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Abstract

PARylation plays critical roles in regulating multiple cellular processes such as DNA damage
response and repair, transcription, RNA processing, and stress response. More than 300 human
proteins have been found to be modified by PARylation on acidic residues, i.e., Asp (D) and

Glu (E). We used the deep-learning tool AlphaFold to predict protein-protein interactions (PPIs)
and their interfaces for these proteins based on coevolution signals from joint multiple sequence
alignments. AlphaFold predicted 260 confident PPIs involving PARYylated proteins, and about
one quarter of these PPIs have D/E-PARYylation sites in their predicted PPI interfaces. AlphaFold
predictions offer novel insights into the mechanisms of PARylation regulations by providing
structural details of the PPI interfaces. D/E-PARylation sites have a preference to occur in coil
regions and disordered regions, and PPI interfaces containing D/E-PARYylation sites tend to occur
between short linear sequence matifs in disordered regions and globular domains. The hub protein
PCNA is predicted to interact with more than 20 proteins via the common PIP box motif and

the structurally variable flanking regions. D/E-PARylation sites were found in the interfaces of
key components of the RNA transcription and export complex, the SF3a spliceosome complex,
and H/ACA and C/D small nucleolar ribonucleoprotein complexes, suggesting that systematic
PARylation have a profound effect in regulating multiple RNA-related processes such as RNA
nuclear export, splicing, and modification. Finally, PARylation of SUMO2 could modulate its
interaction with CHAF1A, thereby representing a potential mechanism for the cross-talk between
PARylation and SUMOylation in regulation of chromatin remodeling.
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Introduction

Poly-ADP-ribosylation (PARYylation) is a protein posttranslational modification (PTM)
process that results in covalent attachment of ADP-ribose polymers to proteins. PARylation
plays critical roles in regulation of multiple cellular processes including DNA replication
and repair, transcription, stress response and RNA biogenesis [1, 2]. The mono- or poly-
ADP-ribose modifications (linear or branched repeats of ADP-ribose up to 200 units) are
catalyzed by a family of enzymes called poly-ADP-ribose polymerases (PARPS). Among the
17 members of this family in human, PARP1 is the founding member and is an abundant
nuclear protein with a plethora of substrates [3]. PARP1, with several DNA-binding
domains, is recruited to the DNA strand breaks and is activated to modify of a variety

of target proteins through PARylation, a crucial step to initiate DNA repair [4]. Due to

the important roles of PARPs in DNA repair, PARP inhibitors have been developed to

treat certain cancers where their DNA repair capacities have been compromised by genetic
alterations (e.g., genetic variants in BRCA1 and BRCAZ2) [5].

PARylation can modify the sidechains of a variety of amino acid acceptors, including
charged residues (Asp, Glu, Lys and Arg), Ser, Cys, His, and Tyr [6]. PARylation is reversed
by several PAR-degrading enzymes, such as PARG (poly-ADP-ribose glycohydrolase) [7].
PARylation can lead to drastic change of electrostatic and topological properties of an
acceptor protein, thus potentially affecting their molecular function through disruption of
protein-protein interactions (PPIs) and protein-DNA/RNA interactions. On the other hand,
poly-ADP-ribose resembles DNA and RNA and could serve as a scaffold for recruiting
other proteins to form functional molecular complexes. Several PAR-binding domains have
been identified, including PBZ (PAR-binding zinc fingers), WWE, BRCT, macrodomain,
and some OB-fold domains [8, 9].

PPIs are the foundation of functional protein complexes and play essential roles in all
cellular processes [10]. Large-scale high-throughput experiments using techniques such as
affinity purification and chemical cross-linking have been used to detect PPIs in human
and other organisms at the whole proteome level [11-13]. However, high-throughput PPI
datasets often have high false positive and false negative rates and show considerable
inconsistencies between studies [14, 15]. Recently developed deep-learning based methods
such as AlphaFold and RoseTTAFold have allowed accurate modeling of protein 3D
structures and their complexes by exploring coevolutionary information in multiple sequence
alignments (MSAs) [16, 17]. We showed that application of these methods to yeast and
human mitochondrial proteins can detect interacting proteins on a proteome-wide scale,
and the protein complex models provided mechanistic insights to a wide range of core
eukaryotic functions [18, 19].

A number of studies have been performed to identify PARylation sites at the whole-
proteome level, resulting in a large collection of PARylated proteins [20-23]. In this study,
we focus on a specific type of PARylation that occurs on acidic residues Asp and Glu
(D/E-PARYylation). We report the use of the deep-learning and coevolution-based method,
AlphaFold [24], for large scale predictions of PPIs for D/E-PARylated human proteins.
Mapping D/E-PARYylation sites onto the 3D structures of these PPIs allowed us to identify
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PARYylation sites residing on the PPI interfaces. PARylation to these sites are expected to
disrupt these protein complexes and thus regulate a variety of cellular processes related to
DNA repair and RNA processing.

Materials and methods

Identification of D/E-PARYylated proteins and their potential interactions partners

The list of D/E-PARYylated proteins was obtained from the combined datasets of our previous
proteomics studies [25, 26]. We mapped these proteins to 360 UniProt entries with 1,215 D/
E-PARylation sites[27]. Furthermore, we obtained human PPIs identified in experimental
studies from BIOGRID [13], IntAct [28], DIP [29], and MINT [30] databases. These
databases link each PPI to a set of PubMed IDs that represent the experimental studies
supporting this interaction. We collected the PubMed IDs associated with each PPI from all
databases. We mapped the PPIs documented by these databases to UniProt entries, thus we
can identify putative PPIs involving D/E-PARylated proteins: a total of 72,431 putative PPIs
were identified, mostly from large-scale studies.

Because large-scale PPI studies tend to contain a high fraction of false positives, they do
not offer as strong support as dedicated studies focusing on a couple of PPIs. To weigh
low-throughput studies more, we transformed the support from a literature to a PPI to a
support score defined as the reciprocal of the number of PPIs associated with this literature.
We summed the support scores of each PPI from all associated literatures and obtained
5,859 more confident PPIs involving PARYylated proteins that satisfy either of the following
criteria: (1) summed support score >= 0.1 if it is supported by a single paper; (2) summed
support score >= 0.01 if it is supported by multiple papers. Out of these candidate PPIs,
5,361 were further evaluated and modeled by AlphaFold; 498 (8.5%) were not modeled
because we were not able to obtain joint MSAS (see 2.2) or the protein complexes could not
fit into GPU memory (see 2.3).

2.2 Generation of protein sequence alignments

The eukaryotic proteomes were downloaded from the NCBI genome database. It consists
of 49,102,568 proteins from 2,568 representative or reference proteomes (one proteome per
species). We attempted to find orthologs from these proteomes for each reviewed human
entry in the UniProt database [27]. For each human protein (referred to as the target

protein below), the corresponding orthologous group at the eukaryotes level in OrthoDB
[31] was identified. Human proteins that were not classified in OrthoDB or belonged to the
Zinc finger C2H2-type group (OrthoDB group: 1318335at2759), the Reverse transcriptase,
RNase H-like domain group (OrthoDB group: 583605at2759) and the Pentatricopeptide
repeat group (Orthodb group: 1344243at2759) were ignored because these groups contain a
large number (over 58000) of paralogous sequences resulting from gene duplications. The
set of OrthoDB orthologous proteins for a target protein were clustered by CD-HIT [32] at
40% identity level. For each CD-HIT cluster, we selected one representative sequence that
showed the lowest BLAST [33] e-value to the target protein. The representative sequences
were then used as queries to search against the eukaryotic proteomes to identify homologous
proteins to the target protein (e-value cutoff: 0.001).
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For each target protein, we identified a single best hit from each organism, if available, that
satisfies two criteria: (1) its sequence identity to the target protein is above 35%; (2) it shows
the highest sequence similarity to the target protein among the combined BLAST hits found
by multiple representative sequences. These best hits together with the target protein were
aligned by MAFFT (with the --auto option) [34]. We labeled each protein by the organism

it belongs in the resulting multiple sequence alignments (MSAs) and removed positions that
are gaps in the human proteins. To construct the joint MSA for any two human proteins, we
concatenated the aligned sequences of the same organism from two MSAs. In cases where

a sequence is missing from an organism, we used gaps to replace that sequence and added
these cases at the end of the joint MSA.

2.3 Modeling protein complexes with AlphaFold

One limitation of AF modeling is that large protein complexes cannot fit in the memory

of our GPUs (< 48GB). To solve this problem, we parsed proteins into domains based on
DeepMind’s models of monomeric human proteins (https://alphafold.ebi.ac.uk/). In addition
to the predicted 3D structure, DeepMind also provided the predicted aligned error (PAE) for
each residue pair in a protein. PAE reflects AF’s confidence in the distance between two
residues, and it is suggested to be useful in defining domains of a protein. Residues within
the same domain are tightly packed together to form a globular and rigid 3D structure, and
thus PAEs between them are expected to be low. In contrast, since the relative orientation
and distance between different domains can be variable, a pair of residues from different
domains frequently shows high PAE.

We wrote an in-house script to iterate the following procedure to split proteins into segments
until all segments are shorter than 500 amino acids or cannot be further split. We split a
protein or a segment into two segments if (1) it had more than 500 residues and (2) the
density of residue pairs showing low PAE (<12A) within each segment (D) Was much
higher than the density of residue pairs showing low PAE (<12A) between two segments
(Djnter)- We found the split site that maximize the Djysa! Djnerratio, and we required this
ratio to be at least 10 for proteins or segments larger than 1000 residues and at least 20 for
proteins or segments with 500-1000 residues.

As described previously, we deployed AF to model protein complexes by feeding it with
joint MSAs of two proteins and introducing a gap of 200 residues in between. Protein
pairs with combined length < 1500 were directly modeled. Larger proteins were split into
domains as described above and all pairs of domains were modeled if none of them has
combined length > 1500. AF produces probabilities for the Cp — Cp distances of residue
pairs to fall into a series of distance bins. Residue-residue contact probability was calculated
as the sum of the probabilities for the distance bins under 12A. For a pair of proteins,

the matrix (m) of contact probability is of the shape (L, + L,) by (L, + L,), where L, and

L, are the length of the first and second proteins, respectively. We extracted the submatrix
m’ = m[0: L,][L,: L, + L,] (the first L, rows and the last L, columns) that contains the inter-
protein contact probabilities. The highest residue-residue contact probability in this matrix
m’ is used as the contact probability for a pair of proteins.

Proteomics. Author manuscript; available in PMC 2023 September 28.
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2.4 Analysis of D/E-PARylated proteins and their interactions with other proteins

For D/E-PARylated proteins, we obtained secondary structure predictions by PSIPRED

[35] and disordered prediction by 1UPred2A [36]. We retrieved predicted local distance
difference test scores (pLDDT, a confidence metric) from AlphaFold models [37] of

these proteins and calculated residue-level relative solvent accessibilities using DSSP [38].
Sequence conservation was calculated by using AL2CO [39]. Enrichment analysis of
functional categories and domain types in these proteins was conducted by the Database

for Annotation, Visualization and Integrated Discovery (DAVID) web server [40]. We loaded
261 PPIs involving D/E-PARylated proteins with AlphaFold contact probability above 0.9
to the Cytoscape software [41], where proteins were represented as nodes and nodes were
connected by edges if they interact (AlphaFold contact probability = 0.9). We used the
community cluster method, Glay [42], to cluster the network formed by these PPIs assuming
undirected edges. We analyzed the function for proteins in each cluster with >= 3 proteins
using the DAVID web server [40]. We annotated each cluster by the predominant functional
group. We mapped the D/E-PARYylation sites to the predicted complex structures and
recorded those interfaces (defined as residues with predicted contacts probabilities above
0.5) that contains such sites. Interesting biological examples from this PPI network were
studied manually with the help of Pymol and literature.

3. Results and discussion

3.1 The collection of D/E-PARYylated protein and their functional and structural features

We collected 360 proteins modified with D/E-PARylation from two previous proteome-wide
studies (supplementary Table S1) [25, 26]. The majority (235 out of 360) of these PARylated
proteins contain one or two D/E-PARylation sites (Figure 1A). The most heavily modified
protein is PARP1, with 46 D/E-PARYylation sites. Five other proteins have 20 or more D/
E-PARylation sites: DDX21 (DExD-Box Helicase 21), HNRNPU (heterogeneous nuclear
ribonucleoprotein U), YLPM1 (YLP Motif Containing 1), MKI167 (marker of proliferation
Ki-67), and RFC1 (Replication Factor C Subunit 1). Functional enrichment analysis by

the DAVID server [43] suggests that D/E-PARYylated proteins are significantly enriched in

a number of biological processes, including transcription, transcription regulation, DNA
damage and repair, mRNA processing and splicing, and cell division.

Over half of these D/E-PARYylated proteins are also modified with ubiquitin-like

protein conjugation, suggesting the importance of interplay between different types of
posttranslational modifications such as PARylation, ubiquitination, and SUMOylation [44,
45]. D/E-PARylated proteins are enriched in a number of domain types (e-value < 0.001
after Benjamini correction for multiple statistical tests), including RNA recognition motif
domain (RRM), zinc finger domain (C2H2 type and PhD type), helicase domain, chromo
domain, and homeodomain (Figure 1B), consistent with the general functions of these
proteins in DNA and RNA-related processes.

We analyzed the secondary structure content and ordered/disordered state of the D/E-
PARylation sites. Compared to all positions in D/E-PARylated proteins and positions with
Asp or Glu, D/E-PARylation sites have slight preference in coils (p-value < 0.04 by Fisher’s
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exact test) and disordered regions (p-value < 0.0001) and are disfavored in beta-strands
(p-value < 0.0001) (Figure 1C). Only 4% of D/E-PARylation sites are found in beta-strand
as opposed to 6.8% for sites with Asp/Glu and 11% for all positions. Such statistics are
consistent with the observation that D/E-PARYylation sites tend to be exposed [25], for
example, in flexible loops, for easy access by PARP enzymes. Indeed, D/E-PARYylation sites
exhibit on average larger relative solvent accessibility (RSA) (mean: 0.739 and median:
0.799) and lower pLDDT scores (a residue-level confidence metric) (mean: 59.6 and
median: 52.7) compared to all D/E-containing positions (RSA mean; 0.654 and median:
0.701; pLDDT mean: 62.7 and median: 62.0) in AlphaFold models.

3.2 Prediction of protein-protein interactions of D/E-PARylated proteins

We used the deep learning-based method, AlphaFold, to predict PPIs between D/E-
PARylated proteins and their potential interaction partners (see Materials and methods).
Among the 5,361 pairs of proteins, AlphaFold supported 260 PPIs (294 domain-level
interactions from 260 protein pairs, supplementary Table S2) with contact probability
above 0.9, among which 98 are supported by experimental structures. Of the 181 PPIs
with AlphaFold scores above 0.95, 90 are supported by experimental structures. We
mapped the D/E-PARylation sites to the predicted complex structures with AlphaFold
contact probability above 0.9 and recorded the occurrences of these positions in PPI
interfaces (AlphaFold contact probability > 0.5). In total, we identified 69 PPI interfaces
containing D/E PARylation sites. D/E-PARylation sites in general exhibit lower sequence
conservation compared to all D/E-containing positions (supplementary Figure S1), possibly
due to the preference of D/E-PARylation sites occurring in disordered regions. However,
D/E-PARYylation sites in the interfaces of predicted complexes have a higher fraction in the
category of high conservation (supplementary Figure S1).

Eleven D/E-PARylated proteins have 5 or more AlphaFold-predicted PPIs (Figure 1D).
PCNA (Proliferating cell nuclear antigen) has the largest number of predicted PPIs, and

22 out of the 23 predicted PPIs of PCNA have D/E-PARylation sites occurring in the

PPI interface. The network formed by AlphaFold-predicted PPIs was visualized using
Cytoscape [41]. We performed clustering analysis [42] of proteins involving these PPIs

to partition the network into groups of functionally related proteins linked by PPIs. The
resulting clusters (excluding clusters with only two proteins) are shown in Figure 2, where
proteins are represented as dots and interacting proteins are connected by edges (solid line

- with experimental structure; dashed line - without experimental structures; green line -
with PARylation sites mapped to the interface). The most predominant clusters involve
DNA damage and repair, DNA replication, transcription, chromatin regulation, and RNA
processing. These clusters are consistent with the well-studied roles of PARylation in these
functional categories [46, 47]. Because many of these PARylation events occurred under
genotoxic stress conditions, it is conceivable that PARylation could modulate the assembly
of the involved complexes, serving a mechanism to regulate the relevant biological processes
during DNA damage conditions. As an example, it is well recognized that PARylation plays
a critical role in regulating many steps in RNA metabolism [48]. Consistent with this notion,
we found that several components of the protein complexes involved in RNA splicing,
processing, and transportation (e.g., the splice factor 3a complex and the TREX complex)

Proteomics. Author manuscript; available in PMC 2023 September 28.
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were PARylated [49]. Importantly, these PARylation events could regulate the assembly of
these complexes, pointing to the intriguing hypothesis that PARylation could regulate RNA
metabolism under genotoxic conditions.

3.3 PCNA - a hub of PPIs with PARylation sites in the interaction interfaces

PCNA is a cellular hub protein functioning in an array of DNA-related processes such

as DNA replication and repair, chromatin remodeling, DNA methylation, and cell cycle
regulation [50, 51]. PCNA interacts with a diverse set of proteins, mainly through a short
linear sequence motif in its binding partners known as the PIP (PCNA-interaction protein)
box. Canonical PIP box adopts a consensus sequence of Qxxhxxaa (x: any amino acid,

h: a hydrophobic residue, a: an aromatic residue). A single turn of helix positions the
hydrophobic and aromatic positions in this motif into a binding pocket of PCNA. Variations
of this motif have been increasingly found in other proteins [52].

Among D/E-PARylated proteins, PCNA has the largest number of PPIs (23 in total)
supported by AlphaFold (contact probability > 0.9). Binding partners of PCNA mostly

use the PIP box to interact with one end of the central beta-sheet in PCNA (Figure 3),
consistent with experimental studies and available structures. However, regions flanking the
PIP box could adopt different conformations for different PCNA binding partners. These
flanking regions have been shown to significantly contribute to binding affinity of PIP
boxes [52]. Some of them adopts extended loop or beta-strand (Figure 3C-3H), such as
FANCM and CHAF1A. Others form extended helices around the PIP box, such as XPC and
SIVA1L (Figure 31 and 3J). The PIP boxes mostly locate in disordered regions of the PCNA-
interacting partners. However, for FEN1 and POLD1, other regions from a globular domain
also contribute to the interface (Figure 3A and 3B). AlphaFold predicted the interaction
between PCNA and ZRANB3 through the C-terminal region (Figure 3K), consistent with
the experimental structure [53].

Interestingly, AlphaFold also predicted an interface formed by ZRANB3 RING finger
domain in the opposite site of the PCNA-PIP box interface (Figure 3L) where PCNA binds
DNA in the experimental structure [54]. Whether this predicted interface is real remains

to be explored experimentally, and it may reveal new insights into PCNA function. PCNA
possesses 11 D/E-PARylation sites. Several of them are in the interface between PCNA and
PIP boxes, including four from the middle of the protein (D120, D122, E124 and E130)
and three from the C-terminal end of the protein (D257, E258 and E259) (colored magenta
in Figure 3). Multiple D/E-PARYylation sites in the PCNA binding interfaces suggest that
PARylation is important for regulation of the function of this PPI hub.

3.4 DDX39B-ALYREF and DDX39B-FYTTDL1 interactions

The transcription and export complex (TREX), consisting of the THO complex, DDX39B
(ortholog of yeast protein UAP56), and ALYREF (also named THOC4), is responsible
for loading the messenger ribonucleoprotein complexes (MRNPs) for nuclear export [55].
Recently the structure of the THO-DDX93B complex was solved by Cryo-EM [56].
However, information of how ALYREF fits in this complex remains missing. It has been
reported that ALYREF uses both the N-terminal [57] and C-terminal regions [58] for
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the interaction with DDX39B. AlphaFold predicted the interaction between DDX39B and
ALYREF for both an N-terminal motif (score: 0.923) and a C-terminal motif (score: 0.823),
consistent with previous experimental studies. DDX39B is a DEAD/DEAH-box helicase
with an N-terminal catalytic domain (light green in Figure 4A) and a C-terminal Helicase_C
domain (green in Figure 4). In the AlphaFold model, the N-terminal motif of ALYREF
(residues 1-20) forms an alpha hairpin that interacts with two helices (residues 270-284
and residues 296-308) from the C-terminal Helicase_C domain of DDX39B, whereas the
C-terminal motif of ALYREF (residues 238-257) forms a helix that interacts with two
helices from the N-terminal domain of DDX39B (residues 204-221 and residues 233-245).
Interestingly, both N- and C-terminal motifs of ALYREF contain multiple PARylated D/E
residues (Figure 4A), suggesting that PARylation could play an important role in the
modulation of such an interaction and nuclear mRNP export. Interestingly, it has been
previously shown that the depletion of the TREX complex could lead to profound defects in
transcription elongation and mRNA export [59]. Specifically, the mMRNA levels in cells with
ALYREF depletion were decreased to 19% of those in the control cells. It is conceivable
that PARylation could function through the TREX complex to regulate mRNA maturation
under genotoxic conditions. Furthermore, it was shown that the TREX complex is also

a key player for genome integrity. It was shown that depletion of ALYREF also caused
genomic instability (as shown by high levels of DNA breaks and replication alteration)
[59], a phenomenon that could be coupled with the defective mMRNA processing pathway in
these cells. The role of ALYREF PARylation in regulating mRNA processing and genomic
instability warrants future studies.

The N-terminus of another DDX39B-interacting protein FYTTD1 (also named UIF)
contains a sequence motif that is homologous to that of ALYREF [60]. AlphaFold also
predicted the interaction between DDX39B and FYTTDL through this motif (Figure
4B). This motif in FYTTDL1 also contains several D/E-PARYylation sites, suggesting that
PARylation could have a profound effect on the export of mMRNPs through modulating
multiple interactions in this process.

3.5 ERH-POLDIP3 and ERH-CIZ1 interactions

ERH (Enhancer of Rudimentary Homolog) is a multifunctional conserved small protein
(104 aa) involved in an array of cellular and developmental processes such as pyrimidine
metabolism, DNA repair, mRNA splicing, microRNA maturation, cell cycle regulation,
and erythroid differentiation [61, 62]. One of ERH’s interaction partner is POLDIP3 [63],
which is a binding partner and robust activator of DNA polymerase d [64]. POLDIP3

was found to also play a crucial role in activation of DNA damage checkpoint [65]. The
structural details of the ERH-POLDIP3 interaction have not been revealed before. The
ERH-POLDIP3 interaction was strongly supported by AlphaFold (contact probability >
0.99) (Figure 5A). The C-terminus of POLDIP3 (residues 389-421) interacts with ERH by
using a linear motif with an alpha-helix and a C-terminal beta-strand that forms a parallel
beta-sheet with another beta-strand from ERH (residue 49-53). Both ERH and POLDIP3
are D/E-PARylated proteins and have D/E-PARylation sites in the interface (Figure 5A).
The PARylation site on POLDIP3 (E416) occurs at the beginning of the beta-strand that
interacts with ERH, and the PARylation site on ERH (E15) occurs at the opposite end near
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the alpha-helix of POLDIP3. PARYylation at these sites could regulate the formation of the
ERH-POLDIP3 complex and its function in DNA damage responses.

ClZ1, a nuclear zinc finger protein, is another interaction partner of ERH [66]. AlphaFold
predicted the ERH-CIZ1 interaction with a high contact probability (> 0.99). The interacting
motif (534-566) from C1Z1 is predicted to be in the disordered region and outside the

zinc finger domain (residues 595-617). The range of this region is consistent with the
region found by experiments (531-644). AlphaFold model provided structural details of
this interaction (Figure 5B). CIZ1 interacts with ERH through a beta-hairpin (residues
547-562) that forms a beta-sheet with a beta-strand (residues 49-53) from ERH, the same
region as involved in the ERH-POLDIP3 interface. Unlike the ERH-POLDIP3 interface, the
PARylation site in ERH is distal to the interface between ERH and CIZ1, and thus this
interaction is probably not regulated by PARYylation.

3.6 DKC1-GAR1-WRAP53 complex

DKC1 is the catalytic subunit of the H/ACA small nucleolar ribonucleoprotein (H/ACA
snoRNP) complex that is responsible for pseudouridylation of ribosomal and spliceosomal
RNAs [67, 68]. It is also involved in the processing and trafficking of the RNA

component of the telomerase reverse transcriptase holoenzyme [69]. AlphaFold predicted
the interactions of DKC1-GAR1, DKC1-WRAP53, and DKC1-NOP10, consistent with

a recent experimental structure complex of the telomerase holoenzyme [70]. WRAP53,

a WD40-domain containing protein, can stimulate the catalytic activity of the H/ACA
snoRNA complex [71]. GARL1, another component of H/ACA snoRNA complex, has two
D/E-PARYylation sites (E81 and D82) that lie in the interface between DKC1, GARL, and
WRAP53 (Figure 6). It is thus likely that D/E-PARylation at these GAR1 sites could prevent
the association of WRAP53 with the H/ACA snoRNA complex and negatively regulate its
catalytic activity. PARylation may also affect the activity of DKC1 in this complex in other
ways, as DKC1 itself contains multiple D/E-PARylation sites in its C-terminal disordered
region.

3.7 DI/E-PARylation sites in other PPl interfaces

We also identified D/E-PARylation sites in a number of other protein complexes predicted
by AlphaFold. One recurring scheme of interactions is the utilization of a beta-strand

from a nonglobular region in one protein to interact with an edge beta-strand from a
globular domain in its binding partner. Such interactions are observed between SF3A2 and
SF3AL, between FBL (fibrillarin) and NCL (nucleolin), between HSP90AA and CDC37,
and between SUMO2 and CHAF1A (Figure 7). Such an observation may be due to the polar
nature of D/E residues causing them to be more likely found at the rim of the interaction
interface than to be completely buried inside the interface.

SF3A2 and SF3A1 are components of the splice factor 3a complex [72]. FBL is a catalytic
component of C/D box snoRNPs that catalyzes 2"-O-methylation of rRNAs [73]. HSP90AA
is a molecular chaperone that interacts with its co-chaperone CDC37 in regulation of stress
response [74]. D/E-PARylation sites are observed near these interaction interfaces involving
edge beta strands, suggesting that PARylation could have diverse effects on RNA splicing,
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RNA maodification, and stress response by modulating these interactions in a variety of
ways. The PAR moiety could sterically disrupt PPIs and prevent the formation of protein
complexes. The negative charges on the PAR moiety near the interaction interface may
stabilize or destabilize the interactions depending on the electrostatic properties of the
interface. While non-specific interactions with PAR-binding proteins may be responsible

for abolishing existing PPIs, the PAR moiety may help establish new protein interaction
scaffolds by interacting with various PAR-binding proteins. Future development of structural
modeling tools incorporating the PAR moiety could further shed light on the functional
mechanisms of PARylation events.

SUMO2, a SUMO (small ubiquitin-like modifier) family protein, contains a D/E-PARylation
site (E13) in its N-terminus. AlphaFold predicted the interaction between SUMO2 and
CHAF1A (chromatin assembly factor 1 subunit A, also named the P150 subunit), which is a
histone chaperone and a primary component of the CAF-1 complex that mediates chromatin
assembly in DNA replication and DNA repair [75]. The AlphaFold model shows that
CHAF1A utilizes a beta-strand in a disordered region (residues 110-125) to interact with

an edge beta-strand of SUMO2 (Figure 7D). The AlphaFold predicted interaction region

in CHAF1A is consistent with the experimentally identified region of interaction [76]. The
PARylation site of SUMO2 is in the SUMO2-CHAF1A interface (Figure 7D), suggesting
that this interaction could be modulated by PARylation and represent a mechanism of
cross-talk between PARylation and SUMOylation in chromatin remodeling.

4. Concluding remarks

We applied AlphaFold to predict and model PPIs for 360 human proteins with D/E-
PARylation based on coevolution signals from joint multiple sequence alignments. D/E-
PARYylation sites in these proteins tend to occur in coil and disordered regions. These regions
frequently contain short linear sequence motifs that interact with globular domains of other
proteins. In particular, more than 20 interactions were found for the hub protein PCNA

that involves the binding of the PIP box motif and its flanking regions. Detailed analysis

of interaction interfaces revealed one recurring pattern of interactions that involves binding
of short motifs to edge beta-strands in globular domains. D/E-PARylation sites are mapped
to several interfaces in important protein complexes involved in RNA export, splicing,

and enzymatic modifications. PARylation plays essential roles in DNA damage response
and DNA repair by recruiting factors to DNA damage site. Synergistically, to assist the
DNA repair process, PARylation could negatively affect other processes in genotoxic stress
response in the nucleus such as transcription and RNA processing by disrupting critical
interaction interfaces.
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Statement of significance

Protein-protein interactions are the foundations of functional complexes and networks

in most cellular processes. An essential role of protein posttranslational modifications

is to modulate protein-protein interactions. PARylation, the covalent attachment

of ADP-ribose units to protein sidechains, has been identified as a critically

important posttranslational modification in biological processes related to DNA repair,
transcription, and stress response. Recent advances in deep learning methods have

led to a breakthrough in predicting protein structures and their complexes with high
precision. We used one such method, AlphaFold, to systematically predict protein-protein
interactions for 360 human proteins modified with PARylation on Asp and Glu residues.
The resulting network revealed a number of protein complexes whose 3D structures have
not been determined experimentally. Detailed structural analysis of predicted complexes
coupled by mapping of D/E-PARylation sites to 3D structures helps us to identify

a number of PARylation events expected to disturb the protein-protein interactions,
revealing the functional consequences of PARYylation in a number of cellular processes
such as RNA nuclear export, splicing, and modification.
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Figure 1. Statistics about D/E-PARylated proteins and their interactionswith other proteins.
(A) Distribution of the number of D/E-PARYylation sitesamong D/E-PARylated

proteins. Proteins with the largest numbers of D/E-PARylation sites are listed to the

right. (B) Frequently observed domains among D/E-PARylated proteins. ZF-C2H2 -
C2H2 type zinc finger domain, ZF-PHD: PHD-type zinc finger domain, RRM -RNA
recognition motif. (C) Secondary structure contents and or dered/disor dered states of
PARylated proteins and PARylation sites. The blue, green and orange bars show fraction
of different secondary structure and order/disorder states of all positions in PARylated
proteins, positions with D/E, and D/E-PARylation sites, respectively. Statistical significance
of comparing the fractions is indicated by the number of stars: 4 stars - p-value<0.00001,

3 stars - 0.00001<p-value<0.0001, 2 stars - 0.0001<p-value<0.001, and 1 star - 0.01<p-
value<0.04. (D) D/E-PARylated proteinswith the largest numbers of predicted PPIs.
The orange and blue portions of the bars correspond to PPI interfaces with and without
D/E-PARYylation sites, respectively.
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Figure 3. AlphaFold models of PCNA and itsbinding partners.
PCNA is shown in green, and its interaction partners are shown in cyan, and the gene names

of the interacting partners are labeled by the structure. Predicted contacts are shown in
sticks (yellow: contact probability = 0.9; orange: 0.5 < contact probability < 0.9). Sidechains
of D/E-PARYylation sites are shown in magenta sphere representations. ZRANB3_C and
ZRANB3_RING represents C-terminal region and the RING finger domain, respectively.
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DDX39B-ALYREF DDX39B-FYTTD1

Figure 4. AlphaFold models of the (A) DDX39B-ALYREF and (B) DDX39B-FYTTD1 complexes.
DDX39B has two domains, the helicase domain is shown in light green and the C-terminal

Helicase_C domain is shown in green. Predicted contacts and D/E-PARylation residues are
shown in the same way as in Figure 3.
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ERH-POLDIP3 ERH-CIZ3

Figure 5. AlphaFold models of the ERH-POL DIP3 and ERH-CIZ1 complexes.
Predicted contacts and D/E-PARylation residues are shown in the same way as in Figure 3.
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SF3A2-SF3A1 FBL-NCL HSP90AA-CDC37 SUMO2-CHAF1A

Figure 7. AlphaFold models of the protein complexes with D/E-PARylation sitesin their
interfaces.

(A) SF3A2 and SF3A1 of the SF3a spliceosome complex. (B) FBL and NCL.
(C) HSP90AA and CDC37. (D). SUMO2 and CHAF1A. Predicted contacts and D/E-
PARylation sites are shown in the same way as in Figure 3.
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