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Summary 
To gain a deeper insight on how an organism functions, the complex interplay between 

macromolecules needs to be mapped. A precise regulation of the genetic information 

encoded in DNA by proteins is of utmost importance for the proper functioning of an 

organism. An appropriate transcription, which can be both time and stimuli dependent, 

results in cellular functions that allow for changes in growth, differentiation, division and 

responses to environmental impulses. Furthermore, proteins are essential laborers of 

a biological system and interact with each other, forming complexes and initiating 

signaling cascades for proper biological activity. Different methods exist to unravel the 

identity and location of protein-DNA interactions (PDIs, chapter 1) or to map binary 

and high-throughput protein-protein interactions (PPIs, chapter 2). While the list of PPI 

and PDI analysis tools keeps expanding, there still remains unexplored territory. For 

plant PDIs a gene-centered method is not available yet, making the analysis of a 

specific plant genomic region dependent on ectopic Y1H screens or in vitro methods. 

On the other hand, studying transient PPIs by applying affinity purification is 

challenging as most of the time only the stable components are retrieved and the weak, 

transient interactions are lost.  

In this doctoral research we tackled both shortcomings by testing different strategies 

in analogy with previously reported methods in mammalian cells and yeast. We 

examined three different strategies to develop an in planta gene-centered PDI tool. 

First, we tested a multifunctional T-DNA construct making use of a tagged exogenous 

DNA binding protein and its corresponding DNA binding element for the specific 

isolation of different promoter sequences and its interacting partners (chapter 3). We 

identified the in vivo formaldehyde crosslinking step as the culprit for the pull-down of 

a massif amount of non-specific interactions, making it impossible to retrieve bona-fide 

interactions with mass spectrometry. To avoid crosslinking, we combined the gene-

centered strategy with proximity labeling, allowing in vivo biotinylation and a stringent 

streptavidin-based purification of interacting proteins (chapter 3). Although an initial 

experiment did not result in a desirable outcome, further well-considered adjustments 

specific for the analysis of interactions in the dens nuclear organelle can lead to an 

optimal approach. As a third option, we tested the applicability of CRISPR for the 

endogenous targeting and subsequent isolation of multicopy loci and their proteome 

(chapter 4). Also with this approach we encountered difficulties, however we propose 

that implementing the proximity-based labeling strategy can result in a preferred gene-

centered method for the identification of PDIs in plants. 
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Additionally, we explored different options to reveal weak transient PPIs in plants. We 

validated an in-house developed pull-down technique (AP-MS), identifying the weak 

transient interactions between the anaphase promoting complex (APC) and its mitotic 

substrates (chapter 5). Our data strengthens the hypothesis for a mitotic function of 

the APC co-activator CCS52B and revealed known and new putative APC substrates. 

In addition, we tested if proximity labeling could further expand the CCS52B 

interactome and validate the AP-MS results. 

In conclusion, in this doctoral research we validated different strategies to tackle 

interactomic challenges related to plants. Our data reveals that no single approach is 

superior and is accompanied with minor or major drawbacks. We provide new insights 

in the development of an in planta gene-centered method and report on the 

functionality of a pull-down protocol for elucidating weak transient interactions. We also 

laid a foundation for further research on the mitotic role of the APC co-activators.
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Samenvatting 
Om een beter inzicht te krijgen hoe een organisme functioneert, is het nodig om de 

complexe samenwerking tussen macromoleculen in kaart te brengen. Een preciese 

regulatie van de genetische informatie door eiwitten is van groot belang voor het 

correct functioneren van een organisme. Een correcte transcriptie, die tijds- en stimuli- 

afhankelijk kan zijn, resulteert in cellulaire processen die veranderingen in groei, 

differentatie, celdeling en reacties op omgevingsfactoren toelaten. Bovendien zijn 

eiwitten essentiële arbeiders van een biologisch systeem en interageren ze met elkaar 

om macromoleculaire complexen te vormen en signaalcascades te initiëren voor een 

correct functioneren. Er bestaan verschillende methoden om eiwit-DNA interacties 

(PDI’s, hoofdstuk 1), of binaire en high-throughput eiwit-eiwit interacties (PPI's, 

hoofdstuk 2) te identificeren en te localiseren. Hoewel de lijsten met PDI en PPI 

analysetechnieken blijven uitbreiden, blijft er nog onontgonnen terrein. Er is geen gen-

gecentreerde methode voorhanden om PDI’s te analyseren in planten, waardoor het 

onderzoeken van een specifieke genomische regio van planten afhankelijk is van yeast 

one-hybrid analyses of in vitro toepassingen. Anderzijds is het identificeren van 

tijdelijke en zwakke PPI’s door het toepassen van affiniteitszuivering een uitdaging, 

aangezien vaak enkel sterke interacties behouden blijven tijdens de zuivering en de 

zwakke, tijdelijke interacties verloren gaan. 

In dit doctoraatswerk hebben we beide tekortkomingen aangepakt door verschillende 

strategieën uit te testen, in analogie met eerder gepubliceerde methoden in dierlijke 

cellen en gist. We bestudeerden drie verschillende strategieën voor de ontwikkeling 

van een plantspecifiek gen-gecentreerde PDI techniek. Eerst hebben we het gebruik 

van een multifunctioneel T-DNA construct getest waarbij we een getagd exogeen 

DNA-bindend eiwit en het overeenkomstige DNA-bindingselement aanwenden voor de 

specifieke isolatie van verschillende promoter sequenties en hun interagerende 

partners (hoofdstuk 3). We identificeerden de in vivo formaldehyde crosslinking stap 

als de boosdoener voor het weerhouden van een gigantische hoeveelheid niet-

specifieke interacties waardoor het achterhalen van bonafide interacties met 

massaspectrometrie onmogelijk werd. Om crosslinking te vermijden, hebben we deze 

gen-gecentreerde strategie gecombineerd met proximity labeling, waardoor 

interagerende eiwitten in vivo gebiotinyleerd worden en opgezuiverd worden op basis 

van de sterke affiniteit tussen biotine en streptavidine (hoofdstuk 3). Ondanks een 

initieel experiment niet tot het gewenste resultaat heeft geleid, kunnen toekomstige 

weloverwogen aanpassingen, specifiek voor de analyse van interacties in het dense 

nucleaire organel, leiden tot een optimale aanpak. Als een derde optie hebben we de 
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toepasbaarheid van CRISPR uitgetest voor de endogene targeting en daaropvolgende 

isolatie van multicopy loci en hun proteoom (hoofdstuk 4). Ook bij deze toepassing 

ondervonden we moeilijkheden, maar we postuleren dat in combinatie met proximity 

labeling deze strategie kan resulteren in een krachtige gen-gecentreerde methode 

voor de identificatie van PDI’s in planten. 

Daarnaast hebben we verschillende opties onderzocht om zwakke, tijdelijke PPI's in 

planten te onthullen. We hebben een in eigen huis ontwikkelde techniek voor 

affiniteitszuivering (AP-MS) gevalideerd, door zwakke, tijdelijke interacties te 

identificeren tussen het anaphase promoting complex (APC) en zijn mitotische 

substraten (hoofdstuk 5). Onze data versterkt de hypothese voor een mitotische 

functie van de APC co-activator CCS52B en onthult gekende en nieuwe mogelijke 

APC substraten. Daarnaast zijn we ook nagegaan of proximity labeling het CCS52B 

interactoom verder kon uitbreiden en of het de AP-MS resultaten kon valideren. 

Concluderend, in dit doctoraatswerk hebben we verschillende strategieën gevalideerd 

om interactomic uitdagingen met betrekking tot planten aan te pakken. Onze resultaten 

tonen aan dat geen enkele toepassing superieur is en dat het gepaard gaat met kleine 

of grote nadelen. We bieden nieuwe inzichten aan in de ontwikkeling van een 

plantspecifiek gen-gecentreerde methode en rapporteren over de functionaliteit van 

een pull-down protocol voor het ophelderen van zwakke, tijdelijke interacties. We 

hebben ook een basis gelegd voor verder onderzoek naar de mitotische rol van de 

APC co-activators. 
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Abstract 

Transcription regulation is the most important biological function of a cell and is 

primarily controlled by TFs and other regulatory proteins who interact with proximal 

and distal regulatory regions on the genome. Unraveling the identity and location of 

these transcription regulators is of utmost importance to understand an organism. 

Different tools exist to analyze protein-DNA interactions (PDIs), either focusing on the 

DNA binding protein or exploring the protein interactome of a specific genomic locus. 

In this chapter an overview of these different techniques is given along with 

advantages, challenges and some successful applications in different species.   
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Introduction 

A precise regulation of the genetic information encoded in DNA is of utmost importance 

for the proper functioning of an organism. An appropriate transcription, which can be 

time and stimuli dependent, results in cellular functions that allow for changes in 

growth, differentiation, division and responses to environmental impulses. The basis of 

this important regulation is the sequence-specific binding of proteins on DNA. These 

protein-DNA interactions (PDIs) are essential and mutations in one of the two 

interaction partners can lead to severe malfunctioning of the organism. Unraveling 

these PDIs is therefore of great value to understand gene regulation. 

Transcription is regulated by the interplay of different DNA binding proteins (DBPs) 

(Carlberg and Molnár, 2014). Transcription factors (TFs) directly bind DNA at specific 

sequence motifs present in promoter regions or in distal cis-regulatory elements 

(CREs) like enhancers. When bound, a TF will initiate a cascade of DBP recruitments 

influencing transcription in two ways. One cascade leads to the rearrangement of the 

chromatin, the other results in transcription activation. TF-based recruitment of co-

activators (or co-repressors), like chromatin remodeling complexes and histone 

modifiers, helps to rearrange chromatin. Histone modifiers are responsible for the post 

transcriptional modifications on the N-terminal tail of histones. Depending on the 

modification and the position on the tail, transcription is activated or repressed (Hsieh 

and Fischer, 2005; Li et al., 2007). These modifications form a histone code that is 

recognized by chromatin remodeling complexes. A well-known plant chromatin 

remodeling complex is the SWI/SNF complex (Pfluger and Wagner, 2007). This 

complex weakens histone-DNA interactions via ATP hydrolysis, resulting in the shift or 

displacement of nucleosomes. This can lead to the formation of euchromatin, a less 

compact form allowing accessibility of cis-regulatory elements, or the formation of 

heterochromatin, a compact form associated with inactive genes. Secondly, TFs recruit 

the general initiation factors and DNA-dependent RNA polymerase II (POL II) to the 

regulatory TATA-box element leading to the formation of the pre-initiation complex 

(PIC) and the start of transcription (Nikolov and Burley, 1997). Another important 

protein complex involved in transcription regulation is the mediator complex. This co-

activator complex forms a bridge between TFs that bind distal cis-regulatory elements 

and the promoter region with the associated PIC (Szutorisz et al., 2005). Figure 1 

displays an overview of the different components needed for transcriptional regulation. 

It is clear that the chromatin proteome is a complex interplay of different proteins and 

complexes resulting in the specific regulation of the genetic code.  
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TFs are the key regulators of transcription. Identifying them and their specific target 

genes is crucial to understand the genetic regulation of an organism. From the year 

2000 on, several groups attempted to identify the collection of TFs of many plant 

species (Riechmann et al., 2000; Riano-Pachon et al., 2007; Richardt et al., 2007; 

Mochida et al., 2009; Romeuf et al., 2010; Mochida et al., 2013; Jin et al., 2017) which 

are all documented in the publicly available plant TF database PlantTFDB 

(http://planttfdb.cbi.pku.edu.cn/). Based on protein sequences, DNA binding domains 

(DBD) and Chromatin Immunoprecipitation (ChIP)-seq data, TFs have been identified 

and classified in different families. At this moment, 320,370 TFs from 165 plant species 

have been identified and classified in 58 TF families (Jin et al., 2017). For Arabidopsis 

1,770 transcription factors have been identified and grouped in 50 different families 

(Yilmaz et al., 2011). However, the associated consensus binding sites for many of 

these TFs remain largely unknown and as a consequence the function and target 

genes stay uncharacterized.  

Identifying protein-DNA interactions could help to establish a link between TFs and cis 

regulatory elements. The techniques used for the identification of PDIs can be divided 

in two groups, the transcription factor centered and the gene-centered ones. TF-

centered techniques identify the DNA loci that are bound by the TF proteins. Gene-

centered techniques on the other hand identify the proteins binding to a specific DNA 

locus. In this chapter an overview of these different techniques is given along with 

advantages, challenges and some successful applications in different species.  

Figure 1: Components of the transcriptional regulation. a) Position of different DNA binding elements essential for 
transcriptional regulation. TSS: transcription start site. b) The different proteins and complexes that are needed for initiation 
of transcription.  Pol II: RNA polymerase II. TBP: TATA-box binding protein. Figure adopted from Carlberg and Molnár, 2014.  
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TF-centered tools 

TF footprinting 

DNase I footprinting is a quick and easy way to determine TF occupancy and 

identification of cis-regulatory elements (motifs) in the genome. Active regulatory 

regions bound by TF’s have a more open DNA structure which makes it accessible for 

DNA nucleases like DNase I. These hypersensitive regions will be cut by the DNase I 

in to small pieces, which can be sequenced and aligned to the genome to determine 

the genomic footprint. Within these hypersensitive regions some sites will have a lower 

sequencing level, indicating the binding of a TF. TF binding will prevent the DNase I 

from cutting, leaving marks in the hypersensitive region that represent the binding 

motifs (figure 2). If one has a possible TF candidate for the identified binding motif, 

DNase I footprinting can again be applied to confirm this assumption. To do this, the 

candidate TF is added to a synthetic DNA sequence representing the hypersensitive 

region. Adding DNase I to this mixture will lead to the cutting of the DNA sequence 

with exception of the TF-DNA interaction location. This will result in a mixture of 

different DNA sequence lengths that can be visualized on a DNA gel. The area where 

there is an interaction will result in a blind spot on the gel. DNA without the potential 

binding TF is used as a control. Performing this DNase I footprinting under different 

conditions can also shed light about the specific TF-DNA interaction requirements.  

A genomic DNase I footprinting experiment has been applied for rice (Zhang et al., 

2012), where they observed that most hypersensitive regions were located in the area 

of a promoter and that some hypersensitive regions were tissue specific. Similar results 

were obtained in Arabidopsis thaliana (Zhang et al., 2012). Combining the genomic 

Arabidopsis DNase I hypersensitive regions with ChIP-seq data revealed a nice 

overlap indicating that these hypersensitive regions are putative regulatory elements. 

An alternative footprinting strategy has been developed, called assay for transposase-

accessible chromatin using sequencing (ATAC-seq), which not only elucidates TF 

binding sites but also the occupancy of nucleosomes (Buenrostro et al., 2013). ATAC-

seq uses a prokaryotic transposase, Tn5, loaded with adapters for high-throughput 

DNA sequencing, to fragment and label active genomic regions. Subsequent 

amplification and NGS allows identification of these active regions, TF binding sites 

and nucleosome positions. Combining this transposase strategy with NGS results in a 

faster and cheaper footprinting protocol using a limited amount of cell material 

compared to DNase I footprinting. Recently a protocol for ATAC-seq on isolated plant 
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Figure 2: Schematic description of DNase I footprinting. Hypersensitive regions will be cut by the DNase I in to small pieces, 
which can be sequenced and aligned to the genome to determine the genomic footprint. Within these hypersensitive regions 
some sites will have a lower sequencing level, indicating the binding of a TF 

nuclei has been reported and has been used for mapping accessible chromatin regions 

in different plant species (Bajic et al., 2018; Maher et al., 2018). 

TF footprinting is an easy and straightforward approach to validate TF-DNA 

interactions but it has been shown that TFs with a short DNA residence time have no 

footprints (Sung et al., 2014). Therefore, TF footprinting is a good option to determine 

the genomic footprint, identifying active cis-regulatory DNA and visualizing the binding 

of stable TF-DNA interactions. But additional techniques are needed to determine the 

complete transcription regulatory network of an organism. 

 

 

 

 

 

 

 

 

 

Systematic Evolution of Ligands by Exponential Enrichment  

Systematic Evolution of Ligands by Exponential Enrichment (SELEX) (Tuerk and Gold, 

1990; Gijs et al., 2016) entails an in vitro screening technique where a group of random 

30 to 80-mer DNA-sequences is tested for binding with a specific protein. Iterative 

rounds of binding, separation and amplification are performed to isolate the DNA 

sequences with high affinity and specificity. A library of up to 1016 unique sequences 

is first incubated with the protein of interest, followed by separation of the bound 

sequences from the unbound sequences. This critical step can be achieved by 

immobilizing the protein on magnetic beads or by fusing it to an affinity tag. Also EMSA 

(electro mobility shift assay) can be applied for the isolation of bound sequences. The 

next step is the elution of the bound sequences from the protein and amplification via 

a polymerase chain reaction (PCR) to generate an enriched pool of sequences for the 

next selection round. Typically, 10 to 15 rounds of selection are performed to isolate 
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Figure 3: Overview of the most often used variations on the basic SELEX protocol to select new binding motifs. Consecutive 
rounds of binding, separation and amplification results in the identification of a final pool of aptamers binding the target. 
Different targets and nucleic acid pools can be applied, as well as different strategies to perform separation and amplification. 
Figure adapted from Gijs et al., 2016. 

high affinity sequences. These DNA sequences are then identified via next generation 

sequencing.  

SELEX is a useful in vitro technique when working with highly purified proteins that 

bind strongly and with a high specificity to their DNA-binding motif. This requirement 

cannot always be fulfilled by the protein of interest. Also the obtained DNA sequences 

are rather a prediction since SELEX is performed outside the native context of the 

protein. An in vivo validation, like Chromatin Immunoprecipitation (ChIP) is therefore 

recommended. 

SELEX is not only used for identification of protein-DNA interactions. Small molecules, 

viruses, whole cells and tissues can be used for DNA sequence selection. Also random 

RNA sequences or fractionated genomic DNA can be used. Figure 3 displays an 

overview of all possible modifications to SELEX. 

 

 

 

 

 

 

 

 

 

 

 

 

SELEX has been used for identification of the DNA binding sites of different plant TF’s. 

45 DNA binding motifs identified via SELEX can be found in the open source JASPAR 

database. Liang et al. used SELEX to identify the consensus binding motif of the plant 

SBP Domain Transcription Factor AtSPL14 (Liang et al., 2008). He isolated 20 dsDNA 

sequences capable of binding AtSPL14, all containing a core sequence of “CCGTAC”. 

Also the binding sites of the Arabidopsis class I TCP proteins; which are developmental 
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regulators that influences the growth of leaves, stems and petioles, and pollen 

development; was specified by SELEX (Viola et al., 2011). Even more, they could show 

that all of the class I TCP proteins bind the binding site of the type GTGGGNCCNN, 

except for TCP11 that showed a preference for the sequence GTGGGCCNNN. All 

interactions were validated by performing an electrophoretic mobility shift assay 

(EMSA) and Yeast 1-hybrid (Y1H) assays. 

Protein binding microarray 

When a big amount of DNA binding proteins need to be analyzed, SELEX becomes 

time-consuming. An alternative exists, called protein binding microarray (PBM) 

analysis (Andrilenas et al., 2015). Recombinant TF’s labeled with a tag are loaded on 

a microarray which contains random synthetic double-stranded DNA fragments. 

Binding of the TF on its corresponding binding motif can be visualized by a fluorescent 

labeled anti-tag antibody, producing the final spot intensity image. Aligning the 

corresponding dsDNA sequences will result in the identification of the binding motif. 

Because the density of dsDNA sequences can vary per spot and microarray, a control 

experiment is necessary. Here a second fluorescent signal is detected, originated from 

a dsDNA-specific fluorescent dye like Sybrgreen I or Cyanine 3 (CY3) linked to dUTP 

(Wang et al., 2011). These signals of density are then subtracted from the TF binding 

signals, resulting in normalized signal intensities (figure 4). 

One drawback of PBM is the limited amount of binding motif that can be present on 

one chip. To circumvent this, microarrays are developed containing dsDNA fragments 

build up by overlapping binding motifs. PBM11 is such an example containing at least 

four times more sequences than previous PBMs (Godoy et al., 2011). PBM11 contains 

all possible 11-mer double-stranded oligonucleotide combinations that could be 

recognized by any TF, as well as all lower order k-mers (i.e. 6-mers, 7-mers, etc.). 

Because of its large number of dsDNA sequences, PBM11 is highly fit for high-

throughput analysis of any eukaryotic TF. Godoy used PBM11 to identify the binding 

sites of MYC2 (G-box) and ERF1 (GCC-box). Not only the highest-affinity binding sites 

were identified, also variants with lower affinity were detected. Many more PBM 

analysis were executed for plant TFs and the results are brought together in an open 

source database called UniPROBE (Hume et al., 2015).  
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DNA-Protein Interaction ELISA  

An alternative for PBM is DNA-Protein Interaction ELISA (DPI-ELISA), specifically 

developed for automation (Brand et al., 2013). Here a 96 or 384 well microtiter plate 

with streptavidin-coated wells is used instead of a microarray. Biotinylated dsDNA 

fragments are individually immobilized in the wells after which HIS-epitope tagged DNA 

binding proteins are added. Binding is visualized via photometric detection, similar to 

PBM. As validation of this new screening strategy, they confirmed the interaction 

between the well-characterized Arabidopsis WRKY11 DNA-binding protein with the 

high affinity W-box TTGACY binding motif. They also were able to identify the 

consensus DNA binding element for the uncharacterized DBP, AtTIFY1. 

 

Figure 4: Schematic description of PBM. In a first step high-density dsDNA microarray’s are produced. Secondly, a pool of 
purified TF protein of interest tagged with an epitope is allowed to bind directly to the microarray’s. After removing unbound 
proteins, a fluorophore-conjugated antibody specific to the epitope is added to bind the TF’s residing on the microarray. To 
confirm the reproducibility of dsDNA microarray detection, the experiments are performed in triplicate. To eliminate the 
influence of the density of dsDNA probes a second fluorescent signal is detected, originated from the dsDNA-specific 
fluorescent dye Sybrgreen I.  These signals of density are then subtracted from the TF binding signals, resulting in normalized 
signal intensities. Figure adopted from Wang et al. 2011 
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DNA affinity purification sequencing 

Another high-throughput TF-DNA-binding assay is DNA affinity purification sequencing 

(DAP-seq) (O'Malley et al., 2016; Bartlett et al., 2017). This technique uses in vitro 

expressed affinity-tagged TFs to capture genomic DNA sequences, followed by next 

generation sequencing (NGS) allowing for the generation of a genome-wide binding-

site map. In a first step, genomic DNA is fragmented and ligated to sequencing 

adaptors, generating a genomic DNA library. In parallel, a TF of interest fused to an 

affinity tag is expressed in vitro and isolated using the appropriate affinity resin. 

Subsequently, the immobilized TF is combined with the genomic DNA library allowing 

sequence-specific binding. After removal of unbound DNA sequences, bound DNA 

fragments are released, amplified, sequenced and mapped on the genome. One DNA 

library can be applied for several DAP-seq experiments, and in combination with the 

high throughput in vitro expression of a library of TF open reading frames (ORFs), high 

throughput DAP-seq analyses can rapidly generate a genome wide overview of TF 

binding sites, also called a cistrome. DAP-seq analysis of 529 Arabidopsis TFs resulted 

in a cistrome which highly matches with previously in vivo identified TF binding sites 

(O'Malley et al., 2016). Another advantage of DAP-seq is that the influence of 

epigenetic DNA modifications (e.g. methylation) on TF binding can be assessed by 

generating a PCR amplified DNA library (ampDAP-seq) where all DNA modifications 

are removed. Comparison of both Arabidopsis libraries revealed that of the 529 TFs 

assayed with DAP-seq, more than 70% is sensitive for DNA methylation (O'Malley et 

al., 2016). In that regard, different tissues contain different DNA modifications and 

comparison of these tissue-specific genomes can further elucidate the epicistrome of 

an organism. Overall, this technique can be used for every organism for which the 

genome is sequenced and has recently been applied in bacteria, maize and 

Eucalyptus (Galli et al., 2018; Brown et al., 2019; Cao et al., 2020; Zhang et al., 2020). 

Chromatin immunoprecipitation  

Although one can easily predict which DNA binding motif is specific for a TF of interest 

with previous mentioned in vitro methods, it does not give any information about the 

endogenous regulating function of the TF. Therefore, additional in vivo analyses should 

be performed to obtain relevant interactomics data. The most well known and most 

used in vivo TF-centered method is chromatin immunoprecipitation (ChIP) (Park, 2009; 

Collas, 2010).  

ChIP allows for the isolation of a TF together with its target sequences. The different 

steps of ChIP are presented in figure 5. First the in vivo interactions are fixated by 
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cross-linking (usually performed by formaldehyde) where after the cells are lysed and 

nuclei are isolated. Chromatin is fragmented via sonication and afterwards the TF is 

purified with the covalent bound target sequences via immunoprecipitation. Once the 

complexes are isolated, fixation of the interactions is reversed so that the target 

sequences can be purified and analyzed. Analysis of the purified DNA can be done on 

a genomic DNA-microarray (chip), although using a chip is completely outdated with 

the development of next-generation sequencing (NGS). 

 

 

 

 

 

 

 

 

 

 

 

 

 

ChIP has one important aspect that allows to capture in vivo interactions; the fixation 

of protein-DNA interactions by cross-linking. This covalent binding allows for 

purification without losing the interaction during the process. Many cross-linking agents 

exist but only a few can be applied for ChIP. It is important that the cross-linking agent 

is able to fixate protein-DNA interactions, and that this fixation can be reversed to allow 

the isolation of the bound DNA sequence. Furthermore, the cross-linking should not 

have a negative effect on the efficient purification of the protein-DNA complex. 

Formaldehyde (CH2O) is one of the few cross-linking agents that meets these 

requirements. It fixates protein-DNA interactions but also protein-protein and protein-

RNA interactions, as long as these macromolecules are in close proximity of within 2Å. 

Formaldehyde reacts with amino and imino groups of amino acids (lysine, arginine and 

Figure 5: Schematic description of ChIP. In vivo interactions are fixated by cross-linking. Chromatin is fragmented via 
sonication and afterwards the TF is purified with the covalent bound target sequences via immunoprecipitation. Once the 
complexes are isolated, fixation of the interactions is reversed so that the target sequences can be purified and analyzed on 
a genomic DNA-microarray (chip) or via next-generation sequencing (NGS). 
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histidine) and DNA. This results in an intermediate Schiff base that further reacts with 

a second amino group to form the final condensed covalent binding (figure 6). To 

reverse the cross-linking one can simply heat up the sample.  

 

 

 

 

 

 

 

To perform a successful ChIP experiment, a highly specific antibody against the protein 

of interest is needed. The antibody must be able to recognize the target protein in its 

native chromatin-associated context after fixation. Alternatively, affinity purification can 

be performed upon overexpression of a tagged TF. Another technical challenge to 

obtain a proper NGS analysis, is the requirement of a DNA yield around 10 ng, which 

highly depends on the DBP. For example, when analyzing a common DBP, like a 

histone (or histone modification), a lower amount of input material is needed compared 

to a sequence-specific TF, to obtain similar DNA yields. Contamination of unbound 

DNA sequences during immunoprecipitation is one more obstacle that leads to the 

identification of false positives and missing out lower affinity sites (false negatives). 

Therefore, an alternative ChIP-seq approach has been developed implementing 

strand-specific 5′-3′ degradation by lambda exonuclease (ChIP-exo) (Rhee and Pugh, 

2011; Matteau and Rodrigue, 2015; Rossi et al., 2018). The exonuclease removes 

non-cross-linked DNA and trims immunoprecipitated DNA sequences up to the cross-

linked TF. As a result, ChIP-exo provides a genome-wide and high resolution set of TF 

binding sites.   

ChIP is the standard method for genome-wide detection of binding regions of TFs. In 

principal ChIP-seq can be applied to all species of which the genome sequence is 

completed. Plant ChIP experiments are mainly performed in Arabidopsis and different 

protocols have been published (Kaufmann et al., 2010; Zhu et al., 2012). Deng et al. 

identified 505 target genes of the flowering locus C (FLC) with ChIP-seq and 

determined the consensus sequence to be CCAAAAAT(A/G)G in Arabidopsis (Deng 

et al., 2011). In Zea mays ChIP-seq data combined with RNA-seq data revealed 35 

Figure 6: Formaldehyde cross-linking reaction. Formaldehyde reacts with amino and imino groups of amino acids. This 
results in an intermediate Schiff base that further reacts with a second amino group (e.g. of DNA) to form the final covalent 
cross-linked product. 
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opaque 2 (O2)-modulated target genes containing 4 different binding motifs (Li et al., 

2015), and also for rice a ChIP-seq protocol exists (Zhu et al., 2012). ChIP experiments 

in tree species still remains a major challenge because of their thick cell wall layer. But 

in 2013 Lin et al. established a robust ChIP assay using Populus trichocarpa 

protoplasts from stem-differentiating xylem to validate a TF-DNA interaction involved 

in wood formation (Lin et al., 2013; Li et al., 2014).  

Tandem chromatin affinity purification  

As mentioned before, a successful ChIP-seq experiment relies on the efficient 

enrichment of DNA target regions using highly specific antibodies. However, ChIP-

grade antibodies are not available for every DBP. Therefore, one-step affinity 

purification has been applied using a tagged version of the DBP of interest. Although 

successful one-step purifications have been performed (Kaufmann et al., 2010; Deng 

et al., 2011; Li et al., 2015), the signal-to-noise ratio is rather low. To increase signal-

to-noise ratios, tags with very high affinity, such as in vivo biotinylation, were tested 

(Viens et al., 2004; van Werven and Timmers, 2006). The binding between biotin and 

streptavidin represents one of the strongest non-covalent interactions known (Kd = 10-

15 M). The superior strength of the biotin–avidin interaction allows for more stringent 

washing conditions during the ChIP protocol, resulting in a better signal-to-noise ratio. 

However, biotin is an essential cofactor in plants and histones are naturally 

biotinylated, making it a suboptimal tag for TF localization studies in plants. Therefore, 

our research group developed a tandem chromatin affinity purification technique 

(TChAP) leading to reduced nonspecific biotin background signals and retaining the 

stringent washing step during the biotin-avidin interaction (Verkest et al., 2014). An 

added advantage of the stringent affinity purification is that contamination of plastid 

DNA is lacking which makes nuclei isolation unnecessary. 

The tag contains a biotinylated peptide flanked by a repeat of 6 times histidine (HBH) 

and is compatible with formaldehyde cross-linking. As in a standard ChIP protocol the 

cross-linked cells are lysed and chromatin is sheared via sonication. A first affinity 

purification step is performed with a nickel-charged affinity resin to capture the 

polyhistidine sequences. After several washing steps, removing the endogenous 

biotinylated proteins, the affinity of micromolar range is then relinquished by adding an 

excess of imidazole. The second affinity step uses streptavidin-sepharose beads. More 

stringent washing steps can be applied here to obtain a very pure DNA yield for 

subsequent NGS. 
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As a proof of principle, the E2Fa TF activator was analyzed via TChAP. E2Fa is a key 

regulator in the G1-S phase transition during cell cycle in plants (Inze and De Veylder, 

2006). The E2Fa DNA binding motif determined by Vandepoele in 2005  (TTTCCCGC) 

is overrepresented in cell cycle, DNA replication, DNA repair and chromatin structural 

genes like origin of replication complex 1b (ORC1b), chromosome transmission fidelity 

18 (CTF18), and E2F target gene 1 (ETG1) (Vandepoele et al., 2005). By performing 

TChAP on the E2Fa TF we were able to identify 42% of the E2Fa-regulated genes. 

Although the yield was low compared to ChIP and single step chromatin affinity 

purification (ChAP), TChAP showed the highest enrichment of E2Fa regulated genes, 

indicating a high signal-to-noise ratio. To obtain enough DNA yield for sequencing, 

starting cell material should be 3-fold higher than for ChIP. Applying TChAP in cell 

suspension culture ensures for an unlimited supply of cells, but optimizations should 

be considered when switching to plants. 

ChIP with selective isolation of chromatin-associated proteins  

Another alternative for ChIP-seq is ChIP with selective isolation of chromatin-

associated proteins (ChIP-SICAP) (Rafiee et al., 2016). Similar to TChAP, ChIP-

SICAP uses a two-step purification of a protein of interest to obtain a high signal-to-

noise ratio. Also here the strong interaction between biotin and avidin is used to obtain 

a highly purified protein-DNA complex. The difference however lies within the two 

purification steps. Both steps have a different target, meaning that during the first 

purification step the protein of interest is immuno-precipitated, while the second 

purification steps targets the bound DNA which is end labeled with biotin. Figure 7 

displays an overview of the different ChIP-SICAP steps. 

ChIP-SICAP is an efficient tool for effectively removing common contaminants allowing 

for high-quality NGS and at the same time MS to identify chromatin-bound partners of 

the bait protein. However, the need for a ChIP-grade antibody during the first affinity 

step creates the limitation of analyzing only well-known chromatin associated proteins. 

Also the two-step purification ensures for a lower yield whereby higher input material 

is necessary and very low-abundant proteins will not be detected with MS. 
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Electrophoretic mobility shift assay 

To identify the DNA binding motif and target genes of a specific TF, previously 

mentioned techniques can be applied. Once identified, these interactions should be 

validated by a second, independent TF-centered method or by an electrophoretic 

mobility shift assay (EMSA). This technique is based on a simple concept: ‘a protein-

DNA complex will migrate slower during electrophoresis then the DNA sequence itself’ 

(Lane et al., 1992; Schwechheimer et al., 1998; Hellman and Fried, 2007). Once the 

protein-DNA interaction is identified, the recombinant protein can be mixed with a pool 

of labeled target DNA sequences, followed by electrophoresis. Migration retardation of 

the labeled DNA will occur when there is binding between the two and thus a shift to 

higher molecular weight. As a negative control, only the labeled DNA sequence is 

loaded on the gel. Migration retardation can further be influenced by the number of 

proteins that bind one DNA sequence, the protein charge and the bending of the DNA 

during protein binding. 

EMSA can also be applied to determine the essential base pairs for binding upon a 

target sequence by analyzing mutated target sequences. When essential base pairs 

are mutated, binding will not occur, leading to a loss of migration retardation. Schramm 

et al. affirmed in this way the binding of DREB1B and DREB2A/B on the HsfA3 

promoter and confirmed the presence of the corresponding DRE1 and DRE2 binding 

Figure 7: Schematic representation of ChIP-SICAP. Similar to a ChIP experiment, DNA proteins are crosslinked by 
formaldehyde, and fixed chromatin is sheared to small fragments by sonication (1). Following immunoprecipitation with a 
suitable antibody (2), DNA is biotinylated by TdT and biotin-ddUTP (3). The antibody is denatured by SDS (4), and chromatin 
is retrieved along with interacting proteins on streptavidin beads (5). Following extensive washing (6), isolated chromatin 
fragments are heated to reverse the crosslinks (7). Finally, proteins are digested and identified by mass spectrometry 
(8).Figure adapted from Rafiee et al., 2016. 
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elements in Arabidopsis thaliana (Schramm et al., 2008). Alternatively, one can 

execute a footprinting analysis as explained above.  

Gene-centered tools 

TF-centered techniques are ideal when defining the transcription regulatory mode of 

action of a specific TF. Many successful examples can be found back in literature. But 

when an unknown protein is causing a certain transcriptional outcome, the research 

possibilities abate. Instead of putting the TF or protein at the center, the focus shifts 

towards the transcriptionally regulated gene. The gene, and more importantly the cis 

regulatory elements, will serve as a bait to capture the binding proteins. To do so, 

different gene-centered methods have been developed and will be discussed in detail.    

DNA affinity chromatography 

A first approach is by immobilizing synthetic DNA strands on a solid support like 

sepharose or magnetic beads, followed by incubation with a cell lysate or nuclear 

extract (Gadgil et al., 2001; Lambert et al., 2012). The immobilized DNA strands work 

as affinity probes and will specifically enrich for associated proteins. Including several 

washing steps will diminish the nonspecific binding proteins, and after elution the 

interacting proteins can be identified via mass spectrometry. Despite the different 

washing steps, a lot of false positive proteins are being co-purified. To circumvent this 

problem, quantitative proteomics have been applied (Mittler et al., 2009), or the usage 

of nonspecific or mutated DNA sequences (Gadgil et al., 2001; Kwon and Chung, 

2004). 

In Arabidopsis thaliana an interactor of the single-stranded telomeric repeat was 

identified using DNA affinity chromatography (Kwon and Chung, 2004). A single 

stranded (TTTAGGG)6 oligodeoxyribonucleotide was used as a bait and incubated 

with an Arabidopsis extract. To lower the background proteins, the extract was pre-

incubated with nonspecific single-stranded oligonucleotides. After elution in SDS-

PAGE sample buffer, a MALDI-TOF MS analysis was performed identifying the single-

stranded telomere binding protein 1 (STEP1). They also showed via EMSA that STEP1 

is a plant specific binder of the single-stranded telomeric repeat, lacking any binding 

with human and C. elegans single-stranded telomeric repeats and the double stranded 

plant telomere sequence. In 2012 DNA affinity chromatography has been applied to 

identify TFs responsible for the activation of the high light and redox sensitive LHCB2.4 

gene (At3g22840) (Shaikhali et al., 2012). A 144-bp promoter fragment was used to 

capture interacting TFs from high light-treated plants. Subsequent Q-TOF MS analysis 
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revealed the binding of the bZIP16 TF on the promoter fragment, which was validated 

by EMSA. 

Protein microarray 

Next to the protein binding microarrays where a DNA microarray is used to identify 

target sequences of a specific protein, protein microarrays exist to reveal interaction 

with a specific DNA sequence. A microarray containing a hundred or thousands of 

proteins can be applied to identify DBP for a specific labeled DNA sequence (Chen 

and Zhu, 2006; Tao et al., 2007; Xie et al., 2011). Similar to PBM, unbound DNA is 

removed by washing steps and bound DNA is visualized with a fluorophore like CY3 

(figure 8). A Cyc5-labeled mutant DNA probe can be used to correct for non-specific 

biding. 

Protein microarrays can also be used to analyze protein-RNA, protein-lipid, protein-

metabolite, protein-antibody and protein-protein interactions. Identifying substrates of 

enzymes via protein microarrays as well belongs to the possibilities (Zhu and Snyder, 

2003). The first Arabidopsis protein microarray was developed by Gong et al. and 

contained 802 TF’s (Gong et al., 2008). He demonstrated the utility for identification of 

TF-DNA and TF-protein interactions. 49 new TFs were identified belonging to the 

AP2/ERF family binding the GCC box and DRE element. They also identified four 

previously unknown binding proteins of the HY5 TF which were validated by a yeast 

two-hybrid (Y2H) assay. 

 

 

 

 

 

 

 

 

 

 
Figure 8: Schematic description of protein microarray. Green star = Cy3, Red star = Cy5. Figure adapted from Xie et al., 2011.  
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Yeast one-hybrid 

The most well-known and most applied gene centered technique for plant protein-DNA 

interactions is yeast one-hybrid (Y1H) (Deplancke et al., 2004; Reece-Hoyes and 

Marian Walhout, 2012). This technique includes two components. The first component 

is the bait construct containing the DNA sequence of interest, mostly repeats of a cis 

regulatory element (CRE) or a short promoter sequence instead of a full promoter 

sequence. This DNA bait is followed by a gene encoding for a reporter protein. The 

second component is an expression construct encoding for a prey TF fused to a yeast 

transcription activator domain (AD). Binding of the prey TF on the bait DNA will lead to 

transcription of the reporter and hence the detection of a positive interaction (figure 9).  

The most frequently used reporter genes are HIS3 and beta-galactosidase. HIS3 is a 

component of the histidine biosynthesis pathway, enabling yeast to grow in the 

absence of exogenously supplied histidine. When HIS3 is expressed in his3 mutant 

yeast, colonies will grow on medium lacking histidine, indicating an interaction between 

the TF and DNA bait. This is in contrast with the beta-galactosidase reporter where all 

colonies will grow regardless of the interaction, but need to be tested colorimetrically. 

Upon interaction, beta-galactosidase will convert the colorless X-gal to 5,5'-dibromo-

4,4'-dichloro-indigo, a blue compound. This makes HIS3 an easier option as a positive 

reporter for high-throughput screens. Usually both positive reporters are combined in 

a Y1H screen, allowing a first selection for HIS3 expression and followed by a 

colorimetric test with X-gal. Only colonies that score positive for both reporters are 

considered for further analysis. Also auto-activation can occur, where the bait report 

construct is activated on its own in yeast. Yeast strains without prey construct can be 

assayed for auto-activation using the positive reporter HIS3 and its inhibitor 3AT. In 

this case, auto-activation is attenuated by adding 3AT. Subsequently, protein-DNA 

interactions that activate reporter expression at a level that is higher than the auto-

activity will eventually lead to growth on medium lacking histidine. Alternatively, one 

can use URA3 as negative and positive reporter system (Yanai, 2013). In a first step, 

yeast strains only containing the bait construct are plated on a selective medium 

containing 5-fluoro-orotic acid (5-FOA). When there is auto-activation, the protein 

product of URA3 (Orotidine 5'-phosphate decarboxylase) will convert 5-FOA into a 

toxic compound, killing all yeast cells with auto-activating bait construct. Consequently, 

only non-auto-activating yeast strains remain for transformation with prey constructs. 

Upon binding, URA3 expression will allow growth on medium lacking uracil. (figure 9). 
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For the prey constructs one can choose to screen a cDNA library or a TF library. 

Although cDNA libraries are available for almost all organisms, these are poor 

candidates to assess protein-DNA interactions in a Y1H screen. TFs account for only 

5% to 10% of an organism’s protein-coding genes and they are generally expressed 

at low level. Therefore, cDNA libraries encode a very low amount of TFs, making the 

Y1H screen inefficient and time consuming. TF libraries would be a better option but 

making them is not straightforward. Based on the presence of structural protein 

domains and amino acid sequence, potential TFs are identified from the proteome and 

the corresponding open reading frame has to be individually cloned from a cDNA 

source. Though TF libraries are available for some organisms, including Arabidopsis 

thaliana and maize (Mitsuda et al., 2010; Castrillo et al., 2011; Burdo et al., 2014), 

these libraries are far from complete and may include incorrect ORFs due to a 

suboptimal TF prediction strategy. In recent years robot-assisted screens have been 

developed where arrays (e.g. 96 well plates) of prey constructs are being tested 

(Gaudinier et al., 2011; Reece-Hoyes et al., 2011; Taylor-Teeples et al., 2015). The 

Figure 9: Workflow of yeast one-hybrid (Y1H). Figure adapted from Xie et al., 2011. 
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advantage is that it is less time consuming and there is no need for sequencing of 

positive clones as the identity of the prey construct per well is already known. 

Prey proteins are fused to an AD, usually the yeast GAL4 AD including a nuclear 

localization signal (NLS). It was shown that the AD of GAL4 can be separated from its 

DNA binding domain and retain its function (Brent and Ptashne, 1985). When the GAL4 

AD was fused to other proteins, the activating function remained even when it was 

fused to a repressor (Ma and Ptashne, 1988). This however means that a Y1H screen 

can only determine the binding capacity of a TF for a specific DNA sequence but the 

regulatory function of the TF cannot be identified. Another disadvantage is that this is 

a binary system, identifying interaction of one protein at a time. This means that TFs 

that work as multimers are not detected in a Y1H screen, nor the whole regulatory 

complex of a specific promoter. Furthermore, Y1H screens for plant protein-DNA 

interactions are outside of the endogenous context. Protein-DNA interactions which 

are dependent on plant specific post translational modification will therefore not be 

detected. 

Global ExoNuclease-based Enrichment of Chromatin-Associated Proteins for 

Proteomics  

To be able to identify in vivo protein-DNA interactions in a gene centered way, different 

groups have developed new approaches where specific DNA is captured via 

hybridization. One of these methods is Global ExoNuclease-based Enrichment of 

Chromatin-Associated Proteins for Proteomics (GENECAPP), illustrated in figure 10 

(Smith et al., 2011; Wu et al., 2011). Similar to ChIP, formaldehyde is used to fixate 

protein-DNA interactions in vivo, after which the chromatin is fragmented. 

Subsequently, an exonuclease is added to remove one of the two DNA strands of the 

protruding ends. The free single-stranded DNA region is then hybridized with 

complementary single-stranded DNA of interest on a solid support (e.g. a chip or 

beads). Non hybridizing protein-DNA complexes are washed away after which 

standard mass spectrometry (MS) is applied to identify all the proteins that are bound 

to the DNA sequence of interest. 

As a proof-of-principle Wu et al. (2011) identified the binding of FoxO1 on the IGFBP1 

promoter. However, this complex was formed in vitro and until now no in vivo 

interactions have been identified by GENECAP. They postulate that the biggest 

obstacle is the detection sensitivity of the MS causing the need for an enormous 

amount of starting material. TFs are present at a very low abundance, and in an ideal 

situation, two TFs per diploid cell would be isolated during this gene-centered protocol. 



Chapter 1 - Exploring the chromatin proteome. 

 

38 
 

To obtain enough protein yield that is detectable via MS (which is at least a picomole 

of protein), an amount of 6 x 1011 cells is needed which resembles 100 liters of human 

cell culture medium. This implies that GENECAP is more suitable to study abundant 

DBPs likes histones or repetitive DNA sequences like telomeres and ribosomal DNA. 

But because of the growing advances in instrument sensitivity for MS, GENECAP 

might evolve as a valuable in vivo PDI discovery technique in the coming years. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Schematic diagram of GENECAPP,  Global ExoNuclease-based Enrichment of Chromatin-Associated Proteins for 
Proteomics. In this illustration of the process, formaldehyde cross-linked chromatin is fragmented (e.g. sonication or 
restriction endonuclease) into small, nucleosome-length pieces. Fragments are treated with exonuclease to produce single-
stranded regions, which are used for sequence-specific capture on a complementary DNA oligonucleotide array. Protease 
digestion of the captured complexes yields sample for MS analysis; enabling identification of the proteins and subsequent 
association of those proteins with genomic loci. Figure adapted from Smith et al., 2011. 
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Proteomics of isolated chromatin segments 

Another gene-centered approach that uses a DNA probe to isolate specific sequences 

in vivo is proteomics of isolated chromatin segments (PICh) (Dejardin and Kingston, 

2009). Dejardin et al. (2009) took into account the MS sensitivity limitation and focused 

on the identification of telomere specific proteins as a proof-of-principle. Also here 

formaldehyde is used to fixate the in vivo interactions and sonication is applied to 

fragment the chromatin. Next, a specific DNA probe against the chromatin region of 

interest is added, linked to an affinity tag via a spacer arm. This probe contains locked 

nucleic acid (LNA) residues, which have a different structure as the common nucleic 

acids, leading to a stronger binding affinity with the complementary DNA string (Vester 

and Wengel, 2004). As affinity tag an analogue of biotin, desthiobiotin, is used so that 

the specific protein DNA complex can be isolated with magnetic streptavidin beads. By 

adding biotin, which has a higher affinity for streptavidin compared to desthiobiotin, the 

isolated complexes are eluted. Purified interactors are subsequently identified via MS. 

Figure 11 displays an overview of the different PICh steps. 

By using a DNA probe against human telomere sequences, Dejardin could identify 33 

well known telomere binding proteins like APOLLO, TRF1 and TRF2, but also unknown 

telomere interactors were detected and validated via localization studies. As a control 

he used a DNA probe with the same base composition but in a scrambled order 

(Dejardin and Kingston, 2009). PICh has also been applied to define the protein 

landscape of the Drosophila Telomere-Associated Sequence (TAS) repeats which are 

subtelomeric regions of chromosomes 2, 3, and X. Here 70 potential interactors were 

identified of which 5 were validated by ChIP (Antao et al., 2012). Successful results 

were also obtained a few years later when comparing functional human telomeres with 

dysfunctional telomeres (Bartocci et al., 2014). Changes in chromatin composition 

could be visualized by applying PICh, showing the recruitment of DNA damage 

response (DDR) factors to the dysfunctional telomeres. Not only telomere regions have 

been analyzed by PICh, also interactors of the promoter region of the ribosomal RNA 

genes (Ide and Dejardin, 2015) and barley centromeric chromatin (Zeng and Jiang, 

2016) have been identified via PICh. 
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Insertional chromatin immunoprecipitation 

Although PICh has been applied successfully in different species (human cells, 

Drosophila and barley), the limitation of MS sensitivity remains. PICh isolation of single 

copy loci has not been performed yet because of the large amount of starting material 

that is needed to obtain enough protein yield for MS. Other groups however have 

developed gene-centered tools to isolate specific genomic regions. One of these 

techniques is called insertional chromatin immunoprecipitation (iChIP) (Hoshino and 

Fujii, 2009). While GENECAP and PICh make use of DNA hybridization, a genetic 

engineering step is implemented in iChIP for isolation of specific DNA sequences. A 

Figure 11: Workflow of proteomics of isolated chromatin segments (PICh).  LNA sequence: DNA probe with locked nucleic 
acid residues. Figure adopted from Dejardin and Kingston, 2009. 
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plasmid containing the genomic region of interest in proximity of a repeat of an 

exogenous DNA binding sequence is transfected in a cell line expressing the 

complementary exogenous DBP fused to an affinity tag. In the case of iChIP, an 8 

times repeat of the LexA binding element (LexA BE) is placed nearby a promoter 

sequence and the LexA DB domain is expressed fused to a nucleus localization 

sequence (NLS) and FLAG affinity tag. To allow for tandem purification, the affinity tag 

includes a tobacco etch virus (TEV) protease cleavage site and calmodulin-binding 

peptide sequence. Because LexA binds in the region of interest, one can now easily 

do affinity purification in analogy with ChIP. Also here, cross-linking is applied for 

fixation and chromatin is fragmented to a certain bp length. After purification of the 

desired complex, reverse cross-linking is done to be able to identify the isolated 

proteins (figure 12). Also interacting genomic regions like distal enhancers or intra- and 

interchromosomal interactions can be detected via DNA microarray’s or NGS. 

Interacting RNA molecules can be identified using a reverse transcription polymerase 

chain reaction (RT-PCR). 

As a proof-of-principle Hoshino and Fujii tested the isolation of the IRF-1 promoter and 

the identification of the interacting TF STAT1 (Hoshino and Fujii, 2009). Binding of 

STAT1 and expression of IRF-1 was shown to be induced by interferon (IFN) γ, a 

signaling protein during immune responses in mammalian cells (Sims et al., 1993; 

Meraz et al., 1996). After immunoprecipitation with anti-FLAG, Hoshino and Fujii could 

show an enrichment of the specific genomic region with qPCR and the specific isolation 

of STAT1 upon IFNγ treatment. Without IFNγ induction the IRF-1 promoter could still 

be isolated without any detection of STAT1.  

A second iChIP analysis was performed on the chicken insulator HS4 (cHS4), which 

regulates expression of β-globin genes in mammalian cells (Fujita and Fujii, 2011). 

Insulators protect nearby genes from undesirable enhancers as well as from chromatin 

silencing, but their regulation and precise molecular mechanism is somewhat unclear. 

By using a construct containing two 8 times LexA binding sequence repeats both 

flanked by a 6 times repeat of cHS4, different proteins and RNA molecules could be 

identified. By optimizing the affinity tag they could increase the affinity purification 

efficiency for cHS4 by 4-fold (Fujita and Fujii, 2012). This new tag contains 3 times 

FLAG, an NLS, DB and the dimerization domain of the LexA protein. They removed 

the TEV protease cleavage site and calmodulin-binding peptide because of the low 

TEV cleavage efficiency in cross-linked chromatin. Higher immunoprecipitation 

efficiency made the isolation of endogenous single copy loci possible. In 2015 iChIP 

was performed on the Pax5 1A endogenous promoter by inserting the 8 times LexA 

BE in proximity via homologous recombination in a chicken B cell line (Fujita et al., 
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2015). In combination with quantitative (stable isotope labeling by amino acids in cell 

culture, SILAC) MS analysis they identified the Thy28 TF as a regulator of Pax5 1A 

promoter.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Chromatin affinity purification with mass spectrometry  

In yeast, a similar approach like iChIP was developed called chromatin affinity 

purification with mass spectrometry (ChAP-MS) (Byrum et al., 2012). Also here a 

genetic engineering step is implemented to insert a LexA DE in the DNA region of 

interest via homologous recombination, and protein A (ProtA) is fused to LexA to allow 

affinity purification with IgG resins. Figure 13 displays an overview of the ChAP-MS 

technique.  

Byrum et al. placed the LexA DE upstream of the GAL1 start codon to investigate GAL1 

regulation upon galactose activation and glucose inhibition. To enrich for bona fide 

interactors, a quantitative analysis was performed which involves a yeast strain lacking 

the LexA DE cultured with heavy isotopes (13C6 15N2-lysine), while the LexA DE 

Figure 12: Scheme of insertional chromatin 
immunoprecipitation (iChIP). The system 
consists of a promoter/enhancer element of a 
gene of interest linked to LexA-binding sites (the 
LexA-tagged promoter) (A), and FLAG-tagged, 
nuclear localization signal (NLS)-fused LexA 
DNA-binding domain (FCNLD) (B). A TEV 
protease cleavage site and calmodulin-binding 
peptide sequence are fused to allow tandem 
purification scheme. Cells expressing FCNLD are 
transiently or stably transfected with the LexA-
tagged promoter. Alternatively, LexA-binding 
sites are knocked-in in the promoter/enhancer 
element of the gene of interest in cells 
expressing FCNLD. These cells are stimulated 
with ligand of interest, cross-linked with 
formaldehyde, and lysed. Then, cross-linked 
DNA is digested with a restriction enzyme or 
fragmented by sonication. Subsequently, the 
LexA-tagged promoter is immunoprecipitated 
with anti-FLAG antibody, and crosslink is 
reversed. Molecules (DNA, RNA, proteins, and 
others) associated with the LexA-tagged 
promoter are isolated and characterized (C). 
Figure adapted from Hoshino and Fujii, 2009. 
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Figure 13: Overview of chromatin affinity purification with mass spectrometry (ChAP-MS). A) The chromatin affinity 
purification with mass spectrometry (ChAP-MS) approach provides for the specific enrichment of a given chromosome section 
and identification of specifically associated proteins and posttranslational modifications. A LexA DNA affinity tag was 
engineered just upstream of the GAL1 start codon in S. cerevisiae. Strains containing the LexA DNA binding site and a plasmid 
expressing LexA-PrA protein affinity tag were cultured in glucose or galactose to provide transcriptional repression or 
activation, respectively, and subjected to in vivo chemical cross-linking to trap protein interactions. Following shearing of the 
chromatin to 1,000 bp, LexA-PrA was affinity purified on IgG-coated Dynabeads and coenriched proteins/posttranslational 
modifications were identified by high-resolution mass spectrometry. B) To control for nonspecifically enriched proteins, a 
strain lacking the LexA DNA binding site, but containing the LexA-PrA plasmid, was cultured isotopically heavy (13C6 15N2-
lysine) in glucose or galactose and mixed equally with the corresponding isotopically light culture containing the LexA DNA 
binding site prior to cell lysis. Following affinity purification (AP) and mass spectrometric analysis, nonspecifically enriched 
proteins were identified as a 1:1 ratio of light to heavy lysine-containing peptides, while proteins specifically enriched with 
the chromosome section were identified with a higher level of isotopically light lysine containing peptides. Figure adapted 
from Byrum et al., 2012. 

containing strain was cultured with light isotopes (12C6 14N2-lysine). By mixing both 

strains in a 1-to-1 ratio, non-specific proteins could be detected as they show a 1-to-1 

ratio of heavy and light isotope-containing peptides during MS analysis. In this way, 

they could show that the inhibitory methylation of histone 3 on K36 (H3K36me3) was 

predominantly present during glucose treatment while acetylation motifs on H3 and H4 

were more abundant during galactose activation. Also RNA polymerase and FACT 

(facilitates chromatin transcription) subunits were identified under active transcription 

of GAL1.  

In 2017, ChAP-MS was applied in yeast to elucidate the double stranded break (DSB) 

repair mechanism at the MAT locus (Wang et al., 2017). several histone 

posttranslational modifications (PTMs) known to be involved in DSB repair were 

identified. More interestingly, 108 proteins were specifically enriched around the DSB, 

of which some have a general role in stress responses. 
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TAL and CRISPR-based affinity purification 

With iChIP and ChAP-MS it is feasible to identify interacting proteins and RNA in vivo 

for a specific single locus. However, some reservation must be made. Applying genetic 

engineering by inserting transgenes and making artificial repeats of the sequence of 

interest will change the chromosomal condition compared to the endogenous wild type 

locus. The obtained results are rather predictions and should always be validated by 

other techniques. Targeting the endogenous locus via homologous recombination of 

the LexA DE, as has been done for the Pax5 1A promoter and for ChAP-MS, results 

in a more reliable and a more complete list of interactors. But also here, the insertion 

of LexA DE could change the physiological chromatin structure and affect the binding 

of proteins. Therefore, new approaches have been developed that are able to isolate 

a specific DNA locus without inserting a transgene sequence repeat like LexA DE. 

The discovery of engineered DNA-binding molecules such as zinc finger proteins, 

transcription activator-like (TAL) proteins and the clustered regularly interspaced short 

palindromic repeats (CRISPR) system, enabled new approaches for specific genome 

editing, transcriptional regulation, genomic loci visualization and isolation of genomic 

regions (Harrison et al., 2014). In 2013, the researchers who developed iChIP 

exchanged the LexA DE/LexA-NLS-3xFLAG for a TAL-NLS-3xFLAG that specifically 

recognize the telomere repeats (Fujita et al., 2013) (figure 14b). This new tool is called 

engineered DNA binding molecule-mediated chromatin immunoprecipitation (enChIP). 

Compared to iChIP, no insertion of exogenous DNA binding elements is needed, only 

the transgenic expression of a specific TAL protein fused to an affinity tag. In this way 

the endogenous genomic region of interest can be targeted without disturbing the 

chromatin structure and protein binding.  

Specific isolation of telomere sequences with enChIP was successful and led to the 

identification of known and novel interacting proteins (Fujita et al., 2013). By combining 

enChIP with RNA-sequencing (RNA-seq), non-coding RNAs that interact with 

telomeres could be identified, like the telomeric RNA TERRA (Fujita et al., 2015). A 

TAL variant for ChAP-MS in yeast was also published in 2013, analyzing the GAL1 

locus under active transcription (Byrum et al., 2013). Using a ProtA fused TAL protein, 

histone acetylation patterns and RNA polymerase components were identified, thereby 

confirming the previous ChAP-MS results. 

With the discovery of CRISPR and the development of an inactive Cas9 (dCas9, 

D10A/H840A) protein, enChIP was again modified to implement the CRISPR system 

(Fujita and Fujii, 2013). Here a gRNA specific for the genomic region of interest is 

transiently transfected in a cell line together with a dCas9 version fused to the 3xFLAG-



Chapter 1 - Exploring the chromatin proteome. 

 

45 
 

tag (figure 14a). With this approach the single copy locus IRF-1 in mammalian cells 

could be specifically isolated together with chromatin related proteins, like histones and 

RNA helicases. However, transcription regulating factors could not be identified. When 

switching to a stable expression of the CRISPR components via retroviral transduction 

in combination with SILAC (enChIP-SILAC), specific IRF-1 associated proteins could 

be identified and validated (Fujita and Fujii, 2014). Also a CRISPR variant for the 

ChAP-MS protocol in yeast exists (Waldrip et al., 2014). Here the dCas9 protein is 

fused to the ProtA affinity tag for specific isolation of an endogenous genomic region 

using a gRNA. To obtain proof-of-principle, the GAL1 locus was again targeted under 

transcriptionally active conditions, and label free quantitative MS analysis was 

performed to identify specifically bound proteins and histone PTMs. Similar to the 

ChAP-MS and TAL-ChAP-MS results, histone acetylations and FACT components 

were identified, confirming the applicability of CRISPR-ChAP-MS. CRISPR-based 

affinity purification has been applied several times to elucidate the chromatin 

landscape of different loci in yeast, bacteria and mammalian cells (Campbell et al., 

2018; Fujita et al., 2018; Fujita et al., 2018, 2018; Hamidian et al., 2018; Han et al., 

2018; West et al., 2019), and an overview is given in figure 18. 
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Figure 14: Scheme of enChIP. A) The locus-tagging CRISPR complex consists of tagged dCas9 (in this case, 3xFLAG-dCas9 
consisting of the 3xFLAG tag, dCas9, and the nuclear localization signal (NLS) of SV40 T-antigen, as well as gRNA); B) The locus-
tagging TAL protein (3xFN-TAL) consisting of the 3xFLAG tag, an NLS, and a TAL protein recognizing the target sequence; C) 
3xFLAG-dCas9 and gRNA or 3xFN-TAL targeting the locus of interest are expressed in cells to be analyzed. The cells are cross-
linked with formaldehyde or another crosslinker, if necessary, and chromatin is fragmented by sonication or enzymatic 
digestion. The tagged locus is isolated by affinity purification using anti-FLAG Ab. After reversal of cross-linking (when a 
crosslinker is used), molecules (proteins, RNAs, or other genomic regions) interacting with the target genomic region are 
identified by mass spectrometry, NGS, or other methods. Figure adopted from (Fujii and Fujita, 2015). 
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CRISPR affinity purification in situ of regulatory elements 

In 2017 a CRISPR-based gene-centered approach was developed implementing the 

high affinity between biotin and streptavidin (Liu et al., 2017; Liu et al., 2018). This 

technique, called CAPTURE, makes use of a gRNA to direct a dCas9, fused to a FLAG 

and biotin-acceptor-site, to a specific genomic locus in mammalian cells (figure 15). 

These cells express the biotin-ligase BirA, which ensures in vivo biotinylation of dCas9. 

Subsequent streptavidin-based affinity purification of cross-linked cells allowed the 

researchers to capture telomeres together with known and unknown interacting 

proteins (Liu et al., 2017). With the same technique, a subset of single loci was isolated 

all involved in controlling five β-like globin genes in mammalian cells. Additionally, co-

expression of different gRNAs resulted in simultaneous isolation of targeted single loci, 

demonstrating that CAPTURE can be adapted for multiplexed analysis of multiple loci. 

Combining CAPTURE with NGS does not only reveal enrichment efficiency of the 

target locus, but also evaluates the off-targets effects that may occur using the CRISPR 

system. Subsequent proteomics analysis led to the identification of known and new 

regulators of the five β-like globin genes (Liu et al., 2017). To correct for co-purification 

of endogenously biotinylated proteins and dCas9-associated non-specific proteins, a 

background list was composed based on purification in different control cell lines, 

including cells expressing only dCas9 or BirA. As mentioned before in the introduction, 

gene transcription is regulated by TFs that could be positioned at distal cis-regulatory 

elements like enhancers. Upon activation of transcription, these distal regions are 

recruited and will situate close to the promoter region. Liu et al. has adapted the 

CAPTURE technique in such a way to allow the identification of these distal DNA 

regions. Therefore, cross-linking was applied in vivo to fixate the distal chromatin 

regions, followed by CAPTURE and pair-end sequencing revealing several de novo 

CREs with unknown roles in globin gene regulation (Liu et al., 2017). 
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CRISPR-dependent biotin-based proximity labeling 

Recent years, proximity labeling has become more and more popular for the 

investigation of interaction landscapes (Roux, 2013; Rees et al., 2015). Proximity 

labeling relies on an enzyme, typically a biotin ligase, that is capable of covalently 

labeling, e.g. biotinylation, proteins in the immediate vicinity. Schmidtmann and 

coworkers combined this principle with CRISPR to develop the hybrid CasID approach, 

allowing biotinylation of proteins in the neighborhood of a specific genomic locus (figure 

16A) (Schmidtmann et al., 2016). They fused a modified BirA (biotin ligase, BirA*) 

(Roux et al., 2012) to a dCas9, targeting telomeres and major or minor satellite 

sequences in mouse myoblast cells. Upon external addition of biotin, proteins located 

at the target locus are being biotinylated in vivo, allowing subsequent stringent affinity 

purification with streptavidin. CasID led to the isolation of different telomere associated 

proteins, including components of the shelterin complex, and known and unknown 

interacting proteins of major or minor satellite repeat sequences. The major difference 

with the above mentioned in situ gene-centered methods is the absence of in vivo 

cross-linking, since interactions do not need to be retained during the subsequent 

affinity purification. In principal every specific protein located at the genomic locus of 

interest is labeled with biotin, and can be isolated with high affinity using streptavidin. 

Figure 15: In Situ Capture of Locus-Specific Chromatin Interactions  by  Biotinylated dCas9. A) Scheme of dCas9-mediated 
capture of chromatin interactions. B) The three components of the CAPTURE system: a FB-dCas9, a biotin ligase BirA, and 
target-specific sgRNAs. Figure adopted from (Liu et al., 2017) 
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In addition, biotinylation is performed in a time span of 24 hours, allowing accumulation 

of biotin labeled interactors. Even proteins that have a dynamic association with a 

specific locus, e.g. hit-and-run TFs (Doidy et al., 2016), which are otherwise difficult to 

pick up with gene-centered methods, will be labeled and pulled-down. However, the 

elaborated biotinylation time span also increases the labeling of non-interacting 

proteins which are just passing by the labeling radius, and together with the presence 

of endogenous biotinylated proteins, CasID is very prone to the pull-down of false 

positives. Therefore, quantitative MS analyses, relative to a suitable negative control, 

are necessary to identify the true interacting partners of a specific locus with CasID. 

To diminish the amount of false positives, an alternative proximity-based gene-

centered method has been developed, making use of an ascorbate peroxidase 

(APEX2) enzyme, which has a smaller labeling radius and shorter reaction time then 

BirA* (Myers et al., 2017). Similar to CasID, APEX2 is fused to dCas9, resulting in the 

CASPEX protein, and co-expressed with a locus specific gRNA. While CasID only 

needs external addition of biotin, APEX2 only biotinylated its neighborhood when 

biotin-phenol and hydrogen peroxide are available (figure 16B). Subsequent oxidation 

of biotin-phenol will result in phenoxyl radicals that react with surface exposed tyrosine 

residues on neighboring proteins. To avoid long-term presence and heaps of CASPEX 

in the cell, CASPEX expression is under control of an inducible promoter and will lead 

to a decrease in off-target binding and non-specific labeling of proteins. After induction, 

biotin-phenol is added to the cells for half an hour, followed by one minute of hydrogen 

peroxide treatment. Within this minute, proteins in close proximity of CASPEX are 

biotinylated. This strategy, called genomic locus proteomics (GLoPro), revealed known 

and unknown protein interactors of the single locus gene hTERT, and the c-MYC 

promoter in human cells (Myers et al., 2018). In addition to the use of a negative control 

which does not express a gRNA, a tiling strategy was implemented to correct for non-

specific interacting proteins. Several gRNAs were designed for every single locus, and 

individually analyzed with GloPro. In this way, bona-fide interactors could be separated 

from co-purified proteins derived from off-target binding of the dCas9, by only selecting 

those MS signals that are retrieved with multiple gRNAs. As an extra advantage, this 

tiling strategy may also circumvent the loss of bona-fide interactions in case if Cas9 

binding hinders protein association. 

In comparison with CasID, CASPEX leads to a significant reduction of proximity 

labeling time and in combination with the tiling strategy it could result in a significant 

reduction of false positives. This advantage has resulted in the application of CASPEX 

in several studies to unravel the chromatin landscape of different genomic loci in 

human cells, including telomeres and centromeres (Myers et al., 2017; Gao et al., 
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2018; Myers et al., 2018; Gao et al., 2019). In parallel to the development of GloPro, 

an alternative CRISPR-APEX2 gene-centered method was reported, called 

CAPLOCUS (figure 16C) (Qiu et al., 2019). Here, APEX2 is fused to the RNA binding 

protein MS2 and the locus specific gRNA is adapted with two MS2 RNA elements. 

CAPLOCUS was successfully used for the identification of interacting DNAs, RNAs 

and proteins for repetitive genomic regions (telomere, C13), as well as two single-copy 

loci (C11 and 3′HS1) in human cells (Qiu et al., 2019).  

Although CRISPR-APEX2 applications are on the rise (figure 18), it should be taken 

into account that hydrogen peroxide delivery could lead to undesired cytotoxicity 

arising from oxidative stress signaling. A gene-centered tool that combines the 

simplicity and non-toxicity of CasID with the catalytic efficiency of APEX2 would be a 

more optimal approach. With the development of new promiscuous variants of BirA 

containing increased catalytic efficiency (Branon et al., 2018), these tools will be 

available in the future. 
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Figure 16: Scheme of CRISPR-dependent biotin-based proximity labeling approaches. A) Scheme for CasID. The BirA*-dCas9 fusion is directed to the desired target by sequence complementarity 
between gRNA and the promoter region. Upon addition of biotin to the medium, BirA* ligates biotin to lysine residues of proteins in close proximity. Biotinylated proteins can be pulled-down 
from the lysate with streptavidin and subjected to mass spectrometry. B) Scheme for GloPro. The dCas9-APEX2 fusion is directed to the target by sequence complementarity between gRNA and 
the promoter region. Upon addition of biotin-phenol and H2O2 to the medium, APEX2 will oxidate biotin-phenol to a phenoxyl radicals that react with surface exposed tyrosine residues on 
neighboring proteins. Biotinylated proteins can be pulled-down from the lysate with streptavidin and subjected to mass spectrometry. C) Scheme for CAPLOCUS. dCas9 is directed to the desired 
target by sequence complementarity between a gRNA, containing MS2 RNA elements, and the promoter region. The MS2-APEX2 fusion will associate with the modified gRNA and upon addition 
of biotin-phenol and H2O2 to the medium, APEX2 will oxidate biotin-phenol to a phenoxyl radicals that react with surface exposed tyrosine residues on neighboring proteins. Biotinylated proteins 
can be pulled-down from the lysate with streptavidin and subjected to mass spectrometry. ORF: open reading frame. TATA: TATA box. 
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Summary and perspectives 

The fundamental process of gene transcription regulation determines which genes are 

expressed in which tissues depending on the cell type, developmental stage, 

environment, etc. Transcription regulation is the most important biological function of 

a cell and is primarily controlled by TFs and other regulatory proteins who interact with 

proximal and distal regulatory regions on the genome. Unraveling the identity and 

location of these transcription regulators is of utmost importance to understand an 

organism. As reviewed here, there are many different proteomic approaches available 

to detect and identify chromatin associated proteins and their complementary DNA 

recognition sequence. These techniques, subdivided in TF-centered and gene-

centered ones, have been successfully used in many species. 

EMSA and DNase I footprinting were the first applied TF-centered tools to identify 

protein-DNA interactions (Dahlberg et al., 1969; Fried and Crothers, 1981). But 

because of the limited number of DNA sequences that can be tested, the final 

consensus binding motifs have a low resolution. Also the low-throughput and laborious 

steps have led to the development of high-throughput TF-centered technologies like 

ChIP-seq. Although TF-centered techniques have been successfully used to determine 

protein-DNA interactions in many species, there is always need for prior knowledge of 

the protein of interest. There must be evidence that the protein is involved in the 

biological process of interest, a high quality ChIP-grade antibody must be available 

when performing ChIP-seq and the expression level must be high enough when in situ 

techniques are being applied. However, in many studies there is no knowledge about 

the proteins that are involved in a specific expression profile during a biological 

process. Here the transcriptional regulated genes are the baits of interest and need to 

be analyzed via gene-centered technique to identify the regulatory proteins. For many 

years protein microarrays and Y1H screens were the only options, but thanks to the 

development of mass spectrometry, new high-throughput techniques arose like DNA 

affinity chromatography and PICh.  

Both groups (TF- and gene-centered) can be subdivided in in vitro and in situ 

techniques (figure 17). In vitro techniques like PBM and DNA affinity chromatography 

can deliver results relative fast with low amounts of input material. However, only 

interactions with high affinity are being retrieved because of the multiple washing steps 

that are applied. Because interactions are studied outside the native environment, 

obtained results should be interpreted with caution. False positive and negative results 

can be generated, because physiological properties are different and necessary PTM 

are absent in these systems. Also the binary nature (binding of one protein with one 
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Figure 17: Overview of the different Protein-DNA interaction (PDI) tools. 

DNA sequence) of most in vitro techniques leads to the non-detection of multimeric 

proteins. For these reasons in vitro techniques are more applied for a quick validation 

of the results obtained with in situ techniques. Although in situ techniques are more 

devious then in vitro techniques, more relevant data is generated. Thanks to the 

implementation of cross-linking, in vivo protein-DNA and protein-protein interactions 

are maintained during the different purification steps. In this way not only high affinity 

interactions are identified, but also transient and weak affinity interactions. And not only 

direct interactions between proteins and DNA are analyzed, also indirect interactions 

of coactivators and chromatin remodeling proteins can be studied as well as histone 

modifications (acetylation and methylation). However, in vivo approaches are more 

challenging because a DNA sequence may be present at a level of as few as one copy 

per cell. For TF-centered methods, increasing the starting material or amplifying the 

bound DNA sequences will result in enough DNA yield for further analysis. For in vivo 

gene-centered methods, one can also increase the starting material, but this will 

generally result in an amount that is not workable. Therefore, successful results have 

mostly been obtained by studying multi-copy genes and motif repeats. 

 

 

 

 

 

 

 

  

Of all the above mentioned techniques, the gene-centered in situ methods are the most 

challenging and therefore the least well developed. As mentioned above, analyzing 

single copy genes is a hurdle because of the low yield obtained after affinity 

purification. Up to now, a handful single loci have been analyzed with a gene-centered 

technique in combination with quantitative MS. Although true interactors were 

identified, the low number of known activators and repressors in the final data indicate 

that the detection threshold is still a limiting factor. Future generations of more sensitive 

MS technologies could enable major progress in analyzing single copy genes.  
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Because one-step affinity purifications generally yield a big pool of specific and non-

specific isolated proteins, a quantitative analysis is a key step in the identification of 

bona fide interactors, especially when single copy loci are studied. For the IRF-1 and 

Pax5 1A promoter, cells were compared containing transcriptional active or repressive 

forms of the promoter (Fujita et al., 2015). For the GAL1 locus, a quantitative analysis 

was performed between cells containing the LexA DE and cells who did not (Byrum et 

al., 2012; Waldrip et al., 2014). Most of these quantitative MS analyses were obtained 

by SILAC, although progress has been made in the label free quantitative analysis 

(Waldrip et al., 2014; Myers et al., 2018).  

Also fixation of the interactions is of great importance when performing a gene-

centered analysis and should be optimized to be successful. Cross-linking conditions 

that are too harsh, will lead to inefficient reverse cross-linking and elution of proteins, 

while soft cross-linking condition will lead to the loss of interactors during the different 

extraction and affinity purification steps. Also the cross-linker that is used, should be 

carefully considered. Formaldehyde, which is generally used, is able to fixate not only 

PDI’s but also PPI’s, resulting in the isolation of big protein-DNA complexes and the 

co-isolation of a bunch of general chromatin related proteins during gene-centered 

analyses. This makes the subsequent MS analyses challenging and less efficient. An 

alternative cross-linker that solely fixates PDI’s and is reversible could be a solution. 

However, not many fixators have these characteristics, except for cis-diammine 

dichloro platinum II (cis-DDP or cisplatin) which has been used to a limited extent for 

ChIP analyses (Chichiarelli et al., 2002; Cervoni et al., 2003; Chichiarelli et al., 2007). 

Cisplatin only forms protein-DNA complexes with a low reactivity towards histones 

(Pinto and Lippard, 1985) and the cross-linking can be reversed by the use of thiourea. 

Alternative cross-linking with cisplatin for gene-centered analysis of PDI’s could lead 

to a more efficient identification of bona fide direct interactors with MS. However, 

proximity labeling gene-centered tools, like CasID and GloPro, avoid cross-linking and 

the corresponding pull-down of non-specific interactions. 

With the discovery of CRISPR, new and rapidly developing approaches for gene-

centered analysis are rising and will likely be the method of choice in the future (figure 

18). Genetic engineering by inserting transgenes and making artificial repeats of the 

sequence of interest are being avoided by using CRISPR. Native loci can be targeted 

without changing the physiological chromatin structure. Although CRISPR is known for 

off-target binding, a tiling strategy, combining multiple gRNAs targeting one locus of 

interest, could decrease false positive hits (Myers et al., 2018). Successful gene 

centered experiments have been performed with CRISPR (Fujita and Fujii, 2013; 

Waldrip et al., 2014) and new variants are being developed which are making use of 
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the high affinity between biotin and streptavidin. One can fuse dCas9 to biotin and 

apply a stringent purification (Liu et al., 2017; Liu et al., 2018) or one can fuse dCas9 

to a promiscuous biotin ligase (BirA*) or ascorbate peroxidase (APEX2), allowing for 

proximity-dependent biotin identification (Schmidtmann et al., 2016; Myers et al., 

2017).  

The list of tools for identification of protein-DNA interactions keeps expanding due to 

the discovery of engineered DNA-binding molecules and the development of more 

sensitive MS technologies. Although many techniques can be applied for many 

organisms, there is still one major gap for plants. Gene-centered analysis of a plant 

locus can only be obtained by performing a Y1H screen, outside the native 

environment and with a higher chance of false positive and negative results. In 

addition, Y1H screens only identify direct interactors, missing out the protein 

complexes generally present on chromatin. To obtain a genome-wide view of the 

protein complexes bound on specific plant genomic regions, gene-centered methods 

like PICh, ChAP-MS and iChIP are needed. Although, PICh has been applied once in 

barley for the analysis of centromeric chromatin (Zeng and Jiang, 2016), no other 

studies have reported the development or application of in planta gene-centered 

methods. There is need for the development of a new, plant specific method that can 

yield enough material for the identification of protein-DNA interactions via a quantitative 

MS analysis. Such a technique would be an important new platform for the elucidation 

of gene regulatory networks in plants.
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Figure 18: Time–line and overview of publication covering in situ gene-centered protein-DNA interaction methods. AP: affinity purification 
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Abstract 

Proteins are essential laborers of a biological system and interact with each other, 

forming complexes and initiating signaling cascades for proper biological activity. Due 

to their different functionalities, dynamics and complexity, protein-protein interactions 

(PPIs) are a challenging field to investigate. Especially the identification of low affinity 

interactions and dynamic, transient interactions remain to this date a tough task to 

perform. Different tools exist unraveling binary and high-throughput protein-protein 

interactions. In this chapter, we give an overview of different in situ PPI techniques 

along with advantages, challenges and some successful applications in plants. We 

also discuss in more detail the uprising new tools for identification of weak transient 

interactions, including an in-house developed AP-MS tool used to reveal substrates of 

the plant TOR kinase.  
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Introduction 

Proteins are the workhorses of a biological system and operate in such a way that an 

organism can function properly. They control and execute all cellular processes 

ranging from transcription and translation to sensing and responding to different 

stimuli. Executing this range of cellular functions requires collaboration and 

organization between different proteins. Proteins interact with each other, forming 

complexes and initiating signaling cascades for proper biological activity. This cellular 

network of protein-protein interactions (PPIs) only becomes more complex when we 

also consider the dynamic property of a protein. Expression and translation of proteins 

is tightly regulated and dependent on the developmental stage of a cell, the cell type 

and the environmental conditions. Often proteins are modified after translation (post 

translational modifications, PTMs) which influences the activity of a protein. In addition, 

controlled protein degradation, proteolysis, allows for removal of misfolded and non-

functional proteins as well as maintaining homeostasis by controlling the abundancy of 

regulatory proteins. 

To carry out a cellular function, proteins apply different mode of actions upon 

interaction with a partner. Interaction can lead to activation or inhibition of a protein due 

to conformational changes, whether or not accompanied by PTMs such as 

phosphorylation and ubiquitination. For example, during cell cycle interaction of a 

cyclin with a cyclin dependent kinase (CDK) results in the relocation of the PSTAIRE 

helix (or T-loop) away from the catalytic CDK site (Jeffrey et al., 1995). This results in 

partial activation of CDK, allowing ATP binding at the active site. To have a fully active 

cyclin-CDK complex that is able to phosphorylate target proteins, phosphorylation of 

the threonine residue 160 in the T-loop is needed by the CDK-activating kinase (CAK) 

(De Bondt et al., 1993; Draetta, 1997). On the other hand, inhibition of the active cyclin-

CDK complex can be executed by interaction with a CDK inhibitor who blocks the 

catalytic CDK site (Elledge and Harper, 1994), by phosphorylation of tyrosine 15 and 

threonine 14 on CDK by WEE1 (Berry and Gould, 1996), or the ubiquitination of cyclin 

by the anaphase promoting complex (APC) and subsequent 26S proteasomal 

degradation (Glotzer et al., 1991; Kaspar et al., 2001). Another mode of action is 

transportation, which is well characterized in the kinesin, dynein and myosin families. 

This motor-cargo interaction allows the movement of proteins and organelles along 

microtubule and actin filaments (Karcher et al., 2002). 

Multiple proteins can interact with each other to form a functional macromolecular 

complex. The largest multiprotein complex characterized to date is the mitochondrial 

complex I containing 45 subunits with a total mass of around 1 megadalton (MDa) 

(Fiedorczuk et al., 2016). Mutations in one of the subunits of a multiprotein complex is 
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often enough to inactivate the complex. For example, mutation studies of different APC 

subunits in Arabidopsis resulted in inactivation of the E3 ligase, the accumulation of 

cyclin substrates and mitotic arrest (Eloy et al., 2011; Wang et al., 2012; Wang et al., 

2013; Eloy et al., 2015). The interactions between subunits of a protein complex are 

called stable interactions. Transient interactions on the other hand are temporary 

interactions, occurring under specific conditions or at a developmental phase. Most of 

the time these transient interactions monitor cellular processes. The APC in 

Arabidopsis is made up of 14 stably interacting subunits, but its activity is dependent 

on the transient interaction with co-activators (Eloy et al., 2015). Dependent on the cell 

cycle phase different co-activators associate with the APC. For example, at onset of 

mitosis the co-activator cell division cycle 20  (CDC20) activates the APC and provides 

substrate specificity, while at later stages of mitosis cell cycle switch 52 (CCS52, plant 

ortholog of human CDC20 homolog 1 (CDH1)) associates with the APC, resulting in 

targeting of CDC20 for proteasomal degradation and finalizing mitosis (Kramer et al., 

2000; Yamano, 2019). While the transient interaction of co-activators with the APC is 

strong, also weak transient interactions are formed with substrates. For example, the 

well-known APC targets, cyclins, are bound by the co-activator and APC10 at specific 

time points during mitosis and are poly-ubiquitinated by the E3-ligase complex (Geley 

et al., 2001; Zhou et al., 2016). They rapidly dissociate from the complex and are 

subsequent targets for the 26S proteasome. So while cyclin forms a stable interaction 

with CDK during cell cycle, interaction with the APC is transient and rather weak. 

It is clear that protein interactions are essential in a living organism, but their different 

functionalities, dynamics and complexity, makes it a challenging field to investigate. 

Techniques used for identification of PPIs can be divided in two groups, the binary 

techniques and the affinity-based methods in combination with mass spectrometry 

(MS). While binary techniques allow for identification of direct interactions between a 

bait protein and target (prey) protein, affinity-based methods are more recommended 

for the analysis of complex interaction landscapes including direct and indirect 

interactions.  In this chapter an overview of different in situ PPI analysis tools is given 

along with advantages, challenges and some successful applications in plants. We 

also discuss in more detail the uprising new tools for identification of weak transient 

interactions, including an in-house developed AP-MS tool used to reveal substrates of 

the plant TOR kinase. 
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In situ binary techniques 

The list of binary PPI techniques is elaborate, containing in vitro, in situ as well as in 

silico methods. Not all binary tools are discussed here, but several reviews can be 

found that elucidate the use of them for PPI research (Shoemaker and Panchenko, 

2007, 2007; Stynen et al., 2012; Rao et al., 2014). In addition, several databases can 

be consulted to rummage in the binary protein interactome of numerous organisms 

(Chatr-Aryamontri et al., 2013; Orchard et al., 2014; Alonso-Lopez et al., 2019; 

Szklarczyk et al., 2019). Here we will focus on the most popular binary techniques and 

their application for plant PPI analysis.  

Yeast two-hybrid 

The most widely used binary method to investigate PPIs is a yeast two-hybrid (Y2H) 

assay (Fields and Song, 1989). This method makes use of the separable DNA-binding 

and transcriptional activation domain of a transcription factor. The DNA-binding domain 

(DBD) is fused to a bait protein, of which one wants to identify the interacting partners. 

The transcription activation domain (AD) is fused to a prey protein. Both fusion proteins 

are expressed in a yeast cell containing a reporter gene under control of upstream 

elements to which the DBD binds. If bait and prey protein interact with each other the 

DBD and AD will reconstitute an active transcription factor resulting in the expression 

of the reporter gene (figure 1A). In the classical approach the GAL4 DBD and AD are 

used in combination with the LacZ reporter (Fields and Song, 1989). Interaction leads 

to the detection of β-galactosidase activity. Over the years, many variations have been 

implemented to improve the technique. Yeast strains have been developed with 

mutations in different amino acid biosynthesis genes (trp1, leu2, his3 and ura3) 

allowing selection for correct transformation events by using plasmids carrying genes 

that complement these mutations (Causier and Davies, 2002). Next to GAL4, the 

bacterial repressor protein LexA DBD in combination with the Eschericia coli B42 AD 

is frequently applied (Gyuris et al., 1993; Causier, 2004). To increase the stringency of 

the assay, yeast strains have been developed containing different reporter genes. For 

example, many Y2H screens with GAL4 are performed with the LacZ and HIS3 reporter 

genes. Addition of the HIS3 inhibitor 3-amino-1,2,4-triazole (3-AT), at millimolar 

concentrations, reduces basal HIS3 expression and therefore also false positive 

results. Other common reporters are LEU2, URA3, LYS2, ADE2, gusA, GFP and MEL1 

(Causier, 2004). An advantage is that not only interactions between known proteins 

can be analyzed with Y2H, but one can also screen cDNA or open reading frame (ORF) 

libraries to find unknown interaction partners of a specific bait protein or unravel a 

whole new PPI network. This high-throughput screening allows to investigate the 

protein interactome of a specific cell type or developmental stage. The use of cDNA 
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libraries ensures that Y2H is also applicable to organisms with a non-annotated 

genome. Different Arabidopsis cDNA and ORF libraries are available for GAL4 and 

LexA based Y2H screens (Burkle et al., 2005; Mitsuda et al., 2010; Braun et al., 2011; 

Erffelinck et al., 2018; Matiolli and Melotto, 2018). The most extensive proteome-wide 

binary protein-protein interaction map for Arabidopsis is generated with Y2H, revealing 

6,200 interactions between 2,700 proteins (Braun et al., 2011). Recent years, Y2H 

screens are combined with next generation sequencing (NGS) (Yu et al., 2011; Trigg 

et al., 2017; Erffelinck et al., 2018). Erffelinck and co-workers designed an inexpensive 

and easy to apply Y2H system combining a cDNA library screen with a pool-based 

NGS-strategy. This allowed them to identify known and unknown interactions of the 

jasmonate (JA) signaling cascade of Arabidopsis (Erffelinck et al., 2018). 

Although Y2H is a popular technique for the identification of binary protein interactions, 

it still has some drawbacks. Y2H is prone to contamination by false positives. This can 

be reduced by implementing multiple reporter genes. However, auto-activation of the 

reporter gene by the bait protein remains a hurdle, and is a general problem when 

screening a cDNA library (Serebriiskii et al., 2000). Therefore, it is important to test a 

bait protein for auto-activation before the Y2H screen is executed. Analyzing auto-

activating bait proteins with a nuclear two-hybrid system can still be done by 

implementing RNA polymerase III (RNA POL III) (Marsolier et al., 1997; Petrascheck 

et al., 2001) or using the repressed transactivator (RTA) system (Hirst et al., 2001). 

Both alternatives and others have been reviewed in detail by Stynen and co-workers 

(Stynen et al., 2012). Another drawback is missing out on true interactions (false 

negatives) because of different reasons. For instance, to identify an interaction, bait 

and prey protein need to localize to the nucleus. However, not every protein is able to 

do so. Furthermore, proteins that repress gene expression will lead to false negative 

interpretation. If one wants to study non-yeast related interactions, e.g. Arabidopsis 

proteins, analyses are performed outside the native cellular context leading to false 

negatives and false positives, causing the need for in planta validation. Some 

interactions depend on PTMs, mechanisms that may be absent in yeast, such as 

tyrosine phosphorylation. Other non-yeast related proteins may be toxic for the yeast 

cell.  

Because of its binary nature, only direct interactions are observed with Y2H. However, 

adaptations to the Y2H system have resulted in the development of yeast three-hybrid 

systems (Y3H) (Stynen et al., 2012). Next to the bait and prey protein, a third 

component is added, which may be a posttranslational modifier crucial for PTM of the 

bait or prey protein prior to interaction, or a third protein as a bridging molecule is 

included to identify indirect interactors. 
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To allow two-hybrid analysis in a native plant context, the Arabidopsis protoplast two‐

hybrid (P2H) system was developed (Ehlert et al., 2006). P2H uses the GAL4 system 

to activate a GUS reporter upon PPI. Gateway compatible vectors were generated, 

enabling high-throughput screening. To correct for auto-activation/repression, a control 

construct was developed allowing expression of a HA-tagged bait and/or prey protein. 

To correct for variation in transfection efficiency a second reporter construct was 

implemented, containing the synthetic neuraminidase reporter. Ehlert and co-workers 

could demonstrate the applicability of this system for the analysis of bZIP hetero-

dimerization (Ehlert et al., 2006). In addition, confirmation of interaction between the 

RING-type copine McCPN1 (COPINE1) from a halophyte ice plant 

(Mesembryanthemum crystallinum L.) and argonaute 4 (AGO4) was obtained by P2H 

analysis (Li et al., 2014). 

The split-ubiquitin system 

Another yeast-based method that allows identification of binary protein interactions 

regardless of their localization, is the split-ubiquitin system (Johnsson and Varshavsky, 

1994). Here, the C-terminal and N-terminal part of ubiquitin (Cub and Nub), a highly 

conserved 76-amino-acid regulatory protein, are split and each part is fused to a bait 

or prey protein (figure 1C). To circumvent spontaneous reassociation of both ubiquitin 

parts, Nub is mutated (I13G). Originally Cub is fused to a mouse dihydrofolate 

reductase and Human influenza hemagglutinin (mDHFR-HA). Upon interaction, a 

functional ubiquitin is formed and becomes a target of an ubiquitin-specific proteases 

(UBPs) that cleaves off mDHFR-HA. This results in a shift on western blot using anti-

HA antibodies. However, to allow for library screening, an alternative reporter system 

with LexA-VP16 (herpes simplex virus (HSV)-encoded transcriptional activator protein) 

was developed which leads to activation of reporter genes (e.g. LacZ and HIS3) upon 

interaction (Stagljar et al., 1998). To avoid auto-activation, Cub-LexA-VP16 must be 

fused to a bait protein that is kept out of the nucleus and therefore the LexA-VP16 

system is almost always performed with membrane-bound bait proteins (figure 1C). 

Alternatively, bait proteins can be fused at the N-terminus with the S. cerevisiae integral 

membrane protein Ost4 to direct the bait protein to the membrane (Mockli et al., 2007). 

This Ost4-based membrane localization allows for identification of interactions 

between transcription factors and co-regulators (transcription activators and 

repressors), and for example has been used to screen an Arabidopsis seedling cDNA 

library for interactions partners of the nuclei localized, RNA binding PNM1 protein 

(Hammani et al., 2011). In addition, an alternative split-ubiquitin system was 

established avoiding transcriptional read out (Laser et al., 2000). This alternative 

system makes use of the N-end rule (Dohmen et al., 1991; Varshavsky, 1996) which  
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states that proteins with N-terminal basic (e.g., arginine) or bulky hydrophobic amino 

acids are promoted for protein degradation in an ubiquitin-dependent manner. 

Replacing LexA-VP16 with the reporter protein URA3, with a N-terminal arginine, 

results in cleavage and subsequent degradation of URA3. URA3 removal leads to 

survival of the yeast cells on 5-FOA, a substrate for the production of the toxic 

compound 5-fluorouracil by URA3 (Laser et al., 2000). 

An example of applying split-ubiquitin to explore plant PPIs, is the investigation of the 

membrane-linked interactome of Arabidopsis (Jones et al., 2014). Jones and co-

workers screened a cDNA library of 3286 membrane and signaling proteins from 

Arabidopsis (Lalonde et al., 2010). They identified 12,102 interactions between 1523 

proteins, most of them (>99%) being unknown interactions. Validation of a subset of 

interactions was performed by an in planta split–green fluorescent protein (GFP) 

interaction assay (see further). 

A plant split-ubiquitin system was developed in Arabidopsis and tobacco protoplasts, 

using AtUBQ11 and HA-Cub-GFP as reporter protein (Rahim et al., 2009). Upon 

interaction, GFP is cleaved off and subsequent western blot analysis with anti-HA 

antibodies results in a shift of the HA tagged bait protein. Interactions between 

components of the translocon complex (TOC) were visualized, however the system in 

plant protoplasts displayed a high amount of background cleavage (Rahim et al., 

2009). It was postulated that because of the extensive quantity of plant UBPs, the 

overall activity of UBPs in plants is higher than in yeast, making the plant split-ubiquitin 

system a suboptimal approach for PPI analysis.  

The split-luciferase system 

Another protein fragment complementation assay is the split-luciferase system, which 

uses bioluminescence to visualize PPIs (Ozawa et al., 2001). Luciferase is a protein 

that oxidates the membrane-permeating substrate luciferin, accompanied by emitted 

light. Similar to the split-ubiquitin system, luciferase is separated in a C- and N-terminal 

part, both fused to a bait or prey protein. Upon interaction, an active luciferase is 

formed and the emitted light is measured by a luminometer (figure 1B). Because 

luminescence signal is dependent on the transformation efficiency, signals are 

normalized to a luciferase of different origin (e.g. Renilla reniformis luciferase versus 

Pyrophorus plagiophthalamus luciferase) (Kato et al., 2010). This system is not 

dependent on the read out of transcriptional activation, allowing analysis of cytosolic, 

membrane associated and transcription related proteins. Furthermore, the system is 

reversible and permits the visualization of dynamic PPIs in near-real-time manner 

(Stefan et al., 2007). The system is also compatible with stimuli treatment to induce or 
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disrupt interactions (Li et al., 2011). Improvements have been made by using different 

luciferase proteins with much stronger brightness or which emit different colors of light 

(Villalobos et al., 2008; Stynen et al., 2012). Although some studies have stated that 

the intensity of luminescence is correlated with the affinity strength of the PPI, Dale et 

al. showed that this is not the case and that the split-luciferase system has to be seen 

as a qualitative analysis (Dale et al., 2016).  

A split-luciferase system in Arabidopsis protoplast was developed by Fujikawa and 

Kato, revealing the interactions between nuclear proteins and membrane proteins 

(Fujikawa and Kato, 2007). Li et al. used the split-luciferase system for a large-scale 

PPI survey between auxin response factors and Aux/IAA proteins in Arabidopsis 

mesophyll protoplasts (Li et al., 2011). Because luciferase-analogous are absent in 

plants, the background luminescence is relative low making this approach appropriate 

for analyzing weak transient interactions like ARF-Aux/IAA. Further on, split-luciferase 

assays have also been reported in tomato and rice protoplasts (Fujikawa et al., 2014; 

Singh et al., 2014). 

Bimolecular fluorescence complementation 

A disadvantage of the split-luciferase system is the generation of a diffused light signal, 

preventing visualization of the subcellular localization of PPIs. Bimolecular 

fluorescence complementation (BiFC) is another protein fragment complementation 

assay using fluorescence to reveal PPIs and their correlated subcellular localization in 

living cells (Magliery et al., 2005). Here a fluorescent protein is split in two, both parts 

are fused to a bait or prey protein and upon interaction the fluorescent protein is 

reconstituted and will emit light of a specific wavelength after excitation by an external 

light source (figure 1D). This light absorption-based excitation of fluorescent molecules 

results in a concentrated light signal, perfect for subcellular localization studies using 

a laser scanning confocal microscopy. Furthermore, interaction results in a strong 

stabilization of the fluorescent protein making it an ideal system to study weak transient 

interactions, however, this makes analysis of PPIs dynamics impossible. Another 

advantage is that no exogenous agents are required. Initially, a green fluorescent 

protein (GFP) was used (Magliery et al., 2005), but over the years several natural and 

genetically optimized fluorescent proteins became available, among which enhanced 

GFP (eGFP), yellow fluorescent protein (YFP), cyan fluorescent protein (CFP), the 

YFP variant Venus, and the monomeric Kusabira-Green fluorescent mutant (mKG2) 

(Day and Davidson, 2009; Miller et al., 2015). Alternative systems have been 

developed using multiple FPs to detect different PPIs in parallel or to study competition 

between different binding partners of a bait protein (Hu and Kerppola, 2003; Kodama 

and Wada, 2009; Stynen et al., 2012). However, the use of fluorescent proteins is 
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accompanied with several disadvantages, including photobleaching and phototoxicity. 

The repeated cycles of excitation and emission, using illumination from lasers, can 

lead to damage and destruction of the fluorescent protein (photobleaching) or may 

become toxic for the cell. Autofluorescence should also be taken into account, 

especially for plants which contain different endogenous fluorophores like chlorophyll 

and lignin. Lastly, self-assembly of the fluorescent protein halves without a PPI event 

has been observed. This is often true for proteins that are at close proximity, with equal 

localization, but do not interact. To avoid these false positives, it is crucial to include 

appropriate internal controls like a mutated version of the bait protein, or an unrelated 

prey protein with the same cellular localization (Horstman et al., 2014). 

BiFC is an easy system that has been applied in different organisms, ranging from 

mammalian cells to several plant species. Especially in plants, BiFC studies have 

become a popular method to analyze binary PPIs, and extensive overviews of in planta 

BiFC application have been reported (Bhat et al., 2006; Ohad et al., 2007; Ohad and 

Yalovsky, 2010; Miller et al., 2015). For example, a large-scale BiFC screen was 

performed to map PPIs between core cell cycle proteins of Arabidopsis (Boruc et al., 

2010). A pair-wise analysis between 58 cell cycle regulatory proteins was conducted, 

resulting in the identification of 341 PPIs in leaf epidermal cells of tobacco. Among 

these cell cycle related PPIs, 63 were already described in literature and an extra 33 

unknown PPIs were confirmed by a Y2H screen. A high-throughput Arabidopsis cDNA-

library BiFC screen in Arabidopsis protoplast revealed 8 interactor candidates of the 

Calcium Dependent Protein Kinase 3 (CPK3) (Berendzen et al., 2012). To allow for 

high-throughput screening, BiFC was combined with fluorescence assisted cell sorting 

(FACS). In short, Arabidopsis protoplast are transfected with a bait plasmid and a 

plasmid mix encoding Arabidopsis cDNA. By using a flow cytometer and FACS, 

fluorescent cells are collected and corresponding plasmid DNA is isolated and 

transformed in bacteria. A subsequent round of transfection, fluorescent cell collection 

and plasmid isolation is performed. In a final transfection event, plasmids of protoplast 

with positive BiFC signal are sequenced to identify the corresponding cDNA and 

associated encoded protein. This high-throughput BiFC screening method in 

Arabidopsis protoplast was time-consuming, taking 3 to 4 weeks, consequently, it is 

not an optimal approach for genome wide PPI screening. 

Fluorescence/Bioluminescence resonance energy transfer 

Another method that makes use of fluorescent proteins, but does not rely on the 

complementation of protein fragments, is fluorescence resonance energy transfer 

(FRET) (Periasamy et al., 2012; Bucherl et al., 2014). This approach makes use of two 

fluorescent proteins, one being the donor, the other the acceptor, both fused to a bait 
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or prey protein. Upon interaction, an external light source will excite the donor which 

will emit fluorescence/energy that is subsequently transferred to the acceptor, resulting 

in the emitted light of a specific wavelength (figure 1E). The most frequently used 

combination of fluorescent proteins is CFP as donor and YFP as acceptor (Day and 

Davidson, 2009). CFP is excited at a wavelength around 435 nm and will emit light of 

around 475 nm. This emitted light overlaps with the YFP absorption spectra and will 

result in the excitation of YFP and the emission of light around 527 nm. Transfer of 

energy between donor and acceptor will only occur when both are in close proximity 

(around 10-100 Å) and is accompanied by quenching of the donor emission. As an 

alternative, the donor can be substituted by luciferase (bioluminescence resonance 

energy transfer, BRET) avoiding the fluorescent excitation by illumination from lasers 

and the associated disadvantages of photobleaching, phototoxicity and 

autofluorescence (Pfleger and Eidne, 2006; Xie et al., 2011). With FRET/BRET it is not 

only possible to visualize the subcellular localization of the PPI, it also allows the 

analysis of PPI dynamics, PPI response on chemicals and stimuli, and FRET efficiency 

can be linked with PPI affinity (Coriano et al., 2016; Lin et al., 2018). An overview of 

FRET and BRET analyses in different plant species have been published (Bhat et al., 

2006; Bucherl et al., 2014). 
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Figure 1: Schematic representation of different in situ binary protein-protein interaction techniques. A) The yeast two-
hybrid (Y2H) system detects protein-protein interactions (PPIs) by activation of a reporter gene. Upon interaction between 
bait and prey protein a DNA binding domain (DBD) and activation domain (AD) are brought together and reconstitute an 
active transcription factor. CRE: cis regulatory element. B) The split-luciferase system detects PPIs via bioluminescence, 
derived from the reconstitution of the luciferase enzyme upon interaction between bait and prey protein. External added 
luciferin will be oxidized by luciferase, accompanied by emitted light. N: N-terminal part of luciferase. C: C-terminal part of 
luciferase. C) The split-ubiquitin system detects PPIs by activation of a reporter gene. Upon interaction between a membrane 
anchored bait protein and prey protein, ubiquitin is reconstituted, making it a target for an ubiquitin-specific proteases (UBP), 
which results in cleaving off a transcription activator. Cub: C-terminal part of ubiquitin. NubG: mutated N-terminal part of 
ubiquitin to circumvent spontaneous reassociation. D) Bimolecular fluorescence complementation (BiFC) detects PPIs via 
fluorescence, derived from the reconstitution of an auto fluorescent protein (AFP) upon interaction between bait and prey 
protein. E) Fluorescence/Bioluminescence resonance energy transfer (FRET/BRET) makes use of AFPs and/or luciferase (Luc), 
one being the donor, the other the acceptor, both fused to a bait or prey protein. Upon interaction, an external light source 
will excite the donor which will emit fluorescence/energy that is subsequently transferred to the acceptor, resulting in the 
emitted light of a specific wavelength. 
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Affinity-based methods in combination with mass spectrometry 

As previously stated, multiple proteins can interact with each other to form a functional 

macromolecular complex, which in turn can interact with co-activators, regulators and 

substrates. To be able to elucidate the interaction landscape of multiprotein 

complexes, affinity-based methods have been developed and are more suited than 

binary PPI tools (Bontinck et al., 2018). These methods specifically purify a bait protein 

from a biological sample under near-physiological conditions, keeping PPIs intact, and 

are combined with mass spectrometry to identify the co-purified proteins.  

 Co-immunoprecipitation and single-step affinity purification 

A method that make use of a bait-specific antibody to purify the endogenous target 

protein and its interactors is called immunoprecipitation (IP, figure 2A) (Masters, 2004).  

Initially, IP was applied to analyze the interaction between two proteins, isolating the 

bait with a specific antibody, and verifying the presence of a prey protein after IP on 

western blot with a prey-specific antibody. However, this co-IP strategy is dependent 

on the existence of bait- and prey-specific antibodies, which are very often not 

available. Therefore, an adjustment was made, fusing the bait and/or prey protein with 

different tags for which generic antibodies exist. This adjustment made co-IP a 

powerful tool and has become a standard method for identification and validation of 

PPIs in vivo. Tags that are commonly used are c-myc, HA, FLAG, and GFP, with GFP 

as the most frequently used one in plants, allowing localization studies in parallel 

(Dedecker et al., 2015). As an example of co-IP in plants, interaction between TPLATE 

and TML was confirmed by fusing TPLATE to HA and TML to FLAG (Gadeyne et al., 

2014). Anti-FLAG co-IP and subsequent western blot analysis revealed the presence 

of HA-tagged TPLATE in the final TML pull-down sample.  

To allow for a large-scale detection of unknown protein interactions, co-IP can be 

combined with mass spectrometry, revealing unknown direct interactors, indirect 

interactions and the isolation of protein complexes. In this way, the Arabidopsis 

mediator complex was purified, using an antibody against the mediator subunit 6 

(Med6) (Backstrom et al., 2007). In addition, the use of antibodies becomes 

unnecessary when affinity tags are implemented (affinity purification, AP) (figure 2A). 

Different affinity tags exist and are reviewed elsewhere (Lichty et al., 2005; Kimple et 

al., 2013). The advantage of using affinity tags is that they generally have a stronger 

affinity towards their binding partner than antibodies towards their epitope, which 

enables the development of generic purification methods. The superior strength allows 

for more stringent washing conditions during an AP protocol, resulting in a better 

signal-to-noise ratio. The binding between biotin and streptavidin represents one of the 
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strongest non-covalent interactions known (Kd = 10-15 M) and has been used to identify 

interactors of the TATA-box-binding protein (TBP) in rice (Zhong et al., 2003). Zhong 

and co-workers fused TBP to a biotin peptide and used magnetic streptavidin beads 

for affinity purification. To allow elution of TBP and its interacting partners, a tobacco 

etch virus (TEV) protease cleavage site was incorporated between TBP and the biotin 

peptide. In addition, TEV protease-based elution resulted in the reduction of 

endogenous biotinylated protein contaminants in the final eluate.  

Affinity purification has been successfully performed in numerous plant studies 

(Mravec et al., 2011; Smaczniak et al., 2012; De Rybel et al., 2013; Debernardi et al., 

2014). However, the major pitfall during single-step affinity purifications, is the non-

specific isolation of abundant and promiscuous proteins, often representing more than 

90% of the AP-MS identified proteins (Trinkle-Mulcahy et al., 2008). To correct for this, 

different strategies can be applied, like the above mentioned implementation of a 

protease cleavage site whether or not followed by a consecutive affinity step (see 

tandem affinity purification section). Another approach is the subtraction of a 

background list, generated by control experiments or by combining multiple 

purifications of unrelated bait proteins. In addition, a quantitative MS analysis  can be 

implemented for identification of bona fide and weakly interacting proteins (Nesvizhskii, 

2012).  

Tandem affinity purification 

To avoid the isolation of non-specific interacting proteins with AP-MS as much as 

possible, a double-step affinity purification (TAP) strategy was developed (figure 2A) 

(Li, 2011). The first TAP application was performed in yeast, using a TAP tag which 

contains a calmodulin binding protein (CBP) and two Protein A (ProtA), separated by 

a TEV protease cleavage site (Rigaut et al., 1999; Gerace and Moazed, 2015). Over 

time, different TAP tags have been generated, with the TAPi tag (figure 2B-1) (Rohila 

et al., 2004) and GS-tag (Van Leene et al., 2008) being the most widely adopted in 

plant studies (Dedecker et al., 2015). Further optimization of the GS-tag has resulted 

in a tag that is more suitable for studying unstable proteins with a high turnover, called 

the GSrhino-tag (Van Leene et al., 2015). GSrhino consists of two protein G tags and the 

streptavidin-binding peptide (SBP) separated by two rhinovirus 3C protease cleavage 

sites (figure 2B-2). In a first purification step, the bait protein and interacting partners 

are isolated through high-affinity binding on an IgG resin. After a first washing step, the 

rhinovirus 3C protease is added for a gentle and specific elution by recognizing and 

snipping the tandem cleavage sites. In a subsequent purification step, the bait protein 

complex is trapped through binding to streptavidin-conjugated beads. Residual 

proteases and contaminating proteins are removed in a second washing step. Elution 
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of a pure protein complex is obtained by addition of desthiobiotin, which will compete 

with the SBP-streptavidin interaction, leading to a gentle and easy elution. 

TAP has been applied in a wide range of organisms, including yeast, insects, 

mammalian cells, bacteria and different plant species (Li, 2011; Dedecker et al., 2015). 

It has been frequently used for large-scale analyses to map specific protein 

landscapes. As an example, TAP has been applied in Arabidopsis cell suspension 

culture to unravel the cell cycle interactome (Van Leene et al., 2010). Analysis of 102 

cell cycle related bait proteins resulted in the identification of 857 interactions among 

393 proteins. Reverse TAP experiments, using co-purified proteins as bait, confirmed 

the initial interactions, and screening of public PPI databases revealed the presence 

of 150 known or predicted interactions. In addition, plant-based TAP experiments have 

revealed TF and E3-ligase complexes in Arabidopsis, rice and Medicago truncatula  

(Van Leene et al., 2011; Eloy et al., 2012; Dedecker et al., 2016; Goossens et al., 

2016), and the dynamic chances of a chromatin remodeling complex in maize 

(Nelissen et al., 2015; Bontinck et al., 2018). Development of a multifunctional TAP-

tag, combining the fluorescent protein YFP with SBP (GSyellow, figure 2B-3), allowed 

not only the affinity purification of dicot and monocot protein complexes, but also their 

subcellular localization and, in case of chromatin related proteins, their DNA-binding 

landscape (Besbrugge et al., 2018). 

Although TAP was originally developed to minimize the amount of non-specific 

interacting proteins, the increasing sensitivity of mass spectrometers still leads to a 

high amount of background proteins and still require careful background filtering to 

reduce false positives. Comprehensive background lists for Arabidopsis cell cultures, 

seedlings, rice cell cultures, maize and Medicago are publicly available (Van Leene et 

al., 2015; Dedecker et al., 2016; Goossens et al., 2016; Besbrugge et al., 2018), and 

in the recent years, TAP has been combined with label free semi-quantitative MS 

analysis (Meyer and Selbach, 2015; Van Leene et al., 2019). TAP-MS generally misses 

out on very low abundant proteins, proteins expressed only in rare cell types or 

developmental stages, and proteins with poor solubility like integral membrane 

proteins. TAP analyses are also prone to false negative results. Because of the 

iterative washing steps, needed to avoid a high amount of false positives, weak and 

transient interacting proteins are lost. This was clearly demonstrated when the plant 

TOR kinase PPI landscape was explored (Van Leene et al., 2019). TAP studies 

revealed the isolation of mainly stable interacting proteins of the TOR complex. 

However, an one-step pull-down protocol combined with label-free quantitative MS 

was more efficient for the discovery of putative TOR substrates, as an increased 
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overlap with a TOR dependent phosphoproteome was found (see further for more 

detail). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Overview of the different AP/MS approaches (A) and available TAP tags (B). TAP tags: (1) TAPi tag; (2) GSrhino tag; 
(3) GSyellow tag. CBP, calmodulin binding protein; FP, false positive; FN, false negative; ProtA, protein A domain; ProtG, protein 
G domain; 2x Rhino, double recognition site for the Rhinovirus 3C protease; TEV, recognition site for the tobacco etch virus 
protease; SBP, streptavidin-binding peptide; YFP, yellow fluorescent protein. Figure adopted from Bontinck et al. (2018). 
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Biotin-based proximity labeling 

An alternative approach that is able to identify stable and transient PPIs, even for low 

abundant proteins, is the proximity-dependent labeling method (Roux, 2013; Rees et 

al., 2015). This technique relies on an enzyme, typically a biotin ligase, that is capable 

of covalently labeling, e.g. biotinylation, a protein in the immediate vicinity. By fusing 

this enzyme to a bait protein, interacting partners will be covalently labeled in vivo, 

independent of their binding affinity. Subsequent pull-down and MS analysis will lead 

to the identification of the labeled proteins. Enzymes that are typically used for 

proximity labeling are peroxidase enzymes, like ascorbate peroxidase (APEX) (Rhee 

et al., 2013), and biotin ligases, like BirA (Roux et al., 2012). Both label neighboring 

proteins with biotin, allowing a subsequent stringent pull-down with streptavidin. 

Engineering these proximity labeling enzymes have led to the development of more 

reliable, more efficient and faster biotinylating enzymes, like TurboID (Branon et al., 

2018). This mutant BirA enzyme reduces the labeling time from more than 18 hours to 

10 minutes using a lower amount of biotin. This improvement in time resolution is 

important for analyzing PPI dynamics and identifying proteins that turn over rapidly in 

vivo. 

Application of proximity labeling in plants remains limited with studies in rice 

protoplasts, tobacco and Arabidopsis (Lin et al., 2017; Conlan et al., 2018; Khan et al., 

2018; Das et al., 2019). However, with the development of TurboID, applications in 

plants are facilitated. Recently the first in planta TurboID study has been published, 

revealing the identification of new putative co-activator and -repressor complex 

components for a transcription factor in young guard cells (Mair et al., 2019). They 

showed that TurboID-based proximity labeling can be applied under normal plant 

growth conditions and that labeling times of under 10 min can give immunoblot-

detectable signals. However, they also suggest that longer incubation may be required 

for protein identification by MS. Indeed, TurboID has been applied in Arabidopsis for 

mapping the signaling network of the GSK3 kinase, by incubating transgenic seedling 

for at least one hour with low concentration of biotin (Tae-Wuk Kim, 2019). In addition, 

TurboID has also been applied in Nicotiana benthamiana leafs, Arabidopsis thaliana 

cell suspension culture and Solanum spp. hairy roots for capturing membrane protein 

interactomes and the octameric endocytic TPLATE complex (Deepanksha Arora, 

2019).  

Results obtained with biotin-based proximity labeling in plants need to be carefully 

interpreted. Plants synthesize biotin, histones are biotinylated endogenously, and 

biotin is used as an essential co-factor for carboxylases (Nikolau et al., 1985; Nikolau 

et al., 2003; Zempleni et al., 2009). Endogenous biotin and biotinylated proteins will 
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contaminate the streptavidin-based pull-down and will lead to a low signal-to-noise 

ratio, making it more challenging to identify bona-fide interaction partners with MS. In 

addition, account must be taken of the fact that proximity labeling will also result in the 

labeling of non-interacting proteins that are in the neighborhood of the bait protein. 

Therefore, biotin-based proximity labeling in plants should always be combined with a 

quantitative MS analysis, comparing the results relative to a negative control, being a 

wild type plant (cell), unrelated bait protein with similar localization and/or an untreated 

(no addition of biotin) sample (Mair et al., 2019). 

Identification of transient protein-protein interactions 

As stated before, protein complexes often have a set of more stably interacting proteins 

as well as more unstable or transient interactions. Studying these transient interactions 

by applying affinity purification is challenging as most of the time only the stable 

components are retrieved and the weak, transient interactions are lost. Therefore, 

binary PPI tools are to date, the most appropriate techniques to identify transient 

interactions. Y2H has the advantage that a transcriptional readout leads to an 

amplification of the response upon interaction, which offers more sensitivity for 

transient interactions. To enrich for transient interactions during a Y2H analysis, 

repeated screens are necessary as these interactions do not occur in every single 

screen (Vinayagam et al., 2010). Furthermore, BiFC studies result in a strong 

stabilization of the fluorescent protein and therefore also stabilizes weak transient 

PPIs. However, necessary adjustments to the binary PPI systems often do not take 

transient PPIs into account. For example, combining two reporter genes to increase 

the stringency of the Y2H system, leads to a decrease in detection of false positives, 

but also of weak, transient interactions. In addition, PTMs are often essential for 

transient interactions and are frequently missed when analyzed in yeast. 

To be able to identify weak, transient PPIs related to multiprotein complexes in vivo, 

adjustments have been made to the affinity-based methods implementing chemical 

cross-linking to fixate PPIs (Rohila et al., 2004; Tagwerker et al., 2006; Stingl et al., 

2008; Van Leene et al., 2019). The resulting covalent bonds between interacting 

proteins ensures that transient interactions are not lost during the necessary washing 

steps. For example, this strategy has been applied in plants to unravel the interactome 

of membrane proteins (Pertl-Obermeyer et al., 2014; Bellati et al., 2016). Cross-linking-

based AP in combination with quantitative MS can help to define the in vivo stable and 

transient protein interactions. This has been demonstrated in yeast where a technology 

called transient isotopic differentiation of interactions as random or targeted (transient 

I-DIRT) was developed (Smart et al., 2009; Byrum et al., 2012). One culture of 
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isotopically light cells containing the affinity-tagged bait protein and a second negative 

control culture of isotopically heavy cells, are subjected to in vivo cross-linking and are 

mixed in a ratio of 1:1. After affinity purification and trypsin digestion, stable interacting 

proteins will be identified by MS as isotopically light peptides, while contaminants will 

have a 1:1 mixture of light and heavy peptides. Transient interacting proteins will show 

an intermediate level of isotopically light peptides.  

Although in vivo cross-linking is beneficial for the identification of transient interactions, 

it also results in a higher number of false positives. In addition, it only reveals PPIs at 

the time point of cross-linking, limiting the amount of co-purified interacting partners. In 

that respect, proximity labeling seems to be more ideal to capture all interacting 

proteins, including stable, transient and dynamic interactions. Further on, interaction 

studies are not sufficient for the identification of substrates for a specific enzyme or 

protein complex. To make sure that the identified PPI also results in bait-specific prey 

alterations, further validation of newly identified preys is needed. Although, 

implementation of stimuli or modified PPI analysis conditions, can already hint towards 

bait specific substrates. For example, biotin-based proximity labeling was used to 

reveal stable interacting proteins and transient interacting substrates for the SCFβ-

TrCP1/2 E3 ligase by combining proximity labeling and MG132 treatment (Coyaud et al., 

2015). Because E3 ligase substrates are rapidly degraded by the 26S proteasome 

upon ubiquitination, these proteins are generally missed during AP-MS studies. 

Combining 26S proteasome inhibitor (MG132) treatment with biotin-based proximity 

labeling and semi quantitative mass spectrometry, enabled Coyaud et al. for 

enrichment of SCFβ-TrCP1/2 E3 substrates in human cells. 

Alternatively, a substrate trapping approach has been applied for the identification of 

RING-type E3 ligases substrates (Pauwels et al., 2015; Nagels Durand et al., 2016). 

For this strategy, mutations have been introduced in the E3 ligase disrupting the RING 

domain. As a consequence, the interaction with the Ub-charged E2-conjugating 

enzyme is lost, while the interaction with substrates remain. However these substrates 

are not ubiquitinated and are not targeted for degradation, resulting in the enrichment 

of the E3 target proteins during subsequent affinity purification. This approach has led 

to the identification of GRXS17 as an E3 substrate of the heterodimeric RGLG3 and 

RGLG4 complex in Arabidopsis (Nagels Durand et al., 2016). 
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Identification of kinase substrates with AP-MS 

Recently we published the phosphorylation and interaction landscape of the plant 

target of rapamycin (TOR) kinase, including some known and newly identified direct 

substrates (Van Leene et al., 2019). TOR is an evolutionarily conserved 

serine/threonine protein kinase, which coordinate cell growth based on energy and 

nutrient availability. The complex consists of three core subunits, TOR, RAPTOR and 

LST8. The list of known plant TOR substrates is limited, including the S6 kinase (S6K), 

which stimulates protein synthesis through phosphorylation of ribosomal S6 proteins, 

and the protein phosphatase 2A regulatory subunit TAP46, which regulates cell growth 

in coordination with nutrient and environmental conditions (Dobrenel et al., 2016). To 

further unravel the upstream and downstream network components of the plant TOR 

pathway, we performed a systematic phosphoproteomics screen and affinity 

purification assays in Arabidopsis cell suspension cultures (PSB-D). PSB-D can be 

synchronized through sucrose starvation and repletion (Menges and Murray, 2002), 

which we used to enrich for sugar-dependent TOR signaling events. Sucrose was 

added to 24 hours sucrose-starved cell cultures, whether or not pretreated 2 hours 

before sucrose repletion with the highly specific ATP-competitive TOR inhibitor 

AZD8055 or with the allosteric TOR inhibitor rapamycin. The corresponding protein 

extracts were digested with trypsin/Lys-C, and phosphopeptides were enriched using 

TiO2 magnetic beads that were modified with lactic acid to reduce non-specific binding 

of acidic peptides. Enriched phosphopeptides were analyzed by label-free quantitative 

MS, giving rise to a filtered data set of 4,988 phosphopeptides on 2,119 proteins. To 

select for TOR dependent phosphopeptides, we looked at phosphorylation dynamics 

at different time points, with or without TOR inhibitor treatments. In total, 111 

unambiguous TOR-dependent phosphosites were detected on 83 proteins. To further 

elucidate which TOR-regulated phosphoproteins were direct substrates of the TOR 

complex, TOR kinase protein interactions were characterized by AP-MS, using TOR, 

LST8-1 and Raptor1B as bait proteins. At first we applied TAP, using the GSrhino-tag 

and GSyellow-tag, revealing interactions with 53 proteins. When we compared this TOR 

interactome with the TOR-dependent phosphoproteome, only one protein was found 

in the overlap, being eIF2B-δ1, a translation initiation factor. This low overlap indicates 

that the TAP analysis mainly identified stable protein interactions, whereas kinase–

substrate interactions, which are more transient in nature, were probably lost during 

the long double-step TAP purification. Therefore, we tested a one-step pull-down 

protocol, derived from our GSrhino TAP method (figure 3). The bait proteins, LST8-1 

and Raptor1B fused to GSrhino, were trapped on home-made magnetic IgG beads 

which contain high binding capacity. These magnetic beads allowed us to purify protein 

complexes using the strong affinity between ProtG and IgG. It also resulted in faster, 
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integral washing steps, and shorter incubation times. Due to these advantages, we 

could transform our relative slow TAP technique to a faster pull-down technique (AP-

MS). To reveal specific interactors of LST8-1 and RAPTOR1B, a label-free quantitative 

MS was performed by comparison to an equivalent control data set. AP-MS revealed 

119 interacting partners of the TOR complex, of which 8 were also TOR-dependent 

phosphorylated. From these 8 putative TOR substrates, three (AML5, ATG1b and 

ATG13) are orthologues of known TOR substrates in yeast or mammalian cells. 

Several putative plant-specific TOR substrates were identified as well, including a 

protein that is upregulated during senescence (S40-7) and the translation initiation 

factor eIF2B-δ1. To further validate these putative new TOR substrates, we performed 

in vitro kinase assays revealing the TOR dependent phosphorylation of ATG13, S40-

7 and eIF2B-δ1. These results show that our AP-MS strategy was more efficient than 

TAP for the discovery of direct TOR substrates. 

The PSB-D sucrose-dependent phoshoproteome that we generated also revealed a 

large amount of proteins which phosphorylation status diminished upon sucrose 

repletion. Further analysis uncovered that a relative high percentage of the identified 

phosphorylation sites resemble the consensus sequence for phosphorylation by the 

SnRK1 kinase complex (unpublished data). SnRK1, just as TOR, is an evolutionarily 

conserved protein kinase essential for plant growth. However, while TOR is activated 

in nutrient-rich conditions to promote growth, SnRK1 is activated by energy deficit and 

will lead to growth arrest as long as growth conditions are not beneficial. So it is no 

coincidence that we find known (e.g. bZIP transcription factors) and putative SnRK1 

substrates in the phosphoproteome of 24 hours sucrose-starved cell cultures. To 

further elucidate the direct SnRK1 substrates, we performed AP-MS on two of the three 

subunits, being KIN10 and SnRK1βγ. This resulted in the identification of known 

SnRK1 regulators and targets, including TOR, as well as novel interacting partners 

(unpublished data). Ongoing experiments, among which in vitro kinase assays and 

transient expression assays, will further validate the AP-MS results and will reveal if 

direct SnRK1 substrates have been purified with our AP-MS tool. 
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Summary and perspectives 

Proteins are the workhorses of a biological system and mutual protein interactions are 

essential in a living organism. However, the different functionalities, dynamics and 

complexity of PPIs, makes it a challenging field to investigate. The list of PPI analysis 

tools is very extensive, and only a small portion, relevant to plant research, has been 

discused here. We made the distinction between in situ binary methods and affinity-

based methods, which have been succesfully applied in plants.  

The most widley applied binary system is Y2H, and has been modified numerous times 

to circumvent some of the limitations associated with the standard Y2H strategy. 

Alternative two-hybrid systems have been reviewed in detail by Stynen and co-workers 

(Stynen et al., 2012), including membrane associated Y2H systems and 

implementation of different transcription activators or repressors. However, in 

relationship to plant PPIs, Y2H remains suboptimal. Plant interactions are analyzed 

outside the native cellular context, leading to a low signal-to-noise ratio. Plant PPIs 

often are dependent on PTMs, like tyrosine phosphorylation, a mechanism absent in 

yeast. To obtain more relevant data, the Y2H system has been adopted in Arabidopsis 

Figure 3: Schematic overview of the 
GSrhino-based pull-down and TAP 
protocols. Protein complexes 
incorporating the GSrhino-tagged bait 
protein are isolated using either TAP 
or a one-step pull-down strategy. In 
the pull-down experiment, protein 
complexes are captured during a 45 
min incubation with home-made IgG 
magnetic beads. During TAP, protein 
complexes are first captured using IgG 
sepharose beads (1 h), specifically 
eluted by Rhinovirus 3C protease 
cleavage (1 h) and further purified by 
incubation with Streptavidin 
sepharose beads (1 h). SBP = 
streptavidin-binding peptide, ProtG = 
ProteinG tag, FN = false negative 
interaction here depicted as an 
interaction specifically lost during TAP, 
TP = true positive interactions, FP = 
false positive interactions, MS = mass 
spectrometry. Figure adopted from 
Van Leene et al. (2019). 
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protoplasts (P2H) (Ehlert et al., 2006; Li et al., 2014). However, to be able to study PPI 

dynamics and/or their localization, versatile techniques have been developed using 

bioluminescence (split-luciferase, BRET) or fluorescence (BiFC, FRET). These 

methods allow for a straightforward visualization of binary interactions in living cells 

and in real time, independent of the PPI localization or affinity strength. These 

techniques have become increasingly popular in the plant field with applications in 

diverse targets, ranging from protoplasts to seedlings, leaves, or epidermal cells in 

Arabidopsis but also in tobacco, mustard, parsley, leek, and onion plants (Ohad et al., 

2007; Ohad and Yalovsky, 2010). However, it must be taken in to account that binary 

PPI studies are prone for false positives and false negatives, making it necessary to 

validate binary PPIs with complementary assays. Validation can be achieved by 

performing several different PPI techniques, however, it has been shown that 

performing one assay under different experimental conditions, e.g. the same binary 

PPI assay in different organisms or with different fusion orientations on bait and prey 

protein, can reveal true PPI in an effortless manner (Choi et al., 2019). 

Athough high-throughput Y2H screens have been performed to map plant binary 

protein interactomes (Erffelinck et al., 2018), more relevant data on a genome-wide 

level is obtained with affinity-based methods. Preferably,  immunoprecipitation is 

applied on an endogenous expressed protein of interest with a specific antibody, 

followed by quantitative mass spectrometry to identify the interacting partners. 

Unfortunetaly, the amount of plant specific antibodies is limited, causing the need for 

the transgenic expression of a tagged bait protein. Preference is given to the 

overexpression of the tagged bait protein, which favours competition with the 

endogenous counterpart for PPIs. Expression under the endogenous promoter is also 

a possibility, but competition with the endogenous counterpart should be avoided by 

using a knock out mutant (Dedecker et al., 2015). A third option could be the insertion 

of the tag in the endogenous bait locus, allowing near-to-physiological expression. 

While this strategy can be applied in yeast via homologous recombination, application 

in plants remains to date inefficient, although attempts have been made with the 

CRISPR system (Puchta, 2017). Furthermore, the affinity tag can obstruct the 

functionality of the bait protein, cause steric hindrance and interfere with certain protein 

interactions. Therfore, it is recommended to test N- and C-terminal fusions in parallel, 

which also applies to the binary PPI methods (Dedecker et al., 2015; Choi et al., 2019). 

Affinity purification mainly results in the identification of stable PPIs because these 

interactions do not disassemble during the different protein extraction and purification 

steps. To include the purification of weak and transient interactions, in vivo cross-

linking can be implemented, but this is accompanied by a higher number of false 
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positives. Another option to pull-down weak, transient interactions is by shortening the 

affinity purification protocol, as we have done for the identification of kinase substrates 

(Van Leene et al., 2019). Our AP-MS protocol combines the strong affinity of ProtG 

with IgG and the high binding capacity of magnetic IgG beads to pull-down a bait 

protein and its interacting partners in approximately three hours. In addition, the 

ongoing optimization of MS technologies, advanced mathematical modeling, and data-

driven elimination of common contaminants, increases the reliability of AP-MS results. 

We demonstrated that our AP-MS strategy was more efficient than TAP for the 

discovery of direct TOR substrates and promising results have been obtained for the 

SnRK1 interactome (unpublished data). However, the overlap with the TOR dependent 

phosphoproteome remained low, and known TOR substrates, like S6K and TAP46, 

were not retrieved by AP-MS, nor with TAP. We attempted to increase the overlap by 

performing pull-downs on sucrose synchronized cell cultures, maximizing the TOR 

activity and its interactions with substrates, but this did not give a better result 

(unpublished data). Because of the practical limitations and the necessary washing 

steps, AP-MS will remain a suboptimal technique for identification of weak and 

transient interactions. 

A promising new PPI tool that avoids the need for retaining interactions during the 

different affinity purification steps, is proximity labeling. Especially with the 

development of TurboID, a more reliable, more efficient and faster biotin ligase (Branon 

et al., 2018), proximity labeling will provide the next generation of PPI tools in plants 

allowing in vivo biotin labeling of all proteins in close proximity of the bait protein, 

including weak and transient interactions. While affinity-based methods pull-down PPIs 

at a certain time point, proximity labeling has the advantage of accumulating labeled 

proteins over the time period of biotin treatment, leading to the capture of dynamic 

interactions. In addition, proximity labeling also occurs with endogenous biotin over the 

growth period of the plant, creating a large pool of biotinylated protein interactors which 

are purified with high affinity for streptavidin and identified by MS. However, the same 

biotinylation period allows non-interacting cellular proteins to enter the labeling radius 

of TurboID, resulting in the accumulation of false positives. Therefore, similar to AP-

MS, a quantitative MS analysis relative to a proper negative control is necessary (Mair 

et al., 2019). Furthermore, the relative large TurboID enzyme (35 kDa) can hinder PPIs, 

and when analyzing multiprotein complexes, some interacting partners, hidden in the 

core of the complex, could be inaccessible for biotin labeling, leading to false negative 

results. 

The list of PPI tools is extensive, but no single PPI assay is superior to any other, 

including the most recently developed technologies. All methods have their 
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advantages and disadvantages. Depending on the aim and the characteristics of the 

bait protein, one method will be more suitable than the other. A well-considered choice 

must be made, combining different complementary assays followed by in vivo 

validation.  
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Development of a gene-centered method for protein-DNA interaction 

analysis in plants. 

A lot of techniques exist to analyze protein-DNA interactions. As mentioned in chapter 

one, these techniques can be subdivided in TF-centered and gene-centered methods. 

Although many TF-centered methods are available, the list of gene-centered tools is 

less comprehensive and even nonexistent in plants. Identification of protein interactors 

for a plant specific DNA sequence has to be obtained via a Y1H screen which is 

accompanied by several drawbacks including the analysis outside the native context. 

To overcome this problem, a gene-centered in planta method is needed. Such a 

technique would be an important new platform for the elucidation of gene regulatory 

networks (GRN) in plants. Different in situ gene-centered strategies have been 

reported in other species. One is the ChAP-MS strategy using an exogenous DNA 

binding sequence and corresponding DNA binding protein, fused to an affinity tag, to 

target a specific genomic region (Hoshino and Fujii, 2009; Byrum et al., 2012). 

Implementing crosslinking and subsequent affinity purification results in the specific 

isolation of the target sequence and its interacting partners. Alternatively, CRISPR can 

be implemented using a tagged deactivated Cas9 (dCas9) and a locus specific guide 

RNA (gRNA) (Fujita and Fujii, 2013; Waldrip et al., 2014). Recently, a third option has 

been reported making use of biotin–based proximity labeling to specifically biotinylate 

proteins in the neighborhood of a specific genomic region and allowing subsequent 

stringent affinity purification with streptavidin (Schmidtmann et al., 2016; Myers et al., 

2017). The major aim of this doctoral research is to develop a gene-centered method 

for plant cells, based on the previous mentioned strategies in mammalian cells and 

yeast. We will test three approaches in Arabidopsis cell suspension cultures, being the 

ChAP-MS strategy (chapter 3), the proximity labeling strategy (chapter 3) and the 

CRISPR-ChAP-MS strategy (chapter 4). To proof functionality, we analyze the protein 

interactome of single and multicopy loci for which interacting proteins have been 

reported. 

Identification of APC mitotic substrates. 

The list of protein-protein interaction (PPI) techniques is even more elaborate than 

those for protein-DNA analysis (see chapter 2). However, protein-protein interactions 

remain a challenging field to investigate due to their different functionalities, dynamics 

and complexity. Especially the identification of low affinity interactions and dynamic, 

transient interactions remain to this date a tough task to perform. Different strategies 

exist to capture transient PPIs of which proximity labeling seems to be the most 

promising tool, allowing identification of all interacting proteins, including stable, 
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transient and dynamic interactions (Roux, 2013; Rees et al., 2015). In addition, we 

recently reported a pull-down protocol (AP-MS) that allowed us to identify the transient 

interaction between the essential plant growth regulator, the TOR kinase, and its 

substrates (Van Leene et al., 2019). In a second part of this doctoral research (chapter 

5) we will test this pull-down technique for its applicability in discovering mitotic 

substrates for E3-ligases, here applied on the anaphase promoting complex (APC). 

Next to that, we will also apply proximity labeling to validate the AP-MS data and to 

further expand the APC interactome for low affinity interactors.  
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Abstract 

Protein-DNA interactions (PDIs) are essential for a proper regulation of the genetic 

code. Different techniques exist to unravel these PDIs, subdivided in TF-centered and 

gene-centered methods. To date, an in planta gene-centered method is not available, 

causing Y1H to be one of the only options to analyze the interactome of a specific plant 

DNA sequence, in addition to some in vitro methods. In this chapter we describe two 

gene-centered applications in Arabidopsis cell suspension culture and the 

corresponding pitfalls we encountered. As a proof of concept we analyzed three 

different promoters (DR5v2, pETG1 and pCycB1;2) to pull-down well known 

corresponding transcription factors. We show that prior to pull-down fixating PDIs by 

cross-linking should be avoided, as this results in the isolation of an excessive amount 

of non-specific interactions. Although applying a biotin-based proximity labeling 

strategy, evading the cross-linking step, did not retrieve any known interacting proteins, 

we conclude that further optimization is needed to obtain an efficient in planta gene-

centered method based on recently reported gene-centered methods in mammalian 

cells. 
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Introduction 

A precise regulation of the genetic information encoded in DNA is of utmost importance 

for the proper functioning of an organism. An appropriate transcription, which can be 

time dependent, stimuli dependent, cell cycle-phase dependent and tissue-specific, 

results in cellular functions that allow for changes in growth, differentiation, division and 

responses to environmental impulses. The basis of this important regulation is the 

sequence-specific binding of proteins on DNA. These protein-DNA interactions (PDIs) 

are essential and mutations in one of the two interaction partners can lead to severe 

malfunctioning of the organism. Unraveling these PDIs is therefore of great value to 

understand gene regulation. 

Techniques used for identification of PDIs can be subdivided in two groups, the 

transcription factor- (TF) centered and the gene-centered ones. TF-centered 

techniques, like the high-throughput ChIP-seq technology, identify the DNA loci that 

are bound by proteins, like TF’s. Gene-centered techniques, like the well-known yeast 

one-hybrid (Y1H) screen, work the other way around. They identify the binding proteins 

for a specific DNA locus. Although many PDI techniques can be applied in many 

organisms, there is still one major gap for plants. Gene-centered analysis of a plant 

locus can only be obtained by performing a Y1H screen, outside the native 

environment and with a higher chance of false positive and negative results. In 

addition, Y1H screens only identify direct interactors, missing out the protein 

complexes generally present on chromatin. To obtain a proteome-wide view of the 

protein complexes bound on specific plant genomic regions, a new in planta gene-

centered method is needed. 

In the past different in situ gene-centered methods have been developed in 

mammalian cells and yeast, allowing for the identification of proteins present at a 

defined, small region of chromatin. One tool uses a DNA probe to isolate specific 

sequences in vivo and is called proteomics of isolated chromatin segments (PICh) 

(Dejardin and Kingston, 2009). This specific DNA probe is linked to an affinity handle 

making it possible to isolate the target sequence and its interactors via affinity 

purification. Successful isolation of human telomere sequences and Drosophila 

Telomere-Associated Sequence (TAS) repeats were obtained, resulting in the 

identification of well-known and new interactors with mass spectrometry (MS) (Dejardin 

and Kingston, 2009; Antao et al., 2012; Bartocci et al., 2014). Another approach for the 

specific isolation of a genomic locus in vivo makes use of genetic engineering. A repeat 

of an exogenous DNA binding sequence is inserted in a cell line in proximity of the 

genomic region of interest. Furthermore, the complementary exogenous DNA binding 

protein (DBP) is expressed in the cell and is fused to an affinity handle. After in vivo 
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cross-linking and fragmentation of the chromatin, affinity purification is performed 

resulting in the identification of interactors with quantitative MS (figure 1A). One 

technique that makes use of this strategy is insertional chromatin immunoprecipitation 

(iChIP) (Hoshino and Fujii, 2009; Fujita and Fujii, 2013). Here successful isolation of 

the IRF-1 promoter (Hoshino and Fujii, 2009), the chicken insulator HS4 (cHS4) (Fujita 

and Fujii, 2011) and Pax5 1A promoter (Fujita et al., 2015) was obtained in mammalian 

cells. Also in yeast a similar approach was applied, called chromatin affinity purification 

with mass spectrometry (ChAP-MS), for the isolation of the GAL1 promoter (Byrum et 

al., 2012) and to elucidate the double stranded break (DSB) repair mechanism at the 

MAT locus (Wang et al., 2017). 

With the discovery of CRISPR, a new and rapidly developing approach for gene-

centered analysis is rising. Successful gene-centered experiments have been 

performed with CRISPR (Fujita and Fujii, 2013; Waldrip et al., 2014) and new variants 

are being developed which are making use of the high affinity between biotin and 

streptavidin. One can fuse a deactivated Cas9 (dCas9) to biotin and apply a stringent 

purification (CAPTURE) (Liu et al., 2017; Liu et al., 2018) (figure 1B)  or one can fuse 

dCas9 to a promiscuous biotin ligase (BirA*) or an engineered ascorbate peroxidase 

(APEX2) (figure 1C) allowing for proximity-dependent biotin identification (CasID or C-

BERST) (Schmidtmann et al., 2016; Myers et al., 2017; Gao et al., 2018; Myers et al., 

2018; Gao et al., 2019; Qiu et al., 2019). This latter approach has been on the rise in 

recent years and will likely be the method of choice in the future to analyze not only 

protein-DNA interactions but also protein-protein interactions. The principle of the 

proximity-based labeling is as follows. To target a specific genomic locus, a dCas9 is 

expressed together with a locus specific guide RNA (gRNA). To be able to label the 

proteins in the neighborhood with biotin, dCas9 is fused to BirA* or APEX2. As an 

alternative the gRNA can be modified with MS2 RNA elements that are bound by a 

transgenic fusion protein containing the RNA binding protein MS2 and APEX2 (Qiu et 

al., 2019). To initiate biotinylation, transgenic cells are treated with biotin (in case of 

BirA*) or biotin-phenol and H2O2 (in case of APEX2). Subsequently, biotinylated 

proteins are pulled-down with a streptavidin resin and are identified by mass 

spectrometry. Through this way, a new putative transcription factor, ZNF512, was 

identified at chromocenters in  mouse myoblast cells (Schmidtmann et al., 2016). 

Proximity labeling also confirmed the association of the shelterin complex at telomeres 

in mammalian cells (Schmidtmann et al., 2016; Gao et al., 2018; Qiu et al., 2019). In 

addition, single locus genes have been analyzed, revealing known and unknown 

interactors of the hTERT and c-MYC promoters (Myers et al., 2018). 
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Figure 1: Scheme of different gene-centered methods for protein-DNA interaction analysis at a specific genomic locus. A) 
Representation of the strategy used in insertional chromatin immunoprecipitation (iChIP) and chromatin affinity purification 
with mass spectrometry (ChAP-MS) (Hoshino and Fujii, 2009; Byrum et al., 2012). LexA-binding elements are inserted in close 
proximity of the promoter region of interest. Transgenic LexA, fused to an affinity handle (tag), will bind at the specific locus. 
After fixating all interactions by cross-linking and fragmentation of the chromatin by sonication, affinity purification is 
performed and isolated proteins can be identified by mass spectrometry. B) Representation of the CAPTURE technique (Liu 
et al., 2018), making use of a deactivated Cas9 (dCas9), fused to a biotin acceptor, and a locus specific gRNA to target a specific 
genomic region. Induced expression of BirA results in biotinylation of dCas9. Subsequent cross-linking, sonication and 
streptavidin-based purification allows for isolation of the specific genomic region and its interacting proteins. C) 
Representation of the proximity-dependent biotin identification of the protein interactome for a specific genomic locus 
(Schmidtmann et al., 2016; Gao et al., 2018). A BirA*-fused dCas9 at the genomic region of interest allows for biotinylation 
of the neighboring proteins upon biotin addition. Biotinylated proteins are pulled-down with a streptavidin resin and 
identified with mass spectrometry. 
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Although, PICh has been applied once in barley for the analysis of centromeric 

chromatin (Zeng and Jiang, 2016), no other studies have reported the development or 

application of in planta gene-centered methods. There is need for the development of 

a new, plant-specific method that can yield enough material for the identification of 

protein-DNA interactions via a quantitative MS analysis. Such a technique would be 

an important new platform for the elucidation of gene regulatory networks (GRN) in 

plant cells. 

Here we tested new gene-centered in planta tools in analogy with ChAP-MS and BirA* 

proximity-based biotin labeling. ChAP-MS performed on Arabidopsis cell suspension 

culture, allowed us to isolate different DNA sequence of interest but specific 

identification of bound proteins via quantitative mass spectrometry remains a difficulty. 

We identified the cross-linking step as the culprit, leading to pull-down of a massif 

amount of non-specific interacting proteins. Combining ChAP-MS with proximity-based 

biotin labeling avoids this cross-linking step, but due to the highly active biotin ligase, 

further optimization is needed to allow for identification of a locus-specific interactome.  
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Results 

ChAP-MS step by step 

The scheme of our plant specific ChAP-MS methods is represented in figure 2 and is 

as follows: 

i) A T-DNA construct is generated via multisite gateway cloning (Karimi et al., 

2002) containing two cassettes (figure 2A). One cassette contains the DNA 

sequence of interest, in this case a promoter sequence, flanked by an 

octarepeat of the prokaryotic lactose operator (LacO) sequence and the β-

glucuronidase (GUS) open reading frame (ORF). The second cassette 

allows constitutive expression of the prokaryotic lac repressor (LacI) fused 

to the tandem affinity purification (TAP) tag GSrhino (Van Leene et al., 2015) 

which consists of a protein G tag (ProtG) and a streptavidin-binding peptide 

(SBP) separated by a very specific rhinovirus 3C protease cleavage site. A 

kanamycin resistance (KmR) marker allows for selection of transformed 

Arabidopsis cells. 

ii) A transgenic Arabidopsis cell suspension culture (in PSB-D, grown in 

constant dark) is obtained by co-cultivation with Agrobacteria containing the 

T-DNA vector. GSrhino-LacI proteins will interact with the corresponding LacO 

sequences, while native proteins will bind on the DNA sequence of interest 

(figure 2B). 

iii) To fixate all these interactions, cells are chemically cross-linked in vivo with 

formaldehyde. 

iv) After lysis of the cells, chromatin is fragmented via sonication in fragments 

ranging the size of the LacO repeat and the region of interest. 

v) The GSrhino-LacI-DNA complexes are immunoprecipitated with home-made 

magnetic IgG beads. 

vi) Subsequent reverse cross-linking or on-bead digestion with trypsin allows 

for identification and characterization of the interacting proteins, isolated with 

the specific target sequence, via mass spectrometry. 

Besides promoters, other target sequences can be analyzed with the ChAP-MS 

technique, like enhancer sequences or specific regulatory DNA motifs which can be 

put in a repetition. However, specific PDIs are low abundant in a cell and one-step 

affinity purifications generally yield a big pool of specific and non-specific isolated 

proteins. Therefore, a label free quantitative MS analysis is recommended for 

determining which co-enriched proteins are specifically or non-specifically associated 

with the target sequence. Non-specific proteins can be identified by analyzing a cell 
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culture only containing the GSrhino-LacI cassette, or by analyzing another random target 

sequence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Overview of chromatin affinity purification with mass spectrometry (ChAP-MS). A) A T-DNA is composed containing 
the DNA sequence of interest (e.g. promoter) flanked by an 8 times LacO repeat and GUS ORF, and expresses LacI fused to 
the GSrhino affinity handle. The GSrhino-tag consists of two protein G’s (ProtG) and a streptavidin-binding peptide (SBP) 
separated by two rhinovirus 3C protease cleavage sites (2xRhino). Plant cells transformed with this T-DNA can be selected by 
kanamycin resistance (KmR). B) In vivo cross-linking fixates all protein-DNA and protein-protein interactions including the 
binding of GSrhino-LacI on LacO. After cell lysis, chromatin is fragmented by sonication, and the protein-DNA complex of 
interest is purified by using home-made magnetic IgG beads. After reverse cross-linking or on-bead trypsin digestion, co-
enriched proteins can be identified by mass spectrometry. 
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Cross-linking: a crucial step. 

Fixation of the in vivo interactions is of great importance when performing a gene-

centered analysis and should be optimized to be successful. Cross-linking conditions 

that are too harsh, will lead to inefficient reverse cross-linking and elution of proteins, 

while soft cross-linking condition will lead to the loss of interactors during the different 

affinity purification steps. The most commonly used chemical crosslinker is 

formaldehyde, which fixates all macromolecular interactions that are in close proximity 

(± 2 Å) (Hoffman et al., 2015). Formaldehyde cross-linking of our Arabidopsis cell 

suspension culture PSB-D was already optimized for the tandem chromatin affinity 

purification technique (TChAP) allowing successful isolation of TF specific target 

sequences (Verkest et al., 2014). Here 0,75% formaldehyde is added to the cell culture 

for 10 minutes and is subsequently quenched by adding an excess of glycine.  

For our ChAP-MS protocol we compared two different cross-linking conditions for their 

DNA purification tolerance with a non-cross-linking condition. One cell culture was 

cross-linked with the standard TChAP condition, another with 0,5% formaldehyde for 

5 min, and one without cross-linking. Subsequent DNA purification was performed with 

or without a preceding de-cross-linking step. Cross-linking that is too harsh, will result 

in lower DNA yield after de-cross-linking, while too soft cross-linking will result in DNA 

purification even without de-cross-linking (Haring et 

al., 2007). An optimal cross-linking condition will 

result in absence of DNA yield without de-cross-

linking and efficient DNA purification with de-cross-

linking. Cell cultures cross-linked with 0,75% 

formaldehyde showed low DNA yield without de-

cross-linking and after de-cross-linking (figure 3). A 

concentration of 0,5% formaldehyde still blocks DNA 

purification without de-cross-linking, though a 

substantial amount of DNA could be isolated after 

de-cross-linking. Compared to the DNA yields 

obtained with 0,5% formaldehyde cross-linking, the 

standard TChAP cross-linking condition could be too 

harsh for upcoming experiments. However, because 

of the successful TChAP results, both cross-linking 

conditions were further tested for protein fixation and 

ChAP-MS purification. 

 

Figure 3: Cross-linking efficiency analysis. 
Arabidopsis cell cultures were cross-linked 
with increasing amounts of formaldehyde. 
Samples were de-cross-linked (+DC) or not (-
DC), and DNA was purified. While DNA is 
efficiently isolated from samples that were 
not cross-linked (No XL), de-cross-linking is 
required for the isolation of DNA from cross-
linked samples. More DNA is isolated with 
0,50% formaldehyde. M: SmartLadder SF 
(Eurogentec). 
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The synthetic DR5v2 promoter as a case study. 

To proof functionality of the ChAP-MS T-DNA in our Arabidopsis cell suspension 

culture, the DR5v2 promoter was analyzed. The synthetic DR5v2 promoter consists of 

a repeat of nine auxin response elements (AuxRE) (TGTCGG) which are recognized 

and bound with high affinity by auxin response factors (ARFs) (Liao et al., 2015). When 

auxin levels are low, these ARFs are inhibited by auxin/indole3-acetic acid proteins 

(Aux/IAAs). Upon auxin increase, Aux/IAAs are ubiquitinated and degraded, releasing 

the ARFs from inhibition and allowing activation or repression of auxin responsive 

genes and the DR5v2 promoter (Wang and Estelle, 2014). In Arabidopsis, there are 

23 ARFs of which five (ARF5, ARF6, ARF7, ARF8 and ARF19) are transcriptional 

activators (Guilfoyle and Hagen, 2007; Li et al., 2016). Of these 23 ARFs, 13 are 

expressed in our PSB-D cell suspension culture, including the five transcriptional 

activators of which ARF5 is being the most strongly expressed (unpublished data). 

A T-DNA containing the DR5v2 promoter was developed and transformed in our PSB-

D culture. In addition, the T-DNA harbored an extra expression cassette, ensuring 

overexpression of ARF7 fused to a three times human influenza hemagglutinin (3xHA) 

tag (figure 4A). In this way, a fast evaluation of the T-DNA is guaranteed, allowing 

ChIP-qPCR and western blot analysis of ARF7. Accumulation of GSrhino-LacI and 

ARF7-3xHA was observed on western blot (figure 4B), whereas ChIP-qPCR analysis 

of ARF7-3xHA resulted in an efficient enrichment of the DR5v2 promoter (figure 4C), 

indicating that the T-DNA construct is functional in our cell culture and allows for 

binding of ARF TFs on the DR5v2 promoter. Based on the ChIP-qPCR results, cross-

linking of the cell culture with 0,5% formaldehyde resulted in a similar fixation of the TF 

with its target sequence as with 0,75% formaldehyde. 

Next, we assessed the functionality of our ChAP-MS protocol for the DR5v2 promoter. 

After pull-down with magnetic IgG beads, a fraction of the sample was used for DNA 

purification and qPCR analysis. An efficient enrichment of the DR5v2 promoter was 

observed after pull-down (figure 4D), indicating that GSrhino-LacI efficiently binds the 

LacO sequences in the neighborhood of the DR5v2 promoter and affinity purification 

of GSrhino with the home-made magnetic IgG beads is effective under both cross-linking 

conditions. Western blot analysis of the remaining pull-down samples revealed clear 

presence of ARF7-3xHA in the final eluates (figure 4E). Further evidence for the 

successful application of our ChAP-MS protocol on the DR5v2 promoter was obtained 

by MS analysis, resulting in the identification of five ARFs (ARF2, ARF5, ARF7, ARF8 

and ARF17). On top of that, TOPLESS, TOPLESS-related proteins and histone 

deacetylases (HDA) were identified, which are known to be recruited by the Aux/IAA 

inhibitors to auxin responsive genes (table 1) (Wang and Estelle, 2014). However, 
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Aux/IAA proteins were not detected by MS analysis. Direct interactions of TOPLESS 

proteins with ARF2 and ARF17 have been observed in a yeast two-hybrid screen 

(Causier et al., 2012) and could explain their presence in the final eluate.  

These results affirm that with our ChAP-MS protocol it is possible to isolate and identify 

direct and indirect interactors for a specific DNA sequence in our PSB-D culture. 

However, different MS results were obtained for both cross-linking conditions. While 

0,75% formaldehyde resulted in the identification of the five ARFs by unique peptides; 

0,5% formaldehyde allowed detection of unique peptide for only three of them (table 

1), concluding that although standard TChAP cross-linking results in less efficient DNA 

purification, this has no effect on the ChAP-MS purification and detection of isolated 

proteins with MS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: A functional ChAP-MS T-DNA construct for the DR5v2 promoter. A) T-DNA construct overexpressing GSrhino-LacI 
and ARF7-3xHA, including the target promoter DR5v2 flanked by 8 repeats of LacO and GUS open reading frame. B) 
Immunoblot analysis of wild type (PSB-D) and T-DNA transformed cell culture (DR5v2). Accumulation of GSrhino-LacI (59,17 
kDa) visualized by Peroxidase Anti-Peroxidase Soluble Complex antibody. Accumulation of ARF7-3xHA (132,68 kDa) visualized 
by Anti-HA (12CA5). C-D) qPCR result for DR5v2 enrichment after pull-down of ARF7-3xHA (C) or GSrhino-LacI (D) under 
different formaldehyde (FA) cross-linking conditions. E) Immunoblot analysis of ARF7-3xHA during pull-down with GSrhino-LacI 
under different cross-linking conditions. Input samples (IN, 60 µg total protein), unbound fraction (Unb, same volume as IN), 
fraction of beads after elution (1/60 of total beads) and final eluate (1/60 of total eluate) were loaded and detection was 
performed using Anti-HA (12CA5). No XL: without cross-linking. 
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Table 1: Proteins identified by liquid chromatography-tandem MS (LC-MS/MS) after ChAP-MS on the DR5v2 promoter. Number of peptides (# peptides) or number of unique peptides (# 
unique peptides) identified for the most relevant proteins co-purifying with the bait promoter are shown under the different formaldehyde (FA) cross-linking conditions. No XL: without cross-
linking. 

  
No XL 0,50% FA 0,75% FA 

Accession number Protein name # peptides 
# unique 

peptides 
# peptides 

# unique 

peptides 
# peptides 

# unique 

peptides 

AT5G20730 ARF7 0 0 2 1 2 1 

AT5G62000 ARF2 0 0 4 4 2 2 

AT1G19850 ARF5 0 0 1 0 2 1 

AT5G37020 ARF8 0 0 1 0 2 1 

AT1G77850 ARF17 0 0 1 1 1 1 

AT1G15750 TPL | TOPLESS 0 0 26 8 24 7 

AT1G80490 TPR1 | TOPLESS-related 1 0 0 20 1 19 2 

AT3G16830 TPR2 | TOPLESS-related 2 0 0 24 16 23 16 

AT5G27030 TPR3 | TOPLESS-related 3 0 0 24 14 24 16 

AT3G15880 TPR4 | TOPLESS-related 4 0 0 18 10 16 8 

AT4G38130 HD1 | histone deacetylase 1  0 0 7 7 5 5 

AT5G22650 HD2B | histone deacetylase 2B  0 0 5 5 3 3 

AT3G44750 HDA3 | histone deacetylase 3  0 0 3 3 1 1 

AT5G63110 HDA6 | histone deacetylase 6  0 0 2 2 2 2 

AT2G27840 HDA13 | histone deacetylase 13 0 0 1 1 1 1 

        

Extra identified proteins  + 919 + 824 + 1926 + 1888 +1882 + 1843 
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Label Free Quantitative MS analysis uncovers obstacles. 

The list of isolated proteins was extensive in the initial experiment. After DR5v2 pull-

down 2233 proteins were identified (table 1), many of them being non-specific proteins 

and common chromatin related proteins. Identifying unknown interactors of a specific 

DNA sequence becomes impossible when such amount of proteins is identified after a 

ChAP-MS analysis. To circumvent this problem and facilitate MS analysis, a label free 

quantitative MS analysis was implemented to identify bona fide interactions.  

Different T-DNA constructs were generated allowing the analysis of the DR5v2, ETG1 

and CycB1;2 promoters in the absence of an overexpressed complementary TF (figure 

5A). For all three promoters transcription regulators have been reported in literature. 

As mentioned before DR5v2 is bound directly by ARFs and indirectly with AUX/IAA 

and TOPLESS proteins. Transcription regulation of the E2F TARGET GENE1 (ETG1) 

by E2F TFs has been previously demonstrated by chromatin immunoprecipitation and 

tandem chromatin affinity purification (TChAP) (Takahashi et al., 2008; Verkest et al., 

2014). And TChAP on the bZIP29 TF revealed strong association with the mitotic B-

type cyclin CYCB1;2 promoter near a VIP1 response element (VRE) (Van Leene et al., 

2016). Furthermore, RNA-seq data on our PSB-D cell culture revealed that these TFs 

are efficiently expressed (data not published), which is beneficial for detection of these 

TFs with MS after ChAP-MS analysis in PSB-D. Two negative controls were included 

for quantitative analysis, one being the wild type PSB-D culture without T-DNA 

construct and one cell culture with a T-DNA construct containing the min35S promoter 

(figure 5A). All cell cultures were cross-linked with 0,75% formaldehyde and for each 

promoter or control a ChAP-MS analysis was performed in triplicate. Enrichment of the 

promoter sequences after pull-down was checked with qPCR. Although efficient 

enrichment of the DR5v2 promoter was obtained, less enrichment was observed for 

the ETG1 and CycB1;2 promoters (figure 5B-D). 

In total 5972 proteins were identified including ARF, E2F and bZIP transcription factors. 

A quantitative analysis for each promoter versus the other set of promoters and 

controls (CTset) was executed. However, no significant enrichment of the known 

transcription factors and co-regulators was observed for one of the promoters under a 

false discovery rate (FDR) of 0.01 (figure 6). Although some ARFs tend to be more 

enriched for the DR5v2 promoter (located at the right site of the volcano plot), E2F and 

bZIP proteins are too (figure 6A). The same also applies to the ETG1, CycB1;2 and 

min35S promoters (figure 6B-D). In addition, the same transcription factors were also 

isolated after pull-down in wild type PSB-D culture (data not included), indicating that 

identification of these TFs is due to non-specific binding onto the affinity resin.
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Figure 5: Functional ChAP-MS T-DNA constructs for the DR5v2, ETG1 and CycB1;2 promoters. A) T-
DNA constructs overexpressing GSrhino-LacI, including the target promoters DR5v2, pETG1 or pCycB1;2, 
or the negative control Min35S promoter, flanked by 8 repeats of LacO and GUS open reading frame. 
Length and cis-regulatory elements (AuxRE, E2F and VRE) of the promoters is indicated. Arrows: 
position of forward and reverse qPCR primers. B-D) qPCR results for DR5v2, pETG1 and pCycB1;2 
enrichment after triplicate ChAP pull-downs on cell suspension cultures transformed with ChAP-MS T-
DNA constructs containing DR5v2 (B), pETG1 (C) or CycB1;2 (D). 
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After re-evaluation, E2Fa was also identified in the initial DR5v2 MS data under both 

cross-linking conditions (data not shown). Moreover, without cross-linking none of the 

TFs were isolated (table 1), while with cross-linking of PSB-D they do. This indicates 

that cross-linking has a major impact on the affinity purification and leads to the non-

specific isolation of more than a quarter of all the encoded proteins present in 

Arabidopsis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Label free quantitative mass spectrometry analysis on ChAP-MS pull-downs of the DR5v2 (A), CycB1;2 (B), ETG1 
(C) and Min35S (D) promoters. A quantitative analysis for each promoter versus the other set of promoters and wild type 
control (CTset) was executed by comparing MaxQuant LFQ intensity values in Perseus. Proteins were graphed by fold change 
(Difference) and significance (-Log p) and thresholds were set at a false discovery rate of 0.01 and an S0 of 1. Blue dots 
represent ARF transcription factors. Red dots represent E2F and DP transcription factors and RBR negative regulator. Green 
dots represent bZIP transcription factors. Black dots represent LacI and the GSrhino affinity handle. 
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TurboID-ChAP-MS: integration of proximity labeling 

In order to prevent the pull-down of massive amounts of non-specific and common 

chromatin interacting proteins, we needed to avoid the formaldehyde cross-linking step 

in our ChAP-MS protocol. Without cross-linking, in vivo interactions are no longer 

fixated and are easily lost after pull-down. Therefore, we still needed to mark interacting 

proteins for a specific locus in vivo before we perform an affinity purification. A gene-

centered method that does not use cross-linking for identification of PDIs, is the 

proximity-dependent biotin identification with BirA* or APEX2 (Schmidtmann et al., 

2016; Gao et al., 2018). We implemented this proximity-based labeling in our ChAP-

MS protocol by replacing the GSrhino tag with TurboID, a mutated version of the biotin 

ligase BirA with greater proximity labeling efficiency (Branon et al., 2018) (figure 7A). 

We also included a 65-amino acid long linker between TurboID and LacI, which 

increases the labeling radius (Deepanksha Arora, 2019). Hereby, we are able to 

biotinylate all proteins that come in the neighborhood of the TurboID-LacI, who still 

resides at the promoter sequence of interest. Subsequent streptavidin based affinity 

purification can be applied and biotinylated proteins are identified by mass 

spectrometry (figure 7B).  

TurboID-ChAP-MS T-DNA constructs were developed for the DR5v2 and min35S 

promoter (figure 7A). Accumulation of TurboID-LacI in transformed cell suspension 

cultures was checked on western blot, showing similar protein levels for both 

constructs (figure 7C). Accumulation of GUS was also analyzed and we observed a 

lower level of GUS protein with the min35S promoter, as was expected (figure 7C). 

Also after qPCR analysis, GUS expression levels were much lower in the cultures 

transformed with the min35S T-DNA construct (figure 7D). We tried to augment the 

GUS expression by stimulating the ARF binding on the DR5v2 promoter by first 

blocking the auxin signal transduction pathway with the auxin antagonist PEO-IAA 

(Hayashi et al., 2012) for one hour, followed by removal of the inhibitor and addition of 

synthetic auxin (NAA). Although PEO-IAA treatment resulted in a steep decline of GUS 

expression, subsequent removal of PEO-IAA and addition of NAA did not enhance 

GUS expression. On the contrary, expression remained absent for 4 hours after NAA 

addition (figure 7D). 

We performed TurboID-ChAP-MS on the DR5v2 promoter and min35S promoter in 

triplicate, implementing a label free quantitative MS analysis to specifically enrich for 

DR5v2 neighboring proteins. In total 2126 proteins were identified of which 85 were 

specifically enriched with the DR5v2 promoter using a false discovery rate of 0.5 (figure 

7E). Although ARFs were co-purified, they were not significantly enriched with the 

DR5v2 promoter. In addition, bZIP transcription factors and E2Fb were present in the 
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large MS data set. A closer look at the DR5v2-enriched proteins revealed the presence 

of 63 proteins which do not localize to the nucleus, making them false positives. The 

other 22 nuclear located proteins include histone H2A variants, RNA polymerase 

associated proteins and chromatin remodeling proteins (table 2). Interestingly, the two 

H2A variants that we retrieved, HTA9 and HTA11, have both been linked with 

chromatin silencing (Dai et al., 2018), suggesting that our T-DNA construct is in a 

repressed state. However, based on the expression level of GUS, this seems unlikely. 

Next to these housekeeping nuclear proteins, we also identified the transcription 

repressor JAZ10. JAZ proteins bind and inactivate TFs, whether or not combined with 

the recruitment of the corepressor TOPLESS (Pauwels and Goossens, 2011). In the 

presence of the phytohormone jasmonate, the inhibitory effect of JAZ is nullified by 

SCFCOI1-mediated degradation. It has been demonstrated that JAZ proteins interact 

with a wide range of transcription factors (Pauwels and Goossens, 2011), and methyl 

jasmonate (MeJA)-dependent upregulation of a DR5 reporter constructs in Arabidopsis 

has been reported (Sun et al., 2009; Hoffmann et al., 2011), suggesting a role for JAZ 

proteins in regulating auxin responsive genes.  

Altogether, our TurboID-ChAP-MS approach did not result in a desirable outcome and 

is still far from optimal. Also with TurboID-ChAP-MS, we stumble upon the pull-down 

of a large amount of non-specific biotinylated proteins, which prevent us to identify 

locus-specific interacting proteins. 
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Figure 7: TurboID-ChAP-MS: scheme and expression analysis. A) T-DNA constructs overexpressing TurboID-LacI, including the target promoter DR5v2 or the negative control min35S promoter, 
flanked by 8 repeats of LacO and GUS open reading frame. B) Scheme of TurboID-ChAP-MS. TurboID-LacI is expressed and binds LacO sequences upstream of the promoter of interest. Upon the 
addition of biotin, TurboID will biotinylate the neighboring proteins. Biotinylated proteins are pulled-down with a streptavidin resin and identified with mass spectrometry. C) Immunoblot 
analysis of T-DNA transformed cell cultures with DR5v2 or min35S promoter. Accumulation of TurboID-LacI was visualized by anti-HA antibody. Accumulation of GUS was visualized by anti-GUS 
antibody. D) qPCR result for GUS expression in T-DNA transformed cell cultures with DR5v2 or min35S promoter at different time points before and after PEO-IAA treatment. NAA was added at 
time point zero. E) Volcano plot representing label free quantitative mass spectrometry analysis on triplicate TurboID-ChAP-MS pull-downs of the DR5v2 and Min35S promoters. Significant 
enriched proteins for the DR5v2 promoter are situated at the right side of the plot. Proteins were graphed by fold change (Difference) and significance (-Log p) and thresholds were set at a false 
discovery rate of 0.5 and an S0 of 0.8 to select for significantly enriched proteins. Blue dots represent ARF transcription factors. Green dots represent LacI and TurboID. 
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Table 2: DR5v2 specifically enriched proteins, located in the nucleus, identified by liquid chromatography-tandem MS (LC-MS/MS) after TurboID-ChAP-MS. Fold change (Difference) and 
significance (-LOG (p-value)) were determined and significantly enriched proteins were selected with a false discovery rate of 0.5 and an S0 of 0.8. Cellular localization was determined by GO 
enrichment for cellular compartment by PANTHER14.1 (Mi et al., 2013). 

Accession number Protein name -LOG(P-value) Difference Cellular localization 

AT5G14600 TRM61, tRNA methyltransferase 61 2,12 3,21 nucleus 

AT3G54560 HTA11, histone H2A 11 1,10 2,31 nucleus 

AT1G72390 PHL, phytochrome-dependent late-flowering 0,96 2,26 nucleus 

AT5G56670 Ribosomal protein S30 family protein 0,75 2,21 nucleus/cytosol 

AT1G52740 HTA9, histone H2A protein 9 0,84 1,68 nucleus 

AT5G13220 JAZ10, Jasmonate-ZIM-domain protein 10 0,88 1,61 nucleus 

AT1G15440 PWP2 , periodic tryptophan protein 2 0,95 1,59 nucleus 

AT3G10300 Calcium-binding EF-hand family protein 0,92 1,58 nucleus 

AT1G35830 VQ motif-containing protein 0,58 1,56 nucleus 

AT3G57660 NRPA1, nuclear RNA polymerase A1 0,58 1,55 nucleus 

AT3G52250 POWERDRESS 0,65 1,37 nucleus 

AT2G39730 RCA, rubisco activase 1,53 1,32 nucleus/cytosol/plasma membrane/plastid 

AT5G60410 SIZ1, small ubiquitin-like modifier (SUMO) E3 ligase 1,36 1,27 nucleus 

AT4G21710 NRPB2, subunit of DNA-dependent RNA polymerase II 0,61 1,25 nucleus/cytosol 

AT3G06860 MFP2, multifunctional protein 2 1,02 1,16 nucleus/cytosol 

AT3G19760 EIF4A-III, eukaryotic initiation factor 4A-III 0,79 1,10 nucleus/cytosol 

AT5G67630 P-loop containing nucleoside triphosphate hydrolases superfamily protein 0,74 1,03 nucleus 

AT3G15120 BRP1, BRAT1 PARTNER 1 0,85 0,90 nucleus/plasma membrane 

AT3G19980 FYPP3, flower-specific, phytochrome-associated protein phosphatase 3 1,10 0,85 nucleus/cytosol 

AT5G52470 FBR1, fibrillarin 1 1,01 0,83 nucleus 

AT2G16950 TRN1, transportin 1 1,52 0,77 nucleus/cytosol 

AT5G09900 RPN5A, regulatory particle non-ATPase subunit 5A 2,03 0,71 nucleus/cytosol 
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Discussion 

ChAP-MS does not identify promoter-specific PDIs. 

A precise regulation of the genetic information encoded in DNA is of utmost importance 

for the proper functioning of an organism. Unraveling the identity and location of 

transcription regulators is therefore crucial. Although many PDI techniques can be 

applied for many organisms, there is still one major gap for plants. Identification of 

upstream regulators of a specific plant gene can only be obtained by performing a Y1H 

screen, outside the native environment, with a higher chance of false positive and 

negative results and without the identification of indirect interactors. To obtain a 

genome-wide view of the protein complexes bound on specific plant genomic regions, 

gene-centered methods like ChAP-MS (Byrum et al., 2012), iChIP (Hoshino and Fujii, 

2009; Fujita and Fujii, 2012) and the proximity-dependent biotin identification 

techniques (Schmidtmann et al., 2016; Gao et al., 2018; Myers et al., 2018; Qiu et al., 

2019) are needed. There is need for the development of a new, plant specific method 

that can yield enough material for the identification of protein-DNA interactions via a 

quantitative MS analysis. Such a technique would be an important new platform for the 

elucidation of gene regulatory networks (GRN) in plant cells. 

Here we tried to develop a new gene-centered in planta tool by adopting the modus 

operandi of ChAP-MS and iChIP in our Arabidopsis cell suspension culture. A T-DNA 

construct was created, consisting of the DNA sequence of interest (e.g. a promoter) 

flanked by the prokaryotic LacO sequence and a cassette allowing expression of 

GSrhino-tagged prokaryotic LacI. Functionality of this T-DNA in our PSB-D culture was 

demonstrated by efficient accumulation of GSrhino-LacI and binding of the ARF7 TF on 

the DR5v2 promoter. Pull-down of GSrhino-LacI also resulted in an effective enrichment 

of the promoter sequence of interest, illustrating an efficient binding of the lac repressor 

on LacO in plant cells. Subsequent identification of ARFs and TOPLESS proteins with 

MS, lead to the presumption that our plant specific ChAP-MS protocol was operational.  

However, label free quantitative MS analysis of the DR5v2, ETG1 and CycB1;2 

promoters resulted in a less positive observation. Although the promoter sequences 

were enriched after pull-down, none of the expected upstream regulators were 

specifically enriched for the three promoters. The corresponding TFs were present in 

the extensive MS data sets. However, their presence in the negative control sets 

indicates a non-specific purification of them. In addition, more than a quarter of all 

encoded proteins present in Arabidopsis were identified after pull-down of the wild type 

PSB-D culture, all being non-specific interactions with the affinity resin. This bottleneck, 
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co-purification of a high amount of non-specific interactions, prevents us of filtering out 

the genuine protein interactions of a specific DNA locus. 

Comparison of different ChAP-MS techniques. 

The plant-specific ChAP-MS tool using the prokaryotic LacI-LacO interaction in 

combination with formaldehyde cross-linking and GSrhino pull-down has not resulted in 

the desired outcome. However similar approaches in mammalian cells and yeast were 

successful (Hoshino and Fujii, 2009; Byrum et al., 2012; Fujita and Fujii, 2012). They 

used the prokaryotic LexA protein for specific isolation of a DNA locus resulting in 

approximately a 5-fold enrichment of the target sequence relative to actin (Byrum et 

al., 2012). However, our pull-down on the DR5v2 promoter yielded a higher enrichment 

of almost 80-fold relative to actin. This higher enrichment can be explained by the 

different dissociation constant (Kd) of LexA and LacI for their binding site. While LexA 

has a Kd of ~10-10 M (Lewis et al., 1994; Chen and Bundschuh, 2014), LacI binding to 

LacO sequences has a stronger affinity with a Kd of ~10-13 M (Riggs et al., 1970; Levens 

and Howley, 1985). This strong interaction also manifests in the fact that cross-linking 

is not necessary to stabilize the binding of LacI to LacO during ChIP experiments 

(Newell and Gray, 2010). Another difference between these gene-centered 

approaches are the affinity tags. While in mammalian cells FLAG is used and in yeast 

ProtA, we applied the GSrhino TAP tag containing ProtG. All three tags have a similar 

affinity for their interacting partner, with a Kd of ~10-9 M (Wegner et al., 2002; Saha et 

al., 2003; Yang et al., 2003). Although the FLAG tag and ProtA are smaller than the 

GSrhino tag, this does not prevent binding of true interactors on the promoter as we see 

binding of ARF7-3xHA on the DR5v2 promoter. Not finding bona fide interactions in 

plant cells is not due to the use of LacI, GSrhino or an inefficient purification of the target 

sequence.  

A big difference with the ChAP-MS protocol in yeast, is the amount of starting material. 

While we start with 20 grams (± 3 x 108 cells) of PSB-D cells, they use 5 x 1011 of yeast 

cells. Consequently, this higher amount of cells allows for elevated purification of the 

low abundant protein-DNA interactions, increasing the final yield of DNA binding 

proteins and improves the identification of them with MS. Because of the small size of 

yeast (3-5 μm) a high amount of cells can be obtained quite easily. For big plant cells 

which have a length of 100-500 μm this is less straightforward. Increasing the starting 

material to an amount of 1011 plant cells is just not feasible. Comparison with the 

amount of mammalian cells used during iChIP experiments shows that our starting 

amount is not that low either. iChIP experiments start with an amount of around 4 x 107 

cells, almost 10 times less.  
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Another distinction between ChAP-MS in yeast and plants is the wash buffer applied 

to get rid of non-specifically interacting proteins as much as possible. In yeast a more 

stringent buffer of 1M NaCl and 1M urea is used, while we applied different washing 

steps with increasing salt and detergent levels. This stringent washing resulted in the 

highest enrichment of the GAL1 locus in yeast after pull-down (Byrum et al., 2012). 

However, implementing this 1M NaCl/1M urea buffer in our ChAP-MS protocol resulted 

in a huge reduction of target enrichment (data not shown) and was not used any 

further. 

The only other difference that remains is the activation of transcription by induction. 

Both Hoshino and Fujii (2009) and Byrum et al. (2012) applied stimuli to activate the 

transcription of their gene of interest.  Both observed that without stimuli no TFs and 

polymerases could be identified after pull-down, while with stimuli transcription 

regulators were retrieved (Hoshino and Fujii, 2009; Byrum et al., 2012). Induction of 

transcription results in enrichment of TFs binding on the promoter of interest and as 

such increase the chance of identifying them with quantitative mass spectrometry. We 

applied a similar approach to stimulate ARF binding on the DR5v2 promoter by 

temporarily inhibiting the auxin signal transduction pathway with PEO-IAA and 

reactivation of the pathway with synthetic auxin (NAA). However, this resulted in no 

additional expression of GUS, on the contrary, expression remained absent after re-

adding NAA. Other strategies should be applied if one wants to stimulate ARF binding 

on the DR5v2 promoter. For instance, another synthetic auxin could be applied like 

2,4-D which shows stronger physiological effects on A. thaliana compared to NAA 

(Trenner et al., 2017). Similarly, for the analysis of the ETG1 promoter, which is 

activated by E2Fa at onset DNA replication, synchronization of the cell culture at S-

phase via sucrose starvation and repletion, could enhance E2Fa binding and increase 

the chance for identification with MS. 

Formaldehyde cross-linking as a culprit. 

Although there are some technical differences between the published in-situ gene-

centered techniques and our protocol, none of them can explain the negative outcome 

of our experiments in plant cells. However, our ChAP-MS data revealed that 

formaldehyde cross-linking of wild type PSB-D culture results in the pull-down of more 

than a quarter of all encoded proteins present in Arabidopsis. As a result, many 

chromatin-related proteins including transcription factors are co-purified as non-

specific interactors of the affinity resin. Due to this, it was impossible to filter out the 

genuine protein interactions of a specific DNA locus with our ChAP-MS protocol. In 

order to prevent the pull-down of massive amounts of non-specific and common 
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chromatin interacting proteins, we avoided the formaldehyde cross-linking step by 

implementing biotin-based proximity labeling using TurboID (Branon et al., 2018). The 

use of TurboID comes with various benefits. We not only avoid cross-linking, the high 

labeling efficiency of TurboID allows for a short biotinylation time span with low 

concentration of exogenous biotin, even in plants (Mair et al., 2019). In addition, 

TurboID labeling can be performed under normal plant growth conditions (Mair et al., 

2019) and with a smaller amount of starting material (Schmidtmann et al., 2016). 

Because of the strong affinity between biotin and streptavidin, stringent washing steps 

can be applied during the pull-down, decreasing the amount of non-specific 

interactions with the affinity resin. However, it must be taken into account that proteins 

are labeled, because they are in close proximity with TurboID, and as such may not be 

true interactors of the specific DNA locus. Subsequent validation with a TF-centered 

tool, like ChIP-seq, is a necessity. 

TurboID-ChAP-MS is highly active. 

Biotin-based proximity labeling has been applied for the discovery of DNA locus-

specific interactions in mammalian cells by co-expressing a dCas9 fused to a biotin 

ligase or ascorbate peroxidase with a locus-specific gRNA (Schmidtmann et al., 2016; 

Myers et al., 2017). We applied a similar approach, replacing the GSrhino with the 

modified BirA* enzyme, TurboID. However, this also resulted in an extensive list of 

pulled-down proteins, yet with DR5v2 specifically enriched proteins, but of which many 

could be discarded as false positives (no nuclear localization) and common chromatin 

related proteins. Although ARFs were pulled-down, they were not significantly enriched 

for the DR5v2 promoter, meaning that biotinylation of these TFs also occurred in cells 

transfected with the min35S T-DNA construct. Our data suggests a non-specific 

biotinylation of all types of cellular proteins, which can be explained by the 

overexpression of the TurboID-LacI fusion protein. Only a small portion of the TurboID-

LacI proteins can bind the LacO sequences on the T-DNA construct, while the surplus 

continuously roams in the cell. Upon addition of biotin, not only proteins in close 

proximity of the DR5v2 or min35S promoter are biotinylated, but also every protein that 

passes by the labeling radius of free TurboID-LacI, in and outside the nucleus. In 

addition, we let the biotinylation continue for 24 hours, leading to an increased 

accumulation of non-specific biotinylated proteins. Furthermore, TurboID is highly 

active and can use endogenous levels of biotin to label proteins during the entire time-

span of cell growth, which only increases the list of false positives. 

Lowering the expression level of TurboID-LacI could be an option to improve the 

TurboID-ChAP-MS approach. This has been done to elucidate the protein interactome 
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of the FAMA transcription factor in Arabidopsis stomatal guard cells, where FAMA-

TurboID was under control of the FAMA promoter (Mair et al., 2019). However, they 

also observed that more than half of the pulled-down proteins with FAMA-TurboID, 

were also isolated with a nuclear localized TurboID. Because the nucleus is a small 

subcellular compartment with a dense amount of proteins, non-specific proximity 

labeling is easily obtained. To identify the genuine FAMA interacting partners, Mair and 

coworkers implemented negative controls, including a nuclear localized TurboID under 

control of the FAMA promoter and an untreated (without addition of biotin) FAMA-

TurboID sample, allowing them to filter out non-significantly enriched proteins. 

Alternatively, inducible expressing of TurboID-LacI would decrease the amount of 

biotin labeled proteins due to endogenous biotin levels. This strategy has been 

implemented in the gene-centered analysis tools C-BERST and GloPro (Myers et al., 

2017; Gao et al., 2018; Myers et al., 2018). In both approaches a dCas9-APEX2 fusion 

protein is under control of a doxycycline-inducible promoter. Expression of dCas9-

APEX2 is activated only 12 to 24 hours before addition of biotin-phenol and H2O2. An 

additional advantage of using APEX2 instead of a biotin ligase, is that endogenous 

biotin cannot be used by APEX2 for labeling of proteins, avoiding the accumulation of 

non-specific labeled proteins. Only in presence of biotin-phenol and H2O2, proximity 

labeling is initiated. Strikingly, this proximity labeling only takes one minute in both 

approaches, which contribute to a lower rate of false positives. Additionally, to avoid 

labeling of non-nuclear proteins, dCA9-APEX2 is provided with a nuclear localization 

signal (NLS). 

Future perspectives 

A gene-centered analysis of PDIs in plants will need further optimization of the 

TurboID-ChAP-MS approach avoiding as much as possible non-specific labeling. 

TurboID-LacI protein levels should be kept low and even absent during cell growth, by 

controlling expression with an inducible promoter. In addition, we should direct 

TurboID-LacI to the nucleus by implementing a NLS. The time-span of biotin labeling 

should be kept short, a property for which TurboID has been developed (Branon et al., 

2018). TurboID already labels a significant amount of proteins after 10 minutes biotin 

treatment, however it has been shown that longer treatments result in the identification 

of more relevant interactions with MS (Mair et al., 2019). To identify the FAMA 

interactome, 3 hours of biotin treatment was sufficient to identify 47 specific interacting 

candidate proteins. It would be worthwhile to reduce our 24 hours biotin treatment to 3 

hours, to see a decrease in non-specific labeling. Alternatively, we could replace 

TurboID with APEX2, thereby limiting the biotinylation time-span to one minute. 
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However, this is accompanied by the addition of expensive biotin-phenol and toxic 

H2O2. Furthermore, plants contain high endogenous peroxidase activity, making 

APEX2-based proximity labeling unsuitable for plants. Anyhow, proximity labeling 

studies should always be combined with proper negative controls, to filter out the native 

biotinylated proteins and the unavoidable non-specific labeling, especially when 

studying PDI’s in a dense nucleus. In analogy with the FAMA-TurboID study, multiple 

filtering steps should be applied, relative to a wild type sample, a nuclear located single 

TurboID sample and an untreated TurboID-LacI sample. Of course, combining this 

TurboID strategy with the CRISPR/dCas9 mediated chromatin purification system, like 

enChIP and CRISPR-ChAP-MS (Fujita and Fujii, 2013; Waldrip et al., 2014), will allow 

us to generate even more relevant data by targeting the native locus of interest and 

could result in an in planta gene-centered PDI tool that can be used as an alternative 

to Y1H analyses.  
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Materials and methods 

Cloning of (TurboID-)ChAP-MS T-DNA constructs 

Generation of T-DNA constructs was obtained by following a gene stacking approach with the use of 

the MultiSite Gateway technology (Karimi et al., 2002). The coding sequence of LacI flanked by 

AttB2R/AttB3 gateway recombination sites was amplified from the x35eglsp (CmR) vector (Matzke et 

al., 2003) and subjected to a BP reaction with pDONRP2RP3 to generate the entry vector pEN-R2L3-

LacI. In a similar way pEN-L1L2-LacI was generated using pDONR221. The coding sequence of ARF7 

flanked by AttB1/AttB2 was amplified from Arabidopsis cDNA, while the promoter sequences pETG1 

and pCycB1;2 flanked by attB1/attB2 were amplified from Arabidopsis gDNA, and were subsequently 

subjected to a BP reaction with pDONR221 to generate the corresponding entry vectors. The entry 

vectors containing 8 repeats of LacO flanked by AttL4/AttR1, 8xLacO-min35S flanked by AttL1/AttL2 

were obtained by DNA synthesis in the pUC57 vector (GenScript). Generation of the GSrhino entry vector 

is described elsewhere (Van Leene et al., 2015). An entry vector containing 3xHA-TurboID preceded by 

an omegaleader and followed by an 13xG4Slinker was also obtained by DNA synthesis in the pUC57 

vector (GenScript). DR5v2 was amplified from pGIIM/LIC_SwaI-ntdTomato-DR5v2∷n3EGFP vector 

(Liao et al., 2015) flanked by AttB1/AttB2 gateway recombination sites and subjected to a BP reaction 

in pDONR221 to generate the corresponding entry vector. The p35S, 3xHA and GUS vectors as well as 

the pK8m43GW2 and pK7m24GW2 destination vectors can be retrieved at 

https://gateway.psb.ugent.be/. Subsequent MultiSite Gateway recombination in the pK8m43GW2 and 

pK7m24GW2 destination vectors (Karimi et al., 2002) generated the expression vectors pK8:pROLD-

GSrhino-LacI and pK7:p35S-TurboID-LacI, respectively. To insert a second Multisite Gateway cassette, 

the expression vectors were linearized via AvrII/XbaI restriction followed by ligation of the XbaI restricted 

fragment from pXb2M43GW7. A second multisite Gateway recombination reaction, combining the 

promoter sequence of interest with the 8xLacO entry vector and GUS open reading frame (ORF) 

resulted in the final T-DNA constructs and were transformed to Agrobacterium tumefaciens strain 

C58C1RifR (pMP90) by electroporation. To generate pK8:pROLD-GSrhino-LacI-35S-ARF7-3xHA-

8xLacO-DR5v2-GUS, a second Gateway recombination reaction was performed combining the 35S 

promoter with the ARF7 and 3xHA entry vectors with the pK8:pROLD-GSrhino-LacI-m34GW destination 

vector, followed by a second linearization step with AvrII to ligate a third Multisite Gateway cassette. A 

third Multisite Gateway recombination reaction, combining the entry vectors with 8xLacO, DR5v2 and 

GUS, resulted in the final T-DNA construct and was transformed to Agrobacterium tumefaciens strain 

C58C1RifR (pMP90) by electroporation. 
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Cell culture transformation and protein accumulation studies 

Arabidopsis cell cultures were transformed, maintained, upscaled and harvested as previously 

described (Van Leene et al., 2015). Protein extracts for protein accumulation analysis were generated 

by harvesting 25 mL transgenic cultures 3 days after subculturing. Harvested cell were retched for 2x 1 

min at 20 Hz. Crude protein extracts were prepared in extraction buffer (Van Leene et al., 2007) by 

vortexing, freezing and thawing. The soluble protein fraction was obtained by a two-step centrifugation 

at 14,000 rpm for 15 min at 4°C. Protein concentrations were determined using the Bradford assay. 60 

µg of total protein extract was loaded on a Mini-PROTEAN® TGX™ Precast Gel (Bio-Rad), and proteins 

were blotted onto a PVDF membrane using the Trans-Blot® Turbo™ Transfer System (Bio-Rad). ARF7-

3xHA and TurboID-LacI protein accumulation was detected with anti-HA (12CA5, Roche). GSrhino-LacI 

accumulation was detected with Peroxidase Anti-Peroxidase Soluble Complex antibody (Sigma). GUS 

accumulation was detected with anti-B-glucuronidase (Sigma). 

NAA treatment and RT-PCR 

Arabidopsis cell cultures transformed with the DR5v2 T-DNA construct were treated 3 days after 

subculturing with 100 µM PEO-IAA for one hour. PEO-IAA was removed by washing the cells with 

MSMO (without NAA). Cells were resuspended in MSMO containing 0,5 µg/mL NAA and grown for 4 

hours. As a negative control PEO-IAA blocked cells were further incubated in MSMO, without NAA and 

with 100 uM PEO-IAA. Samples were taken at different time-points for RT-PCR analysis. RNA was 

extracted using Trizol (Invitrogen) and the RNeasy mini kit (Qiagen). cDNA was generated using the 

iScript cDNA synthesis kit (Bio-Rad). cDNA concentrations were measured using the Qubit dsDNA high-

sensitivity assay (ThermoFisher Scientific). qRT-PCR was performed with the LightCycler 480 Real-

Time SYBR Green PCR System (Roche), used primers are listed in supplementary table 1, including 

the housekeeping gene ACTIN 2 (AT3G18780). 

Cross-linking, harvesting and DNA purification 

Cross-linking of Arabidopsis cell suspension cultures was obtained using formaldehyde 3 days after 

subculturing. Cultures were treated for 10 min with 0,75% formaldehyde or 5 min with 0,50% 

formaldehyde followed by quenching the cross-linking reaction with 250 mM glycine for 10 min. Cross-

linked cells were harvested as previously described (Van Leene et al., 2007). To test DNA purification 

tolerance under different cross-linking conditions, 1 gram of cells were ground to homogeneity in liquid 

nitrogen. Four volumes of ChAP-MS buffer without detergents (50 mM HEPES pH7.5, 150 mM NaCL, 

0,5 mM EDTA, 1 µM trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane (E64), 1 mM PMSF, 0.1 

mM sodium vanadate, 1 mM NaF, complete ultra EDTA free tablet (Roche)) was added followed by 

mixing with an Ultra-Turrax T25 mixer (IKA Works, Wilmington, NC) at 4°C. Detergents (1% Triton X-

100, 0.1% NaDoc, 0.1% SDS) were added and the crude extract was incubated for 30 min at 4°C. For 
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decross-linking 3 volumes of water, 40 µL 5M NaCl and 0,6 µL RNase was added at 250 µL crude 

extract and incubated overnight at 65°C. Both cross-linked and decross-linked samples were centrifuged 

for 5 min at 14000 rpm, followed by 50 µg proteinase K treatment of 2 hours at 50°C. DNA was purified 

by the fenol/chloroform/IAA purification strategy and concentrated using the Qiaquick PCR purification 

Kit (Qiagen). DNA concentrations were measured using a NanoDrop Microvolume Spectrophotometer 

(ThermoFisher Scientific) and DNA samples were loaded on an 1,2% agarose gel. 

ChIP-qPCR 

Crude extracts of 5 g cross-linked and non-cross-linked cells were obtained as described above. 

Extracts were sonicated for 2,5 min (10 sec ON, 20 sec OFF), followed by two consecutive rounds of 

centrifugation at 16000 rpm at 4°C for 20 min. The extract was passed through a GF-prefilter and 0.45-

µm filter (Sartorius AG), and protein concentration was determined using the Bradford assay. An input 

sample was kept aside, while the rest was incubated overnight with 50 µL anti-HA MagBeads (Pierce) 

at 4°C. Beads were washed with 10 mL of ChAP-MS buffer, 1 mL low salt buffer (20 mM Tris pH8; 150 

mM NaCl; 2 mM EDTA; 1% TritonX; 0,1% SDS), 1 mL high salt buffer (20 mM Tris pH8; 500 mM NaCl; 

2 mM EDTA; 1% TritonX; 0,1% SDS) and 1 mL LiCl buffer (10 mM Tris pH8; 0,25 M LiCl; 1 mM EDTA; 

1% NaDoc; 1% NP-40). For decross-linking, 10 volumes Dex-buffer (10 mM Tris pH8, 1mM EDTA, 0.5M 

NaCl, 1% SDS) + 0.5 µl RNAse A was added, while the input sample was decross-linked as describe 

above. DNA purification was performed as describe above, and DNA concentrations were measured 

using the Qubit dsDNA high-sensitivity assay (ThermoFisher Scientific). qRT-PCR was performed with 

the LightCycler 480 Real-Time SYBR Green PCR System (Roche), used primers are listed in 

supplementary table 1, including the housekeeping gene ACTIN 2 (AT3G18780).  

Coupling rabbit IgG to magnetic beads 

Rabbit IgG antibodies (Sigma) were coupled in-house on BcMag™ Epoxy-activated Magnetic beads 

(Bioclone) as previously described (Hamperl et al., 2014). 

Chromatin affinity purification (ChAP) 

20 g cross-linked and/or non-cross-linked cells were ground to homogeneity in liquid nitrogen. Four 

volumes of ChAP-MS buffer without detergents was added followed by mixing with an Ultra-Turrax T25 

mixer (IKA Works, Wilmington, NC) at 4°C. Detergents (1% Triton X-100, 0.1% NaDoc, 0.1% SDS) were 

added and the crude extracts were incubated on a horizontal shaker for 30 min at 4°C. Extracts were 

sonicated for 3 min (10 sec ON, 20 sec OFF), and supernatants were separated from cell debris by 

centrifugation at 2000g for 10 min at 4°C. The extracts were passed through a GF-prefilter and 0.45-µm 

filter (Sartorius AG), and protein concentrations were determined using the Bradford assay. The total 
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extracts were incubated with 300 µL in-house prepared magnetic IgG beads overnight at 4°C under 

gentle rotation. Beads were washed with 10 mL of ChAP-MS buffer, 2x 750 µL low salt buffer, 2x 750 

µL high salt buffer and 2x 750 µL LiCl buffer. 10% of the beads were kept aside for DNA purification as 

described above, and purified DNA was analyzed with qRT-PCR for enrichment of the promoter of 

interest. The other 90% beads were subjected to 0.5 N ammonium hydroxide / 0.5 mM EDTA for 30 min 

at room temperature to elute proteins. The eluates were lyophilized, and the protein pellet was dissolved 

in 30 µL 1x NuPAGE buffer (ThermoFisher Scientific) and subjected to in-gel trypsin digestion as 

previously described (Van Leene et al., 2015). 

For the quantitative analysis between the three promoters (DR5v2, pETG1 and pCycB1;2), on-bead 

digestion was performed as follows. After overnight incubation, magnetic beads were washed with 10 

mL ChAP-MS buffer and 3 x 800 µL 50 mM HEPES pH7.5 + 150 mM NaCl. Beads were divided in 10% 

for DNA purification and 90% for on-bead digestion. On-bead digestion was preceded with three 

consecutive washing steps of 800 µL 50 mM ammonium bicarbonate pH8.0. Beads were resolved in 50 

µl of 50 mM ammonium bicarbonate pH8.0 and 4 µl Trypsin/LysC mix (Promega) was added followed 

by incubated at 37°C for 3 hours with agitation. The digest was removed from the beads, followed by 

addition of 2 µl of Trypsin/LysC mix to the digest and incubation overnight at 37°C with agitation. The 

digest was centrifuged at maximum speed for 5 min and acidified to 1% TFA. Protein samples were 

desalted with C18 Omix tips (Agilent), which were first equilibrated with a pre-wash buffer (80% 

acetonitrile (AcN), 0.1% FA) and wash buffer (0.1% FA). Peptides were loaded on the C18 matrix and 

washed with wash buffer. Peptides were eluted in elution buffer (60% acetonitrile (AcN), 0.1% FA) and 

lyophilized for LC-MS/MS analysis. 

Proximity labeling with TurboID 

Cell cultures treated with 50 µM biotin for 24 hours at 25°C two days after subculturing were harvested 

as previously described (Van Leene et al., 2015). 9 g harvested cells were ground to homogeneity in 

liquid nitrogen and added to 6 mL of extraction buffer (100mM Tris pH7.5, 2% SDS, 8 M urea). Cells 

were mechanically disrupted by three repetitive freeze-thaw cycles, freezing in liquid nitrogen for 5 min 

and thawing in tap water for 25 min. Samples were subsequently sonicated (25 sec ON, 35 sec OFF, 

25 sec ON) and incubated for 1 hour under gentle rotation at room temperature. Supernatants were 

separated from cell debris by two consecutive centrifugation steps at 20000 rpm for 20 min at room 

temperature. The extracts were passed through a GF-prefilter and 0.45-µm filter (Sartorius AG) and 

excess of free biotin was removed on a PD 10 Desalting Columns (Merck), which was first equilibrated 

with binding buffer (100 mM Tris pH7.5, 2% SDS, 7.5 M urea). Proteins were eluted from the PD 10 

Desalting Columns with 3.5 mL extraction buffer. Extracts were divided in 3 experimental repeats and 

incubated overnight at room temperature with 100 µL Streptavidin Sepharose High Performance beads 

(Amersham). Supernatant was removed by centrifugation at 1500 rpm for 1 min and subsequent transfer 

to a mobicol column (Mo Bi Tec). Beads were washed with 4 mL of binding buffer, 800 µL of high salt 
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buffer (1 M NaCl, 100 mM Tris-HCl pH7.5) for 30 min and 2x 800 µL of ultrapure water. On-bead 

digestion was preceded with a washing step of 3.2 mL 50 mM ammonium bicarbonate pH8.0. Beads 

were resolved in 200 µl of 50 mM ammonium bicarbonate pH8.0 and 4 µl Trypsin/LysC mix (Promega) 

was added followed by incubated at 37°C overnight with agitation. An additional 2 µL Trypsin/LysC mix 

was added for another 2 hours at 37°C. After centrifugation at 1500 rpm for 1 min, the digest was 

transferred to an Eppendorf and beads were washed with 150 µL of HPLC grade water. Digest and 

wash sample were pooled together. Biotinylated peptides were eluted from the beads in two consecutive 

elution step in 300 µL solution of 0.2 % TFA, 0.1% FA and 80 % acetonitrile. Eluted peptides were 

lyophilized and resolved in the trypsin digest. Peptides were desalted with C18 Omix tips (Agilent) as 

described above and lyophilized for LC-MS/MS analysis. 

Mass Spectrometry and data analysis 

All ChAP-MS experiments were analyzed on a Q Exactive HF (ThermoFisher Scientific) as follows. The 

peptides were re-dissolved in 20 µl loading solvent A (0.1% TFA in water/ACN (98:2, v/v)) of which 10 

µl was injected for LC-MS/MS analysis on an Ultimate 3000 RSLCnano system in-line connected to a 

Q Exactive HF mass spectrometer (Thermo). Trapping was performed at 10 μl/min for 4 min in loading 

solvent A on a 20 mm trapping column (made in-house, 100 μm internal diameter (I.D.), 5 μm beads, 

C18 Reprosil-HD, Dr. Maisch, Germany). The peptides were separated on an in-house produced column 

(75 µm x 400 mm), equipped with a laser pulled electrospray tip using a P-2000 Laser Based 

Micropipette Puller (Sutter Instruments), packed in-house with ReproSil-Pur basic 1.9 µm silica particles 

(Dr. Maisch). The column was kept at a constant temperature of 50°C. Peptides eluted using a non-

linear gradient reaching 30% MS solvent B (0.1% FA in water/acetonitrile (2:8, v/v)) in 105 min, 55% MS 

solvent B in 145 min and 99% MS solvent B after 150 min at a constant flow rate of 300 nl/min. This 

was followed by a 10-minutes wash at 99% MS solvent B and re-equilibration with MS solvent A (0.1% 

FA in water). The mass spectrometer was operated in data-dependent mode, automatically switching 

between MS and MS/MS acquisition for the 16 most abundant ion peaks per MS spectrum. Full-scan 

MS spectra (375-1500 m/z) were acquired at a resolution of 60,000 in the Orbitrap analyzer after 

accumulation to a target value of 3,000,000. The 16 most intense ions above a threshold value of 13,000 

were isolated (isolation window of 1.5 m/z) for fragmentation at a normalized collision energy of 28% 

after filling the trap at a target value of 100,000 for maximum 80 ms. MS/MS spectra (145-2,000 m/z) 

were acquired at a resolution of 15,000 in the Orbitrap analyzer.  

For the pK8:pROLD-GSrhino-LacI-35S-ARF7-3xHA-8xLacO-DR5v2-GUS samples proteins were 

identified with MaxQuant using parameters as listed previously (Van Leene et al., 2019). For quantitative 

identification of specific interactors, MaxQuant LFQ values were analyzed in Perseus as follows. First, 

LFQ values were Log2 transformed and potential contaminants and reverse hits were removed. 

Replicates were then grouped and proteins were filtered for at least two identifications in at least one 

group. Missing values were imputed from a normal distribution around the detection limit per sample 
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(width = 0.3 and down shift = 1.8). Triplicate promoter ChAP pull-downs were analyzed against a 

corresponding control dataset covering ChAP pull-down experiments performed on the other promoters 

and wild type samples. Significantly enriched proteins were identified through a volcano plot analysis 

with tresholds FDR = 0.01, S0 = 1.  

TurboID-ChAP-MS experiments were analyzed on a Q Exactive (ThermoFisher Scientific) as previously 

reported (Nelissen et al., 2015). Proteins were identified with MaxQuant using parameters as listed 

previously (Van Leene et al., 2019). For quantitative identification of specific interactors, MaxQuant LFQ 

values were analyzed in Perseus as follows. First, LFQ values were Log2 transformed and potential 

contaminants and reverse hits were removed. Replicates were then grouped and proteins were filtered 

for at least two identifications in at least one group. Missing values were imputed from a normal 

distribution around the detection limit per sample (width = 0.3 and down shift = 1.8). Triplicate DR5v2 

streptavidin pull-downs were analyzed against the corresponding control dataset covering triplicate 

min35S streptavidin pull-downs. Significantly enriched proteins were identified through a volcano plot 

analysis with parameters FDR = 0.5, S0 = 0.08.   
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Supplementary data 

Supplementary table 1: qPCR primers used for enrichment analysis of specific promoter sequences and expression level of 
GUS in transgenic Arabidopsis cell suspension cultures. 

Name Sequence 

DR5v2 F CCCGCGGTGTCATCTATGTG 

DR5v2 R TAGAGGAAGGGTCTTGCGGG 

pCycB1;2 F CGGCAACAGATGAAATCCCCA 

pCycB1;2 R GTCTCTGCGATTGTGACGAAG 

pETG1 F GAAACGACATCGTATGGAGAGG 

pETG1 R GAGTCTTTGCTCAAACACGAATTAAG 

ACT2 F TTGACTACGAGCAGGAGATGG 

ACT2 R ACACGAGGGCTGGAACAAG 

GUS F TACGTCCTGTAGAAACCCCAA 

GUS R CACAGTTTTCGCGATCCA 
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Abstract 

With the discovery of clustered regularly interspaced short palindromic repeats 

(CRISPR), miscellaneous molecular tools are being developed, making use of the 

specific recognition and binding of a genomic DNA sequence by the nuclease protein 

Cas9. CRISPR has been implemented in several gene-centered methods to explore 

the interactome of different genomic loci in mammalian cells and yeast. In this chapter 

we tested a similar gene-centered approach for the analysis of protein-DNA 

interactions at the multi-copy loci of Arabidopsis telomeres and ribosomal DNA. We 

generated a nuclease deactivated Cas9 fused to different affinity tags, but we were 

unable to specifically pull-down target loci. We demonstrate that plant telomeres are 

not the best choice for CRISPR targeting, and suggest an alternative approach 

implementing biotin-based proximity labeling.  
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Introduction 

Different methods exist to identify the interacting partners of a specific genomic locus. 

The classical one is a Y1H screen, but alternative in situ methods are being developed. 

With the use of cross-linking and transgenes, isolation of a specific DNA region and its 

interactors can be achieved (Fujita and Fujii, 2013; Byrum et al., 2015). These 

methods, called iChIP in mammalian cells and ChAP-MS in yeast, insert LexA-binding 

motifs (LexA DE) near the DNA region of interest and express the transgene LexA 

fused to an affinity handle (LexA-tag). Due to the binding of the LexA-tag in proximity 

of the DNA region of interest, a specific pull-down is possible of that locus leading to 

the identification of protein interactors with mass spectrometry (MS). Although 

successful results have been obtained, the modus operandi is far from ideal. Applying 

genetic engineering by inserting transgenes and LexA-binding motifs could change the 

physiological chromatin structure and affect the native binding of proteins in the vicinity. 

It would be more opportune to pull-down the endogenous genomic region to get a more 

reliable outcome. Therefore, new approaches have been developed making use of 

engineered DNA-binding molecules like transcription activator-like (TAL) proteins and 

clustered regularly interspaced short palindromic repeats (CRISPR) (Waldrip et al., 

2014; Fujii and Fujita, 2015).  

CRISPR allows for the specific recognition and binding of a genomic DNA sequence 

by the nuclease protein Cas9 using a guide RNA (gRNA) (Jinek et al., 2012). This 

nuclease has two catalytic domains that are responsible for a double stranded break 

of the target sequence. Via targeted mutagenesis in these catalytic domains it is 

possible to create an inactive Cas9 nuclease that still recognize and bind the target 

sequence but does not contain the nuclease activity anymore (Mali et al., 2013). By 

combining this “dead” Cas9 (dCas9) with an affinity tag, pull-down of the target 

sequence and its interactors is feasible (figure 1). Two research groups already 

developed such tools in mammalian cells and yeast and are called engineered DNA 

binding molecule-mediated chromatin immunoprecipitation (enChIP) and CRISPR-

ChAP-MS, (Fujita and Fujii, 2013, 2014; Waldrip et al., 2014). In short, the method 

starts with the expression of the dCas9 protein fused to a tag (typically a protein A 

derived domain binding IgG). A gRNA is co-expressed to guide the dCas9 to the target 

locus, chromatin is cross-linked, isolated and fragmented by sonication, and dCas9 

bound chromatin fragments are enriched by pull-down with an affinity resin binding the 

tag. As a negative control chromatin enrichment is performed in absence of the gRNA, 

to correct for non-specific interactors and false positives. Chromatin fragments are 

reverse cross-linked by heating and eluted proteins are identified by ultrasensitive 

mass spectrometry (MS) like Q-exactive Orbitrap MS. 
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With this approach the single copy locus IRF-1 in mammalian cells could be specifically 

isolated together with chromatin related proteins, like histones, RNA helicases and 

specific IRF-1 associated proteins (Fujita and Fujii, 2013, 2014). In yeast, the GAL1 

locus was targeted under transcriptionally active conditions, and label free quantitative 

MS analysis was performed to identify bound proteins and histone post-translational 

modifications (PTMs) (Waldrip et al., 2014).  

In analogy with these CRISPR based pull-downs in mammalian and yeast cells, we 

tested if this approach could also be applicable in plant cells. We determined 

expression levels, localization and cross-linking capability of different tagged dCas9 

proteins in our Arabidopsis cell suspension culture (PSB-D) before executing a pull-

down assay for several multi-copy loci.   

Figure 1: Scheme of CRISPR-ChAP-MS. Representation of the strategy used in enChIP (Fujita and Fujii, 2013) and CRISPR-
ChAP-MS (Waldrip et al., 2014), making use of a deactivated Cas9 (dCas9), fused to an affinity tag, and a locus specific gRNA 
to target a specific genomic region. Molecular interactions are fixated by cross-linking and chromatin is fragmented via 
sonication. Subsequent affinity purification allows the isolation of a specific genomic region together with its interacting 
proteins. After reverse cross-linking, eluted proteins are identified by ultrasensitive mass spectrometry. In this chapter, we 
also applied the same strategy in Arabidopsis cell suspension cultures 
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Results 

Development of a functional tagged dead Cas9 in Arabidopsis cell suspension 

culture 

All experiments were performed with the human codon optimized Cas9 containing a 

C-terminal SV40 nuclear localization signal (NLS) (Mali et al., 2013). This humanized 

Cas9 (hCas9), successful in editing the human genome, has also be efficiently used 

in different plant species (Nekrasov et al., 2013; Zhou et al., 2015). Through site 

directed mutagenesis (D10A, H840A) the hCas9 was made catalytically inactive 

according to Qi et al. (2013) followed by sequencing to guarantee a successful 

replacement of the corresponding base pairs. The dhCas9 was fused to different 

affinity handles, namely the tandem affinity purification (TAP) tags GSrhino (Van Leene 

et al., 2015) and GSyellow (combination of the fluorescent protein YFP and streptavidin-

binding peptide (SBP)) (Besbrugge et al., 2018), and GFP. These tags were fused N- 

and C-terminal via gateway cloning and cloned under control of the 35S promoter. 

Because C-terminal tagging could shield the NLS signal, an extra NLS-sequence was 

added at the N-terminus of dhCas9 (figure 2A). Transgenic cell suspension cultures 

(in PSB-D, grown in the dark) were made, and expression was checked for each of the 

dhCas9 fusion proteins. Most of these recombinant proteins accumulated at relatively 

low level. This could be visualized via western blotting preceded by a pull-down (figure 

2B). 

Because a humanized dCas9 was used, localization was evaluated in Nicotiana 

benthamiana leaves. After Agrobacterium mediated infiltration of GFP- or GSyellow-

tagged dhCas9, localization in the nucleus was observed for the GFP N- and C-

terminal tagged dhCas9 and for the GSyellow N-terminal tagged dhCas9 (figure 3A). In 

addition, a clear nucleolar localization could be visualized for the N-terminal tagged 

dhCas9 (figure 3B), an observation which was also reported in human MCF7 cells (Liu 

et al., 2017). Based on these observations and the previous publications on CRISPR-

ChAP-MS (Fujita and Fujii, 2013, 2014; Waldrip et al., 2014), subsequent experiments 

were performed with the N-terminal tagged dCas9 constructs. 
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To be able to isolate the transient interaction between dhCas9, its target sequence and 

DNA-bound proteins, fixation via cross-linking is necessary. This cross-linking causes 

modifications to proteins and could affect the affinity for the tags. To test this, a pull-

down assay was performed on cross-linked and non-cross-linked cultures containing 

the N-terminal tagged dhCas9 constructs. By visualizing tag-dhCas9 on western blot 

(figure 3C) during the different steps of the pull-down, we observed that in the unbound 

fraction the tagged dhCas9 could hardly be detected while detection was efficient and 

similar in the final eluates of both cross-linked and non-cross-linked cells, indicating 

that formaldehyde did not affect the affinity for the tags. 

Figure 2: T-DNA constructs and expression of dhCas9 fused to GSrhino, GSyellow and GFP. A) T-DNA constructs overexpressing 
(35S promoter) human codon optimized dead Cas9 (dhCas9) containing a SV40 nuclear localization signal (NLS) and fused N- 
or C-terminal with an affinity tag. Mutations to generate a catalytically inactive Cas9 are indicated. B) dhCas9 C- and N-
terminal tagged protein accumulation analysis. Immunoblot analysis of wild type (PSB-D) and tagged dhCas9 overexpressing 
cell suspension culture before (IN, 100 µg total protein) and after (EL, 25 µL total eluate) pull-down using Peroxidase Anti-
Peroxidase Soluble Complex antibody (upper panel) or anti-GFP antibody (lower panel). GSrhino tagged dhCas9: 180,23 kDa. 
GSyellow tagged dhCas9: 196,63 kDa. GFP taged dhCas9: 186,6 kDa.   



Chapter 4 - CRISPR-ChAP-MS in plants: a challenge. 
 

146 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Nuclear localization of dhCas9 fused to GSrhino, GSyellow and GFP and cross-linking effect on affinity purification. A) Nuclear localization of tagged dhCas9 in agro infiltrated Nicotiana 
benthamiana leaf cells. Scale bar = 50 µm. B) Localization of tagged dhCas9 concentrated in the nucleolus in agro infiltrated Nicotiana benthamiana leaf cells. Scale bar = 20 µm. C) Cross-linking 
has no effect on affinity purification of tagged-dhCas9. Immunoblot analysis of GSyellow- (196,63 kDa) and GSrhino-dhCas9 (180,23 kDa) overexpressing cell suspension cultures during pull-down 
without (No XL) or with (XL) 0,75% formaldehyde cross-linking. Input samples (IN, DeXL, 60 µg total protein), unbound fraction (Unb, same volume as IN) and final eluate (EL, 1/30 of total eluate) 
were loaded and detection was performed using anti-GFP antibody (upper panel) or Peroxidase Anti-Peroxidase Soluble Complex antibody (lower panel). 
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dhCas9 interactome 

Until now no AP-MS studies have been performed on the Cas9 protein. The well-known 

Cas9 interactions are the ones with the gRNA and the target DNA. However, there is 

no information about putative protein interactions. It would be informative to identify 

interacting proteins, not only to test if Cas9 recruits plant proteins, which could be of 

interest to better understand the CRISPR technique in plants, but also to identify 

possible non-specific binders when pulling down the DNA region of interest. The 

obtained list of dCas9 interactors can be used to filter out the bona fide interactors of 

the DNA region of interest. 

TAP was performed on the GSrhino-fused dhCas9 and proteins that co-eluted were 

analyzed by liquid chromatography-tandem MS (LC-MS/MS). Table 1 displays dhCas9 

co-purified proteins after filtering out non-specific interactors and false positives 

(according to Van Leene et al. (2019)), among which a lot of ribosomal proteins. These 

proteins could reflect interactions that occur during the translation of dhCas9 mRNA 

and as such might not be true interactors of dhCas9, or they could reflect dhCas9 

interactions happening in the nucleolus. In addition, two WD40 containing proteins 

were retrieved. These uncharacterized proteins contain DNA binding domains and 

could play a role during binding of dhCas9 on DNA. Furthermore, an insulinase was 

identified which is suggested to be involved in proteolysis (Rowland, 2017). When 

checking accumulation of GSrhino-dhCas9 in our cell suspension culture, we could 

observe many degradation bands on western blot (figure 2B), suggesting a high 

degradation rate of dhCas9 in plants. This identified insulinase could be responsible 

for breaking down dhCas9. 

Table 1: Proteins identified by LC-MS/MS after a TAP procedure from cultures producing GSrhino-dhCas9 under control of 
the 35S cauliflower mosaic virus promoter. Proteins specifically co-purifying with the bait protein are shown only when they 
were confirmed in more than one experimental repeat. 

Accession number Protein name 

Q99ZW2 CRISPR-associated endonuclease Cas9/Csn1 

AT2G27530 60S ribosomal protein L10a-2 

AT3G53740 60S ribosomal protein L36-2 

AT5G02450 60S ribosomal protein L36-3 

AT4G30930 50S ribosomal protein L21 

AT5G23900 60S ribosomal protein L13-3 

AT5G66860 Ribosomal protein L25 

AT4G18905 Transducin/WD40 repeat-like superfamily protein 

AT4G35370 Transducin/WD40 repeat-like superfamily protein 

AT1G06900 Insulinase family protein 
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Targeting multi-copy genes 

Because gene-specific protein-DNA interactions have a low abundancy and MS 

identification of proteins demands enough protein yield, multi-copy genes are the most 

interesting targets to obtain proof of concept for this CRISPR-ChAP-MS technology. 

Their high abundancy allows for isolation of multiple copies per cell, enriching the bona 

fide interactors. In Arabidopsis, well-known multi-copy genes are ribosomal DNA 

(rDNA; 45S rDNA and 5S rDNA) and the telomeres. 5S rDNA copies can be found 

back in the pericentromeric heterochromatin of chromosome 3, 4 and 5, while 45S 

rDNA loci are located on the short arms of chromosome 2 and 4 next to the telomeres. 

For all three genes regulatory proteins and other interacting proteins are described 

(Layat et al., 2012; Prochazkova Schrumpfova et al., 2019; Saez-Vasquez and 

Delseny, 2019). 5S rDNA transcription is executed by the RNA polymerase III, while 

45S rDNA is transcribed by the RNA polymerase I. A common rDNA repressor is 

histone deacetylase 6 (HDA6) (Earley et al., 2010) while Target Of Rapamycin (TOR) 

has been shown to activate expression of 45S rDNA in Arabidopsis (Ren et al., 2011) 

and 5S rDNA in human cells and yeast (Li et al., 2006; Wei et al., 2009). Well-known 

telomere proteins are telomere binding protein 1 (TBP1), protection of telomeres 1a 

(POT1a) and telomerase (TERT) (Hwang et al., 2001; Beilstein et al., 2015) 

All possible 20 nt gRNAs for all three multi-copy genes were generated using the online 

tool sgRNA Scorer 1.0 (Chari et al., 2015), which is a predictive model for gRNA activity 

based on nucleotide sequence and epigenetic parameters uncovered during a high-

throughput analysis in mammalian cells. A list of possible off-targets for every gRNA 

was generated by Cas-OFFinder (Bae et al., 2014), an online tool which does not limit 

the number of mismatches and allows variations in protospacer-adjacent motif (PAM) 

sequences recognized by Cas9. Furthermore, extra criteria were imposed as was 

recommended by Liang et al. (2016), including GC content and 3D-structure of the 

gRNA. We also considered the position of different gRNAs relative to the binding sites 

of known regulatory proteins (Layat et al., 2012), resulting in the selection of gRNAs 

close to the internal promoter of 5S rDNA and in the 5’ external transcribed spacer 

(ETS) region of the 45S rDNA. Figure 4 displays the final gRNAs, their position in the 

target locus and possible off-targets. T-DNA constructs were generated via gateway 

cloning expressing the tagged dhCas9 under control of the 35S promoter and the 

gRNA under control of the U6 promoter. Constructs were transformed in our 

Arabidopsis cell suspension culture. 
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CRISPR-ChAP-MS on telomeres 

CRISPR-ChAP-MS on telomeres was performed with the GSrhino and GSyellow tags. A 

detailed overview of the pull-down protocol can be found under Material and Methods. 

In brief, after cross-linking, cells were lysed and chromatin was fragmented in pieces 

of around 500 bp via sonication (figure 6A). A suitable affinity resin (IgG beads for 

GSrhino and anti-GFP beads for GSyellow) was added to the lysate to allow capturing of 

the dhCas9-targeted chromatin complex. After several washing steps the complex was 

eluted and cross-linking was reversed. Pull-down efficiency was checked on western 

blot and via a PCR specifically designed for amplification of telomere sequences 

(Cawthon, 2009; Vaquero-Sedas and Vega-Palas, 2014).  

Amplification of telomere sequences is a hurdle because of its repetitive nature, 

resulting in complementary primers and the formation of primer dimers. Therefore, 

Figure 4: gRNA sequence and position for the 
target loci telomeres, 5S rDNA and 45S rDNA. A) 
Table with the different gRNA sequences. B) 
Position of 5S-gRNA-1 and 5S-gRNA-2 in the 
3’terminal end of the transcribed region of 5S rDNA. 
ICR: internal control region, internal promoter. C) 
Position of 45S-gRNA in the 5’ external transcribed 
spacer (ETS) of 45S rDNA. NTS: non-transcribed 
spacer. ITS: internal transcribed spacer. D) gRNA 
target sequences including the PAM (blue) and the 
corresponding off-targets with mismatches shown 
in red. Off-targets were determined via Cas-
OFFinder (Bae et al., 2014). 
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successful amplification of Arabidopsis telomere sequences has been achieved by 

using degenerative primers (Vaquero-Sedas and Vega-Palas, 2014). These primers 

are not perfectly complementary with the telomere sequence but creates sufficient 

hydrogen bonds for binding and amplification. Primer dimers are also formed but have 

a lower amount of hydrogen bonds and the 3’ends are not compatible, preventing 

replication by the polymerase (figure 5A). For telomere amplification a standard PCR 

protocol was adapted based on the monochrome multiplex quantitative PCR method 

(MMQPCR) (Cawthon, 2009). Two cycles of annealing at lower temperature (49°C) 

were included to allow binding of the degenerative primers with the telomere sequence 

(figure 5B). Although primer dimer amplification should be prevented by the structure 

of the primers, some polymerases have shown the opposite (Jodczyk et al., 2015). To 

avoid additional amplification of primer dimers in the presence of telomere sequences, 

the HOT FIREPol® (Solis Biodyne) was tested, as it has been shown to avoid primer 

dimer amplification during MMQPCR (Jodczyk et al., 2015). However, in our hands 

primer dimers are still amplified in absence of genomic DNA using HOT FIREPol® 

(figure 5C). In the presence of genomic DNA, telomere amplification is observed by a 

smear on the DNA agarose gel (figure 5C). This smear is the result of the degenerative 

primers binding at different positions on the telomeres resulting in the amplification of 

different lengths of sequences (Vaquero-Sedas and Vega-Palas, 2014). In addition, 

the use of HOT FIREPol® results in more efficient amplification of telomere sequences 

then the standard Taq polymerase (figure 5C). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Telomere specific PCR. A) Representation of the degenerative telomere primers TelA and TelB and their 
complementation with the telomere sequence and primer dimer forming. Figure adopted from Vaquero-Sedas and Vega-
Palas, 2014. B) Adopted PCR protocol for amplification of telomere sequences. C) PCR result for amplification of telomere 
sequences with genomic DNA of PSB-D and Col-0 as template. PCR was performed with two different polymerases, HOT 
FIREPol® (Solis Biodyne) and standard Taq polymerase. Amplification of telomeres is visualized by a smear of different 
telomere sequence lengths. Without template, primer dimers are formed. M: SmartLadder SF (Eurogentec). 
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After pull-down of the telomeres, a huge amount of dhCas9 degradation products was 

observed on western blot in the eluate, while this was less the case in absence of the 

Tel-gRNA (figure 6B). Also in the input material breakdown products are more present 

when tagged dhCas9 is recruited to the telomeres. Telomere sequences could be 

amplified by PCR in the eluate after GSrhino pull-down, but this was also the case 

without the presence of the Tel-gRNA (figure 6C). On the other hand, telomere 

amplification was not observed after GSyellow pull-down (figure 6D) suggesting an 

inefficient isolation of telomeres. In conclusion, CRISPR-ChAP on the telomeres was 

unsuccessful, so no MS analysis was performed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: CRISPR-ChAP-MS on telomeres. A) DNA agarose gel with sonicated total DNA extract of GSrhino-dhCas9 cell cultures, 
with or without (No gRNA) Tel-gRNA. B) Immunoblot analysis of GSrhino-dhCas9 (180,23 kDa) during pull-down with or without 
(No gRNA) Tel-gRNA. Input samples (IN, DeXL, 60 µg total protein), unbound fraction (Unb, same volume as IN) and final 
eluate (EL, 1/60 of total eluate) were loaded and detection was performed using Peroxidase Anti-Peroxidase Soluble Complex 
antibody. C-D) PCR amplification of telomere sequences before (IN) and after (EL) pull-down with GSrhino-dhCas9 (C) and 
GSyellow-dhCas9 (D), with or without (No gRNA) Tel-gRNA. As negative control PCR was performed without template DNA. As 
positive control PCR was performed on genomic DNA of Col-0 and PSB-D. M: SmartLadder SF (Eurogentec). 
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CRISPR-ChAP-MS on rDNA 

CRISPR-ChAP-MS on rDNA was performed with the GSrhino tag. As mentioned before 

two different gRNAs were developed for targeting 5S rDNA and one gRNA for 45S 

rDNA (figure 4) based on different selection criteria. In a first attempt, 5S-gRNA1 was 

tested for isolation of 5S rDNA.  

One 5S rDNA unit is 500 bp long, containing the transcribed region of 120 bp flanked 

by a spacer sequence of 380 bp (figure 4B). To have an efficient isolation of the 5S 

rDNA loci and lowering the chance of pulling down neighboring sequences, sonication 

conditions were established in such a way that chromatin fragments of around 500 bp 

were obtained (figure 7A-B). An efficient affinity purification was observed since the full 

length GSrhino-dhCas9 protein was present in the final eluate (figure 7D). With qPCR 

specific isolation of the 5S rDNA locus was checked by following the amplification rate 

of 5S rDNA and two possible off-targets determined via the online tool Cas-OFFinder 

(figure 4D). Off-target one is located on chromosome 5 (position 22841072) and has 

one mismatch with 5S-gRNA-1. The other off-target is located on chromosome 2 

(position 3562153), a chromosome without 5S rDNA, and has two mismatches with 

5S-gRNA-1. Although a small enrichment of 5S rDNA was observed with two different 

primer sets, a 2-fold higher enrichment of the chromosome 5 located off-target was 

detected (figure 7G), suggesting a non-specific binding of the 5S-gRNA-1. CRISPR-

ChAP with 5S-gRNA-2 resulted also in an efficient affinity purification of the GSrhino-

dhCas9 (figure 7E). Also here, two off-targets were analyzed for specificity of the gRNA 

(figure 4D), both located on chromosome 2 (position 3562140 and 10066080) 

containing two or four mismatches with 5S-gRNA-2. Enrichment of the off-targets was 

not observed, but also 5S rDNA enrichment could not be detected with qPCR (figure 

7H).  

45S rDNA is 43 Kb long, containing a transcribed region of 13.35 Kb (figure 4C). To 

identify the transcription regulatory factors, a gRNA was designed in close proximity of 

the promoter region, in the beginning of the 5’ external transcribed spacer (ETS) and 

close to the TOR binding site (Ren et al., 2011). In this way, chromatin fragments of 

500 bp could be generated with sonication (figure 7C), allowing the isolation of the 

transcription regulatory region of 45S rDNA. Analysis of two off-targets were included 

located on chromosome 1 (position 12293905) and 5 (position 12792053) having one 

and five mismatches respectively with the 45S-gRNA (figure 3D). Also here an efficient 

affinity purification of GSrhino-dhCas9 was observed (figure 7F) but significant 

enrichment of the 45S rDNA regulatory region was not obtained (figure 7I). Due to 

these negative outcomes, MS analysis for the rDNA targets was not performed. 
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Figure 7: CRISPR-ChAP-MS on rDNA. A-B-C) DNA agarose gel with sonicated total DNA extract of GSrhino-dhCas9 cell cultures, with or without (No gRNA) 5S-gRNA-1 (A), 5S-gRNA-2 (B) or 45S-
gRNA (C). D-E-F) Immunoblot analysis of GSrhino-dhCas9 (180,23 kDa) during pull-down with or without (No gRNA) 5S-gRNA-1 (D), 5S-gRNA-2 (E) or 45S-gRNA (F). Input samples (IN, DeXL, 60 
µg total protein), unbound fraction (Unb, same volume as IN) and final eluate (EL, 1/60 of total eluate) were loaded and detection was performed using Peroxidase Anti-Peroxidase Soluble 
Complex antibody. G-H-I) qPCR analysis after pull-down with or without (No gRNA) 5S-gRNA-1 (G), 5S-gRNA-2 (H) or 45S-gRNA (I). For amplification of the 5S rDNA locus two different primer 
sets were used. For every gRNA two possible off-targets were analyzed on different chromosomes (Ch). Values were normalized relative to the reference gene actin and input DNA. 
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Discussion 

Identifying the interacting proteins of a specific genomic locus can be accomplished in 

different way’s. The classical one is a Y1H screen, but alternative in situ methods are 

on the rise like iChIP (Hoshino and Fujii, 2009; Fujita and Fujii, 2013), ChAP-MS 

(Byrum et al., 2012; Byrum et al., 2015) and methods implementing engineered DNA-

binding molecules like TAL and CRISPR (Waldrip et al., 2014; Fujii and Fujita, 2015). 

Here we tested if a similar approach with CRISPR would work in plant cells. An inactive 

version of a human codon optimized Cas9, fused to different affinity tags was 

generated. Expression of tagged-dhCas9 was observed in our PSB-D cell culture, as 

was the localization in the nucleus with a high concentration in the nucleolus. These 

preliminary results suggested a functional dhCas9 in plant cells, which should have 

allowed us to isolate specific genomic loci when combined with a specific gRNA. 

However, targeting telomeres and rDNA wasn’t successful, showing that further 

optimization of the CRISPR-ChAP-MS technique in plants is required. 

A plant codon optimized Cas9 

Although the human codon optimized Cas9 was already used in different plant species 

like Arabidopsis, tobacco, poplar and rice (Feng et al., 2013; Mao et al., 2013; 

Nekrasov et al., 2013; Xie and Yang, 2013; Zhou et al., 2015), usage of the inactive 

version has not yet been reported. Here we showed that also in Arabidopsis dhCas9 

is expressed, but expression is rather low causing the need for a pull-down to visualize 

it on western blot. This low expression level in combination with the high degradation 

rate in Arabidopsis cells, reduces the chance of tagged-dhCas9 to bind the target locus 

and could lead to an inefficient pull-down, as we have observed. Increasing the 

expression by using a plant codon optimized Cas9 or a stronger constitutive plant 

promoter could be a solution. In 2014 a Cas9 was codon-optimized for Arabidopsis 

thaliana by the group of Holger Puchta and expression was driven by the constitutive 

Ubiquitin4–2 promoter from Petroselinum crispum (PcUbi4-2) (Fauser et al., 2014). 

Efficient non-homologous end-joining (NHEJ)-mediated mutagenesis was obtained as 

well as the efficient generation of heritable mutations in Arabidopsis plants by Agro-

bacterium-mediated transformation. Adopting this Cas9, codon-optimized for A. 

thaliana, in our CRISPR-ChAP-MS approach could result in higher expression levels. 

An initial test demonstrates that this is indeed the case, even under the 35S promoter 

(supplementary figure 1). Subsequent CRISPR-ChAP-MS experiments using this 

dCas9 could provide the evidence for a more efficient pull-down due to the higher 

expression. 
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Stimulation of rDNA transcription 

Despite the low expression, CRISPR-ChAP-MS experiments were performed on multi- 

copy targets. Multi-copy genes were chosen because of the limited detection sensitivity 

of the MS. Specific protein-DNA interactions are not that abundant in a cell, causing 

the need for a high amount of starting material to obtain enough protein yield for 

detection with MS (which is at least a picomole of protein). To circumvent this, one can 

target multi-copy genes where specific protein-DNA interactions are repeatedly 

present, increasing the protein yield after pull-down. Telomere sequences and rDNA 

are highly abundant in the Arabidopsis genome, and have been studied extensively 

resulting in the identification of multiple regulatory and interacting proteins. 

Furthermore, transcription of 45S rDNA takes place within the nucleolus, the cellular 

place where tagged-dhCas9 is most abundant. Additionally, our Arabidopsis cell 

suspension culture has a ploidy level of 9C (unpublished data), which increases the 

number of a pulled-down specific target sequence. This makes multi-copy loci 

promising targets for testing out the CRISPR-ChAP-MS technique in our cell 

suspension culture. However, pull-down of these specific genomic regions could not 

be obtained. One main reason could be the low expression level of the tagged-dhCas9, 

as mentioned before. Another bottleneck could be the native chromatin structure.  

Hundreds of ribosomal RNA (rRNA) genes are present in the Arabidopsis genome but 

only a subset is active. rDNA is subjected to a dosage control that regulates the number 

of active rRNA genes depending on the cellular demands for ribosomes and protein 

synthesis (Lawrence and Pikaard, 2004). Epigenetic regulation of rDNA, like histone 

methylation, ensures that most of these rRNA genes are situated in a heterochromatin 

state. This condensed chromatin however is not receptive to the binding of proteins or 

complementation with RNA molecules, which is essential in our CRISPR-ChAP-MS 

protocol. This selectivity towards an active chromatin state was also observed when 

enChIP and CRISPR-ChAP-MS were applied in mammalian cells and yeast (Fujita and 

Fujii, 2014; Waldrip et al., 2014). Both needed to activate transcription of their target 

gene to be able to do a successful pull-down. Fujita and Fujii induced transcription of 

the IRF-1 by treating the mammalian cells with interferon (IFN) γ, while Waldrip et al. 

grew yeast on galactose to activate the GAL1 locus. In order to have a successful pull-

down of rDNA, we must attempt to activate more rRNA gene transcription by increasing 

the cellular demands for ribosomes and protein synthesis. One way could be by 

depleting our PSB-D cell culture of carbohydrates, resulting in an arrest of cell growth, 

after which carbohydrates are added again, leading to the reactivation of cell growth 

and a boost in protein synthesis. Another way is by adding a stimulus to the cell culture. 

It has been postulated that the plant hormone cytokinin could also stimulate rRNA gene 
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expression, as it has been shown to up-regulate transcription initiation from the 

polymerase I promoter in Arabidopsis (Gaudino and Pikaard, 1997; Koukalova et al., 

2005). Extra addition of cytokinin to the PSB-D culture, could be a solution. 

CRISPR-unfriendly telomeres 

Telomeres are non-transcribed sequences at the end of the chromosomes, protecting 

them from deterioration or from fusion with neighboring chromosomes. They are bound 

by different proteins, some of which guard chromosome ends and regulate telomerase 

access (Nelson and Shippen, 2012). Fujita et al. were able to isolate telomere 

sequences in mammalian cells, using their engineered DNA-binding molecule-

mediated chromatin immunoprecipitation (enChIP) method (Fujita et al., 2013). They 

identified known and novel telomere-binding proteins as well as known telomere-

binding RNAs, including the telomerase RNA component (Terc), and a number of novel 

telomere-binding non-coding RNAs (Fujita et al., 2015). To achieve this, they used a 

transcription activator-like (TAL) protein recognizing telomere repeats. In 2016 

CRISPR was used for targeting and investigating the local telomere chromatin 

environment in mammalian cells, a technique called CasID (Schmidtmann et al., 2016). 

Here a dCas9 was fused with the promiscuous biotin ligase BirA* and in combination 

with a telomere specific gRNA, proteins in the direct vicinity were biotinylated. 

Subsequent streptavidin-mediated precipitation and mass spectrometry identified 

components of the telomere specific shelterin complex among others. One year later, 

an alternative purification strategy with CRISPR was developed making use of a 

biotinylated dCas9 and was called CAPTURE (CRISPR affinity purification in situ of 

regulatory elements) (Liu et al., 2017). Also here successful results were obtained 

targeting the telomere region in mammalian cells.  

Because of their success, targeting plant telomeres with our CRISPR-ChAP-MS 

technique seemed to be a good choice. However, our results show otherwise. Specific 

isolation of telomere sequences could not be observed, but even more noticeable was 

the strong degradation rate of tagged-dhCas9 when targeted to the telomeres. It 

seems that the plant telomere region and its protecting role against the degradation of 

the 5’ chromosome ends by nucleases also has an effect on the endonuclease Cas9.  

How come this telomere specific dCas9 degradation was not observed in mammalian 

cells during CasID and CAPTURE experiments? There is a presumption that 

susceptibility of telomeres to nucleases differs between organisms (Lydall, 2003). This 

is based on the fact that telomerase-deficient human cells lose approximately 150 bp 

of telomeric DNA per generation (Huffman et al., 2000), while in yeast only 3-6 bp are 
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lost (Lundblad and Blackburn, 1993). Meaning that human telomeres are probably 

more susceptible for nuclease then yeast. It has been reported that in telomerase-

deficient Arabidopsis plants the rate of telomere loss is 10 times less than the rate 

reported for telomerase-deficient mice (Fitzgerald et al., 1999). This suggests that 

Arabidopsis telomeres are less susceptible for nucleases, and forces might be present 

inhibiting the function of nucleases including dCas9. By replacing the CRISPR 

components with a plant telomere-specific nuclease-free TAL protein, as Fujita et al. 

(2013) has done, this problem could be bypassed and specific isolation of plant 

telomeres could be achieved with our pull-down protocol. 

Bypassing dCas9 pull-down with proximity labeling 

We demonstrated that pull-down of multi-copy target loci with tagged dCas9 is a hurdle 

in Arabidopsis cell suspension culture. However, absence of target sequences after 

pull-down does not mean that the tagged dCas9 is not binding on the target loci. 

Binding could occur at such a low rate that it is undetectable after pull-down. To still 

allow detection of locus-specific interacting proteins, we could replace the affinity tag 

by an enzyme that is capable of covalently labeling proteins in the immediate vicinity. 

This strategy has been applied in mammalian cells and yeast using a promiscuous 

biotin ligase BirA (CasID) (Schmidtmann et al., 2016) or an ascorbate peroxidase (C-

BERST, GloPro) (Myers et al., 2017; Gao et al., 2018) fused to dCas9. Upon biotin 

treatment, all proteins in the neighborhood of the target locus will be biotinylated and 

can be subsequently retrieved via a stringent streptavidin affinity purification. In this 

way, biotin-labeled proteins are pulled-down instead of a specific protein-DNA 

macromolecular complex. Even when the dCas9 DNA-binding event would be short, 

extension of the biotin treatment time-span will result in the accumulation of biotin-

labeled locus specific proteins. Together with the incorporation of appropriate negative 

controls (e.g. without gRNA, without biotin addition,…), the efficiency of this strategy 

has been reported in different studies, exploring multi-copy loci and single loci 

(Schmidtmann et al., 2016; Myers et al., 2018; Gao et al., 2019). With the development 

of a new promiscuous variant of BirA, TurboID (Branon et al., 2018), which has an 

increased catalytic efficiency and is active under standard plant growth conditions 

(Mair et al., 2019), a similar approach in plants is on the horizon. 

Conclusion 

With the discovery of CRISPR, a new and rapidly developing approach for gene 

centered analysis is rising and will likely be the method of choice in the future for the 
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identification of protein-DNA interaction. Native loci can be targeted without changing 

the physiological chromatin structure. Successful gene centered experiments have 

been performed with CRISPR (Fujita and Fujii, 2013; Waldrip et al., 2014) and new 

variants are being developed which are making use of the high affinity between biotin 

and streptavidin (Schmidtmann et al., 2016; Liu et al., 2017; Liu et al., 2018). We tried 

to develop a similar gene centered technique for the identification of protein-DNA 

interactions in plant cells by targeting a specific native chromatin region via CRISPR. 

However, our initial approaches were ineffective. Further optimization is needed, by 

improving the stability of dCas9 in our PSB-D cell culture and by implementing a 

proximity-based labeling strategy.  
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Materials and methods 

Cloning 

Generation of expression constructs was obtained by following a gene stacking approach with the use 

of the MultiSite Gateway technology (Karimi et al., 2002). Supplementary table 1 displays an overview 

of the used primers. A gateway entry vector containing hCas9 (Mali et al., 2013) flanked by AttL1/AttL2 

recombination sites was kindly provided by M. Karimi. A deactivated dhCas9 entry vector was obtained 

by two consecutive site directed mutagenesis reactions using mutated primers, the Pfu polymerase 

(Promega) and DpnI (New England BioLabs) to degrade the original template vector. Correct 

mutagenesis was checked via sequencing with several internal primers. A dhCas9 without stop codon 

and with N-terminal NLS sequence was amplified from the dhCas9 entry vector using the Kappa 

polymerase (Kapa Biosystems) flanked by AttB1/AttB2 recombination sites and subjected to a BP 

reaction with pDONR221 to generate the corresponding entry vector. Generation of the GSrhino and 

GSyellow entry vectors is described elsewhere (Van Leene et al., 2015; Besbrugge et al., 2018). The p35S 

and GFP entry vectors as well as the pK8m43GW2 and pK7m24GW2 destination vectors can be 

retrieved at https://gateway.psb.ugent.be/. Subsequent MultiSite Gateway recombination in the 

pK8m43GW2 and pK7m24GW2 destination vectors (Karimi et al., 2002) generated the expression 

vectors pK7:35S-GSyellow-dhCas9, pK7:35S-GSrhino-dhCas9, pK7:35S-GFP-dhCas9, pK8:35S-NLS-

dhCas9-GSyellow, pK8:35S-NLS-dhCas9-GSrhino, pK8:35S-NLS-dhCas9-GFP. To insert a second 

Multisite Gateway cassette, the expression vectors were linearized via AvrII/XbaI restriction followed by 

ligation of the XbaI restricted fragment from pXb2M43GW7. Oligonucleotides (see supplementary table 

1) for the different target loci were annealed to each other by 10 min incubation in a thermoblock and 

subsequent cooling down to room temperature. The pEN-L4-U6-gRNA-L3 vector was linearized by BsaI 

restriction, cutting out 13 nt between U6 promoter and gRNA backbone. Annealed oligonucleotides were 

ligated in the linearized pEN-L4-U6-gRNA-L3 vector, based on overlapping sequence ends. The 

resulted gRNA entry vectors were recombined with the dhCas9-m34GW expression vectors to generate 

the final T-DNA constructs. These were transformed to Agrobacterium tumefaciens strain C58C1RifR 

(pMP90) by electroporation. 

Cell culture transformation and protein accumulation studies 

Arabidopsis cell cultures were transformed, maintained, upscaled and harvested as previously 

described (Van Leene et al., 2015). Protein extracts for protein accumulation analysis were generated 

by harvesting 25 mL transgenic cultures 3 days after subculturing. Harvested cell were retched for 2x 1 

min at 20 Hz. Crude protein extracts were prepared in extraction buffer (Van Leene et al., 2007) by 

vortexing, freezing and thawing. The soluble protein fraction was obtained by a two-step centrifugation 

at 14,000 rpm for 15 min at 4°C. Protein concentrations were determined using the Bradford assay. For 
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pull-down, 2 mg protein extract was incubated with 25 µL IgG-sepharose beads (for GSrhino, GE 

Healthcare) or GFP-trap Agarose beads (for GSyellow and GFP, Chromotek) overnight at 4°C. Beads 

were washed with 1,5 mL extraction buffer, and pulled-down proteins were eluted in 25 µL sample buffer. 

100 ug op total protein extract or total volume of eluates were loaded on a Mini-PROTEAN® TGX™ 

Precast Gel (Bio-Rad), and proteins were blotted onto a PVDF membrane using the Trans-Blot® 

Turbo™ Transfer System (Bio-Rad). GSrhino-tagged dCas9 accumulation was detected with Peroxidase 

Anti-Peroxidase Soluble Complex antibody (Sigma), while GSyellow and GFP fusions were detected with 

polyclonal anti-GFP (AB290, Abcam). 

Transient expression in Nicotiana benthamiana leaves 

Transgenic Agrobacterium tumefaciens strains were grown in yeast extract beef (YEB) broth with 10mM 

MES and 20uM acetosyringone until an OD600 of 3. In parallel an Agrobacterium tumefaciens strain 

containing a vector encoding the silencing suppressor P19 was cultivated. Bacterial samples were 

centrifuged for 10 min at 4000 rpm, and the pellet was resolved in infiltration buffer (100uM 

acetosyringone, 10mM MgCl2, 10mM MES, pH5.7). Equal amounts of dCas9 transformed and P19 

containing agro’s were mixed and gently infiltrated in Nicotiana benthamiana leaves with a syringe. 

Tobacco plants were grown for 3-4 days, and infiltrated areas were cut out and analyzed by confocal 

microscopy. Image acquisition was obtained with a 100M inverted confocal microscope (Zeiss) with 

software package LSM510 version 3.2 equipped with a 10x, 25x or 40x water-corrected objective using 

the following settings for GFP and YFP detection: GFP excitation at 488 nm; emission filter 505-530 nm, 

YFP excitation at 488 nm; emission filter 505-550 nm. 

Tandem affinity purification and MS analysis 

Tandem affinity purification of GSrhino-dhCas9 was performed as previously described (Van Leene et al., 

2015) with adaptation to the elution step and subsequent in-gel trypsin digest. Purified proteins were 

digested on-bead as follows. After the final wash with extraction buffer without detergent, the beads 

were washed with 500 L 50 mM NH4HCO3 (pH 8.0). The wash buffer was removed and 50 L 50 mM 

NH4OH was added together with 1 g Trypsin/Lys-C and incubated at 37C for 4 h in a thermomixer at 

800 rpm. Next, the digest was separated from the beads and overnight incubated with 0.5 g 

Trypsin/Lys-C at 37C. Finally, the digest was centrifuged at 20800 rcf in an Eppendorf centrifuge for 5 

min, the supernatant was transferred to a new 1.5 mL Eppendorf tube, and the digest was dried in a 

Speedvac and stored at -20C until MS analysis. Protein samples were analyzed on a Q Exactive 

(ThermoFisher Scientific) as previously reported (Nelissen et al., 2015). After MS-based identification of 

co-purified proteins, specific proteins in the TAP experiments were detected by comparison against an 

updated list of non-specific proteins (Besbrugge et al., 2018), determined as previously described (Van 

Leene et al., 2015). True interactors that might have been missed because of their presence in the list 
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of non-specific proteins were retained through a semi-quantitative analysis. In this approach, normalized 

spectral abundance factors (NSAF) of all Arabidopsis proteins detected in the GSrhino-dhCas9 sample 

were compared against the corresponding average NSAF deduced from a control TAP dataset. This 

control dataset was built from more than 1000 TAP experiments, covering a huge set of bait proteins 

not related to Cas9. For stringent filtering of specific proteins, only proteins identified with at least two 

peptides were retained that were highly (at least 10-fold) and significantly [-log10(p-value(T-test)) ≥10] 

enriched compared to the control datasets. 

Coupling rabbit IgG to magnetic beads 

Rabbit IgG antibodies (Sigma) were coupled in-house on BcMag™ Epoxy-activated Magnetic beads 

(Bioclone) as previously described (Hamperl et al., 2014). 

Cross-linking and compatibleness with pull-down  

Cross-linking of Arabidopsis cell suspension cultures was obtained using formaldehyde 3 days after 

subculturing. Cultures were treated for 10 min with 0,75% formaldehyde followed by quenching the 

cross-linking reaction with 250 mM glycine for 10 min. Cross-linked cells were harvested as previously 

described (Van Leene et al., 2007). To compare the pull-down efficiency with and without cross-linking, 

5 g of harvested cells were used for ChAP analysis as described below. 

Chromatin affinity purification (ChAP) 

20 g cross-linked and/or non-cross-linked cells were ground to homogeneity in liquid nitrogen. Four 

volumes of ChAP-MS buffer without detergents (50 mM HEPES pH7.5, 150 mM NaCL, 0,5 mM EDTA, 

1 µM trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane (E64), 1 mM PMSF, 0.1 mM sodium 

vanadate, 1 mM NaF, complete ultra EDTA free tablet (Roche))  was added followed by mixing with an 

Ultra-Turrax T25 mixer (IKA Works, Wilmington, NC) at 4°C. Detergents (1% Triton X-100, 0.1% NaDoc, 

0.1% SDS) were added and the crude extracts were incubated on a horizontal shaker for 30 min at 4°C. 

Extracts were sonicated for 4,5 min (10 sec ON, 20 sec OFF), and supernatants were separated from 

cell debris by centrifugation at 2000g for 10 min at 4°C. The extracts were passed through a GF-prefilter 

and 0.45-µm filter (Sartorius AG), and protein concentrations were determined using the Bradford assay. 

The total extracts were incubated with 800 µL in-house prepared magnetic IgG beads (in case of GSrhino) 

or 400 µL GFP-TRAP agarose beads (Chromotek) (in case of GSyellow) overnight at 4°C under gentle 

rotation. Beads were washed with 10 mL of ChAP-MS buffer, 2x 750 µL low salt buffer, 2x 750 µL high 

salt buffer and 2x 750 µL LiCl buffer. A fraction of the beads was kept aside for DNA purification. DNA 

purification: For reverse cross-linking, 10 volumes Dex-buffer (10 mM Tris pH8, 1mM EDTA, 0.5M 

NaCl, 1% SDS) + 0.5 µl RNAse A was added to the beads, while input samples were reverse cross-
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linked by adding 3 volumes of water, 40 µL 5M NaCl and 0,6 µL RNase at 250 µL crude extract. Reverse 

cross-linking went on overnight at 65°C. Reverse cross-linked samples were centrifuged for 5 min at 

14000 rpm, followed by 50 µg proteinase K treatment of 2 hours at 50°C. DNA was purified by the 

fenol/chloroform/IAA purification strategy and concentrated using the Qiaquick PCR purification Kit 

(Qiagen). Purified DNA was analyzed with qRT-PCR (in case of ribosomal DNA) using the LightCycler 

480 Real-Time SYBR Green PCR System (Roche). Used primers are listed in supplementary table 1, 

including the housekeeping gene ACTIN 2 (AT3G18780).  Purified DNA from telomere targeting was 

subjected to telomere amplification as described below. To check sonication, purified DNA of input 

samples were loaded on an 1,2% agarose gel. Protein purification: The other fraction of magnetic IgG 

beads was subjected to 0.5 N ammonium hydroxide / 0.5 mM EDTA for 30 min at room temperature to 

elute proteins. The eluates were lyophilized, and the protein pellet was dissolved in 30 µL 1x NuPAGE 

buffer (ThermoFisher Scientific). The fraction of GFP-TRAP agarose beads was boiled for 30 min in 2x 

sample buffer to elute the proteins. Eluted proteins were separated from the beads on a Mobicol F colum 

(Mobi Tec). Proteins were precipitated in ice cold ethanol overnight at -80°C, and the pellet was resolved 

in 30 µL 1x NuPAGE buffer (ThermoFisher Scientific). Protein samples were loaded on a Mini-

PROTEAN® TGX™ Precast Gel (Bio-Rad), followed by blotting onto a PVDF membrane using the 

Trans-Blot® Turbo™ Transfer System (Bio-Rad). GSrhino-tagged dCas9 was detected with Peroxidase 

Anti-Peroxidase Soluble Complex antibody (Sigma), while GSyellow fusions were detected with polyclonal 

anti-GFP (AB290, Abcam). 

Amplification of telomere sequences 

Amplification of telomere sequences is based on the monochrome multiplex quantitative PCR method 

(MMQPCR) (Cawthon, 2009). PCRs were executed with SYBR Green PCR mix (Roche) or Hotfire 

polymerase mix (Solis Biodyne). In a first step the polymerase is activated at high temperature level 

(95°C) for 15 min. In a subsequent stage, two cycles of 15 sec at 94°C and 15 sec at 49°C allows specific 

annealing of the telomere primers with telomere sequences, and prevents primer dimer formation. 

Hereafter, a standard PCR reaction is followed with 32 cycles of 15 sec at 94°C, 10 sec at 62°C and 15 

sec at 74°C. Amplified PCR fragments were loaded on an 1,2% agarose gel.  
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Supplementary figure 1: GSrhino-dCas9 protein accumulation under different promoters. A) T-DNA constructs overexpressing 
human codon optimized dead Cas9 (dhCas9) or Arabidopsis codon optimized dead Cas9 (daCas9) under the 35S promoter or 
Ubiquitin4–2 promoter from Petroselinum crispum (PcUbi4-2) B) Immunoblot analysis of wild type (PSB-D) and tagged human 
(dhCas9) or Arabidopsis (daCas9) codon optimized Cas9 overexpressing cell suspension culture before (IN, 100 µg total 
protein) and after (EL, 25 µL total eluate) pull-down using Peroxidase Anti-Peroxidase Soluble Complex antibody. daCas9 
expression was under control of the 35S promoter or constitutive Ubiquitin4–2 promoter from Petroselinum crispum (PcUbi4-
2). 
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Supplementary table 1: Primers used for cloning, sequencing and qPCR analysis 

Name Sequence Application 

hCas9 D10A F gtactccattgggctcgctatcggcacaa Site directed mutagenesis 

hCas9 D10A R gagcccaatggagtacttcttgtccatggtgaa Site directed mutagenesis 

hCas9 H840A F cgactacgacgtggatgctatcgtgcccc Site directed mutagenesis 

hCas9 H840A R atccacgtcgtagtcggagagccgattgat Site directed mutagenesis 

dhCas9 int1 tggaggagtcctttttggtg Sequencing 

dhCas9 int2 aaagacacctacgatgatga Sequencing 

dhCas9 int3 agataacagggaaaagattg Sequencing 

dhCas9 int4 ttaaagacaaggacttcctg Sequencing 

dhCas9 int5 caaactacccagaagggaca Sequencing 

dhCas9 int6 tctcgattcacgcatgaaca Sequencing 

dhCas9 int7 agaccggaggcttctccaag Sequencing 

dhCas9 int8 gagatcatcgagcaaataag Sequencing 

attB1-NLS-dCas9 F  ggggacaagtttgtacaaaaaagcaggctccatggccccaaagaagaagcggaaggtcggtatccacggagtcccagcagccatggacaagaagtactccattggg Gateway cloning 

attB2-dhCas9-NoStop R ggggaccactttgtacaagaaagctgggtccaccttcctcttcttcttgggg        Gateway cloning 

Oligo telomere F tgattggggtttagggtttagggtttg Oligo annealing 

Oligo telomere R aaaacaaaccctaaaccctaaacccca Oligo annealing 

Oligo 5SgRNA1 F tgattgcaacacgaggacttcccgggg Oligo annealing 

Oligo 5SgRNA1 R aaaaccccgggaagtcctcgtgttgca Oligo annealing 

Oligo 5SgRNA2 F tgattgtaaaagagggatgcaacacgg Oligo annealing 

Oligo 5SgRNA2 R aaaaccgtgttgcatccctcttttaca Oligo annealing 

Oligo  45SgRNA F tgattggagggagtctgggcagtccgg Oligo annealing 

Oligo 45SgRNA R aaaaccggactgcccagactccctcca Oligo annealing 

5S rDNA primer set 2 F ggatgcgatcataccagc qPCR 

5S rDNA primer set 2 R gagggatgcaacacgagg qPCR 

5S rDNA primer set 1 F ataccagcactaatgcaccg qPCR 

5S rDNA primer set 1 R aaagagggatgcaacacgag qPCR 

45S rDNA F tcggatatcgacacgaggaa qPCR 
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45S rDNA R cggaaaagtcgccgaaaaag qPCR 

5SgRNA1 off Ch5 F gacgtatgcagtgggctagt qPCR 

5SgRNA1 off Ch5 R caatgaaccatttcttcttcccctc qPCR 

5SgRNA1 off Ch2 F tgggatccgttgcattcgtt qPCR 

5SgRNA1 off Ch2 R ccacagcgaatggttcctaga qPCR 

5SgRNA2 off Ch2(2) F tgggatccgttgcattcgtt qPCR 

5SgRNA2 off Ch2(2) R ccacagcgaatggttcctaga qPCR 

5SgRNA2 off Ch2(4) F gctgtggattagcttccccg qPCR 

5SgRNA2 off Ch2(4) R ttgagttcttctgctctgcttct qPCR 

45SgRNA off Ch1 F cgaggaatgaccgatcgac qPCR 

45SgRNA off Ch1 R tcaaataaccgatcgccaga qPCR 

45SgRNA off Ch5 F tcagtagtattgcctccagcacag qPCR 

45SgRNA off Ch5 R tggctttgtggtgggattctgg qPCR 
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Abstract 

Controlled degradation of proteins using the ubiquitin/26S proteasome pathway allows 

for removal of misfolded and non-functional proteins as well as maintaining 

homeostasis by controlling the abundancy of regulatory proteins. In plants, different E3 

ligases, which ubiquitinate target proteins, exist of which the anaphase promoting 

complex (APC) is the most intricate one. While regulation of this E3-ligase is being 

clarified, identification of substrates is lacking behind in plants. In this chapter we 

applied a pull-down strategy on propyzamide synchronized Arabidopsis cell 

suspension culture to reveal common and specific interactions for the three APC-

specific CCS52 co-activators during mitosis. Next to the pull-down of an almost 

complete APC complex together with known regulators, we also retrieved known and 

putative new APC substrates. We also applied biotin-based proximity labeling to 

validate and further extend the CCS52B interactome. Our data suggests a mitotic role 

for CCS52B, and provides an interesting amount of putative mitotic APC substrates 

which need to be further validated. 
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Introduction 

One important aspect of a plant’s life is the controlled degradation of proteins. This 

regulated proteolysis allows for removal of misfolded and non-functional proteins as 

well as maintaining homeostasis by controlling the abundancy of regulatory proteins. 

The most common proteolysis system in eukaryotes is the ubiquitin/26S proteasome 

pathway (Sullivan et al., 2003; Smalle and Vierstra, 2004). This pathway consists of 

different players allowing the ubiquitination of target proteins and the subsequent 

degradation by the 26S proteasome. The key component is the reusable, small, 76-

amino acid protein ubiquitin (Ub). In a first step, Ub is bound and activated by the Ub-

activating enzyme (E1) using adenosine triphosphate (ATP). Next, Ub is transferred to 

an Ub-conjugating enzyme (E2) that together with an Ub-protein ligase (E3) covalently 

binds the Ub to a lysine residue of a target protein (figure 1A). Depending on the target 

and the E2/E3 complex, different Ub patterns can be formed. Monoubiquitination 

frequently directs substrates to the lysosome/vacuole, while Lys48-linked Ub polymers 

are preferred for 26S proteasomal degradation.  

In Arabidopsis two E1 isoforms, 37 E2 (or UBC) genes and more than 1300 E3 genes 

are expressed. E3 controls the specificity of the ubiquitination cascade by recognizing 

and directly binding the target protein. The large number of E3 genes in plants suggest 

that the amount of targets may number in the thousands. E3s are classified in 4 types 

(HECT, RING/U-box, SCF and APC) based on subunit composition and mode of action 

(Sullivan et al., 2003; Smalle and Vierstra, 2004). The APC (anaphase-promoting 

complex) is the most intricate E3 type, consisting of a core complex of 14 subunits in 

plants and yeast or 19 subunits in human cells, and interchangeable co-activator 

subunits (figure 1B-C) (Eloy et al., 2015; Alfieri et al., 2017; Lorenzo-Orts et al., 2019). 

This ubiquitin-protein ligase mainly functions during cell division but also regulates 

other cellular processes like cell differentiation, genome stability, energy metabolism, 

cell death, autophagy as well as carcinogenesis (Zhou et al., 2016). 

The complex can be subdivided in three parts (figure 1B): a platform, a structural 

module and the catalytic core. The largest subunit of the APC (APC1) forms, together 

with APC4 and APC5, a platform that links the structural module with the catalytic core 

(da Fonseca et al., 2011). The structural module includes APC6, APC7, APC8 and 

APC3. For the latter two genes are present in the Arabidopsis genome 

(APC3a/CDC27a and APC3b/HOBBIT) (Blilou et al., 2002). The catalytic core consists 

of APC2 and APC11, and together they are sufficient to catalyze non-specific 

ubiquitination reactions in vitro (Gmachl et al., 2000; Tang et al., 2001). Substrate 

specificity is obtained by the subunit APC10 and the co-activators CELL DIVISION 

CYCLE 20 (CDC20) and Cell Cycle Switch 52 (CCS52, plant ortholog of human 
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CDC20 Homolog 1 (CDH1)) which are located within the central cavity of the APC (da 

Fonseca et al., 2011). In yeast and mammals, the APC also contains two extra 

subunits, APC13 and APC15, for which homologs have been found in plants 

(Schwickart et al., 2004; Uzunova et al., 2012). However, these subunits have not been 

co-purified by tandem affinity purification (TAP) of the Arabidopsis APC complex, while 

all other subunits have been shown to interact with each other (Van Leene et al., 2010). 

Mutation studies of different APC subunits in Arabidopsis resulted in non-viable plants, 

an inactive E3 ligase, the accumulation of cyclin substrates and mitotic arrest, showing 

the essential role of the APC complex during early plant development (Eloy et al., 2011; 

Heyman and De Veylder, 2012; Wang et al., 2012; Wang et al., 2013; Eloy et al., 2015). 

A correct regulation of the APC is crucial and is carried out by transcriptional regulation, 

posttranslational modifications, inhibitor and co-activator proteins. Three plant specific 

APC inhibitors have been reported, known as Ultraviolet-B-Insensitive 4 (UVI4) 

(Heyman et al., 2011), Omission of second division 1 (OSD1) (Cromer et al., 2012) 

and SAMBA (Eloy et al., 2012). Although, SAMBA shows some characteristics of a co-

activator, targeting the degradation of CycA2;3 (Eloy et al., 2012; Heyman and De 

Veylder, 2012). Inhibition of APC activity occurs by interacting and blocking the APC 

co-activators CDC20 and CCS52 (Iwata et al., 2011). The co-activators bind, activate 

and provide substrate specificity of the APC complex. In Arabidopsis five genes encode 

for putative CDC20 proteins of which two are functional (CDC20.1 and CDC20.2) 

(Kevei et al., 2011). For CCS52 three genes are present in the Arabidopsis genome 

(CCS52A1, CCS52A2 and CCS52B). The co-activators have three characteristic 

protein domains essential for their function, including a N-terminal C-box, a C-terminal 

IR-tail and a WD40 domain (figure 1D) (Matyskiela and Morgan, 2009). The IR-tail 

binds to the APC3 subunit while the C-box interacts with the APC8 subunit, both 

ensuring stable binding of the co-activators (Yamano, 2019). Via the WD40 domain 

the co-activator can bind APC target proteins by recognizing a destruction motif (see 

further). Expression of the co-activators is cell cycle phase dependent. The two CDC20 

genes are expressed from early G2-phase until the M-phase exit, while CCS52B is 

expressed from G2/M- to M-Phase and CCS52A1 and CCS52A2 proteins are present 

from late M-phase until early G2-phase (Menges et al., 2003; Fulop et al., 2005). This 

expression profile suggests consecutive actions of the different co-activators during 

the plant cell cycle and thus a transcriptional regulation of the APC complex. In 

contrast, most APC core subunits are constitutively expressed, with exception for the 

APC3 a and b subunits, showing an increase in expression during S- and G2-phase 

(Heyman and De Veylder, 2012).
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Figure 1: Function, structure  and regulation of the E3 ubiquitin ligase anaphase promoting complex (APC). A) Scheme of the ubiquitination reaction by the Ub-activating enzyme (E1), the Ub-
conjugating enzyme (E2) and Ub-protein ligase (E3). B) Schematic representation of the plant APC complex. Green: platform module; red: structural module; brown: catalytic and substrate 
recognition module; orange: activators subunit; purple: plant specific APC interactors. Figure adapted from (Eloy et al., 2015). C) Overview of the different core APC subunits and interchangeable 
co-activators known for human, yeast and Arabidopsis. *APC12 has recently been discovered in Arabidopsis (Lorenzo-Orts et al., 2019). D) The Apc1 disordered loop domain (Apc1Loop300) occludes 
the C-box binding site within Apc8 and prevents Cdc20 loading. Recruitment of mitotic kinases by phosphorylation of the disordered APC3 loop domain (Apc3Loop) leads to Apc1Loop300 
phosphorylation and Cdc20 loading. Figure adopted from (Kataria and Yamano, 2019). E) In mitosis, PP2A-B56 and PP1 dephosphorylate the threonine-rich Cdc20 N-terminus to promote its 
interaction with the APC/C. During mitotic exit and in G1, PP2A-B55 (and other mitotic exit phosphatases) dephosphorylate serine-rich Cdh1 N-terminus and promotes co-activator exchange 
and Cdc20 degradation. Figure adopted from (Kataria and Yamano, 2019). 
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Before co-activators can interact with the APC complex, activation by phosphorylation 

at onset of mitosis is needed. This is carried out by a Cyclin-CDK-CKS complex which 

phosphorylates in different steps the disordered loop domains of APC3 and APC1, 

allowing co-activator association (figure 1D) (Patra and Dunphy, 1998; Zhang et al., 

2016; Kataria and Yamano, 2019; Yamano, 2019). During interphase, the disordered 

loop domain of APC1 blocks the C-box binding site on APC8 and thus inhibits co-

activator binding. At onset of mitosis, CDK-CycB-CKS will phosphorylate the 

disordered loop domains of the APC3 subunits and will associate with these PTMs. 

Subsequently, phosphorylation of the APC1 disordered loop domain is carried out, 

dislocating it from the C-box binding site and allowing co-activator association (figure 

1D). Next to phosphorylation of the disordered loops by Cyclin-CDK-CKS, several 

other phosphorylation sites on the APC complex have been reported but their function 

remains elusive (Kraft et al., 2003; Yamano, 2019). An extra level of APC activity 

regulation is executed by different phosphatases, which dephosphorylate the N-

terminal tail of the co-activators (figure 1E) (Kataria and Yamano, 2019). At onset of 

mitosis, the B56 phosphatase family is responsible for the specific dephosphorylation 

of the CDC20 N-terminal tail in human cells, allowing CDC20 association with the APC 

complex. Later on, at onset of anaphase, the B55 phosphatase family will 

dephosphorylate the CDH1 N-terminal tail, stimulating co-activator exchange of 

CDC20 to CDH1 and subsequent CDC20 degradation (figure 1E). 

A specific and time dependent degradation of APC substrates is essential for a normal 

cell cycle progression. APC substrates contain destruction motifs (or degrons) that are 

recognized and bound by the APC activators. The three major degrons are the 

destruction box (D-box, RxxLxxxxN) (Glotzer et al., 1991), the KEN-box (KENxxxN/D) 

(Pfleger and Kirschner, 2000) and the ABBA motif ([FILV]x[ILMVP][FHY]x[DE]) (Di 

Fiore et al., 2015; Davey and Morgan, 2016). In mammals, APCCDC20 targets Cyclin A, 

Cyclin B and Securin (figure 2) (Zhou et al., 2016). Degradation of these essential cell 

cycle regulators allows for the progression from prometaphase to onset of anaphase. 

By degrading Securin and cyclins, Separase is activated upon which the Cohesin 

protein complex is cleaved and sister chromatids come apart from each other (Gorr et 

al., 2005). Recently, Arabidopsis homologs for Securin have been identified, called 

PATRONUS 1 and PATRONUS 2 (PANS1 and PANS2) (Cromer et al., 2019). Also 

they contain degrons and interact with the APC. A Y2H screen confirmed the 

interaction of CDC20.1 and CDC20.2 with specific plant cyclins (Kevei et al., 2011). 

Although all mitotic cyclins contain D-box sequences, not all of them are targeted by 

APCCDC20. Probably APCCDC20 has a specificity towards a subset of variant D-box 

sequences while other D-box variants are targeted by APCCCS52, suggesting that 

variation in D-box sequence and the different CDC20 and CCS52 isoforms ensure for 
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the degradation of specific mitotic cyclins at a given stage during cell cycle (Kevei et 

al., 2011; Davey and Morgan, 2016).  

At onset of anaphase in mammals, CDH1 is activated and is responsible for the further 

progression through mitosis and inhibition of Cyclin-CDK activity during G1 phase. 

Known APCCDH1 substrates are B-type cyclins (CycB), Aurora, CDC20 and many more 

(figure. 2) (Kramer et al., 2000; Zhou et al., 2016). While the list of CDH1 targets is 

comprehensive, the amount of known substrates for the plant CDH1 ortholog CCS52 

is limited (Heyman and De Veylder, 2012). Stabilization of CycA2;3 has been observed 

in mutant ccs52a1 plants (Boudolf et al., 2009), and in 2010 a TAP experiment 

revealed novel interactors of the plant APC (Van Leene et al., 2010), containing at least 

one CCS52A2 substrate, ERF115 (Heyman et al., 2013). Both A-type CCS52’s have 

been demonstrated to control endocycle onset in leaves and roots, and control stem 

cell maintenance (Lammens et al., 2008; Boudolf et al., 2009; Vanstraelen et al., 2009). 

Furthermore, localization studies have shown the association of CCS52A2 with the 

preprophase band (PPB) at onset of mitosis (Boruc et al., 2010). However, the function 

of CCS52B during cell cycle remains unclear. 

Based on the expression profile of CCS52B, which exhibits a M-phase peak (Menges 

et al., 2003), one can postulate that this APC co-activator plays a main role during 

mitosis and may fulfill the mitotic role of CDH1 in Arabidopsis. Further evidence for a 

M-phase dependent function of CCS52B was provided by Yang et al. (2017), who 

observed expression of CDC20 and CCS52B during prophase and sequestration of 

the corresponding mRNA in the nucleus until nuclear envelope breakdown (NEB) at 

prometaphase (Yang et al., 2017). While CDC20 and CCS52B mRNA levels peaked 

at prophase, a decrease in CDC20 mRNA was observed at the end of mitosis, whereas 

the high CCS52B mRNA level remain until cytokinesis. This again illustrates the 

consecutive actions of the different APC co-activators. The nuclear sequestration of 

CDC20 and CCS52B mRNA prevents early protein translation and is as such an extra 

mechanism to tightly control APC during cell cycle. Only after NEB, the high mRNA 

levels of CDC20 and CCS52B are translated and this allows for a rapid and efficient 

activation of the APC (Yang et al., 2017). Furthermore, TAP analysis on SAMBA in 

maize leafs showed a significant enrichment of CCS52B in dividing cells compared to 

expanding cells (data not published, Bontinck M.). 

Interaction of the CCS52 co-activators with different mitotic cyclins has been 

demonstrated with Y2H screens, bimolecular fluorescence complementation (BiFC)  

and co-immunoprecipitations (Fulop et al., 2005; Boruc et al., 2010). Similar to CDC20, 

there is selectivity for specific cyclins. For example, a strong interaction is observed for 

CycA3;4 with CCS52A1 and CCS52B, but binding is weaker with CCS52A2. Other 
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mitotic cyclins interacting with CCS52B are CycA1;1, CycB1;1 and CycB1;2. However, 

interaction of CCS52B with CycA1;2 was significant weaker than with CCS52A1 and 

CCS52A2 (Fulop et al., 2005). Localization studies of these mitotic cyclins during cell 

division revealed protein degradation around metaphase or anaphase, further 

evidence for these cyclins to be targets of the APC (Boruc et al., 2010).  

Here, we perform our pull-down strategy (AP-MS) on propyzamide synchronized cell 

culture for all three CCS52 co-activators to further supplement the list of APCCCS52 

substrates during cell division in Arabidopsis. We present a list of known and unknown 

interactions, including specific interactors for the three co-activators. By identifying new 

specific APC substrates, we get closer to unravel the role of APC during cell division 

in plants. 

 

 

 

Figure 2: Cell cycle regulation by APC in mammals. Figure adopted from (Zhou et al., 2016) 
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Results 

Propyzamide enriches for a mitotic cell suspension culture. 

To identify CCS52 specific substrates during cell division it is important to perform our 

AP-MS at the time point during mitosis where APCCCS52 is activated. We choose to 

analyze the metaphase-anaphase transition, the time-point when CDC20 is exchanged 

for CDH1 and different CDH1 targets are being degraded (Zhou et al., 2016). AP-MS 

is performed on Arabidopsis cell suspension cultures (PSB-D), a biological system that 

allows efficient cell cycle synchronization through for example sucrose starvation and 

repletion or aphidicolin treatment (Menges and Murray, 2002). Different strategies and 

chemicals can be applied to study cell cycle via synchronization (Planchais et al., 

2000). Blocking of mitosis can be achieved by disturbing the microtubule 

polymerization and formation of the mitotic spindle, resulting in a metaphase arrest. 

Propyzamide, a herbicide, is one of these anti-tubulin drugs that has been repeatedly 

used to induce mitotic arrest (Nagata et al., 1992; Nagata and Kumagai, 1999; Suzuki 

et al., 2005). The advantage of this drug is that it is reversible as the mitotic arrest is 

released and metaphase/anaphase transition resumes when the drug is removed. 

However, it is crucial to reduce the propyzamide treatment time to a few hours (less 

than 14 hours) to prevent the formation of abnormal cell division figures and 

micronuclei (Verhoeven et al., 1990; Planchais et al., 2000). 

To be able to follow synchronization efficiency of our PSB-D cell culture, we 

transformed the cells with a microtubule reporter consisting of the microtubule-binding 

domain (MBD) of MICROTUBULE-ASSOCIATED PROTEIN 4 (MAP4) fused to GFP 

and driven by the constitutive 35S promoter (Marc et al., 1998). In this way microtubule 

dynamics during mitosis and the formation of the mitotic spindle can be visualized 

easily by live-imaging under a fluorescence microscope (figure 3A). We could visualize 

the PPB, the centralization of the nucleus and the accumulation of microtubules around 

the nuclear envelope during prophase; the NEB accompanied by the disappearance 

of the PPB, the invasion of microtubule at the space of the former nucleus and the 

formation of the mitotic spindle during metaphase; the depolymerization of spindle 

microtubule at anaphase and formation of the phragmoplast during telophase. Addition 

of propyzamide did not affect the prophase nor the NEB, since we observed a PPB 

and subsequent disappearance of it accompanied with the invasion of microtubule at 

the space of the former nucleus. But propyzamide clearly altered the formation of the 

mitotic spindle during metaphase resulting in a metaphase arrest (figure 3B). 
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Based on synchronization studies of tobacco BY-2 cells (Nagata et al., 1992), GFP-

MAP4 culture were treated for 4 hours with 6 μM propyzamide, one day after 

subculturing. After release of propyzamide, the amount of cells at metaphase or 

anaphase (M/A index) and telophase (phragmoplast formation) were determined at 

different time points. Before addition of propyzamide, approximately 7% of the cells 

are at metaphase or anaphase. After removal of propyzamide, a clear increase in M/A 

mitotic figure is observed with a peak of 24% cells 10 minutes after removal (figure 

3C). Also at that time point formation of phragmoplasts is observed and is increasing 

steep 20 min after removal of propyzamide (figure 3D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Propyzamide synchronization of Arabidopsis cell suspension culture. A) Time-lapse analysis of subcellular 
localization of GFP-MAP4 in PSB-D cells, visualizing the microtubule dynamics during the different mitotic phases. Arrows 
indicate the preprophase band. Scale bar = 10 µm B) Time-lapse analysis of GFP-MAP4 expressing PSB-D cells with or without 
propyzamide treatment. Formation of the mitotic spindle during metaphase is prevented by propyzamide. Arrows indicate 
the preprophase band. Scale bar = 10 µm C) Percentage of PSB-D cells at metaphase or anaphase (M/A index) at different 
time points after 4 hours of propyzamide treatment. D) Percentage of PSB-D colonies (+/- 15 cells) containing cells at 
telophase (phragmoplast formation) at different time points after 4 hours of propyzamide treatment. E) Percentage of PSB-
D cells at metaphase or anaphase (M/A index) at different time points after 6 hours of propyzamide treatment. 
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These results show that with propyzamide it is possible to synchronize our PSB-D cell 

culture during metaphase-anaphase transition. Approximately a quarter of the cells can 

be synchronized after propyzamide incubation of 4 hours. A higher incubation time of 

6 hours did not result in an increase of synchronized cells, but a peak 10 minutes after 

removal of propyzamide was still observed (figure 3E).  

AP-MS on CCS52 allows pull-down of the total APC complex and specific 

interactors. 

Propyzamide synchronization was applied on GSrhino-CCS52A1, GSrhino-CCS52A2 and 

GSrhino-CCS52B overexpressing cell cultures. Cells were harvested at the arrested 

metaphase-anaphase transition after 4 hours propyzamide treatment (T0), and 10 

minutes after removal of propyzamide. To allow for a label-free quantitative MS 

analysis three repeats for every time point and every bait protein were conducted. Co-

purified proteins were identified on a Q Exactive (ThermoFisher Scientific) and filtered 

relative to a list of non-specific proteins derived from 123 AP-MS experiments, covering 

13 bait groups. Proteins appearing in 3 or more bait groups were regarded as non-

specific, resulting in a list of 3186 non-specific proteins (background). To prevent true 

interactors being filtered out because of their presence in the background list, a T-test 

was performed using the average spectral abundance factors (NSAF) of the identified 

proteins in the CCS52 pull-downs versus the corresponding average NSAF in a control 

set of AP-MS experiments with non-related baits (other CCS52 experiments were 

removed). Proteins identified with at least two peptides in at least two experiments, that 

were not present in the background list or showed high (at least 10-fold) and significant 

[-log10(p-value(T-test)) ≥10] enrichment versus the large dataset of pull-downs with 

non-related bait proteins, were retained. Supplementary figure 1 displays a schematic 

overview of the different filtering steps applied. Table 1 represents all specific and 

significantly enriched proteins for every time point and CCS52 bait protein. 

We retrieved 57 proteins of which 20 were common for all three CCS52 co-activators. 

Amongst those 20 common co-purified proteins, all APC subunits and known 

regulators (UVI4, OSD1, SAMBA), except APC11, were retrieved with the three co-

activators. When we compare these results with previous CCS52 TAP-MS purifications 

on non-synchronized cell cultures (Van Leene et al., 2010), it is clear that AP-MS on 

synchronized cell cultures is more efficient (table 1). For every CCS52 bait all APC 

subunits are pulled-down with AP-MS, while with TAP only a subset is retrieved. Even 

the small subunits APC12, APC13 and APC15 were identified, which were not 

observed during TAP purifications on different APC subunits (Van Leene et al., 2010). 

To retrieve the recently annotated APC12 subunit (Lorenzo-Orts et al., 2019), a 
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quantitative analysis with MaxQuant (Tyanova et al., 2016) was performed relative to 

a control data set of 9 AP-MS experiments on propyzamide synchronized cell cultures 

using the Araport11 genome annotation (Cheng et al., 2017) with APC12 (Q8H1U3) 

protein sequence from UniProt added. From the 57 proteins co-purified 77% interacts 

with CCS52B, suggesting that CCS52B is the main co-activator of the APC complex 

during metaphase-anaphase transition. This is in accordance with the specific mitotic 

upregulation of CCS52B expression (figure 3) (Menges et al., 2003; Yang et al., 2017). 

Scanning the Arabidopsis proteome with the APC/C degron repository (Davey and 

Morgan, 2016) reveals a total of 2025 proteins containing (putative) D-box, KEN-box 

and/or ABBA motifs on a total of 27655 Arabidopsis proteins. In our data, from the 39 

APC unrelated proteins 13 contain putative major APC degrons (table 1) which is a 

highly significant 5.6 fold enrichment (p-value hypergeometric test = 4.8 x 10-09). We 

also compared our CCS52 interactome with proteome-wide ubiquitination studies 

(Maor et al., 2007; Saracco et al., 2009; Kim et al., 2013; Walton et al., 2016; Aguilar-

Hernandez et al., 2017; Willems et al., 2019) to reveal proteins with known 

ubiquitination sites. An overview is given in table 1 and the complete MS data can be 

retrieved from https://floppy.psb.ugent.be/index.php/s/KnboL3zxIW3elP5. 

In addition, to correct for possible proteome changes during the propyzamide 

synchronization, which might lead to an altered set of non-specific binders, we also 

performed a quantitative MaxQuant analysis relative to AP-MS data from wild type or 

AUR1 and AUR2 propyzamide synchronized pull-downs, overall finding similar results. 

In the supplementary table 1 a comparison is made between the two filtering 

approaches and the complete MS data can be retrieved from 

https://floppy.psb.ugent.be/index.php/s/KnboL3zxIW3elP5. It should be noticed that 

the MaxQuant thresholds are stringent (FDR of 0.0001 and 0.001) and lowering these 

thresholds increases the overlap with the MS data retrieved after filtering relative to the 

large background list (data not shown). 
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Table 3: Proteins identified by liquid chromatography-tandem MS (LC-MS/MS) after AP-MS or TAP on the three APC co-activators CCS52A1, CCS52A2 and CCS52B. Three AP-MS analyzes for 
every bait after 4 hours propyzamide treatment (T0) and 10 min after removal of propyzamide (T10) was executed. The number of identifications after filtering relative to a large background 
list are represented for the AP-MS results. *APC12 was retrieved with MaxQuant analysis relative to a control data set using the Araport11 database with APC12 (Q8H1U3) protein sequence 
from UniProt added. TAP results are derived from Van Leene et al., 2010. Putative degrons are predicted based on the APC/C degron repository (Davey and Morgan, 2016). References for 
ubiquitylation events are represented in the last column. 

  AP-MS TAP Degrons 

Ubiquitylation   CCS52A1 CCS52A2 CCS52B 
CCS52A1 CCS52A2 CCS52B D-box KEN-box ABBA 

Accession Protein name T0 T10 T0 T10 T0 T10 

AT4G22910 CCS52A1 3 3         X             

AT4G11920 CCS52A2     3 3       X         

AT5G13840 CCS52B         3 3    X        

AT5G05560 APC1 3 3 3 3 3 3 X X X        

AT2G04660 APC2 3 3 3 3 3 3 X X X        

AT2G20000 APC3b/HOBBIT 3 3 3 3 3 3 X X X        

AT3G16320 APC3a/CDC27a 2 3 3 3 3 3            

AT4G21530 APC4 3 3 3 3 3 3 X X X    ABBA(1)   

AT1G06590 APC5 3 3 3 3 3 3 X X X        

AT1G78770 APC6/Nomega 3 3 3 3 3 3   X X      Walton et al. 2016  

AT2G39090 APC7 3 3 3 3 3 3 X X X        

AT3G48150 APC8 3 3 3 3 3 3 X X X        

AT2G18290 APC10 1 1 3   1 2   X         

Q8H1U3* APC12 3 3 3 3 3 3        

AT1G73177 APC13 2 3 3 3 3 3            

AT5G63135 APC15 1 3 3 1 3 2            

AT2G42260 UVI4/PYM     3   3 3    X D-box(1)      

AT3G57860 OSD1/UVI4-Like/GIGAS 3 3 3 3 3 3   X X D-box(1) KEN-box(1)     

AT1G32310 SAMBA   1 3 1 3 3            

AT1G53140 DRP5A 3 3 3 3 3 3      KEN-box(1)    

AT2G45700 sterile alpha motif (SAM) domain-containing protein 2 3 3 3 3 3           

AT1G03780 TPX2 2 3 3 2 3 3     D-box(1) KEN-box(2)    

AT1G34355 PS1  1 3 3 1 3 3      KEN-box(2)   Maor et al. 2007  

AT4G14310 Transducin/WD40 repeat-like superfamily protein 1 1 3 2 3 3     D-box(2) KEN-box(2)   
Aguilar-Hernandez 

et al. 2017  

AT2G27970 CKS2 1 2 3 2 2 3   X X     Walton et al. 2016  

AT3G48750 CDKA;1     3   3 3          Kim et al. 2013 

AT5G43080 CYCA3;1     1   3       D-box(1) KEN-box(1) ABBA(1)   

AT1G47230 CYCA3;4     3   1       D-box(1)      
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AT5G19330 ARIA 3 3 3                

AT1G22730 MRF2 2     3           

AT4G01370 MPK4      3   3 3         Kim et al. 2013 

AT2G20480 unknown protein     1   3 2            

AT4G32830 AUR1     1   2       D2-box(1)      

AT4G18800 RABA1d 1 3                  Kim et al. 2013 

AT5G23900 Ribosomal protein L13e family protein   3                  
Kim et al. 2013/ 

Walton et al. 2016 

AT5G46430 Ribosomal protein L32e   3               
Kim et al. 2013/ 

Walton et al. 2016 

AT4G05520 EHD2     3                 

AT4G17650 Polyketide cyclase     3                

AT3G07090 PPPDE putative thiol peptidase family protein     2              Walton et al. 2016  

AT5G48810 ATB5-B       2                

AT5G03740 Histone deacetylase 2C      3               

AT1G31860 HISN2      2               

AT5G54500 FQR1      2               

AT5G11510 MYB3R-4         3 3      KEN-box(1)     

AT1G51690 ATB ALPHA         3 3         Kim et al. 2013 

AT3G58500 PP2A-4         3 2          Kim et al. 2013 

AT5G60930 KIF4A ortholog         3 1     D-box(1) KEN-box(2)     

AT4G18600 WAVE5         3 1      KEN-box(1)     

AT2G25880 AUR2         1 2     D2-box(1)      

AT3G14740 RING/FYVE/PHD zinc finger superfamily protein         1 2           

AT3G09880 ATB~ BETA          1 1           

AT5G23910 KIF2C ortholog         3         KEN-box(1)     

AT4G27060 TORTIFOLIA 1       3            

AT4G17330 G2484-1       3          Walton et al. 2016  

AT5G25590 Protein of unknown function       2            

AT1G14510 AL7       2          Kim et al. 2013 

AT2G24200 LAP1         2        Maor et al. 2007 

AT4G24690 NBR1         3           KEN-box(1)   
Kim et al. 2013 / 

Sarraco et al. 2009 
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Kim and coworkers also showed that the proteasomal inhibitor MG132 ensures 

stabilization of some proteins with identified ubiquitination sites (MPK4, ATB ALPHA, 

AL7 and NBR1), while other ubiquitinated proteins (the CCS52A1-specific interacting 

proteins and PP2A-4) are not stabilized by MG132 treatment (Kim et al., 2013). 

Looking at the expression profile of the CCS52 interacting proteins reveals that several 

proteins show a mitotic upregulation, similar to that of CCS52B in synchronized 

Arabidopsis suspension cultures (figure 4) (Menges and Murray, 2002). All these 

observations indicate the reliability of our CCS52 AP-MS data on propyzamide 

synchronized cell cultures. 

 

 

 

 

 

 

AP-MS on CCS52 allows pull-down of known APC substrates. 

Some of the mitotic substrates identified in mammals for APCCDH1 (Zhou et al., 2016) 

are present in our data set. It has been shown that , Aurora A and Aurora B are 

degraded by the APCCDH1 during late mitosis (Stewart and Fang, 2005, 2005; Floyd et 

al., 2008). Here we also identify the plant Tpx2, Aurora 1 and Aurora 2. While Tpx2 is 

co-purified by all three CCS52 proteins, Aurora 1 is interacting with CCS52A2 and 

CCS52B, and Aurora 2 is specifically co-purified by CCS52B. Although Aurora 1 and 

2 do not contain the classical APC degrons, a D2-type destruction box is present and 

has been shown in mammals to be necessary for APCCDH1 dependent targeting and 

protein degradation during anaphase (Arlot-Bonnemains et al., 2001; Littlepage and 

Ruderman, 2002; Demidov et al., 2005; Stewart and Fang, 2005; Floyd et al., 2008). 

As mentioned before the main APC substrates are cyclins (den Elzen and Pines, 2001; 

Kaspar et al., 2001; Fulop et al., 2005; Wolthuis et al., 2008; Boudolf et al., 2009), 

Figure 4: Heatmap of mitotic upregulated gene 
expression for different CCS52 interacting proteins. 
Expression profile based on aphidicolin synchronized 
Arabidopsis cell suspension cultures (Menges and 
Murray, 2002). Heatmap generated with Genevestigator 
(Hruz et al., 2008). 
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indicating that the identification of CycA3;1 and CycA3;4 in our data set is no 

coincidence. Although both cyclins are co-purified with CCS52A2 and CCS52B, there 

seems to be a preference. CycA3;1 only associates once with CCS52A2 while it is 

identified in all three pull-downs with CCS52B at time point zero (T0, before release 

from propyzamide). CycA3;4 shows the opposite association, once identified with 

CCS52B and three times with CCS52A2 at time point zero. The fact that both of them 

are not present 10 min after removal of propyzamide suggest an early and rapid 

degradation during mitosis, as has been reported in mammalian cells (den Elzen and 

Pines, 2001).  

Also mitotic kinesins belong to the list of APC substrates in mammalian cells. In 2014 

Singh and co-workers used multiplexed quantitative proteomics and biochemical 

studies to identify new APC substrates (Singh et al., 2014). Among these new 

candidates a group of kinesins (KIFC1, KIF18A, KIF2C, and KIF4A) was identified. In 

our data set two kinesins have been co-purified specifically with CCS52B, being 

AT5G60930 and AT5G23910. AT5G23910 is the plant ortholog of KIF2C, while 

AT5G60930 is the plant ortholog of KIF4A. Both kinesins are upregulated during 

mitosis in Arabidopsis with AT5G60930 showing the highest expression at M-phase of 

all mitotic kinesins (Vanstraelen et al., 2006). While AT5G60930 contains one putative 

D-boxes and two KEN-motifs, AT5G23910 only contains one putative KEN-motif. 

Identification of CCS52B interactions via proximity labeling. 

We also tested a proximity-based labeling method to identify the CCS52B interactome 

during metaphase-anaphase transition. TurboID, an altered Escherichia coli biotin 

ligase BirA (Branon et al., 2018; Doerr, 2018), was fused to CCS52B and transformed 

in our PSB-D cell suspension culture. Cells were synchronized for 4 hours with 

propyzamide and boosted with biotin for 2 hours (figure 5A). To make a distinction 

between stable interactions and substrates, the proteasome inhibitor MG132 was 

added simultaneously with biotin to one half of the TurboID-CCS52B cells, preventing 

degradation of ubiquitinated proteins (figure 5B). Combining proximity labeling and 

MG132 treatment was previously described by Coyaud et al. (2015) for identification 

of SCFβ-TrCP1/2 E3 ligase substrates (Coyaud et al., 2015). To allow for a label-free 

quantitative MS analysis three repeats with and without MG132 were conducted. All 

significant enriched proteins are represented in table 2 and originates from the 

quantitative comparison (MaxQuant) between the bait protein CCS52B and a control 

data set containing various in-house TurboID analyses on unrelated baits. Because 

TPLATE was strongly enriched in the CCS52B samples, endocytosis-related baits 

(TPLATE, TML and AP2M) were removed from the control data set. 
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Several biotinylated APC subunits and the regulator OSD1 are co-purified, however 

not all APC subunits are present in the final MS data set. Probably because these 

subunits are hidden in the intricate macromolecular APC complex and thus not 

accessible for biotinylation. Next to the APC subunits and regulator, only one protein 

is co-purified with both AP-MS and TurboID, which is PS1. Identification of PS1 with 

and without MG132 treatment suggests that this protein has a regulatory function 

towards APC. Other MG132 independent CCS52B interactors are TPLATE, a 

cytokinesis protein targeted to the cell plate (Van Damme et al., 2004), and some 

mitotic unrelated or unknown proteins.  

Our data also confirms the interaction of CCS52B with CycB1;1 (Fulop et al., 2005). 

However, with MG132 treatment, CycB1;1 is not co-purified, which is contradicting the 

fact that CycB1;1 is a substrate of the APC (Kwee and Sundaresan, 2003; Rojas et al., 

2009; Eloy et al., 2011). Also no other cyclins are biotinylated, which is not what we 

expected.  

Figure 5: TurboID based proximity labeling of CCS52B interactome. A) Time schedule of TurboID-CCS52B transformed cell 
culture treated with propyzamide for 4 hours, adding the last 2 hours biotin with or without MG132. B) Scheme for the 
identification of APC substrates. Biotinylation occurs for both substrates and non-substrates. Ubiquitination of substrates 
results in proteasomal degradation, unless the proteasome inhibitor MG132 is added. Identification of substrates with mass 
spectrometry will only be possible after MG132 treatment while non-substrates will be identified under both conditions. 
Figure based on (Gingras et al., 2019). 
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Table 4: Proteins identified by quantitative liquid chromatography-tandem MS (LC-MS/MS) after TurboID proximity labeling on the APC co-activator CCS52B. Three TurboID analyzes with 
and without MG132 were executed. A comparative analysis was performed against a TurboID control data set in Perseus using the MaxQuant LFQ intensity values. Fold change (Difference) and 
significance (-log(p-value)) are represented for significantly enriched proteins with a false discovery rate of 0.05 and a S0 of 0.5. * APC12 was retrieved with MaxQuant analysis relative to the 
TurboID control data set using the Araport11 database with APC12 (Q8H1U3) protein sequence from UniProt added. Putative degrons are predicted based on the APC/C degron repository 
(Davey and Morgan, 2016). References for ubiquitylation events are represented in the last column. 

 

  
TurboID 

    

    -MG132 +MG132 Degrons 
Ubiquitylation 

Accession Protein name Difference  -log(p-value) Difference  -log(p-value) D-box KEN-box ABBA 

AT5G13840 CCS52B 16.80 26.16 16.32 25.48        

AT5G05560 APC1 6.93 21.65 4.06 11.77        

AT3G16320 APC3a/CDC27a 6.57 18.94 5.51 15.53        

AT2G20000 APC3b/HOBBIT 9.86 17.75 9.15 16.25        

AT1G06590 APC5 5.37 12.51 4.92 11.47        

AT2G39090 APC7 10.57 28.33 9.55 25.85        

AT3G48150 APC8 4.23 5.60          

Q8H1U3* APC12 * * * *        

AT3G57860 OSD1/UVI4-Like/GIGAS 7.32 23.15 6.22 19.39        

AT4G37490 CYCLIN B1;1 3.36 9.68   D-box(4)      

AT1G34355 PS1 3.07 7.96 7.80 25.49 D-box(2) KEN-box(2)   Maor et al. 2007 

AT3G46540 ENTH/VHS family protein 6.20 11.60 7.48 15.01   KEN-box(1)     

AT3G01780 TPLATE 11.48 21.28 7.32 12.44 D-box (2)    Kim et al. 2013 

AT3G27400 PLL18 4.76 15.02 4.89 16.37        

AT2G42230 C-CAP/cofactor C-like domain-containing protein 3.28 7.59 3.77 9.27 D-box(1) KEN-box(1)     

AT1G25260 Ribosomal protein L10 family protein 2.90 9.97 3.44 12.59        

AT1G79880 La2 3.92 8.97 3.04 6.14   KEN-box(1)     

AT5G52560 USP 2.94 8.33 2.89 8.01        

AT1G36180 ACC2  3.46 6.59   D-box(2)    Kim et al. 2013 

AT5G09330 NAC082 2.58 8.93          

AT5G57130 SMXL5 2.71 9.57   D-box(1)      
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AT3G47890 Ubiquitin carboxyl-terminal hydrolase 3.25 5.90   D-box(5)    Maor et al. 2007 

AT3G13460 ECT2   4.32 13.89        

AT3G42660 EOL1   4.22 7.00        

AT2G28510 DOF2.1   4.07 16.13        

AT3G25150 Nuclear transport factor 2 (NTF2) family protein   3.72 5.75      Walton et al. 2016  

AT1G71730 hypothetical protein   3.55 8.17        

AT1G79000 HAC1   3.55 7.92   KEN-box(1)     

AT3G17750 DYRKP-1   3.52 4.74 D-box(1)      

AT1G67250 Proteasome maturation factor UMP1   3.48 12.99        

AT3G13990 Dentin sialophosphoprotein   3.48 4.65      
Kim et al. 2013 / Walton et al. 

2016 / Aguilar-Hernandez et al. 
2017  

AT3G52560 UEV1D-4   3.39 5.34        

AT5G49555 FAD/NAD(P)-binding oxidoreductase family protein   3.37 4.95 D-box(2)      

AT5G26800 xaa-pro aminopeptidase P   3.33 7.91 D-box(1)      

AT3G52250 PWR   3.22 7.04        

AT3G23830  RBGA4   2.64 6.96        

AT5G49160  MET1   2.46 7.67        

AT1G43140 Cullin family protein   2.44 7.75 D-box(1)      

AT2G28760 UXS6     4.70 18.98       
Maor et al. 2007/ Kim et al. 2013 / 

Walton et al. 2016 
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Some of the biotinylated proteins contain putative major degrons (table 2), and not 

many are linked with cell division and cytokinesis. Next to CycB1;1, PS1 and TPLATE, 

EOL1 is expressed in dividing cells and is necessary for the maintenance of 

H3K27me3 modifications and epigenetic memory of gene repression (Zhou et al., 

2017). Another biotinylated protein involved in cell division is DOF2.1, a transcription 

factor specifically controlling procambium cell divisions in roots (Smet et al., 2019). 

EOL1 and DOF2.1 are only identified after blocking the proteasomal degradation by 

MG132, but the absence of major degrons leaves it doubtful if EOL1 and DOF2.1 are 

substrates of APCCCS52B. Proteome-wide ubiquitination studies (Maor et al., 2007; 

Saracco et al., 2009; Kim et al., 2013; Walton et al., 2016; Aguilar-Hernandez et al., 

2017; Willems et al., 2019)  reveal ubiquitination sites on seven biotinylated proteins, 

among which PS1 and TPLATE (table 2). 
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Discussion 

The anaphase-promoting complex is the most intricate E3 type mainly functioning 

during cell division. This E3 ubiquitin-protein ligase relies on its co-activators, CDC20 

and CCS52, for ubiquitination of specific substrates in a time-dependent manner. While 

the list of APC targets in mammals and yeast is comprehensive (Kramer et al., 2000; 

Zhou et al., 2016), the amount of known substrates for the plant CDH1 ortholog CCS52 

is limited (Heyman and De Veylder, 2012). Here we performed AP-MS on Arabidopsis 

cell suspension culture for all three CCS52 co-activators to further supplement the list 

of APCCCS52 substrates during cell division. To enrich for an active APCCCS52 complex 

during mitosis, and more specific during metaphase-anaphase transition, we treated 

cells with propyzamide. This anti-tubulin drug allowed for metaphase arrest in 

approximately ¼ of the Arabidopsis cells and a synchronized continuation of mitosis 

after removal. AP-MS on GSrhino-CCS52 synchronized cell cultures revealed common 

and specific interacting proteins for the three CCS52 co-activators.  

AP-MS is more efficient than TAP-MS and allows pull-down of known E3 ligase 

substrates. 

Previous tandem affinity purifications to unravel the core cell cycle machinery has 

allowed for the pull-down of all three CCS52 co-activators together with subunits of the 

APC complex and even a CCS52A2 specific substrate (Van Leene et al., 2010; 

Heyman et al., 2013). However, performing TAP-MS did not allow the identification of 

the complete APC complex, partly due to the less sensitive mass spectrometry at that 

time. Our AP-MS method however, allowed for the identification of all subunits but one, 

APC11, and known regulators (UVI4, OSD1 and SAMBA). Even the smallest subunits 

APC13 (7,14 kDa) and APC15 (11,23 kDa) were identified, as well as the recently 

characterized APC12 (cdc26, 7,22 kDa) subunit (Lorenzo-Orts et al., 2019). The 

importance of APC13 and APC15 for efficient cyclin degradation during anaphase has 

been demonstrated in plants and human cells (Schwickart et al., 2004; Mansfeld et al., 

2011). Our AP-MS data also contain known substrates and a lot of proteins with 

putative degrons which were not co-purified with TAP-MS. The presence of known 

APCCDH1 substrates proves that with our AP-MS it is possible to pick up transiently 

interacting substrates for an E3-ligase. 

The main APC substrates are cyclins (den Elzen and Pines, 2001; Kaspar et al., 2001; 

Fulop et al., 2005; Wolthuis et al., 2008; Boudolf et al., 2009), and also in our data set 

cyclins are identified, namely CycA3;1 and CycA3;4. Interaction of CycA3;4 with the 

CCS52 co-activators has been demonstrated previously with a Y2H analysis 
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demonstrating a strong interaction with CCS52A1 and CCS52B, and a weak 

interaction with CCS52A2 (Fulop et al., 2005). However, our data suggest a preference 

of CCS52A2 for CycA3;4. Next to our data, CCS52A2 dependent degradation of 

CycA3;4 in Arabidopsis has recently been postulated by Willems A. (unpublished 

data). Arabidopsis plants expressing CycA3;4-GUS under the endogenous promoter 

in a ccs52a2 mutant background show enhanced stabilization of CycA3;4. 

Furthermore, MG132-treated CycA3;4-GUS lines show a strong increase in GUS 

levels. Also CycA3;4 overexpressing lines, that have a dwarfed phenotype, are more 

or less rescued by crossing with a CCS52A2 overexpressing line. Taken ours and 

Willems A. in vivo analyses together shows that analyzing binary interactions, like Y2H 

screens, do not always give information about the function of the interaction. The 

strong Y2H interactions can suggest a regulatory function for CycA3;4 relative to 

CCS52A1 and CCS52B, while association with CCS52A2 results in ubiquitination and 

26S proteasomal degradation of CycA3;4. While CycA3;4 is preferentially bound by 

CCS52A2 in our AP-MS data set, CycA3;1 interaction is mainly identified with 

CCS52B. APC dependent CycA3;1 degradation has previously been demonstrated in 

apc2 mutant Arabidopsis embryo’s and CCS52A1-silenced BY2 protoplast showing 

enhanced CycA3;1 stabilization (Capron et al., 2003; Mathieu-Rivet et al., 2010). Both 

cyclins are not identified after removal of propyzamide, suggesting an early and rapid 

degradation. Early mitotic degradation of CycA3;4 has been observed in BY2 cells, 

where CycA3;4 co-localizes with condensing prophase chromatin but not with the 

aligned metaphase chromosomes (Boruc et al., 2010). Also CycA3;1-GFP signals 

disappear in BY2 cells during metaphase-anaphase transition (Boruc et al., 2010). 

Further in vivo analysis, similar to that of Willems A. should confirm an APCCCS52B 

dependent ubiquitination of CycA3;1 and proteasomal degradation during mitosis.  

Another identified interacting protein that has been linked with the APC and cyclins is 

the mitotic upregulated CKS2. CKS2 is a positive regulator of the CDK-cyclin 

complexes and thus essential for cell cycle control. In mammalian cells it has been 

demonstrated that CKS2 is essential for the first metaphase/anaphase transition of 

mammalian meiosis (Spruck et al., 2003; Martinsson-Ahlzen et al., 2008). TAP-MS and 

BiFC analyses have revealed a strong interaction of CKS2 with different CDKs and 

cyclins including CycA3;1, CycA3;4 and CDKA;1, present in our data set (Van Leene 

et al., 2007; Boruc et al., 2010). A Cyclin-CDK-CKS complex is essential for the 

activation of the APC complex during onset of mitosis by phosphorylation of APC3 and 

APC1, allowing CDC20 association (Patra and Dunphy, 1998; Zhang et al., 2016; 

Kataria and Yamano, 2019; Yamano, 2019). As a consequence, we cannot conclude 

from our AP-MS data set that we only co-purified CycA3;4 and CycA3;1 as substrates, 

but they might be also pulled-down as regulators of the APC. Furthermore, a cyclin–



Chapter 5 – A hunt down for mitotic APC substrates. 
 

192 
 

CDK–CKS complex is also needed for efficient APC dependent degradation of cyclins 

in mammalian cells (Wolthuis et al., 2008; van Zon et al., 2010). Prior to degradation, 

cyclin A and cyclin B1 are directed to the phosphorylated APCCDC20 by its CDK and 

CKS partners during prometaphase, independent of CDC20 or D-box motifs. This 

recruitment to the APC is CKS and APC3 dependent. Without CKS, degradation of the 

cyclins is delayed (van Zon et al., 2010). A similar mechanism could exist for plant 

cyclins and APCCCS52B. 

We also identified Tpx2, Aurora 1 and Aurora 2, mitotic APCCDH1 substrates identified 

in mammals (Stewart and Fang, 2005, 2005; Floyd et al., 2008). TPX2, a microtubule 

associated protein, is a key regulator of mitotic spindle assembly during late prophase 

and early prometaphase by binding and activating Aurora A (Vos et al., 2008; Garrido 

and Vernos, 2016). TPX2 specific degradation by APCCDH1 at anaphase and during 

cytokinesis in human cells has been demonstrated in vitro as well as in vivo (Stewart 

and Fang, 2005). Aurora 1 interacts with CCS52A2 and CCS52B, and Aurora 2 is 

specifically co-purified by CCS52B. Although Aurora 1 and 2 do not contain the 

classical APC degrons, a D2-type destruction box is present and has been shown in 

mammals to be necessary for APCCDH1 dependent targeting and protein degradation 

during anaphase (Arlot-Bonnemains et al., 2001; Littlepage and Ruderman, 2002; 

Demidov et al., 2005; Stewart and Fang, 2005; Floyd et al., 2008). 

Other known APC substrates in our AP-MS data set are KIF2C (AT5G23910) and 

KIF4A (AT5G60930). KIF2C is not a typical kinesin that carries cargo along the 

microtubule. Instead, it localizes at the centromeres, kinetochores and spindle poles 

during early mitosis and depolymerizes microtubules with ATPase activity. This is 

essential for correct chromosome movement and segregation during metaphase. 

Depletion of KIF2C in HeLa cells resulted in a block of the prometaphase to metaphase 

transition with misaligned chromosomes (Zhu et al., 2005).  Furthermore, KIF2C 

disappears from the spindle poles at metaphase-anaphase transition (Ganguly et al., 

2008) indicating an APC dependent degradation, confirmed by Singh et al. (2014). 

Singh and co-workers used multiplexed quantitative proteomics and biochemical 

studies to identify new APC substrates (Singh et al., 2014). Among these new 

candidates a group of kinesins (KIFC1, KIF18A, KIF2C, and KIF4A) was identified. 

Also KIF4A plays a role during chromosome segregation and is necessary for a normal 

metaphase chromosome morphology in mammalian cells (Mazumdar et al., 2004). 

Localization studies in mammalian cells revealed a clear association with the 

chromosomes during the entire M-phase but also with the central spindle midzone that 

is formed during late anaphase (Kurasawa et al., 2004; Zhu and Jiang, 2005). This 

central spindle midzone is essential for a correct cytokinesis and functions as a binding 
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site for different proteins that are responsible for cell cleavage. Formation of this central 

spindle midzone is dependent on KIF4A and its binding partner PRC1 (the AtMAP65 

ortholog) (Zhu and Jiang, 2005). Also in Arabidopsis a compaction of AtMAP65 in the 

spindle midzone is observed, suggesting that the KIF4A ortholog AT5G60930 has a 

similar function as in mammalian cells (Mao et al., 2005). Further functional 

characterization of these mitotic kinesins should reveal if they have a similar function 

as in mammalian cells and their specific ubiquitination by the APC.  

Common CCS52 interacting proteins act as regulators and/or substrates. 

Almost all AP-MS identified interacting proteins have a link with mitosis, cytokinesis or 

associate with microtubuli. Proteins which are co-purified with all three CCS52 proteins 

are TPX2, CKS2, DRP5A, PS1, AT2G45700 and AT4G14310. As already mentioned 

before, TPX2 and CKS2 have a clear link with the APC. DRP5A is a dynamin protein 

expressed only in dividing cells at M-phase and localizes at the forming cell plate during 

cytokinesis (Menges and Murray, 2002; Miyagishima et al., 2008). DRP5A does 

contain a putative KEN-box and could be a direct target of the APC. APC-dependent 

degradation of dynamins has been observed in mammalian cells. DRP1, a dynamin 

protein involved in mitochondrial fission during cell division, was shown to be degraded 

by APCCDH1 in a D-box dependent way (Horn et al., 2011). 

AT2G45700 encodes for a protein that shows homology at the C-terminal part for the 

mammalian ortholog SNM1. SNM1 is required for cell cycle arrest during early 

prophase in response to aberrant mitotic spindle formation (Akhter et al., 2004). It 

strongly and constitutively binds with the APC complex, functioning as negative 

regulator of APC during the early mitotic checkpoint in mammalian cells. Identification 

of AT2G45700 with all three CCS52 proteins in our cell culture upon exposure to the 

spindle poison propyzamide, suggest a similar function in Arabidopsis.  

AT4G14310 is an unknown plant specific protein, containing putative D-box and KEN-

box motifs. Interaction studies have shown that this unknown protein associates with 

the core cell cycle machinery (Van Leene et al., 2010), strongly interacting with CDKA, 

CycA3;1, CycA3;4 and CKS2, all present in our AP-MS data set. TAP performed on 

AT4G14310 also revealed interaction with the division plane marker KCA2 (Van Leene 

et al., 2010). Subcellular localization of AT4G14310-GFP in tobacco BY-2 cells 

revealed its association with mitotic microtubules until anaphase/telophase transition 

(supplementary figure 2, unpublished data from Gadeyne A.). AT4G14310 localizes to 

mitotic structures present in the division plane like the PPB, the mitotic spindle and the 

early phragmoplast. A hypothesis is that AT4G14310 recruits cell cycle proteins (like 
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CDKA;1) to the division zone resulting in the regulation of division zone markers (like 

KCA2). In addition, its cell cycle dependent degradation seems coordinated with the 

inactivation of CDKA;1 at anaphase/telophase transition (unpublished data from 

Gadeyne A.), suggesting a role for the APC. 

PS1 has been linked with mitotic spindle orientation. The mutant version shows 

abnormal spindle orientation at male meiosis II leading to the production of diploid 

pollen grains (d'Erfurth et al., 2008). The expression profile of PS1 is similar to that of 

CCS52B and CDC20.2 with a peak at M-phase (figure 3) (Menges et al., 2005). The 

presence of two KEN-boxes and ubiquitination sites (Maor et al., 2007) suggests an 

APC dependent degradation. In addition, performing proximity labeling on CCS52B 

resulted in the identification of PS1 with and without the proteasome inhibitor MG132, 

showing a stabilization of PS1 under MG132 treatment. Further characterization of 

PS1 and its different destruction motifs is needed to validate PS1 as an APC substrate. 

A mitotic function for CCS52B. 

Based on expression profiles and localization studies it is postulated that CCS52B 

plays a main role during mitosis and thus fulfills the role of CDH1 in Arabidopsis 

(Menges et al., 2003, Yang et al., 2017). Our data further confirms this hypothesis. 

From the 57 proteins co-purified with all three co-activators 77% interacts with 

CCS52B. Fifteen proteins specifically interact with CCS52B, and all but one contain 

putative major degrons. Most of them are linked with mitosis, and are thus putative 

substrates of APCCCS52B.  However, we must keep in mind that overexpression of the 

co-activators can affect the strong cell cycle related regulation and may result in the 

overrepresentation of putative interactors. Similarly, propyzamide synchronization 

leads to an enrichment of mitotic proteins and may also result in overrepresentation of 

putative CCS52 interactions. Therefore, validation is crucial to state that AP-MS on the 

CCS52 co-activators has resulted in the identification of new mitotic substrates. 

However, the presence of known APCCDH1 substrates proves that with our AP-MS 

technique it is possible to pick up transiently interacting substrates for an E3-ligase. 

We previously discussed the two mitotic kinesins (AT5G60930 and AT5G23910) and 

Aurora 2 as putative APCCCS52B substrates based on their orthologs in mammalian cells 

(Demidov et al., 2005; Kawabe et al., 2005; Singh et al., 2014). AP-MS on the CCS52B 

co-activator resulted also in the specific isolation of subunits of a protein phosphatase 

type 2A (PP2A) complex, PP2A-4, ATB ALPHA and ATB’ BETA. PP2A complexes are 

major phosphatases involved in nearly every cellular process (Seshacharyulu et al., 

2013; Wlodarchak and Xing, 2016; Kataria and Yamano, 2019; Mathe et al., 2019). 
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They comprise a catalytic C subunit (e.g. PP2A-4), a scaffolding A subunit and a 

regulatory B subunit (e.g. ATB’ BETA and ATB ALPHA), which controls substrate 

selectivity and subcellular localization of the enzyme. A link between different PP2As 

and mitosis has been established in plants as well as in mammalian cells. PP2As have 

been linked with the formation of the preprophase band (PPB) in Arabidopsis (Spinner 

et al., 2013), and in mammalian cells a PP2A complex helps fine-tuning the 

metaphase-to-anaphase transition by tightly controlling separase activation (Hellmuth 

et al., 2014). Also mitotic dephosphorylation of CDC20 by a PP2A has been 

demonstrated to activate APC at early mitosis (Lee et al., 2017). The ATB ALPHA 

homologs in human cells, the B55 family, are responsible for the dephosphorylation of 

CDH1 at anaphase, stimulating co-activator exchange of CDC20 to CDH1 (Kataria and 

Yamano, 2019). Furthermore, the yeast homolog of ATB ALPHA, CDC55, 

dephosphorylates APCCDC20 during the spindle assembly checkpoint, resulting in 

inactivation of the APC as long as sister kinetochores are not properly attached by 

spindle microtubules and aligned at the metaphase plate (Rossio et al., 2013). Further 

characterization of this CCS52B specific PP2A complex should shed light on its 

function during mitosis and if it regulates the phosphorylation status of the APC or the 

co-activators. 

The MYB3R-4 transcription factor is another interactor of CCS52B. This TF activates 

the expression of G2/M-phase specific genes (like CycA and CycB) under normal 

growth conditions (Haga et al., 2007). Although under DNA stress MYB3R-4-GFP 

levels rapidly decrease in Arabidopsis roots, MG132 treatment did not change the 

protein level of MYB3R4-GFP under normal growth conditions, suggesting degradation 

of MYB3R-4 is not dependent on the 26S proteasome (Chen et al., 2017). However, 

one should think that early mitotic degradation of MYB3R-4 is needed to prevent 

expression of cyclins at later stages of cell division. Our AP-MS data and the presence 

of a putative degron, postulates that MYB3R-4 is targeted by APCCCS52B at metaphase-

anaphase transition. Therefore, further characterization of MYB3R-4 and its protein 

levels during the different mitotic phases is needed. 

Another CCS52B, and CCS52A2, interactor is MPK4, a kinase that is recruited at the 

forming cell plate and is essential for progression of cytokinesis by phosphorylating 

and deactivating the MICROTUBULE ASSOCIATED PROTEIN (MAP) 65-3 (Kosetsu 

et al., 2010; Buschmann and Muller, 2019). Mutant mpk4 plants have a prolonged 

metaphase, anaphase and cytokinesis with incomplete phragmoplast expansion (Beck 

et al., 2011). Ubiquitination of MPK4 has been observed in Arabidopsis (Kim et al., 

2013). Moreover, MG132 treatment of Arabidopsis seedling resulted in a stabilization 

of MPK4 ubiquitination, meaning that MPK4 undergoes 26S proteasomal degradation. 
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Future in vitro and in vivo studies will reveal if the APC is responsible for MPK4 

ubiquitination and if this is specifically performed by CCS52A2 or CCS52B. 

NBR1 interacts with CCS52B during metaphase arrest. NBR1 is able to bind ubiquitin 

and probably has a function in autophagosomal degradation of ubiquitinated proteins 

(Svenning et al., 2011). However, biochemical studies have revealed that NBR1 has 

functional characteristics similar to mammalian p62 (Svenning et al., 2011), a regulator 

of cyclin B1 levels and crucial for a proper mitosis (Linares et al., 2011). Ubiquitination 

of NBR1 has been confirmed by TAP-MS in Arabidopsis and is stabilized by the 

proteasomal inhibitor MG132 (Saracco et al., 2009; Kim et al., 2013). Further in vivo 

analysis is needed to proof its mitotic function in Arabidopsis and its APC dependent 

ubiquitination and degradation.  

Other CCS52B specific interactors are WAVE5, a subunit of the WAVE complex that 

is responsible for actin cytoskeleton organization (Brembu et al., 2004), and some 

other less characterized or unknown proteins like AT2G20480, a plant-specific peptide 

which also has been co-purified after pull-down of SAMBA in maize (unpublished data, 

Bontinck M.). 

Specific CCS52A-type interacting proteins have a link with mitosis. 

The amount of CCS52A1 and CCS52A2 specific interacting proteins after AP-MS is 

very limited compared to the list of specific CCS52B interacting proteins. However, two 

of them have a link with mitosis or cytokinesis. The CCS52A1 specific interactor 

RabA1d is a small GTPase involved in cell plate formation (Berson et al., 2014). 

Localization studies in root cells revealed that RabA1d accumulates at the nascent cell 

plate and later on follows the expanding cell plate in a disc-like structure. Ubiquitination 

of RabA1d has been observed but the protein level is not affected by MG132 treatment, 

and therefore not subjected for proteasomal degradation. In addition, RabA1d does 

not contain major degrons suggesting that its interaction with APCCCS52A1 is indirect 

and/or RabA1d has a regulatory function towards CCS52A1. 

EHD2 was specifically co-purified with CCS52A2 and has been linked with endocytosis 

(Bar et al., 2008). The mammalian ortholog, EHD1, has in addition to its function in 

endocytosis, also a role in controlling central spindle formation at anaphase and 

recruiting endosomes to the intercellular bridge during cytokinesis (Reinecke et al., 

2015). Further in vitro and in vivo analysis is needed to proof a mitotic function of EHD2 

in Arabidopsis and its APC dependent ubiquitination and degradation. 
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Validation of putative APCCCS52 substrates. 

AP-MS of the APC co-activators during metaphase/anaphase transition has resulted 

in the identification of several candidate substrates. Some of them have been 

confirmed as substrates in other species or have been linked to mitosis. But further 

validation is needed if we want to prove the applicability of our AP-MS protocol. 

Especially the validation of CCS52B targets is of great interest, because little is known 

about the biological relevance of CCS52B (Heyman and De Veylder, 2012). To 

demonstrate that AP-MS allows for identification of APC substrates we are setting up 

in vitro ubiquitination assays and in vivo stabilization studies on specific CCS52 

interacting proteins. We depicted the CCS52A1 specific interactor RabA1d, the 

CCS52A2 specific interactor EHD2 and the CCS52B specific interactors AUR2, NBR1 

and MPK4.  

Recombinant proteins fused to Maltose-binding protein (MBP) have been purified from 

E. coli, except for NBR1. In addition, purification has been obtained for two 

recombinant E2 ubiquitin-conjugating enzymes, UBC19 and UBC20, which have been 

proposed to specifically operate with the APC complex (Criqui et al., 2002). We tested 

an in vitro ubiquitination assay, combining human E1, recombinant E2 and GSrhino-

CCS52 TAP or AP purified APC complex with the recombinant putative substrates. 

However, we could not detect any ubiquitination events, not even for the known 

substrate AUR2. Although similar studies have been successfully performed with 

purified APC complex from human cells (Amador et al., 2007; Garnett et al., 2009; 

Song et al., 2011), we doubt the activity of our APC purified complex. Looking back at 

our AP-MS data, we retrieve all APC subunit, except for APC11 which is one of the 

two core subunits for catalytic activity. Together with the other catalytic core subunit 

APC2, they are sufficient to catalyze non-specific ubiquitination reactions in vitro 

(Gmachl et al., 2000; Tang et al., 2001). The absence of APC11 after AP-MS or TAP 

(Van Leene et al., 2010), can explain our negative in vitro ubiquitination results. 

Furthermore, we also detect a relative high amount of the negative APC regulator 

OSD1 (normalized spectral abundance factor (NSAF) of around 0.3) after AP-MS, 

which will also interfere with the APC activity during the in vitro ubiquitination assays. 

At the moment, we are testing an alternative in vitro ubiquitination assay using protein 

extracts of wild type and mutant ccs52 Arabidopsis lines, based on previous described 

cell free degradation assays (Wang et al., 2009; Lin et al., 2012; Lin et al., 2015). 

To further validate the CCS52 specific interacting proteins in vivo, protein stabilization 

will be analyzed in all three ccs52 mutant Arabidopsis backgrounds. Transgenic GFP-

RabA1d (Berson et al., 2014) and MPK4-YFP (Kosetsu et al., 2010) plants have been  

crossed with homozygous ccs52 mutant lines. Constructs with RabA1d, EHD2, AUR2 
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and NBR1 fused to GFP and under the CDKA;1 promoter have been transformed in 

wild type and ccs52 mutant backgrounds. In the near future stabilization of the putative 

APC targets will be assessed via GFP/YFP pull-down and subsequent protein 

abundancy visualization on western blot. In parallel, confocal microscopy will be 

performed to reveal differences in localization and protein abundancy in the different 

mutant backgrounds. 

Proximity labeling does not validate AP-MS. 

We were unsuccessful to confirm the CCS52B AP-MS interactome by proximity 

labeling. Despite the absence of different cyclins, interesting hits were identified like 

PS1, CycB1;1 and TPLATE. As mentioned before, we postulate that PS1 has a 

regulatory role with respect to the APC. Our data also suggests a stable interaction of 

TPLATE with CCS52B because TPLATE is biotinylated in a MG132 independent way. 

TPLATE, a cytokinesis protein targeted to the cell plate and involved in cell plate 

anchoring (Van Damme et al., 2004; Van Damme et al., 2006), could also be 

biotinylated because CCS52B protein levels peak during cytokinesis (Yang et al., 

2017). Even so, localization studies have shown that TPLATE disappears from the 

post-cytokinetic wall (Van Damme et al., 2004). This in combination with the presence 

of two D-box motifs and observed ubiquitination events (Kim et al., 2013) suggests a 

APC dependent degradation of TPLATE after cytokinesis. That TPLATE degradation 

is dependent on the 26 proteasome has been confirmed by a MG132 stabilization study 

(Kim et al., 2013). Further analysis is needed to reveal a cytokinetic interaction of 

TPLATE with APCCCS52B and/or its post-cytokinetic ubiquitination. On the other hand, 

interaction of CycB1;1 with CCS52B has been confirmed by a Y2H analysis (Fulop et 

al., 2005). Although cyclins are known substrates of the APC, our TurboID analysis 

does not suggest a APCCCS52B dependent degradation of CycB1;1 because it was not 

enriched in the MG132-treated samples. It could however play a regulatory role, 

phosphorylating APCCCS52B in collaboration with a CDK and CKS. Our data and 

interaction studies, showing interaction of CycB1;1 with CCS52A1, CCS52A2 and not 

with CDC20 (Fulop et al., 2005; Kevei et al., 2011), suggest that degradation of 

CycB1;1 during anaphase (Boruc et al., 2010) could be dependent of APCCCS52A1/2.  

The absence of known APC substrates with proximity labeling suggest that our setup 

is not optimal. However, proximity labeling experiments have been successfully 

performed for the identification of E3-ligase substrates (Coyaud et al., 2015; Iconomou 

and Saunders, 2016). The only difference is that we synchronize with propyzamide to 

enrich for cells in mitosis. Propyzamide blocks cells during metaphase by inhibiting the 

formation of the mitotic spindle. This triggers the mitotic checkpoint complex (MCC) 
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which blocks the APC, preventing degradation of cyclins and securin and thus the 

onset of anaphase (Liu and Zhang, 2016). Only when sister kinetochores are properly 

attached by spindle microtubules and aligned at the metaphase plate, the APC is 

unlocked. Here we performed proximity labeling at a time point that the APC is 

inhibited. More relevant data could be obtained when biotinylation is boosted after 

removal of propyzamide and when the APC is reactivated.  

With AP-MS we identified different known and putative APCCCS52 substrates, although 

we applied the same conditions as for proximity labeling. Even at time point zero (when 

propyzamide blocks the formation of the mitotic spindle and APC is inhibited) we 

identified cyclins, Aurora kinases and mitotic kinesins. It is possible that finding these 

known substrates at a time point that APC is blocked in vivo by MCC, is the result of 

in vitro interactions occurring during protein extraction or affinity purification. By 

applying propyzamide, we enrich for mitotic proteins and increased the chance to 

identify APCCCS52 substrates.  

However, a more plausible explanation for the suboptimal results with TurboID is the 

steric hindrance the large TurboID tag (+/- 46 kDa) causes. While subunits of the APC 

platform and structural module were biotinylated, the catalytic core subunits were not 

retrieved. This could suggest that TurboID-CCS52B association with the APC 

obstructs the formation of an active E3-ligase complex. On the other hand, it could also 

be that the catalytic subunits are present but are not subjected to biotinylation. It has 

been shown that mutating one of two essential binding domains of the co-activators, 

being the N-terminal C-box and C-terminal IR-tail, results in a dramatic loss of APC 

activity (Matyskiela and Morgan, 2009). In our case, the N-terminal fusion of TurboID 

on CCS52B, close to the C-box, could interfere with the proper binding of the C-box at 

the APC8 binding site (Yamano, 2019), and could thus diminish the APC activity. As 

an alternative, we could fuse TurboID at the C-terminal region of CCS52B, keeping in 

mind that this also could interfere with proper association of the co-activator with the 

APC, since the essential C-terminal IR-tail could be shielded. To prevent interference 

with the APC and substrate binding, it would be more ideal to position TurboID in a 

loop region relatively far away from the C-box, IR-tail and WD40 domain. 

Future perspectives  

Further validation of the putative new substrates of APCCCS52 is needed. In vitro 

ubiquitination analyses and in vivo stabilization studies in mutant ccs52 Arabidopsis 

plants have been started up for the CCS52A1 specific interactor RabA1d, the 

CCS52A2 specific interactor EHD2 and the CCS52B specific interactors AUR2, NBR1 
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and MPK4. Furthermore, characterization of the putative degrons by mutation analysis 

should be examined. Alongside, performing AP-MS on all five co-activators of the APC 

at different time points during cell cycle will allow us to further expand the APC 

interactome. Since CCS52B protein levels peak during cytokinesis (Yang et al., 2017), 

further characterization of the not so well-known CCS52B and its specific interacting 

proteins and substrates during later phases of mitosis is needed. In addition, TurboID-

based proximity labeling experiment need to be further explored to obtain a 

comprehensive APC interactome. Combining the APC interactome with a cell cycle 

based ubiquitination profile will bring more clarity on the APC substrates. For the latter, 

one can use an anti-diglycyl lysine antibody to enrich for trypsin digested ubiquitinated 

peptides of wild type and ccs52 mutant plant protein extracts (Xu and Jaffrey, 2013). 
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Materials and methods 

Cloning 

Generation of expression constructs was obtained by following a gene stacking approach with the use 

of the MultiSite Gateway technology (Karimi et al., 2002). The expression vector consisting of the 

microtubule-binding domain (MBD) of MICROTUBULE-ASSOCIATED PROTEIN 4 (MAP4) fused to 

GFP and driven by the constitutive 35S promoter (Marc et al., 1998) was kindly provided by D. Van 

Damme. Generation of CCS52A1/A2/B and GSrhino entry vectors is described elsewhere (Van Leene et 

al., 2007; Van Leene et al., 2015). An entry vector containing 3xHA-TurboID preceded by an 

omegaleader and followed by an 13xG4Slinker was obtained by DNA synthesis in the pUC57 vector 

(GenScript). The pK7m24GW2 destination vector can be retrieved at https://gateway.psb.ugent.be/. 

Subsequent MultiSite Gateway recombination generated the expression vectors pK7:35S-GSrhino-

CCS52A1, pK7:35S-GSrhino-CCS52A2, pK7:35S-GSrhino-CCS52B and pK7:35S-TurboID-CCS52B. 

Cell culture transformation and propyzamide treatment 

Arabidopsis cell cultures were transformed, maintained, upscaled and harvested as previously 

described (Van Leene et al., 2015). One day after subculturing, cell cultures were blocked at metaphase 

by addition of 6 µM propyzamide for 4 or 6 hours. Propyzamide block was reversed by gently removing 

the medium by vacuum filtration, without allowing the cells to dry. Cells were washed three times with 

MSMO medium and resolved in MSMO medium for further growth. To follow propyzamide 

synchronization, transgenic GFP-MAP4 cells were analyzed under the Axiovert inverted microscope 

(Zeiss). Samples were taken after 4 (or 6) hours propyzamide treatment and every 5 minutes after 

removal of propyzamide. In every sample 15 cell colonies of approximately 15 cells were checked for 

mitotic spindle and phragmoplast formation as quickly as possible. Live imaging of transgenic GFP-

MAP4 cells was obtained with a Zeiss 710 inverted confocal microscope with the FV10-ASW Viewer 

software package and equipped with a 60x (NA. 1.2) water corrected objective. GFP was visualized 

using 488 nm laser excitation and 500-530 nm spectral detection and images were taken for a time 

period of 100 minutes 

Coupling rabbit IgG to magnetic beads 

Rabbit IgG antibodies (Sigma) were coupled in-house on BcMag™ Epoxy-activated Magnetic beads 

(Bioclone) as previously described (Hamperl et al., 2014). 
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Affinity purification (AP) 

Triplicate affinity purification experiments followed by on-bead trypsin digestion were performed as 

previously described (Van Leene et al., 2019) and goes as follows. Triplicate pull-down experiments 

were performed on extracts derived from propyzamide synchronized GSrhino-CCS52A1, GSrhino-

CCS52A2, GSrhino-CCS52B cultures following the standard TAP extraction cell culture protocol (Van 

Leene et al., 2015), however for the benzonase treatment, the incubation time was shortened to 15 min. 

To isolate protein complexes, 25 mg total protein extract was incubated 45 min with 50 L magnetic IgG 

bead suspension. Beads were washed three times with 500 L TAP extraction buffer and one time with 

500 L TAP extraction buffer without detergent. The proteins were digested on-bead as follows. After 

the final wash with extraction buffer without detergent, the beads were washed with 500 L 50 mM 

NH4HCO3 (pH 8.0). The wash buffer was removed and 50 L 50 mM NH4OH was added together with 

1 g Trypsin/Lys-C and incubated at 37C for 4 h in a thermomixer at 800 rpm. Next, the digest was 

separated from the beads and overnight incubated with 0.5 g Trypsin/Lys-C at 37C. Finally, the digest 

was centrifuged at 20800 rcf in an Eppendorf centrifuge for 5 min, the supernatant was transferred to a 

new 1.5 mL Eppendorf tube, and the digest was dried in a Speedvac and stored at -20C until MS 

analysis. 

Proximity labeling with TurboID 

Propyzamide was added to transgenic Arabidopsis cell cultures, and 2 hours later 50 µM biotin was 

added for 2 hours at 25°C. To block proteasomal degradation, 20 µM MG132 was added simultaneously 

with biotin to one half of the cells. Cells treated for 4 hours with propyzamide, were harvested as 

previously described (Van Leene et al., 2015). 9 g harvested cells were ground to homogeneity in liquid 

nitrogen and added to 6 mL of extraction buffer (100mM Tris pH7.5, 2% SDS, 8 M urea). Cells were 

mechanically disrupted by three repetitive freeze-thaw cycles, freezing in liquid nitrogen for 5 min and 

thawing in tap water for 25 min. Samples were subsequently sonicated (25 sec ON, 35 sec OFF, 25 sec 

ON) and incubated for 1 hour under gentle rotation at room temperature. Supernatants were separated 

from cell debris by two consecutive centrifugation steps at 20000 rpm for 20 min at room temperature. 

The extracts were passed through a GF-prefilter and 0.45-µm filter (Sartorius AG) and excess of free 

biotin was removed on a PD 10 Desalting Columns (Merck), which was first equilibrated with binding 

buffer (100 mM Tris pH7.5, 2% SDS, 7.5 M urea). Proteins were eluted from the PD 10 Desalting 

Columns with 3.5 mL extraction buffer. Extracts were divided in 3 experimental repeats and incubated 

overnight at room temperature with 100 µL Streptavidin Sepharose High Performance beads 

(Amersham). Supernatant was removed by centrifugation at 1500 rpm for 1 min and subsequent transfer 

to a mobicol column (Mo Bi Tec). Beads were washed with 4 mL of binding buffer, 800 µL of high salt 

buffer (1 M NaCl, 100 mM Tris-HCl pH7.5) for 30 min and 2x 800 µL of ultrapure water. On-bead 

digestion was preceded with a washing step of 3.2 mL 50 mM ammonium bicarbonate pH8.0. Beads 

were resolved in 200 µl of 50 mM ammonium bicarbonate pH8.0 and 4 µl Trypsin/LysC mix (Promega) 
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was added followed by incubated at 37°C overnight with agitation. An additional 2 µL Trypsin/LysC mix 

was added for another 2 hours at 37°C. After centrifugation at 1500 rpm for 1 min, the digest was 

transferred to an Eppendorf and beads were washed with 150 µL of HPLC grade water. Digest and 

wash sample were pooled together. Biotinylated peptides were eluted from the beads in two consecutive 

elution step in 300 µL solution of 0.2 % TFA, 0.1% FA and 80 % acetonitrile. Eluted peptides were 

lyophilized and resolved in the trypsin digest. Peptide samples were desalted with C18 Omix tips 

(Agilent), which were first equilibrated with a pre-wash buffer (80% acetonitrile (AcN), 0.1% FA) and 

wash buffer (0.1% FA). Peptides were loaded on the C18 matrix and washed with wash buffer. Peptides 

were eluted in elution buffer (60% acetonitrile (AcN), 0.1% FA) and lyophilized for LC-MS/MS analysis. 

Mass Spectrometry and data analysis 

On-bead digested samples were analyzed on a Q Exactive (ThermoFisher Scientific) and co-purified 

proteins were identified using standard procedures (Van Leene et al., 2015). After identification of AP-

MS co-purified proteins, the protein list was filtered versus a list of non-specific proteins, assembled 

similarly as described (Van Leene et al., 2015). In this case, the list of non-specific proteins was built 

from 123 AP-MS experiments, covering 13 baitgroups. All proteins appearing with 3 or more baitgroups 

were included in the list of non-specific proteins, resulting in a background list of 3186 proteins. For each 

bait to be analyzed, the background was marked in the list of the co-purified proteins. To prevent true 

interactors being filtered out because of their presence in the list of non-specific proteins, a T-test was 

performed using the average normalized spectral abundance factors (NSAF) of the identified proteins 

in the bait pull-downs versus the corresponding average NSAF in a control set of pull-downs with non-

related baits (other CCS52 experiments were removed). Proteins identified with at least two peptides in 

at least two experiments, that were not present in the background list or showed high (at least 10-fold) 

and significant [-log10(p-value(T-test)) ≥10] enrichment versus a large dataset of pull-downs with non-

related bait proteins, were retained. The proteins present in the background list without high and 

significant enrichment versus the large dataset were removed. 

For quantitative identification of specific interactors compared to propyzamide synchronized cultures, 

MaxQuant LFQ values were analyzed in Perseus as follows. First, LFQ values were Log2 transformed 

and potential contaminants and reverse hits were removed. Replicates were then grouped and proteins 

were filtered for at least two identifications in at least one group. Missing values were imputed from a 

normal distribution around the detection limit per sample (width = 0.3 and down shift = 1.8). Triplicate 

CCS52A1, CCS52A2 or CCS52B pull-downs on time point zero (T0) were analyzed against six AUR1 

and AUR2 T0 pull-downs. Triplicate CCS52A1, CCS52A2 or CCS52B pull-downs on time point ten (T10) 

were analyzed against triplicate wild type PSB-D T10 pull-downs. Significantly enriched proteins were 

identified through a volcano plot analysis with thresholds FDR = 0.0001 (T0) or FDR = 0.001 (T10) and 

S0 = 1.  
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Trypsin peptides from TurboID-CCS52B proximity labeling experiments were analyzed on a Q Exactive 

(ThermoFisher Scientific) as previously reported (Nelissen et al., 2015). After MS-based identification of 

co-purified proteins, the triplicate TurboID experiments were grouped and specific proteins were 

detected by comparison of MaxQuant LFQ values against a data set consisting of 66 TurboID 

experiments on unrelated baits, leaving out endocytosis related experiments (baits: TPLATE, AP2M and 

TML). First, LFQ values were Log2 transformed and potential contaminants and reverse hits were 

removed. Replicates were then grouped and proteins were filtered for at least two identifications in at 

least one group. Missing values were imputed from a normal distribution around the detection limit per 

sample (width = 0.3 and down shift = 1.8). Significantly enriched proteins were identified through a 

volcano plot analysis with thresholds FDR = 0.05, S0 = 0.5.  

For quantitative identification of APC12 (Q8H1U3) in the AP-MS data, identified proteins for both time 

points per bait were grouped and MaxQuant LFQ values were analyzed in Perseus against a control 

data set containing 9 pull-downs on 3 baits (PSB-D, AUR1 and AUR2) in propyzamide synchronized 

cultures. For quantitative identification of APC12 (Q8H1U3) in the TurboID experiments, MaxQuant LFQ 

values were analyzed in Perseus against a data set consisting of 96 TurboID experiments. As database 

Araport11 was used with addition of the UniProt proteins sequence of APC12 (Q8H1U3).  
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Supplementary figure 2: AT4G14310 is a novel microtubule-associated protein. A) Protein structure of AT4G14310 with 
indication of destruction boxes (D-box, blue; KEN-box, red) and their respective sequence motif. B) Time lapse of a dividing 
tobacco BY-2 cell expressing 35S::GFP-AT4G14310. AT4G14310 associates with the preprophase band, the spindle and early 
phragmoplast. Upon cell plate insertion, the GFP-AT4G14310 signal reappears at the exact insertion site (arrowheads). C) GFP 
fluorescence intensity profile of the last frame from the time lapse in panel B along the plasma membrane (white line), 
indicating GFP-AT4G14310 fluorescence at the cell plate insertion site. (Scale bar, 10µm). Figure adopted from A. Gadeyne. 

Supplementary figure 1: Schematic overview of the different filtering steps applied to identify enriched proteins after AP-
MS on the CCS52 co-activators. After identification of AP-MS co-purified proteins, the protein list was filtered versus a list of 
non-specific proteins built from 123 AP-MS experiments, covering 13 baitgroups. All proteins appearing with 3 or more 
baitgroups were included in the list of non-specific proteins. To prevent true interactors being filtered out because of their 
presence in the list of non-specific proteins, a T-test was performed using the average normalized spectral abundance factors 
(NSAF) of the identified proteins in the bait pull-downs versus the corresponding average NSAF in a control set of pull-downs 
with non-related baits (other CCS52 experiments were removed). Proteins identified with at least two peptides in at least 
two experiments, that were not present in the background list or showed high (at least 10-fold) and significant [-log10(p-
value(T-test)) ≥10] enrichment versus a large dataset of pull-downs with non-related bait proteins, were retained. 
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  MaxQuant NSAF 

  T0 versus CTset T0 (AUR1/2) T10 versus CTset T10 (PSB-D) T0 versus large background T10 versus large background 

Accession Protein name CCS52A1 CCS52A2 CCS52B CCS52A1 CCS52A2 CCS52B CCS52A1 CCS52A2 CCS52B CCS52A1 CCS52A2 CCS52B 

AT4G22910 CCS52A1 X   X    X   X    
AT4G11920 CCS52A2   X   X    X   X   
AT5G13840 CCS52B    X   X   X   X 
AT5G05560 APC1 X X X X X X X X X X X X 
AT2G04660 APC2 X X X X X X X X X X X X 
AT3G16320 APC3a/CDC27a   X X  X X X X X X X X 
AT2G20000 APC3b/HOBBIT X X X X X X X X X X X X 
AT4G21530 APC4 X X X X X X X X X X X X 
AT1G06590 APC5 X X X X X X X X X X X X 
AT1G78770 APC6/Nomega X  X X X X X X X X X X 
AT2G39090 APC7 X X X X X X X X X X X X 
AT3G48150 APC8 X X X X X X X X X X X X 
AT2G18290 APC10   X X   X X X X X  X 
Q8H1U3* APC12 X X X X X X X X X X X X 
AT1G73177 APC13 X X X  X X X X X X X X 
AT5G63135 APC15    X     X X X X X X 
AT2G42260 UVI4/PYM    X   X  X X   X 
AT3G57860 OSD1/UVI4-Like/GIGAS X X X X X X X X X X X X 
AT1G32310 SAMBA    X  X X  X X X X X 
AT1G53140 DRP5A | Dynamin related protein 5A X X X X X X X X X X X X 
AT2G45700 sterile alpha motif (SAM) domain-containing protein X  X X  X X X X X X X 
AT1G03780 TPX2 | targeting protein for XKLP2     X  X X X X X X X 
AT1G34355 ATPS1, PS1    X   X X X X X X X 
AT4G14310 Transducin/WD40 repeat-like superfamily protein   X X   X X X X X X X 
AT2G27970 CKS2         X X X X X X 
AT3G48750 CDKA;1       X  X X   X 
AT5G43080 CYCA3;1           X X     
AT1G47230 CYCA3;4           X X     
AT5G19330 ARIA | ARM repeat protein interacting with  ABF2 X       X X  X    
AT1G22730 MRF2         X  X     
AT4G01370 ATMPK4, MPK4 | MAP kinase 4   X X   X  X X   X 
AT2G20480 unknown protein    X   X  X X   X 
AT4G32830 AUR1           X X     
AT4G18800 RABA1d         X   X    
AT5G23900 Ribosomal protein L13e family protein             X    
AT5G46430 Ribosomal protein L32e             X    
AT4G05520 EHD2           X      
AT4G17650 Polyketide cyclase           X      
AT3G07090 PPPDE putative thiol peptidase family protein           X      
AT5G48810 ATB5-B              X   
AT5G03740 Histone deacetylase 2C              X   
AT1G31860 HISN2              X   
AT5G54500 FQR1              X   
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AT5G11510 MYB3R-4, AtMYB3R4 | myb domain protein 3r-4    X   X   X   X 
AT1G51690 ATB ALPHA, B ALPHA    X   X   X   X 
AT3G58500 PP2A-4            X   X 
AT5G60930 KIF4A ortholog            X   X 
AT4G18600 WAVE5            X   X 
AT2G25880 AUR2            X   X 
AT3G14740 RING/FYVE/PHD zinc finger superfamily protein    X   X   X   X 
AT3G09880 ATB~ BETA             X   X 
AT5G23910 KIF2C ortholog            X     
AT4G27060 TORTIFOLIA 1            X     
AT4G17330 ATG2484-1, G2484-1 | G2484-1 protein    X       X     
AT5G25590 Protein of unknown function            X     
AT1G14510 AL7            X     
AT2G24200 LAP1               X 
AT4G24690 NBR1            X     
AT2G19540 Transducin family protein / WD-40 repeat family protein X  X X X          
AT4G25730 FtsJ-like methyltransferase family protein X              
AT5G16070 TCP-1/cpn60 chaperonin family protein X X X            
AT3G22660 rRNA processing protein-related X              
AT3G10410 SCPL49, CPY | SERINE CARBOXYPEPTIDASE-LIKE 49    X            
AT1G05910 cell division cycle protein 48-related / CDC48-related    X            
AT1G24300 GYF domain-containing protein    X            
AT2G38250 Homeodomain-like superfamily protein    X            
AT1G07370 PCNA1, ATPCNA1       X        
AT2G42570 TBL39 | TRICHOME BIREFRINGENCE-LIKE 39       X        
AT3G50370 unknown protein       X        
AT5G01380 Homeodomain-like superfamily protein       X        
AT5G05780 RPN8A, AE3, ATHMOV34 | RP non-ATPase subunit 8A           X             

 

Supplementary table 1: Comparison between different filtering approaches for proteins identified by liquid chromatography-tandem MS (LC-MS/MS) after AP-MS on the three APC co-
activators CCS52A1, CCS52A2 and CCS52B. Three AP-MS analyzes for every bait and every time point were executed. MaxQuant: Proteins were identified via MaxQuant after 4 hours propyzamide 
treatment (T0) and 10 min after removal of propyzamide (T10). Significant enriched proteins at T0 were identified relative to six AUR1 and AUR2 T0 pull-downs with a FDR = 0.0001, S0 = 1. 
Significant enriched proteins at T10 were identified relative to three PSB-D T10 pull-downs with a FDR = 0.001, S0 = 1. NSAF: Proteins significant enriched after filtering relative to a large 
background list are represented. *APC12 was retrieved with MaxQuant analysis relative to a control data set using the Araport11 database with APC12 (Q8H1U3) protein sequence from UniProt 
added. 
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Introduction 

To gain a deeper insight on how an organism functions, the complex interplay between 

the different organs, tissues, cells, and on a molecular level between proteins, genes, 

metabolites, etc., needs to be mapped. To do so, a range of tools exist to generate 

multiple ‘-omic’ data sets, including genomic, phenomic, transcriptomic, proteomic and 

interactomic data. In this doctoral research we focused on two interactomic 

subdomains in plants, being protein-DNA interactions (PDIs) and protein-protein 

interactions (PPIs). For both interactions, an extensive list of techniques is available to 

reveal the interaction between two or multiple macromolecules under native or non-

native conditions (reviewed in chapter 1 and 2). Different strategies can be applied, 

making use of reporter systems, fluorescence, bioluminescence, affinity purification or 

proximity labeling, each with their advantages and disadvantages. While the list of PPI 

and PDI analysis tools keeps expanding, there still remains unexplored territory. For 

plant PDIs a gene-centered method is not available yet, making the analysis of a 

specific plant genomic region dependent on ectopic Y1H screens or in vitro methods. 

On the other hand, studying transient PPIs by applying affinity purification is 

challenging as most of the time only the stable components are retrieved and the weak, 

transient interactions are lost. Both problems have been tackled differently by 

independent research groups, leading to suboptimal results. The gene-centered 

method proteomics of isolated chromatin segments (PICh) has been applied once in 

barley for the identification of interacting proteins on the centromeric chromatin (Zeng 

and Jiang, 2016). Different histone variants were retrieved, including the cenH3 

variants, but previously characterized centromeric proteins were not detected. To 

identify weak transient PPIs, chemical cross-linking has been implemented in affinity-

based methods (Rohila et al., 2004; Tagwerker et al., 2006; Stingl et al., 2008; Van 

Leene et al., 2019). The resulting covalent bonds between interacting proteins ensures 

that transient interactions are not lost during the necessary washing steps. However, 

cross-linking results in a higher number of false positives and additionally, it only 

reveals PPIs at the time point of cross-linking, limiting the amount of co-purified 

interacting partners.  

In recent years, biotin-based proximity labeling has been introduced in the interactomic 

field and has led to the development of a new generation of PPI and PDI techniques 

(Roux, 2013; Rees et al., 2015; Schmidtmann et al., 2016; Myers et al., 2018). 

Proximity labeling relies on an enzyme, typically a biotin ligase or ascorbate 

peroxidase, that is capable of covalently labeling, e.g. biotinylation, proteins in the 

immediate vicinity. By fusing this enzyme to a target protein or by recruiting it to the 

genomic region of interest, interacting partners will be labeled and subsequently 
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purified by affinity purification and identified via mass spectrometry. Proximity labeling 

seems to be an ideal method to capture all interacting proteins, including stable, 

transient and dynamic interactions. However, proximity labeling is prone for false 

positive results due to endogenous biotinylated proteins and labeling of non-interacting 

proteins that are in the neighborhood of the target. As a consequence, analysis of 

appropriate negative controls is essential. 

In this doctoral research the main focus was the development of an in planta gene-

centered PDI tool by exploring three different strategies. First, we tested a 

multifunctional T-DNA construct making use of a tagged exogenous DNA binding 

protein and its corresponding DNA binding element for the specific isolation of different 

promoter sequences and its interacting partners (chapter 3). Later on, we combined 

this strategy with proximity labeling, allowing in vivo biotinylation and a stringent 

streptavidin-based purification of interacting proteins (chapter 3). As a third option we 

tested the applicability of CRISPR for the endogenous targeting and subsequent 

isolation of multicopy loci and their proteome (chapter 4). Furthermore, we focused on 

the further validation of an in-house developed pull-down technique (AP-MS) by 

identifying the weak, transient interactions between the anaphase promoting complex 

(APC) and its mitotic substrates (chapter 5). In addition, we tested if proximity labeling 

could generate similar or even superior results for the identification of APC substrates. 

Exploring the plant chromatin landscape 

Chromatin affinity purification and the disadvantage of chemical cross-linking. 

In chapter 3 we tried to develop a new gene-centered in planta tool by adopting the 

modus operandi of ChAP-MS and iChIP in our Arabidopsis cell suspension culture. A 

T-DNA construct was created, consisting of the DNA sequence of interest (e.g. a 

promoter) flanked by the prokaryotic LacO sequence and a cassette allowing 

expression of GSrhino-tagged prokaryotic LacI. Functionality of this T-DNA in our PSB-

D culture was demonstrated by efficient accumulation of GSrhino-LacI and binding of 

the ARF7 TF on the DR5v2 promoter. Pull-down of GSrhino-LacI also resulted in an 

effective enrichment of the promoter sequence of interest, illustrating an efficient 

binding of the lac repressor on LacO in plant cells. However, subsequent label free 

quantitative MS analysis of the DR5v2, ETG1 and CycB1;2 promoters did not result in 

the specific enrichment of expected upstream regulators. A large amount of non-

specific interactions was retrieved, which is a general disadvantage of one-step 

purifications. We identified formaldehyde cross-linking as a culprit for the aggravated 
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co-purification of non-specific interactions, which prevents us of filtering out the 

genuine protein interactions of a specific DNA locus.  

Formaldehyde fixates all macromolecular interactions that are in close proximity (± 2 

Å) (Hoffman et al., 2015). This includes fixation of transcription regulators on their 

corresponding DNA binding motif, co-regulators binding transcription factors, proximal 

enhancer regions that are recruited to a promoter region and chromatin associated 

RNA's. Surprisingly, formaldehyde is not able to fixate every protein-DNA interaction 

as it has been shown in vitro that purified LacI is not cross-linked by formaldehyde to 

LacO-containing DNA (Solomon and Varshavsky, 1985). In addition, in vivo cross-

linking was unnecessary to retrieve the binding between LacI and LacO in chloroplasts 

via a ChIP experiment, which means that the strong affinity (Kd of ~10-13 M) between 

LacI and LacO can withstand affinity purification (Newell and Gray, 2010). However, 

we were unable to purify our promoter sequence of interest without cross-linking using 

the LacI-LacO interaction, while with cross-linking a significant enrichment was 

observed, which contradicts the in vitro observation by Solomon and Varshavsky 

(1985). Additionally, cross-linking was necessary to co-purify the promoter specific 

interacting proteins, sadly accompanied with the pull-down of a massif amount of non-

specific interactions. Because of the dense concentration of macromolecules in the 

nucleus and the fixation between different macromolecule types, formaldehyde cross-

linking has shown to result in the formation of higher order networks, thereby linking 

unrelated chromatin regions with each other, illustrated in figure 1 (Gavrilov et al., 

2015). As a consequence, non-specific interactions are being co-purified during affinity 

purification of TFs or specific genomic regions.   

Alternative protein-DNA cross-linkers exist, among which cis-diammine dichloro 

platinum II (cis-DDP or cisplatin) has been used to a limited extent for ChIP analyses 

(Chichiarelli et al., 2002; Cervoni et al., 2003; Chichiarelli et al., 2007). Cisplatin only 

forms protein-DNA complexes with a low reactivity towards histones (Pinto and 

Lippard, 1985) and the cross-linking can be reversed by the use of thiourea. This 

Figure 1: Potential effects of formaldehyde in mediating formation of higher 
order chromatin structures. The black wavy lines denote chromatin fibers, 
which may become a cross-linked meshwork in the presence of formaldehyde 
(red circles). The formation of these potentially confounding structures may or 
may not be mediated by physiologically relevant higher order interactions 
captured by crosslinking (dashed gray rectangle). Such a meshwork may define 
localized neighborhoods in the nucleus that trap proteins (cyan) that may or 
may not interact specifically with nearby DNA sequences in an unperturbed cell. 
Figure adopted from Hoffman et al. (2015). 
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alternative cross-linking with cisplatin could avoid the formation of higher order 

chromatin networks and thus result in a more efficient identification of bona fide direct 

interactors with MS. However, indirect interactions, like co-activators, would be lost, 

eventually leading to an incomplete understanding of the transcriptional regulation of 

a specific DNA locus. Another alternative for in vivo cross-linking is the application of 

ultraviolet (UV) light. UV-cross-linking induces covalent bonds between 

macromolecules that are in close contact with each other. Next to its common usage 

for the discovery of protein-RNA interactions (Sugimoto et al., 2012; Urdaneta and 

Beckmann, 2019), it also has been applied for the identification of protein-protein and 

protein-DNA interactions (Chodosh, 2001; Zhang et al., 2004; Itri et al., 2016), even in 

plant cells (Marondedze et al., 2016). An advantage of UV is the very short irradiation 

time that is needed to cross-link in vivo interactions, especially when an UV-laser is 

applied, a nano-, pico- or even femtosecond can be enough to generate covalent 

bonds between interacting macromolecules (Zhang et al., 2004; Itri et al., 2016). In 

comparison, formaldehyde cross-linking requires an average of 5 seconds to fixate 

interactions, and is as such unable to fix transient interactions (Schmiedeberg et al., 

2009). It has been reported that TF DNA-binding can be very dynamic with a mode of 

action that is called ‘hit-and-run’ (Charoensawan et al., 2015; Doidy et al., 2016). This 

includes the transient binding of a target sequence, activating expression and 

subsequent dissociation from the activated target gene. The short residence time 

causes the need for a rapid freezing of the PDI and can be achieved via UV-cross-

linking. Replacing formaldehyde cross-linking with UV-cross-linking in our ChAP-MS 

protocol, could avoid the formation of higher order networks and would result in a lower 

level of non-specific co-purified proteins while there is a higher chance to pull-down 

transient bona-fide interactions. This also applies to our CRISPR-ChAP-MS approach, 

but UV-cross-linking will not resolve the pitfall we encounter there (chapter 4). In 

contrast to ChAP-MS, purification of multi-copy loci with CRISPR-ChAP-MS was not 

accomplished. A kinetic study has reported that Cas9 dissociation from DNA is 

extremely slow (Raper et al., 2018), thus formaldehyde treatment would be sufficient 

to fixate the ternary complex of dCas9, guide RNA and DNA. We postulate that the 

lack of target sequences after pull-down via CRISPR-ChAP-MS is due to a low binding 

rate or even absence of dCas9 binding.  
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CRISPR-ChAP-MS: room for improvement. 

For CRISPR-ChAP-MS (chapter 4) we used a human codon optimized Streptococcus 

pyogenes Cas9 (spCas9) which has been applied in different plant species like 

Arabidopsis, tobacco, poplar and rice (Feng et al., 2013; Mao et al., 2013; Nekrasov et 

al., 2013; Xie and Yang, 2013; Zhou et al., 2015). Although spCas9 is the most widely 

used CRISPR nuclease, it also has some limitations. It is prone for targeting non-

specific DNA sequences, which we have noticed as well with the co-purification of off-

target sequences for ribosomal DNA (rDNA). In addition, spCas9 targeting requires the 

presence of a specific short stretch of nucleotides, termed the protospacer adjacent 

motif (PAM) sequence (5’-NGG-3’), downstream of the target sequence. This limits the 

number of possible gRNAs to target a specific locus, and could even prevent gRNAs 

from being developed for certain target sites. Furthermore, the large size of spCas9 

can hinder transformation efficiency, and in our Arabidopsis cell suspension culture we 

observed a significant amount of dCas9 degradation. To circumvent these drawbacks, 

alternative Cas9 variants can be used in gene-centered PDI methods, as has been 

reported recently in mammalian cells for the engineered DNA binding molecule-

mediated chromatin immunoprecipitation (enChIP) approach (Fujita et al., 2018). 

Instead of using the spCas9, Fujita and co-workers used the Staphylococcus aureus 

Cas9 (saCas9), which has a smaller size (30 kDa smaller than spCas9) and a less 

stringent PAM sequence (5′-NNGRRT-3′ or 5′-NNGRR(N)-3′), allowing the 

development of a more flexible enChIP method. Another Cas9 variant that is interesting 

to incorporate in the CRISPR-ChAP-MS strategy is the Streptococcus canis Cas9 

(scCas9), which has a less strict PAM sequence (5’-NNG-3’) consequently increasing 

the amount of genomic targets (Chatterjee et al., 2018). Furthermore, Cpf1 (CRISPR 

from Prevotella and Francisella 1) can be applied when targeting AT-rich DNA loci 

(Zetsche et al., 2015). To avoid off-targets, engineered nucleases have been 

developed with improved specificity (Kleinstiver et al., 2016; Slaymaker et al., 2016; 

Chen et al., 2017). The possibilities to further optimize the CRISPR-ChAP-MS strategy 

are even rising with the development of small affinity tags with high binding efficiency 

(Liu et al., 2017; Fujita et al., 2018) and the recent advancements in proximity labeling 

(Schmidtmann et al., 2016; Myers et al., 2017; Gao et al., 2018). Because gene-

specific protein-DNA interactions have a low abundancy and MS identification of 

proteins demands enough protein yield, multi-copy genes, especially telomeres, have 

been the most analyzed targets to obtain proof of concept. However, recent 

advancements in MS development creating more sensitive devices with a detection 

limit ranging between pico- and femtomole protein (Donnelly et al., 2019), and the 

ongoing application of CRISPR-based gene-centered methods, reports on the analysis 

of single loci are rising, proving that the CRISPR strategy will likely be the method of 
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choice in the future to analyze PDIs for a specific genomic locus (Campbell et al., 2018; 

Hamidian et al., 2018; Han et al., 2018).  

When we would further optimize our plant-specific CRISPR-ChAP-MS approach, it 

would be wise to test the above mentioned adjustments and not only target multi-copy 

loci, like telomeres and rDNA which are in our hands not ideal targets, but also single 

loci in an active state allowing dCas9 binding. Especially for the latter, our Arabidopsis 

cell suspension culture (PSB-D) could be beneficial. Because of its high ploidy level 

(9C), targeting a single genomic locus in PSB-D can result in the purification of multiple 

PDI complexes per cell, increasing the amount of genuine interacting proteins and 

increasing the chance to identify them with MS. In addition, our cell culture is 

susceptible for different stimuli, e.g. sucrose starvation and repletion, aphidicolin and 

propyzamide treatment (chapter 5) (Menges and Murray, 2002; Van Leene et al., 

2019), which can be used to activate expression of target genes and stimulating dCas9 

binding. Supplementary table 1 displays some calculations to estimate the amount of 

starting material needed to obtain a sufficient protein yield (1 femtomole) for MS 

detection, comparing the ChAP-MS and CRISPR-ChAP-MS strategy for different 

targets. 

Proximity labeling: a new generation of gene-centered tools on the horizon. 

Recent years, proximity labeling has become more and more popular for the 

investigation of interaction landscapes (Roux, 2013; Rees et al., 2015) and it did not 

take long for its first applications in gene-centered PDI methods (Schmidtmann et al., 

2016; Myers et al., 2017). By bringing a promiscuous biotin ligase (BirA*) or ascorbate 

peroxidase (APEX2) to the genomic region of interest, all proteins in proximity will be 

covalently labeled with biotin, allowing a stringent streptavidin-based purification. Due 

to the in vivo labeling, fixation of interactions via cross-linking and pull-down of the 

specific genomic locus becomes unnecessary, hence eliminating some pitfalls we 

encountered with (CRISPR-)ChAP-MS. Efforts have been made to develop more 

efficient proximity labeling strategies, among which a mutated version of the biotin 

ligase BirA with greater proximity labeling efficiency, called TurboID (Branon et al., 

2018). This mutant BirA enzyme reduces the labeling time from more than 18 hours to 

10 minutes using a lower amount of biotin. In addition, TurboID-based proximity 

labeling can be applied under normal plant growth conditions (Deepanksha Arora, 

2019; Mair et al., 2019; Tae-Wuk Kim, 2019), paving the way for an in planta gene-

centered method. In an initial experiment we tested the functionality of TurboID for the 

identification of interacting proteins of the synthetic DR5v2 promoter (chapter 3). 

However, similar to ChAP-MS, we stumble upon an extensive list of co-purified 
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proteins, yet with DR5v2 specifically enriched proteins, but from which many could be 

discarded as false positives (no nuclear localization) and common chromatin related 

proteins. Our data suggests a non-specific biotinylation of all types of cellular proteins, 

which we link to a high amount of free and highly active TurboID. A low signal-to-noise 

ratio using TurboID has also been reported for the analysis of the plasma membrane-

associated octameric TPLATE complex (Deepanksha Arora, 2019). Further 

optimization is needed if we want to unravel the chromatin landscape in plant cells via 

proximity labeling. Limiting TurboID expression by putting it under control of an 

inducible promoter, will avoid the accumulation of endogenous biotin-based labeled 

proteins during the entire time-span of cell growth. Furthermore, TurboID should be 

directed to the nucleus to avoid labeling of non-nuclear proteins. Given the fact that 

the nucleus is a small subcellular compartment with a dense amount of proteins, 

special attention is required to overcome non-specific proximity labeling, especially 

when using the highly active TurboID. Limiting the biotinylation time-span would 

already diminish non-specific labeling, but including proper negative controls will 

remain a necessity to filter out non-specific labeled proteins, as has been previously 

reported for the identification of PPIs in plant nuclei with TurboID (Mair et al., 2019). 

Mair and co-workers suggest the incorporation of several negative controls including a 

wild type sample to correct for endogenous biotinylated proteins, a free nuclear 

localized TurboID sample to filter out non-specific labeled proteins and an untreated 

sample to eliminate proteins that are not labeled in response to biotin treatment (Mair 

et al., 2019). Alternatively, less active biotin ligases can be used, like BioID and BioID2 

(Cronan, 2005; Kim et al., 2016), for which their functionality in plants has been 

reported (Lin et al., 2017; Conlan et al., 2018; Khan et al., 2018; Das et al., 2019; 

Deepanksha Arora, 2019). However, both function optimally at high temperatures 

(37°C for BioID and 50°C for BioID2 (Kim and Roux, 2016)), causing the need for long 

labelling times and very high biotin concentrations to gain some biotinylation under 

standard plant growth conditions. This low activity may be beneficial for lowering non-

specific labeling in the dense nucleus, but will be inefficient for the detection of transient 

interactions including the dynamic interaction between a TF and its target sequence. 

Further optimizing the TurboID proximity labeling strategy by combining it with 

CRISPR, in accordance with the GloPro and CasID methods in mammalian cells 

(Schmidtmann et al., 2016; Myers et al., 2017), could eventually lead to the generation 

of a gene-centered in planta method targeting genomic loci. Even then, account should 

be taken for the fact that the relative large TurboID enzyme (35 kDa) can hinder PDIs, 

and when analyzing macromolecular complexes, some interacting partners, hidden in 

the core of the complex, could be inaccessible for biotin labeling, leading to false 

negative results. In addition, TurboID only labels proteins, therefore missing out on 
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long-range DNA interactions and chromatin associated RNAs. To completely 

understand the regulation of a specific plant genomic locus, both gene-centered pull-

down and proximity labeling methods are desirable. Although we were unsuccessful to 

identify interacting bona-fide proteins with our ChAP-MS strategy, we did not test for 

its applicability to isolate long-range DNA interactions or RNAs, as has been 

demonstrated for iChIP, enChIP and CAPTURE (Hoshino and Fujii, 2009; Fujita et al., 

2013; Liu et al., 2018). While low abundant bona-fide interacting proteins are difficult 

to identify with MS, detection of low abundant DNA and RNA sequences is facilitated 

by the implementation of sequence amplification followed by next-generation 

sequencing or RNA-seq.  

Single-cell approaches will further promote the efficiency of gene-centered methods, 

not only allowing identification of interacting DNA and RNA sequences put also 

proteins when combined with a nanopore-based protein sequencing approach 

(Swaminathan et al., 2018; Doerr, 2019). The latter makes use of the classic Edman 

degradation method to obtain sparse amino acid–sequence information for thousands 

to millions of proteins, followed by identification of the proteins by comparing amino 

acid-sequences against a reference proteome database (Swaminathan et al., 2018). 

While MS analysis requires a quantity of at least femtomole peptide for detection, this 

approach allows identification of a single peptide/protein and thus does not require 

large sample volumes or abundant protein levels. 

Exploring low affinity interactions 

When we unraveled the phosphorylation and interaction landscape of the plant target 

of rapamycin (TOR) kinase we observed that using our standard tandem affinity 

purification (TAP) protocol resulted mainly in the identification of stable interactions, 

being interactions between the three core complex subunits (TOR, LST8 and 

RAPTOR) and regulatory proteins (Van Leene et al., 2019). Additionally, only one 

substrate could be retrieved, being the translation initiation factor eIF2B-δ. Weak 

transient interactions, such as kinase-substrate interactions, are probably lost during 

the long double-step TAP purification. Therefore, we adjusted our TAP protocol to a 

one-step pull-down protocol (AP-MS) using home-made magnetic IgG beads which 

contain high binding capacity and are small in size, which results in less non-specific 

interacting proteins on the resin. These magnetic beads allow us to purify protein 

complexes using the strong affinity between ProtG and IgG. It also results in faster, 

integral washing steps, and shorter incubation times. As a result, we identified 8 

proteins that interact with TOR and are phosphorylated in a TOR-dependent way, 

including three orthologues of known TOR substrates in yeast or mammalian cells. 
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Further validation via an in vitro kinase assay confirmed the presence of at least two 

other plant specific TOR substrates. To further validate the functionality of AP-MS for 

the identification of weak transient interactions, we analyzed the interactome of the 

APC E3-ligase complex during mitosis, using the three CCS52 co-activators as bait 

proteins. This as well revealed the interaction with orthologues of known substrates, 

and provided us with a list of new putative APCCCS52 targets.  

Although both studies identified potential new substrates, known substrates like S6K 

for TOR and CycB1;1 for APC, were not retrieved. The necessary washing steps, the 

practical limitations (e.g. incomplete synchronized cell culture and incubation times) 

and the higher amount of non-specific interactions commonly pulled-down with one-

step purifications, still causes the loss of some weak transient interactions or interferes 

with detection of low abundant proteins. To ensure retention of weak interactions 

during the pull-down, it would be worthwhile to apply cross-linking. Especially when a 

specific time point in development is targeted, as we have done for the CCS52 co-

activators, cross-linking will fixate all interactions at that time point. Additionally, for 

transient interactions UV cross-linking would be favorable because of its extremely 

rapid reaction (nanoseconds or less) leading to covalent bonds between 

macromolecules that are in close contact. However, this could lead to an increase in 

non-specific interactions making it necessary to include proper negative controls to 

filter out the bona-fide interactions. Furthermore, more stringent washing steps by 

increasing salt or non-ionic detergent concentrations may reduce the amount of 

proteins that non-specifically bind with the affinity resin. By applying cross-linking, 

rigorous washing conditions can be applied without losing weak transient interactions. 

On the other hand, switching from ProtG-IgG to biotin-streptavidin pull-down, thereby 

making advantage of the strong non-covalent interaction between them, would ensure 

the retention of the bait protein on the resin during these stringent washing steps. In 

that respect, the biotin-based proximity labeling approach seems to be a good 

alternative for PPI analysis. Especially when using TurboID, which reduces the labeling 

time dramatically (Branon et al., 2018), making it beneficial for analyzing PPI dynamics, 

weak transient interactions and proteins that turn over rapidly in vivo. 

To validate our CCS52B AP-MS data and to further expand the interactome, we 

applied TurboID-based proximity labeling on cells enriched for mitosis. Furthermore, 

we applied the 26S proteasome inhibitor MG132 to circumvent degradation of 

ubiquitinated substrates, as previously described (Coyaud et al., 2015). Although we 

identified APC subunits, regulators and the putative new interactor PS1, we could not 

further validate our AP-MS data. We identified the APC substrate CycB1;1, however 

this interaction was absent with MG132. We postulate that the absence of APC 
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substrates may be due to steric hindrance during CCS52B association on the APC 

complex, caused by the large TurboID (35 kDa) ligase, which is significantly larger than 

the GSrhino tag (21 kDa). APC co-activators have two distinct protein domains, a C-

terminal IR tail and an N-terminal C-box, both being essential for association with the 

APC complex (figure 2) (Matyskiela and Morgan, 2009; Yamano, 2019). Terminal 

fusion with TurboID, can interfere with the association or with the formation of all 

subunits to a functional APC complex. To prevent interference with the formation of 

the APC complex and co-activator association, it would be more ideal to position 

TurboID in a loop region relatively far away from the C-box, IR-tail and the substrate 

binding domain. Furthermore, steric hindrance could be reduced using the smaller 

miniTurboID (28 kDa), which does not contain the N-terminal DNA binding domain 

(Branon et al., 2018). Although miniTurboID is less stable than TurboID (Branon et al., 

2018), its functionality in plants has been reported (Deepanksha Arora, 2019). In 

general, compared to AP-MS, proximity labeling is more dependent on the position of 

the tag in relation to the 3D structure of the complex, as only proteins in close proximity 

to the tag will be biotinylated. In addition to putative steric hindrance, the distance of 

the tag to the substrate could also explain the lack of substrates identified with TurboID. 

Alternatively, mitotic APC substrates could be identified by using the catalytic core 

subunits APC2 and APC11 as baits or APC10 that together with the co-activators 

determines substrate specificity. Despite biotinylation and identification of putative 

APC substrates, further validation (by e.g. in vitro ubiquitination assays) is needed to 

link candidate substrates with the different CDC20 and CCS52 co-activators. Also 

during AP-MS analysis of the TOR complex it became clear that analyzing different 

subunits as bait proteins is essential to increase substrates isolation. AP-MS on two of 

the three TOR subunits (LST8 and RAPTOR) revealed that 7 of the 8 putative 

substrates were retrieved with the regulatory subunit LST8, while with RAPTOR, which 

is responsible for recognizing substrates, only 5 of the 8 putative targets were 

identified.  

 

 

 

 

 

 

 

Figure 2: APC dependent ubiquitination of substrates. The isoleucine-arginine (IR) tail 
of the coactivator CCS52 binds to APC3 and the C-box interacts with APC8 for activation 
of the APC. Both IR tail binding and C-box binding ensure stable binding of the co-
activator to the APC. The WD40 domain of the co-activator (green) is responsible for 
substrate degron recognition. Association of the ubiquitin (Ub) conjugating enzyme (E2) 
results in poly-ubiquitination of the substrate. 
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The list of PPI tools is extensive, but no single PPI assay is 100% efficient, including 

the most recently developed technologies. All methods have their advantages and 

disadvantages. Depending on the aim and the characteristics of the bait protein, one 

method will be more suitable than the other. A well-considered choice of method, bait 

protein and N- or C-terminal fusion protein must be made and a more elaborate 

interactome map will be gained by combining different complementary assays followed 

by in vivo validation. 

A mitotic function for CCS52B 

Our AP-MS data further provided evidence for a mitotic role of the APC co-activator 

CCS52B. Based on expression profiles and localization studies it was already 

postulated that CCS52B plays a main role during mitosis and fulfills the role of CDH1 

in Arabidopsis (Menges et al., 2003; Yang et al., 2017). Our data further confirms this 

hypothesis by identifying interactions with different mitotic proteins including mitotic 

kinesins. Our CCS52B pull-down on propyzamide synchronized cell culture retrieved 

orthologues of known mitotic substrates in mammalian cells, including Tpx2 (Stewart 

and Fang, 2005) and the aurora kinases (Stewart and Fang, 2005; Floyd et al., 2008) 

which are required for the assembly and reorganization of the mitotic spindle during 

metaphase and anaphase. Also interactions with proteins that function at a later stage 

of mitosis were pulled-down, like the MPK4 which is essential for formation of the 

phragmoplast (Beck et al., 2011). Although we synchronized our cell culture with 

propyzamide to identify interactions at the metaphase-anaphase transition, proteins 

that play a role during the exit of mitosis were also found. It was shown before that 75 

percent of the cells are not blocked at metaphase and CCS52B protein levels peak at 

cytokinesis (Yang et al., 2017). To obtain a higher synchronization level, a double-step 

synchronization is often used, where DNA synthesis at S-phase is blocked first using 

aphidicolin or hydroxyurea (figure 3A), followed by a washing step to allow cell cycle 

progression until metaphase for a second arrest using propyzamide or oryzalin 

(Planchais et al., 2000). Such a double-step synchronization strategy has been applied 

successfully in BY-2 cells with a synchronization level of almost 90% (Nagata et al., 

1992). A similar approach utilizing our Arabidopsis cell suspension culture could result 

in a higher synchronization and may enrich for mitotic interactions with the APC co-

activators. To further expand the interactome of CCS52B during mitosis, AP-MS 

should be applied at later time-points after mitotic synchronization. In addition, the 

mitotic role of the two CCS52 A-type co-activators should be investigated into more 

detail, as we also identified mitotic interactors for these proteins. Furthermore, AP-MS 

on the two functional CDC20 co-activators will reveal APC substrates at the early 
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stages of mitosis and could confirm the in vivo interaction with the recently identified 

Arabidopsis homologs for Securin, called PATRONUS 1 and PATRONUS 2 (PANS1 

and PANS2) (Cromer et al., 2019). To target the early phases of mitosis, 

synchronization can be obtained by blocking the CDK activity with roscovitine or 

bohemine, resulting in cell cycle arrest at both G1/S and G2/M transitions (figure 3) 

(Planchais et al., 2000).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Different chemicals arrest cell cycle progression at different phases. A) Simplified scheme of the cell cycle and the 
action time points for different blocking agents. B) The specificity of action of different chemical agents. 
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In accordance with the identification of TOR substrates through the integration of 

interactomics with phosphoproteomics (Van Leene et al., 2019), combining the APC 

interactome with a cell cycle based ubiquitination profile would bring more clarity on 

potential APC substrates. Proteome-wide ubiquitination studies are available (Maor et 

al., 2007; Saracco et al., 2009; Kim et al., 2013; Walton et al., 2016; Aguilar-Hernandez 

et al., 2017; Willems et al., 2019), but suffer from the low stability and time-specific 

presence of ubiquitinated proteins and the high activity of deubiquitylating enzymes 

(DUBs) in crude plant extracts. To identify targets of the APC complex, new 

ubiquitination mapping technologies (e.g. COFRADIC) can be used to differentially 

analyze wild-type and mutant CCS52 plants or mitotic synchronized cell cultures 

(Walton et al., 2016). Additionally, trypsin digested ubiquitinated peptides derived from 

proteins co-purified during AP-MS or proximity labeling studies can be specifically 

enriched by using an anti-diglycyl lysine (K-ε-GG) antibody (Xu and Jaffrey, 2013). The 

latter would also give us more insights in which co-purified proteins are substrates and 

which are regulatory proteins of the APC complex. 

Taken together, our AP-MS data has laid a foundation for further research on the APC 

complex during mitosis in plants, especially for the not well characterized CCS52B co-

activator. At the moment, putative substrates pulled-down with AP-MS (RabA1d, 

EHD2, MPK4, NBR1 and AUR2) are being validated by performing in vitro 

ubiquitination assays and cell free degradation studies, and their stabilization is being 

analyzed in vivo in wild-type and mutant ccs52 Arabidopsis lines, based on previous 

studies characterizing APC substrates (Boudolf et al., 2009; Lin et al., 2012). 

Furthermore, characterization of the putative degrons by mutation analysis should be 

examined. Next to the co-purification of known and new putative substrates, we also 

pulled-down some known and new putative regulators, including subunits of a protein 

phosphatase type 2A (PP2A) complex for which evidence has been found in 

mammalian cells and yeast that it regulates the phosphorylation status of the APC co-

activators (Hein et al., 2017; Kataria and Yamano, 2019). In vitro assays following the 

phosphorylation status of the co-activators with increasing amounts of PP2A and 

mutant analysis should reveal the regulatory role of these PP2A subunits relative to 

the co-activators.  
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Supplementary table 1: Estimation of the amount of starting material needed to obtain 1 femtomole of protein, allowing 
detection with mass spectrometry. ChAP-MS and CRISPR-ChAP-MS are compared for different targets (single and multicopy 
loci) assuming that the efficiency of these strategies is 10%. In case of ChAP-MS we assume that one T-DNA construct is 
transformed per cell and that the bait promoter interacts with the TF in every cell. Because of the 9C ploidy level in our cell 
culture, CRISPR-ChAP-MS can target a single locus nine times in one cell. Multicopy loci 5S rDNA and 45S rDNA have a copy 
number of +/- 2000 (Simon et al., 2018)1 and +/- 800  (Rabanal et al., 2017)2 respectively in Arabidopsis thaliana. The ploidy 
level increases this copy number 9 times. Because of the dosage control (many rDNA is situated in heterochromatin) we  
assume that only 25% of the rDNA is available for pull-down. 
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