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ABSTRACT 

 

The substrate processing mechanism of CDC48A through the plant UBX-

containing cofactor family 

Junrui Zhang 

 
In plants, AAA-adenosine triphosphatase (ATPase) Cell Division Control Protein 48 

(CDC48) uses the force generated through ATP hydrolysis to pull, extract, and unfold 

ubiquitylated or sumoylated proteins from the membrane, chromatin, or protein complexes. 

The resulting changes in protein or RNA content are an important means for plants to 

control protein homeostasis and thereby adapt to shifting environmental conditions. The 

activity and targeting of CDC48 are controlled by adaptor proteins, of which the plant 

ubiquitin regulatory X (UBX) domain-containing (PUX) proteins constitute the largest and 

most versatile family. However, few PUX proteins have been structurally or functionally 

characterized and how they participate in the substrate processing of CDC48A is not fully 

understood. Here, we first performed a comparative bioinformatic analysis, in which we 

found that the PUX proteins can be functionally divided into six types. We used this 

classification as a guide for our experimental efforts to elucidate how PUX proteins 

mediate client recognition and delivery for CDC48A-mediated unfolding. As a first step in 

this experimental analysis, we cloned and expressed a number of PUX protein constructs, 

we assessed their interaction features, and obtained crystals for several PUX domains.  

These bioinformatic and experimental results provide a basis for the in-depth structural and 

functional analysis of how PUX proteins control the CDC48A segregase.  

 



 5 

 
ACKNOWLEDGEMENTS 

 

 
I would like to thank my Dr. Umar Hameed, and all members of Structural biology and 

engineering (StruBE), for their help in the lab and outside the lab.  

I would also like to thank my professor Stefan Arold, for accepting me into such a 

wonderful lab and keep supporting and guiding me throughout my time at KAUST.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 6 

 
TABLE OF CONTENTS 

 
              Page 

EXAMINATION COMMITTEE PAGE  .........................................................  2 
COPYRIGHT PAGE .......................................................................................  3 
ABSTRACT .....................................................................................................  4 
ACKNOWLEDGEMENTS ..............................................................................  5 
TABLE OF CONTENTS .................................................................................  6 
LIST OF ABBREVIATIONS ...........................................................................  8 
LIST OF ILLUSTRATIONS ...........................................................................  9 
 
Chapter 1: Introduction ..........................................................................................      10 

          1.1 Cdc48/p97  .................................................................................................      10 

          1.2 PUX cofactors  ...........................................................................................      13 
 
Chapter 2: Methods .................................................................................................      15    

          2.1 Cloning .......................................................................................................      15 

          2.1.1 PCR amplification  ..................................................................................      15 

          2.1.2 Restriction digestion and ligation ...........................................................      15 

          2.1.3 PCR screen and sequencing  ...................................................................      15 

          2.2 Protein purification  ...................................................................................      16 

          2.2.1 Cell culture and lysis  ..............................................................................      16 

          2.2.2 GST column purification ........................................................................      16 

          2.2.3 Size exclusion purification  .....................................................................      17 

          2.3 Protein crystallization  ...............................................................................      17 

          2.4 Functional studies  .....................................................................................      18 

          2.4.1 MST ........................................................................................................      18 

          2.4.2 ITC ..........................................................................................................      18 

 

Chapter 3: Bioinformatic analysis ..........................................................................      19 

          3.1 Overview ....................................................................................................      19 

          3.2 Type I: The single UBX .............................................................................      21 

          3.3 Type II: Atypical UBX and association with the Cdc48/p97 C-terminal ..      21 

          3.4 Type III: SEP domain–containing substrate-degrading adaptors ..............      24 

          3.5 Type IV: UBA and UBX ...........................................................................      24 

          3.6 Type V: N-terminal UAS for indirect substrate recruitment .....................      25 

          3.7 Type VI: UBA-UAS-UBX lipid sensors ...................................................      26 

          3.8 Summary ....................................................................................................      26 

 

Chapter 4: Experimental results ............................................................................      28 

          4.1 Cloning .......................................................................................................      28 

          4.2 Protein expression and production .............................................................      29 

          4.3 Structural studies ........................................................................................      31 



 7 

          4.4 Functional studies ......................................................................................       33 

          4.4.1 UBA domain binds with Monoubiquitin at low affinity .........................       33 

          4.4.2 ATP is essential in UBX-CDC48A interaction ......................................       34 

          
Chapter 5: Concluding remarks .............................................................................       37 

          5.1 Summary ....................................................................................................       37 

          5.2 Future work (planned as PhD thesis) .........................................................       37 

 
BIBLIOGRAPHY  ...........................................................................................        40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 



 8 

LIST OF ABBREVIATIONS 

 

 

 

ATP                             adenosine triphosphate 

ATPase                        AAA-adenosine triphosphatase  

AAA ATPase              ATPase Associated with various cellular Activities  

CDC48                         Cell Division Control Protein 48 

CDC48A                      Cell Division Control Protein 48 homolog A 

EM                                electron microscope 

GST                              glutathione S-transferase 

IPTG                             isopropyl β-d-1-thiogalactopyranoside 

ITC                                Isothermal titration calorimetry 

MST                              Microscale thermophoresis 

NMR                             Nuclear magnetic resonance 

PCR                               Polymerase chain reaction 

PUB                               Peptide: N-glycanase/UBA or UBX-containing proteins 

PUX                               Plant ubiquitin regulatory X domain-containing 

SDS-PAGE                    sodium dodecyl sulphate–polyacrylamide gel electrophoresis 

SEP                                Saccharomyces cerevisiae, Drosophila melanogaster, eyesclosed 

gene and vertebrate p47 

SHP                                derived from Shp1p 

UAS                              Ubiquitin-associating 

UBX                              Ubiquitin regulatory X  

UBA                              Ubiquitin associated  

UIM                               Ubiquitin-interacting motif 

VIM                               VCP-interacting motif 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 9 

LIST OF ILLUSTRATIONS 

 
 

 

 

Figure 1 Structure and cellular functions of Cdc48/p97 proteins……………………... 12                           

Figure 2 Domain architecture of and classification of UBX domain–containing protein 

…………………………………………………………………………………………. 20 

Figure 3 Bioinformatic analysis of PUX proteins……………………………………... 22 

Figure 4 PCR amplification of PUX domains…………………………………………. 29 

Figure 5 GST-column purification of PUX proteins…………………………………... 30 

Figure 6 Size-exclusion column purification of PUX proteins………………………...  31 

Figure 7 Crystals of PUX proteins with CDC48A……………………………………... 33 

Figure 8 UBA domain binds with monoubiquitin at low affinity…………………….... 35 

Figure 9 ATP is essential in UBX-CDC48A interaction………………………………. 36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 10 

 

Chapter 1 

Introduction  
 

1.1 Cdc48/p97 
 

Cells need to adapt rapidly in response to molecular cues or changing conditions. Such 

adaptation generally requires modifying the protein or RNA composition in specific 

subcellular loci. This is most powerfully and rapidly achieved through (i) changes in the 

protein/RNA expression profile, concomitant with (ii) an active and selective relocation 

or degradation of proteins from specific subcellular loci. Although this capacity to react is 

essential to all life forms, it is of particular essence to plants, which cannot adapt by 

changing their location (Majumder & Baumeister, 2019; Marshall & Vierstra, 2019).  

Here we focus on a highly versatile multiprotein ‘nanomachine’ from plants, that can do 

both, unfold proteins for degradation and alter protein/RNA expression (Hanzelmann & 

Schindelin, 2017; Stolz, Hilt, Buchberger, & Wolf, 2011). The core of this protein 

machinery is formed by the Cell Division Control Protein 48 (CDC48). CDC48 is an 

essential protein in plants, required in particular where rapid cellular changes are needed, 

such as for reproduction, germination, growth, differentiation and the immune response 

(Begue, Mounier, Rosnoblet, & Wendehenne, 2019). 

Cdc48/p97 are a type II ATPase Associated with various cellular Activities (AAA 

ATPase). Cdc48/p97 are composed of two stacked hexameric ATPase rings (formed by 

their N-terminal D1 and C-terminal D2 ATPase domains) (Figure 1A) (DeLaBarre & 
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Brunger, 2003). An additional N-terminal domain (residues 1-187) and a C-terminal 

stretch of ~75 flexible residues are used for binding of cofactors and substrates, and the 

C-terminal flexible tail also contributes to the regulation of the catalytic activity 

(Buchberger, Schindelin, & Hanzelmann, 2015; Ogura & Wilkinson, 2001) . The two 

ATPase rings form a central pore that is involved in substrate processing (Hanzelmann & 

Schindelin, 2017). AAA ATPases use ATP hydrolysis for conformational changes, and 

Cdc48/p97 uses the force generated through ATP hydrolysis to pull, extract and unfold 

ubiquitylated or sumoylated proteins from the membrane, chromatin or protein 

complexes (Cooney et al., 2019). Thus, Cdc48/p97 contributes to the regulation of 

protein homeostasis, membrane fusion, vesicular trafficking and chromatin-associated 

functions (Figure 1B) (Meyer, Bug, & Bremer, 2012). 

Several isoforms of CDC48 exist in plants, with the homologue A (CDC48A) being the 

most essential one in Arabidopsis thaliana (Figure 1C). CDC48A has close orthologues 

in fungi (termed Cdc48) and animals (where it is called p97, VCP or Ter94) 

(Hanzelmann & Schindelin, 2017). CDC48A and Hsp97 are ~77% identical, inferring 

that their functions are essentially preserved. However, the cofactors required for target 

selection and functional control of CDC48 differ markedly between plants and other 

species, reflecting their different lifestyles and cellular structures. 

In A. thaliana, CDC48A is involved in male gametophyte development (Aker, Borst, 

Karlova, & de Vries, 2006; Gallois et al., 2013), centromere disassembly and release of 

bulk ribosomal RNA genes in pollen for pollen-tube growth (Merai et al., 2014), and in 

reshaping lipid droplets to prime seeds for germination (Deruyffelaere et al., 2018; 

Kretzschmar et al., 2018). CDC48A is also critical in shaping many aspects of the 
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sophisticated plant immune response, where transcription and translation are enhanced, as 

is the degradation of immune receptors and proteins from pathogens (Begue et al., 2019; 

Copeland, Woloshen, Huang, & Li, 2016; Hauler, Mallery, McEwan, Bidgood, & James, 

2012). 

 

 

 

Figure 1: Structure and cellular functions of Cdc48/p97 Proteins. A: Schematic drawing 

of the quaternary structure of Cdc48/p97. B: Overview of cellular functions of Cdc48/p97. 

C: Schematic overview of A. thaliana CDC48A. Domains are colored, start and end 

residues are given. 
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1.2 The PUX cofactors  
 

The multifunctionality of Cdc48/p97 results from their capacity to bind different 

cofactors, of which already more than 30 are known (Arumughan et al., 2016). According 

to their functions and domains, these cofactors can be divided into three classes: Firstly, 

non-catalytic substrate-recruiting cofactors that contain one domain for binding to 

Cdc48/p97 and another domain for binding to ubiquitin or SUMO-modified substrates. 

Most prominent examples are ubiquitin associated–ubiquitin regulatory X (UBA-UBX) 

proteins and the complex formed by the ubiquitin recognition factor in ER-associated 

degradation protein 1 (Ufd1) and the nuclear protein localization protein 4 homologue 

(Npl4). In this case, the cofactor uses its UBA domain to firstly bind with substrate that is 

labelled with poly ubiquitin chain, then tether the substrate to CDC48 with its UBX 

domain. Secondly, there are the substrate-processing cofactors, which include ubiquitin 

E3 ligases and deubiquitinases (DUBs). The third class of cofactors regulates the function 

of Cdc48/p97 through processes such as disruption of hexamers, post-translational 

modifications, or sequestering (Hanzelmann & Schindelin, 2017). 

These diverse cofactors bind to only a few sites on Cdc48/p97. The majority of the 

cofactors bind to the N-terminal domain, either through a UBX or UBX-like (UBXL) 

domain, or through specific linear binding motifs, such as the SHP box binding motif 

(Hanzelmann & Schindelin, 2017). The resulting competition between ligands allows to 

commit Cdc48/p97 to specific functions. 

Arabidopsis has at least 16 UBX-containing proteins, collectively called the plant 

ubiquitin regulatory X domain-containing proteins (PUX) (Rancour, Park, Knight, & 

Bednarek, 2004). Some of these have been investigated to date (Deruyffelaere et al., 
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2018; Gallois et al., 2013; Huang et al., 2020; Kretzschmar et al., 2018; Marshall, Hua, 

Mali, McLoughlin, & Vierstra, 2019; Rancour et al., 2004), and their identified functions 

provide a sense for the many ways in which PUX proteins can control CDC48A: PUX1 

dissociates CDC48A hexamers (Rancour et al., 2004); PUX3, 4, 5 regulate inner nuclear 

membrane proteins degradation (Huang et al., 2020); PUX7 and PUX10 recruit 

ubiquitinated proteins to CDC48A (Deruyffelaere et al., 2018; Gallois et al., 2013; 

Kretzschmar et al., 2018), and PUX7, 8, 9 and 13 turnover nonfunctional CDC48A 

(Marshall et al., 2019). 

In summary, an enhanced understanding of how the PUX proteins allow plants to adapt 

to changing conditions might inspire novel genetic approaches to enhance desired 

features in agriculturally important species. Below, we first summarize the knowledge 

available for the individual PUX domains and motifs based on bioinformatic analysis, 

and explore how the combination of these domains might allow us to infer functional 

categories of the unexplored PUX domains. We then try to prove the inferred functions 

experimentally. 
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Chapter 2 

Methods  

 

2.1 Cloning 
 

2.1.1 Polymerase chain reaction (PCR) amplification  

 

The PCR reaction system is set up using DNA template (gBlocks from Integrated DNA 

technologies), forward and reverse primers (Integrated DNA technologies), High-Fidelity 

PCR MasterMix (New England Biolabs) and filtered Mili-Q water. The PCR reaction is 

carried out by (Bio-Rad T100 thermal cycler) with an annealing temperature of 55 

degree. The PCR result is confirmed by agarose gel. Final DNA product is purified with a 

gel extraction kit (QIAquick). 

2.1.2 Restriction digestion and Ligation  

 

The inserts (PUX domains DNA) and backbone vector (pGEX6P1) are restriction 

digested by BamHI and NotI, followed by a purification step using PCR purification kit 

(QIAquick). Then, the digested inserts and backbone vector are ligated at room 

temperature for 1 hour, by T4 ligase (New England Biolabs) in T4 ligation buffer 

condition (New England Biolabs). The ligation products are transformed in Mach1 

competent cells, growing at 37 degree overnight for the PCR screen next step. 

2.1.3 PCR screen and Sequencing  

 

For PCR screen, ten colonies from each plate are picked. For each colony, it is 

resuspended in 10ul filtered Mili-Q water, after which 1ul will be used as DNA template 

for PCR. The PCR reaction system is set up using DNA template (Colony water), 
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forward and reverse primers (Integrated DNA technologies), High-Fidelity PCR 

MasterMix (New England Biolabs) and filtered Mili-Q water. The result of PCR screen is 

confirmed by agarose gel. Two positive colonies from each plate are inoculated in LB 

media with the addition of Ampicillin. The inoculated cells are then used for plasmid 

extraction by a Miniprep kit (QIAprep). The plasmids are sequenced by Sanger 

sequencing (Bioscience corelab) before used for protein purification. 

2.2 Protein purification 
 

2.2.1 Cell culture and lysis  

 

The sequencing-confirmed plasmids are transformed in BL21 competent cells for 

overnight incubation at 37 degree. Single colony is picked and inoculated in 3ml LB 

media overnight with the addition of Ampicillin, followed by the division into four 1L 

flasks with LB media. The 1L flasks are incubated in a 200rpm shaker (Infors HT 

Multitron standard) at 37 degree, until the OD reaches around 0.6. Then, a final 

concentration of 150µM isopropyl β-d-1-thiogalactopyranoside (IPTG) is added into each 

flask. The flasks are incubated at 16 degree overnight before cell harvest. For cell 

harvest, the cells are centrifuged at 8000rpm for 10 minutes using (Sorvall LYNX 6000). 

The centrifuged pellet is washed and then resuspended with Lysis buffer (50mM Tris, 

500mM NaCl, 5mM DTT, 10% glycerol, pH 7.5) for cell lysis.  

For cell lysis, 0.5% Triton X-100 is added into the resuspended cells. The cells are lysed 

by sonication (Branson 450 Digital Sonifier) at 35% amplitude for 10 minutes. The lysed 

cells are centrifuged again at 27000 rpm, 4 degree for 30 minutes. The supernatant is then 

ready for purification. 

2.2.2 Glutathione S-transferase (GST) column purification 
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The GST resin beads (GE healthcare) are loaded onto the column (Bio-Rad 

chromatography column). The column is washed with three times Mili-Q water and one 

time with lysis buffer to remove the ethanol. Then we add the supernatant onto the 

column and keep the binding reaction at 4 degree for one hour. After binding, the column 

is washed three times with lysis buffer. Finally, we add 3C protease and keep the column 

at 4 degree overnight. The elution product in the next day will be ready for size exclusion 

purification. 

2.2.3 Size exclusion purification  

 

Before use, the corresponding size exclusion column (GE healthcare, Superdex 75pg 

column for PUX domains and Superdex 200pg for CDC48A) is washed with Mili-Q 

water and balanced with running buffer (20mM HEPES, 150mM NaCl, 3mM DTT, pH 

7.5). The proteins after GST-column purification are firstly concentrated using amicon 

tube (Millipore) to a final volume of around 4ml. The proteins are then injected into the 

injection loop of AKTA pure (GE healthcare). The fractions are collected by a fraction 

collector (GE healthcare F9-C). After size exclusion purification, we take 20ul proteins 

from each fraction, add protein loading dye and run the sodium dodecyl sulphate–

polyacrylamide gel electrophoresis (SDS-PAGE). Finally, we concentrate the target 

proteins, freeze with liquid nitrogen and store them at -80 degree. 

2.3 Protein crystallization 
 

We use the Mosquito (SPT labtech) in bioscience corelab for protein crystallization in 

96-well plates. All protein crystallization kits used are: (Hampton Research: INEDX; 

PEG ION. Rigaku: WIZARD Classic 1, 2, 3, 4; Molecular dimensions: Structure; PACT; 

Proplex). After the crystallization setup, the plates are kept at room temperature, and are 
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checked every week. For X-ray diffraction using synchrotron (France), we pick the 

crystals, store them in liquid nitrogen Dewar, and then ship them to France. 

 

2.4 Functional studies 
 

2.4.1 Microscale thermophoresis (MST) 

 

The proteins for MST measurement are firstly dialyzed in MST buffer (20mM HEPES, 

150mM NaCl, pH7.5) overnight. Alexa 488 dye is used for the labelling of Ubiquitin (In 

the measurement of UBA-Ubiquitin interaction) and CDC48A (In the measurement of 

UBX-CDC48A interaction). The excess dyes are removed using Amicon concentration 

tubes (Millipore). Then, the interaction partner (UBA domain for Ubiquitin; UBX 

domain for CDC48A) is serially diluted to a volume of 10ul into 16 PCR tubes. The 

labelled proteins are diluted to a final volume of 200ul, a final concentration of 50nM, 

with the addition of 1% Tween-20 and other reagents necessary for interaction (50mM 

ATP and MgCl2).  Then we add 10ul of diluted labelled proteins into each 16 PCR tubes, 

mix well with micro centrifuge for 20 minutes. Finally, the interaction is measured using 

MST (Nanotemper Monolith NT.115). 

2.4.2 Isothermal titration calorimetry (ITC)  

 

The proteins for ITC measurements are firstly dialyzed in ITC buffer overnight (50mM 

Bis-Tris, 100mM NaCl, 3mM DTT, pH6.5). We wash the ITC machine (GE healthcare, 

MicroCal ITC 200) with Mili-Q water and then ITC buffer. The proteins are vacuumed to 

remove air bubbles. Titrations for ubiquitin against the UBA domain are carried out by 

serially injecting of the UBA domain into the measurement cell containing ubiquitin. 

Titrations are analyzed using Origin software. 
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Chapter 3  

Bioinformatic analysis  

 

3.1 Overview  
 
UBX domain–containing proteins span a large and heterogenous group of cofactors for 

Cdc48/p97 (Schuberth & Buchberger, 2008). These proteins are found in plants, animals 

and yeast, where they display some common features. For example, in PUX proteins, the 

UBX domain is always C-terminally located and the UBA domain, where present, is 

always N-terminal; Centrally located domains can be PUB, SEP or UAS domains, but 

never a combination of these (Figure 2). The two linear interaction motifs UIM, and SHP 

are never combined in the same protein, and are either found alone or in combination 

with either the SEP domain (case of SHP), or the UAS domain (UIM). These empirical 

rules, which are conserved across eukaryotes, are expected to reflect functional 

complementarities between the domains. Hence, we analyzed the different orthologs that 

have similar domain organization, and propose that the PUX proteins define six different 

functional types (Figure 2). 
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Figure 2: Domain architecture of and classification of UBX domain–containing proteins. 

Folded protein domains are shown boxed with domain names. UBA: Ubiquitin-associated; 

PUB: Peptide: N-glycanase/UBA or UBX-containing proteins; SEP: Saccharomyces 

cerevisiae, Drosophila melanogaster, eyesclosed gene and vertebrate p47; UAS: Ubiquitin-

associating; and UBX: Ubiquitin regulatory; UBL: ubiquitin-like; UBXL: UBX-like; HP: 

Hydrophobic patch. Linear functional motifs are color coded: UIM: Ubiquitin-interacting 

motif; SHP box:  linear motif derived from Shp1p (Hitt & Wolf, 2004); VIM: VCP-

interacting motif. Putative SHP motifs predicted in this work are shown with a dashed 

outline. 
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3.2 Type I: The single UBX domain 
 

Starting with the simplest PUX proteins, AtPUX1 and PUX12 are the two PUX family 

members that only contain an UBX domain, indicating that they do not function as 

adaptor proteins. However, based on our structural modelling and sequence analysis, we 

found that an additional N-terminal extension of the UBX domain exist only in PUX1, as 

experimentally proved recently (Banchenko et al., 2019), but not PUX12 (Figure 3A). In 

HsASPL and PUX1, this N-terminal alpha-helical extension is shown to latch around p97 

D1, outcompeting the D1:D1 interactions in the p97 hexamer (Figure 3B) (Arumughan et 

al., 2016; Banchenko et al., 2019). Hence, PUX1 appear to be negative regulators of 

Cdc48/p97, while it still needs to be tested whether PUX12 functions the same without 

the critical helical extension.  

 

3.3 Type II: Atypical UBX and association with the Cdc48/p97 C-

terminal 
 

PUX2 is the only PUX protein that has the PUB domain, which is shown to bind to 

Cdc48/p97 C-terminal in different human proteins, including PNGase (Allen, 

Buchberger, & Bycroft, 2006), UBXD1 (Kern, Fernandez-Saiz, Schafer, & Buchberger, 

2009) and HOIP (Schaeffer et al., 2014). HsUBXD1 shares a very similar domain 

architecture as PUX2, makes it a good template for the study of this type. Based on our 

sequence analysis, PUX2 is the only PUX protein that has an atypical UBX domain with 

a longer S3-S4 loop (Figure 3C), which may hinder its normal function of interacting 

with CDC48A N-terminal, as the UBX domain of UBXD1 does (Madsen et al., 2008). 

What’s more, PUX2 also contains an N-terminal putative SHP box motif that 

corresponds to the N-terminal Cdc/p97 N-binding VIM in UBXD1 (Figure 2), suggesting 
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that PUX2 may use this SHP box to associate with CDC48A-N. Hence, akin to UBXD1, 

PUX2 might use its domain features to C-terminally recruit CDC48A to specific targets 

of its modified UBX domain. 
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Figure 3: Bioinformatic analysis of PUX proteins. 

A: Secondary structure comparison of PUX1 (upper) and PUX12 (below). The secondary 

elements are given. B: Structural representation of ASPL-UBX (green) in complex with 

p97-N (white). The helical extension of the UBX domain is colored by blue. Key residues 

are given C: Sequence comparison of all UBX domains in PUX proteins. The essential 

proline in S3-S4 loop is colored in orange. D: The electrostatic surface of the UAS domain, 

colored from red (negative) to blue (positive). E: Sequence comparison of all UAS domain 

in PUX proteins. The positively charged residues in the surface patch are colored in orange. 

 

 



 24 

3.4 Type III: SEP domain–containing substrate-degrading adaptors 
 

AtPUX3, 4, 5, 6 are the four PUX proteins that contain a SEP domain. According to our 

bioinformatic analysis, in PUX3, 4 and 5 the SEP domain is flanked by two SHP boxes, 

whereas PUX6 contains an additional SEP domain (Figure 2). PUX5 also contains a 

UBA domain, giving it the same domain/motif composition as the well-studied human 

p47. Conversely, the absence of the UBA domain in PUX3 and 4 mirrors the structure of 

Hsp37. p37 mediates the disassembly of the protein phosphatase-1 (PP1) complex by p97 

in a ubiquitin-independent way (Weith et al., 2018), in line with the absence of the UBA 

domain in p37. For this function, the p37 SEP domain associates directly with the PP1 

regulatory subunit 7 (PP1R7) of the PP1 complex (Weith et al., 2018).  

We propose that Type III PUX proteins are adaptors that connect CDC48A with specific 

substrates to mediate their disassembly. Like p47, PUX5 is likely to capture ubiquitinated 

substrates through its UBA domain and tether them to CDC48A-N via the UBX domain. 

PUX3 and PUX4, lacking the N-terminal UBA domain, may bind their substrates with 

their SEP domain in a ubiquitin-independent way and then use the UBX domain to 

interact with CDC48A-N. The substrate specificity and associated mode of action of 

PUX6 remain to be determined. 

 

3.5 Type IV: UBA-UBX 

 
The Type IV AtPUX proteins PUX8, 9 and 13 are characterized by an N-terminal UBA 

domain, but lack other folded domains besides the UBX domain (Figure 2). The human 

SAKS1 has the same domain composition as PUX8, 9 and 13. Our bioinformatic analysis 

suggests that HsSAKS1, PUX8 (Score: 1) and PUX13 (Score: 1) are predicted to contain 
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a coiled-coil region before the UBX domain, but PUX9 does not (Score: Below 0.1) 

(Lupas, Van Dyke, & Stock, 1991). However, PUX8, 9 and 13 contain one or two UIMs, 

which are absent in SAKS1. SAKS1 is also markedly shorter than PUX8, 9, 13 (Figure 

2). Although SAKS1 may not be an exact orthologue, its function in inhibiting protein 

degradation by p97 is reminiscent of the role of PUX8, 9 and 13 in autophagic clearance 

of CDC48A (LaLonde & Bretscher, 2011; Marshall et al., 2019).  Interestingly, LLPS is 

involved in the autophagic clearance of nonfunctional CDC48 by nitrogen starvation 

(Fujioka et al., 2020). Together with the ability of the UBA domain and UBX domain in 

LLPS (Marshall et al., 2019; Yasuda et al., 2020), it is tempting to test whether these 

UIM-containing PUX proteins can use LLPS to clear the inactive CDC48A. Thus, we 

conclude that Type IV proteins may inhibit the functions for Cdc48/p97, and also may 

undergo LLPS with ATG proteins to induce autophagy 

 

 

3.6 Type V: N-terminal UAS for indirect substrate recruitment 
 

PUX11 has an N-terminal UAS domain and a characteristic C-terminal extension 

following the UBX domain. This structure is also found human erasin (also termed 

UBXD2) (Figure 2). However, according to our sequence prediction, we found that 

erasin contains a single-pass transmembrane helix in its C-terminal extension that appears 

to be lacking in PUX11. Although lacking the substrate-interacting UBA domain, the 

erasin UBX domain associates with p97 (Liang et al., 2006). For substrate interaction, the 

erasin UAS region is shown to bind to the UBA-containing ubiquitin-proteasome shuttle 

protein ubiquilin (Lim et al., 2009), suggesting that ubiquitinated substrates are recruited 

indirectly via the ubiquilin UBA domain. Although the subcellular localization of PUX11 
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remains to be determined, we speculate that the indirect substrate recruitment mechanism 

might be preserved. 

 

3.7 Type VI: UBA-UAS-UBX lipid sensors 
 

The remaining AtPUX7, 10, 14, 15 and 16 have three individual domains, the UBA, UAS 

and UBX domain. Based on our secondary structure prediction, PUX10 closely 

resembles HsFAF2 (also named UBXD8); both have a hydrophobic sequence patch 

between their UBA and UAS domains, and both have a (predicted) coiled-coil region 

(Score: 1) before their UBX domain (Lupas et al., 1991). Accordingly, both PUX10 and 

FAF2 regulate lipid droplet homeostasis (Deruyffelaere et al., 2018; Kretzschmar et al., 

2018; Wang & Lee, 2012). Based on the conservation of a positively charged surface 

patch in the UAS domain of all members (Figure 3D, 3E), we propose that Type VI PUX 

proteins function in lipid-related pathways. For this role, the UBA and UBX domains 

would associate with ubiquitinated substrates and CDC48A, respectively, while the UAS 

domains may function as FA sensors to control lipid-related pathways in a FA 

concentration-dependent manner. PUX7, the only UIM-containing protein in this type, 

also mediates autophagic clearance of CDC48 (Marshall et al., 2019). Thus, PUX7 might 

be involved in LLPS of autophagy foci as in type IV. 

 

3.8 Summary  
 

Based on our cross-kingdom comparative study, the bioinformatic analysis enables us to 

have a general understanding of all different domains PUX proteins have, and the 

possible functions of them. The next step is to assess these functions experimentally.  

In this thesis, we choose four PUX proteins for further assessment: PUX2, probably the 
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only protein in the PUX family that can interact with CDC48A-C; PUX5, the typical 

protein with a SEP domain, whose mammalian ortholog is the well-studied p47; PUX7, a 

UAS-containing PUX protein which is redundant in plants (Gallois et al., 2013); And 

PUX10, another UAS-containing PUX protein with an additional hydrophobic patch, 

which is involved in lipid control in plants (Deruyffelaere et al., 2018; Kretzschmar et al., 

2018). 
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Chapter 4 

Experimental results  

4.1 Cloning  
 

Before the production of proteins, we need to clone our target DNA into a suitable 

backbone vector. Thus, the target PUX domains were firstly amplified by PCR as 

illustrated in Methods. We got a clear and single band for each of the target domains 

(Figure 4). This suggests that the primers and DNA gblocks are working well in the PCR 

amplification. 

We choose to use the GST-containing bacterial expression vector, pGEX6P1, as the 

backbone vector, which proved good for recombinant protein production in our lab. Both 

the pGEX6P1 and our amplified target DNA have a BamHI and NotI restriction cleavage 

site, thus we created blunt ends in both the backbone and target DNA. A following 

ligation process inserted our target DNA into the backbone. We got lots of colonies from 

transformation of ligation product (not shown).  

Next, we used a PCR screen experiment and sequencing to get rid of the false positive 

colonies. A final sequencing process confirmed the successfully cloned of PUX domains. 

We can proceed to the protein production with our cloned plasmids. 
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Figure 4: PCR amplification of PUX domains. Names of the domains are given. 

 

 

4.2 Protein expression and production 
 

 

For the production of our target proteins, we firstly cultured the cells in the expression 

competent cells BL21. IPTG induction triggered the expression of proteins because of the 

Lac operon in BL21 cells. After the overnight protein expression, we harvested and lysed 

the cells, then get the lysate based on the procedures in Methods.   

The pGEX6P1 vector has a GST-tag before our target protein, linked by a 3C protease 

site. Thus, the lysate was firstly purified with a GST-column, followed by an overnight 

cleavage of 3C protease. All the SDS-PAGE results of GST-purification showed an 

insufficient cleavage of GST-tag (Figure 5; Not all purified proteins are shown), either 

due to the low efficiency of 3C protease we have, or the overload of our proteins onto the 

column. Also, we can see that the eluted target proteins are mixed with some uncleaved 

target proteins, and also some GST-tag. (Figure 5). Thus, we used a size-exclusion 
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column to further purify our target proteins. 

The impurity mainly consisted of the uncleaved target proteins and the free GST-tag, 

which makes the size-exclusion column a good method for further purification, as the 

size-exclusion column can divide proteins into different fractions based on their size. All 

SDS-PAGE results of size-exclusion column purification showed a successful division of 

our target protein and the impurity (Figure 6; Not all proteins purified are shown). The 

fractions indicating our target protein can then be concentrated and ready for further 

study. 

In conclusion, we have established a standard purification protocol for the expression and 

purification of GST-tagged proteins in the vector pGEX6P1. Although in some aspects 

this protocol can be improved, the overall protein yield is good, with a highest yield of 

8mg proteins per 1L media. 

 

 

 
 

Figure 5: GST-column purification of PUX proteins. A: SDS-PAGE result of PUX7-UBA. 

B: SDS-PAGE result of PUX2-PUB.  
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Figure 6: Size-exclusion column purification of PUX proteins. A: SDS-PAGE result of 

PUX7-UBA. B: SDS-PAGE result of PUX2-PUB 

 

 

 

4.3 Structural studies  
 

 

To understand the mechanism of PUX-substrate interaction, five crystallization kits were 

used to set up the crystals of with the UBA domains of PUX5, 7 or 10 in complex with 

At-Ubiquitin. However, we failed to obtain crystals in all five crystallization trays. 

Considering the different binding affinity of UBA domain with mono-ubiquitin and poly-

ubiquitin (Wilkinson et al., 2001), we can try the crystallization of UBA with poly-

ubiquitin in future. 

To understand the mechanism of the UBX-CDC48A interaction, six crystallization kits 

were used to set up crystals of the UBX domains from PUX5 and 7 in complex with 

CDC48A. This time, we got good crystals in different shapes, including hexagon, needles 

and others (Figure 7A). However, these crystals did not diffract well ( ~15 Å at best) and 
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hence we could not obtain the 3D structure of UBX-CDC48A complex from these 

crystals. The diffraction problem may be due to an inappropriate way of cryoprotection, 

which we will work to improve in future. Also, we can try other structural determination 

methods, including nuclear magnetic resonance (NMR) (for shorter CDC48A truncates 

with UBX) and Cryo-EM (electron microscope), when crystallization fails. 

Additionally, we found that the ND1 domain of CDC48A, but not full length CDC48A, is 

used in most studies regarding the UBX-Cdc48 interaction (Banchenko et al., 2019; Kim, 

Kang, Suh, & Yang, 2011). Thus, we tried the crystallization again with the ND1 domain 

of CDC48. However, both the quality and quantity of the crystals of the UBX in complex 

with CDC48A-ND1 were worse than UBX in complex with full length CDC48A (Figure 

7B). The best crystals were sent to X-ray diffraction and can reach only up to 10A 

resolution. Similarly, a better cryoprotection method may increase the resolution in X-ray 

diffraction. Also, we can try other structural determination methods, including NMR and 

Cryo-EM, when crystallization fails. 

Finally, we crystallized the PUX2-PUB domain in complex with the C-terminal CDC48A 

for the understanding of PUB-CDC48A-C interaction. No crystals are found in this 

crystallization. This suggests that the solo PUB domain may not be sufficient for binding 

with CDC48A, we will try a different truncate of PUX2 in future study. 
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Figure 7: Crystals of PUX proteins with CDC48A (Upper: Microscope view; Down: UV-

view). A: Crystals of UBX domain with full length CDC48A. B: Crystals of PUX5 UBX 

domain with CDC48A-ND1. 

 

 

 

4.4: Functional studies 
 

4.4.1 UBA domain binds with Monoubiquitin at low affinity  

 

The UBA domain in CDC48 cofactors is a general ubiquitin-interacting domain. Thus, to 

understand the functions of UBA domain in PUX proteins, we first measured the UBA-

Ubiquitin binding affinity by MST. For all three UBA domains we tested, they did not 

show a clear binding with monoubiquitin (Figure 8A). However, all three curves showed 

a binding tendency at the highest UBA concentration (900 µM) (Figure 8A), which 

suggests that the affinity is only very low. We then used ITC to confirm this result, with 
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an increased UBA concentration of 1500 µM. The ITC result showed a weak binding of 

PUX7 UBA with CDC48A, with a Kd of 55 µM (Figure 8B). In conclusion, we showed 

that the UBA domain can bind with monoubiquitin at a low affinity. Whether 

polyubiquitin can bind with UBA domain with higher affinity still need to be tested by a 

similar MST or ITC experiment. 

 

4.4.2 ATP is essential in UBX-CDC48A interaction  

 

The UBX domain in CDC48 cofactors is a general CDC48-interacting domain. As an 

ATPase, ATP is also essential in CDC48’s function. To understand the PUX UBX-

CDC48A interaction and the role of ATP in it, we measured the binding affinity of the 

PUX5 UBX domain with CDC48A, with and without the addition of ATP. When there 

was no ATP in the reaction, the UBX domain did not show a clear binding with CDC48A 

(Figure 9). Conversely, in presence of 50mM ATP and Mg2+, the UBX domain showed a 

binding of 2.5uM with CDC48A (Figure 9). However, the instability of the UBX domain 

caused some aggregation in the reaction, thus this result can still be optimized by a 

different buffer or a different measurement approach such as ITC. In conclusion, we 

showed that the ATP is essential in UBX-CDC48A interaction, and the result is still 

preliminary and our protocol requires further optimization.  
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Figure 8: UBA domain binds with monoubiquitin at low affinity. 

A: MST results of PUX5 (blue), PUX7 (green), PUX10 (red) UBA with monoubiquitin. B: 

ITC result of PUX7 UBA-Monoubiquitin interaction. 
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Figure 9: ATP is essential in UBX-CDC48A interaction. 

The PUX5 UBX-CDC48A interaction without ATP is shown in red. PUX5 UBX-CDC48A 

in the presence of 50mM ATP and Mg2+ is shown in green. 
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Chapter 5 

Concluding remarks  

5.1 Summary  

In this thesis, we have made functional predictions on lesser studied PUX family 

members by comparing them with better known similar adaptor proteins from fungi or 

animals. Thus, we have defined six functional classes of PUX proteins. Although this 

classification might not be the only possible one (for example PUX7, 8 and 9 have 

common features, and might be grouped together), it may serve as a basis for guiding 

experimental research, by transposing knowledge across eukaryotic lineages.   

Toward the experimental characterization, we have established cloning and purification 

protocols for protein fragments from several PUX proteins. The resulting recombinant 

protein domains have enabled us to carry out initial crystallization and functional 

characterization experiments. The preliminary results and observations are now serving 

as a guide for future work. In particular, the optimization of crystallization and storage 

condition is essential for structural determination of PUX proteins, while the functional 

studies with other domains, such as the UAS or SEP domain, will elucidate the role of the 

PUX proteins in the processing of the substrate with CDC48A. 

 

5.2 Future work (planned as PhD thesis)  
 

We will firstly set up UBX-CDC48A crystals of the UBX-CDC48A complex according 
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to the previous protocol and try to repeat the crystals that have the same good quality, 

which then can be used to test different cryo-protection methods. Different batches and 

truncates of the UBX domain can also be tested if all cryo-protection methods fail. At 

last, we will utilize NMR (for PUX domains with shorter CDC48A truncates) and Cryo-

EM if we cannot solve the structure using X-ray crystallography. 

For functional studies, we will need to test polyubiquitin. Given that polyubiquitin is 

difficult to prepare, we will need to purchase commercially synthesized polyubiquitin for 

UBA domain binding experiments. The optimization of reaction system and protein 

quality will hopefully yield better results for UBX-CDC48A interaction. Finally, other 

domains and truncation constructs will be purified for functional studies using MST or 

ITC. Once the intramolecular domain-domain interactions are assessed, they will be 

functionally validated in vitro through experiments in planta. For example, we can test 

the in vitro capacity of PUX5,7 or PUX10 to help CDC48A to recruit and unfold a 

substrate protein. We will also test the colocalization of PUX proteins with CDC48A in 

living plant cells. At last, we can characterize mutant phenotypes of PUX proteins to 

evaluate their roles in plant development. 

By translocating and/or eliminating proteins from various locations in the cell, 

CDC48/p97 serves as a fast-response mechanism to changing conditions and assures a 

healthy proteome in plants, fungi, and animals. PUX proteins emerge as adaptor proteins 

that target CDC48 to several organelles, thereby controlling membrane-associated protein 

translocation and degradation. An enhanced understanding of how the PUX proteins 

allow plants to maintain proteostasis and to adapt to changing conditions may inspire 

novel genetic approaches to enhance desired features in agriculturally important species. 
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Our bioinformatic and experimental work now presents a stepping stone for a 

pluridisciplinary in-depth analysis of PUX proteins and the many ways in which they 

control CDC48A.  
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