucleoplasmic population of RAP80.

The SIM and UIM of RAP80 collectively contribute towards its puncta formation

To explore the combined contribution of the SIM and UIM of RAP80 towards its mid-
sized puncta formation, we transfected U20S cells with GFP-RAP80-ASIMAUIM
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mutants and examined the live cell images for its puncta formation. Out of ~50 cells
examined, only 1 cell showed a single puncta. The ability to form the puncta was
completely abolished by the deletion of the SIM and UIM motifs of RAP80, shown in
Figure B.3d, B.3g and Table B.2. Surprisingly, the ability to form puncta was recovered
by the U20S cells expressing GFP-RAP80-SIM-UIM construct, shown in Figure B.3e,
3g and Table B.2. The above results indicate that the N-terminal SIM and UIM of RAP80

possess the ability to form nuclear puncta, independent of DNA damage.

The RAP80 nuclear puncta formation is dependent on its post-translational

modification by Casein Kinase 2

The SIM of RAP80 has been demonstrated to enhance the affinity and specificity for its
binding partner upon phosphorylation by CK2. To study the cellular expression of CK2
site. mutant of RAP80 (S44AS46A), U20S cells were transfected with GFP-RAP80-
S44AS46A and the live cell images were examined for puncta formation. Out of 15 cells
examined, there was a significant reduction in the number of puncta formed after the
CK2 phosphorylation site mutation, as shown in Figure B.3f, B.3g and Table B.2. The
molecular dynamics of this mutant was studied by photobleaching 8 puncta formed by
the GFP-RAP80-S44AS46A mutant expressing cells. As shown in Figure 4° C, the
recovery curve of both puncta and nucleoplasm were similar to WT-RAP80. However,
there was no loss or reduction in the stable or immobile puncta population of RAP80, as

seen with GFP-RAP80 UIM and SIM deletion mutants.
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Figure B.4: (a), The normalized FRAP intensity of the puncta formed by U20S cells
expressing GFP-RAP8O-WT (blue) and GFP-RAP80-ASIM (pink) are shown (b), The
normalized FRAP intensity of the puncta formed by U20S cells expressing GFP-RAP&0-
WT (blue) and GFP-RAP80-AUIM (grey) are shown (c), The normalized FRAP intensity
of the puncta formed by U20S cells expressing GFP-RAP80-WT (blue) and GFP-RAP80-
S44AS46A (green) are shown (d), The normalized FRAP intensity of the nucleoplasm of
U20S cells expressing GFP-RAP8O-WT (yellow), GFP-RAP80-ASIM (orange), GFP-
RAP80-AUIM (black), GFP-RAP80-WT and exposed to IR (cyan) are shown.

The RAPS80 nuclear puncta colocalizes with PML protein

To explore the functional significance and identity of RAP80 nuclear puncta, co-
localization of RAP80 with proteins belonging to different well-studied nuclear bodies
was screened, due to the striking resemblance of RAP80 puncta with the nuclear bodies.
According to previous published work by Tikoo et. al[26] and Kim et. al[27], RAPSO0 is
believed to reside in PML nuclear bodies through its interaction with BLM and TRAIP.
RAP80 co-localizes with BLM and BLM localized to PML body, in the absence of
damage suggesting the localization of RAP80 to PML body. In Kim et. al[27], TRAIP
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was shown to interact with RAP80 and it localized to PML nuclear body. Upon
overexpression of TRAIP, RAP80 was shown to form nuclear body and its co-
localization with TRAIP implied its localization to PML body. This intrigued us to screen
for co-localization of endogenous RAP80 with endogenous PML body in the absence of
DNA repair and our results do not indicate a strong and direct co-localization of RAP80
with PML protein in U20S cells, however we only found few RAP80 foci that localized
with PML in U20S cells, pointed with arrows in the Figure B.5a. We also screened for
GFP-RAPS80 foci localization with endogenous BLM helicase and endogenous PML
body and as showed in Figure B.5b, almost all the BLM helicase foci display co-
localization with PML but only a fraction of RAP80 foci localized with BLM and PML

body, marked with arrows.

Figure B.5: (a), U20S cells were grown, fixed, stained using fluorescent-tagged
antibodies against endogenous RAP80 and endogenous PML protein. Cells were imaged
using fluorescence microscopy and RAP80 puncta were analyzed for co-localization with
PML bodies. The RAP80 puncta colocalizing with PML protein are marked with arrows.
(b), GFP-RAP80 expressing U20S cells were immune-fluorescence stained for
endogenous BLM helicase protein and endogenous PML body and co-localized BLM
protein and PML body are marked with arrow.
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RAP80 nuclear puncta is associated with transcriptional repression marker of
chromatin, H2AK119Ub

The RAP80 protein was initially identified as a transcriptional modulator of estrogen and
RTR mediated signaling[6,27]. To delve deeper in identifying the functional significance
of these RAP80 nuclear puncta we performed its co-localization with different markers of
PcG body such as BMI-1, RING-1B and H2AK119Ub[29]. As shown in Figure B.6a and
B.6b we did not observe any co-localization of RAP80 with BMI-1 or RING-1B. We
further investigated the co-localization of RAP80 foci with a well-known modification of
genetic repression by PcG body- H2AK119Ub. Transcriptional repression is coupled
with the DNA repair process and due to the well-established role of RAP80 in DNA
repair[30]; we expected a co-localization of RAP80 puncta with H2AK119Ub. In order to
segregate the puncta formed due to spontaneous DNA damage, we performed the co-
localization of RAP80 puncta with H2AK119Ub and y-H2AX. As shown in Figure B.6c,
some of the RAP80 foci (not marked) localized with y-H2AX and the RAP80 foci
marked with arrow did not co-localize with y-H2AX but co-localized with H2ZAK119Ub
marker suggesting RAP80 is associated with transcriptional repression, independent of
DNA damage. This co-localization experiment was also performed after treating U20S
cells with PRC inhibitor to validate the specificity of the antibody in-house. As shown in
Figure B.6d-e, the GFP-RAP80 expressing U20S cells treated with DMSO and PRC
inhibitor, stained for H2AK119Ub and y-H2AX. In the cells treated with inhibitor, the
polycomb repressive complexes did not maintain their foci and the staining was diffused
throughout the nucleus as seen by the anti-H2AK119Ub staining and did not co-localize
with RAP80 foci (Figure B.6d-e), thereby confirming the specificity of the antibody
H2AK119Ub.
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Figure B.6: (a), U20S cells expressing wild type GFP-RAP80 were IF stained with
endogenous BMII and endogenous y-H2AX, without any exposure to radiation (b),
U20S cells expressing GFP-RAP80 were IF stained with RING-1B without exposing
cells to radiation (¢), U20S cells expressing wild type GFP-RAP80 were IF stained with
PRC marker H2AK119Ub and endogenous y-H2AX, without any exposure to radiation..
(d), U20S cells incubated in DMSO for 2 hours and were grown, fixed,
immunofluorescence stained for endogenous RAP80 and H2AK119Ub modification to act
as a control for PRC inhibitor experiment. Cells were imaged by fluorescence microscopy
and analyzed for co-localization of the above-mentioned proteins (e), U20S cells
incubated in of PRC inhibitor, PRC 4165 (40 uM) for 2 hours and were grown, fixed,
immunofluorescence stained for endogenous RAP80 and H2AK119Ub modification.
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Discussion

The immunofluorescence staining of y-H,AX by specific antibody and the appearance of
DSB sites as a foci, resolvable by fluorescence microscopy has revolutionized the
identification of proteins involved in the DNA repair process[23,30]. We adopted a
similar strategy to separate the puncta formed by RAP80 into DNA damage dependent
foci and DNA damage independent puncta. The comparison of FRAP recovery curves of
both DNA damage dependent and independent puncta revealed that in the absence of
DNA damage, a fraction of RAP80 puncta formed are more stable or immobile over
FRAP timescale. This ability of RAP80 to form stable puncta is diminished upon deletion
of its SUMO and Ubiquitin interacting motifs whereas it remains unchanged upon
mutation of CK2 phosphorylation sites of RAP80 SIM. Overall, our findings suggest that
the stability of a fraction of DNA damage independent RAP80 puncta is dependent on its
SUMO and Ubiquitin interacting motifs. The significant decrease in the number of
puncta by impairing the RAP80 binding to Ubiquitin or SUMO binding either by deleting
the SIM and UIM or by mutating the CK2 phosphorylation site of RAP80 SIM strongly
suggests that the integrity of DNA damage independent foci is dependent on its Ub and
SUMO interacting motifs. A complete absence of the RAP80 puncta upon simultaneous
deletion of both the SIM and UIM of RAP80 and their recovery of to a sub-optimal level
upon expression of only the N-terminal SIM and UIM motifs of RAP80 confirms that the
DNA damage independent RAP80 puncta are highly dependent on its ability to recognize
Ub and SUMO motifs. The FRAP curves of the different RAP80 mutants suggest that the
interior of the puncta are highly dynamic and in addition to diffusion the recovery of the
fluorescence in the photobleached region is dependent on the RAP80 unbinding event
with a nuclear component, in both the puncta and the nucleoplasm. In the absence of
DNA damage, RAP80 has been reported to bind nuclear receptors, ubiquitinated histone
H2A through its UIM domain and H2B through its C-terminal zinc fingers[2,8,9] ; one or
all of these might be responsible for its FRAP recovery curve in the nucleoplasm. In
order to determine the true values of the binding parameters and compare it upon the

deletion of RAP80 motifs, we need to fit the FRAP curve to advanced models[25].
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The phosphorylation of two serine residues adjacent to RAP80 SIM hydrophobic
sequence is crucial for its binding to SUMO and the mutation S44F is linked to cancerous
mutation[32]. The cellular expression of the GFP-RAP80S4AS46A mutant show reduced
puncta as compared to GFP-RAP80-WT but similar to GFP-RAP80-ASIM mutant
suggesting a role of these CK2 phosphorylation sites under normal conditions, through
the enhancement of its SUMO binding.

The dependence of RAP80 puncta formation on its closely placed SIM and UIMs at its
N-terminal disordered region indicate that the formation of these puncta may be guided
by the phase separation of RAP80 in protein dense or protein-RNA dense compartments,
which has been demonstrated to be driven by multivalent interactions, in addition to post-
translational modifications[16-17]. Although we demonstrate the regulation of puncta
formation by SIM and UIM of RAPS8O0 in a cellular environment, biophysical experiments
examining the puncta formation and their dependence of multivalent binding of RAP80
and post-translational modification will help us gain deeper insights in to the mechanism
of the puncta formation. Regarding the functional significance, the colocalization
experiment of RAP80 with different nuclear body marker such as PML protein and PcG
body marker, H2ZAK119Ub suggest that through puncta formation and localization to
these structures RAP80 is able to respond quicker to the DNA repair process by being
sequestered in PML body and protected from proteasomal degradation[31-32]. PML
nuclear bodies are closely associated with the DNA repair process and stress response
and they have been shown to change their number, size and morphology upon DNA
damage induction and exposure to different forms of stress[33-35]. They respond to such
conditions probably by sequestering and protecting crucial proteins from proteasomal
degradation and providing a quick supply of these proteins, when needed[36]. Many
DNA repair proteins such as BLM, p53 and ATM have been reported to reside in the
PML nuclear body[22,33-36]. PML protein contains a SIM and is SUMOylated at three
sites[39]. It recruits and sequester proteins such as Daxx and Sp100 within the PML body
through SUMO SIM interactions. The hybrid chains have also been implicated in
degradation of PML body and the dependence of both SIM and UIM of RAP80 for its
DNA damage independent puncta formation hence localization with PML body raises the

possibility that RAP80 may be involved in its interaction with PML body through the
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hybrid chains[14], however studies needs to be carried out to investigate this. The
association of RAP80 with chromatin through its co-localization with histone
H2AK119Ub may be required to fulfill its role as a transcriptional modulator[40].
Nucleosome, the basic unit of chromatin is composed of two copies of each histone,
H2A, H2B, H3 and H4, with each histone consisting of a flexible tail that is modified
chemically and acts as sites for recruitment and retention of different factors required for
the progression of replication, transcription, silencing or repair of broken DNA strands.
The multivalent recognition of different kinds of modifications on nucleosomes by a
single effector has been shown to regulate the chromatin related processes[41]. The
association of RAP80 with chromatin through ubiquitinated histone H2A and H2B, in the
absence of DNA damage and its SIM and UIM dependent partitioning in the puncta
suggest that RAP80 may be involved in recognizing different modifications at the
chromatin, simultaneously through its SIM and UIM, leading to the convergence of
different signals at the chromatin[9].

In summary, we show that the N-terminal disordered region of RAP80 containing Ub
and SUMO binding motif is possess the ability to form nuclear puncta. We also show that
the interior of these puncta is highly dynamic and RAP80 population in both puncta and
nucleoplasm is involved in binding interaction. A fraction of these puncta is more stable
and is dependent on the Ub and SUMO interacting motif of RAP80. The principle behind
the formation of puncta may be caused by the phase separation due to the presence of low
affinity, multivalent binding components in the N-terminal of RAP80. In vitro studies
will throw light on the mechanism of the formation and assembly of these puncta help us

gain more insight into their biological relevance and role in DNA repair.
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