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Abbreviations 
 

53BP1: p53 binding protein 1 
AIMP2: Aminoacyl tRNA synthase 
complex-interacting multifunctional 
protein 2 
AP endonuclease 1: DNA- 
(apurinic or apyrimidinic site) lyase 
APIM: AlkB homologue 2 PCNA-
interacting motif 
ATPase: adenosine triphosphatase 
ATR: Serine/threonine-protein 
kinase ATR 
BER: base excision repair 
Cdc45: Cell division control protein 
45 homologue 
Cdc6: cell division control protein 6 
homologue 
Cdc7: Cell division cycle 7-related 
protein kinase 
CDK: cyclin-dependent kinases 
CDK9: cyclin-dependent kinase 9 
Cdt1: DNA replication factor Cdt1 
CHAPS: (3-((3-cholamidopropyl) 
dimethylammonio)-1-
propanesulfonate) 
CHK1: Serine/threonine-protein 
kinase Chk1 
CHX: Cycloheximide 
CMG helicase: Cdc45-Mcm2-7-
GINS helicase complex 
CPT: Camptothecin 
CSP: Chemical Shifts Perturbation  
CTD: C-terminal domain 
C-terminal: carboxyl terminal 
DDK: DBF4-dependent kinases 
DDM: n-Dodecyl-beta-Maltoside 
DDR: DNA Damage Response 
D-loop: displacement loop 
DMR: differentially methylated 
region 
DNA: Deoxyribonucleic acid 
DNA: double nucleic acids? 
DSB: Double Strand Breaks 
DSS: 4,4-dimethyl-4-silapentane-1-
sulfonic acid 
DTT: Dithiothreitol 
DTT: DNA Damage Tolerance 

DUB: deubiquitinating enzymes 
E.coli: Escherichia coli 
ECRs: evolutionary conserved 
regions 
EDTA: Ethylenediaminetetraacetic 
acid 
EGF: epidermal growth receptor 
EM: electron microscopy  
EZH2: Histone-lysine N-
methyltransferase EZH2 
FEN1: flap endonuclease 1 
FUBP1: DNA-binding regulator 
FUSE binding protein 1 
GINS: DNA replication complex 
GINS protein SLD5 
H2A: Histone 2A 
HEK293: human embryonic kidney 
cells 
HEK293FT: human embryonic 
kidney fast growing SV40 T antigen 
cells 
hELG1: enhanced level of genomic 
instability 1 
HIF-α: Hypoxia Inducible Factor α 
subunit 
HR: homologous recombination 
HRE: Hypoxia Responsive 
Elements 
HSQC: Heteronuclear Single 
Quantum Coherence 
HTLF: Helicase-like transcription 
factor 
HU: hidroxyurea  
ICR: imprinting control region 
IDCL: Inter Domain Connecting 
Loop 
IDP: intrinsically disordered proteins 
IDR: intrinsically disordered region 
IPTG: Isopropyl β-D-1-
thiogalactopyranoside 
ISG15: interferon-stimulated gene 
15  
ITC: Isothermal titration calorimetry 
JAMM: Ab1/Mov34/Mpr1 Pad1 N-
terminal+ (MPN+) 
JNK: c-Jun N-terminal kinase 
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LB: Luria-Bertani broth 
LC3: Microtubule-associated 
proteins 1A/1B light chain 3B 
LIG1: DNA ligase I 
Mcm2-7: minichromosome 
maintenance proteins 2-7 
MINDY: Motif Interacting with Ub-
containing Novel DUB family 
MIP: Mlh1 interacting protein 
MJD: Machado-Josephin Domain 
proteases 
MMC: 3-Methylmethcathinone 
MMR: mismatch repair 
MMS: methyl methanesulfonate 
Mono-Ub: mono-Ubiquitinated 
mRNAs: messenger RNA 
MS: MassSpec 
MSH2: DNA mismatch repair protein 
Msh2 
MSH3: DNA mismatch repair protein 
Msh3 
MSH6: DNA mismatch repair protein 
Msh6 
MTH2: MutT homolog 2 
NER: nucleotide excision repair 
NHEJ: non-homologous end joining 
NMR: Nuclear Magnetic Resonance 
N-terminal: amino terminal 
ORC: Origin Recognition Complex 
ORF: Open Reading Frame 
ori: origin of replication 
OTU: ovarian tumour proteases 
PARI: PCNA-associated 
recombination inhibitor 
PBS: Phosphate-buffered Saline  
PCNA: Proliferating Cell Nuclear 
Antigen 
PEG3: paternally expressed 3 
PH: Pleckstrin Homology 
PHDs: Prolyl hydroxylases 
PIP-box: PCNA interacting protein 
box  
PKA: Protein kinase A 
Poly-Ub: poly-Ubiquitinated 
pre-RC: pre-replicative complex 
PRR: Post-replication Repair 
PTM: Post-translational 
modifications 
RFC: Replication Factor C 
RIR: Rev1 interacting region 

RNF168: E3 ubiquitin-protein ligase 
RNF168 
RNF8: E3 ubiquitin-protein ligase 
RNF8 
RPA: Replication Protein A 
SDS: Sodium Dodecyl Sulphate 
SDS-PAGE: Sodium dodecyl 
sulphate polyacrylamide gel 
electrophoresis 
SETD8: N-lysine methyltransferase 
KMT5A 
SHPRH: SNF2 histone linker PHD 
RING helicase  
shRNAs: small hairpin RNAs  
SIAH: E3 ubiquitin-protein ligases 
Seven in Absentia Homolog 
siRNA: Small interference RNA 
SLiMs: short linear motifs 
ssDNA: single stranded DNA 
SUMO1: small ubiquitin-related 
modifier 1 
TEV: Tobacco Etch Virus 
Thr: threonine 
TLS: Translesion synthesis 
tRNAs: transfer RNA 
TROSY: Transverse relaxation-
optimized spectroscopy  
TS: template switching 
UAF1: USP1-associated factor 1 
Ub: ubiquitin 
UBM: ubiquitin-binding motifs 
UCH: ubiquitin C-terminal 
hydrolases 
UIMs: ubiquitin interacting motifs 
USP: ubiquitin specific protease 
UV: ultraviolet  
VHL: Von Hippel-Lindau 
XPG: DNA repair protein 
complementing XP-G cells 
XRCC1: DNA repair protein XRCC1 
ZUP1: Zinc finger-containing 
Ubiquitin Peptidase 1 
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Abstract 
 

Proliferating Cell Nuclear Antigen (PCNA) is the human DNA sliding clamp 

necessary for the DNA replication and damage response. PCNA interacts with 

numerous partners through a conserved sequence known as PIP motif. We found 

PCNA as one of the top 10 interacting proteins of the deubiquitinating enzyme 

USP29 and we have discovered that USP29 expression decreases PCNA poly-

Ubiquitination under genotoxic stress and that this de-poly-Ubiquitination 

depends on the catalytic activity of USP29.  

Different attempts to purify the USP29 protein were done with no success. Using 

model peptides, we have determined that the interaction with PCNA does not 

occur through a number of PIP boxes in the USP29 sequence. In contrast, co-

immunoprecipitation assays showed that the N-terminal Pleckstrin Homology 

domain of USP29 interacts with PCNA, although it does not have a PIP sequence 

motif. Purification of the isolated PH domain was unsuccessful. We found that 

USP29 forms dimers/oligomers through the PH domain to be active as a DUB 

since the expression of USP29PH acts as a dominant negative mutant.  

DNA polymerase δ replicates the lagging strand while bound to PCNA. PCNA 

interacts with all subunits of Pol δ (p125, p50, p68 and p12), but only the 

interaction with p68 and p12 has been structurally characterized. In this thesis, 

solution NMR- and isothermal calorimetry-based analyses of the p125–PCNA 

interaction have identified that the C-terminal fragment of the catalytic subunit of 

the human polymerase δ (p125996-1009) binds PCNA through a non-canonical PIP 

box motif with a dissociation constant of 103 ± 14 µM at 37 °C. This affinity is 

lower than the affinity of PCNA for the subunits p12 and p68 of human 

polymerase δ. 
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Resumen 
 

PCNA (por sus siglas en inglés, Proliferating Cellular Nuclear Antigen) es la 

abrazadera que es desliza sobre el ADN necesaria para la replicación del ADN 

y la respuesta al daño. PCNA interactúa con numerosas proteínas a través de 

una secuencia conservada y conocida como motivo PIP. Resultados del 

laboratorio identificaron PCNA como una de las 10 principales proteínas que 

interactúan con la enzima desubicuitinasa (DUB) USP29 y hemos descubierto 

que la expresión de USP29 disminuye la poli-ubicuitinación de PCNA en 

respuesta a un estrés genotóxico y que esta des-poli-ubicuitinación depende de 

la actividad catalítica de USP29. 

Los diferentes intentos realizados para purificar la proteína USP29 resultaron 

infructuosos. Usando péptidos sintéticos como modelo, hemos determinado que 

la interacción con PCNA no ocurre a través de ninguno de losmotivos PIP 

identificados en la secuencia USP29. En cambio, los ensayos de co-

inmunoprecipitación mostraron que el dominio PH (Pleckstrin Homology) del 

extremo N-terminal de USP29 interactúa con PCNA, aunque no tiene un motivo 

PIP. La purificación del dominio PH no tuvo éxito. Descubrimos que USP29 forma 

dímeros/oligómeros a través del dominio PH y dicha dimerización es necesaria 

para la actividad de USP29 como DUB ya que la expresión de USP29PH actúa 

como un dominante negativo. 

La ADN polimerasa δ es la encargada de replicar la cadena rezagada del ADN 

a través de su unión con PCNA. PCNA interactúa con todas las subunidades de 

Pol δ (p125, p50, p68 y p12), pero solo la interacción con p68 y p12 se ha 

caracterizado estructuralmente. En esta tesis, los análisis basados en RMN y 

calorimetría isotérmica de la interacción p125-PCNA han identificado que el 

fragmento C-terminal de la subunidad catalítica de la polimerasa humana δ 

(p125996-1009) se une PCNA a través de un motivo PIP no canónico, con una 

constante de disociación de 103 ± 14 µM at 37 °C. Esta afinidad es menor que 

la afinidad de PCNA por las subunidades p12 y p68 de la polimerasa humana δ. 
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1. Proliferating Cell Nuclear Antigen (PCNA)  

1.1 Discovery of PCNA 
 

PCNA was discovered 42 years ago in the serum of patients with systemic 

lupus erythematosus (Miyachi et al., 1978). Two years later, a protein named 

cyclin, which was differentially expressed in the S-phase of the cell cycle, was 

identified by an independent group (Bravo & Celis, 1980). Subsequent 

experiments showed that they were the same protein (Mathews et al., 1984). 

 

1.2 Structure 

 

The first structure of human PCNA was determined by crystallography 

together with the C-terminal region of the cell-cycle checkpoint protein 

p21(WAF1/CIP1) (PDB: 1AXC; at 2.6 Å resolution) (Gulbis et al., 1996) (Figure I1). 

The crystal structure of the isolated PCNA homotrimer was later solved in two 

different spatial groups (PDB: 1VYM and 1W60) (Kontopidis et al., 2005). Like all 

the sliding-clamps, PCNA has a ring-shaped structure to encircle the double-

strand DNA (De March et al., 2017). Human PCNA is a homotrimeric protein of 

87 kDa. Each protomer contains two domains linked through the IDCLs (Inter 

Domain Connecting Loops). Next to the IDCL, the protomers show a hydrophobic 

pocket on the front face of the ring where PCNA-interacting proteins bind (Figure 

I1). 
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Figure I1: Crystal structure and schematic representation of the domains of PCNA. (A) Front view of the 

structure of human PCNA bound to DNA (PDB: 6GIS) and to the C-terminal fragment of p21, shown in red (PDB: 

1AXC). Each protomer is represented in a different colour (green, cyan and pink). The two domains (N-terminal 

and C-terminal) and the IDCL are labelled in one of the protomers. The K164 residues, where ubiquitin is attached 

to PCNA, are depicted in grey spheres. 
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In 2007, the NMR (Nuclear Magnetic Resonance) spectrum of PCNA was 

assigned (Figure I2) (Sánchez et al., 2007) and the structural features measured 

in solution correlated well with the structure determined by crystallography (de 

Biasio et al., 2011).  

 

The structure of DNA sliding clamps is highly conserved from viruses to 

humans although the sequence is not. For instance, E. coli and S. cerevisiae only 

have a ~10% sequence identity (Krishna et al., 1994). Human PCNA is less stable 

(as seen by chemical and thermal denaturation) and is more dynamic than yeast 

PCNA, indicating an evolutionary advantage to interact with a larger number of 

diverse partners(De Biasio et al., 2011). 

 

1.3 Regulation 

1.3.1 PCNA interacting proteins and the PIP box 

 

PCNA provides a molecular platform that coordinates a wide range of 

processes involved in maintenance, duplication and transmission of the genome 

(Moldovan et al., 2007). Although this plethora of proteins that bind to PCNA have 

Figure I2: 1H–15N TROSY fingerprint spectrum of perdeuterated human PCNA (recorded at 35°C and 800 

MHz). Out of the 251 backbone amides (the number of amino acids excluding the first residue and the 8 prolines) 

only 12 remain unassigned (Sánchez et al., 2007). The signals in the spectrum without labels correspond to the 

side chains of Asn, Gln and Arg residues. Green signals are folded in the indirect dimension (arginine side chains).  
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disparate structures, most of them have IDRs (intrinsically disordered region) or 

they are IDPs (intrinsically disordered proteins) (Hubert Li et al., 2017). IDPs and 

IDRs bind to other partners through short linear motifs (SLiMs) (Prestel et al., 

2019a). In the case of PCNA-binding proteins the SLiM is called PIP box or an 

extended version named PIP degron (Havens & Walter, 2009). The canonical 

PIP-box was first described by Warbrick and colleagues in 1998 (Warbrick et al., 

1998). The PIP-box sequence follows the pattern of QXXhXXaa, where h is an 

aliphatic hydrophobic residue, a is an aromatic hydrophobic one (F, W, or Y), and 

X is any amino acid (De Biasio & Blanco, 2013). The PIP degron serves to target 

PCNA for degradation and contains a basic residue (K or R) four amino acids 

after the second aromatic residue as well as a TD motif (threonine and aspartic) 

just before the aromatic residues within the PIP-box (Havens & Walter, 2009). 

The first structural characterization of a PIP-box-PCNA interface 

corresponded to a fragment from p21 bound to human PCNA (PDB: 1AXC) 

(Gulbis et al., 1996) (Figure I1). A similar mode of binding has been later 

described for several PIP-box fragments of different proteins. The PIP box forms 

a 310 helix of four residues, an extended N-terminal region, and a C-terminal 

region that interacts with the IDCL and sometimes displays a -strand secondary 

structure (Figure I1). The helix is inserted into a hydrophobic pocket on the front 

side of PCNA while the glutamine sits in the Q-pocket establishing hydrogen 

bonds with the backbone of PCNA (Bruning & Shamoo, 2004; Gulbis et al., 1996). 

The interaction of several PIP-box containing peptides with PCNA have also been 

characterized in solution (De Biasio et al., 2012). NMR and Isothermal titration 

calorimetry (ITC) demonstrate that three peptides can simultaneously bind to the 

three identical protomers of PCNA with no evidence of cooperativity (De Biasio 

et al., 2015). 

Not all the proteins that interact with PCNA have a canonical PIP-box motif. 

Some of the Y-family DNA polymerases (Pol , Pol  and Pol ) bind to PCNA 

through non-canonical PIP-boxes, in which the first glutamine at position 4 and 

the aromatic residue at position 8 is not conserved (Hishiki et al., 2009; Masuda 

et al., 2015). Furthermore, the PIP-motif has similarities with the RIR (Rev1 

interacting region), the MIP (Mlh1 interacting proteins), and the APIM (AlkB 

homologue 2 PCNA-interacting motif) motifs (Boehm & Washington, 2016). 
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These observations suggest that a broader definition of the PIP-box motif should 

be considered. even if the rules that define the differential affinity of these ligands 

are unknown. 

1.3.2 PTM: Ubiquitination and USP29 

 

The interaction of PCNA with its partners is modulated by different post-

translational modifications (PTMs) (De Biasio & Blanco, 2013). PCNA can be 

modified by ubiquitination, SUMOylation, ISGylation, NEDDYlation, ADP-

ribosylation, acetylation, phosphorylation, and methylation (González-Magaña & 

Blanco, 2020).  

Ubiquitin conjugation is one of the most common post-translational protein 

modifications, involved in many biological processes (Swatek & Komander, 

2016). 

Ubiquitin (Ub) is a highly conserved 76 amino acid protein that is expressed 

in all human cell types (McClellan et al., 2019). Ubiquitination consists on the 

covalent Ub conjugation to a target protein through a three-step enzymatic 

reaction (Hershko et al., 1983). Thus, Ub is attached to a cysteine within the 

active site of an E1 ubiquitin-activating enzyme, which transfers ubiquitin to an 

E2 ubiquitin-conjugating enzyme and finally, a specific E3 ubiquitin-ligase 

attaches the ubiquitin to a lysine residue of its target substrate through the Ub C-

terminal di-glycine (Gly-Gly) motif (Pickart, 2001).  

Ub can be attached to one or multiple lysine residues of the target protein 

resulting in mono-ubiquitination or multi-mono-ubiquitination, respectively 

(Petroski & Deshaies, 2005). The Ub itself has seven internal lysine residues (K6, 

K11, K27, K29, K33, K48 or K63) that can be ubiquitin-acceptors and build poly-

Ub chains (Pickart & Fushman, 2004). These chains can be homo- or hetero-

typic poly-Ub chains which can be formed by branched Ub or mixed chains of Ub 

attached to different lysine residues (Guzzo & Matunis, 2013). 

Each type of ubiquitin chain corresponds to a type of biological signal to 

modulate cellular processes. Mono-ubiquitination has been shown to regulate 

processes such as endocytosis, histone regulation or the budding of retroviruses 

from the plasma membrane (Hicke, 2001). Multi-mono-ubiquitination has been 
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reported to mark cell-surface receptors to trigger their internalization and 

subsequent lysosomal degradation (Haglund et al., 2003). Poly-ubiquitination has 

been long related to be the principal signal to target proteins for proteasomal 

degradation. However, is the type of Ub chain that decides the fate of the protein. 

K48- and K11-linked poly-Ub are indeed the main signal for protein degradation 

(Chau et al., 1989; Matsumoto et al., 2010). K6- and K27-chains have been 

related to mitophagy, nuclear translocation and DNA damage responses (Akutsu 

et al., 2016). K11-, K29- and K33-Ub chains have been linked to cell cycle 

regulation, WNT/-catenin signalling, and cellular trafficking and kinase 

signalling, respectively (Akutsu et al., 2016). Finally, K63-chains allow fast and 

reversible formation of signalling complexes (Wong & Cuervo, 2010; Yau & Rape, 

2016). 

As most post-translational modifications, ubiquitination is a reversible 

process. Deubiquitinating enzymes or DUBs play the antagonistic roles of E3 Ub-

ligases. DUBs are responsible for cleaving Ub or Ub-like proteins from target 

proteins (Clague et al., 2013) by catalysing the hydrolysis of the isopeptide bond 

between Ub and the target protein or between Ub moieties in the context of poly-

Ub chains. Based on the architecture of their catalytic centre, DUBs are classified 

into seven different groups: Ubiquitin-Specific Protease (USPs), Ubiquitin C-

terminal Hydrolases (UCHs), Ovarian Tumour Proteases (OTUs), Machado-

Josephin Domain proteases (MJDs) (also known as Josephins), Motif Interacting 

with Ub-containing Novel DUB family (MINDYs) and Zinc finger-containing 

Ubiquitin Peptidase 1 (ZUP1) are cysteine proteases, whereas the seventh 

family, the JAMM (Ab1/Mov34/Mpr1 Pad1 N-terminal+ (MPN+)) domain (also 

known as MPN), are zinc-dependent metalloproteases (Clague et al., 2019). 

1.3.2.1 Ubiquitin-specific protease 29 (USP29) 

 

Usp29 is a maternally imprinted gene (He et al., 2016). The murine gene of 

ubiquitin-specific processing protease 29 (Usp29) was first discovered within the 

imprinted region around the Peg3 (paternally expressed 3) gene at mouse 

chromosome 7 (Kim et al., 2000). It was named based on the homology with a 

yeast ubiquitin hydroxylase. The 7 genes at the Peg3 imprinted domain share 

functionalities such as the control of foetal-growth rates and maternal-caring 
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behaviours, as well as their transcriptional regulation and imprinting. The Peg3 

domain is associated with differentially methylated regions (DMR) known to 

control imprinting control regions (ICR). There are around 20 evolutionary 

conserved regions (ECRs) (Figure I3), which are responsible for controlling the 

transcription and imprinting of the Peg3 domain (Thiaville et al., 2013). The 

human gene USP29 was also found next to the human PEG3 gene (chromosome 

19q13.4) and in contrast to the murine expression (in brain and testis), the human 

gene was mostly detected in testis (Kim et al., 2000).  

Until now, USP29 is the only DUB and the second protein in the ubiquitination 

pathway, together with the gene of the ubiquitin ligase Ube3a (Rougeulle, 

Cardoso, Fontés, Colleaux & Lalande, 1998) shown to be regulated through 

genomic imprinting.  

 

The transcription of USP29 is activated by the DNA-binding regulator FUSE 

binding protein 1 (FUBP1). Moreover, FUBP1 interacts with p38 (also known as 

JTV1 or AIMP2) to upregulate the transcription of USP29 under oxidative stress 

(Liu et al., 2011). This upregulation by AIMP2 (Aminoacyl tRNA synthase 

complex-interacting multifunctional protein 2) has also been linked to Parkinson´s 

disease pathogenesis (Jo et al., 2020). 

The human gene of USP29 encodes a 922 amino acid protein and shares 

42.5 % amino acid sequence identity with its murine homologue (Kim et al., 

2000). USP29 protein is mostly located in the nucleus of the cells and strongly 

expressed in testis (Kim et al., 2000). Like all the DUBs from the USP family, 

USP29 harbours a split catalytic domain, called USP domain, with the classic 

Figure I3: Organization of the human Peg3 domain. Schematic representation of the Peg3 domain, which consists 

of 7 genes: 3 maternally expressed (red) and 4 paternally expressed (blue). The 20 evolutionary conserved regions 

(ECR) are in the central non-coding region of the Peg3 domain and control the imprinting and transcription of it (He 

& Kim, 2014).  
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catalytic core formed by the triad of cysteine, histidine and asparagine residues. 

(Clague et al., 2013) (Figure I4). The USP domain is shaped resembling an open 

hand exposing its thumb (Cys), palm (His/Asp) and fingers (Hu et al., 2002). Most 

USP domains cleave the isopeptide linkage between two ubiquitin molecules, 

and hence contain two ubiquitin-binding sites. The Ub molecules bind USP over 

the fingers (distal Ub), and the thumb (proximal Ub) (Ye et al., 2009) (Figure I4). 

USP29 has been described to cleave K48 Ub chains to protect its substrates 

from proteasomal degradation (Liu et al., 2011; Martín et al., 2015).  

In the phylogenetic tree of the USPs, USP29 clusters within USP26 and 

USP37 (Clague et al., 2013). Interestingly, these three proteins are the only DUBs 

which contain a Pleckstrin Homology (PH) domain. The PH domain of USP37 is 

the only one that has been confirmed and structurally characterised (PDB 3U12), 

the other two being predicted by sequence homology. Many PH structures have 

been determined and they are similar in structure, which consists of two 

perpendicular anti-parallel beta-sheets, followed by a C-terminal amphipathic 

helix (Macias et al., 1994; Yoon et al., 1994). However, PH domains are difficult 

to detect in protein sequences due to the different lengths of their beta-strand 

connecting loops.  

PH domains span around 120 amino acids (aa 1-104 in the case of USP29) 

and are present in a wide variety of proteins. The PH domains 

bind phosphatidylinositol lipids within biological membranes (such 

Figure I4: 3D USP domain structure. A) The USP domain structure of USP7 where Fingers (in green), Thumb 

(in blue) and Palm (light blue) are indicated along with the active site position. B) The Ub location on USP domain 

where proximal Ub can be observed located near the USP active site (Figure from Ye et al, 2009). 
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as phosphatidylinositol (3,4,5)-trisphosphate and phosphatidylinositol (4,5)-

bisphosphate) (Wang & Shaw, 1995) and have been reported to play also a role 

in protein-protein interactions recruiting other proteins to different membranes or 

cellular compartments. They bind proteins such as the βγ-subunits of 

heterotrimeric G proteins (Deng Shun Wang et al., 1994) or protein kinase C 

(Drugan et al., 2000; Yao et al., 1994). 

  

USP29 together with USP25, USP26, USP28 and USP37, present ubiquitin-

interacting motifs (UIM) (Figure I5). UIMs are   ̴20-amino acid -helical regions that 

bind to ubiquitin (Tanno et al., 2014) and were first discovered within the 

26S proteasome subunit PSD4/RPN-10 (Young et al., 1998). The UIM motif has 

the consensus sequence X-Ac-Ac-Ac-Ac-Φ-X-X-Ala-X-X-X-Ser-X-X-Ac-X-X-X-X, 

where Φ represents a large hydrophobic residue (typically Leu), Ac represents 

an acidic residue (Glu, Asp), and X represents residues that are less well 

conserved (Hofmann & Falquet, 2001). Some deubiquitinases from the USP 

family also possess zinc-finger ubiquitin-binding domains (ZnF-UBPs), that in 

some cases have been demonstrated to identify the carboxyl-terminal Gly-Gly 

motif of unattached ubiquitin (Clague et al., 2019). USP29 might also have a ZnF-

UBP. 

The first target described for USP29 protein was the tumour suppressor p53 

(Liu et al., 2011). Liu and colleagues reported that, under oxidative stress, USP29 

interacts and stabilizes p53 by removing its poly-ubiquitin chains. Moreover, 

USP29 has been shown to be recruited at double-strand breaks to oppose stress-

induced 53BP1 (p53 binding protein 1) foci by preventing the action of the 

ubiquitin E3-ligase RNF168 and therefore, impairing the ubiquitination of histone 

H2A (histone 2A) by the RNF8/RNF168 complex and the subsequent recruitment 

of DNA repair factors (Mosbech et al., 2013). Furthermore, USP29 has been 

Figure I5:  Schematic representation of USP29. Domain structure of the ubiquitin carboxyl-terminase 29 (USP29). 

The following domains are shown from N-terminal (N) to C-terminal (C): PH domain (blue), bipartite catalytic domain 

(pink), and two ubiquitin interacting motifs (orange). Along with the disordered predicted regions (grey). The residues 

forming the catalytic triad of USP29 are also marked (C294, H840 and N857).  

https://en.wikipedia.org/wiki/Protein_kinase_C
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reported to de-ubiquitinate and stabilize the checkpoint adaptor protein claspin 

during the S-phase of the cell-cycle (Martín et al., 2015). This protein is required 

for DNA damage checkpoint and correct DNA replication.  

Recently, we have established USP29 as a novel non-canonical regulator of 

HIF-α (Hypoxia Inducible Factor α). Indeed, in order to identify hypoxia specific 

DUBs, we carried out an unbiased loss-of function screen using pools of small 

hairpin RNAs (shRNAs) to individually inhibit the expression of human DUBs. We 

used the hypoxia-driven LUC reporter as a readout of hypoxia signalling 

activation. In the three replicates of this experiment, USP29 appeared as one of 

the strongest hits. The data from the screening showed that silencing USP29 

clearly reduced hypoxia-driven HRE-luciferase expression, as well as HIF- 

protein accumulation. Interestingly, USP29 binds to the C-terminal region of HIF-

1α subunits and deubiquitinates the protein, in a non-canonical way, 

independently of O2/PHDs(Prolyl hydroxylases)/VHL(von Hippel-Lindau) 

mediated ubiquitination, thus protects HIF-α from proteasomal degradation 

(Schober et al., 2020) (Figure I6). 

 

 

 

 

 

 

 

 

 

Our lab carried out a MassSpec (MS) analysis to identify the USP29 

interactome in order to broaden the biochemical characterization of this DUB. 

Based on the MS result, USP29 interacts with mitochondrial and ribosomal 

Figure I6: Schematic summary of the proteins reported in the literature as regulated by USP29. The protein 

stability of these targets has been shown to be regulated by USP29. 
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proteins, proteins involved in the cytoskeletal organisation of the cell, and in 

concordance with its primarily nuclear localisation with proteins that bind to 

chromatin, DNA and mRNA. Interestingly, PCNA (Proliferating Cell Nuclear 

Antigen) was one of the top 10 interacting proteins of USP29, in terms of 

reproducibility and abundance. Thus, a potential new target of USP29 had 

appeared. 

 

1.4 Functionality 

1.4.1 DNA Damage Tolerance (DDT) 

 

PCNA has, at least, three biological functions: i) it is the eukaryotic DNA 

sliding clamp, a structurally and functionally conserved family of proteins that 

encircle and slide on the DNA during DNA replication and repair (Kelman & 

O’donnell, 1995), ii) it is a polymerase switch factor (Strzalka & Ziemienowicz, 

2011), and iii) a recruitment factor in the regulation of the cell cycle and chromatin 

remodelling (Maga & Hübscher, 2003). 

PCNA plays a critical role in DDR, a network of DNA repair and DNA damage 

checkpoint pathways which negotiate with DNA injuries by coordinating different 

cellular processes (Aguilera & García-Muse, 2013).  

Depending on the type of DNA damage, the reparation takes place in different 

stages of the cell cycle and by different mechanisms, including the base excision 

repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), non-

homologous end joining (NHEJ) and homologous recombination (HR) (Branzei & 

Foiani, 2008; Mjelle et al., 2015). PCNA interacts with many proteins involved in 

the aforementioned DNA repair mechanisms, such as Pol β, FEN1, XPG (DNA 

repair protein complementing XP-G cells), LIG1, several DNA glycosylases, AP 

endonuclease 1 (DNA- (apurinic or apyrimidinic site) lyase), XRCC1 (DNA repair 

protein XRCC1), MSH2 (DNA mismatch repair protein Msh2), MSH3 (DNA 

mismatch repair protein Msh3) and MSH6 (DNA mismatch repair protein Msh6), 

and enhances their activities (Fan et al., 2004; Gary et al., 1997; Kleczkowska et 

al., 2001; Moldovan et al., 2007b; Montecucco et al., 1998; Sancar et al., 2004). 
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DNA Damage Tolerance (DTT), also known as Post-replication Repair (PRR) 

or DNA damage bypass, is another DDR mechanism, responsible for bypassing 

DNA lesions during replication in order to avoid replication fork slowing and/or 

stalling (Bi, 2015). DTT is critical to ensure the duplication of the genome as well 

as to prevent the formation of double-strand breaks. Two different pathways of 

DNA Damage Tolerance exist, the error-prone translesion synthesis (TLS) and 

the error-free template switching (TS) (Branzei & Psakhye, 2016) (Figure I7). In 

eukaryotic organisms, the activation of these pathways relies on the 

ubiquitination of PCNA (Kanao & Masutani, 2017).  

 

Two different models of template switching have been proposed, in which 

structural rearrangements of the replication fork are required: fork regression and 

recombination-mediated template switching. Fork regression is the prevalent TS 

pathway in mammals while recombination-based TS is dominant in yeast 

(Vujanovic et al., 2017). At fork regression, the replication fork that has been 

stalled upon the lesion forms a chicken-foot-like DNA structure (Neelsen & Lopes, 

2015) (Figure I7). In this chicken foot structure, the replisome is able to use the 

Figure I7: The DNA Damage Tolerance pathways. The yellow stars indicate a lesion in the DNA strands and the 

dashed line the blocked DNA replication. In the left, translesion synthesis is shown, which allows DNA lesion bypass 

in an error-prone mode. In the right, the two models proposed for template switching are represented: the formation 

of a four-way junction or “chicken-foot” intermediate (left) and recombination- mediated template switching involving 

D-loop formation and strand invasion (right). The templates that polymerases use to bypass the lesion are in blue for 

TLS and in red for TS. PCNA is represented along each mechanism in mono-Ubiquitinated (TLS) or poly-Ubiquitinated 

(TS) form. Adapted from (Chang & Cimprich, 2009).  
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newly synthesized sister strand as a template to avoid and correct the damage. 

This way, the nascent DNA of the stalled strand has direct access to the nascent 

homologue undamaged template. Next, the chicken-foot structure is reversed 

again to continue in a point after the damage and continuing DNA replication in 

an error-free manner (Hedglin & Benkovic, 2015).  

Recombination-mediated TS fills the single-stranded gap that contains the 

damage (Branzei & Szakal, 2016). Here, the replicative fork that finds the DNA 

lesion invades the undamaged strand and a displacement loop (D-loop) is formed 

creating a holiday junction like structure. This way, the stalled strand uses the 

newly synthesized sister strand as a template bypassing the lesion in an error-

free manner (Friedberg, 2005) (Figure I7). 

When genotoxic stress causes replication-blocking lesions, RAD6/RAD18, 

an E2/E3 complex, is recruited to the stalled forks and catalyzes the conjugation 

of a Ub to the K164 residue of PCNA (Finley et al., 2012). The activity of the 

E2/E3 complex is enhanced by the phosphorylation of human RAD6 and RAD18 

by cyclin-dependent kinase 9 (CDK9) and Cdc7 kinase (Cell division cycle 7-

related protein kinase) and ATR/Chk1-dependent c-Jun N-terminal kinase (JNK), 

respectively (Hedglin & Benkovic, 2015). Mono-Ubiquitinated (mono-Ub) PCNA 

promotes the activation of the TLS pathway by recruiting the TLS polymerase η 

at the stalled replication forks (Leung et al., 2019; Watanabe et al., 2004). 

The TLS or low-fidelity polymerases belong to three different families: A (Pol 

ν and Pol θ), B (Pol ζ) and Y (Pol η, Pol κ, Pol ι and Rev1) polymerases families. 

Due to their lack of proofreading capacity, they are specific for the bypass of 

different DNA lesions (Prakash et al., 2005). TLS polymerases are recruited to 

the DNA damage site by mono-Ub-PCNA via their ubiquitin-binding motifs (UBM) 

in the C-terminal region (Bienko et al., 2005). In addition, Pol η and Pol κ interact 

with the E3-ligase Rad18 and are directly recruited to DNA damage sites (Bi et 

al., 2006; Watanabe et al., 2004). 

Being highly mutagenic, the activation of TLS must be tightly controlled, and 

therefore the level of ubiquitinated PCNA must be regulated. The first described 

enzyme responsible for deubiquitinating mono-Ub-PCNA was the 

deubiquitinating enzyme (DUB) USP1 (Huang et al., 2006), active during the S 
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phase of the cell cycle. USP1 is catalytically active and stable in complex with 

UAF1 (USP1-associated factor1) (Cohn et al., 2007), which in turn is activated 

by hELG1 (enhanced level of genomic instability 1), an alternative subunit of the 

RFC (Lee et al., 2010). Consistent with USP1 negatively regulating PCNA, it has 

been demonstrated that USP1 is autocleaved and therefore, PCNA is 

ubiquitinated upon UV irradiation (Niimi, Brown & Lehmann, 2009). USP7 has 

been described as another DUB that deubiquitinates mono-Ub PCNA during the 

interphase (Kashiwaba et al., 2015). It has been shown that USP7 binds and 

stabilizes Rad18 and Pol η, therefore acting as an indirect regulator or mono-Ub-

PCNA and TLS (Qian et al., 2015; Zlatanou et al., 2016). USP7 is present during 

the whole cell-cycle (Kashiwaba et al., 2015). It has also been found that, upon 

UV irradiation, PCNA is deubiquitinated by USP10, following PCNA ISGylation 

by ISG15 (interferon-stimulated gene 15), which in turn releases Pol η from 

PCNA, terminating TLS (Park et al., 2014). 

It is thought that the switch from TLS to template switching is activated when 

RPA is accumulated at the ssDNA rather than when PCNA is mono-

Ubiquitinated, taking into account that ssDNA is needed for PCNA ubiquitination 

at K164 (Chang et al., 2006). 

PCNA is further poly-Ubiquitinated at K164 (Figure I1) through Ub-K63 chains 

(Hoege et al., 2002) by MMS2-UBC13 and DNA-dependent ubiquitin ligase HTLF 

(Helicase-like transcription factor) and SHPRH (SNF2 histone linker PHD RING 

helicase) to activate an error-free lesion bypass through the template switching 

pathway (Motegi et al., 2008). However, the mechanism by which poly-Ub-PCNA 

activates TS is yet to be understood. 

Poly-Ubiquitination of PCNA has been identified as a key factor in template 

switching (Chiu et al., 2006), but it is still not clear how this poly-Ubiquitination of 

PCNA is reversed.  

Poly-Ub-PCNA is difficult to detect since it exists at a much lower abundance 

than mono-Ub-PCNA (Masuda & Masutani, 2019). Moreover, studies performed 

in mammalian cell lines have proved that mono-Ub-PCNA is induced at the same 

time that poly-Ub-PCNA when treating the cells with UV irradiation, MMS (methyl 

methanesulfonate), MMC (3-Methylmethcathinone), CPT (Camptothecin) or HU 
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(hidroxyurea) (Brun et al., 2010; Chiu et al., 2006; Motegi et al., 2008; Vujanovic 

et al., 2017), which complicates even more the task of studying the poly-

Ubiquitination of PCNA. 

 

1.4.2 DNA replication: the catalytic subunit of polymerase δ, p125 

 

DNA replication ensures that the entire genome is copied only once and 

faithfully during the S phase of the cell cycle (Bruck et al., 2015). Thus, the tightly 

controlled process is essential for living organisms to continue propagating the 

species.  

The replisome is the molecular machine that coordinates the biochemical 

activities required for an optimal chromosome replication (Yeeles et al., 2017). 

DNA replication is initiated in eukaryotes by the binding of ORC (Origin 

Recognition Complex) to the ori (origin of replication) during the G1 phase of the 

cell cycle (Huilin Li & Stillman, 2012). The ORC complex then serves as an anchor 

platform for the pre-replicative complex (pre-RC). The pre-RC includes the 

licensing cofactor Cdt1 (DNA replication factor Cdt1), the 4ATPase (adenosine 

triphosphatase), Cdc6 (cell division control protein 6 homologue) and the 

hexameric Mcm2-7 (minichromosome maintenance proteins 2-7) helicase 

complex (Evrin et al., 2014). The pre-RC is then activated and converted into the 

initiation complex by the action of cyclin-dependent kinases (CDK) and Dbf4-

dependent kinases (DDK) (Bruck et al., 2015; Tanaka et al., 2007). These 

kinases phosphorylate the CMG helicase complex formed by Cdc45 (Cell division 

control protein 45 homologue), Mcm2-7 and GINS (DNA replication complex 

GINS protein SLD5), activating the complex in order to separate the parental DNA 

strands and form two single-stranded DNA (ssDNA) to allow the replisome to 

synthesize the new DNA (Bell & Labib, 2016; (Tognetti et al., 2015). Replication 

Protein A (RPA) binds then to ssDNA to prevent it from winding back on itself or 

from forming secondary structures, keeping DNA unwounded for the next step 

(Zou et al., 2006). 

The enzymes that continue the duplication of the parental DNA are the three 

replicative DNA polymerases α, δ, and ε (Pol α, Pol δ, and Pol ε) (Yu, Gan, & 
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Zhang, 2017), which are members of the Family B of polymerases, together with 

the herpesvirus DNA polymerases, and the bacteriophage T4 polymerase.  

The complex of the Polymerase α and the primase synthesize the nucleic 

acid primer necessary for the duplication of both the leading and lagging strands 

(Baranovskiy et al., 2018). Replication factor C (RFC) then loads PCNA on the 

primer/template junction (Hedglin & Benkovic, 2017). PCNA encircles the duplex 

and tethers the replicative polymerases increasing their processivity by sliding 

along the double-stranded DNA helix (Moldovan et al., 2007a). Pol ε is 

responsible for the replication of the leading-strand (Stodola & Burgers, 2017). In 

contrast to the continuous leading strand synthesis, lagging strand is replicated 

discontinuously in Okazaki fragments (Okazaki et al., 1968). Pol δ elongates the 

primers synthesized by Pol α in 5’-3’ direction and when it reaches the 5’ terminus 

of the previous Okazaki fragment, Pol δ displaces short 5’ flap structures, which 

are cleaved by flap endonuclease 1 (FEN1) and other nucleases, by replacing 

most of the DNA incorporated by the error-prone Pol α (Kahli et al., 2019). FEN1 

is anchored to PCNA and degrades the initiator primer before fragment ligation 

by DNA ligase I, which also interacts with PCNA (Finger et al., 2012) (Figure I8). 

The RFC catalyzes the loading of PCNA onto DNA, by binding to the 3´end of the 

primed DNA and thus, opening the PCNA ring by hydrolyzing ATP (Tsurimoto & 

Stillman, 1991). 

Figure I8: Eukaryotic DNA replication. The MCM helicase complex unwinds the DNA duplex. RFC 
loads PCNA and Pol ɛ and Pol δ to synthesize the leading strand and lagging strand, respectively. The 
lagging strand is primed by Pol α and then Pol δ elongates it discontinuously. The single-stranded DNA 
(ssDNA) is coated by Replication Protein A (RPA). The red tail represents the priming RNA synthesized 
by the polymerase α (Park, Jeong, Han, Yu, & Jang, 2016). 
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Human Pol δ is a heterotetrameric complex consisting of: i) the catalytic 

subunit p125; ii) p50 (also referred to as the B-subunit), which acts as a scaffold; 

iii) p68 (also known as p66), and iv) the regulatory subunit p12 (Figure I9) (Lancey 

et al., 2020). The catalytic subunit (p125) holds the polymerase and exonuclease 

activities (Lee, Wang, Zhang, Zhang, & Lee, 2017).  

 

 

Several experiments have reported that the four subunits of Pol δ interact 

with PCNA. Until recently, only the interaction of p68 had been structurally 

characterized. Like many PCNA-binding proteins, p68 has a short specific 

sequence called PIP-box (PCNA interacting protein-box), through which p68 

binds to PCNA with an affinity of 1.5 µM (Bruning & Shamoo, 2004). Moreover, 

the phosphorylation of the residue S458, located in this PIP-box, by protein 

kinase A (PKA), decreases its interaction affinity with PCNA and the processivity 

of Pol δ (Rahmeh et al., 2012). The smallest subunit of Pol δ, p12, interacts with 

PCNA via a non-canonical PIP-box located at its N terminus (Gonzalez-Magaña 

et al., 2019). p12 is also thought to bridge p125 and p50 subassemblies in the 

polymerase δ complex (Xie et al., 2002).  

It has been shown that there is a weak interaction between the catalytic 

subunit of Pol δ and PCNA (Hao Li et al., 2006). However, until very recently, no 

structural data existed about the binding of p125 to PCNA. After analysing the 

sequence of p125, two potential non-canonical PIP-box sequences were found 

Figure I9: Schematic representation of Pol δ subunits. The PIP-box motifs for each subunit are represented 

(red). In the case of the catalytic subunit, p125, there are four different domains: CD: catalytic domain (blue); CTD: 

C-terminal domain (grey); ZN: Zinc finger (purple) and Fe-S: iron-sulfur cluster (yellow). 
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in the C-terminus, which could be the potential interaction sites with PCNA. 

Moreover, Acharya and colleagues had discovered that yeast Pol δ showed less 

processivity during DNA synthesis after mutation of one of the two potential PIP-

boxes in the p125 yeast homologue Pol3 (Acharya et al., 2011), suggesting this 

PIP-box as the potential PCNA binding site for p125. Later, during this thesis-

work, this data was confirmed by the cryo-EM structure of human Pol δ bound to 

PCNA and DNA determined by Lancey and colleagues (Lancey et al., 2020).  
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PCNA has been identified as one of the top10 interacting proteins of USP29 

by mass spectrometry. USP29’s sequence contains a canonical PIP-box motif. 

Hence, we hypothesize a direct interaction between the two proteins and a role 

for PCNA/USP29 as a crossroad in the DDT pathway template switching through 

at least two non-mutually exclusive mechanisms: the de-ubiquitination of PCNA 

and/or PCNA-interacting proteins by USP29. 

PCNA interacts with all the subunits of Pol δ (p125, p50, p68 and p12), but 

until recently, only the interaction with p68 had been structurally characterized. 

We hypothesize that p125, the catalytic subunit of human polymerase δ, interacts 

with the PIP-box site on the front face of PCNA through a divergent PIP-motif. 

The specific objectives of this thesis are: 

1. To characterize the interaction between the human PCNA and USP29 

proteins as well as the role of USP29 as a DUB for PCNA. 

2. To study the regulation of USP29. 

3. To structurally characterize USP29. 

4. To structurally characterize the interaction between PCNA and the 

catalytic subunit of DNA polymerase δ (p125). 
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1. Materials 

Chemicals and siRNAs were purchased from Sigma-Aldrich unless stated 

otherwise. All tissue culture media were purchased from Gibco and custom oligo 

primers were purchased from Invitrogen. All columns and chromatography 

systems used where from GE Healthcare. The synthetic peptides used in this 

thesis were purchased from the company A peptide in lyophilized form. 

2. Methods 

2.1 Molecular biology 

2.1.1 Polymerase chain reaction (PCR) 

Polymerase chain reaction is used to amplify double-stranded DNA from 

single or doubled stranded DNA template. This allows the introduction of point 

mutations, restriction enzyme sites, flanking sequences, or tags by modifications 

of the primers used for the amplification. Primers anneal to complementary target 

DNA and enable DNA polymerase to synthesize new DNA molecules replicating 

the target sequence and also incorporating the primers’ modified sequence.  

DNA was amplified via PCR using KOD Hot Start DNA Polymerase (EMD 

Millipore). After an initial denaturation step for 5 minutes at 95 °C, 30 cycles using 

the following scheme were performed: denaturation at 95 °C for 20 seconds, 

annealing at primer-dependent melting temperature (Tm) for 15 seconds, and 

elongation at 70 °C for 30-90 seconds (depending on the length of the DNA). 

Finally, a 10 min elongation step was included to complete the elongation.  

2.2.2 In-Fusion® HD Cloning 

 To insert cDNAs into expression vectors In-Fusion® HD Cloning (Clontech), 

a method which takes advantage of DNA recombination technology, was used. 

Thus, the destination vector was linearized by single or double digestion and the 

insert was amplified by PCR using specific primers (Table M1) that create 

complementary overhangs to the vector backbone at the site of insertion. Then, 

the linearized vector and PCR product were gel-purified (with the gel purification 

kit QIAEX® II from Quiagen) and the In-Fusion® reaction was set up with a molar 

insert:vector-ratio of 6:1. After that, the In-Fusion reaction was diluted 1:10 and 

2.5 μl were used to transform 50 μl competent Stellar™ E. coli cells. 
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Table M1: Summary of the strategies used to clone the indicated plasmids.  

In-Fusion® HD Cloning primers (F: forward; R: Reverse) 

Insert donor  Vector 

acceptor 

Final plasmid Sequence (5’→ 3’) 

mRuby2-PCNA Myc-clover-

HIFDM 

Myc-clover-PCNA F: ACGAGCTGTACAAGGAATTCGAGGCGCGCCTGGTC 

R: TTAATTAAGGTACCGCCTAAGATCCTTCTTCATCCTC 

HA-USP29 GFP-

USP29 

GFP-USP29PH F: CTTCGAATTCTGCAGTCATCTCTCTAAAGGTATGTGG 

R: TAGATCCGGTGGATCCTACTGAGATTTGTTTTGGTGG 

HA-USP29 GFP-

USP29 

GFP-USP29∆PH F: CTTCGAATTCTGCAGTCGACAAATCTCAGCAACCCATGA 

R: TAGATCCGGTGGATCCTCAAGCAGGTCTGTACAAAGAG 

pET11d-

USP29PH 

pET29  pET29-USP29PH Ligation 

pET11d-

USP29PH 

pHisP2 pHisP2-USP29PH F: TATTTTCAGGGCGCCATGATCTCTCTAAGGGTATGTGG 

R: TTGAATTCCGGATCCTCACATATTCCTGCTTTCGAACAC 

GFP-USP29PH pOPINE pOPINE-USP29PH F: AGGAGATATACCATGATGATCTCTCTGAAGGTATGT 

R: GTGATGGTGATGTTTCTGAGACTTGTTCTGGTGGATTATG 

GFP-USP29PH pOPING pOPING-USP29PH F: GCGTAGCTGAAACCGGCATGATCTCTCTGAAGGTATGT 

R: GTGATGGTGATGTTTCTGAGACTTGTTCTGGTGGATTATG 

HA-USP29 pHisP2 pHisP2-USP29 F: TATTTTCAGGGCGCCATGATCTCTCTAAGGGTATGTGG 

R: TTGAATTCCGGATCCTCAAGCAGGTCTGTACAAAGAGT 

HA-USP29 pET21a-

Cpf1 

pET21a-USP29 F: AGAAGGAGATATACATATGATCTCTCTGAAGGTATGTGG 

R: GCTCGAATTCGGATCCAGCAGGTCTGTACAAAGAGTC 

HA-USP29 pOPINE pOPINE-USP29 F: AGGAGATATACCATGATGATCTCTCTGAAGGTATGT 

R: GTGATGGTGATGTTTAGCAGGTCTGTACAAAGAGTC 

HA-USP29 pOPING pOPING-USP29 F: GCGTAGCTGAAACCGGCATGATCTCTCTGAAGGTATGT 

R: GTGATGGTGATGTTTAGCAGGTCTGTACAAAGAGTCAC 

 

The human gene of full-length USP29 was cloned into the expression vectors 

pHisP2 and pET21a. The pHisP2-USP29 and pET21a-USP29 constructs were 

designed with a His6-tag at the N-terminus and C-terminus, respectively, 

followed, or preceded, by the sequence for TEV protease cleavage (ENLYFQG), 

for His6-tag removal after purification.  

A synthetic gene of the N-terminal region of USP29 corresponding to the PH 

domain (residues 1-108 of USP29) with codons optimized for expression in E. 

coli was cloned into the expression vectors pET11d and pET29. Both constructs 

were designed with a Strep-tag at the N-terminus to facilitate protein purification 

by affinity chromatography followed by a specific sequence for TEV protease 

cleavage for Strep-tag removal after purification. In the pET29-USP29PH 
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construct the gene of interest is fused to N-terminal ubiquitin, which provides high 

expression levels, and a His-tag inserted in one of the loops of ubiquitin for 

purification by Ni2+ affinity chromatography. The human gene of USP29PH was 

also cloned into the expression vector pHisP2 (with a His6-tag at the N-terminus 

followed by the TEV protease cleavage sequence). 

The full-length USP29 and the isolated PH domain of USP29 human 

sequences were cloned into the mammalian expression vectors pOPING and 

pOPINE (https://www.oppf.rc-harwell.ac.uk/OPPF/protocols/cloning.jsp). The 

four constructs (pOPING-USP29, pOPING-USP29PH, pOPINE-USP29 and 

pOPINE-USP29PH) were designed with a His6-tag at the C-terminus to facilitate 

protein purification by affinity chromatography. The tag can be removed from the 

protein with Carboxypeptidase A. In the case of pOPING, the expressed protein 

also contains a secretion signal sequence 

(MGILPSPGMPALLSLVSLLSVLLMGCVAETG) at the N-terminus.  

2.2.3 Ligation 

The only plasmid that was generated by ligation was pET29-USP29PH. The 

destination vector, in this case pET29, was linearized by double digestion 

(BamHI/NcoI). The insert, USP29PH, was generated by digestion of the pET11d-

USP29PH plasmid with the same restriction enzymes. Next, the linearized vector 

and digested insert were gel purified. The ligation reaction was set up with an 

insert:vector-ratio of 6:1, 1 μl of freshly prepared ligation buffer (300 mM Tris pH 

7.5, 100 mM MgCl2, 100 mM DTT and 2mM ATP) and 1 μl of T4 ligase in a final 

volume of 10 μl. After 16 h at room temperature, 2 μl of the reaction were used 

to transform 50 μl competent Stellar™ E. coli cells.  

2.2.4 Mutagenesis 

QuikChange® II XL Site-Directed Mutagenesis (Agilent Technologies) as well 

as In-Fusion® HD Cloning (Clontech) kits were used to introduce single or 

multiple point mutations from double-stranded DNA plasmids. As for the 

QuikChange® II XL Site-Directed Mutagenesis Kit, the mutations were introduced 

by amplification of 100 ng of template DNA with 0.25 μM forward and reverse 

primers (Table M2), in the presence of reaction buffer (6% (v/v) Quik solution®, 

https://www.oppf.rc-harwell.ac.uk/OPPF/protocols/cloning.jsp
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0.1 mM dNTPs) with 1.25 units PfuUltra HF DNA Polymerase. PCR cycles were 

set as follows: 1 minute at 95 °C, 18 cycles of 50 seconds at 95 °C, 50 seconds 

at 60 °C and 7 minutes at 68 °C with a final elongation cycle of 7 min at 68°C. 

Template DNA was digested with 5 units of Dpn1 for 1 h at 37 °C and 

subsequently one sixth of the reaction was used to transform competent XL10-

Gold (Agilent Technologies) E. coli cells. 

With In-Fusion® HD Cloning (Clontech) the mutations were introduced by 

amplification of 5 ng of template DNA with 300 nM forward and reverse primers 

(Table M3), in the presence of 12.5 μL of CloneAmp HiFi PCR Premix in a final 

volume of 25 μL. PCR cycles were set as follows: 30 cycles of 10 seconds at 98 

°C, 10 seconds at 55 °C and 5 seconds/Kb at 72 °C. The PCR product was gel-

purified with a gel purification kit (QIAEX® II from Quiagen) and subsequently the 

In-Fusion® reaction was set up with 100 ng of the gel-purified linear construct. 

2.5 μL of the reaction were transformed into competent Stellar™ E. coli cells. 

Table M2: Summary of the primers used for plasmid mutagenesis.  

QuikChange® II XL Site-Directed Mutagenesis 

Result vector AA change Sequence (5’→ 3’) 

GFP-USP29 V39T V39T F:GCAAAGACAAAAGGAAATTAAACTGACGGTCACTTTCAAATCTGG 

R: CCAGATTTGAAAGTGACCGTCAGTTTAATTTCCTTTTGTCTTTGC 

GFP-USP29 I50T I50T F: CTGGAAAATTTATAAGAACGTTTCAGCTGAGCAACAACATTAG 

R: CTAATGTTGTTGCTCAGCTGAAACGTTCTTATAAATTTTCCAG 

GFP-USP29 TM I50T F: CTGGAAAATTTATAAGAACGTTTCAGCTGAGCAACAACATTAG 

R: CTAATGTTGTTGCTCAGCTGAAACGTTCTTATAAATTTTCCAG 

 

Table M3: Summary of the primers used for plasmid In-Fusion® HD mutagenesis (F: forward; R: reverse) 

 

2.2.5 DNA amplification 

Amplification of circular plasmid DNA (with a bacterial origin of replication and 

an antibiotic resistance for selection purposes) was carried out by transforming 

In-Fusion® HD Mutagenesis 

Result vector AA change Sequence (5’→ 3’) 

GFP-USP29 V30T V30T F:TGAAACAACGCAAAGACAAAAGGAAATTAAACTGG 

R: CTTTGCGTTGTTTCAATGAGAGCTTCTTTCAG 

GFP-USP29 V30/39T V30T F: TGAAACAACGCAAAGACAAAAGGAAATTAAACTGG 

R: CTTTGCGTTGTTTCAATGAGAGCTTCTTTCAG 
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the DNA into chemically competent E. coli XL10-Gold (Agilent Technologies) or 

Stellar™ (Clontech) cells. 5 ng of plasmid DNA were incubated with 50 μl of 

competent bacteria for 30 min on ice. Bacteria were then heat-shocked in a 42 

°C water bath for 45 seconds and after 2 minutes on ice, 500 μl of SOC-medium 

was added. Bacteria were allowed to grow for 1 hour at 37 °C in a shaker (220 

rpm) before plating 1:10 and 9:10 of the culture onto LB plates containing the 

selection antibiotic (50 μg/ml kanamycin or 100 μg/ml ampicillin). Plates were 

incubated overnight at 37 °C and single colonies were picked and inoculated into 

antibiotic containing LB-medium and allowed to grow for 16 hours. The GeneJET 

Plasmid Miniprep Kit (Thermo Fisher Scientific), the QIAGEN® Plasmid Maxi Kit 

and the QIAGEN® Plasmid Giga Kit were used for plasmid purification from mini- 

(5 ml), maxi- (200 ml), and giga-cultures (2000 ml), respectively.  

All sequences were verified by restriction digestion and DNA sequencing with 

appropriate primers. Sequencing was done by the company STABvida. 

2.2.6 Restriction digestion 

Restriction digestions were carried out by incubating 10 units of enzyme per 

μg of DNA in appropriate buffer for at least 1 hour at 37 °C. DNA fragments were 

separated by size on agarose gels containing SYBR® Safe DNA Gel Stain for 

visualization of DNA under UV exposure. Agarose gel percentage was chosen 

between 0.7 and 2%, depending on the expected DNA fragment size. 

2.2 Cell Biology 

2.2.1 Cell culture 

2.2.1.1 Small scale 

Human Embryonic Kidney 293 cells (HEK293) were cultured in DMEM + 

GlutaMAX™ supplemented with 5 % FBS at 37 °C and 5 % O2. Sub-confluent 

plates were trypsinised and cells for experiments were plated at a density of 

31,600 cells/cm2 in 35, 60 or 100 mm cell plates. 

2.2.1.2 Large scale 

HEK293FT cells were cultured in DMEM + GlutaMAX™ supplemented with 

5 % FBS at 37 °C and 5 % O2. Sub-confluent plates were trypsinised and cells 
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for experiments were plated at a density of 5,000 cells/cm2 in roller bottles of 

2,156 cm2. 

2.2.2 DNA transfection 

2.2.2.1 Small scale 

After 24 hours, cells were transfected with 2.5 µg of DNA per 300,000 cells, 

using Lipofectamine® 2000 (Thermo-Fisher Scientific) at a Lipofectamine:DNA 

ratio of 2:1 using Opti-MEM medium. Next, the transfection mix was added to the 

culture media. Cells were harvested 24 hours post-transfection, unless stated 

otherwise, to be further processed. 

2.2.2.2 Large scale 

After 4 days, cells were transfected with 0.5 mg of DNA per 250 mL of serum 

free DMEM, using Polyethylenimine Hydrochloride (PEI MAX 40K) at a PEI 

MAX:DNA ratio of 2:1 using serum free DMEM. The DNA was previously cleaned 

with 80 µL of chloroform per 0.5 mg of DNA. Then, transfection mix was added 

to the culture media. Cells were harvested 48 hours post-transfection unless 

stated otherwise to be further processed.  

2.2.3 siRNA transfection 

In order to silence the expression of endogenous or overexpressed proteins, 

cells were transfected with 20 nM siRNAs (Table M4). The first transfection of the 

siRNAs with Lipofectamine® 2000 (3 μl Lipofectamine® 2000 per 20 nM of 

siRNA) was made in suspension at the moment of plating. 24 h later, the cells 

were transfected again with the siRNAs (and eventually with the corresponding 

DNA) after a medium change. Cells were harvested 48 h after the first 

transfection to be further processed. 

Table M4: Summary of the siRNAs used. 

 

 

 

 

siRNAs 

Target Sequence (5’→ 3’) Reference 

Control CUACAUCCCGAUCGAUGAUGdTdT Lab validated 

USP29 GGUCACUUUCAAAUCUGGAdTdT Lab validated 
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2.2.4 DNA damage induction by ultraviolet radiation 

To induce DNA damage in the HEK293 cells, the Stratalinker® UV 

Crosslinker (Stratagene) was used. Two days after seeding the cells, the medium 

was removed, and PBS (10 mM phosphate, 140 mM chloride, 153 mM sodium, 

4.5 mM potassium) was added in a minimal volume. The plate was put in the 

Stratalinker and irradiated with 3000 J/m2 or 30 J/m2, and left for 1 hour or 16 

hours, respectively, with the medium previously removed, before harvesting the 

cells. 

2.2.5 Cell synchronization 

For arresting HEK293 cells at G1/S boundary (prior to DNA replication) a 

double thymidine block was performed (Thomas & Lingwood, 1975; Whitfield et 

al., 2002). Briefly, cells were plated at a density of 5,000 cells/cm2 in 100 mm cell 

plates. After 8 hours, cells were treated with 2 mM thymidine for 16 hours and 

then washed twice with PBS and incubated in fresh medium for 8 hours. Cells 

were treated again with 2 mM thymidine for 16 hours and the resulting G1/S-

enriched cells were twice washed with PBS and released for 2 additional hours 

in the presence of fresh medium to finally harvest and to analyse the cell cycle. 

After the first hour of release cells were irradiated or not with UV as previously 

explained.  

2.2.6 Cell cycle analysis 

Harvested cells were suspended in 1 mL of PBS, fixed drop by drop with 2.5 

mL of absolute ethanol (70% final ethanol concentration) and incubated overnight 

at -20 ºC for fixation. Then, cells were centrifuged and suspended in 200-500 μL 

of PI staining solution (RNase 25 μg/ml, Triton X-100 0,05%, PI: 1 μg/ml). Finally, 

samples were incubated for 20-40 minutes at 37 ºC and analysed by flow-

cytometry, using the cell analyser BD FACSCanto™ II and the FlowJo™ Software 

to analyse the obtained data.  
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2.3 Biochemistry 

2.3.1 Western Blotting 

Cells were lysed in 1.5x Laemmli (50 mM Tris-HCl pH 6.8, 1.25% SDS, 15% 

glycerol), lysates were frozen, boiled at 95 °C for 15 min and then sonicated. 

Protein quantification was performed with the DC™ Protein Assay (BioRad). 

Between 10 and 40 μg of protein were loaded on a self-cast SDS polyacrylamide 

(Bio-Rad) gel (7.5 %, 10 % or 12 %) or a 4-15 % gradient gel (Bio-Rad) and 

migrated on Tris/Glycine/SDS running buffer (BioRad) at 160 V for 90 min and 

100 V for 60 min, respectively. Then, proteins were transferred into a PVDF-

membrane (EMD Millipore) with 100 V for 1 h at 4 °C using Tris/Glycine transfer 

buffer (Bio-Rad). Membranes were stained with amidoblack, air-dried, rehydrated 

by washing with ethanol, followed by 2 washes with TNT (50 mM Tris-HCl pH 7.4, 

150 mM NaCl, 0.1 % Triton X-100) and 1 wash with TN (50 mM Tris-HCl pH 7.4, 

150 mM NaCl). The membranes were then blocked for 1 hour with 5 % milk in 

TN and incubated with the primary antibody (diluted in 5 % milk in TN) at 4 °C 

overnight. After 3 washes with TNT, 1 wash with TN and a short blocking step (5 

% milk in TN), membranes were incubated with the HRP-conjugated secondary 

antibody for 1 h. After further washing steps, home-made ECL (solution A: 100 

mM Tris-HCl pH 8.5, 0.4 mM coumaric acid, 2.5 mM luminol; solution B: 100 mM 

Tris-HCl, 2% H2O2; solution A:solution B = 1:1) was incubated on the membranes 

for 1 min and signal was detected with Amersham Hyperfilm ECL (GE Healthcare 

Life Sciences). 

Table M5: Summary of the antibodies used for WBs. 

Antibodies 

Target Reference Dilution  Secondary 

β-actin Sigma A5441 1 : 50 000 mouse 1 : 20000 

FLAG M2-HRP Sigma A8592 1 : 1 000 - 

GFP Roche 11 814 460 001 1 : 1 000 mouse 1 : 5000 

HA Covance 16B12  1 : 10 000 mouse 1 : 10 000 

HIF-1α Home-made (Richard et al, 

1999) 

1 : 5 000 rabbit 1 : 5000 

His-tag Novagen 70796-3 1 : 1000 mouse 1 : 5000 

H2A.X Abcam ab11175 1 : 5000 rabbit 1 : 5000 

H2A.X (pS139) BD Pharmingen 560443 1 : 1000 mouse 1 :5000 

http://www.bio-rad.com/es-es/sku/1610732-10x-tris-glycine-sds?ID=1610732
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2.3.2 Subcellular Fractionation assay 

Typically, between 2x106 and 6x106 HEK293 cells were used for each 

extraction. Cells were harvested by trypsinization, resuspended in PBS, and 

counted in order to normalize all the conditions. Cells were lysed in freshly 

prepared ice-cold A buffer [10 mM HEPES pH 7.9, 100 mM KCl, 1,5 mM MgCl2, 

340 mM sucrose, 10% glycerol, 1 mM DTT, 1 µg/ml aprotinin, 1 µg/ml leupeptin, 

1 µg/ml pepstatin, 0.1 mM AEBSF (4-(2-aminoethyl) benzenesulfonyl fluoride 

hydrochloride), 1 mM sodium-orthovanadate, 10 mM NaF, 2 mM NEM (N-

Ethylmaleimide)] 1 μL per 20,000 cells. 10% of the lysate was stored into Laemmli 

2x (1:1 ratio) and kept for whole cellular extract analysis. After incubating the rest 

of the lysate for 5 minutes on ice with 0.1% Triton X-100, the sample was 

centrifuged (4 minutes at 1,300 g at 4 °C). Then, the supernatant was recovered 

and centrifuged for 15 minutes at 20.000 g at 4 ºC. The clarified supernatant 

(cytoplasm fraction) was stored into Laemmli 2x (1:1 ratio) and kept for analysis, 

while the pellet was discharged. The pellet from the initial centrifugation 

(consisting of intact nuclei) was washed once with ice-cold A buffer and incubated 

in freshly prepared B buffer (3 mM EDTA, 0.2 mM EGTA, 1mM DTT, 1 µg/ml 

aprotinin, 1 µg/ml leupeptin, 1 µg/ml pepstatin, 0.1 mM AEBSF, 1 mM sodium-

orthovanadate, 10 mM NaF, 2 mM NEM) for 30 min at 4 °C. The lysate was 

centrifuged (5 min, 7,000 g, 4 ºC) and the supernatant (soluble nuclear fraction) 

was separated and stored into Laemmli 2x (1:1 ratio) for analysis. The pellet was 

washed once in one volume of ice-cold B buffer (5 min, 7,000 g at 4 ºC). This 

LaminA Abcam ab8980 1 : 1000 mouse 1 : 5000 

Myc Cell signaling 2276 1 : 1 000 mouse 1 : 5000 

NP 84 Abcam ab487 1 : 5 000 mouse 1 : 5000 

PCNA Chromotek 16D10 1 : 2 000 rat 1 : 5000 

PCNA K164Ub Cell Signaling 13439 1 : 1 000 rabbit 1 : 1000 

Tubulin SIGMA T9026 1 : 10 000 mouse 1 : 10 000 

USP29 Abcam ab57545 1: 5 000 mouse 1 : 5000 

 

Secondary antibodies 

anti-mouse-HRP Promega W4021   

anti-rabbit-HRP   Promega W4011              

anti-rat-HRP Jackson Lab 112-035-003   
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extract constituted the chromatin-associated or insoluble nuclear fraction. This 

last fraction and the whole cell extract were sonicated (15 sec, 10% amplitude). 

All fractions were quantitated by DC™ Protein Assay (BioRad) and 10 µg or 70 

µg were resolved by 12% and 10% SDS-PAGE, respectively, and Western 

blotted as described above.  

2.3.3 Protein co-immunoprecipitation  

HEK293 cells were transfected with the GFP-tagged protein of interest and 

24 h post-transfection cells were lysed on ice with lysis buffer (50 mM Tris-HCl 

pH 8, 120 mM NaCl, 1 mM EDTA, 1 % IGEPAL CA-630, 40 mM β-

Glycerolphosphate, 1 μg/ml Leupeptin, 1 μg/ml Aprotinin, 1 μg/ml Pepstatin A). 

Lysates were centrifuged for 15 min at 13,000 g at 4 ºC and the supernatant was 

diluted with Co-IP buffer buffer (50 mM Tris-HCl pH 8, 120 mM NaCl, 1 mM EDTA, 

40 mM β-Glycerolphosphate, 1 μg/ml Leupeptin, 1 μg/ml Aprotinin, 1 μg/ml 

Pepstatin A) to reduce detergent concentration to 0.2%. The diluted lysate was 

incubated for 1 h at 4 ºC with 15 μl pre-washed bab-20 (Chromotek) beads for 

pre-clearing. The lysate was then incubated with 15 μl pre-washed GFP-traps® 

overnight at 4 ºC. The beads were subjected to 3 washes of 30 minutes with 

dilution buffer and 1 washing with PBS before the bound protein was eluted from 

the beads by boiling them for 10 min in elution buffer (250 mM Tris-HCl pH 7.5, 

40% glycerol, 4% SDS, 0.2% bromophenol blue, 5% β-mercaptoethanol). Input 

sample and eluates were analysed by Western blotting. 

 

2.3.4 Protein expression and purification 

2.3.4.1 Expression and purification of PCNA 

Human PCNA (UniProt: P12004) was produced in E. coli BL21(DE3) Rosetta 

cells grown in ZYP-5052 auto-induction rich medium (Studier, 2005) to obtain 

protein with natural isotopic abundance. Cells were grown for 2 h at 37 ºC and 

were left for expression induction at 20 ºC for 16 h. For PCNA uniform 2H,13C, U-

15N isotope enrichment, cells were grown in M9 minimal medium prepared in 

99.8%-2H2O (CIL), and containing 1 g/L 99%-15NH4Cl and 2 g/L 97%-2H7,99%-

13C6-glucose (CIL) supplemented with 1 g/L of isotope enriched Celtone (CIL).  
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A PCNA clone with an N-terminal His6-tag and the HRV 3C protease 

cleavage site in a pET-derived plasmid was used. The protein was purified from 

the soluble fraction by Co2+ affinity chromatography and was cleaved by HRV 3C 

protease during dialysis to remove the imidazole used to elute the protein. The 

solution was chromatographed again on the Co2+ loaded column to remove the 

protease (which also has a His6-tag) and uncleaved PCNA protein. The protein 

from the flow-through of the second Co2+ affinity chromatography was loaded on 

a Q-Sepharose column and eluted with a NaCl gradient. PCNA containing 

fractions were finally polished by gel filtration chromatography in PBS pH 7.0. 

Protein elution from the columns was monitored by absorbance at 280 nm and 

confirmed by SDS-PAGE. The 12 % Tris-glycine gels were stained with 

Coomassie brilliant blue and destained with 30% acetic acid in ethanol. 

The purified protein contained the non-native sequence GPH at the N-

terminus. PCNA stock solutions were flash-frozen in liquid nitrogen and stored at 

−80 °C. The protein concentrations were measured by absorbance at 280 nm 

using the extinction coefficient calculated from the amino acid composition 

(15,930 M-1 cm-1) with the Expasy ProtParam tool (Gasteiger et al., 2003). 

2.3.4.2 Expression and purification of USP29 and USP29PH in bacteria 

Human USP29 (UniProt: Q9HBJ7) and USP29PH were produced in different 

E.coli strains grown in LB medium or in ZYP-5052 auto-induction rich medium 

(Studier, 2005) unless stated otherwise. Cells grown in LB at 37 °C were induced 

at O.D.600 = 0.8 with 1 mM IPTG for 16 h at 20 ºC, while cells grown in auto-

induction ZYP-5052 medium for 2 h at 37 ºC, were left for induction at 20 ºC for 

16 h. All cultures were harvested by centrifugation and resuspended in lysis buffer 

(20 mM Tris pH 8.0, 300 mM NaCl, 1 mM DTT) in the presence of protease 

inhibitors (1 tablet Complete EDTA-free per 50 mL). The cell suspensions were 

sonicated and ultracentrifuged (1 h, 40,000 rpm) to monitor the presence of 

induced protein in the soluble or insoluble fraction. Different clones of USP29 and 

USP29PH were used in the purification attempts, as shown in Table M6. 

The chromatography techniques and proceduresused to purify USP29 and 

USP29PH cloned in the different expression vectors are described below. 
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Ni2+ affinity chromatography: with a HisTrap 5 mL column equilibrated in 20 

mM Tris-HCl pH 8.0, 300 mM NaCl, 1 mM DTT and eluted with a first step of 

0.025 M imidazole and a second one of 0.5 M imidazole in 5 CV. 

StrepTactin sepharose affinity chromatography: using a StrepTactin column 

equilibrated in 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1mM DTT and eluted with 

2.5 mM desthiobiotine. 

TEV protease cleavage: Selected protein containing chromatography 

fractions were incubated with TEV protease in a 1:30 ratio (1 mg TEV: 30 mg 

protein) and simultaneously dialyzed against 20 mM Tris pH 8.0, 300 mM NaCl, 

1 mM DTT at 4 °C for 16 h (in order to remove imidazol) 

Gel filtration: a Superdex 200 26/60 column was used equilibrated in 20 mM 

Tris pH 8.0, 300 mM NaCl, 1 mM DTT. 

Anionic exchange: a MonoQ 5/5 HR column was used equilibrated in 20 mM 

Tris pH 8.0, 300 mM NaCl, 1 mM DTT. Elution was done with a linear gradient to 

1 M NaCl in 25 CV. 

Protein refolding: The protein solubilized under denaturing conditions was 

refolded drop by drop by 1:10 or 1:100 dilution into stirred cold 20 mM, Tris pH 

8.0, 300 mM NaCl and 1 mM DTT. 

To test conditions for soluble protein expression, the USP29PH constructs 

were produced at a small scale in the E.coli strain Rosetta pLys grown in LB 

medium supplemented with 2.5 mM glycine betaine and 1 M D-sorbitol 

(Oganesyan et al., 2007). 

As most of the USP29PH protein was found to be insoluble, solubilization 

trials were performed. The Rosetta pLys cells expressing USP29PH were 

sonicated and centrifuged twice to isolate the pellets, which were washed using 

four different detergent conditions:  

▪ Control: 20mM Tris pH 8; 800 mM NaCl; 1mM DTT 

▪ SDS: 20mM Tris pH 8; 800 mM NaCl; 1mM DTT; SDS 1% 

▪ DDM: 20mM Tris pH 8; 800 mM NaCl; 1mM DTT; DDM 1% 

▪ CHAPS: 20mM Tris pH 8; 800 mM NaCl; 1mM DTT; CHAPS 5% 
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▪ Triton: 20mM Tris pH 8; 800 mM NaCl; 1mM DTT; Triton 1% 

 

Table M6: Summary of the different expression vectors used for the purification trials of USP29 and USP29PH 
in bacterial cells.  

 

 

2.3.4.3 Expression and purification of USP29 and USP29PH in mammalian 

cells 

Expression and purification of both USP29 and USP29PH was also 

attempted in mammalian cells, specifically HEK293FT cells.  

The construct pOPINE-USP29 was transiently expressed for 48 hours and 

one week in 0.5 L of culture media (DMEM + GlutaMAX™ supplemented with 5 

% FBS) and in roller-bottles at 37 °C and 5 % O2. The culture was harvested by 

centrifugation and resuspended in lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 

1 mM DTT, 0.001% Tween-20, 1 mM o-vanadate, 10 mM NaF and 1 mM β-

glycerophosphate) in the presence of protease inhibitors (1 tablet Complete 

EDTA-free per 50 mL).  

The following tables summarize the constructs used for the purification of 

USP29 and USP29PH (Table M7) and the purification steps followed for each 

construct (Table M8). 

 

 

 

Table M7: Summary of the different expression vectors used for the purification trials of USP29 and USP29PH 
in mammalian cells.  

USP29 USP29PH 

Expression in E.coli 

pHisP2-USP29 pET11d-USP29PH 

pET21a-USP29 pET29-USP29PH 

 pHisP2-USP29PH 

USP29 USP29PH 
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Table M8: Summary of the purification steps followed for the purification trials of USP29 and USP29PH.  

Construct Purification steps 

pHisP2-USP29 No expression 

pET21a-USP29 Ni2+ affinity chromatography 

TEV incubation 

Ni2+ affinity chromatography 

Gel filtration chromatography 

Anionic exchange chromatography 

pET11d-USP29PH No expression 

pET29-USP29PH Ni2+ affinity chromatography 

  StrepTactin chromatography 

  TEV incubation 

  Ni2+ affinity chromatography 

  Refolding from Urea 

  Ni2+ affinity chromatography 

pHisP2-USP29PH Ni2+ affinity chromatography 

  Refolding from Guanidinium chloride 

  Ni2+ affinity chromatography 

pOPINE-USP29 Ni2+ affinity chromatography 

pOPING-USP29 No expression 

pOPINE-USP29PH No purification 

pOPING-USP29PH No expression 

 

2.3.5 Peptide design 

The design of the USP29 and p125 fragments (Table M9) to study their 

interaction with PCNA was based on five criteria: i) the presence of a PIP-box 

sequence, ii) the net charge at pH 7.0 (the higher the net charge the higher the 

solubility of the peptide), iii) the presence of Tyr or Trp residues (to facilitate 

concentration measurement by UV light absorbance), iv) the disorder prediction 

of the sequence (since PCNA binding sequences are frequently predicted to be 

disordered (Prestel et al., 2019a)), and v) the sequence length. The length was 

chosen between 12 residues, which is the shortest p21-derived peptide found to 

bind PCNA (Zheleva et al., 2000), and 28 residues, which were previously used 

Expression in mammalian cells 

pOPINE-USP29 pOPINE-USP29PH 

pOPING-USP29 pOPING-USP29PH 
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to study the binding of the PIP sequence of p15PAF (De Biasio et al., 2015). 

When judged necessary, non-native residues were added to favour solubility or 

enable the concentration measurement). 

Table M9: Sequences of the designed peptides. The PIP box sequence are colored red. Non-native residues 

introduced to favour solubility or to enable concentration measurement are colored blue. 

 

 

2.4 Structural biology and biophysics 

2.4.1 Isothermal titration calorimetry (ITC) 

ITC is a quantitative biophysical technique used to determine the 

thermodynamic parameters of molecular interactions in solution by measuring the 

energy of the binding reaction (Pierce et al., 1999). The ITC is based on an 

adiabatic process, in which the released or absorbed heat of the reaction is 

balanced by a thermic core to keep the reference and the sample cells at the 

same temperature. The increase (endothermic reaction) or decrease (exothermic 

reaction) in the applied energy by the thermic core after each injection of the 

ligand is plotted in a thermogram against the molar ratio between the ligand and 

the protein. The profile of the curve is determined by the c-value, which is 

calculated using the equation: c = n*Kd*M, where n is the stoichiometry of the 

Peptides 

Name Sequence  Order prediction 

USP29´s canonical PIP box467-484  

(long sequence) 
LSIQNSLDLFFKEEELEY 

Disordered 

USP29´s canonical PIP box458-485  

(short sequence) 
LHQETKPLPLSIQNSLDLFFKEEELEYN  

Disordered 

USP29´s non-canonical C-t PIP 

box846-858 

YDFQKQAWFTYND 
Non disordered 

USP29´s disordered non-canonical 

PIP box738-749  

(short sequence) 

YGIEESIIDEFLQQ  

Disordered 

USP29´s disordered non-canonical 

PIP box732-756 

(long sequence) 

YEQLQQCIEESIIDEFLQQAPPPGVR 

Disordered 

p125´s PIP box996-1010 YRRGTGKVGGLLAFAKRR Non disordered 
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binding, Kd is the dissociation constant and M is the concentration of the protein. 

The stoichiometry of the reaction, the dissociation constant as well as the 

enthalpy (H) and the entropy changes (S) can be directly determined from the 

thermogram. The molar ratio at the middle of the thermogram indicates the 

stoichiometry of the reaction while the curve fitting to a binding model provides 

the Kd. The amount of released energy allows calculating the enthalpy and 

entropy variations. From these initial measurements it is possible to calculate the 

change in the Gibbs free energy (G) using the relationship ΔG = ΔH –TΔS. 

A Microcal PEAQ-ITC (Malvern) calorimetry system was used to analyse the 

binding of the p125 peptide to PCNA. PCNA was placed in the cell and the p125 

peptide in the syringe, both in PBS at pH 7.0. The experiments were performed 

at 25 ºC. The binding isotherms were analysed by non-linear least-squares fitting 

of the experimental data to a model assuming a single set of equivalent sites, 

using the Malvern software. 

2.4.2 Nuclear magnetic resonance (NMR) spectroscopy 

NMR is an analytical technique usedfor determining the structure and 

dynamics of molecules. NMR is based on the principle that many nuclei have a 

quantum mechanical property known as spin. The most common nuclei analysed 

in proteins by NMR are 1H, 13C and 15N because of their favourable magnetic 

properties (spin quantum number I=1/2) and their ubiquity in the polypeptide 

chain. In a simple NMR experiment, an external magnetic field is applied to the 

sample, and then an energy transfer is possible between the low-energy state 

and the high-energy state of the nuclear spin. The energy transfer takes place at 

a wavelength that corresponds to radiofrequencies and when the spin returns to 

its ground level, energy is emitted at the same frequency. The frequency that 

matches this transfer (resonant frequency) is measured and processed in order 

to yield the NMR spectrum. The precise resonant frequency of the nuclei within 

a molecule depends on the local chemical environment (chemical shift, δ). It is 

customary to adopt tetramethylsilane (TMS) as the chemical shift reference. In 

this way, the chemical shift is independent of the magnetic field and is expressed 

as ppm (parts per million of the field). Since TMS is not soluble in water, similar 
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compounds are used instead, such as DSS (sodium 

trimethylsilylpropanesulfonate).  

In protein NMR, the frequency of the nuclei will depend on the type of the 

amino acid and also on its particular chemical environment, which is modulated 

by the secondary, tertiary, and quaternary structure of the protein, as well as the 

binding of ligands and by the solvent conditions, namely, pH, salt and 

temperature. 

The 1H-15N-HSQC (Heteronuclear Single Quantum Coherence) spectrum of 

a protein shows all 1H-15N correlations. These are mainly in the backbone amide 

groups, but also in the side chains of arginines, tryptophanes, histidines, 

glutamines, asparagines and lysines. The spectrum is rather like a fingerprint of 

a protein and it is a very useful tool for protein-ligand binding studies, particularly 

to map the region of interaction and measuring the affinity. Heteronuclear 1H-15N 

correlations can be also measured in the Transverse Relaxation Optimized 

Spectroscopy (TROSY) mode, which provides increased resolution at the 

expense of some sensitivity loss. With this strategy the signal that relax most 

slowly is selected, facilitating the observation of the NMR spectrum. TROSY is 

especially advantageous for slowly tumbling large deuterated proteins, but it may 

also be helpful with small non-deuterated proteins.  

1H-15N TROSY spectra of perdeuterated PCNA were recorded at 35 °C on a 

Bruker Advance III 800 MHz (18.8 T) spectrometer equipped with a cryogenically 

cooled triple resonance z-gradient probe. A 400 µL sample of 50 µM U-[2H,13C, 

15N,] PCNA in PBS, pH 7.0, 0.01 % NaN3, 20 µM DSS, and 5% D2O was placed 

in a 5 mm Shigemi NMR tube (without plunger) and defined volumes of the 

USP29´s non-canonical PIP box peptides (USP29732-756 and USP29738-749) or 

increasing volumes of the p125´s PIP box peptide stock solutions at 11.25 mM, 

3.6 mM and 3.9 mM, respectively, were added and mixed (by capping and 

inverting several times the NMR tube). In the case of USP29732-756 and USP29738-

749 peptides a 30-fold excess was directly added with respect to PCNA. The 

peptide solutions were prepared in the same buffer as the PCNA samples (except 

that no NaN3, DSS or D2O was added). For that purpose, and to remove 

unwanted salts from the synthetic peptides, the lyophilized powders were 
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dissolved in PBS pH 7.0 and passed through a PD-10 Minitrap G25 column. 

BEST (Band selective excitation short transient) 1H-15N-TROSY spectra were 

measured with 256 indirect points for a total duration of 21.5 h. The NMR titration 

of PCNA with the canonical PIP box peptides (USP29454-485 and USP29467-484) 

were done in the same conditions as the previous peptides except that the 

peptides stock solutions were 3 mM and 3.76 mM respectively, and that the 

intermediate titration points were monitored with 1H-15N HMQC spectra using 124 

indirect points and a total duration of 10.6 h. In the case of the C-terminal non-

canonical PIP box peptide (USP29846-858), only a 3.1-fold excess of the peptide 

could be added with respect to 2H-15N-labeled PCNA, since the peptide was of 

limited solubility (0.32 m) at pH 7.0 and no titration was performed.  

The titrations allowed for an extensive transfer of NMR signal assignment 

from free PCNA to peptide-bound PCNA spectra. The Chemical Shift 

Perturbations (CSP) in the NMR signals of PCNA caused by peptide binding were 

computed as the weighted average distance between the backbone amide 1H 

and 15N chemical shifts in the free and bound states, with an error of ± 0.005 ppm 

(estimated from the spectral resolution in both dimensions). The analysis of the 

CSPs (for those residues with CSP larger than the average plus one standard 

deviation) was performed by fitting of the values to a single-site binding model 

using Prism (GraphPad software). In the case of the canonical PIP-box peptides 

of USP29 the reported Kd is the one derived from residue G127, with the fitting 

error as an estimate of its uncertainty, while in the case of the p125 peptide the 

reported Kd is the average over all selected residues, with the standard deviation 

as an estimate of its uncertainty.  

The equation used to calculate CSP from the 1H and 15N shifts is:  

 

                 𝐶𝑆𝑃 = √1

2
(∆𝛿𝐻

2 +
∆𝛿𝑁

2

5
)                                       

 

The equation to calculate the dissociation constant from the CSP values is 

(assuming a simple 1:1 binding stoichiometry): 

𝐶𝑆𝑃 = 𝐾𝑑 + [𝑃] + 𝑥[𝑃] − √
(𝐾𝑑 + [𝑃] + 𝑥[𝑃])2 − (4 𝑥[𝑃]2)

2[𝑃]𝐶𝑆𝑃𝑚𝑎𝑥
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where Kd is the dissociation constant, [P] is the total protein concentration 

(considered constant), x is the molar ratio ([ligand]/[protein]), CSP is the 

measured chemical shift perturbation, and CSPmax is the maximum CSP at 

saturation. The adjustable parameters are CSPmax and Kd.  
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Results 

1. Characterization of the interaction between USP29 and PCNA 

1.1 Validation of mass spectrometry data 

 

Our lab´s previous proteomics approach to explore the USP29 interactome 

revealed that PCNA was one of the top 10 interacting proteins of USP29. The 

interaction between ectopically expressed USP29 and endogenous PCNA was 

validated by coIP experiments.  

At the beginning of this PhD thesis we aimed at confirming the interaction by 

coIP using recombinantly produced PCNA (no recombinant USP29 was available 

at that time). Ectopic USP29 was able to interact with recombinant PCNA (Figure 

R1), but only when the N-terminal His-tag had been removed as part of the 

protein purification process (no interaction was detected using His-PCNA).  

 

 

Figure R1: Recombinant PCNA interacts with USP29. HEK293 cells were transfected with GFP and GFP-USP29 

and lysed 24h post-transcription. After addition of recombinant PCNA, GFP and GFP-fusion proteins were co-

immunoprecipitated in native conditions with GFP-traps® and eluates (together with 2.5% of the total lysed extracts) 

were subjected to SDS-PAGE followed by WB against the indicated proteins. 

 



 

Results      68 
 

1.2 The role of USP29 as a DUB for PCNA 

 

The interaction led us to hypothesized a role for USP29 as a PCNA 

deubiquitinating enzyme, particularly for poly-Ubiquitinated PCNA (poly-Ub 

PCNA), which has been reported to occur in response to DNA damage (Edmunds 

et al., 2008; Motegi et al., 2006). Initial attempts to detect poly-ubiquitinated 

PCNA upon DNA damage induced by UV irradiation using conventional 

ubiquitination assays failed. We next adapted the protocol described by 

Vujanovic and colleagues (Vujanovic et al., 2017), which uses a highly specific 

antibody recognizing Ub K164-PCNA and cell fractionation to enrich poly-Ub 

PCNA into the chromatin-associated nuclear fraction (N) (Figure R2A ). Using 

this experimental set-up, we demonstrated that the ectopic expression of USP29 

decreased the levels of PCNA poly-Ub upon UV irradiation (Figure R2B). In 

contrast, PCNA poly-Ub did not change upon the expression of the catalytically 

inactive mutant USP29C294S (Figure R2B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 69 
 

Results 

 

Figure R2: USP29 decreases PCNA poly-Ubiquitination upon DNA damage. (A) HEK293 cells were transfected 

with empty vector, HA-USP29 or HA-USP29C294S,non-treated or treated with UV irradiation (3000 J/m2) and then 

subjected to a fractionation protocol (WCE: Whole Cell Extract; Cyt: Cytoplasm; NP: Nucleoplasm; N:Nucleus). Each 

fraction was loaded onto an SDS-PAGE and analysed by immuno-blotting using the indicated antibodies: NP84 as 

control for the nuclear fraction; tubulin as control for the cytoplasm fraction and γH2AX as control of the UV irradiation 

(B) The chromatin-associated nuclear fractions (N) were analysed using anti-UbK164PCNA. Lamin A was used as 

loading control. 



 

Results      70 
 

To corroborate the role of USP29 as a DUB for poly-Ub PCNA, an additional 

fractionation assay was performed using a complementary strategy. This time, 

the HEK293 cells were silenced for USP29 48 hours before UV irradiation. 

However, we did not detect a reproducible and consistent increase in poly-Ub 

PCNA upon silencing of USP29 (Figure R3C). 

 

 

 

Figure R3: The silencing of USP29 does not increase PCNA poly-Ubiquitination upon DNA damage. (A) 

HEK293 cells were transfected with siControl or siUSP29 and non-treated or treated with UV irradiation (3000 J/m2) 

and then subjected to a fractionation protocol. Each fraction was loaded onto an SDS-PAGE and analysed using the 

indicated antibodies. (B) USP29 silencing efficacy was analysed through the detection of exogenous HA-USP29 by 

immuno-blotting using anti-HA. (C) Upon cell fractionation, the chromatin-associated nuclear fractions (N) were 

analysed by immuno-blotting using anti-UbK164PCNA. 
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To boost PCNA poly-Ubiquitination levels, and since PCNA poly-

Ubiquitination mainly occurs upon replication stress during the S phase of the cell 

cycle (Leung et al., 2019), HEK 293 cells were synchronized at this phase by a 

double blockage with thymidine prior to UV irradiation (Figure R4B). Thymidine 

is an inhibitor of the DNA synthesis (Schvartzman, 1984) and this is a very 

efficient method to synchronize multiple cell lines (Thomas & Lingwood, 1975; 

Whitfield et al., 2002). Cells were treated twice with 2 mM thymidine for 16 hours 

before UV irradiation. Although thymidine doubled the percentage of cells in S 

phase (Figure R4A), no differences in poly-Ub PCNA were found between 

asynchronized or synchronized cells (Figure R4). 
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Figure R4: The synchronization of cells at S phase does not increase PCNA poly-Ubiquitination upon DNA 

damage. (A) HEK293 cells were non-treated and treated with UV irradiation (3000 J/m2) and then subjected to a 

fractionation protocol. Each fraction was loaded onto an SDS-PAGE and analysed using the indicated antibodies. 

(B) FACS analysis of the control and synchronized cells at S phase without and with UV irradiation (3000 J/m2). The 

numbers show the percentage of the cells at S phase. (C) Upon cell fractionation, the chromatin-associated nuclear 

fractions (N) were analysed by immuno-blotting using anti-UbK164PCNA.  
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1.3 USP29´s PIP box sequences and interactions with PCNA  

 

Three potential PIP-box sequences (Figure R5 and Figure R6) were detected 

within the USP29 sequence. Therefore, different synthetic peptides 

corresponding to the three potential PIP-boxes were designed in order to analyse 

their possible binding to PCNA by solution NMR, which is a sensitive technique 

to detect even weak binding and to map the binding site on PCNA. For this 

purpose we took advantage of the availability of the PCNA resonance 

assignments (Sánchez et al., 2007). 

Figure R5 shows a prediction of the structural disorder of the USP29 protein. 

This is relevant because PCNA binding motifs are frequently found in intrinsically 

disordered protein regions (Prestel et al., 2019a). In Figure R6 the five peptides 

used to study the PCNA-UPS29 interaction are described.  

Figure R5: Prediction of structuraldisorder along the USP29 sequence. The red line shows the disorder prediction 

profile by the PONDR server (Predictor Of Naturally Disordered Regions (http://www.pondr.com), and the black line 

the threshold line at 0.5. Residues encompassing the peptides used for the biophysical characterization with PCNA 

are indicated in bold characters, those belonging to canonical or divergent PCNA interacting motifs are boxed. The 

consensus residues in the PIP motifs are indicated by arrows. 

 

http://www.pondr.com/


 

Results      74 
 

 

 

1.3.1 USP29´s canonical PIP box motif 

 

The first USP29´s potential PIP box which was analysed was the canonical 

one. Two peptides of different length around the canonical PIP-box sequence 

were designed: a 17 residue long (fragment USP29467-484), and a longer 27 

residue long peptide (fragment USP29454-485) which included residues at the N- 

and C- terminal ends that might also interact with PCNA. 

The interaction of PCNA with both peptides was characterized by solution 

NMR. Uniformly, 2H-13C,15N-labeled PCNA was titrated with unlabelled USP29 

peptides and chemical shift perturbations of PCNA backbone amide signals were 

analysed (Figure R7A and Figure R8A). A few new sharp signals in the central 

region of the spectra come from the excess peptide (natural abundance 15N NMR 

signals). Some perturbed residues were observed whose signals gradually 

shifted along the titration, implying a fast exchange regime on the NMR time scale 

(Figure R7B and Figure R8B), but the changes were very small, indicating a weak 

binding. The dissociation constant calculated from the signal of residue G127, 

one of the residues with chemical shift perturbation (CSP) larger than the average 

plus one standard deviation, was of 2.8 ± 0.1 mM at 35 °C for the short peptide 

(Figure R7C) and of 3 ± 1 mM at 35 °C for the long peptide (Figure R8C). The 

plot of the CSPs versus the PCNA residues (Figure R7D and Figure R8D) 

Figure R6: Scheme with the location along the USP29 sequence corresponding to the potential PIP box peptides of 

USP29 used in this thesis project.  
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showed a similar pattern as for p21 binding (De Biasio et al., 2012), suggesting 

a similar mode of binding. Mapping the perturbed residues on the three-

dimensional structure of PCNA (Figure R7E and Figure R8E), show a cluster in 

the pocket where the short helix of p21 binds PCNA, indicating that USP29´s 

canonical PIP box also binds to this pocket. 

Interestingly, the binding between the short peptide and PCNA is better 

defined than the one with the long peptide. This result could be due to favourable 

electrostatic interactions between PCNA and the free chain ends of the short 

peptide. 
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Figure R7: NMR analysis of the PCNA interaction with the short peptide comprising the USP29 canonical PIP 

box. (A) Superposition of 1H-15N HMQC spectra of 50 µM PCNA in the absence (black) and increasing amounts 

(different colours) of USP29467-484 PIP box peptide. Spectra were acquired at 35˚C in PBS pH 7.0. (B) Region of the 

NMR spectra of PCNA in the presence of increasing amounts of USP29 canonical PIP short peptide (from black to 

red) showing the shift of G127 signal. (C) Chemical shift perturbation of the amide signal of residue G127 at different 

peptide:PCNA ratios. The symbols correspond to the experimental data, the bars correspond to the experimental 

error and the continuous line to the best fit to a model of one set of identical binding sites. (D) Chemical shift 

perturbations (CSP) of PCNA backbone amide 1H and 15N NMR resonances induced by USP29467-484. The dashed 

line indicates the average plus two standard deviations. (E) Mapping of the peptide binding on the three-dimensional 

structure of PCNA. Residues with CSP values higher than the average plus one standard deviation are marked in 

red and higher than the average plus two standard deviations in blue. 
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Figure R8: NMR analysis of PCNA interaction with the long peptide comprising the USP29 canonical PIP box. 

(A) Superposition of 1H-15N HMQC spectra of 50 µM PCNA in the absence (black) and increasing amounts (different 

colors) of USP29458-485 PIP box peptide. Spectra were acquired at 35˚C in PBS pH 7.0. (B) Region of the NMR spectra 

of PCNA in the presence of increasing amounts of USP29 canonical PIP long peptide (from black to red) showing 

the titration of G127 signal. (C) Chemical shift perturbation of the amide signal of G127 residue at different USP29: 

PCNA ratios. The symbols correspond to the experimental data, the bars correspond to the measurement error and 

the continuous line to the best fit to a model of one set of identical binding sites. (D) Combined chemical shift 

perturbations (CSP) of PCNA backbone amide 1H and 15N NMR resonances induced by USP29458-485. The dashed 

line indicates the average plus two standard deviations. (E) Mapping of the peptide binding on the three-dimensional 

structure of PCNA. Residues with CSP values higher than the average plus one standard deviation are marked in 

red and higher than the average plus two standard deviations in blue. 
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Since the binding affinity between PCNA and the canonical PIP-box 

sequence of USP29 was very low the biological relevance of this PIP-box 

sequence was put into question. In order to verify whether this was the PCNA 

binding site, a new construct of USP29 was generated in which the PIP-box 

sequence was disrupted by mutation of the two phenylalanines into two alanines 

and a coIP assay was performed. 

This USP29 mutant, expected to abolish the binding, was still able to interact 

with PCNA, as shown in Figure R9. These data suggest that the canonical USP29 

PIP-box (470QNSLDLFF477) is not required for PCNA interaction. 

 

 

 

 

 

 

 

Figure R9: The canonical USP29 PIP-box (470QNSLDLFF477) does not mediate the interaction with PCNA. 

HEK293 cells were transfected with GFP, GFP-USP29 and GFP-USP29PIPmut and lysed 24 h post-transfection. The 

interaction with endogenous PCNA was analysed by coIP. GFP and GFP-fusion proteins were co-

immunoprecipitated in native conditions with GFP-traps® and eluates (together with 2.5% of the total lysed extracts) 

were subjected to SDS-PAGE followed by WB against the indicated proteins. 
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1.3.2 USP29´s non-canonical PIP box motifs 

 

Due to the low affinity of the canonical USP29´s PIP box for PCNA, and 

considering that PIP-boxes do not always have a canonical sequence (Prestel et 

al., 2019b), a search was carried out to identify potential non-canonical PIP-box 

motifs within the USP29 sequence. Two different sequences were considered as 

possible candidates (Figure R6). The fragment USP29846-858 was selected to 

analyse the first non-canonical PIP-box, while to test the second non-canonical 

PIP-box two different peptides in length were designed (USP29732-756 and 

USP29738-749). These fragments were located at a predicted IDR of USP29 

(Figure R5). The same type of experimental analysis as for the canonical PIP-

box peptides was performed with these two potential non-canonical PIP-box 

sequences.  

Unlabelled non-canonical USP29 peptides were added in excess to uniformly 

2H-13C,15N-labeled PCNA and chemical shift perturbations of PCNA backbone 

amide signals were analysed (Figure R10A, Figure R11A and Figure12A). The 

G127 residue, located in the IDCL which is a typical area where the PIP-boxes 

bind (Freudenthal et al., 2009), did not shift, or shifted very little, upon the addition 

of the excess of the non-canonical PIP-box peptides (Figure R10B, Figure R11B 

and Figure R12B) indicating no binding. The plot of CSPs versus the PCNA 

residues (Figure R10C, Figure R11C and Figure R12C) does not result in a clear 

pattern as for the canonical PIP peptides, and the slightly perturbed residues do 

not cluster on a defined region on PCNA (Figure R10D, Figure R11D and Figure 

R12D), consistent with no specific binding. 
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Figure R10: NMR analysis of the USP29 C-terminal non-canonical PIP box peptide (USP29846-858) interaction 

with PCNA. (A) Superposition of 1H-15N HMQC spectra of 50 µM PCNA in the absence (black) and 3.1-fold excess 

(red) of USP29846-858 PIP box peptide. Spectra were acquired at 35 ˚C in PBS pH 7.0. (B) Region of the NMR spectra 

displayed in A showing the small shift in the G127 signal. (C) Chemical shift perturbations (CSP) of PCNA backbone 

amide 1H and 15N NMR resonances induced by USP29846-858. The dashed line indicates the average plus two 

standard deviations. (D) Mapping of the peptide binding on the three-dimensional structure of PCNA. Residues with 

CSP values higher than the average plus one standard deviation are marked in red and higher than the average plus 

two standard deviations in blue. 
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Figure R11: NMR analysis of the USP29 disordered non-canonical PIP box short peptide (USP29738-749) 

interaction with PCNA. (A) Superposition of 1H-15N TROSY spectra of 50 µM PCNA in the absence (black) and 30-

fold excess (red) of USP29738-749 PIP box peptide. Spectra were acquired at 35˚C in PBS pH 7.0. (B) Region of the 

NMR spectra displayed in A showing the G127 signal. (C) Chemical shift perturbations (CSP) of PCNA backbone 

amide 1H and 15N NMR resonances induced by USP29738-749. The dashed line indicates the average plus two 

standard deviations. (D) Mapping of the peptide binding on the three-dimensional structure of PCNA. Residues with 

CSP values higher than the average plus one standard deviation are marked in red and higher than the average plus 

two standard deviations in blue. 

 



 

Results      82 
 

 

 

 

 

 

 

 

Figure R12: NMR analysis of the USP29 disordered non-canonical PIP box long peptide (USP29732-756) 

interaction with PCNA. (A) Superposition of 1H-15N TROSY spectra of 50 µM PCNA in the absence (black) and 

30-fold excess (red) of USP29732-756 PIP box peptide. Spectra were acquired at 35˚C in PBS pH 7.0. (B) Region of 

the NMR spectra displayed in A showing the G127 signal. (C) Chemical shift perturbations (CSP) of PCNA 

backbone amide 1H and 15N NMR resonances induced by USP29732-756. The dashed line indicates the average 

plus two standard deviations. (D) Mapping of the peptide binding on the three-dimensional structure of PCNA. 

Residues with CSP values higher than the average plus one standard deviation are marked in red and higher than 

the average plus two standard deviations in blue. 
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1.4 USP29PH mediates USP29 and PCNA interaction 

 

Based on the prediction with DELTA-BLAST, USP29 contains a PH domain. 

This domain has been found in many kinases, isoforms of phospholipase C, 

GTPases and nucleotide-exchange factors (Musacchio et al., 1993). In general, 

the PH domain is related to proteins relevant in signal transduction and 

cytoskeletal function (Wang, Shaw, Winkelmann, & Shaw, 1994). Furthermore, 

the PH domain has been reported to play a role in protein-protein interactions 

(Drugan et al., 2000). In fact, a conserved cluster of hydrophobic residues on the 

surface of the PH domains could be a site for this kind of binding (Downing et al., 

1994). Therefore, we hypothesized that the PH domain of USP29 was 

responsible for the binding of USP29 with PCNA. 

To prove this hypothesis, two different truncated forms of USP29 were 

generated: one that comprised only the PH domain (USP29PH) and a second 

one without the PH domain (USP29ΔPH) (Figure R13). Co-immunoprecipitation 

analysis with the truncated forms of USP29 (Figure R14A and Figure R14B) 

showed that USP29PH is necessary and sufficient to interact with endogenous 

or recombinant PCNA (Figure R14C). 

 

 

 

 

 

 

 

 

 

  

Figure R13: Scheme of the different constructs of USP29 used in this thesis to study the role of the PH 

domain in the interaction with PCNA.    
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2. USP29 regulation 

2.1 USP29 dimer/oligomerization 

 

Previous results from our group have shown that the catalytically inactive 

USP29C249S is very unstable. Moreover, the ectopic expression of USP29 

eliminates the poly-Ub chains and accumulates USP29C249S stabilizing it. The fact 

that USP29 was able to remove poly-ubiquitin chains from USP29C249S suggested 

that USP29 interacted with other USP29 molecules. In cellulo coIP (Figure R15) 

confirmed that USP29 dimerizes (and/or oligomerizes).  

 

 

Figure R14: USP29 PH domain mediates USP29 interaction with PCNA. HEK293 cells were transfected with 

GFP, GFP-USP29PH, GFP-USP29 or GFP-USP29∆PH and lysed 24h post-transfection. The interaction with 

endogenous (A), (B) or recombinant (C) PCNA was analysed by coIP. GFP and GFP-fusion proteins were co-

immunoprecipitated in native conditions with GFP-traps® and eluates (together with 2.5% of the total lysed extracts) 

were subjected to SDS-PAGE followed by WB against the indicated proteins. 
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Based on the fact that the PH domains have been identified, among other 

functions, as protein-protein interacting domains, the truncated USP29 constructs 

(Figure R13) were used to determine whether the dimer/oligomerization occurs 

via the PH domain. Pull down experiments show that USP29PH is sufficient 

(Figure R16A) and necessary (Figure R16B) for USP29 dimer/oligomerization. 

 

 

Figure R15: USP29 oligomerizes. HEK293 cells were co-transfected with HA-USP29 and GFP or GFP-USP29 and 

lysed 24 h post-transfection. The interaction between HA-USP29 and GFP-USP29 was analysed by coIP. GFP and 

GFP-fusion proteins were co-immunoprecipitated in native conditions with GFP-traps® and eluates (together with 

2.5% of the total lysed extracts) were subjected to SDS-PAGE followed by WB against the indicated proteins. 
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Figure R16: The PH domain of USP29 mediates USP29 dimer/oligomerization. HEK293 cells were co-

transfected with HA-USP29 and GFP, GFP-USP29, GFP-USP29PH or GFP-USP29∆PH and lysed 24 h post-

transfection. The interactions between HA-USP29 and GFP-USP29PH (A) or GFP-USP29∆PH (B) were analysed 

by coIP. GFP and GFP-fusion proteins were co-immunoprecipitated in native conditions with GFP-traps® and eluates 

(together with 2.5% of the total lysed extracts) were subjected to SDS-PAGE followed by WB against the indicated 

proteins.  
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2.2 Characterization of the potential PH dimerization interface by 

mutagenesis 

 

While the 3D structure of USP29 is still unknown, the N-terminal PH domain 

of USP37, which is a close homologue to USP29, has been crystalized. This 

structure shows a symmetric dimer with the two protomers interacting through 

their main β-sheets. The sequence homology between the PH domains of USP29 

and USP37 is 48%, suggesting that their structures are highly similar. A homology 

model of the PH domain of USP29 was built based on the crystal structure of the 

corresponding domain of USP37 (PDB 3u12) showing a cluster of hydrophobic 

residues within the dimer interface (Figure R17). 

These hydrophobic residues (V30, V39 and I50) form part of the β-sheet 

structure and favour this type of secondary structure. We reasoned that mutation 

of these residues for Thr (another β-sheet favourable amino acid but of polar 

nature) should disrupt the hydrophobic core and the dimer but preserve the 

monomeric fold of the PH domain of USP29.  

Figure R17: Modelization of USP29PH dimer. Model from SWISS-MODEL SERVER (Waterhouse et al., 2018) 

using the crystal structure of the PH domain of USP37 (PDB 3u12) as  template. The potential residues that could 

mediate the interaction between the PH domains of USP29 are shown as sticks and labelled. 

. 
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 Our previous results showed that the expression of USP29 abolishes 

USP29C249S poly-Ubiquitination and stabilizes this catalytically inactive mutant. 

Therefore, it was assumed that any mutation impairing the interaction between 

USP29 and USP29C249S should avoid the accumulation of the catalytically 

inactive protein. In order to investigate this hypothesis, the three hydrophobic 

residues were mutated individually and the impact of those mutants on 

USP29C249S was analysed (Figure R18A).  

Figure R18: Effect of the residues identified as potential mediators of USP29 dimerization on the 

stabilization of the catalytically inactive USP29C294S mutant. (A) HEK293 cells were co-transfected with HA-

USP29C294S and empty vector, GFP-USP29 or GFPUSP29V30T; GFP-USP29V39T; GFPUSPI50T or GFP-

USP29TM. WCE were subjected to SDS-PAGE followed by immunoblotting with the indicated antibodies. (B) 

HEK293 cells were co-transfected with HA-USP29 and GFP, GFP-USP29 or GFP-USP29TM and lysed 24h post-

transfection. The interaction between HA-USP29 and GFP-USP29TM was analysed by coIP. GFP and GFP-fusion 

proteins were co-immunoprecipitated in native conditions with GFP-traps® and eluates (together with 2.5% of the 

total lysed extracts) were subjected to SDS-PAGE followed by WB against indicated proteins.  
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The three mutants accumulate USP29C249S as the USP29 WT does. To 

exclude that there was some redundancy between the three residues a USP29 

triple mutant was generated. Contrary to expectations, this mutant was still 

capable of accumulating USP29C249S (Figure R18A). Moreover, USP29TM 

interacts with USP29 similarly to the wild type (Figure R18B). 

 

2.3 USP29PH acts as a dominant negative for USP29  

 

USP29PH expression levels in HEK293 cells are consistently lower than 

those of full length USP29 when transfecting the same amount of both plasmids. 

To evaluate whether USP29PH was unstable, cells were treated either with the 

proteasome inhibitor, MG132 or the autophagy inhibitor, chloroquine. Significant 

accumulation of USP29PH was only perceived upon inhibition of the proteasome. 

Autophagy was clearly inhibited as indicated by the appearance of the lipidated 

LC3 band (Figure R19A). These data suggested that the proteasome machinery, 

and not the autophagic one, was implicated in USP29PH degradation. 

The half-life of USP29PH was checked in a cycloheximide (CHX) experiment. 

Cycloheximide is a protein synthesis inhibitor used to measure the half-life of a 

protein. The CHX was added in the cells transfected with USP29PH and the 

expression of USP29PH was checked at different time points. Interestingly, the 

half-life of USP29PH increased significantly in the presence of USP29, 

suggesting that USP29 stabilizes USP29PH as it did with USP29C249S (Figure 

R19B). To assess whether this stabilization was dependent on the catalytic 

activity of USP29, USP29PH was co-expressed together with both catalytically 

active USP29 or inactive USP29C294S (Figure R19C). As expected, USP29PH 

was exclusively accumulated in the presence of active USP29.  
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The PH domain of USP29 is supposed to have no catalytic activity, but it 

could have a regulatory effect on USP29. To investigate this possible role of the 

PH domain, USP29 was ectopically expressed in HEK293 cells together with 

increasing amounts of USP29PH. Interestingly, USP29 protein levels decreased 

while USP29PH levels increased (Figure R20A). To corroborate that USP29PH 

was indeed affecting the catalytic activity of USP29, the impact on HIF1-α, a novel 

USP29´s target, was studied. Increasing amounts of USP29PH impaired 

accumulation of HIF-1 upon hypoxia (Figure R20B). The expression of 

USP29PH seems to work as a dominant negative affecting the USP29 activity 

and, therefore, reducing USP29 and USP29´s target HIF1-α protein levels. Thus, 

Figure R19: USP29 stabilizes USP29PH by protecting it from proteasome-mediated degradation. (A) HEK293 

cells were transfected with GFP-USP29PH and left untreated or treated with MG132 (2h and 4h) or with chloroquine 

4h prior to lysis. WCE were subjected to SDS-PAGE followed by WB against the indicated proteins. (B) HEK293 

cells were co-transfected with GFP-USP29PH and HA-USP29 or empty vector and treated with cycloheximide 

(20µg/µL) to inhibit protein synthesis. Cell extracts were prepared at the indicated time points. GFP-USP29PH 

protein levels were determined by Western Blotting. (C) HEK293 cells were co-transfected with GFP-USP29PH and 

empty vector, HA-USP29 or HA-USP29C294S. WCE were subjected to WB against the indicated proteins. 
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it can be concluded that USP29PH is necessary for USP29 dimer/oligomerization 

(Figure R16) and activity (Figure R20). 

 

Figure R20: USP29 PH is a dominant negative for USP29 activity. (A) HEK293 cells were co-transfected with 

HA-USP29 and empty vector or increasing quantities of GFP-USP29PH. WCE were subjected to SDS-PAGE 

followed by immunoblotting with HA, GFP and tubulin antibodies. (B)  HEK293 cells were transfected with GFP or 

GFP-USP29PH and leave them in normoxia (Nx, 20% O2), 30 minutes or 2 hours of hypoxia (Hx, 1% O2). WCE were 

subjected to SDS-PAGE followed by immunoblotting with HA, GFP and tubulin antibodies. 
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3. Structural analysis of USP29 

3.1 USP29 and USP29PH proteins expression and purification 

3.1.1 Expression and purification of USP29 in bacteria 

 

To gain insight into the structure-function relationship of USP29 we aimed to 

produce the pure protein for structural analysis. For that purpose, the generation 

of recombinant USP29 and/or USP29PH was necessary.  

To express and purify USP29 protein in Escherichia coli (E. Coli), two 

different constructs were used: pHisP2-USP29 (with an N-t His-tag sequence) 

and pET21a-USP29 (with a C-t His-tag sequence).  

Expression tests with pHisP2-USP29 were performed in E. coli BL21 Star 

(DE3) strain harbouring the pRARE2 plasmid. This strain facilitates the 

expression of long genes by stabilizing long mRNA (messenger RNA), and 

pRARE2 codes for human tRNAs (transfer RNAs) reading rare codons in 

bacteria. Two different expression conditions were tested: 3 h at 37 °C or 16 h at 

20 °C. However, the USP29 protein was not expressed in any of these growth 

conditions (Figure R21).  

 

 

Figure R21: USP29 (pHisP2) is not expressed in BL21 (DE3) Star pRARE2. A Tris-glycine 8 % SDS-PAGE was 

run with a non-induced colony (N.I) and the indicated colonies from the two different growth conditions after induction 

with 1 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside). The gel was stained with Coomassie Brilliant Blue. The 

expected molecular weight of USP29 is 107 kDa. 
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Similarly, the expression test was performed to check pET21a-USP29 in 

BL21 (DE3) Star pRARE2 (Figure R22A). This clone produced a protein in 

induced cultures that was consistent with the size of USP29 (107 kDa), with 

similar levels at the two tested temperatures. It was decided to scale up the 

growth to 6 L of LB for 16 h at 20 °C since lower temperatures generally favour 

the production of soluble versus insoluble protein. After cell harvesting, lysis and 

ultracentrifugation, the expressed protein was found mainly in the insoluble 

fraction (Figure R22B).  

 

 

The possible protein present in the soluble fraction was captured by a Ni2+ 

affinity chromatography. After incubation of the eluted fractions with TEV 

(Tobacco Etch Virus) protease and elimination of the imidazol by dialysis, it was 

loaded again on the same column, and the flow-through was separated by gel 

filtration. The protein eluted in the exclusion volume, together with other proteins, 

suggesting that USP29 formed high molecular weight aggregates. An attempt to 

increase the purity of the protein by anion-exchange chromatography was done 

(the calculated pI of the protein is 5.6), but very little and impure protein was 

Figure R22: USP29 in pET21a is expressed as insoluble protein in BL21(DE3) Star pRARE2. (A) A Tris-glycine 

8 % SDS-PAGE was run with a non-induced colony (N.I) and the indicated colonies from the two different growth 

conditions after induction with 1 mM IPTG. The band corresponding to the molecular weight of His6-USP29 is 

indicated with an arrow. (B) The non-induced (N.I), induced with 1 mM IPTG (I) and the pellet (P) and supernatant 

(S) samples of the high-scale growth were run in a Tris-glycine 8 % SDS-PAGE. 

. 
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recovered (Figure R23). Thus, the strategy for obtaining full-length USP29 using 

E. coli as an expression system was abandoned. 

 

3.1.2 Expression and purification of USP29PH in bacteria 

Three different clones were used in order to express and purify the PH 

domain of USP29: pET11d-USP29PH (with and N-t Strep tag), pET29-USP29PH 

(fused to an N-terminal Ubiquitin, with His and Strep tags) and pHisP2-USP29PH 

(with and N-t His tag).  

In the case of pET11d-USP29PH, two different E.coli strains were tried: 

Bl21(DE3) (with induction at 37 °C and 20 °C) and ArticExpress (DE3). This last 

strain is induced at low temperatures (15 °C) to express chaperones that facilitate 

the folding of highly expressed proteins, to increase the yield of soluble protein. 

However, no protein expression was observed using these conditions and strains 

(Figure R24). The molecular weight of this construct is 15 KDa. 

Figure R23: SDS-PAGE analysis of the last purification step of USP29 from bacterial cells. A Tris-glycine 8 % 

SDS-PAGE was loaded with a non-induced (N.I) and induced (I) culture samples  as well as with the fractions from 

the anion exchange chromatography together with the input (IPT) and flow-through (FT) on a MonoQ HR 5/5 column. 

A faint band corresponding to the molecular weight of His6-USP29 is indicated with an arrow in fraction D1.  

.  
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An expression test was also performed with pET29-USP29PH (with an N-t 

fusion to ubiquitin, 28 kDa) in BL21(DE3) cells at two different temperatures and 

induction times. There was protein expression in both conditions, as assessed by 

SDS-PAGE and Coomassie staining (Figure R25). 

 

 

 

Figure R24: USP29PH cloned into pET11d vector is not expressed in neither BL21 (DE3) nor in Artic (DE3) 

RIL. (A) (B) Tris-glycine 12 % SDS-PAGE were loaded with non-induced (N.I) samples and the samples 

corresponding to several bacterial colonies induced at different temperatures and times. 
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Considering that USP29PH showed higher expression levels at 20 °C and 16 

h, it was decided to scale up the growth in these conditions. Furthermore, an 

autoinducible ZYP5052 medium that allows reaching higher bacterial densities 

than the LB medium was used. While the USP29PH protein was mostly found in 

the insoluble fraction (P) (Figure R26A), the possible protein present in the 

soluble fraction was captured by Ni2+ affinity chromatography. After tag cleavage 

with TEV protease and subsequent Ni2+ affinity chromatography, no protein was 

found in the flow-through (FT; Figure R26B). The most likely interpretation for this 

result is that there was no USP29PH protein in the soluble fraction. 

The insoluble protein was attempted to recover from the inclusion bodies by 

solubilization in lysis buffer containing 8 M urea and ultracentrifugation for 3 h. 

The solubilised fraction was refolded by dilution and the possible soluble protein 

was captured by Ni2+ affinity chromatography. However, no protein was detected 

Figure R25: USP29PH in pET29 is expressed in BL21 (DE3) bacterial cells. A Tris-glycine 12 % SDS-PAGE was 

loaded with non-induced (N.I) samples and the samples corresponding to the colonies induced at different 

temperatures and times.  
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in the elution because the protein could not be solubilized from the inclusion 

bodies even with 8M urea. 

 

 

Figure R26: USP29PH in pET29 is expressed as inclusion bodies and could not be purified. (A) A Tris-glycine 

12 % SDS-PAGE were loaded with the pellet (P) and supernatant (S) samples and the samples corresponding to the 

niquel affinity chromatography performed; the input (IPT) and the flow-through (FT) of the HisTrap column and the 

fractions corresponding to the 0.025 M imidazol and 0.5 M imidazol eluted fractions. The arrow shows the band at 28 

KDa corresponding to the molecular weight of Ubq-His6-Strep-USP29PH. (B) A Tris-glycine 12 % SDS-PAGE was 

loaded with the samples corresponding to the second niquel affinity chromatography. As controls, the TEV protease, 

the protein before cutting with TEV (b/cut) and the protein after cutting with TEV (a/cut) were loaded. Also, the input 

(IPT), flow-through (FT) and two fractions eluted at 0.5 M imidazol on the last HisTrap column were loaded. The red 

square shows where USP29PH without tag (13 kDa) should be. (C) A Tris-glycine 12 % SDS-PAGE was loaded with 

samples corresponding to the trial of purification of USP29PH from the inclusion bodies. As negative control a non-

induced sample was loaded and as positive control and induced sample and the pellet (P) and supernatant (S) of the 

lysed bacterial cells were loaded. The pellet (P) and supernatant (S) from the resuspension of inclusion bodies with 

8 M urea were also loaded, as well as the samples corresponding to the HisTrap column chromatography of the 

refolded urea soluble fraction (IPT). The arrow points to 28 KDa corresponding to the molecular weight of Ubq-His6-

Strep-USP29PH. 
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The construct pET29-USP29PH was also expressed in the E.coli strain 

Rosetta pLys to further test the solubilization of the protein. After a trial of the 

expression of USP29PH at different concentrations of IPTG, it was observed that 

the expression increased at lower IPTG concentrations (Figure R27). 

 

 

The high-scale growth (6 L) for pET29-USP29PH expression in Rosetta pLys 

cells was done in LB medium. After sonication and ultracentrifugation, USP29PH 

was predominantly found in the insoluble fraction. Nonetheless, a Ni2+ affinity 

chromatography of the soluble fraction was run trying to capture the possible 

soluble protein (Figure R28). However, no protein was found in the eluted 

fractions of the Ni2+affinity chromatography (Figure R28A). 

The inclusion bodies were solubilized in 8 M urea containing lysis buffer and 

ultracentrifuged for 3 h. The soluble fraction was refolded and the solution was 

Figure R27: USP29PH is expressed in Rosetta pLys bacterial cells. A Tris-glycine 12 % SDS-PAGE were loaded 

with non-induced (N.I) samples and the samples corresponding to the colonies induced at different IPTG 

concentrations. The insoluble (P) and soluble (S) fractions were separated and loaded for each condition. The arrow 

shows the band corresponding to Ubq-His6-Strep-USP29PH. 
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loaded on a Ni2+affinity column. No USP29PH was detected in the elution 

because the protein remained insoluble even in 8 M urea (Figure R28B). 

Figure R28: USP29PH in pET29 is expressed as inclusion bodies and could not be purified. (A) A Tris-glycine 

12 % SDS-PAGE were loaded with the pellet (P) and supernatant (S) samples and the samples corresponding to the 

first niquel affinity chromatography; the input (IPT) and the flow-through (FT) of the HisTrap column and the fractions 

corresponding to the 0.025 M imidazol and 0.5 M imidazol elution. The arrow shows the band at 28 KDa 

corresponding to the molecular weight of Ubq- His6-Strep-USP29PH. (B) A Tris-glycine 12 % SDS-PAGE was loaded 

with samples corresponding to the trial of purification of USP29PH from the insoluble fraction. The pellet (P) and 

supernatant (S) from the resuspension with 8 M Urea were also loaded, as well as the samples corresponding to the 

0.025 M imidazol and 0.5 M imidazol eluted fractions of the HisTrap column chromatography of the refolded soluble 

fraction (IPT) from the urea resuspension. The arrow shows the band at 28 KDa corresponding to the molecular 

weight of Ubq-His6-Strep-USP29PH. 

 



 

Results      100 
 

A reason for the poor solubility of USP29PH could be protein attachment to 

membranes, but different solubilization trials using four different detergents (SDS 

(Sodium Dodecyl Sulfate), CHAPS ((3-((3-cholamidopropyl) dimethylammonio)-

1-propanesulfonate)), DDM (n-Dodecyl-beta-Maltoside) and Triton X-100) were 

unsuccessful in recovering the protein in soluble form (Figure R29). 

 The clone pHisP2-USP29PH showed good expression levels in both Rosetta 

pLys and BL21 (DE3) Star pRARE2 cells at two different induction temperatures 

and times (Figure R30). 

Figure R29: USP29PH is mainly expressed in the inclusion bodies after stringent membrane washings. A Tris-

glycine 12 % SDS-PAGE were loaded with an induced (I) sample of pET29-USP29PH expression test and the 

samples corresponding to the insoluble (P) and soluble (S) fractions of each condition. The arrow shows the band at 

28 KDa corresponding to the molecular weight of Ubq-His6-Strep-USP29PH. 

 

Figure R30: USP29PH in pHisP2 is expressed in Rosetta pLys and in BL21 (DE3) Star pRARE2. A Tris-glycine 

12 % SDS-PAGE was loaded with non-induced (N.I) samples and the samples corresponding to the colonies induced 

at different temperatures and times.  
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For pHisP2-USP29PH high-scale (6 L) expression in BL21(DE3) Star 

pRARE2 cells was done in ZYP5052 auto-inducible medium. Cultures were 

harvested by centrifugation and resuspended in lysis buffer. After sonication and 

ultracentrifugation, USP29PH was predominantly found in the insoluble fraction. 

Nevertheless, a Ni2+ affinity chromatography was run trying to capture the protein 

present in the soluble fraction, however, no protein was found (Figure R31A).  

The insoluble His6-USP29PH was resuspended in lysis buffer containing 8 M 

urea but the protein could not be solubilized (Figure R31B). 

The pellet was then resuspended in 20 mM Tris-HCl pH 8.0, 6 M guanidinium 

chloride yielding soluble protein after ultracentrifugation (Figure R31B). The 

supernatant was refolded by dilution into cold buffer and the refolded protein 

solution (after removal of precipitated material) was loaded on a Ni2+affinity 

chromatography. However, no USP29PH was recovered, probably because it 

was not properly refolded. 
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Figure R31: USP29PH in pHisP2 is expressed as inclusion bodies. (A) A Tris-glycine 12 % SDS-PAGE was 

loaded with the pellet (P) and supernatant (S/IPT) samples, as well as the samples corresponding to the niquel affinity 

chromatography of the soluble fraction: he supernatant used as the input (S/IPT), the flow-through (FT) of the HisTrap 

column, and the fractions corresponding to the 0.025 M imidazol and 0.5 M imidazol elutions. The arrow shows the 

band at 18 kDa corresponding to the molecular weight of His6-USP29PH. (B) A Tris-glycine 12 % SDS-PAGE was 

loaded with samples corresponding to the solubilization trials of USP29PH from the inclusion bodies. Negative and 

positive control samples of non-induced (N.I) and induced (I) protein from the expression test were loaded. The pellet 

(P) and supernatant (S) from the lysed cells, the solubilization with 8 M urea and the solubilization with 6 M 

guanidinium chloride (CH6ClN3) were loaded. The arrow shows the band at 18 KDa corresponding to the molecular 

weight of His6-USP29PH. 
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The final attempt for USP29PH purification using E.coli as the expression 

system was to grow the three constructs in media supplemented with additives 

that stabilize protein structure as described by Oganesyan and colleagues 

(Oganesyan et al., 2007). Thus, the three constructs were grown in Rosetta pLys 

cells in LB medium supplemented with 2.5 mM glycine betaine, and 1 M D-

sorbitol. The culture was induced the first day with 0.2 mM IPTG and it was grown 

for 5 days at 18 ºC. The cultures were harvested by centrifugation and separated 

into insoluble and soluble fractions. No expression was seen in neither of the 

three constructs (Figure R32). Therefore, the strategy for obtaining USP29PH 

from E. coli expression was abandoned. 

 

 

 

 

 

 

 

 

 

Figure R32: Glycein betaine and D-sorbitol do not favour USP29PH expression in bacterial cells. A Tris-glycine 

12 % SDS-PAGE was loaded with a non-induced (N.I) sample from a previous expression test as a negative control, 

as well as the induced (I), pellet (P) and supernatant (S) of each construct. The molecular weights of each clone are 

indicated at the right side of the figure. 
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3.1.3 Expression and purification of USP29 in mammalian cells 

Since the main problem in the purification of USP29 and USP29PH in E. coli 

was that the proteins were insoluble, mammalian cells (HEK293FT) were used to 

express the full-length USP29 as well as the PH domain. 

Two different expression vectors (pOPINE and pOPING) were used to 

express and purify USP29 in HEK293FT cells. The two vectors express the 

protein under the control of the β-actin promoter with a Cytomegalovirus 

enhancer. Moreover, the expression vector pOPING contains a secretion signal 

peptide.  

Figure R33: USP29 is expressed in HEK293FT cells. (A) Cells were transfected with pOPINE-USP29, pOPING-

USP29 or an empty vector as a negative control, lysed 48 h post-transfection and the whole cell extracts were 

subjected to SDS-PAGE followed by WB against the His-tag. (B) The culture medium of pOPING-USP29 and the 

empty vector (C-) were run in a HisTrap column and the input (IPT), the flow-through (FT) and the fraction with the 

highest intensity in the chromatogram (as well as a positive control for the anti-His antibody), were subjected to SDS-

PAGE followed by WB against the His-tag. (C) After cell harvesting and lysis, the supernatant of the HEK293FT cells 

transfected with pOPINE-USP29 or the empty vector were run in a HisTrap column. The pellet (P), the input (IPT), 

the flow-through (FT) and the fraction corresponding to the highest peak in the chromatogram, as well as a positive 

control for the anti-His antibody, were subjected to SDS-PAGE followed by immunoblotting with anti-His tag. The 

band corresponding to the molecular weight of USP29-His6 (105 kDa) is indicated with an arrow in the input and F8 

fraction samples. 
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The USP29 protein is expressed using both expression vectors in small scale 

cultures (2.5 mL), as shown in Figure R33A. USP29 expressed from the pOPING 

vector was not secreted into the culture media (Figure R33B). pOPINE-USP29 

construct did express the protein, and after sonication and ultracentrifugation, the 

soluble fraction was purified by Ni2+ affinity chromatography with a very low yield 

(FigureR33C).  

A scale-up of the expression of pOPINE-USP29 construct was performed in 

1 L of cell culture. After 48 h of transfection the expression level of USP29 was 

very low as observed by WB (Figure R34A). The culture was homogenized and 

ultracentrifuged, the soluble fraction was loaded on a Ni2+ affinity column, but no 

protein was detected in the elution by Coomassie staining (Figure R34B). An 

additional cell culture grown for one week did not improve the expression level of 

USP29 (Figure R35) and purification was not attempted. 

Figure R34: USP29 expression levels are low in HEK293FT . (A) HEK293FT cells were transfected with pOPINE-

USP29 in 1 L of cell culture, lysed 48 h post-transfection, homogenized, centrifuged and separated into pellet (P) and 

supernatant (S), then subjected to SDS-PAGE (two different gels) followed by WB against His tag or staining with 

Coomassie brilliant blue. As a negative and positive control, the samples of the empty vector and pOPINE-USP29 

from the small scale expression test were used, respectively. (B) A Tris-glycine 8 % SDS-PAGE was loaded with the 

whole cell extract (WCE), P and S samples from the lysed cells as well as with the input (IPT), which is the soluble 

fraction (S), the flow-through (FT) of the HisTrap column run and the eluted fractions at different concentrations of  

imidazol. 
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3.1.4 Expression and purification of USP29PH in mammalian cells 

Similarly, to full-length USP29, new constructs (pOPINE-USP29PH and 

pOPING-USP29PH) were generated to express the PH domain of USP29 in 

HEK293FT cells. While expressed protein was detected in the total cell extracts 

from small scale cultures (Figure R36A), no protein was detected after Ni2+ affinity 

chromatography (Figure R36B and Figure R36C). These results indicate that in 

the case of pOPING-USP29PH, the protein was not secreted into the culture 

media, and in the case of pOPINE-USP29PH, the protein was not present in the 

soluble fraction. Further trials with large scale cultures were not attempted. 

 

 

 

 

 

 

 

Figure R35: USP29 expression after one week of growth in HEK293FT is very low. (A) HEK293FT cells were 

transfected with pOPINE-USP29 and lysed 48h post-transfection and 1-week post-transfection, then separated into 

pellet (P) and supernatant (S) respectively and subjected to SDS-PAGE followed by WB against His tag. As a negative 

and positive control, the samples of the empty vector and pOPINE-USP29 from the small scale expression test were 

used. 
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3.2 Homology based model of USP29´s structure 

 

The purification trials of neither USP29 nor USP29PH were not successful 

and therefore, the experimental structural characterization could not be 

attempted. However, a model of the structure of USP29 was built (Figure R37) to 

gain insights on the structure-function relationship and possible interactions of 

USP29 with other proteins.  

The PH domain of USP29 (residues 1 to 107) was modelled with the SWISS-

MODEL SERVER (Waterhouse et al., 2018) using the crystal structure of the 

dimeric PH domain of USP37 (PDB 3u12) as template. The rest of the USP29 

chain was modelled using the Protein Homology/analogY Recognition Engine V 

2.0 (Phyre2) web server (Kelley et al., 2015). 

Figure R36: USP29PH expressed in HEK293FT cells is not detected after Ni2+ affinity chromatography. (A) 

HEK293FT cells were transfected with pOPINE-USP29PH, pOPING-USP29PH and an empty vector as a negative 

control and lysed 48 h post-transfection. (B) The culture medium of the cells transfected with pOPING-USP29PH and 

the empty vector (C-) were run in a HisTrap column and the input (IPT), the flow-through (FT) and the fraction with 

the highest peak in the chromatogram, as well as a positive control for the His antibody, were subjected to SDS-

PAGE followed by WB against His tag. (C) The culture of HEK293FT cells transfected with pOPINE-USP29PH were 

lysed 48h post-transfection, homogenized and centrifuged. The supernatant obtained after the centrifugation and the 

empty vector were run in a HisTrap column. The input (IPT), the flow-through (FT) and the fraction corresponding to 

the highest peak in the chromatogram, as well as a positive control for the anti-His antibody were subjected to SDS-

PAGE followed by immunoblotting against the His-tag. 
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From residue 108 to 280, the sequence was predicted as disordered (Figure 

R5) so it was modified manually from the Phyre2 model with Coot (Emsley et al., 

2010), separating this disordered region from the rest of the protein. 

The first part of the catalytic domain (residues 281 to 541) was modelled by 

Phyre2 based on six different templates: U4/U6.U5 tri-snRNP (PDB 3jcr), USP5 

(PDB 3ihp), SAGA Ubp8/Sgf11/Sus1/Sgf73 DUB module (PDB 3mhs), USP7CD-

UBL45 in complex with ubiquitin (PDB 5jtv), USP7 (PDB 2f1z) and the catalytic 

and three UBL domains of USP7 (PDB 5fwi). The region from residue 387 to 421 

was a disordered one and was modelled as a loop. The zinc binding domain was 

created based on the Npl4 Zinc-Finger (PDB 1q5w) that binds ubiquitin. The 

potential zinc-finger ubiquitin-binding site was formed by 4 cysteines: C438, 

C441, C486 and C489.  

From residue 542 to 706, a disordered region was predicted, but not as 

disordered as the 108-280 region (Figure R5). It was manually modelled using 

Coot, but two loops that were blocking the ubiquitin binding sites were manually 

moved. As this region locates between the two parts of the catalytic domain the 

ends of the fragment were forced to be close and therefore its structure is more 

compact than the other disordered regions. 

The second part of the catalytic domain (residues 707 to 922) was modelled 

together with the first part The 707-815 region was modelled on USP5 , which 

includes 2 small α-helical domains (UBAs) that in the case of USP29 could be a 

disordered region The C-terminal region of USP29 (886-922) was modelled on 

USP7.  

Different parts of the model were put together by pdb-editing, some fragments 

were regularized with coot, and an energy minimization was done using Chimera 

(Pettersen et al., 2004).The USP29 dimer was built based on the dimeric PH 

domain of USP37. 

The catalytic centre residues (C294, H840, N857), as expected, are close in 

space in the structure (Figure R37). 

In the model structure, the canonical PIP motif of USP29 is part of an α-helix. 

In the context of the full-length molecule the model suggests that the interaction 

with PCNA will not occur through this region. The structures of PIP and PIP-like 

sequences bound to PCNA show a one-turn helix and flanking extended regions. 

Therefore, the longer helical structure of the region containing the PIP motif might 
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impair PCNA binding. However, the crystal structure of the yeast Replication 

Factor C shows the PIP motif as part of a long helix while bound to PCNA 

(Bowman et al., 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure R37. Homology based model of the structure of a homodimer of USP29. The oligomerization occurs via 

the PH domains (in blue and cyan). The catalytic domains (in pink) are in a flexible position due to the disordered 

regions (in grey). Within the catalytic domains, there is an α helix (in red) that contains the canonical PIP box of 

USP29. Catalytic centre residues (C294, H840, N857, in green), are located together in the structure as shown in 

the inset. The zn2+ (black sphere) binding site is formed by four cysteines: C438, C441, C486 and C489 (in black 

sticks). 

 



 

Results      110 
 

4. Characterization of the interaction between p125 and PCNA 

 

The interactions between PCNA and fragments from two of the four subunits 

of human Polymerase δ (p12 and p68) have been structurally characterized 

(Bruning & Shamoo, 2004; Gonzalez-Magaña et al., 2019). However, the 

interaction between PCNA and the catalytic subunit of Pol δ (p125) had not been 

studied at the commencement of this thesis. After analysing the C-terminal 

sequence of p125, two potential non-canonical PIP-box sequences were found, 

which could be the potential interaction site with PCNA. Acharya and colleagues 

had discovered that yeast Pol δ showed less processivity during DNA synthesis 

after mutating one of the corresponding PIP-boxes in the p125 yeast homologue 

Pol3 (Acharya et al., 2011), suggesting this PIP-box as the potential PCNA 

binding site for p125. Very recently, this binding has been confirmed by the cryo-

EM structure of human Pol δ bound to PCNA and DNA solved by Lancey and 

colleagues (Lancey et al., 2020).  

This PIP-box motif of p125 was not predicted as disordered (Figure R38). 

Secondary structure prediction assigned a helical structure to the sequence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure R38: Disorder prediction for the p125 sequence. The red line shows the disorder prediction by the PONDR 

server (Predictor Of Naturally Disordered Regions, http://www.pondr.com), and the black line the threshold of 0.5. 

The sequence 960-1030 is shown above the graph. Residues encompassing the peptide used for biophysical 

characterization (p125996-1010) with PCNA are indicated in bold blue characters, those belonging to the non-canonical 

PCNA interacting motif are boxed. The consensus residues in the PIP-like motif are indicated by arrows  

http://www.pondr.com/


 

 111 
 

Results 

4.1 Binding reaction studied by calorimetry 

 

The potential binding between PCNA and the p125996-1010 fragment was first 

analysed by isothermal titration calorimetry (ITC). The ITC measurements (Figure 

R39A) determined a dissociation constant of 250 ± 40 µM at 25 °C (Figure R39B). 

With this low affinity, the fitting of the data needed the assumption of a molar 

stoichiometry of binding of 1:1 (peptide:PCNA protomer). The binding is 

entropically driven as the enthalpic term is positive (ΔH = 7.51 ± 1.15 kcal/mol) 

while the entropic term is negative (−TΔS = -12.4 ± 0.4 kcal/mol).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure R39: Isothermal calorimetric titration of PCNA with p125996-1010 PIP-box peptide. (A) Heat effect 

associated with the variable volume peptide injection. (B) Ligand concentration dependence of the heat released 

upon binding, after normalization and correction for the heat of dilution. The molar ratio is that of p125: PCNA 

protomer. The symbols correspond to the experimental data and the continuous line to the best fit to a model of one 

set of identical binding sites. 
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4.2 Binding site mapping by NMR 

 

2H-13C,15N-labeled PCNA was titrated with increasing amounts of unlabelled 

p125 peptide (Figure R40A and B). Along the titration, the NMR spectra of PCNA 

showed a single set of signals, indicating that three p125 peptides bind to the 

three equivalent PCNA protomers, confirming the 1:1 stoichiometry assumed for 

ITC data analysis. The dissociation constant (calculated as an average from the 

signals with chemical shift perturbation values higher than the average plus one 

standard deviation) is 103 ± 14 µM at 35 °C (Figure R40C). This Kd is consistent 

with the result of the ITC, which shows that the binding between p125 and PCNA 

is an endothermic reaction (and thus, the dissociation constant is larger at a lower 

temperature). The pattern of the CSPs along the PCNA sequence (Figure R40D) 

is similar to the one observed for p21 binding to PCNA (De Biasio et al., 2012), 

indicating a similar mode of binding. Mapping the perturbed residues on the three-

dimensional structure of PCNA (Figure R40E), shows that they cluster in the 

region where p21 binds PCNA, indicating that p125 also binds to the PIP-box site 

on the front face of PCNA. 
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Figure R40: NMR analysis of the p125996-1010 interaction with PCNA. (A) Superposition of 1H-15N TROSY spectra 

of 60 µM PCNA in the absence (black) and increasing concentrations (different colors) of p125996-1010peptide. Spectra 

were acquired at 35˚C in PBS pH 7.0. (B) Region of the NMR spectra displayed in A showing the shift of the G127 

signal. (C) The CSP of residues with a combined 1H and 15N CSP of the backbone amide signal larger than the 

average plus one standard deviation is represented at different p125:PCNA ratios. The symbols correspond to the 

experimental data and the continuous line to the best fit to a model of one set of identical binding sites. (D) Bar plot 

of the measured CSPs along the PCNA sequence. The dashed line indicates the average plus one standard 

deviation. The red line indicates the estimated error in the calculated CSP (±0.005 ppm). (E) Mapping of the CSPs 

on the three-dimensional structure of the complex formed by PCNA and the PIP-box peptide of p125. 
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1. Characterization of the interaction between USP29 and PCNA 

 

The DNA Damage Response comprises different pathways that have been 

extensively studied. However, when it comes to the DNA Damage Tolerance 

mechanisms the information becomes scarcer and sometimes contradictory. 

Until now it has been reported that PCNA is polyubiquitinated by K63 chains 

upon the mono-ubiquitinated K164 of PCNA to activate an error-free tolerance 

pathway in mammals (Hoege et al., 2002; Vujanovic et al., 2017). The E2/E3 

ligases responsible for the poly-ubiquitination of PCNA have been identified 

(Kanao & Masutani, 2017; Motegi et al., 2008; Unk et al., 2010). PCNA poly-Ub 

seems to be a key factor in template switching (Chiu et al., 2006). 

Nevertheless, some lines of thought differ in the relevance that ubiquitination 

has in the DDT mechanisms. In contrast to earlier work, there is new evidence 

suggesting that polymerase switching between Pol δ and Pol ƞ, occurs 

independently of PCNA ubiquitination (Hedglin et al., 2016). Moreover, a study 

performed with PCNA-ubiquitin fusion proteins claimed that poly-Ub PCNA is not 

required to protect cells from genotoxic stress by DNA damage bypass (Gervai 

et al., 2017). 

The template switching pathway remains to be fully understood. One of the 

unknowns is the protein or protein complex responsible for the de-poly-

Ubiquitination of PCNA. USP1, the DUB responsible for de-mono-Ubiquitinating 

PCNA during TLS, has been proposed to de-poly-Ubiquitinate PCNA (Brun et al., 

2010; Motegi et al., 2008). This study showed that when silencing USP1, both 

mono-Ub PCNA and poly-Ub PCNA decreased. However, it cannot be concluded 

that USP1 is negatively regulating both events since poly-Ub PCNA is most 

probably the consequence of mono-Ub PCNA Ub-chain extension.  

In a screen overexpressing many human DUBs, USP29 was reported to 

reverse ubiquitination of PCNA (Mosbech et al., 2013), however no experimental 

data was shown in the publication. A later proteomics study in our laboratory 

identified USP29 as a PCNA interacting DUB, suggesting that PCNA was a target 

of USP29. The already known targets of USP29 have been reported to be 

protected from proteasomal degradation (Liu et al., 2011; Martín et al., 2015; 
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Mosbech et al., 2013; Schober et al., 2020). The results presented in this thesis, 

confirm the USP29-PCNA interaction (Figure R1) and a role of USP29 in PCNA 

de-poly-ubiquitination when over-expressing USP29 (Figure R2). However, no 

increasing in poly-Ub PCNA was detected when silencing USP29 (Figure R3). 

Upon genotoxic stress PCNA is poly-ubiquitinated, however, the silencing of 

USP29, as it happens when over-expressing catalytically inactive USP29 (Figure 

R2B), does not have to necessarily increase those poly-Ub levels. While the 

activity of USP29 can reduce poly-Ub PCNA, the silencing of USP29, hence its 

inactivity, could simply not affect poly-Ub PCNA. Further studies will be required 

to address the USP29/PCNA interaction in the cellular response to DNA damage. 

Our initial hypothesis that the USP29 canonical PIP motif was the site of 

interaction with PCNA has not been confirmed. Our results show that fragments 

containing this sequence bind PCNA with an extremely low affinity, and the same 

happens with the two other non-canonical PIP motifs. Our co-

immunoprecipitation experiments indicated that the PH domain of USP29 

contains the site for interaction with PCNA. Indeed, the PH domains have been 

reported to play role in protein-protein interactions (Drugan et al., 2000). 

However, the PH domain does not have a recognisable PIP box motif, and further 

structural characterization of the USP29-PCNA interaction with PCNA was not 

possible because of the unsuccessful attempts to purify full-length USP29 or its 

isolated PH domain. 
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2. USP29 regulation 
 

In this thesis it has been shown that USP29 oligomerizes inside cells via its 

PH domain (Figure R16), and that oligomerization is necessary for USP29´s 

activity (Figure R20). 

Since the structure of the isolated PH domain of the homologous USP37 

shows a dimer, it is likely that the PH domain of USP29 also forms dimers.  

USP29 is able to stabilize USP29PH by protecting it from proteasome-

mediated degradation (Figure R19B & C). Thus, it is tempting to speculate that 

USP29PH domain contains ubiquitinated lysines. Since the PH domain lacks the 

catalytic centre, it can also be speculated that upon dimerization, USP29 suffers 

a conformational change that intramolecularly (in a cis-manner) activates the 

protomer. In contrast, USP29 protein levels decreased upon increasing amounts 

of ectopic USP29PH (Figure R20A). Moreover, the presence of USP29PH also 

decreased hypoxia-induced HIF1-α protein levels (Figure R20B). These results 

suggest that USP29 is catalytically active in an intermolecular way (in a trans-

manner) and therefore, USP29PH acts as a dominant negative.  

We propose that USP29 forms its catalytic centre intramolecularly, while 

deubiquitinates itself in a trans-manner (Figure D1). This model of the USP29 

activity mechanism could also be postulated for the manner in which USP29 acts 

upon its substrates. Once USP29 is stable, USP29 could bind its target proteins 

via the PH domain, as it does in the case of PCNA (Figure R14) and de-

ubiquitinate the proteins intermolecularly.  
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This working model of USP29 activity is not unique among DUBs. Indeed, 

similarly to USP29, USP19 has been described to self-associate and remove its 

own poly-Ubiquitin chains to control protein stability (Mei, Hahn, Hu, & Yang, 

2011). Another two DUBs have also shown auto-deubiquitination capacities: 

UCH-L1 and USP4. In these examples, however, the ubiquitination affects their 

activity and not their stability (Meray & Lansbury, 2007; Wijnhoven et al., 2015), 

as is the case of USP29, where ubiquitination affects the protein stability and 

consequently, its activity. 

Although homology modelling based on USP37 PH domain suggests a 

dimerization site, this could not be experimentally confirmed. Mutation of three 

residues of the putative interface do not cause a loss of USP29 activity (Figure 

R18). Further mutagenesis experiments may be needed.  

As USP29 dimer/oligomerization is required for USP29 activity and USP29 

reduces poly-Ub PCNA (Figure R2B), which impairs the activation of a DNA 

Figure D1: Model for USP29 activity mechanism. In blue the PH domains of two USP29 molecules are interacting 

(through unknown residues, the lines), forming a dimer. In pink the bipartite catalytic domain of USP29 is shown. 

Each monomer of USP29 forms its catalytic active site intramolecularly, building the catalytic triad (pink stars). Once 

each monomer is active, it deubiquitinates the other intermolecularly (red arrows), stabilizing the whole USP29 

molecule. 
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Damage Tolerance error-free pathway of for replicating cells, one approach to 

inhibit USP29 downstream effects could be the design of a specific peptide that 

could impede the interaction between USP29 molecules through their PH 

domains. This approach might be more specific than using drugs to target 

USP29´s catalytic domain, since cysteine proteases are quite common. 

Nevertheless, a crystal structure of the USP29PH would be necessary to design 

such a peptide, and this needs the preparation of pure protein, which we have 

not been able to achieve.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Discussion      122 
 

3. Structural analysis of USP29 

 

Different strategies have been used to express and purify the USP29 protein 

and its isolated PH domain, but, none of them were successful, because of non-

detectable expression levels or expression as insoluble protein. Full length 

USP29 is a large protein, with multiple domains and long (predicted) disordered 

regions, and it was anticipated that expression and purification of this protein 

would be challenging.  

The model structure of full-length USP29 (based on sequence homology with 

different domains of structurally characterised proteins and on disorder 

predictions) show a possible arrangement of two protomers dimerizing through 

the PH domains. While some features of the model are consistent with available 

experimental information on USP29 and other DUBs (for instance, the spatial 

disposition of the residues involved in the catalytic centre), other features have 

not been experimentally confirmed (like the dimerization site). The model also 

fails to offer insights on the regulation of USP29 enzymatic activity by the PH 

domain. 

The USP29 fragment corresponding to the PH domain is a small polypeptide 

that was expressed at high levels in bacterial cells but could only be solubilised 

in very harsh denaturant conditions and could not be refolded. This result was 

not that expected because PH domains of many different proteins have already 

been prepared for structural studies, including the PH domain of USP37. Our 

results indicate that the PH domain of USP29, as defined by sequence homology, 

is not an autonomously folding unit. Perhaps additional residues at the C-terminal 

end should be included. Alternatively, it may be that it is stable only in association 

with subcellular structures, like chromatin or membranes. 

Apart from mediating protein-protein interactions, the PH domain has also 

been extensively described as a binding domain for the polar heads of membrane 

lipids, and many of the proteins that contain a PH domain have to interact with 

membranes for their function (Riddihough, 1994). Based on our dimeric 

USP29PH model and the available data (Harlan et al., 1994; Riddihough, 1994), 

different phosphoinositide binding pockets within our model structure have been 
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predicted. In Figure D2 different phospholipids are shown in the potential 

phospholipid binding pocket of USP29PH. In this region USP29PH has four 

positive charged residues (K21, K23, K46 and R49) similarly to PEPP1 

(Phosphoinositol 3-phosphate binding protein-1, PDB 1upr) PH domain 

(Yamamoto et al., 2016). There is a second potential phosphoinositol binding 

pocket where USP29PH has 5 positively charged residues (K21, K23, K66, K67 

and R68), similar to the β-spectrin PH domain (PDB 1btn) phosphoinositol 

binding pocket. 

A potential phosphotyrosine-binding (PTB) site in the model structure of 

USP29PH has also been predicted (Figure D2). The PTB site has been described 

to mediate protein-protein interactions in signal transduction (Zhou & Fesik, 

1995), and some PH domains have a relevant role in intracellular signal 

transduction (Yingyao Zhou & Abagyan, 1998). 

 

 

 

Figure D2: Representation of phospholipid pockets that could be present in the PH domain of USP29. A model 

of a PH dimer is used to show where the different phosphoinositides could be bound. In yellow Phosphoinositol 3-

phosphate and Phosphoinositol 4-phosphate. In green the possible phosphotyrosine containing peptide, taken from 

Dok7 (docking protein 7, PDB 3ml4). 
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4. Characterization of the interaction between p125 and PCNA 
 

Mammalian Pol δ was identified forty years ago (Byrnes et al., 1976). 

However, the architecture of this essential enzyme remained poorly understood 

until very recently, limiting our understanding of how Pol δ achieves processivity 

in DNA synthesis and how it interacts with PCNA. Early studies reported a direct 

interaction between p125 and PCNA (Zhang et al., 1995, 1999), but the p125-

PCNA complex has low processivity in vitro (Yajing Zhou et al., 2012), suggesting 

that the interaction is weak. Our results using the p125996-1010 fragment show that 

p125 recognizes PCNA trough a divergent PIP-box located at the flexible C-

terminus of the catalytic domain with a dissociation constant of 103 ± 14 µM at 

35 °C and a 1:1 stoichiometry (peptide:PCNA protomer). This affinity is much 

lower than the affinity of the Pol δ complex for PCNA encircling DNA (dissociation 

constant <10 nM) (Hedglin et al., 2016). The affinity of PCNA for fragments of 

other Pol δ subunits is also much lower than the global one. The affinity measured 

for a p12 is 38 ± 4 µM at 25 ºC (Gonzalez-Magaña et al., 2019) and 1.5 µM for 

p68 at 30 ºC (Bruning & Shamoo, 2004). These results suggest that besides the 

PIP boxes, other regions of the subunits of Pol δ may be involved in the 

interaction with PCNA. However, the direct interaction of Pol δ with the DNA will 

also contribute to the overall binding affinity. 

A possible reason for the low affinity between p125 with PCNA compared 

with the binding affinities between PCNA and other Pol δ subunits could be the 

TLS mechanism in which the dissociation capacity of p125 from Pol δ plays a key 

role. After the replication fork stall upon DNA damage, the catalytic subunit p125 

of Pol δ has to be replaced in a quick manner by the subunits Rev3-Rev7 of Pol 

ζ, promoting the effective switch from a DNA replication polymerase to a TLS 

polymerase (Leung et al., 2019).  

Very recently the cryoEM structure of the Pol δ bound to PCNA and DNA at 

3.0 Ǻ resolution has been published (Lancey et al., 2020). In this structure Pol δ 

interacts with only one of the PCNA protomers through two regions of the p125 

subunit: the divergent PIP-box contained in the p125996-1010 fragment (bound to 

the PIP-box site on the PCNA front face), and a short β-sheet spanning residues 

991 to 995. The PIP-boxes of the p68 and p12 subunits, located at the extreme 
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C-terminus and N-terminus, respectively, are both in flexible regions invisible in 

the cryo-EM map. However, it can be speculated that both PIP-boxes possess a 

capture radius able to reach one of the unoccupied PCNA sites. Primer extension 

assays on p125 PIP-box mutants showed a severe activity reduction, while a 

minimal effect occurred when mutating the PIP-boxes of p68 and p12. 

Polymerase processivity assays on PIP-box mutants showed a severe defect in 

the case of p125 followed by p12 and no detectable effect in p68. The binding of 

Pol δ to only one PIP-box site of PCNA during synthesis may explain the dynamic 

processivity of the replisome, where the polymerase from solution can exchange 

the replisome-associated Pol δ (Lewis et al., 2020).  

The p125996-1010 fragment binds to the same PCNA site as does the 

corresponding region of p125 in the context of Pol δ holoenzyme, but with a 

different affinity and stoichiometry. These observations point to the limitations of 

protein-protein interaction studies using small peptides. 
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1. USP29 interacts with both native (in cellulo) and recombinantly produced 

PCNA.  

 

2. The ectopic expression of USP29 decreases PCNA poly-Ubiquitination upon 

a replication stress. Moreover, PCNA de-ubiquitination depends on the 

catalytic activity of USP29.  

 

3. USP29 Pleckstrin Homology domain mediates the interaction between 

USP29 and PCNA. 

 

4. USP29 forms dimers/oligomers via its Pleckstrin Homology domain, which is 

necessary and sufficient for such dimerization.  

 

5. USP29 dimerization is required for its activity as the ectopic expression of 

USP29PH acts as a dominant negative mutant.  

 

6. The C-terminal fragment of the catalytic subunit of the human polymerase δ 

(p125996-1009) binds the PIP-box site on the PCNA front face through a 

divergent PIP box motif and with a dissociation constant of 103 ± 14 µM at 

35°C. 
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