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General Introduction

Identification and characterization of protein-protein 
interactions by mass spectrometry

Qingyang Liu



1. Protein-protein interactions 
Proteins are responsible for the majority of cellular functions and regulate numerous 
processes associated with human diseases (Budayeva & Cristea 2014). While carrying out 
their biological functions, proteins rarely act alone, rather, they typically work together with 
other proteins (Spirin & Mirny 2003; Li et al. 2010; Gavin 2002). Over 80% of all proteins 
form protein complexes through protein-protein interactions (PPIs) in both prokaryotes and 
eukaryotes. PPIs therefore play a vital role in living organisms (Kuhner et al. 2009; Krogan 
et al. 2006; Gavin et al. 2006; Kristensen & Foster 2013). PPIs are essential for nearly all 
cellular functions, including metabolism, cell signalling, immune response, DNA replication, 
transcription and translation (Fig.1) (Wetie et al. 2014; Kristensen & Foster 2013). PPIs can 
be classified into stable or transient PPIs (Ou-Yang et al. 2014; Nooren & Thornton 2003; 
Wang et al. 2014). Stable PPIs are usually strong and irreversible, while transient PPIs can be 
weak and dynamic (Perkins et al. 2010; Ou-Yang et al. 2014). For example, RNA polymerase 
and ribosomes are stable complexes, whereas most nuclear proteins and transcription factors 
are involved in transient PPIs (Wetie et al. 2014).

Figure 1. Roles of PPIs in almost every biological process. 
PPIs play an important role in almost every cellular process. Their investigation contributes to the understanding of 
physiological and pathological processes (adapted from Wetie et al. 2014 and Wetie et al. 2013).

The global analysis of proteins, particularly their structures and function is referred to 
as proteomics (Blackstock & Weir 1999; Altelaar et al. 2012; Anderson & Anderson 1998).
Proteomics aims to improve our understanding of protein cellular functions and their 
physiological and pathological association with diseases (Eisenberg et al. 2000; Stein 2001; 
Wetie et al. 2014). Interactomics is a specific type of proteomics, aimed at mapping the nature 
and location of PPIs that take place within the cell (Marcilla & Albar 2013). In the past, 
genetic and biochemical methods were generally used for the identification of PPIs. In recent 
years, however, mass spectrometry (MS)-based techniques for the identification of PPIs have 
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become the predominantly used approach (Wetie et al. 2013; Wetie et al. 2014; Budayeva & 
Cristea 2014). 

2. Identification of PPIs by MS
MS plays a crucial role in tackling a wide variety of biological questions, especially related to 
the identification of PPIs. In general terms, mass spectrometers measure the mass-to-charge 
ratios (m/z) of charged gas-phase molecules, allowing for the determination of the molecular 
masses of peptides and their relative abundances (Dunham et al. 2012). MS based approaches 
to PPI identification are typically classified into two major categories: bottom-up and top-
down approaches. In a bottom-up approach, proteins of interest are digested into short 
peptides prior to MS, while in a top-down approach, intact proteins are analyzed directly 
by MS (Chait 2006; Wetie et al. 2014; Plazas-Mayorca et al. 2010; Sokolowska et al. 2012; 
Sokolowska et al. 2015; Woods et al. 2013; Garcia 2010). 

The general proteomic workflow consists of the application of a peptide or protein 
separation method coupled with MS. The peptide spectrum allows the identification of a 
protein using database search algorithms (Giannopoulou et al. 2009). When applying a 
bottom-up approach (Fig.2), proteins are cleaved into peptides at specific sites by proteolytic 
digestion to create a complex peptide mixture. A full MS spectrum is acquired for the peptides 
that are eluted from the liquid chromatography (LC) column at any given time and the most 
intense peptides are subsequently isolated and fragmented to obtain the tandem MS (MS/MS) 
spectrum. Mass spectra can be correlated to amino acid sequences by a database search. The 
resulting peptide-spectrum-matches are then assigned to proteins, which in a final step results 
in protein identification (Xie et al. 2011; Pan 2008; Aebersold & Mann 2003).

3. Affinity purification coupled to mass spectrometry-based identification of PPIs
Affinity purification-mass spectrometry (AP-MS) is a powerful and high-throughput method 
to gain meaningful information on PPI networks (Morris et al. 2014; Marcilla & Albar 
2013). AP-MS is applied to the identification of PPIs in a variety of organisms and biological 
systems. Knowledge of the PPIs provides great insights into the functions of proteins 
involved in different biological processes, as well as the regulation of their functions by 
various mechanisms (Joshi et al. 2013; Greco et al. 2011; Budayeva & Cristea 2014; Morris 
et al. 2014). AP-MS methods typically depend on the expression of the target protein with an 
affinity tag. The target protein is also known as a “bait” protein, which serves as an affinity 
capture probe for the identification of the binding partners (“prey” proteins) (Abu-Farha et 
al. 2008; Morris et al. 2014). Some of the affinity tags are made of short hydrophilic peptides 
such as FLAG or Strep-tag, while other tags are small proteins like GST or GFP (Abu-Farha 
et al. 2008). One popular tag for detecting recombinant proteins is the small molecule biotin, 
which can be specifically attached to proteins and used for affinity purification because it binds 
strongly and non-covalently to streptavidin (Kay et al. 2009). Once the protein complexes are 
purified, the samples can be used for direct MS analysis or for separation by 1-D or 2-D gel 
electrophoresis prior to in-gel digestion.

One significant advantage of in-gel protein digestion is that the sample complexity of 
generated peptide samples is reduced and thus can be readily subjected to MS analysis 
(Dunham et al. 2012). Fig.3 shows the representative workflow of the AP-MS procedures.                                          

AP-MS has several advantages. First, it allows for the identification of PPIs under 
native cellular environment. Furthermore, AP-MS does not typically perturb relevant post-
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Figure 2. General workflow in bottom-up MS-based proteomics.
Protein samples are digested into a peptide mixture. High Performance Liquid Chromatography (HPLC) is coupled 
to MS via an electrospray ion source and the most intense peptides are isolated and fragmented to obtain the tandem 
MS (MS/MS) spectrum. Computer algorithms match mass spectra to amino acid sequences, which leads to the 
protein identification (adapted from Pan 2008).

translational modifications (PTMs), which are often crucial for the organization and the 
function of the complexes. Another advantage of AP-MS is that it is possible to probe 
dynamic changes in protein complexes (Gingras et al. 2005; Gingras et al. 2007; Forler et al. 
2003; Van Leene et al. 2008; Wetie et al. 2013). One drawback of AP-MS, however, is the 
predominance of false positives such as non-specific background proteins (Trinkle-Mulcahy 
et al. 2008; Boulon et al. 2010; Mellacheruvu et al. 2013; Mehta & Trinkle-Mulcahy 2016). 
The limitation of AP-MS can be minimized by careful experimental design, proper negative 
controls and improvements in analysis software. The chemical labelling with stable isotopes 
is an excellent approach for proteome quantification. The isotopically labelled chemical 
reagents, such as isotope coded affinity tag (ICAT) and isobaric tags for absolute and relative 
quantification (iTRAQ), react chemically with proteins or peptides, usually either with the 
N-terminus of the peptide or the amino group of the lysine side-chain (Chahrour et al. 2015; 
Zhou et al. 2014). Furthermore, these quantitative proteomics approaches are applied to 
identify the false positives by comparing the abundance of identified interactors between 
“bait” samples and control samples (Mehta & Trinkle-Mulcahy 2016; Armean et al. 2013).
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Figure 3. An overview of AP-MS experiments.
The tagged proteins are lysed and purified from cells together with their binding partners. Protein complexes can 
be separated by SDS-PAGE as an optional step. Protein samples are digested into peptides and analyzed by MS 
(adapted from Abu-Farha et al. 2008).

4. PPI analysis with chemical cross-linking coupled to mass spectrometry
Chemical cross-linking coupled to mass spectrometry (XL-MS) can be a complementary 
approach to AP-MS, which is able to capture weak and transient PPIs (Yang et al. 2015). 
Cross-linking reactions are carried out with the aid of small molecules known as cross-
linkers. A cross-linker typically contains two reactive groups connected by a space arm. 
During a cross-linking reaction, it covalently attaches to two amino acid residues that are in 
close proximity. XL-MS uses distance constraints provided by the specific cross-linkers to 
reveal PPIs within protein complexes. The distance constraint, which is the sum of the cross-
linker spacer arm length and the side chain lengths of the two linked residues, is essential for 
the identification of PPIs (Sinz 2014; Leitner et al. 2010; Rappsilber 2011; Walzthoeni et al. 
2013; Sinz 2006; Liu & Heck 2015).

A typical workflow of a XL-MS experiment is depicted in Fig.4. Affinity purification of 
target protein complexes is performed prior to a chemical cross-linking reaction. Following 
cross-linking, protein samples are digested into peptides and subsequent enrichment of cross-
linked peptides is often necessary. Finally, the cross-linked peptides are analyzed by MS 
followed by database searching.

One advantage of XL-MS is that it provides not only information on the interacting partners, 
but also identifies the sites where the interaction occurs. Recent advances in XL-MS methods 
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have improved identification of cross-linked peptides, therefore this technique is suitable for 
large-scale application (Wetie et al. 2013). Another advantage of XL-MS is the possibility 
of gaining additional information on the structural relationship and the architecture of the 
protein complexes (Trakselis et al. 2005). Nevertheless, XL-MS studies are still considered 
challenging mainly due to low abundance of the cross-linked peptides and the difficulties in 
data analysis (Liu & Heck 2015).

Figure 4. Common workflow for XL-MS experiments.
Purified protein complexes are cross-linked and digested into peptides. Cross-linked peptides are often low in 
abundance, thus the enrichment of cross-linked peptides is often needed. The cross-linked peptides are then analyzed 
by MS followed by database searching.

5. Identification of PPIs by native MS
Native MS allows analysis of intact protein complexes. Although the PPIs are driven by 
noncovalent forces, they remain intact in solution and in the gas phase for MS analysis (Wetie 
et al. 2013; Wetie et al. 2014). Native MS can reveal protein complex stoichiometry, subunit 
arrangement and connectivity, as well as dynamics changes (Snijder & Heck 2014; Wetie et 
al. 2014). Large molecular assemblies have been successfully analyzed by native MS, such 
as proteasome, RNA polymerase III, intact viruses and membrane-bound protein complexes 
(Sakata et al. 2011; Lorenzen et al. 2007; Uetrecht et al. 2008; Barrera et al. 2008; Barrera et 
al. 2009; Wetie et al. 2014).

Native MS provides several unique and complementary features to traditional interactomics 
approaches and structural biology techniques. Native MS can be used to obtain information 
on structure, function and dynamics, while these parameters are not accessible by traditional 
interactomics approaches. In addition, structural biology techniques – contrary to native MS 
– are often limited by the size and the purity of the protein complexes and by the sensitivity of 
the methodology. Hence, native MS is an excellent tool to bridge the gap between structural 
biology and interactomics techniques (Heck 2008).
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6. Conclusions
Understanding protein complexes and interaction networks is crucial to elucidate biological 
processes and to develop strategies to identify and treat diseases. MS is certainly one of the 
best available methods to identify PPIs in complex protein samples. The development of new 
MS-based approaches will further advance the research in this field.

7. Scope of this thesis
Many proteins exert their cellular functions as part of larger assemblies such as stable 
complexes or dynamic networks. Therefore, the functions of proteins are often regulated 
through their specific interactions with other proteins. Over past decades MS has become 
a powerful technique for the identification and characterization of protein interactions. In 
this thesis, we focus on protein interactions involved in cytoskeletal organization and cell 
division. We also discuss the use of MS in studying these protein interaction networks.

In Chapter 2, we give an overview on the MICAL family of flavoprotein monooxygenases 
and their known functions in different cellular processes, such as cytoskeletal organization, 
membrane trafficking and cell division. 

In Chapter 3, we address the role for the flavoprotein monooxygenase MICAL3 in 
organizing midbody-associated protein complexes during cytokinesis. Using cell biological 
assays combined with XL-MS, we show that MICAL3 is recruited, through direct interaction 
with centralspindlin component MKLP1, to the central spindle and the midbody. We then 
explore the function of MICAL3 during cytokinesis by generating MICAL3 knockout cell 
lines. We also investigate the role of two binding partners of MICAL3, ELKS and Rab8A, in 
regulating cytokinesis.

In Chapter 4, we describe an integrated workflow that combines XL-MS with genetic 
fragmentation technique to efficiently locate the minimal binding domains responsible for 
protein interactions. We further evaluate the advantages and limitations of this method in two 
purified protein complexes, MICAL3-ELKS-Rab8A and SLAIN2-CLASP2-ch-TOG. Our 
results indicate that XL-MS provides valuable information to guide the design of truncation 
or deletion mutants, which can be used to determine the protein binding regions. 

In Chapter 5, we identify new binding partners for the microtubule minus-end-interacting 
proteins using AP-MS. We further investigate the role of these proteins in the regulation of 
microtubule minus end organization in interphase and in mitosis.

In Chapter 6, we report spectraplakin ACF7 as a binding partner of CAMSAP3 using 
AP-MS and cell biological assays in mammalian intestinal epithelial cells. We reveal that 
this interaction is required for the apical localization of CAMSAP3-decorated microtubule 
minus ends. We also evaluate the effect of the loss of ACF7 or CAMSAP3 on the formation 
of polarized epithelial cysts in 3D cultures.

In Chapter 7, we discuss MS-based approaches for the identification and mapping PPIs. 
We also discuss the function of MICAL family of proteins in cell division and cytoskeletal 
organization and provide an overview of protein networks at microtubule tips.
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Abstract
MICALs, an abbreviation for Molecule(s) Interacting with CasL, are large multidomain 
proteins. A distinguishing feature of MICAL proteins is the presence of a conserved 
N-terminal flavoprotein domain participating in oxidation-reduction (redox) reactions, 
which is structurally related to the bacterial flavin adenine dinucleotide (FAD)-containing 
aromatic monooxygenases, such as the p-hydroxybenzoate hydroxylase (PHBH). In addition, 
MICALs contain a calponin homology (CH) domain, a Lin11, Isl-1 and Mec-3 (LIM) domain 
and a C-terminal bivalent MICAL/EHBP Rab binding (bMERB) domain. MICAL family 
of proteins regulate a wide range of physiological and pathological processes including 
cytoskeletal organization, neural development, membrane trafficking and apoptosis. In this 
chapter we will discuss and summarize the recent progress in understanding the complex 
functions of the MICAL family of proteins. 
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Discovery of the MICAL family of proteins
The mammalian MICAL1 was first identified and named for its binding to Cas family of 
proteins, CasL (Suzuki et al. 2002). Meanwhile, Drosophila Mical was discovered as a 
binding partner of neuronal plexin A receptor (Terman et al. 2002). Although there is only a 
single Mical gene in Drosophila, vertebrates contain three MICAL-encoding genes (MICAL1, 
MICAL2 and MICAL3) (Fig. 1A) (Suzuki et al. 2002; Terman et al. 2002; Vanoni et al. 2013).
MICALs are multidomain proteins which contain a conserved N-terminal flavoprotein 
monooxygenase (MO) domain, a calponin homology (CH) domain, a Lin11, Isl-1 and Mec-3 
(LIM) domain and in most cases a C-terminal bivalent MICAL/EHBP Rab binding (bMERB) 
domain (Fig. 1A). The mammalian MICAL2 lacks of the C-terminal bMERB domain, and 
this loss in mammals seems to be an evolutionarily recent event because zebrafish genome 
contains a gene encoding a “complete” mical2 isoform (Bron et al. 2007; Giridharan & 
Caplan 2014; Giridharan, Rohn, et al. 2012). The C-terminal MICAL2 exons are still present 
in the mammalian genome but seem to be expressed as a part of a separate gene (MICAL-CL) 
(Fig. 1A) (Fukuda et al. 2008). Moreover, MICAL-like (MICAL-L) proteins, which have a 
domain organization similar to MICALs but lack the N-terminal MO domain (Fig. 1B), have 
been identified (Suzuki et al. 2002; Terman et al. 2002; Nakatsuji et al. 2008; Sharma et al. 
2010; Vanoni et al. 2013). Drosophila has one Mical-l protein, while mammals have two 
MICAL-L homologs (MICAL-L1 and MICAL-L2) (Terman et al. 2002; Zhou, Gunput, et al. 
2011), and three Mical-l homologs are present in zebrafish (Xue et al. 2010).

MICALs are highly expressed throughout neural development (Terman et al. 2002; Weide 
et al. 2003; Fischer et al. 2005; Ashida et al. 2006; Pasterkamp et al. 2006; Bron et al. 2007; 
Kirilly et al. 2009; Xue et al. 2010; Morinaka et al. 2012; Van Battum et al. 2014). Expression 
of the MICAL family of proteins has also been observed in heart, skeletal muscle, kidney, 
lung, liver, fibroblasts, thymus, bone marrow, spleen and testis (Terman et al. 2002; Fischer 
et al. 2005; Ashida et al. 2006; Beuchle et al. 2007; Xue et al. 2010; Hochman et al. 2006; 
Miura & Imaki 2008; Hung & Terman 2011). MICAL1 localizes to the cytoplasm (Suzuki 
et al. 2002). MICAL2 has been observed in the nucleus, where it regulates depolymerization 
of nuclear actin (Lundquist et al. 2014). MICAL3 localizes both to the cytoplasm and the 
plasma membrane (Giridharan & Caplan 2014; Giridharan, Rohn, et al. 2012; Grigoriev et al. 
2011). MICAL-L1 associates with tubular recycling endosomes and late endosomes, while 
MICAL-L2 has a filament-like cytoplasmic distribution and is also present at the plasma 
membrane (Rahajeng et al. 2012; Giridharan et al. 2013; Abou-Zeid et al. 2011; Cossio et 
al. 2015). 

Domains and structure of the MICAL family of proteins
MICAL family of proteins contain multiple functional domains, which are responsible for 
various protein-protein interactions. The interacting partners identified for MICAL family 
of proteins are summarized in Table 1. Some of the interaction partners will be discussed in 
detail in the following sections.

MO domain
The MO domain of MICALs is a catalytic domain which is localized at the N-terminus of 
the proteins. It is conserved with high sequence identity among MICALs. The MICAL MO 
domain exhibits flavin monooxygenase activity. Flavoprotein monooxygenases are enzymes 
that are able to catalyze chemical reactions (Ceccoli et al. 2014; van Berkel et al. 2016). 

23

MICAL flavoprotein monooxygenases

2



 

Figure 1. Schematic overview of the MICAL protein family domain architecture.
A. Domain organization of human MICAL1, MICAL2 and MICAL3. MICALs contain an N-terminal flavoprotein 
monooxygenase domain (MO in red), followed by a calponin homology domain (CH in blue), a Lin11, Isl-1, and 
Mec-3 domain (LIM in yellow), coiled-coil motifs (CC in green) and a bivalent MICAL/EHBP Rab binding domain 
(bMERB in dark green). Dashed line indicates MICAL-CL. B. Domain organization of human MICAL-L1 and 
MICAL-L2. MICAL-Ls show a similar domain organization as MICALs but lack the N-terminal MO domain 
(Zhou, Gunput, et al. 2011). 

Table 1. Protein interacting partners of MICAL family of proteins.

Table 1                                         Liu  et al.

Protein name

Protein-methionine sulfoxide 
oxidase MICAL1

Protein-methionine sulfoxide 
oxidase MICAL2

Protein-methionine sulfoxide 
oxidase MICAL3

MICAL-like protein 1

MICAL-like protein 2

Partners Reference

Rab1

Rab8, Rab10, Rab13, Rab15, Rab35
Fukuda et al. 2008, Fischer et al. 2005

Gene name

MICAL1

MICAL2

MICAL3

MICAL-L1

MICAL-L2

Table1. Protein interacting partners of MICAL family of proteins.

Fischer et al. 2005, Weide et al. 2003,
Fukuda et al. 2008

Rab8, Rab10, Rab13, Rab15, Rab36 Fukuda et al. 2008
Rab35 Fukuda et al. 2008, Deng et al. 2016
CRMP1 Schmidt et al. 2008
PlexA Terman et al. 2002
CasL, Vimentin Suzuki et al. 2002
NDR kinases Zhou et al. 2011

Rab1
Fukuda et al. 2008

Rab1 Fischer et al. 2005
Rab8, ELKS Grigoriev et al. 2011
MKLP1 Liu et al. 2016
NINL Bachmann-Gagescu et al. 2015 

Rab8 Fukuda et al. 2008, Sharma et al. 2009
Rab10 Fukuda et al. 2008, Giridharan et al. 2012
Rab13 Fukuda et al. 2008, Abou-Zeid et al. 2011 
Rab15, Rab36 Fukuda et al. 2008
Rab35 Fukuda et al. 2008, Rahajeng et al. 2012,

Giridharan et al. 2012
EHD1 Sharma et al. 2009
EHD3 Bahl et al. 2016
ARF6 Rahajeng et al. 2012, Giridharan et al. 2012
CRMP2 Rahajeng et al. 2010, Giridharan et al. 2012
Syndapin2, Phosphatidic acid Giridharan et al. 2013

Rab8 Fukuda et al. 2008, Yamamura et al. 2008 
Rab10, Rab15 Fukuda et al. 2008
Rab13 Fukuda et al. 2008, Sun et al. 2015, 

Sakane et al. 2010
ACTN1, ACTN4 Sakane et al. 2012
Filamin A, Filamin B, Filamin C Sakane et al. 2013
DENND2B Ioannou et al. 2015
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Typically, flavoprotein monooxygenases contain a non-covalently bound FAD and 
incorporate a single oxygen atom from molecular oxygen into an organic substrate, while 
the other oxygen atom is reduced to water (Zhou, Gunput, et al. 2011; Giridharan & Caplan 
2014; van Berkel et al. 2006; Ceccoli et al. 2014). Moreover, a flavin cofactor can only react 
with molecular oxygen when it is in the reduced form, thus most monooxygenases consume 
reduced coenzymes, NADH or NADPH, to mediate the reduction of flavin (van Berkel et al. 
2006; Ceccoli et al. 2014).

The high-resolution structure of the N-terminal MO domain of mouse MICAL1 shows 
that it has the architecture of a flavoprotein monooxygenase and indicates that its enzymatic 
activity is NADPH-dependent (Giridharan & Caplan 2014; Vanoni et al. 2013; Siebold et 
al. 2005; Nadella et al. 2005). The structure of the MICAL MO domain is very similar to 
PHBH, a NADPH-dependent monooxygenase (Vanoni et al. 2013; Zhou, Gunput, et al. 
2011; Siebold et al. 2005; Nadella et al. 2005; Cole et al. 2005; Entsch et al. 2005). There 
is, however, one major structural difference between the MICAL MO domain and PHBH: 
the active site cavity is smaller in PHBH than in the MICAL MO domain. Substrates of 
PHBH, such as p-hydroxybenzoate or steroids, are small molecules that can access the 
active site in spite of its small cavity. On the other hand, the MO domain of MICAL has a 
larger cavity and higher flexibility compared to PHBH, and can thus accommodate a protein 
substrate (Alqassim et al. 2016; Zhou, Gunput, et al. 2011; Vanoni et al. 2013). A recent study 
provides support for this notion by showing that F-actin is a direct substrate of MICAL. 
More specifically, Drosophila Mical oxidizes methionine residues Met44 and Met47 of actin 
molecules, inducing disassembly of actin filaments (Hung et al. 2011). Collapsin response 
mediator proteins (CRMPs) was also suggested to be a potential substrate of the MICAL 
family of proteins (Schmidt et al. 2008). 

CH domain
The CH domain is localized at the N-terminus of MICAL-L proteins and adjacent to the MO 
domain of MICAL proteins (Fig. 1A-B). The CH domain is highly conserved in eukaryotes 
(Giridharan & Caplan 2014; Xue et al. 2010). It is predominantly found in actin-binding 
proteins such as spectraplakins, calponin and actinin (Rahajeng et al. 2010; Gimona et al. 
2002). The CH domains can also mediate microtubule binding and are present in some 
microtubule binding proteins, such as EB1 and CAMSAPs (Hayashi & Ikura 2003; Baines 
et al. 2009). Three major classes of CH domains have been described based on sequence 
analysis. Type-1 CH domains possess the ability to interact directly with F-actin, while 
Type-2 CH domains lack intrinsic actin binding activity. Type-3 CH domains are found 
in cytoskeletal and signalling molecules, containing only single CH domains which differ 
significantly from type-1 and type-2 CH domains (Korenbaum & Rivero 2002; Gimona et al. 
2002; Zhou, Gunput, et al. 2011).

Structural analysis has revealed that MICAL family of proteins contain a single type-2 
CH domain, similar to proteins such as carnitine palmitoyltransferase (CPT) and RP/EB 
(Korenbaum & Rivero 2002; Sun et al. 2006). No binding between the purified human 
MICAL1 CH domain and F-actin was observed; however, in Drosophila, full-length Mical 
without the CH domain showed defects in actin processing and bristle morphology (Hung 
et al. 2011; Alqassim et al. 2016; Hung et al. 2010).  A recent study described the structure 
of the MO and the CH domain in mouse MICAL1 and suggested that the CH domain is 
loosely connected to the MO domain. The CH domain enhances the recognition of  F-actin 
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and NADPH and stabilizes the formation of MICAL/F-actin complexes, which leads to the 
enhanced monooxygenase activity (Alqassim et al. 2016). Although the MICAL CH domains 
are not required to direct F-actin binding, they may be essential to modulate actin binding 
affinity and catalytic activity of the MO domain (Alqassim et al. 2016).

LIM domain
The LIM domain follows the CH domain in all MICAL family of proteins. The distance 
between the two domains, however, varies for different MICAL proteins, with MICAL2 
having the largest gap (Fig.1A-B) (Friedberg 2009; Giridharan & Caplan 2014; Rahajeng et 
al. 2010). LIM domains contain two tandemly repeated zinc finger motifs which are cysteine- 
and histidine-rich (Vanoni et al. 2013; Rahajeng et al. 2010). LIM domain-containing 
proteins are distributed both in the nucleus and in the cytoplasm where they can regulate 
gene expression, cytoskeleton organization and signal transduction through various protein-
protein interactions (Zheng & Zhao 2007; Kadrmas & Beckerle 2004). The LIM domain 
of MICAL1 binds to CRMP and nuclear Dbf2-related (NDR) kinases (Schmidt et al. 2008; 
Zhou, Adolfs, et al. 2011; Zhou, Gunput, et al. 2011; Giridharan & Caplan 2014). Moreover, 
there is evidence that the MICAL1 LIM domain also contributes to autoinhibition by binding 
to its C-terminal region (Zhou, Gunput, et al. 2011; Schmidt et al. 2008).

bMERB domain
The bMERB domain is localized at the C terminus of most MICAL-family of proteins, 
serving as a protein-protein interaction domain (Fig.1A-B). The MICAL-family of proteins 
interact with plexin A, vimentin and NDRs through their bMERB domains (Zhou, Adolfs, et 
al. 2011; Suzuki et al. 2002; Terman et al. 2002; Schmidt et al. 2008). A proteomic screening 
has demonstrated that bMERB domains of MICAL and MICAL-L proteins are responsible 
for the interaction with various Rabs (Fukuda et al. 2008; Rahajeng et al. 2010; Giridharan 
& Caplan 2014). A recent study performed a thorough biochemical and structural analysis 
of bMERB domain, where MICAL family of proteins showed binding preference for Rab8 
family proteins (Rai et al. 2016). Moreover, MICAL1 and MICAL3 can bind two Rab 
proteins simultaneously via distinct binding sites within bMERB domain (Rai et al. 2016), 
suggesting MICAL family of proteins might act as effector Rab hubs. MICAL-L1 is able 
to interact with Rab35, and this interaction promotes its function as a protein hub for the 
recruitment of Rab8A, Rab13, and Rab36 to recycling endosomes during neurite outgrowth 
(Kobayashi et al. 2014). 

Interestingly, the bMERB domain of MICALs also participates in an intramolecular 
interaction that autoinhibits the monooxygenase activity. The bMERB domain of MICAL1 
interacts with its LIM domain to autoinhibit the N-terminal enzymatic domain. CRMP 
binds to the LIM domain of MICAL1 and releases the autoinhibition (Schmidt et al. 2008; 
Giridharan & Caplan 2014). Likewise, the binding of Rab13 to MICAL-L2 releases the 
autoinhibition caused by the binding between MICAL-L2 bMERB domain and its CH and 
LIM domains (Sakane et al. 2010; Giridharan & Caplan 2014). Furthermore, deletion of 
the MICAL1/MICAL3 bMERB domain activates monooxygenase activity and leads to 
actin rearrangement, while full-length MICAL1/MICAL3 has no effect on actin structures 
(Grigoriev et al. 2011; Giridharan & Caplan 2014; Giridharan, Rohn, et al. 2012). 
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Functional roles of the MICAL-family of proteins

Regulation of cytoskeleton organization
Multiple studies showed that MICALs are regulators in F-actin remodelling. Drosophila 
Mical was initially identified as an important player in mediating the rearrangement of the 
actin cytoskeleton downstream of plexin, a receptor activated by signalling factors involved 
in axon repulsion, such as semaphorins (Terman et al. 2002). Several studies in flies provide 
experimental evidence that Mical regulates actin dynamics important for controlling 
myofilament organization, synaptic structure, dendritic pruning and bristle morphology 
(Kirilly et al. 2009; Beuchle et al. 2007; Hung & Terman 2011; Hung et al. 2010). Actin has 
been identified as a direct and specific substrate for Mical in Drosophila (Fig. 2A). In the same 
study, two methionine residues (Met44 and Met47) located at the pointed end of the actin 
monomer were found to be oxidized by Mical. The oxidation of Met44 within the D-loop 
of actin is crucial for the disassembly of the actin filaments (Hung et al. 2011; Giridharan 
& Caplan 2014). Another recent study in Drosophila revealed a new pathway of F-actin 
disassembly. Mical and cofilin form a redox-dependent synergistic pair which improves 
cofilin binding to actin filaments and accelerates F-actin disassembly (Fig. 2A) (Grintsevich 
et al. 2016). MICAL2 has been shown to be involved in redox-dependent depolymerization 
of nuclear actin, mediating serum response factor (SRF) / myocardin-ralated transcription 
factor-A (MRTF-A)-dependent gene transcription (Lundquist et al. 2014). 

An important question is whether MICALs oxidize actin directly or by generating reactive 
oxygen species (ROS). ROS can oxidize methionine residues of proteins to methionine 
sulfoxide (MetO). Oxidized methionines occur as two diastereomers, methionine-S-sulfoxide 
(Met-S-SO) and methionine-R-sulfoxide (Met-R-SO), due to the pro-chiral nature of the 
sulfur atom in the methionine side chain (Fig.2B) (Kaya et al. 2015). Exciting recent data 
demonstrate that actin oxidation by the fly and mammalian MICALs is reversible (Fig.2A) 
(Hung et al. 2013; Lee et al. 2013; Kaya et al. 2015). The methionine sulfoxide reductase 
B1 (MsrB1) functions as antagonist to MICAL; it reduces Met-R-SO in a stereospecific 
manner and promotes actin reassembly (Fig.2A). In contrast, the MsrA enzyme is a 
stereoselective Met-S-SO reductase, which is unable to reverse oxidation of Met-R-SO 
forms oxidized by MICAL (Lee et al. 2013). This finding supports the idea that MICALs 
oxidize methionine residues stereospecifically and thus directly modify F-actin, rather than 
indirectly catalyze methionine oxidation by producing H2O2, which would induce formation 
of both diastereomers. There are, however, also experimental data supporting the hypothesis 
that MICALs regulate cytoskeletal reorganization by producing ROS (Vitali et al. 2016; 
Giridharan & Caplan 2014). The H2O2 produced by MICAL in vivo has been implicated 
in the oxidation of CRMP2, leading to enhanced phosphorylation of CRMP2 (Gellert et 
al. 2014; Morinaka et al. 2012; Vitali et al. 2016; Giridharan & Caplan 2014). The recent 
kinetic characterization of full-length and truncated form of MICAL1 in the presence of 
F-actin suggested that the actin depolymerization is mediated by generating ROS (Vitali et 
al. 2016). The underlying mechanisms of how MICALs regulate actin disassembly are still 
under debate.

MICALs might also indirectly regulate the cytoskeleton through protein-protein 
interactions. The known MICAL binding partner CasL has been implicated in the regulation 
of actin dynamics (Zhou, Gunput, et al. 2011; Suzuki et al. 2002). Rab8, which interacts 
with MICAL3, has a strong influence on cell morphology by actin reorganization (Grigoriev 
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et al. 2011; Peränen 2011). Besides actin, human MICALs also regulate γ-tubulin, which is 
localized at microtubule-organizing centres and functions in the nucleation of microtubule 
assembly (Zucchini et al. 2011; Oakley 1992; Giridharan & Caplan 2014). CRMP2 binds 
to tubulin heterodimers and promotes microtubule polymerization (Fukata et al. 2002; 
Giridharan & Caplan 2014), and since it is MICAL1-binding partner, these data suggest that 
MICALs might also regulate the organization of the microtubule cytoskeleton.

Figure 2 Actin remodelling mediated by MICALs, Cofilin and MsrB1.
A. MICALs oxidize two conserved methionines in actin to Met-R-SO and form a redox-dependent synergistic pair 
with cofilin, accelerating F-actin depolymerization, while MsrB1 reduces the Met-R-SO to methionine promoting 
actin polymerization (Hung et al. 2011, Kaya et al. 2015, Grintsevich et al. 2016). B. Methionine is converted to 
Met-S-SO or Met-R-SO by reactive oxygen species.
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Essential roles of MICALs during neural development
The Drosophila Mical interacts with plexin A and mediates semaphorin 1a / plexin A 
signalling (Huber et al. 2003; Rahajeng et al. 2010; Zhou, Gunput, et al. 2011). Semaphorins 
are one of the largest families of axon guidance cues that are involved in axon branching, 
pathfinding and neuronal cell migration (Rahajeng et al. 2010; Pasterkamp & Verhaagen 
2006). Plexin proteins, which serve as signal-transducing receptors for semaphorins, mediate 
semaphorin signalling; they can induce rapid growth cone collapse that is accompanied by 
the disassembly of F-actin and a decreased ability to polymerize new F-actin (Fan et al. 
1993; Terman et al. 2002; Rahajeng et al. 2010). Drosophila Mical is directly associated 
with plexin A which is required for semaphorin-induced repulsive axon guidance in neuronal 
development. Mutations that inactivate the Mical MO domain dramatically block semaphorin-
induced  growth cone collapse and axon repulsion (Rahajeng et al. 2010; Zhou, Gunput, et al. 
2011; Huber et al. 2003; Terman et al. 2002). Since MICAL acts as an F-actin disassembly 
factor, it links plexin receptors and the cytoskeleton and induces cytoskeletal changes in 
response to semaphorins (Zhou, Gunput, et al. 2011; Rahajeng et al. 2010). Moreover, 
the chicken MICAL3 is implicated in semaphorin-plexin-dependent positioning of motor 
neurons during embryonic development (Bron et al. 2007). Also the rat MICAL proteins 
were implicated in signalling downstream semaphorins, regulating neural development and 
plasticity (Pasterkamp et al. 2006; Zhou, Gunput, et al. 2011). Furthermore, recent analysis of 
the MICAL1 knockout mouse has revealed that MICAL1 controls the targeting of secretory 
vesicles containing cell adhesion molecules (IgCAMs) to growth cones by regulating actin 
organization. This study thus demonstrated that in the absence of MICAL1, cell surface 
expression of neuronal proteins is impaired; this, in turn, affected axonal targeting during the 
development of the hippocampus (Van Battum et al. 2014).

In Drosophila, Mical was identified as an important regulator of myofilament and synaptic 
structure. Mical mutants displayed defects in the distribution of synaptic boutons and 
accumulation of myosin filaments in the cytoplasm (Beuchle et al. 2007; Zhou, Gunput, et al. 
2011). Furthermore, Mical mutants had substantial defects in dendritic pruning in Drosophila, 
and Sox14, a critical target of ecdysone signalling, was shown to upregulate Mical expression 
during this process (Kirilly et al. 2009; Zhou, Gunput, et al. 2011).

Control of membrane trafficking
MICALs have functional roles in exocytosis (Fig.3). Work in our lab showed that MICAL3 
serves as a link between Rab8A and the Rab6-interacting cortical protein ELKS. This 
complex is required for the docking and fusion of constitutive secretion carriers with the 
plasma membrane. Expression of the enzymatically dead mutant of MICAL3 induces a strong 
accumulation of secretory vesicles at the cell periphery. The vesicles efficiently dock but 
fail to fuse, indicating that the monooxygenase activity of MICAL3 is required to promote 
fusion events by remodelling the vesicle-docking protein complexes in which it is engaged 
(Grigoriev et al. 2011; Zhou, Gunput, et al. 2011). MICAL3 is part of the cortical complexes 
as illustrated in Fig.3. Our recent work showed that cortical microtubule stabilization 
complexes containing CLASPs, KIF21A, LL5β and liprins are recruited to focal adhesions 
by the adaptor protein KANK1, which interacts with the major adhesion component, talin 
(Bouchet et al. 2016).  In addition, a recent study shed light on the role of MICAL-L2 in 
insulin-dependent glucose transporter 4 (GLUT4) exocytosis. α-actinin-4 (ACTN4) forms a 
complex with Rab13 and MICAL-L2, which is insulin-dependent. The binding of ACTN4 to 
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MICAL-L2 is required for GLUT4 association with this complex, which enables the fusion 
of the complex with the plasma membrane (Cossio et al. 2015).

MICAL-Ls play important roles in endocytosis. MICAL-L1 participates in regulating 
endocytosis. MICAL-L1 and Rab13 form a protein complex that can mediate epidermal 
growth factor receptor (EGFR) trafficking in late endocytic pathways. Depletion of 
MICAL-L1 affects the distribution of internalized EGFR and induces its degradation 
(Zahraoui 2014; Abou-Zeid et al. 2011). Moreover, MICAL-L1 is also identified as a Rab35 
effector, responsible for downstream recruitment of Rab8 and EHD1 to Arf6-positive tubular 
recycling endosomes. Upon MICAL-L1 depletion, Rab8 and EHD1 dissociate from the 
tubular membranes, and receptor recycling is significantly delayed (Giridharan, Cai, et al. 
2012; Kobayashi et al. 2014; Rahajeng et al. 2012; Sharma et al. 2010; Rahajeng et al. 2010). 
In addition, MICAL-L1 forms a complex with EHD1 and the GTPase regulator associated 
with focal adhesion kinase-1 (GRAF1) in order to mediate tubular recycling endosome 
vesiculation and endocytic recycling (Cai et al. 2014).

MICAL-L2 shares only 30% of amino acid identity with MICAL-L1, and also regulates 
endocytic recycling (Rahajeng et al. 2010). MICAL-L2 acts as a Rab13 effector protein, 
mediating the endocytic recycling of the integral tight junction protein occludin and the 
formation of functional tight junctions in epithelial cells (Terai et al. 2006; Nakatsuji et 
al. 2008; Nishimura & Sasaki 2008c; Nishimura & Sasaki 2008a; Rahajeng et al. 2010; 
Nishimura & Sasaki 2008b; Nakatsuji et al. 2008; Yamamura et al. 2008). MICAL-L2 is also 
involved in regulating E-cadherin, a type-1 transmembrane protein which plays an essential 
role in cell adhesion. This process is regulated by Rab8, which interacts with MICAL-L2 
and coordinates the transport of E-cadherin to the plasma membrane (Rahajeng et al. 2010; 
Yamamura et al. 2008).

Regulation of cell division
Our own recent findings implicated MICAL3 in the control of cell division (see Chapter 3). 
We found that MICAL3 is recruited to the central spindle and the midbody by interacting 
with a centralspindlin component, the mitotic kinesin-like protein 1 (MKLP1) (Fig.4) (Liu 
et al. 2016; Mierzwa & Gerlich 2014). MICAL3 then acts as a scaffold for targeting the 
adaptor protein ELKS and Rab8A-positive vesicles to the midbody, and thus contributes 
to maturation of the intercellular bridge and successful abscission. Knockout of MICAL3 
leads to increased number of bi- and multi-nucleated cells and a delayed abscission (Liu et 
al. 2016). Interestingly, we found no indication that the loss of MICAL3 affects the actin 
cytoskeleton in the intercellular bridge. Moreover, the enzymatic activity of MICAL3 was 
not required for its function in abscission. MICAL3 thus functions in cytokinesis as a protein 
binding hub, and not as redox enzyme. 

Recently, it has been discovered that MICAL-L1 regulates cell division (Fig.4). MICAL-L1 
serves as a molecular hub that controls the delivery of EHD1 and recycling vesicles to the 
intercellular bridge. In addition, MICAL-L1 was suggested to play a role at the early stages 
of mitosis by participating in the regulation of kinetochore microtubule dynamics. Depletion 
of MICAL-L1 results in a number of mitotic and cytokinetic defects, such as generation of 
bi- and multi-nucleated cells, irregular spindle length and kinetochore fiber abnormalities 
(Reinecke et al. 2015).
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Figure 3.  A model illustrating MICAL3-containing cortical complexes.
KANK1 binds to talin and liprins, recruiting CLASPs, KIF21A, ELKS, LL5β around focal adhesions (Bouchet 
et al. 2016). During exocytosis, Rab8A interacts with ELKS at cortical sites through MICAL3. Redox activity of 
MICAL-3 promotes the remodelling of the docking complex and vesicle fusion (Grigoriev et al. 2011).

Concluding remarks 
MICAL family members are multifunctional proteins that play vital regulatory functions in 
cytoskeletal organization, neural development, membrane trafficking and cell division. At the 
mechanistic level, these functions depend on two types of activities – the ability to oxidize 
certain targets either directly or by producing ROS, and the ability to act as protein binding 
hubs. In some cases, both activities are functionally important, while in others one of them 
predominates. For example, both the monooxygenase and the C-terminal bMERB domain 
are required for MICAL3 function in exocytotic vesicle trafficking (Grigoriev et al. 2011), 
but only the C-terminal scaffolding domain of MICAL3 is needed for its role in cytokinesis 
(Liu et al. 2016). Interestingly, in some proteins such as the mammalian MICAL2, these 
functions have been separated during evolution, resulting in two proteins bearing either 
the monooxygenase or the Rab-binding activity (Fukuda et al. 2008). The discovery of the 
reversible nature of MICAL-induced protein oxidation (Hung et al. 2013; Lee et al. 2013; Kaya 
et al. 2015) positions these molecules among other switch-like signalling mediators. Future 
investigations of MICAL binding partners, interaction modes and potential identification of 
substrates other than F-actin will reveal the full spectrum of the activities of the MICAL 
family within the cell’s regulatory toolbox.
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Figure 4. Role of MICAL-L1 and MICAL3 in cytokinesis.
MICAL-L1 is required for the recruitment of EHD1 to the intercellular bridge during cytokinesis. Both MICAL-L1 
and EHD1 are responsible for the proper localization of recycling endosomes at the intercellular bridge (Reinecke 
et al. 2015). MKLP1 recruits MICAL3 to the midbody. MICAL3 then functions as a protein hub recruiting ELKS 
and Rab8A-bound vesicles to the midbody. As a complex, they promote maturation of the intercellular bridge and 
abscission (Liu et al. 2016).
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During cytokinesis, the antiparallel array of microtubules
forming the central spindle organizes the midbody, a structure
that anchors the ingressed cleavage furrow and guides the
assembly of abscission machinery. Here, we identified a role for
the flavoproteinmonooxygenaseMICAL3, an actin disassembly
factor, in organizingmidbody-associated protein complexes. By
combining cell biological assays with cross-linking mass spec-
trometry, we show thatMICAL3 is recruited to the central spin-
dle and the midbody through a direct interaction with the cen-
tralspindlin componentMKLP1.Knock-out ofMICAL3 leads to
an increased frequency of cytokinetic failure and a delayed
abscission. In a mechanism independent of its enzymatic activ-
ity, MICAL3 targets the adaptor protein ELKS and Rab8A-pos-
itive vesicles to the midbody, and the depletion of ELKS and
Rab8A also leads to cytokinesis defects. We propose that
MICAL3 acts as a midbody-associated scaffold for vesicle tar-
geting, which promotes maturation of the intercellular bridge
and abscission.

Cytokinesis is the last step of cell division, during which the
cytoplasm is partitioned between the two daughter cells. In ani-
mal cells, themajor steps of cytokinesis are the formation of the
actomyosin ring and its contraction, resulting in the ingression
of the cleavage furrow, formation of an intercellular bridge, and
its subsequent scission (1, 2). At the onset of cytokinesis,micro-
tubules at the spindle midzone arrange into an overlapping
antiparallel array, the central spindle, which first forms a sig-
naling platform important for the positioning of the cleavage
plane and later organizes themidbody, an electron-dense struc-
ture that anchors the ingressed furrow and guides the assembly
of abscission machinery (1–3).

One of the major players in the assembly and function of the
central spindle is the centralspindlin complex, composed of
the kinesin-6 family protein mitotic kinesin-like protein 1
(MKLP1)4 (also known as KIF23 in mammals) and the Rho
GTPase activating protein CYK-4 (also known as or MgcRac-
GAP) (4). Centralspindlin participates in bundling antiparallel
microtubules of the central spindle, activation of the Rho
GTPase, which controls formation of the actomyosin ring, and
the formation of the midbody (4).

Membrane trafficking, including both endosomes and secre-
tory carriers, also plays an important role in cytokinesis (5–7).
The small GTPase Rab8, known to label both endosomal and
secretory vesicles (8–11), prominently accumulates at themid-
body (12–14), and its transport to the intercellular bridge is
directed by cytoplasmic dynein and the doublecourtin domain-
containing protein-5 (12). The docking and fusion of Rab8-
positive secretory vesicles with the plasma membrane depends
on the cortical complex, which contains a coiled-coil adaptor
ELKS/ERC1 (15) and the flavoprotein monooxygenase enzyme
MICAL3 (8). The members of the MICAL family, which in
mammals includes MICAL1, MICAL2, and MICAL3, are best
known for their ability to promote actin disassembly by oxidiz-
ing specificmethionine residues (16–18). In addition,MICAL1
andMICAL3 can bind tomultiple members of the Rab GTPase
family, including Rab8 (8, 19), but the exact function of these
interactions is poorly understood.

Here, we searched for new binding partners of MICAL3 and
identified the two components of the centralspindlin complex
among the highest hits. Because centralspindlin is a major
player during cytokinesis, we hypothesized that MICAL3 also
participates in this process. We tested this possibility using a
combination of biochemical and cell biological experiments
and found that MICAL3 is indeed required for cytokinesis. We
showed that MKLP1 recruits MICAL3 to the central spindle,
whereas MICAL3 participates in targeting to the midbody its
binding partners ELKS and Rab8A, and the loss of both ELKS
and Rab8A also caused cytokinesis defects. Interestingly, the
cytokinetic function of MICAL3 appeared not to require its
enzymatic activity. Our data suggest that MICAL3 plays a role
in organizing membrane trafficking at the intercellular bridge
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and that it acts in this process not as an actin disassembly factor
but as a protein-binding hub.

Results

MICAL3 Interacts with MKLP1—To get insight into the
function of MICAL3, we performed a mass spectrometry-
based screen for its binding partners. We co-expressed in
HEK293T cells the biotin ligase BirA together with MICAL3

carrying a bioGFP tag, which consists of GFP with an N
terminally attached artificial peptide that can be efficiently
biotinylated by BirA (20), and performed streptavidin pull-
down assays from the lysates of these cells. BioGFP alone was
used as a negative control. MICAL3 was the highest specific
hit in this experiment, and the already known partners of
MICAL3, ELKS (ERC1) and Rab8A, were also identified with
high confidence (Fig. 1A). We also identified �- and �-spec-

FIGURE 1. Cross-linking mass spectrometry analysis of MICAL3-MKLP1 complex. A, mass spectrometry-based analysis of the streptavidin pulldown assay
with extracts of HEK293T cells expressing bioGFP-MICAL3 and BirA. B, schematic map of intraprotein cross-links in MICAL3 (red lines). Abbreviations for protein
domains: MO, monooxygenase domain; CH, calponin homology domain; LIM, Lin11, Isl-1, and Mec-3 domain (zinc binding); CC, predicted coiled-coil. The
cross-links identified within the MO domain, which are labeled with red dashed lines, were mapped onto mouse MICAL1 monooxygenase structure (PDB code
4TXI). The cross-links are within the DSS maximal distance constraint of 28.4 Å. C, schematic map of intraprotein cross-links MKLP1 (red lines). Abbreviations for
protein domains: MD, kinesin motor domain; D7, amino acids deleted in the D7 mutant; D8, amino acids deleted in the D8 mutant; ARF6, ARF6-binding region.
The cross-link identified within the ARF6-binding domain, which is labeled with red dashed line, was mapped onto the mouse ARF6-MKLP1 complex structure
(PDB code 3VHX). The cross-link is within the DSS maximal distance constraint of 28.4 Å. The amino acids sequence 531–960 of MKLP1 is shown. CC is
highlighted in purple (535– 620). The ARF6-binding region is highlighted in blue (794 –911). Cross-linked lysines with MICAL3 are highlighted in yellow. The
underlined lysines indicate intraprotein cross-links. D7 and D8 deletions are underlined in black and gray, respectively. Aurora B phosphorylation site (Ser-812)
is indicated by a black box.
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trins (SPTAN and SPTBN1; Fig. 1A), which are large cortical
proteins involved in the control of mechanical stability of
cellular membranes and assembly of cortical cytoskele-
ton and specialized membrane domains (21–23). Because
MICAL3 can regulate actin disassembly, its binding to spec-
trins might play a role in controlling the organization of the
cortical actin networks.
Among the othermajor hits in this screen were the two com-

ponents of the centralspindlin complex, MKLP1 (KIF23) and
CYK-4 (RACGAP) (Fig. 1A). The validity of the interactionwith
centralspindlin is supported by the fact that MICAL3 was pre-
viously reported as one of the potential partners of MKLP1 in
HeLa cells in a high-throughput screen (24).
To investigate the interaction betweenMICAL3 andMKLP1

in more detail, we performed cross-linking mass spectrometry
experiments. BioGFP-MICAL3 was co-expressed in HEK293
cells together with GFP-MKLP1 and BirA, biotinylated pro-
teins were isolated by streptavidin pulldown, cross-linked on
beads using disuccinimidyl sulfoxide (DSSO), and the cross-
linked peptides were analyzed by mass spectrometry as
described previously (25). We identified multiple cross-links
within both MICAL3 and MKLP1. The cross-links within
folded domains of known structure (MICAL1monooxygenase,
MKLP1 C terminus) were in good agreement with the DSSO
distance constraint of 28.4 Å (23.4 Å for the maximal distance
constraint of the DSSO cross-linker plus 5-Å tolerance for pro-
tein flexibility in solution), validating our cross-linking mass
spectrometry approach (Fig. 1, B and C, and supplemental
Table S1). We also found many cross-links between different
domains of MICAL3, compatible with the previously proposed
autoinhibitory folding of MICAL proteins (Fig. 1B and supple-
mental Table S1) (8, 26).
Specific cross-links were also observed between the second

and third coiled-coil region of MICAL3 and the coiled-coil and
the adjacent C-terminal domain of MKLP1 (Figs. 1C and 2A,
and supplemental Table S1). Pulldown assays confirmed the
cross-linking results and showed that the minimal MKLP1-
binding domain of MICAL3 encompasses its C-terminal
coiled-coil region (MICAL3-CC4), whereas a stronger interac-
tion was observed with a larger C-terminal fragment, which
includes all the cross-linked sites (MICAL3-CC3, Fig. 2, B–E).
Because the C termini of MICAL1 and MICAL3 are quite sim-
ilar, we have also tested whether MICAL1 can interact with
MKLP1, but found that this was not the case (Fig. 2D).
The minimal MICAL3-binding domain of MKLP1 was pres-

ent in the strongly charged and likely unstructured region
located at the C-terminal side of the coiled coil ofMKLP1 (Figs.
2A and 3, A–C). By deletion mapping, we identified a region of
13 residues, which was essential for the interaction (mutant
D7), whereas the deletion of the adjacent 15-amino acid region
(mutant D8) did not perturb the binding (Figs. 1C and 3, A and
D, and supplemental Table S1). Taken together, our results
show that MKLP1 andMICAL3 primarily interact through the
unstructured polypeptide region inMKLP1 and the C-terminal
coiled-coil domain of MICAL3, with additional contacts pro-
vided by the second coiled-coil domain of MICAL3 and the
coiled-coil domain of MKLP1.

MKLP1 Recruits MICAL3 to the Central Spindle and the
Midbody—We next examined the localization of endogenous
MICAL3 in mitotic cells and found that whereas no conspicu-
ous localization of MICAL3 could be detected at the early cell
division stages, MICAL3 was clearly enriched at the spindle
midzone starting from anaphase and strongly accumulated at
the central spindle and the midbody during cytokinesis (Fig.
4A). Fluorescently taggedMICAL3 colocalized with the endog-
enousMKLP1 at the central spindle and the midbody (Fig. 4B).
This localization did not depend on the enzymatic activity of
MICAL3 as it was observed with the enzymatically dead
MICAL3 mutant (Fig. 4C). Importantly, in MKLP1-depleted
cells,MICAL3 failed to localize to the spindlemidzone, indicat-
ing that MKLP1 targets MICAL3 to this location (Fig. 4,D–G).
We next set out to test whetherMICAL3 affects the localiza-

tion of MKLP1. Because we did not manage to achieve an
efficient siRNA-mediated knockdown of MICAL3, we used
CRISPR/Cas9-mediated knock-out technology. Cells trans-
fectedwith a vector co-expressing a puromycin resistance gene,
a single guide RNA sequence specific for MICAL3 and Cas9
(27)were subjected to puromycin selection and analyzed at 6–7
days after transfection to avoid the selection of cells, in which
the potential cell division defects would be compensated by
secondary mutations. This procedure led to highly efficient
knock-out of MICAL3 protein expression (Fig. 4H). We found
that the loss ofMICAL3 had no effect onMKLP1 binding to the
central spindle or the midbody (Fig. 4I). We conclude that
MICAL3 is recruited to sites of centralspindlin accumulation
but has no effect on its distribution.
MICAL3 Is Required for Cytokinesis—To determine whether

the loss of MICAL3 affects cell division, we performed phase-
contrast-based live imaging experiments and found that com-
pared with the cells transfected with the vector alone, MICAL3
knock-out cells displayed a slight delay between the mitotic
onset and the initiation of furrow ingression, and a very signif-
icant (more than 2-fold) increase in the time between the com-
pletion of furrow ingression and abscission (Fig. 5, A–C, and
supplemental Movies S1 and S2). We observed no abnormali-
ties during the formation or ingression of the cleavage furrow
and detected no visible defects in the organization of the actin
cytoskeleton during different mitotic stages, including cytoki-
nesis (Fig. 6, A and B). The data indicate that the actin-depo-
lymerizing activity of MICAL3 is unlikely to contribute to the
dynamics of the actomyosin ring. We did, however, observe a
significant increase in the percentage of cells that fused back
after furrow ingression and the corresponding increase in the
percentage of binucleated cells (from�2 to�10%) (Fig. 5,A,D,
and E, and supplemental Movie S3). To test whether this effect
of MICAL3 was specific, we performed rescue experiments
with GFP-tagged MICAL3 expression constructs (Fig. 5F).
Although no rescue was observed with GFP alone, we could
completely rescue the binucleated phenotype by either the full-
length MICAL3 or its enzymatically dead mutant, but not with
the MICAL3 deletion mutant lacking the MKLP1-binding C
terminus (Fig. 5F). Thus, these data indicate thatMICAL3 con-
tributes to the stabilization and/or maturation of the intercel-
lular bridge in a way that does not require its monooxygenase
activity.
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For comparison, we examined the phenotype of MKLP1
depletion and found that, as expected, its effect on cytokine-
sis was much more profound than that of MICAL3 knock-
out, with �70% of binucleated cells (Fig. 5G). We observed a
very significant although not complete rescue of this pheno-
type by expressing GFP-MKLP1 (Fig. 5G). The MKLP1 dele-
tion mutant D7, which was unable to bind to MICAL3 and
promote MICAL3 localization to the midbody (Figs. 3D and
5H), performed significantly less well in the rescue experi-
ments than the wild type MKLP1 and the MKLP1-D8
mutant, which could restore MICAL3 accumulation at the
midbody in MKLP1-depleted cells (Fig. 5, G and H).
Although we cannot exclude that the D7 mutant perturbs
MKLP1 function in ways unrelated to MICAL3 binding, our
results are fully compatible with a role of MKLP1-dependent

recruitment of MICAL3 as a factor contributing to the suc-
cessful completion of cytokinesis.
MICAL3 Promotes the Recruitment of ELKS and Rab8 to the

Intercellular Bridge—Because our data indicated that the con-
tribution of MICAL3 to cytokinesis does not require its actin-
destabilizing monooxygenase activity, we turned our attention
to its binding partners. We first examined the distribution of
ELKS, which was shown previously to bind to MICAL3 and
participate in secretory vesicle docking (8). We found that
ELKS prominently localized to the midbody in 90% of the cells,
and that this localization was completely lost in MICAL3
knock-out cells (Fig. 7,A andB). BecauseMICAL3 is targeted to
the midbody by MKLP1, these results suggest that MICAL3
might be able to connect ELKS to MKLP1. In support of this,
mass spectrometry-based analysis of BioGFP-ELKS pull downs

FIGURE 2. Mapping of the domains in MICAL3 required for the interaction with MKLP1. A, schematic map of the MICAL3-MKLP1 complex based on
interprotein cross-links (red lines). B, schematic overview of MICAL3 deletion mutants used in this study and a summary of identified interactions. Numbering
is based on MICAL3 isoform 1 (NP_056056). Binding regions for the known partners of MICAL3 are indicated. C–E, streptavidin pulldown assays performed with
the extracts of HEK293T cells co-expressing BirA, BioGFP, or the indicated MICAL3 or MKLP1 constructs. Antibodies against GFP, mCherry, or MKLP1 were used
for Western blotting, as indicated.
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FIGURE 3. Mapping of the domains in MKLP1 required for the interaction with MICAL3. A, schematic overview of MKLP1 deletion mutants used in this
study and a summary of identified interactions. Numbering is based on MKLP1 isoform 1 (NCBI protein NP_612565). Binding regions for the known partners of
MKLP1 are indicated. B–D, streptavidin pulldown assays performed with the extracts of HEK293T cells co-expressing BirA, BioGFP, or the indicated MICAL3 or
MKLP1 constructs. Antibodies against GFP or mCherry were used for Western blotting, as indicated. An empty lane cropped in D is indicated by a dashed line.
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fromHEK293 cells identifiedMKLP1 (KIF23) as a potential inter-
acting partner (Fig. 7C). We next tested whether the interaction
between MKLP1 and ELKS is mediated by MICAL3 and found

that co-expression of MICAL3 indeed enhanced the ability of
MKLP1 to co-precipitate ELKS (Fig. 7D). We conclude that
MICAL3 can form a triple complex with MKLP1 and ELKS and
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through the interaction with the former, target the latter to the
midbody.
We have also examined the distribution of Rab8A-labeled

membranes. Rab8Awas present at�75% of themidbodies (Fig.
8, A and B). The intercellular bridges lacking Rab8A-positive
structures appeared to represent very late stages of cytokinesis,
in line with previous publications showing that Rab8A-positive
vesicles are removed from the intercellular bridge prior to
abscission (13, 14). The percentage of cells that exhibited at
least some Rab8A signal at the intercellular bridge was signifi-
cantly reduced inMICAL3 knock-out cells (Fig. 8,A andB), and
the intensity of Rab8A staining in the midbody region was also
reduced (Fig. 8C). In contrast, the localization of transferrin
receptor-positive or Rab11-positive endosomes to themidbody
was not perturbed byMICAL3 knock-out (Fig. 8,D and E). We
conclude that MICAL3 specifically contributes to the recruit-
ment of Rab8A to the midbody.
Mass spectrometry-based analysis of ELKS binding partners

in HEK293 cells identified citron kinase (CRIK) and its binding
partner kinesin-3 KIF14 (Fig. 7C), whereas these proteins were
not present in the MICAL3 pull down (Figs. 1A and 7C). We
have examined whether the localization of CRIK or KIF14 was
perturbed in MICAL3 knock-out cells and found this not to be
the case (Fig. 8F). Although these data do not rule out that
ELKS, localized to the midbody through its interaction with
MICAL3, somehow affects the function of CRIK-containing
protein complexes, they indicate thatMICAL3 does not partic-
ipate in the targeting of this signaling protein complex to the
intercellular bridge, in line with the data showing that CRIK
directly interacts with MKLP1 (28).
ELKS and Rab8A Are Required for Cytokinesis—If the cyto-

kinetic defect of MICAL3 knock-out cells occurs due to the
inability to properly localize ELKS and Rab8A-postive mem-
branes, then the depletion of these proteins can be expected to
perturb cytokinesis as well. We examined this possibility by
depleting ELKS and knocking down ELKS and Rab8A (Fig. 8,G
andH); the two proteins were depleted by 75% and 95%, respec-
tively. The intensity of Rab8A staining in themidbody region in
ELKS-depleted cells was reduced to values close to background
(Fig. 8,A and I). The depletion of either ELKS or Rab8A led to a
significant increase of binucleated cells (�10%, similar to
MICAL3 knock-out) (Fig. 8, J and K). We conclude that the
complex of MICAL3 and ELKS helps to target Rab8A to the
intercellular bridge, and that all three proteins are required to
the proper maturation of the bridge, which prevents the bridge
recession and promotes timely abscission.

Discussion

In this studywe identifiedMICAL3 as a newmolecular player
in cytokinesis and a binding partner of MKLP1. Previous work

has shown that centralspindlin represents a major binding hub
for different factors involved in cytokinesis (4), and our current
work added MICAL3 to the list of MKLP1 interactors. Cross-
linking experiments combinedwithmass spectrometry allowed
us to show that the MICAL3-MKLP1 association is direct and
to characterize the contact sites between the two proteins, illus-
trating the power of this approach. The MICAL3-binding
region of MKLP1 is distinct from the MKLP1 sites known to
bind to CYK-4, ARF6, or 14-3-3, but there might be some over-
lap with the binding sites for CRIK and CEP55 (Fig. 3A) (28–
32). The MKLP1 binding site of MICAL3 overlaps with that of
Rab8A but is different from the region involved in the interac-
tion with ELKS (8) (Fig. 2B), and in agreement with these data,
we showed that MICAL3 can connect ELKS to MKLP1.
Our data indicate that MICAL3 is involved in stabilization

andmaturation of the intercellular bridge, because its loss led to
increased frequency of cytokinetic failure and extended dura-
tion of abscission. Surprisingly, despite the well established role
ofMICAL enzymes in actin disassembly, we found no evidence
that MICAL3 regulates actin cytoskeleton during cytokinesis.
Instead, MICAL3 recruits ELKS and Rab8A to the midbody
(Fig. 9), and the depletion of these two proteins caused an
increase of binucleated cells, indicative of cytokinetic defect.
The function of MICAL3 in cytokinesis thus appears to be
mechanistically similar to that of the MICAL3-related protein
MICAL-L1, which lacks an enzymatic domain, localizes to the
midbody, and plays a role in organizing recycling endosomes at
the intercellular bridge (33).
The next challenge is to identify the exact molecular role of

Rab8A vesicles in cytokinesis. Because these vesicles are cleared
from the intercellular bridge before the actual abscission (13–
14), we favor the idea that they transportmolecules required for
the maturation of the intercellular bridge and the midbody,
such as some signaling factors. This function would be similar
to that of Rab35, which contributes to actin depolymerization
by delivering to the intercellular bridge the phosphoinositide
phosphatase OCRL (34, 35). The role of Rab8A vesicles in pro-
tein delivery to the midbody would be consistent with the
observation that the enzymatic activity ofMICAL3 is not essen-
tial for the cytokinetic function despite the fact that it promotes
vesicle fusion with the plasma membrane.
The loss of MICAL3, ELKS, and Rab8A caused a similar,

relatively mild cytokinetic defect, with �10% binucleated cells,
indicating that the absence of these proteins can be compen-
sated by other factors, at least in HeLa cells, although the situ-
ation might be different in other systems. It is possible that
different vesicular populations at the midbody have partially
overlapping functions. Although Rab8A can be recruited to
Rab11-positive recycling endosomes (11), theMICAL3-depen-

FIGURE 4. MKLP1 recruits MICAL3 to the central spindle and the midbody. A–C, localization of endogenous MICAL3 (A, green), mCherry-MICAL3-WT (B, red),
or mCherry-MICAL3–3G3W (C, red) during cytokinesis. HeLa cells were stained with the indicated antibodies. Cell outlines are indicated by dashed lines. Insets,
magnifications of the boxed areas. D and E, Western blots (D) and quantification of normalized immunoblot values (E) for MKLP1 expression in HeLa cells 72 h
after transfection with the control (luciferase) or MKLP1 siRNAs. **, p � 0.01, Student’s t test based on 3 independent experiments. F and I, immunostaining of
MICAL3 (F) or MKLP1 (I) (green) and �-tubulin (red) in HeLa cells 72 h after transfection with the indicated siRNAs. Insets, magnifications of the boxed areas. G,
relative intensity of MICAL3 at the central spindle compared with cytoplasm in control and MKLP1 knockdown cells. The red dashed line indicates the
background level, equal to 1. ***, p � 0.001, Mann-Whitney U test. More than 20 cells analyzed from 3 independent experiments. H, Western blots of extracts
of control and MICAL3 knock-out HeLa cells. Additional samples present on the gel were cropped as indicated by a dashed line.
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FIGURE 5. Cytokinesis defects in MICAL3 knock-out cells. A, phase-contrast-based live imaging of control and MICAL3 knock-out cells. Insets show magni-
fications of intercellular bridges or cell membrane (arrows). See also supplemental Movies S1–S3. B–D, time interval between mitosis onset and furrow initiation
(B), abscission time (C), and percentage of the cells fused back without completing cytokinesis (D) in control and MICAL3 knock-out cells. Data represent more
than 150 cells from 3 independent experiments, **, p � 0.01; ***, p � 0.001, Student’s t test. E, immunostaining of �-tubulin (green) and DAPI (blue) in control
or MICAL3 knock-out cells, with binucleated cells indicated with white arrows, and quantification of the percentage of bi- and multinucleated cells in control
and MICAL3 knock-out cells. Data represent more than 1000 cells from 3 independent experiments, ***, p � 0.001, Student’s t test. F and G, percentage of
binucleated cells determined by counting GFP-positive cells in rescue experiments of MICAL3 knock-out (F) or MKLP1 knockdown (G) with the indicated
constructs. Data represent more than 3000 cells from 4 or 5 independent experiments, *, p � 0.05; **, p � 0.01; ***, p � 0.001, n.s., p � 0.05, Student’s t test. H,
immunostaining of BioGFP-MKLP1-D7/D8 (green) and MICAL3 (red) in MKLP1 knockdown cells. Cell outlines are indicated by dashed lines. Magnified midbody
images are shown in insets.
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FIGURE 6. Actin distribution in MICAL3 knock-out cells. A, immunostaining of MICAL3 (green) and actin (red) in control or MICAL3 knock-out cells. Insets,
magnifications of the boxed areas. B, ratio of the intensity of actin at midzone to intensity in the cytoplasm in control or MICAL3 knock-out cells at different
stages of cytokinesis. Around 100 cells were analyzed in 3 independent experiments. n.s., p � 0.05, Mann-Whitney U test.

FIGURE 7. MICAL3 is required for ELKS localization to the midbody. A, immunostaining of ELKS (green) and �-tubulin (red) in control or MICAL3
knock-out cells. Insets, magnified midbody images. B, percentage of cells with detectable specific ELKS staining at the midbody in control and MICAL3
knock-out cells. Data represent 60 cells from 3 independent experiments. **, p � 0.01, Student’s t test. C, mass spectrometry-based analysis of
streptavidin pulldown assay with the extracts of HEK293T cells expressing biotinylation-tagged ELKS and BirA. D, streptavidin pulldown assays per-
formed with the extracts of HEK293T cells co-expressing BirA and the indicated proteins, analyzed by Western blotting with antibodies against GFP or
mCherry.
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dent population of Rab8A vesicles at the midbody is distinct
from Rab11-labeled endosomes, which were not affected by
MICAL3 knock-out. The Rab8A vesicles studied here might
overlap with the post-Golgi carriers, which were previously
described to participate in cytokinesis (36, 37). Golgi-depen-
dent secretory trafficking was shown to be necessary for cyto-
kinesis during development in invertebrates (5, 7), and a similar
function might be also important in mammals, constituting a
potentially interesting avenue for future studies.

Experimental Procedures

DNA Constructs and siRNAs

We used the following previously described constructs:
BioGFP-MICAL3-WT, mCherry-MICAL3-WT, BioGFP-
MICAL3–3G3W, and mCherry-MICAL3–3G3W (8). Dele-
tion mutants of MICAL3 were cloned by PCR-based strategy.
GFP-MKLP1 constructswere based onplasmids thatwere a gift
fromDr. StephenDoxsey (University ofMassachusetts) andM.
Mishima (WarwickMedical School, UK). BioGFP-MICAL1-FL
was a gift from Dr. R. J. Pasterkamp (UMC Utrecht, The Neth-
erlands). GFP-Rab11 was purchased from Addgene, Cam-
bridge, MA (plasmid number 12674).

The target sequences of control and ELKS siRNAs were
described previously (38). MKLP1 siRNA was described in Ref.
39. MICAL1 siRNA was synthesized by Ambion (ID s230028).
Rab8A siRNA corresponded to the target sequence GGAA-
AGCACAAATGAAGGA. Cells were transfected with 10 nM
siRNAs using HiPerFect (Qiagen) and analyzed 3 days after
transfection.

Cell Culture and CRISPR/Cas9-mediated Knockouts

HEK293T and HeLa were cultured as described previously
(8). We used FuGENE 6 (Promega) for plasmid transfection,
and HiPerFect (Qiagen) for siRNA transfection of HeLa
cells; polyethylenimine (Polysciences) was used to transfect
HEK293T cells for streptavidin pulldown assays, which were
performed as described previously (8).

The target sequence for CRISPR targeting the human
MICAL3 gene was CCCCAGTAAGGATAAGTCGA (Exon 3).
Two complementary oligonucleotides with BpiI restriction
sites for guide RNAs (gRNAs) were synthesized, and cloned
into pX459 CRISPR/Cas9-Puro vector (27) (Addgene). HeLa
cells were transfected with Px459 vector or pX459-MICAL3
gRNA and treated with 2 �g/ml of puromycin for 2 days and
analyzed within a 4-day period post-puromycin treatment.

Antibodies and Immunofluorescence Cell Staining

We used homemade rabbit polyclonal antibodies against
MICAL3, MKLP1 (Santa Cruz Biotechnology), GFP (Abcam,
ab290), ELKS (Proteintech, 22211-1-AP), KIF14 (Bethyl Labo-
ratories), and Rab8A (a gift of J. Peränen, University of Helsinki,
Finland) (40). We used mouse monoclonal antibodies against
mCherry (Clontech, 632543), �-tubulin (Sigma, T5201),
p150Glued (BD Biosciences, 610474), actin (Chemicon), CRIK
(BD Biosciences), transferrin receptor (Roche Applied Sci-
ence), and rat monoclonal antibodies against �-tubulin YL1/2
(Pierce, MA1–80017). The following secondary antibodies
were used: IRDye 800CW/680LT goat anti-rabbit and anti-
mouse (Li-Cor Biosciences); Alexa 488- and Alexa 594-conju-

FIGURE 8. MICAL3, Rab8A, and ELKS act in the same cytokinesis pathway. A and D–F, immunostaining of Rab8A (A), transferrin receptor (TfR) (D), GFP-Rab11
(E), or CRIK (F) (green) and �-tubulin (A and E), actin (D), or KIF14 (F) (red) in control or the indicated knock-out or knockdown cells. Cell outlines are indicated by
dashed lines. Insets, magnified midbody images. B, percentage of cells with detectable specific Rab8A staining at the midbody in control and MICAL3 knock-out
cells. Data represent 60 cells from 3 independent experiments. *, p � 0.05, Student’s t test. C and I, relative intensity of Rab8A at the midbody compared with
cytoplasm in the indicated control, knock-out, or knockdown cells. The red dashed line indicates background level, equal to 1. 15 to 40 cells were analyzed in 3
independent experiments. ***, p � 0.001, Mann-Whitney U test. G and H, Western blots of extracts of HeLa cells after 72 h of transfection with the indicated
siRNAs. J and K, percentage of bi- and multinucleated cells after transfection with the indicated siRNAs. Data represent more than 2000 cells from 3 indepen-
dent experiments; **, p � 0.01; ***, p � 0.001, Student’s t test.

FIGURE 9. A model for MICAL3 function during cytokinesis. Schematic representation of the model described in this study. MKLP1 localizes to the midbody
and recruits MICAL3, which in turn participates in recruiting ELKS and Rab8A-bound vesicles. As a complex, they promote maturation of the intercellular bridge
and abscission.
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gated goat antibodies against rabbit, rat, and mouse IgG
(Molecular Probes). The Alexa 594-conjugated phalloidin were
purchased from Invitrogen.

To label proteins, cells were fixed with �20 °C methanol for
10 min or 3.7% paraformaldehyde in PBS for 10 min at room
temperature. Cells were permeabilized with 0.1% Triton X-100
in phosphate-buffered saline (PBS) for 10 min; subsequent
washing and labeling steps were carried out in PBS supple-
mented with 2% bovine serum albumin and 0.05% Tween-20.
At the end, slides were rinsed in 70 and 100% ethanol or air-
dried and mounted in Vectashield mounting medium (Vector
Laboratories).

Mass Spectrometry

Sample Preparation—Sampleswere prepared frompulldown
assays of biotinylated proteins from extracts of transfected
HEK293T cells using streptavidin beads, and analyzed by sub-
sequent mass spectrometry experiments as described previ-
ously (8). For the cross-linking experiment, the immunopre-
cipitated proteins were on-beads cross-linked using 1 mM

DSSO cross-linker (41). The cross-linking reaction was carried
out for 1 h at room temperature and quenched with 20 mM

Tris-HCl (pH 7.8) for 30 min at room temperature. Subse-
quently, the on-beads cross-linked proteins were denatured
with 2mMurea, reducedwith 4mMdithiothreitol at 56 °C for 30
min and alkylated with 8 mM iodoacetamide at room tempera-
ture for 30min in the dark. Proteins were digested using trypsin
at an enzyme-to-protein ratio of 1:20 (w/w) at 37 °C for 2 h. The
supernatant was removed from the beads and further digested
at 37 °C overnight. Protein digests were desalted using Sep-Pak
C18 cartridges (Waters), dried, and stored at �20 °C for further
use. The desalted digests were SCX fractionated as previously
described (25), and only the late SCX fractions (predominantly
containing higher charged species) were subjected to LC/MS
analysis.
LC/MS/MS Analysis—Peptides and cross-linked peptides

were analyzed using an ultra HPLC Proxeon EASY-nLC 1000
system (Thermo Fisher Scientific) coupled on-line to an ETD
enabled LTQOrbitrap Elitemass spectrometer (ThermoFisher
Scientific). For cross-link analysis, reversed-phase separation
and MS data acquisition were performed as previously
described and data analysis was accomplished using XlinkX
software (25). Results were filtered by 1% false discovery rate
and all reported cross-links were manually validated. For pep-
tide identification, rapid CID was used for data acquisition.
Peptide identification was performed using Proteome Discov-
erer 1.4 (Thermo Fisher Scientific). Results were filtered by 1%
false discovery rate.

Image Acquisition

Images of fixed cells were collected with a Nikon Eclipse 80i
upright fluorescence microscope and a CoolSNAP HQ2 CCD
camera (Photometrics), using a Nikon Plan Apo VC �60/
N.A.1.40 oil objective or Nikon Plan Apo VC�100/N.A.1.40�
oil objective.

Live-cell phase-contrast imaging was performed on inverted
research microscope Nikon Eclipse Ti-E (Nikon) with the per-
fect focus system (Nikon), equipped with a Nikon Plan Apo-

chromat �20/0.75 phase-contrast objective (Nikon), a Cool-
SNAP HQ2 CCD camera (Photometrics), and controlled with
Micro-Manager Open Source Microscopy Software. To keep
the cells at 37 °C, a stage top incubatormodel INUBG2E-ZILCS
(TokaiHit) was used. Imageswere projected onto theCCDchip
at a magnification of 0.3215 �m/pixel. Round 25-mm cover-
slipsweremounted inAttofluorCell Chamber (ThermoFisher)
andmaintained at 37 °C and 5%CO2. Cells were imaged every 2
min for 6–12 h.

Confocal 300-nm Z-stack images were acquired on a Leica
SP8 DMI STED microscope equipped with a �100 HC Pl Apo
objective (Leica, NA 1.4. oil) and the Leica HyD detector con-
trolled by the Leica Application Software X. Excitation of Alexa
488, Alexa 568, and Alexa 647 was performed with a SuperK
EXTREME supercontinuum laser (NKT photonics) and DAPI
was excited using a 405-nm diode laser controlled by a
PDL800-B module (PicoQuant). Channels were imaged
sequentially with a pixel size between 90 and 110 nm. Presented
images are projections of 6–10 Z-planes, processed in ImageJ.
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Supplemental Information 

 
Supplemental Movies 
 
Movie S1. Cytokinesis in control cells. 
Movie showing the intercellular bridge and final abscission during cytokinesis in control cells. 
Phase-contrast microscopy recording of control cells for 8h. Interval between frames is 2 
minutes. Movie is displayed at 20 frames per second. 
 
Movie S2. Cytokinesis in MICAL3 knockout cells. 
Movie showing the intercellular bridge and final abscission during cytokinesis in MICAL3 
knockout cells. Phase-contrast microscopy recording of MICAL3 knockout cells for 12h. Interval 
between frames is 2 minutes. Movie is displayed at 20 frames per second. 
 
Movie S3. Cytokinesis in MICAL3 knockout cells. 
Movie showing the fused back cell during cytokinesis in MICAL3 knockout cells. Phase-contrast 
microscopy recording of MICAL3 knockout cells for 12h. Interval between frames is 2 minutes. 
Movie is displayed at 20 frames per second. 
 
Supplemental Table S1. List of identified interprotein cross-links and intraprotein cross-
links in MICAL3-MKLP1 complex. 
 
peptide_a peptide_b protein_a_b 
HPPLAKENGR TTTIYEEDKR >KIF23-586->MICAL3-1563 
SVKSQALR TTTIYEEDKR >KIF23-586->MICAL3-1605 
KASSAPSQGK TTTIYEEDKR >KIF23-586->MICAL3-1634 
ASSAPSQGKER TTTIYEEDKR >KIF23-586->MICAL3-1643 
SVKSQALR NLQQELETQNQKLQR >KIF23-599->MICAL3-1605 
KASSAPSQGK NLQQELETQNQKLQR >KIF23-599->MICAL3-1634 
SSQKSR AIVTEPKTEKPERPSR >KIF23-662->MICAL3-1811 
TYTEEELNAKLTR AIVTEPKTEKPERPSR >KIF23-662->MICAL3-1827 
SSQKSR TEKPERPSR >KIF23-665->MICAL3-1811 
TEKPERPSR TYTEEELNAKLTR >KIF23-665->MICAL3-1827 
VQKAAR TEKPERPSR >KIF23-665->MICAL3-1834 
QEELKR TEKPERPSR >KIF23-665->MICAL3-1846 
KASSAPSQGK DREKVTQR >KIF23-677->MICAL3-1634 
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DREKVTQR SCPSTPSSGATVDSGKHR >KIF23-677->MICAL3-1774 
SSQKSR DREKVTQR >KIF23-677->MICAL3-1811 
DREKVTQR TYTEEELNAKLTR >KIF23-677->MICAL3-1827 
RVQKAAR DREKVTQR >KIF23-677->MICAL3-1834 
QAKQEELK DREKVTQR >KIF23-677->MICAL3-1841 
QEELKR ERDREKVTQR >KIF23-677->MICAL3-1846 
KGSQTNLK LTHLFKNYFDGEGK >KIF23-16->KIF23-398 
NYFDGEGKVR GSQTNLKDPVGVYCR >KIF23-23->KIF23-406 
GSQTNLKDPVGVYCR ETQYSFKQVFGTHTTQK >KIF23-23->KIF23-76 
LIEALEKR ENHMQGKLNEK >KIF23-503->KIF23-543 
LIEALEKR NGDYKETQYSFK >KIF23-503->KIF23-69 
LWVKDEK VAAKQLEMQNK >KIF23-636->KIF23-647 
LWVKDEK QLKAIVTEPK >KIF23-647->KIF23-655 
LWVKDEK TEKPERPSR >KIF23-647->KIF23-665 
LWVKDEK DREKVTQR >KIF23-647->KIF23-677 
QLKAIVTEPK LWVKDEKLK >KIF23-650->KIF23-655 
TEKPERPSR QLKAIVTEPK >KIF23-655->KIF23-665 
DREKVTQR QLKAIVTEPK >KIF23-655->KIF23-677 
AIVTEPKTEKPERPSR AIVTEPKTEKPERPSR >KIF23-662->KIF23-662 
DREKVTQR AIVTEPKTEKPERPSR >KIF23-662->KIF23-677 
QFSDKRR RNLQQELETQNQKLQR >KIF23-599->KIF23-607 
TEKPERPSR ERDREKVTQR >KIF23-665->KIF23-677 
DREKVTQR DREKVTQR >KIF23-677->KIF23-677 
DREKVTQR RQQEPGQSKTCIVSDR >KIF23-677->KIF23-757 
IPTYNTPLKVTSIAR RQQEPGQSKTCIVSDR >KIF23-741->KIF23-757 
ALAKCEK LIKGDIYK >KIF23-854->KIF23-877 
HPPLAKENGR FFTPPSCWPRPEKPR >MICAL3-1555->MICAL3-1563 
HPPLAKENGR LPALEGTLQPQKR >MICAL3-1563->MICAL3-1579 
HPPLAKENGR GLPLVSAEAKELAEER >MICAL3-1563->MICAL3-1590 
SVKSQALR HPPLAKENGR >MICAL3-1563->MICAL3-1605 
ASSAPSQGKER HPPLAKENGR >MICAL3-1563->MICAL3-1643 
QEELKR HPPLAKENGR >MICAL3-1563->MICAL3-1846 
HPPLAKENGR LSAEGKFFHR >MICAL3-1563->MICAL3-782 
IHALLKGK HPPLAKENGR >MICAL3-1563->MICAL3-974 
SVKSQALR LPALEGTLQPQKR >MICAL3-1579->MICAL3-1605 
QEELKR LPALEGTLQPQKR >MICAL3-1579->MICAL3-1846 
SVKSQALR RGLPLVSAEAKELAEER >MICAL3-1590->MICAL3-1605 
KASSAPSQGK RGLPLVSAEAKELAEER >MICAL3-1590->MICAL3-1634 
SVKSQALR KASSAPSQGK >MICAL3-1605->MICAL3-1634 
SVKSQALR ASSAPSQGKER >MICAL3-1605->MICAL3-1643 
QEELKR SVKSQALR >MICAL3-1605->MICAL3-1846 
SVKSQALR LVQEKNAMoVR >MICAL3-1605->MICAL3-1904 
SVKSQALR KTSQSEEEEAPR >MICAL3-1605->MICAL3-683 
IHALLKGK SVKSQALR >MICAL3-1605->MICAL3-974 
QEELKR KASSAPSQGK >MICAL3-1634->MICAL3-1846 
KASSAPSQGK KTSQSEEEEAPR >MICAL3-1634->MICAL3-683 
PSSNLLEEAAAKPK SCPSTPSSGATVDSGKHR >MICAL3-1735->MICAL3-1774 
FYCKPHYCYR KADDKSCPSTPSSGATVDSGK >MICAL3-1758->MICAL3-815 
QEELKR SCPSTPSSGATVDSGKHR >MICAL3-1774->MICAL3-1846 
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SSQKSR TYTEEELNAKLTR >MICAL3-1811->MICAL3-1827 
VQKAAR SSQKSR >MICAL3-1811->MICAL3-1834 
SSQKSR AKALWAK >MICAL3-1811->MICAL3-63 
VQKAAR TYTEEELNAKLTR >MICAL3-1827->MICAL3-1834 
VQKAAR QAKQEELK >MICAL3-1834->MICAL3-1841 
GVAVEKALR GEAGMoGKKDDPK >MICAL3-1877->MICAL3-1887 
GVAVEKALR KTSQSEEEEAPR >MICAL3-1877->MICAL3-683 
GVAVEKALR LSAEGKFFHR >MICAL3-1877->MICAL3-782 
GVAVEKALR KRPAVAPLSGKEAK >MICAL3-1877->MICAL3-839 
GEAGMGKK DDPKLMQEWFK >MICAL3-1887->MICAL3-1892 
TTPKLTR ALRGEAGMoGKKDDPK >MICAL3-1887->MICAL3-511 
KQSLLDK SCFKCEYCATTLR >MICAL3-305->MICAL3-790 
SKLNYWK AFQELCDHLELKPKDYR >MICAL3-42->MICAL3-56 
LNYWKAK KHETMoNPAHVLFDR >MICAL3-5->MICAL3-61 
AKALWAK KHETMoNPAHVLFDR >MICAL3-5->MICAL3-63 
TTPKLTR SSKLLGWCQR >MICAL3-511->MICAL3-523 
TTPKLTR MDVAVGNQNKVK >MICAL3-511->MICAL3-721 
TTPKLTR GKACTNTK >MICAL3-511->MICAL3-82 
SFYHKLK SKLNYWK >MICAL3-52->MICAL3-56 
GKACTNTK SFYHKLK >MICAL3-52->MICAL3-82 
IHALLKGK SFYHKLK >MICAL3-52->MICAL3-974 
EKDLDGAGK SSKLLGWCQR >MICAL3-523->MICAL3-673 
DLDGAGKR SSKLLGWCQR >MICAL3-523->MICAL3-680 
SSKLLGWCQR KTSQSEEEEAPR >MICAL3-523->MICAL3-683 
SSKLLGWCQR TPGSGVNGLEEPSIAKR >MICAL3-523->MICAL3-882 
RSPKDKK EKDLDGAGK >MICAL3-668->MICAL3-673 
EKDLDGAGK KTSQSEEEEAPR >MICAL3-673->MICAL3-683 
EKDLDGAGK RMoDVAVGNQNKVK >MICAL3-673->MICAL3-721 
EKDLDGAGK LSAEGKFFHR >MICAL3-673->MICAL3-782 
EKDLDGAGK FYCKPHYCYR >MICAL3-673->MICAL3-815 
DLDGAGKRR KTSQSEEEEAPR >MICAL3-680->MICAL3-683 
DLDGAGKR LSAEGKFFHR >MICAL3-680->MICAL3-782 
KTSQSEEEEAPR RMoDVAVGNQNKVK >MICAL3-683->MICAL3-721 
LSAEGKFFHR KTSQSEEEEAPR >MICAL3-683->MICAL3-782 
KTSQSEEEEAPR FYCKPHYCYR >MICAL3-683->MICAL3-815 
RQGSMoKK LSAEGKFFHR >MICAL3-751->MICAL3-782 
KRPAVAPLSGK LSAEGKFFHR >MICAL3-782->MICAL3-829 
LSAEGKFFHR KRPAVAPLSGKEAK >MICAL3-782->MICAL3-839 
LSAEGKFFHR TPGSGVNGLEEPSIAKR >MICAL3-782->MICAL3-882 
KRPAVAPLSGK FYCKPHYCYR >MICAL3-815->MICAL3-829 
GKACTNTK IHALLKGK >MICAL3-82->MICAL3-974 
KRPAVAPLSGK EAKGPLQDGATTDANGR >MICAL3-829->MICAL3-842 
KRPAVAPLSGK TPGSGVNGLEEPSIAKR >MICAL3-829->MICAL3-882 
KRPAVAPLSGKEAK TPGSGVNGLEEPSIAKR >MICAL3-839->MICAL3-882 
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Abstract
Characterization of protein interaction domains is crucial for understanding protein functions. 
In this study, we examined an integrated workflow that combines cross-linking mass 
spectrometry (XL-MS) with the use of deletion mutants to accurately locate the minimal 
protein interaction domains. As a proof of concept, we investigated the binding interfaces in 
protein complexes formed between MICAL3 with ELKS and Rab8A and between SLAIN2 
with CLASP2 and ch-TOG. We found that XL-MS can provide valuable information to guide 
efficient design of deletion mutants that can be subsequently used for interaction mapping by 
binding assays. However, since cross-links reflect proximity of protein residues rather than 
their direct interaction, a significant number of cross-links was observed between polypeptide 
regions that were dispensable for complex formation. In the two studied examples, XL-MS-
based prediction of protein interaction interfaces worked better for distinct folded domains 
than for protein regions predicted to be intrinsically disordered. These results indicate that 
XL-MS, which has been widely used to assess the residue-to-residue proximity, can greatly 
facilitate the characterization of protein binding regions when combined with biochemical 
approaches, and might perform better for this purpose when folded protein domains are 
involved.
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Introduction
Proteins are the primary effectors of the cell. They execute a plethora of cellular processes, 
which often depend on protein-protein interactions (PPIs) responsible for formation of 
stable protein complexes and dynamic protein networks (Yanagida 2002; Berggård et al. 
2007). Many PPIs are mediated by protein domains. These structural units are defined by 
their topological conformations, which often have the ability to form stable and compact 
three-dimensional organizations independent of other regions of the protein (Domains 2003; 
Jadwin et al. 2012). Additionally, PPIs can also involve linear motifs located in intrinsically 
unstructured protein regions (Dunker et al. 2005; Dyson & Wright 2005; Csizmok et al. 
2016). Characterization of protein segments directly involved in PPIs allows their targeted 
disruption, which is crucial for developing a molecular-level understanding of various 
cellular processes.

For decades, numerous techniques have been introduced to determine protein interaction 
domains, among which affinity purification combined with genetic protein fragmentation 
(generation of deletion mutants) is one the most popular methods (Wetie et al. 2014; Dunham 
et al. 2012). In this approach, a specific gene of interest is cloned into a suitable host for 
(over)expression of the desired protein segment. Subsequently, affinity purification-based 
assays such immunopreciptations or pull-downs are performed to investigate the interaction 
between the (over)expressed bait protein and its binding partners. However, generating 
serial truncated proteins can be time-consuming and labour-intensive, especially when the 
protein of interest is large and contains many domains (Ostermeier et al. 2002). Furthermore, 
designing appropriate protein fragments may also be a challenge, as the current approaches, 
such as predictions from protein structural information in the Protein Data Bank (PDB) or 
through computational algorithms, often do not render precise results (Jadwin et al. 2012; 
Littler 2010).

Chemical cross-linking mass spectrometry (XL-MS) is another valuable technique to 
characterize protein interactions as well as their structural basis at peptide level (Yang et al. 
2012; Zhang et al. 2014). In XL-MS experiments, cross-linking reagents, typically containing 
two reactive groups linked by a space arm, covalently connect two amino acid residues that 
are close in space. Subsequently, mass spectrometry is used to identify the cross-link and 
its corresponding linked residues. These experiments provide distance information (i.e., the 
maximum distance constraint between the two linked residues), which can be subsequently 
used to facilitate the characterization of (novel) protein interactions as well as their binding 
interfaces (Sinz 2014; Leitner et al. 2016; Liu & Heck 2015). Although XL-MS provides 
sub-domain resolution of structures, which may be a shortcoming comparing to other 
high-resolution methods, such as X-ray crystallography and cryo-EM, it remains a very 
attractive approach because of several other advantages. For instance, XL-MS experiments 
only require a modest amount and purity of the proteins, therefore it is readily applicable to 
various endogenous proteins or protein complexes directly after affinity purification. Another 
advantage of the XL-MS approach is the convenience and promptness, as the experiment 
does not require specific expertise and can be accomplished in several days.

In this study, we sought to explore the capability of XL-MS to direct characterization 
of protein interaction interfaces. It has been well established that XL-MS captures amino 
acid residues that are in close proximity (Sinz 2003), however, the relationship between 
cross-linked peptides and their contributions to protein binding has not yet been assessed 
thoroughly. Here, we focused on protein complexes formed by MICAL3 with ELKS and 
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Rab8A, involved in vesicle trafficking (Grigoriev et al. 2011), and the complexes of SLAIN2 
with CLASP2 and ch-TOG, important for the regulation of microtubule plus end dynamics 
(van der Vaart et al. 2011). Protein complexes were purified from cell lysates using the 
biotinylation (Bio) tag (de Boer et al. 2003), and XL-MS experiments were performed to 
identify cross-linked amino acid residues. Subsequently, these residues were used to guide 
the design of protein truncations and deletion mutants, which were subjected to affinity 
purification assays to validate their binding efficiency and sufficiency. The detailed workflow 
is depicted in Fig.1. 

 .                                                                                                                    
                                                      

From these experiments, we successfully identified or refined several protein interaction 
domains. In some examples, the biochemically validated protein interaction domains were 
in very good agreement with XL-MS results, however in other cases, cross-linking sites 
were present in a larger sequence region compared to the minimal protein interaction 
segments. Based on the analysis, we conclude XL-MS provides useful information in 
the assessment of protein binding domains and has a great potential to be implemented 
as a standard procedure in the studies of protein interactions, however other approaches, 
such as affinity purification assays and secondary structure predictions should be used to 
complement it in order to accurately locate minimal domains responsible for specific PPIs.

Results
Characterization of the minimal interaction domains of MICAL3, ELKS and Rab8A 
The first protein complex we investigated was MICAL3-ELKS-Rab8A, which functions 
in constitutive exocytosis and is required for vesicle docking and fusion with the plasma
membrane (Grigoriev et al. 2011). It has been shown previously that Rab8A and ELKS are 
linked by MICAL3, however, the biochemical details of their interactions were not elucidated
(Grigoriev et al. 2011). To characterize their binding sites, we applied XL-MS approach to the

Figure 1. General workflow.
Complexes containing tagged proteins 
of interest are directly purified from 
cell lysates using an affinity-based 
procedure, and on-bead cross-linking 
is performed. Cross-linked proteins are 
digested to peptides, and cross-linked 
peptides are subsequently enriched and 
analysed by liquid chromatography-
tandem mass spectrometry (LC-MS/
MS). Identified cross-links serve as a 
guidance to generate protein truncation 
and deletion mutants. Pull-down assays 
are applied to investigate the minimal 
interaction domains.
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MICAL3-ELKS-Rab8A complex with two separate experiments. The complex was isolated 
from cells overexpressing either BioGFP-MICAL3 and BFP-Rab8A or BioGFP-MICAL3, 
BFP-Rab8A, mCherry-ELKS and mCherry-Rab6 followed by single-step streptavidin-based 
purification using BioGFP-MICAL3 as the bait. The affinity purified protein complexes were 
cross-linked on-beads using disuccinimidyl sulfoxide (DSSO) cross-linker, enzymatically 
digested, and the cross-linked peptides were analysed by MS.

In total, this analysis revealed 93 cross-links, including 57, 24, 7 intra-protein cross-links 
on MICAL3, ELKS and Rab8A respectively, as well as 2 inter-protein cross-links between 
MICAL3 and ELKS, and 3 cross-links between MICAL3 and Rab8A (Fig.2A, Fig.S1A-C, 
Supplementary Table S1). There was no intra-protein or inter-protein cross-links found on 
Rab6. To validate the fidelity of our cross-linking data, we first compared the intra-protein 
cross-links to the available high-resolution structures of proteins and protein domains. 
MICAL3 consists of 2002 amino acids and contains an N-terminal monooxygenase (MO) 
domain, followed by a calponin homology (CH) domain, a Lin11, Isl-1 and Mec-3 (LIM) 
domain and C-terminal bivalent MICAL/EHBP Rab binding (bMERB) domain (Rai et al. 
2016; Grigoriev et al. 2011). Out of 57 intra-protein cross-links in MICAL3, nine cross-links 
could be mapped onto the structure homologue of the N-terminal MO domain (PDB: 4TXK, 
a crystal structure of the MO and CH domain-containing fragment of MICAL1) and two 
cross-links could be mapped onto the structure of the C-terminal bMERB domain (PDB: 
5SZG). As shown in Fig.S1A, nine cross-links fall below 28 Å (23.4Å + 5Å tolerance for 
protein flexibility in solution), which is in agreement with the maximal distance restraint 
provided by the DSSO cross-linker. However, the two cross-links connecting the MO and CH 
domain of MICAL3 exceed the maximal distance restraint (Fig.S1A). Since the CH domain 
is connected to the MO domain by a flexible linker (Alqassim et al. 2016; Grigoriev et al. 
2011), these two inter-domain cross-links likely reflect a different relative positioning of MO 
and CH domains in solution compared to the crystal used to obtain the MO-CH structure 
(Alqassim et al. 2016). In addition, we also examined in detail the intra-protein cross-links 
of Rab8A and ELKS. For Rab8A, six out of seven cross-links could be mapped and fully 
complied with the high-resolution structure (PDB: 5SZI, a crystal structure of the Rab8A 
and C-terminal of MICAL-CL) (Fig.2A, Fig.S1C). Since no structure is available for ELKS, 
intra-protein crosslinks in this protein could not be evaluated in this manner.

We also identified numerous cross-links connecting the N- and C-terminal parts of 
MICAL3, which are in line with the view that MICAL1 and MICAL3 are autoinhibited 
through inter-domain interactions (Schmidt et al. 2008; Giridharan et al. 2012). Previously, 
we have used a similar approach to characterize the interaction between MICAL3 and the 
centralspindlin component MKLP1 (Liu et al. 2016). Comparison of the two studies showed 
that ~40% of intra-protein cross-links in MICAL3 and ~70% MICAL3 lysines detected 
in intra-protein cross-links were the same. The lack of a complete overlap between the 
two studies likely reflects the fact that not all possible cross-links were identified in each 
experiment, but might also be due to the differences between the studied complexes.

Interestingly, a cross-linking pattern completely different from that of MICAL3 was 
observed for ELKS. The cross-links that are extremely close in sequence strongly indicate 
ELKS forms an elongated parallel coiled coil, which is in line with the previous analyses of 
this protein (Hida & Ohtsuka 2010; Deguchi-Tawarada et al. 2004)(Fig. S1B).

In addition to the intra-protein cross-links, we identified three inter-protein cross-links 
between MICAL3 and Rab8A and two inter-protein cross-links between MICAL3 and ELKS 
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Figure 2. Characterization of the domains responsible for the 
interactions between MICAL3, ELKS and Rab8A. A. A scheme 
of cross-links identified in the MICAL3-ELKS-Rab8A complex. 
Protein domains are depicted based on Uniprot database: MO 
(monooxygenase domain), CH (calponin homology domain), LIM 
(Lin11, Isl-1 and Mec-3 domain (zinc binding), CC (predicted coiled 
coil) and bMERB (bivalent Mical/EHBP Rab binding domain). 
Inter-protein cross-links are shown as red lines and lysines involved 
in cross-links are labelled as red dots. High-resolution structures 
of Rab8A and MICAL3 is shown. Structures were generated using 
Pymol v1.5. Cross- links within the structure are shown as purple lines 
connecting two red or purple spheres that represent the respective

Lys Cα atoms. Purple: inter-protein cross-linked lysines between MICAL3 and Rab8A. Green: inter-protein cross-
linked lysines of MICAL3 with MKLP1. B. An overview of MICAL3 truncation constructs and their interactions 
with ELKS or Rab8A. C-E. Results of streptavidin pull down assays, performed by mixing of lysates of cells co-
expressing biotin ligase BirA with bioGFP-tagged proteins with lysates of cells expressing mCherry- or mStrawberry-
tagged proteins. In panel C, lanes irrelevant for this study were cropped, indicated by a dashed line. *: published 
information from (Grigoriev et al. 2011).
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(Fig.2A, Supplementary Table S1). Accordingly, four lysine residues of MICAL3, two 
lysines of ELKS and three lysines of Rab8A are involved in these cross-links.  One out of 
three cross-links between Rab8A and MICAL3 could be mapped and fully complied with the 
high-resolution structure of human Rab8A in complex with the bMERB domain of MICAL-
CL, the homologue of the C-terminal part of MICAL3 (PDB: 5SZI) (Fig.2A). Interestingly, 
in our previous study (Liu et al. 2016), we found that the C-terminal bMERB domain of 
MICAL3 is also responsible for the interaction with MKLP1. We found ten lysines of 
MICAL3 cross-linked with MKLP1 (Liu et al. 2016), and two of these (K1634 and K1827) 
were also cross-linked with Rab8A (Fig. 2A).  Interestingly, two other MICAL3 lysines that 
were cross-linked to MKLP1 were found on the bMERB surface that is not directly involved 
in the interaction with Rab8A, based on the Rab8A-MICAL-CL complex (Fig.2A). This 
might suggest that the binding sites for MKLP1 and Rab8A on MICAL3 are distinct.

Next, based on the location of the cross-linked residues, we designed six truncation mutants 
of MICAL3, each of which includes two, three or all four lysine residues that are cross-linked 
with either ELKS or Rab8A (Fig.2B). For MICAL3 and ELKS interaction, four out of six 
constructs of MICAL3 (MICAL3-C1, C2, C4 and C5) show binding affinity to ELKS. The 
shortest construct sufficient for the interaction, MICAL3-C5, encompassed a single coiled coil 
region and the two lysine residues involved in the MICAL3-ELKS cross-linking (Fig.2B-D). 
Similarly, four truncation constructs of MICAL3 were also used for pull-down assays to 
investigate the interactions with Rab8A protein (Fig.2B, E). Two truncation constructs, 
MICAL3-C2 and C3, were found to retain the binding affinity of Rab8A, demonstrating that 
the minimal Rab8A-interaction domain of MICAL3 contains the C-terminal bMERB region 
(MICAL3-C3), encompassing a single cross-linked residue. These results are in agreement 
with the cross-linked lysine residues identified in our XL-MS experiment, but show that the 
cross-linked regions can be broader than the minimal interaction domains.

Furthermore, we also generated a set of truncation and deletion constructs of ELKS to 
validate the MICAL3-ELKS interaction reciprocally (Fig.3A). Two C-terminal domain 
fragments (ELKS-T1, and T3) were tested positive for binding to full-length MICAL3, 
while no binding was observed for ELKS-T2 (Fig.3A-B). These data suggest ELKS-T3 
construct, which encompasses both cross-linked lysine residues of ELKS, is sufficient for 
MICAL3-ELKS interaction. Moreover, to further assess the roles of the two cross-linked 
lysine residues (K876 and K889) of ELKS, we designed three deletion mutants (ELKS-del1, 
del2 and del3) for affinity purification assays (Fig.3A,C). Remarkably, the region adjacent 
to K876 (corresponding to ELKS-del2), but not the region adjacent to K889 (corresponding 
to ELKS-del3) contains amino acid sequences that are essential for the interaction. In this 
example, small deletions in ELKS were designed directly based on XL-MS results, allowing 
accurate and rapid localization of the exact binding sites of MICAL3-ELKS interaction.

Characterization of the minimal interaction domains of SLAIN2, CLASP2 and ch-TOG 
The second example we selected is the SLAIN2-CLASP2-ch-TOG protein complex, which 
is known to be important for regulating microtubule dynamics (van der Vaart et al. 2011). 
Previous work showed that SLAIN2 weakly binds to CLASP2 while it interacts with ch-TOG 
with a much higher affinity (van der Vaart et al. 2011). To further investigate the interaction
details of this complex, we performed XL-MS experiment on purified SLAIN2-CLASP2-ch-
TOG complex from the extracts of cells overexpressing BioGFP-SLAIN2 and GFP-CLASP2 
using BioGFP-SLAIN2 as the bait. Ch-TOG was not overexpressed in this assay, and thus the
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Figure 3. Mapping of MICAL3-interacting site in ELKS.
A. An overview of ELKS truncation and deletions constructs and their interactions with MICAL3. B-C. Results of 
streptavidin pull down assays, performed as described for Figure 1C. In panel B, lanes irrelevant for this study were 
cropped, indicated by a dashed line. *: published information from (Grigoriev et al. 2011)

detected ch-TOG peptides were derived from the endogenous protein. We identified 69 
cross-links, including 49 intra-protein cross-links within SLAIN2, 3 intra-protein cross-
links within ch-TOG, 3 intra-protein cross-links within CLASP2, 3 inter-protein cross-links 
between SLAIN2 and CLASP2 and 11 inter-protein cross-links between SLAIN2 and ch-
TOG (Fig.4A, Fig.S2A-C, Supplementary Table S2).

In SLAIN2-CLASP2-ch-TOG complex, none of the intra-protein cross-links are within 
the regions with known structure. To make better presentation, we made homology models 
for TOG-5 (TOG-51168-1422) and TOG-helical (TOG-helical1505-1970) domains based on the well-
known structures of TOG domain using Phyre2 (Kelly et al. 2015) and mapped the three 
intra-protein cross-links within the two regions onto the homology models (Fig.S2A). All 
mapped three cross-links are in agreement with the maximal distance restraint provided by 
the DSSO cross-linker.

Next, we focussed on the analysis of the inter-protein cross-links. Of the 11 inter-protein 
cross-links between SLAIN2 and ch-TOG, all cross-linked lysine residues of ch-TOG are 
located within the C-terminal part, in line with our previous reported binding domain of ch-
TOG with SLAIN2 (TOG-C11426-1972, Fig.4A-B) (van der Vaart et al. 2011). Consistently with 
the results obtained with MICAL3 and ELKS, one of the four cross-linked lysine residues in 
ch-TOG, K1302 located in TOG-5, was outside of the previously mapped domain essetial for 
the interaction with SLAIN2 (van der Vaart et al. 2011).
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On the other side of the interaction, the cross-linked lysine residues of SLAIN2 span 
the entire sequence of this protein (Fig.4A), which is contradictory to the minimal region 
responsible for binding of SLAIN2 to chTOG (SLAIN21-267) defined previously (van der 
Vaart et al. 2011). Interestingly, sequence analysis shows SLAIN2 is significantly enriched 
in basic residues, serines and prolines, and is predicted with high confidence to be largely 
unstructured (van der Vaart et al. 2011), indicating XL-MS is prone to present cross-links that 
are unrelated to direct binding for intrinsically disordered proteins.

Next, we designed five truncation constructs of CLASP2, encompassing two or three 
cross-linked lysine residues (CLASP2-M, CLASP2-N, CLASP2-C1 and CLASP2-C2 and 
CLASP-C3) and performed affinity purification to characterize the interaction domains 
of SLAIN2 and CLASP2 (Fig.4C-D). We observed that two constructs, CLASP2-C2 and 
CLASP-C3, retain the binding affinity to SLAIN2, indicating only the C-terminal region 
adjacent to K1437, which is predicted to be helical, is essential for the binding to SLAIN2 
(Fig.4A, C-D). In contrast, the intrinsically disordered region in the middle of CLASP2 did 
not bind to SLAIN2, in spite of showing two cross-links with this protein. Cross-linking 
results of SLAIN2 and CLASP2 thus also encompass a larger region compared to the minimal 
binding domain determined by biochemical assays. This observation is explained by the fact 
that cross-linking captures the amino acid residues that are close in distance rather than those 
directly participating in binding.

Discussion
XL-MS, which has been widely applied to facilitate structural modelling of proteins/complexes 
and docking of interaction interfaces by providing a list of residue-to-residue proximities, has 
also been used to direct mutagenesis to disrupt the surface interactions in several cases (Zhao 
et al. 2012; Coffman et al. 2014; McInerney et al. 1998). However, how accurate cross-linked 
residues and neighbouring regions reflect the minimal binding site of the interaction has 
not been investigated in detail. Here, we examined this issue using XL-MS in combination 
with genetic fragmentation with two illustrative examples, involving MICAL3, ELKS and 
Rab8A, and SLAIN2, CLASP2 and ch-TOG. For MICAL3-ELKS-Rab8A complex, cross-
linked sites fitted reasonably well with the interaction interfaces determined by biochemical 
assays, whereas in the analysis of the interaction interfaces between SLAIN2, CLASP2 and 
ch-TOG, the match between the protein fragments that are required for protein binding and 
the cross-linking results was less good. In both cases, cross-linking sites determined from 
the XL-MS experiments provide guidance for designing a series of truncation and deletion 
mutants to narrow the interaction domains. Importantly, the exact sites of interaction needed 
to be further validated by biochemical methods, as in all cases we identified cross-links 
located outside of the minimal protein interaction regions. This discrepancy is likely due 
to 1) the nature of cross-linking reaction, where the cross-linkers capture the amino acid 
residues that are in close proximity irrespective of their functions in binding, and 2) high in-
solution flexibilities of some proteins, especially intrinsically disordered ones, as exemplified 
by SLAIN2.

A nice example of XL-MS guided mapping is provided by identifying a short amino 
acid stretch of ELKS (residues 865-880) essential for the interaction with MICAL3, and 
the identification of the minimal ELKS-interacting domain in MICAL3. Similarly, in our 
recent study describing the interaction between MICAL3 and the centralspindlin component 
MKLP1, XL-MS data helped us do rapidly generate small deletions in MKLP1, disrupting

65

Facilitating the identification of minimal protein binding domains by XL-MS

4



Figure 4. Characterization of the domains responsible for the interactions between SLAIN2, CLASP2-and 
ch-TOG.
A. A scheme of cross-links identified in the SLAIN2-CLASP2-ch-TOG complex. Protein domains are indicated 
as CC (predicted coiled coil), TOG (tumour overexpressed gene) and TOG-L (TOG-like) domains. B. ch-TOG 
truncation constructs and their interaction with SLAIN2. C. An overview of CLASP2 truncation constructs and their 
interactions with SLAIN2. D. Results of streptavidin pull down assays, performed as described for Figure 1C. *: 
published information from (van der Vaart et al. 2011).
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the binding to MICAL3, which allowed us to assess the functional importance of the 
interaction (Liu et al. 2016).

In addition to evaluating the power XL-MS, our study allowed refining protein interaction 
domains in two protein complexes. For example, we compared cross-linked lysines on 
MICAL3 with either MKLP1 or Rab8A. A recent publication characterized the structure of 
the bMERB domain of MICAL family in complex with Rab8 family proteins  and  found 
two adjacent Rab binding sites located in the N- and C-terminal portion of the bMERB 
domain of MICAL1 (Rai et al. 2016). Interestingly, we mapped a specific inter-protein 
cross-link between MICAL3 and Rab8A onto the C-terminal half of the bMERB domain of 
MICAL3 (Fig.2A, the purple ball), while two MICAL3 lysines cross-linked with MKLP1 
were mapped onto the N-terminal half of bMERB domain (Fig.2A, green balls). These data 
might point to the ability of the bMERB domain of MICAL3 to interact with MKLP1 and 
Rab8A simultaneously. Such an interaction mode would be in agreement with our previously 
proposed model, in which MICAL3 acts as a midbody-associated protein hub that can bring 
together MKLP1, ELKS and Rab8A and in this way promote maturation of the intercellular 
bridge and abscission (Liu et al. 2016). The fact that the minimal ELKS-binding domain of 
MICAL3 does not overlap with the bMERB domain needed for binding to Rab8A or MKLP1 
supports this idea.

In the other example analysed here, we showed that SLAIN2 binds to the C-terminal helical 
domains of CLASP2, similar to most of the other CLASP binding partners, such as CLIP-170 
and CLIP-115 (Akhmanova et al. 2001), LL5β (Lansbergen et al. 2006), GCC185 (Efimov et 
al. 2007), kinetochore motor centromere protein E (CENP-E), and the chromokinesin Xkid 
(Patel et al. 2012), indicating that CLASP likely engages with its partners in independent 
protein complexes to stabilise microtubules in different contexts. These data will be useful 
for dissecting the detailed mechanisms underlying the functions of the studied complexes.

In conclusion, we show XL-MS, which has been widely applied to probe protein 
interactions and the residues of close proximity (Liu & Heck 2015; Leitner et al. 2016; Sinz 
2014), can be used to facilitate the characterization of minimal protein interaction domains. 
XL-MS studies can be performed under physiological conditions with modest amounts of 
material, and in some cases, as exemplified by identification of cross-links between SLAIN2 
and ch-TOG, involving proteins at endogenous expression levels. This is clearly a major 
advantage compared to higher resolution methods. Compared to computational means for 
binding site prediction, XL-MS does not require any prior structural information of proteins 
or protein homologues, which is an essential element for meaningful predictions in many 
circumstances. However, the predictive power of XL-MS for determining the protein binding 
interfaces does depend on the structural properties of the investigated proteins: for the protein 
complexes analysed here, the method clearly performed much better when the studied 
proteins consisted of folded entities than with intrinsically unstructured polypeptides. This 
consideration is important for evaluation of XL-MS results, including cross-linking-based 
large-scale protein interaction analyses, which are becoming increasingly popular (Tan et al. 
2016; Liu et al. 2015). Taken together, with the knowledge of the advantages and limitations 
of the methodology, XL-ML is likely to become an important addition to the routine methods 
of PPI characterization.
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Experimental procedures

Cell culture and transfection reagents
HEK293T cells were purchased from ATCC. HEK293T cells were cultured in 1:1 mixture 
of DMEM and Ham’s F10 medium (Lonza) supplemented with 10% fetal calf serum and 
1% Penicillin-Streptomycin solution (Sigma). The cell lines were routinely checked for 
mycoplasma contamination using LT07-518 Mycoalert assay (Lonza). Polyethylenimine 
(PEI, Polysciences) was used to transfect HEK293T cells for streptavidin pull-down assays. 
The volume of PEI used is based on a 3:1 ratio of PEI (μg): total DNA (μg). 

DNA constructs 
We used the following previously described constructs: protein-biotin ligase BirA, BioGFP, 
BFP-Rab8A, mCherry-Rab6, BioGFP- and mCherry-ELKS, BioGFP- and mCherry-
MICAL3-WT, BioGFP-SLAIN2 and GFP-CLASP2 (van der Vaart et al. 2011; Lansbergen 
et al. 2006; Grigoriev et al. 2011). MICAL3 truncation mutants were derived from BioGFP-
MICAL3 using a PCR-based strategy and subcloned into mCherry- and BioGFP-expressing 
vectors. ELKS truncation and deletion mutants were obtained from GFP-ELKS using a PCR-
based strategy in combination with Gibson assembly. 

Antibodies 
The following antibodies were obtained from commercial sources: mouse-anti-mCherry 
(Clontech), rabbit-anti-GFP (Abcam, ab290), mouse-anti-GFP (Roche, 11814460001), and 
rabbit-anti-Rab8 (D22D8) (Cell Signaling Technology, #697). We used a homemade rabbit 
polyclonal antibody raised against MICAL3 (Grigoriev et al. 2011). The following secondary 
antibodies were used: IRDye 800CW/680LT goat anti-rabbit, and goat anti-mouse (Li-Cor 
Biosciences).

Pull-down assays 
For streptavidin pull-down assays, cells were lysed 24 hours after transfection with BioGFP-
fusion constructs together with a plasmid encoding BirA or mCherry-fusion constructs in 100 
mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, and protease inhibitors (Roche). Cell 
lysates were centrifuged at 13,200 rpm for 20 minutes. After blocking Dynabeads® M-280 
streptavidin (Invitrogen) in 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 
and 0.02% chicken egg albumin for 1 hour, 4°C, two lysates expressing a BioGFP- and an 
mCherry-tagged protein, respectively, were mixed and incubated with the beads at 4°C for 2 
hours to allow formation of the protein complexes. Beads were washed four times in ice-cold 
50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% Triton X-100 using a magnet (Invitrogen), the 
protein were eluted by adding 2× SDS-PAGE sample buffer and heating at 95 °C for 5 min, 
and analysed by Western blot.

XL-MS sample preparation 
Protein complexes from streptavidin pull-downs were cross-linked on beads using 1 mM DSSO 
cross-linker (Kao et al. 2011). The cross-linking reaction was carried out for 45 min at room 
temperature and quenched with 20 mM Tris-HCl (pH 7.8) for 30 min at room temperature. 
Subsequently, the on-beads cross-linked proteins were denatured with 2 mM urea, reduced 
with 4 mM dithiothreitol at 56 °C for 30 min and alkylated with 8 mM iodoacetamide at room 
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temperature for 30 min in the dark. Proteins were digested using trypsin at an enzyme-to-
protein ratio of 1:20 (w/w) at 37 °C for 2 hr. The supernatant was removed from the beads 
and further digested at 37 °C overnight. Protein digests were desalted using Sep-Pak C18 
cartridges (Waters), dried and stored at −20 °C for further use. The desalted digests were 
Strong Cation Exchange chromatography (SCX) fractionated as previously described (Liu et 
al. 2015), and only the late SCX fractions (predominantly containing higher charged species) 
were subjected to LC/MS analysis.

LC/MS/MS analysis
Peptides and cross-linked peptides were analysed using an ultra HPLC Proxeon EASY-nLC 
1000 system (Thermo Fisher Scientific) coupled on-line to an ETD enabled LTQ Orbitrap 
Elite mass spectrometer (Thermo Fisher Scientific). For cross-link analysis, reversed-
phase separation and MS data acquisition were performed as previously described and data 
analysis was accomplished using XlinkX software (Liu et al. 2015). Results were filtered by 
1% false discovery rate and all reported cross-links were manually validated. For peptide 
identification, rapid CID was used for data acquisition. Peptide identification was performed 
using Proteome Discoverer 1.4 (Thermo Fisher Scientific). Results were filtered by 1% false 
discovery rate.
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Supplementary Figures

Supplementary Figure S1. Mapping of intra-protein cross-links in MICAL3, ELKS and Rab8A. 
Protein schemes and high-resolution structures of (A) MICAL3, (B) ELKS and (C) Rab8A. Protein domains are 
the same as in Fig.2. Cross-links are shown as grey lines. Structures were generated using Pymol v1.5. Cross-links 
within the structure are shown as pink lines connecting two red spheres that represent the respective Lys Cα atoms.
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Supplementary Figure S2. Mapping of intra-protein cross-links in SLAIN2, CLASP2 and ch-TOG. 
Protein schemes of (A) ch-TOG, (B) CLASP2 and (C) SLAIN2. Protein domains are the same as in Fig.4. Cross-
links are shown as grey lines. Structures are generated using Pymol v1.5. Cross-links within the structure are shown 
as pink lines connecting two red or purple spheres that represent the respective Lys Cα atoms. Purple: inter-protein 
cross-linked lysines of ch-TOG with SLAIN2.
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Supplemental Table S1. List of identified cross-links and intraprotein cross-links in 
MICAL3-ELKS-Rab8A complex. Peptide_a/peptide_b, the peptide a/b sequence;  
protein_a_b, the cross-linked residue number of the protein/ proteins. 

peptide_a peptide_b protein_a_b 

KDVEVK SVGKVEPSSQSPGR >ELKS-10->ELKS-170 

IETQKQTLNAR SVGKVEPSSQSPGR >ELKS-10->ELKS-299 

DSKISSMoER SVGKVEPSSQSPGR >ELKS-10->ELKS-390 

KDVEVK ESKLSSSMoNSIK >ELKS-170->ELKS-178 

KDEASK TFWSPELKK >ELKS-195->ELKS-202 

DEASKITIWK ITIWKEQYR >ELKS-207->ELKS-212 

QAKELFLLR KTLEEMELR >ELKS-279->ELKS-286 

DESIKK IETQKQTLNAR >ELKS-299->ELKS-310 

KLLEMLQSK GLSAKATEEDHER >ELKS-311->ELKS-324 

TKALQTVIEMK RFENAPDSAKTK >ELKS-376->ELKS-378 

DSKISSMER TKALQTVIEMK >ELKS-378->ELKS-390 

FMKNK VEQLKEELSSK >ELKS-437->ELKS-444 

KVNVLQK DMLDVKER >ELKS-569->ELKS-572 

KVNVLQK KIENLQEQLRDK >ELKS-572->ELKS-579 

DLKDLR QEEIDTYKK >ELKS-651->ELKS-655 

QEEIDTYKKDLK DLREKVSLLQGDLSEK >ELKS-651->ELKS-660 

EKVSLLQGDLSEK QEEIDTYKKDLK >ELKS-652->ELKS-660 

KAHEATLEAR KEECLKMESQLK >ELKS-712->ELKS-719 

YKDESSK KAHEATLEAR >ELKS-719->ELKS-748 

KVANLK HKEQVEK >ELKS-796->ELKS-803 

KASSAPSQGK TNAEKQVEELLMAMEK >ELKS-876->MICAL3-1634 

VKQELESMK QVEELLMAMEKVK >ELKS-887->ELKS-889 

KASSAPSQGK VKQELESMoK >ELKS-889->MICAL3-1634 

QELESMoKAK AKLSSTQQSLAEK >ELKS-896->ELKS-898 

KTQEEVAALKR DANIALLELSSSKK >ELKS-955->ELKS-957 

LVQQLKQQTQNR MKLMADNYEDDHFR >ELKS-977->ELKS-985 

GLGAKK VVVIEKR >MICAL3-117->MICAL3-143 

TTPKLTR VVVIEKR >MICAL3-117->MICAL3-511 

VVVIEKR SSKLLGWCQR >MICAL3-117->MICAL3-523 

VVVIEKR KTSQSEEEEAPR >MICAL3-117->MICAL3-683 

VVVIEKR TPGSGVNGLEEPSIAKR >MICAL3-117->MICAL3-882 

LFPEPLLPKEKPK ADAPSDLKAVHSPIR >MICAL3-1205->MICAL3-1217 

PLSIPKR LGLPKPEGEPLSLPTPR >MICAL3-1387->MICAL3-1393 

GLGAKK ALWAKLDK >MICAL3-143->MICAL3-68 

KFYGK KHETMNPAHVLFDR >MICAL3-144->MICAL3-5 

Supplementary Tables

Supplemental Table S1. List of identified cross-links and intraprotein cross-links in MICAL3-ELKS-Rab8A 
complex. Peptide_a/peptide_b, the peptide a/b sequence; protein_a_b, the cross-linked residue number of the 
protein/ proteins.
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KFYGK ALWAKLDK >MICAL3-144->MICAL3-68 

HPPLAKENGR LPALEGTLQPQKR >MICAL3-1563->MICAL3-1579 

GLPLVSAEAKELAEER ENGRLPALEGTLQPQKR >MICAL3-1579->MICAL3-1590 

SVKSQALR LPALEGTLQPQKR >MICAL3-1579->MICAL3-1605 

KASSAPSQGK LPALEGTLQPQKR >MICAL3-1579->MICAL3-1634 

EKSVK GLPLVSAEAKELAEER >MICAL3-1590->MICAL3-1602 

SVKSQALR GLPLVSAEAKELAEER >MICAL3-1590->MICAL3-1605 

KASSAPSQGK GLPLVSAEAKELAEER >MICAL3-1590->MICAL3-1634 

SVKSQALR KASSAPSQGK >MICAL3-1605->MICAL3-1634 

SVKSQALR ASSAPSQGKER >MICAL3-1605->MICAL3-1643 

KASSAPSQGK TPGSGVNGLEEPSIAKR >MICAL3-1634->MICAL3-882 

KASSAPSQGK KLEGNSPQGSNQGVK >MICAL3-1634->Rab8A-176 

SSQKSR TYTEEELNAKLTR >MICAL3-1811->MICAL3-1827 

SSQKSR AKALWAK >MICAL3-1811->MICAL3-63 

RVQKAAR TYTEEELNAKLTR >MICAL3-1827->MICAL3-1834 

CDVNDKR TYTEEELNAKLTR >MICAL3-1827->Rab8A-128 

VQKAAR QAKQEELK >MICAL3-1834->MICAL3-1841 

GEAGMoGKK GVAVEKALR >MICAL3-1877->MICAL3-1887 

KDDPK GVAVEKALRGEAGMoGK >MICAL3-1877->MICAL3-1888 

TTPKLTR DDPKLMQEWFK >MICAL3-1892->MICAL3-511 

TTPKLTR LMQEWFKLVQEK >MICAL3-1899->MICAL3-511 

SSKLLGWCQR LMQEWFKLVQEK >MICAL3-1899->MICAL3-523 

EREEDKDLEAAMoLSK LLPQTTPENVSKNFSQYSIDPVTR >MICAL3-1986->MICAL3-458 

IRTIELDGKR EREEDKDLEAAMLSK >MICAL3-1986->Rab8A-55 

RKEFR TTPKLTR >MICAL3-235->MICAL3-511 

RKEFR SSKLLGWCQR >MICAL3-235->MICAL3-523 

RKEFR TPGSGVNGLEEPSIAKR >MICAL3-235->MICAL3-882 

DDTHYFVMTAKK SCFKCEYCATTLR >MICAL3-304->MICAL3-790 

SFYHKLK AFQELCDHLELKPK >MICAL3-42->MICAL3-52 

SKLNYWK AFQELCDHLELKPK >MICAL3-42->MICAL3-56 

SKLNYWK AFQELCDHLELKPKDYR >MICAL3-44->MICAL3-56 

TTPKLTR HLYDTGETKDIHLEMoESLVNSR >MICAL3-494->MICAL3-511 

LNYWKAK KHETMNPAHVLFDR >MICAL3-5->MICAL3-61 

AKALWAK KHETMNPAHVLFDR >MICAL3-5->MICAL3-63 

TTPKLTR SSKLLGWCQR >MICAL3-511->MICAL3-523 

TTPKLTR KTSQSEEEEAPR >MICAL3-511->MICAL3-683 

TTPKLTR TPGSGVNGLEEPSIAKR >MICAL3-511->MICAL3-882 

SFYHKLK SKLNYWK >MICAL3-52->MICAL3-56 

GKACTNTK SFYHKLK >MICAL3-52->MICAL3-82 
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SSKLLGWCQR KTSQSEEEEAPR >MICAL3-523->MICAL3-683 

EKDLDGAGK SPISFLSKLGQTISR >MICAL3-656->MICAL3-673 

DLDGAGKR SPISFLSKLGQTISR >MICAL3-656->MICAL3-680 

KTSQSEEEEAPR SPISFLSKLGQTISR >MICAL3-656->MICAL3-683 

EKDLDGAGK KTSQSEEEEAPR >MICAL3-673->MICAL3-683 

DLDGAGKR KTSQSEEEEAPR >MICAL3-680->MICAL3-683 

MDVAVGNQNKVK KTSQSEEEEAPR >MICAL3-683->MICAL3-721 

QGSMKK LSAEGKFFHR >MICAL3-751->MICAL3-782 

KRPAVAPLSGK LSAEGKFFHR >MICAL3-782->MICAL3-829 

KRPAVAPLSGK FYCKPHYCYR >MICAL3-815->MICAL3-829 

KRPAVAPLSGK EAKGPLQDGATTDANGR >MICAL3-829->MICAL3-842 

KRPAVAPLSGK TPGSGVNGLEEPSIAKR >MICAL3-829->MICAL3-882 

QVSKER GEKLALDYGIK >Rab8A-133->Rab8A-138 

QVSKERGEK LALDYGIKFMETSAK >Rab8A-133->Rab8A-146 

DIKAK TIELDGKR >Rab8A-170->Rab8A-55 

AKMoDK KLEGNSPQGSNQGVK >Rab8A-172->Rab8A-176 

AKMDKK TIELDGKR >Rab8A-175->Rab8A-55 

ITPDQQKR KLEGNSPQGSNQGVK >Rab8A-176->Rab8A-197 

IRTIELDGKR KLEGNSPQGSNQGVK >Rab8A-176->Rab8A-55 
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Supplemental Table S2. List of identified interprotein cross-links and intraprotein cross-links in SLAIN2-
CLASP2-ch-TOG complex. Peptide_a/peptide_b, the peptide a/b sequence; protein_a_b, the cross-linked residue 
number of the protein/ proteins.

Supplemental Table S2. List of identified interprotein cross-links and intraprotein cross-
links in SLAIN2-CLASP2-ch-TOG complex. Peptide_a/peptide_b, the peptide a/b 
sequence; protein_a_b, the cross-linked residue number of the protein/ proteins. 
 

peptide_a peptide_b protein_a_b 

IKSSR NSPRPSPKQSPR >ch-TOG-1968->SLAIN2-355 

KLQELVK KLQELVKK >SLAIN2-16->SLAIN2-22 

MQTKVIER SKLAQPVRR 

>CLASP2-1437->SLAIN2-

553 

VGEPKDVIR NSPRPSPKQSPR >ch-TOG-1302->SLAIN2-355 

VLVNSASAQKR NSPRPSPKQSPR >CLASP2-725->SLAIN2-355 

LDQTMSALKR NSPRPSPKQSPR >SLAIN2-182->SLAIN2-355 

KKLTPMQK SKLAQPVRR >SLAIN2-137->SLAIN2-553 

IKSSRK SKLAQPVRR >ch-TOG-1968->SLAIN2-553 

VGEPKDVIR SKLAQPVRR >ch-TOG-1302->SLAIN2-553 

IDEKSSKAK VNDFLAEIFKK 

>ch-TOG-1766->ch-TOG-

1778 

KSLIHK LDQTMoSALKR >SLAIN2-168->SLAIN2-182 

KKLTPMQK NSPRPSPKQSPR >SLAIN2-137->SLAIN2-355 

SKLAQPVRR KGPAEDMSSKLNQAR >ch-TOG-1463->SLAIN2-553 

SKLAQPVR LDQTMoSALKR >SLAIN2-182->SLAIN2-553 

SKLAQPVRR LSGWEEEEESWLYSSPKK >SLAIN2-136->SLAIN2-553 

IKSSRK TSNTQVDSVKSSR >ch-TOG-1968->SLAIN2-429 

LKILR SKLAQPVRR >ch-TOG-1880->SLAIN2-553 

KLTPMQK SKLAQPVRR >SLAIN2-138->SLAIN2-553 

VIEMEREGKGR NSPRPSPKQSPR >ch-TOG-1834->SLAIN2-355 

PSPKQSPR MoQPQASAIPSPGKFR >SLAIN2-355->SLAIN2-459 

NSPRPSPKQSPR NSPRPSPKQSPR >SLAIN2-355->SLAIN2-355 

SKLAQPVRR TKMVSQSQPGSR >CLASP2-683->SLAIN2-553 

SKLAQPVR SKLAQPVRR >SLAIN2-553->SLAIN2-553 

SKLAQPVRR VIEMEREGKGR >ch-TOG-1834->SLAIN2-553 

KLTPMQK NSPRPSPKQSPR >SLAIN2-138->SLAIN2-355 

GFPLGLSAKSGGGPGSGPR GFPLGLSAKSGGGPGSGPRR >SLAIN2-74->SLAIN2-74 

KLQELVK SKLAQPVRR >SLAIN2-16->SLAIN2-553 

TSNTQVDSVKSSR MQPQASAIPSPGKFR >SLAIN2-429->SLAIN2-459 

LKILR NSPRPSPKQSPR >ch-TOG-1880->SLAIN2-355 

KLEKQNEQLR NSPRPSPKQSPR >SLAIN2-26->SLAIN2-355 

NSPRPSPKQSPR QVLDYPSPDVECAKK >SLAIN2-167->SLAIN2-355 

KLQELVK NSPRPSPKQSPR >SLAIN2-16->SLAIN2-355 

77

Facilitating the identification of minimal protein binding domains by XL-MS

4



TSNTQVDSVKSSR LSLQGHPTDLQTSNVKNEEK >SLAIN2-405->SLAIN2-429 

SKLAQPVRR LTPMQKSVSPLVWCR >SLAIN2-144->SLAIN2-553 

KLEKQNEQLR NSPRPSPKQSPR >SLAIN2-23->SLAIN2-355 

SKLAQPVRR NSPRPSPKQSPR >SLAIN2-355->SLAIN2-553 

TSNTQVDSVKSSR GFPLGLSAKSGGGPGSGPRR >SLAIN2-429->SLAIN2-74 

KLQELVK KLEKQNEQLR >SLAIN2-16->SLAIN2-26 

VLVNSASAQKR TKMVSQSQPGSR >CLASP2-683->CLASP2-725 

SKLAQPVR SLPAPKTYGSMoK >SLAIN2-553->SLAIN2-566 

SKLAQPVRR KLEKQNEQLR >SLAIN2-26->SLAIN2-553 

SKLAQPVRR LSLQGHPTDLQTSNVKNEEKLR >SLAIN2-405->SLAIN2-553 

NSKQR VGEPKDVIR 

>ch-TOG-1302->ch-TOG-

1339 

SKLAQPVRR QVLDYPSPDVECAKK >SLAIN2-167->SLAIN2-553 

KLTPMQK TSNTQVDSVKSSR >SLAIN2-138->SLAIN2-429 

LKILR GFPLGLSAKSGGGPGSGPR >ch-TOG-1880->SLAIN2-74 

SKLAQPVRR KLEKQNEQLR >SLAIN2-23->SLAIN2-553 

SKIPR TKMVSQSQPGSR >CLASP2-683->CLASP2-728 

KLQELVKK LEKQNEQLR >SLAIN2-22->SLAIN2-26 

LKILR VIEMEREGKGR 

>ch-TOG-1834->ch-TOG-

1880 

TSNTQVDSVKSSR TSNTQVDSVKSSRSDSNFQVPNGGIPR >SLAIN2-429->SLAIN2-429 

SKLAQPVR MQPQASAIPSPGKFR >SLAIN2-459->SLAIN2-553 

NSPRPSPKQSPR LTPMQKSVSPLVWCR >SLAIN2-144->SLAIN2-355 

SKLAQPVR TSNTQVDSVKSSR >SLAIN2-429->SLAIN2-553 

KLEKQNEQLR TSNTQVDSVKSSR >SLAIN2-26->SLAIN2-429 

KLQELVK KLEKQNEQLR >SLAIN2-16->SLAIN2-23 

KLQELVK TSNTQVDSVKSSR >SLAIN2-16->SLAIN2-429 

KLEKQNEQLR TSNTQVDSVKSSR >SLAIN2-23->SLAIN2-429 

KLTPMQK GFPLGLSAKSGGGPGSGPR >SLAIN2-138->SLAIN2-74 

NSPRPSPKQSPR TSNTQVDSVKSSR >SLAIN2-355->SLAIN2-429 

KLQELVK GFPLGLSAKSGGGPGSGPR >SLAIN2-16->SLAIN2-74 

SKIPR VLVNSASAQKR >CLASP2-725->CLASP2-728 

TSNTQVDSVKSSR LSLQGHPTDLQTSNVKNEEKLRR >SLAIN2-409->SLAIN2-429 

NSPRPSPKQSPR GFPLGLSAKSGGGPGSGPR >SLAIN2-355->SLAIN2-74 

KLEKQNEQLR GFPLGLSAKSGGGPGSGPR >SLAIN2-26->SLAIN2-74 

SKLAQPVRR GFPLGLSAKSGGGPGSGPR >SLAIN2-553->SLAIN2-74 

NSPRPSPKQSPR LSLQGHPTDLQTSNVKNEEK >SLAIN2-355->SLAIN2-405 

SKLAQPVRR LSLQGHPTDLQTSNVKNEEKLRR >SLAIN2-409->SLAIN2-553 

NSPRPSPKQSPR LSLQGHPTDLQTSNVKNEEKLRR >SLAIN2-355->SLAIN2-409 
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Abstract
Microtubules play important roles in many cell functions, including intracellular transport, 
cell division and cell polarity. While the microtubule plus-end tracking protein networks have 
been the focus of intense investigations, the minus-end tracking protein networks are poorly 
understood. By applying pull down assays for specific microtubule minus-end proteins, 
and subsequent mass spectrometry analysis, we identified new binding partners for the 
microtubule minus-end-interacting proteins and investigated the role of these proteins in the 
regulation of microtubule minus ends in interphase and in mitosis. We found that the complex 
of AKAP450 and myomegalin interacts with and recruits CAMSAP2-bound microtubule 
minus ends to the Golgi in interphase. The length of CAMSAP-decorated microtubule 
lattices is controlled by katanin, which also interacts with CAMSAP2 and CAMSAP3 in 
interphase cells. During mitosis, CAMSAP2 is released from microtubules, and the minus 
ends associate with the complex of ASPM and katanin, which concentrates at the spindle 
poles and spindle positioning. We thus extended the knowledge on microtubule minus-end 
networks and shed light on how they contribute to microtubule organization.
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Introduction
Microtubules play diverse and essential roles in numerous cellular processes, such as 
intracellular transport, cell division and cell polarity. Microtubules are asymmetric polymeric 
tubes that are composed of α- and β-tubulin dimers, which are arranged in a head-to-tail 
fashion. In solutions of purified tubulin, the microtubule plus end at which β-tubulin is 
exposed grows faster and undergoes more frequent catastrophes than the microtubule minus 
end at which α-tubulin is exposed (Desai & Mitchison 1997; Dammermann et al. 2003; Jiang 
& Akhmanova 2011). In cells, the behavior of the two microtubule ends is also different. The 
microtubule plus ends undergo rapid growth and shortening. In contrast, most of time the 
microtubule minus ends are either stabilized or serve as sites of depolymerization, however, 
occasionally they can also slowly polymerize (Dammermann et al. 2003; Howard & Hyman 
2003; Jiang et al. 2014; Akhmanova & Hoogenraad 2015).

The two microtubule ends interact with a number of regulatory factors to control microtubule 
dynamics. The plus-end tracking proteins (+TIPs) form complex protein networks at growing 
microtubule plus ends (Jiang & Akhmanova 2011; Jiang et al. 2014; Akhmanova & Steinmetz 
2008; Schuyler & Pellman 2001). The members of the End Binding protein (EB) family are 
key components of the + TIP complexes. EBs autonomously recognize growing microtubule 
ends and recruit to them several important factors (Akhmanova & Steinmetz 2015; Jiang 
& Akhmanova 2011). Proteomic studies of EB partners has revealed a large group of other 
+TIPs (Jiang et al. 2012). For example, interactions with EBs are responsible for mediating 
microtubule plus-end tracking of CLASPs and CLIP-170 (Kumar & Wittmann 2012). On 
the other hand, protein networks at the microtubule minus end are poorly understood. The 
γ-tubulin ring complex (γ-TURC) is the main factor, which specifically associates with 
microtubule minus ends. γ-TURC nucleates microtubules and can cap their minus ends 
(Kollman et al. 2011; Akhmanova & Steinmetz 2015; Akhmanova & Hoogenraad 2015). 
However, γ-TURCs are not always attached to microtubules and not all minus ends are capped 
with γ-TURCs, thus it is likely that the γ-TURC is not the only regulator of all microtubule 
minus ends (Akhmanova & Hoogenraad 2015).

The members of the calmodulin-regulated spectrin-associated protein (CAMSAP)/
Nezha/Patronin family were recently characterized as regulators of microtubule minus ends 
(Akhmanova & Steinmetz 2015). The three family members, CAMSAP1, CAMSAP2 and 
CAMSAP3/Nezha exist in mammals, while Patronin is the only member of this family found 
in Drosophila (Akhmanova & Hoogenraad 2015; Goshima et al. 2007; Baines et al. 2009). 
The three mammalian CAMSAPs behave differently in in vitro reconstitution experiments 
with dynamic microtubules. CAMSAP1 dynamically associates with and tracks growing 
microtubule minus-ends (Jiang et al. 2014). CAMSAP2 and CAMSAP3 stably decorate 
stretches of microtubule lattices. These stretches are resistant to depolymerization from both 
ends (Tanaka et al. 2012; Hendershott & Vale 2014; Jiang et al. 2014). 

Despite these recent findings on microtubule minus-end proteins and their functions in 
regulating microtubule growth and dynamics, the protein networks at microtubule minus 
ends remain unclear. To decipher protein-protein interactions at microtubule minus-ends, 
we performed mass spectrometry assays with cell lysates expressing the known microtubule 
minus-end proteins. This helps us understand better how the function of these minus-end 
proteins is regulated and what are the mechanisms controlling microtubule minus-end 
dynamics. In this Chapter we will discuss the identified proteins and their functional roles in 
regulating microtubule minus ends. 
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Results
Searching for binding partners of CAMSAP2 and CAMSAP3
To gain insight into the protein networks at microtubule minus ends, we performed a mass-
spectrometry-based screen for the binding partners of CAMSAP2 and CAMSAP3. We co-
expressed in HEK293T cells the biotin ligase BirA together with CAMSAP2 or CAMSAP3 
carrying a biotinylation and GFP (bioGFP) tag, and performed streptavidin pull down assays 
from the lysates of these cells. BioGFP alone was used as a negative control. We identified 
A-kinase anchoring protein of 450 kDa (AKAP450, also known as AKAP9) and CDK5 
regulatory subunit-associated protein 2 (CDK5RAP2, also known as CK5P2) as potential 
binding partners interacting with CAMSAP2 and CAMSAP3 (Table I, II). AKAP450 and 
CDK5RAP2 bind to each other and can associate with the Golgi membrane (Rios 2014; 
Sanders & Kaverina 2015; Rivero et al. 2009). AKAP450 is recruited to the cis-Golgi by the 
Golgi matrix protein GM130 (Hurtado et al. 2011) and is required for microtubule nucleation 
from the Golgi (Rivero et al. 2009). The association between CAMSAPs and AKAP450 
suggests that their complex might play a role in the microtubule organization at Golgi 
apparatus, as will be discussed in detail in the next section.

Recent work showed that CAMSAP3 is a major factor in organizing apico-basal 
microtubule arrays in enterocytes, where it strongly localizes to the apical cell cortex and 
tethers microtubule minus ends (Toya et al. 2015). Microtubule-actin cross-linking factor 
1 (ACF7, also known as MACF1) was the highest hit in CAMSAP3 pull down (Table II). 
ACF7 binds microtubules and EB1, which cross-links actin filaments and microtubules, 
especially in the vicinity of cell junctions (Goldspink et al. 2013; Wu et al. 2008; Kodama 
et al. 2003; Karakesisoglou et al. 2000). It is therefore interesting to find out if CAMSAP3 
functions together with ACF7 in apico-basal microtubule regulation (see Chapter 6). Other 
prominent hits in both CAMSAP2 and CAMSAP3 experiments were the two subunits of the 
microtubule severing enzyme katanin (Table I, II); this interaction will be discussed below.  

We also identified WD repeat-containing protein 47 (WDR47, also known as Nemitin) in 
both experiments. WDR47 was implicated in regulating the neuronal cytoskeleton through 
an interaction with microtubule-associated protein 8 (MAP8) (Wang et al. 2012). CAMSAP2 
was previously identified as an important player for proper microtubule organization in 
neurons (Yau et al. 2014). It is thus interesting to explore whether CAMSAPs interact with 
WDR47 cooperating in neuronal cytoskeleton regulation. 

Centrosomal protein of 170 kDa (CEP170) was one of the high hits in both experiments. 
Overexpression of CEP170 leads to microtubule bundling in interphase cells (Guarguaglini 
et al. 2005). CEP170 associates with spindle microtubule during mitosis and interacts with 
kinesin-13 Kif2b, enhancing its localization to the mitotic spindle (Guarguaglini et al. 2005; 
Kumar et al. 2013; Welburn & Cheeseman 2012). Exploring interactions between CAMSAPs 
and CEP170 might help to understand how microtubules are regulated throughout the cell 
cycle. 

In addition, microtubule affinity regulating kinase 2 (MARK2) and MARK3 were 
specifically enriched in CAMSAP3 experiment. Protein kinases of the MARK family 
phosphorylate the microtubule-associated protein (MAP) tau and regulates its affinity for 
microtubules (Drewes et al. 1997; Timm et al. 2008). It is worth to investigate if MARK 
kinases specifically interact with CAMSAP3 and act as a complex regulating microtubule 
dynamics.
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AKAP450 and myomegalin (MMG) recruit CAMSAP2-decorated microtubules to the 
Golgi
The Golgi apparatus has been shown as a site which can nucleate, stabilize and tether 
non-centrosomal microtubules (Rios & B 2014; Sanders & Kaverina 2015; Chabin-Brion 
et al. 2001; Zhu & Kaverina 2013). Since AKAP450, which is essential for Golgi-derived 
microtubule formation, was enriched in both CAMSAP2 and CAMSAP3 experiments, we 
wondered if CAMSAPs participate in the organization of non-centrosomal microtubule 
minus ends at the Golgi.

Table I. Identification of interacting partners of CAMSAP2 by mass spectrometry.

To address this question, we first investigated the localization of CAMSAP2-stabilized 
microtubules in different cell lines. Prominent colocalization of CAMSAP2 stretches with 
the Golgi was observed in cells with relatively sparse microtubule systems, such as RPE1 and 
hTERT-immortalized Human Mammary Epithelial Cells (hTMEC) (Fig. 1A), which both 

Uniprot_ID
Protein 
Name

Mascot 
Score

Unique 
Peptides

Q99996 A-kinase anchor protein 9 AKAP9 8779 124

Q08AD1
Calmodulin-regulated spectrin-associated protein 2 

CAMSAP2 408584 106

O94967 WD repeat-containing protein 47 OS=Homo sapiens WDR47 38192 44

Q8NHU6
Tudor domain-containing protein 7 OS=Homo sapiens 

TDRD7 6613 39

Q96SN8 CDK5 regulatory subunit-associated protein 2 CDK5RAP2 1043 25

Q8IY18 Structural maintenance of chromosomes protein 5 SMC5 804 25

Q5SW79 Centrosomal protein of 170 kDa CEP170 3988 25

Q13206 Probable ATP-dependent RNA helicase DDX10 1057 24

P21359 Neurofibromin NF1 883 23

Q14999 Cullin-7 CUL7 820 23

Q9UG01 Intraflagellar transport protein 172 homolog IFT172 523 23

Q9P1Y5
Calmodulin-regulated spectrin-associated protein 3 

CAMSAP3 1545 23

O60826 Coiled-coil domain-containing protein 22 CCDC22 2265 22

Q9NV70 Exocyst complex component 1 EXOC1 1781 21

Q8TDD1 ATP-dependent RNA helicase DDX54 720 21

Q9BVA0 Katanin p80 WD40 repeat-containing subunit B1 KATNB1 2153 20

Q9UII4 E3 ISG15--protein ligase HERC5 852 18

Q9NVU7 Protein SDA1 homolog OS=Homo sapiens SDAD1 796 17

O75449 Katanin p60 ATPase-containing subunit A1 KATNA1 1124 16

Q8WV44 E3 ubiquitin-protein ligase TRIM41 902 16

Table I. Identification of interacting partners of CAMSAP2 by mass spectrometry.

85

Protein networks regulate non-centrosomal microtubule minus-ends

5



lack detectable CAMSAP3 expression (data not shown). To investigate how CAMSAP2 
stretches attach to the Golgi, we focused on AKAP450, which we have identified as a potential 
CAMSAP2 binding partner (Table I). Permanent removal of AKAP450 by CRISPR/Cas9-
mediated KO in RPE1 cells led to the detachment of CAMSAP2 stretches from the Golgi 
and their redistribution into the cytoplasm (Fig. 1B-D), while cell viability and proliferation 
were not significantly affected. The localization of CAMSAP2 stretches to the Golgi could 
be restored by expressing in AKAP450 KO cells the full length GFP-AKAP450, but not the 
AKAP450 fragments, which localized either to the Golgi (the N-terminal part), cytosol (the 
middle parts of AKAP450) or the centrosome (the C-terminal part, containing the pericentrin-
AKAP450 centrosomal targeting (PACT) domain (Fig.1E-G) (Gillingham & Munro 2000). 
By making internal deletions, we have identified the minimal region of AKAP450, including 
the PACT domain and AKAP450 C-terminus, required for the localization of CAMSAP2 
stretches to the Golgi when fused to the Golgi-binding AKAP450 N-terminus (Fig. 1E-G).

We next attempted to demonstrate an interaction between the AKAP450 C-terminus and 
CAMSAP2 but detected only weak binding (not shown). We then reasoned that additional 
factors might participate in this interaction and searched for them by pull down assays 
combined with mass spectrometry using the C-terminal part of AKAP450 (amino acids 
2873-3907). We identified several proteins, including MMG isoform 8 (which will be called 
MMG from here onwards) and CDK5RAP2 (Table III), which were previously reported 
to bind to AKAP450 (Wang et al. 2014; Wang et al. 2010; Roubin et al. 2013). We have 
generated RPE1 KO lines lacking MMG or CDK5RAP2 (Fig.2A), which were both viable 
and displayed no strong cell proliferation defects. We found that while CDK5RAP2 KO 
had no effect on CAMSAP2 localization, the loss of MMG resulted in the detachment of 
CAMSAP2 stretches from the Golgi (Fig. 2B,C). Re-expression of the full length MMG or 
its N-terminal part (amino acids 1-389) restored the localization of CAMSAP2 stretches to 
the Golgi (Fig. 2D-F). Similar to previously published work (Wang et al. 2014), we found 
that the loss of MMG led to a decreased expression of AKAP450, which could be rescued 
by the expression of both the full length MMG and its N-terminal part (Fig. 3A-D). We also 
confirmed that the N-terminus of MMG strongly bound to AKAP450, and deletion mapping 
showed that the PACT domain of AKAP450 was by itself sufficient for the binding to MMG 
N-terminus (Fig.4A,B).

Importantly, while the AKAP450 C-terminus and MMG N-terminus displayed only weak 
binding to CAMSAP2 when they were expressed separately, a much better binding was 
observed when they were expressed together (Fig. 4C). We next extended the pull down 
assays to a series of CAMSAP2 deletion mutants and found that the complex of AKAP450 
C-terminus and MMG N-terminus interacted with the C-terminal part of CAMSAP2 
encompassing the last coiled coil and the CKK domain, the CAMSAP2 part previously shown 
to be required for microtubule minus-end decoration and stabilization (Fig. 4A, D-E) (Jiang 
et al. 2014). We conclude that CAMSAP2 binds to a complex formed by AKAP450 and 
MMG, and this complex is required for the binding of CAMSAP2-decorated microtubules 
to the Golgi.
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Table II. Identification of interacting partners of CAMSAP3 by mass spectrometry.Table II. Identification of interacting partners of CAMSAP3 by mass spectrometry.

Uniprot_ID
Protein 
Name

Mascot 
Score

Unique 
Peptides

Q9UPN3 Microtubule-actin cross-linking factor 1, isoforms 1/2/3/5 MACF1 11391 179
Q99996 A-kinase anchor protein 9 AKAP9 4841 123
O95613 Pericentrin PCNT 3400 92
Q9NU22 Midasin MDN1 2934 76
Q66GS9 Centrosomal protein of 135 kDa CEP135 2363 57
Q5SW79 Centrosomal protein of 170 kDa CEP170 7421 49

P21359 Neurofibromin NF1 1898 43
Q9HD67 Unconventional myosin-X MYO10 1870 41
O95714 E3 ubiquitin-protein ligase HERC2 775 41
Q9P1Y5 Calmodulin-regulated spectrin-associated protein 3  CAMSAP3 61158 37
O94967 WD repeat-containing protein 47 WDR47 6332 36
O94964 Protein SOGA1 OS=Homo sapiens SOGA1 1179 36
Q8IUD2 ELKS/Rab6-interacting/CAST family member 1 ERC1 1290 32
Q8N960 Centrosomal protein of 120 kDa CEP120 1778 31
Q96SN8 CDK5 regulatory subunit-associated protein 2 CDK5RAP2 1728 31
Q9BV73 Centrosome-associated protein CEP250 1207 31
O14578 Citron Rho-interacting kinase CIT 774 29
Q86UD0 Suppressor APC domain-containing protein 2 SAPCD2 3970 24
O15078 Centrosomal protein of 290 kDa CEP290 546 24
P51659 Peroxisomal multifunctional enzyme type 2 HSD17B4 2792 24
Q8IY18 Structural maintenance of chromosomes protein 5 SMC5 928 23
Q15154 Pericentriolar material 1 protein PCM1 759 23
Q9UPN4 Centrosomal protein of 131 kDa CEP131 561 23

Q13131
5'-AMP-activated protein kinase catalytic subunit alpha-1 

PRKAA1 2389 21
Q7KZI7 Serine/threonine-protein kinase MARK2 2320 21

Q8N5A5
Zinc finger CCCH-type with G patch domain-containing protein 

ZGPAT 1948 21
Q9NV70 Exocyst complex component 1 EXOC1 1740 21
P27448 MAP/microtubule affinity-regulating kinase 3 MARK3 2872 20
O75962 Triple functional domain protein TRIO 482 19
Q12899 Tripartite motif-containing protein 26 TRIM26 2317 18
O60870 DNA/RNA-binding protein KIN17 1607 18

Q9NVU7 Protein SDA1 homolog SDAD1 1250 18
P38398 Breast cancer type 1 susceptibility protein BRCA1 653 18

Q9BVA0 Katanin p80 WD40 repeat-containing subunit B1 KATNB1 1735 17
Q8WV44 E3 ubiquitin-protein ligase TRIM41 1090 17
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Figure 1. CAMSAP2-decorated microtubule stretches localize to the Golgi in AKAP450-dependent manner.
A. Immunostaining of CAMSAP2 (green) and GM130 (red) in RPE1 and hTMEC. Bars, 10 μm, and 2 μm in the 
enlargements. B. Immunostaining of CAMSAP2 (green) and GM130 (red) in control or AKAP450-knockout cells. 
Bar, 10 μm. C. Western blot of extracts of RPE1 cells prepared from control and AKAP450 knockout lines. D. 
Quantification CAMSAP2 and GM130 distribution in control/AKAP450-knockout cells. Distance from the center 
of the Golgi is shown on the horizontal axis and normalized fluorescence intensity on the vertical axis.  35 cells were 
analyzed per condition. Error bars represent standard deviation (SD). E. Domain organization of AKAP450 and the 
deletion mutants used to rescue CAMSAP2 localization at the Golgi. PACT, pericentrin-AKAP450 centrosomal 
targeting domain, CC - coiled coil. Golgi localization and rescue of CAMSAP2 accumulation at the Golgi are 
indicated. F. Immunostaining of CAMSAP2 (red) and GM130 (blue) in AKAP450-knockout cells overexpressing 
GFP-tagged full length (FL) AKAP450 or the indicated AKAP450 mutants (green). Bar, 10 μm. G. Quantification of 
CAMSAP2 and GM130 distribution in cells shown in panel F, analyzed and displayed as in panel D.
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Figure 2. MMG is required for the binding of CAMSAP2-decorated microtubules to the Golgi.
A. Western blots of extracts of RPE1 cell lines knockout for MMG or CDK5RAP2. B. Immunostaining of CAMSAP2 
(green) and GM130 (red) in MMG or CDK5RAP2 knockout cells. Bar, 5 μm. C. Quantification of CAMSAP2 and 
GM130 distribution in MMG knockout cells, analyzed and displayed as in Fig.1D. D. Domain organization of 
MMG and the deletion mutants used to rescue CAMSAP2 localization at the Golgi. +, rescue; -, no rescue. E. 
Immunostaining of CAMSAP2 (red) and GM130 (blue) in MMG-knockout RPE1 cells overexpressing the indicated 
GFP-tagged MMG constructs (green). Bar, 10 μm. F. Quantification of CAMSAP2 and GM130 distribution in cells 
shown in panel E, analyzed and displayed as in Fig.1D. 

Katanin controls the length of CAMSAP-decorated microtubule stretches
Two subunits of katanin, p60 and p80, were abundantly present in the pull down experiments 
with CAMSAP2 and CAMSAP3 (Table I, II), suggesting an interaction between katanin 
and CAMSAPs. This interaction was confirmed by Western blotting (Fig. 5A,B). Katanin 
is a microtubule-severing and depolymerizing protein (Sharp & Ross 2012; Roll-Mecak & 
McNally 2010). The p60 subunit breaks microtubule fibers in an ATP-dependent manner, 
while the p80 subunit is likely a targeting and regulatory subunit (Mao et al. 2014). 
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Figure 3. MMG is required for the localization of AKAP450 to the Golgi.
A. Immunostaining of AKAP450 (green) and GM130 (red) in control and MMG knockout cells. Bar, 10μm. B. 
Intensity of immunofluorescence staining of AKAP450 in the Golgi area in control and MMG-knockout cells, 
normalized to the intensity of GM130 staining. 25 cells were analyzed per condition. Error bars represent SD. Value 
significantly different from control is indicated by asterisks (p<0.001, Mann-Whitney U test). C. Immunostaining 
of AKAP450 (red) and GM130 (blue) in MMG knockout cells expressing GFP-fusion of the full-length MMG or 
MMG 1-389 (green). Bar, 10μm. D. Intensity of AKAP450 immunofluorescence staining of AKAP450 in the Golgi 
area for cells shown in panel C, quantified as in panel B. 

By using deletion mutants of CAMSAP2, we found that the region between amino acids 
477 and 574 in the N-terminal part of the molecule, but not the CKK domain is required for 
the interaction with katanin (Fig. 5C,D). At low expression levels, the full length CAMSAP2 
and its deletion mutant ΔN1, which retained the capacity to bind to katanin, formed stretches 
with an average length of ~1 μm (Fig. 5E,F); a shorter mutant, ΔN2, which could not bind to 
katanin, also formed stretches but they were substantially longer (~ 2.6 μm), suggesting that 
binding to katanin restricts stretch elongation. To further substantiate this idea we depleted 
the p60 subunit of katanin (Fig.5G). While this treatment had no effect on the expression 
of CAMSAP2, the stretches decorated by this protein became two fold longer (Fig. 5H,I). 
Taken together, these data indicate that katanin controls the length of CAMSAP-decorated 
microtubule lattices.
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Table III. Identification of interacting partners of AKAP450 fragment (amino acids 2873-3907) by mass 
spectrometry.

ASPM and katanin are mitotic microtubule minus-end regulators
We next investigated whether CAMSAP2 functions in mitotic microtubule minus-end 
regulation. During mitotic entry, CAMSAP2 pattern became diffuse: microtubule-associated 
stretches disappeared in prophase and reappeared during telophase, where they strongly 
accumulated at the peripheral ends of the central spindle (Fig. 6A). These data indicate 
that CAMSAP2 is unlikely to be involved in mitotic microtubule minus-end regulation, 
suggesting that other proteins might be responsible for controlling of microtubule minus-end 
organization and dynamics in mitotic spindles.

Previous studies suggest that abnormal spindle-like microcephaly-associated protein 
(ASPM) could be a candidate as a mitotic microtubule minus-end regulator (Fish et al. 2006; 
Higgins et al. 2010; Ito & Goshima 2015; Ripoll et al. 1985; Rujano et al. 2013; Schoborg et 
al. 2015; van der Voet et al. 2009; Wakefield et al. 2001). ASPM participates in organizing 
mitotic spindle poles (Morris-Rosendahl & Kaindl 2015). The function of spindle pole is 
dependent on microtubule nucleation, stabilization, disassembly and bundling of microtubule 

Table III. Identification of interacting partners of AKAP450 fragment (amino acids 2873-3907)
by mass spectrometry.

Uniprot_ID
Protein 
Name

Mascot 
Score

Unique 
Peptides

Q99996 A-kinase anchor protein 9 AKAP9 37667 119

O75592 E3 ubiquitin-protein ligase MYCBP2 1985 56

Q5SW79 Centrosomal protein of 170 kDa CEP170 2586 41

Q5VU43 Myomegalin PDE4DIP 1662 30

Q6ZRV2 Protein FAM83H 1548 29

Q9UH99 SUN domain-containing protein 2 SUN2 902 20

Q96DF8 Protein DGCR14 1622 19

Q5VT06 Centrosome-associated protein 350 CEP350 553 19

Q96N67 Dedicator of cytokinesis protein 7 DOCK7 478 19

Q8IXT5 RNA-binding protein 12B RBM12B 446 18

Q2M1P5 Kinesin-like protein KIF7 434 13

Q5T0W9 Protein FAM83B 368 13

Q6P5Z2 Serine/threonine-protein kinase N3 PKN3 356 13

Q8NHV4 Protein NEDD1 753 12

O95684 FGFR1 oncogene partner FGFR1OP 643 12

Q96C36 Pyrroline-5-carboxylate reductase 2 PYCR2 879 11

P48729 Casein kinase I isoform alpha CSNK1A1 432 11

O95071 E3 ubiquitin-protein ligase UBR5 339 11
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Figure 4. Characterization of the interaction of AKAP450-MMG-CAMSAP2 complex. 
A.  Schematic representation of the interactions between AKAP450, MMG and CAMSAP2. CH- calponin homology 
domain; CKK – C-terminal domain common to CAMSAP1, KIAA1078 and KIAA1543; other abbreviations 
are the same as in Fig. 1E. AKAP450 binds to MMG N-terminus (1-389 binds) through its PACT domain (grey 
arrow), while a larger C-terminal fragment of AKAP450 in complex with MMG N-terminus is needed for the 
interaction with CAMSAP2 C-terminus (blues boxes and arrow). B. Streptavidin pull-down assays performed with 
the extracts of HEK293T cells co-expressing Biotinylation and GFP (Bio-GFP) tagged MMG mutants 1-389 (first 
three lanes) or 390-1116 (fourth lane), the indicated GFP-AKAP450 deletion mutants and BirA and analyzed by 
Western blotting. C. Streptavidin pull-down assays performed with the extracts of HEK293T cells co-expressing 
Bio-mCherry-CAMSAP2 or Bio-mCherry, together with the indicated combinations of GFP-AKAP450 or GFP-
MMG deletion mutants and BirA, and analyzed by Western blotting with streptavidin IRDye 680RD (upper panels) 
or anti-GFP antibodies (bottom panel). D. Streptavidin pull-down assays performed with the extracts of HEK293T 
cells co-expressing Bio-mCherry-CAMSAP2 deletion mutants, BirA, GFP-AKAP450 3689-3907 and GFP-MMG 
1-389, analyzed by Western blotting with anti-GFP and anti-mCherry antibodies. E. Schematic representation of the 
domains of CAMSAP2 and the deletion mutants used to determine the interaction site between CAMSAP2 and the 
complex of AKAP450 and MMG. Abbreviations are the same as Fig. 4A.

A AKAP450

1 1116CC CC

1 3907

GM130-
binding

PACT
CC CC CC CC CC

MMG 
1 1489

CH CC CC CC CKK

CAMSAP2

B 10% Input Pulldown

GFP-
AKAP450
fragments

MMG 390-C
BioGFP-100−

150−

75−

50−

37−

C
5% Input Pulldown

Bio-mCherry-
CAMSAP2

Bio-mCherry

MMG 1-389
AKAP450 3689-C

+
_

_

+ +

+

250−
37−

75−

50−

+

+ +
_

_

+ +

+

+

+

GFP-MMG 1-389

GFP-
AKAP450 3689-C

WB:  GFP

WB:  GFP

GFP-
AKAP450
Fragments

GFP-

Bio-GFP-

MMG 1-389

ba
it

ba
it

pr
ey pr
ey

Liu et al., Figure 4

D

WB:  mCherry

GFP-
MMG 1-389
GFP-
AKAP450 
3689-C

5% Input Pulldown

Bio-mCherry-
CAMSAP2

75−

50−

150−

100−

75−

50−

FL

E

1 695
696 1489

843 1489

922 1489

1169 1489

1169 1250
1251 1489

+
_

+
+
+
_
_

Interaction
with 

AKAP450
and MMG

+1 1489

CH CC CC CC CKK

CAMSAP2

WB:  GFP

92

Chapter 5

  5



Figure 5. Katanin binds to CAMSAP2 and CAMSAP3 and restricts the length of CAMSAP stretches.
A. Identification of katanin p60 and p80 in streptavidin pull down assays with biotinylated CAMSAP2 and 
CAMSAP3 by mass spectrometry. B. Streptavidin pull-down assays were performed with the extracts of HEK293T 
cells co-expressing bioGFP-tagged CAMSAP proteins and BirA, and analyzed by Western blotting with the 
indicated antibodies. C. A scheme of domain organization of CAMSAP2 and the deletion mutants used to determine 
the interaction between CAMSAP2 and katanin p60/p80 complex. Abbreviations: CH, Calponin homology; CC, 
coiled-coil; H, α-helix; CKK, C-terminus common to CAMSAPs. D. Mapping the interaction domain between 
CAMSAP2 and katanin p60 and p80 by streptavidin pull down assays. E. HeLa cells were transfected with the 
indicated GFP constructs and stained for α-tubulin. Bar, 5 μm. F. Quantification of GFP-CAMSAP stretch length 
for the experiments shown in (E). ~1000 stretches in 10 cells were measured. G. Western blots of extracts of HeLa 
cells cultured for 72 hr after the transfection with katanin p60 siRNA. H. Immunostaining for α-tubulin (red) and 
CAMSAP2 (green) in control and katanin p60 depleted HeLa cells. Bar, 5 μm. I. Quantification of stretch length for 
the experiments shown in (H). ~1000 stretches in 10 cells were measured. In (F) and (I), error bars represent SD and 
values significantly different from control are indicated by asterisks (p<0.001, Mann-Whitney U test).
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Figure 6. ASPM localizes at microtubule minus ends and interacts with katanin.
A. Localization of the endogenous CAMSAP2 during mitosis in HeLa cells. Cells were labelled for CAMSAP2, 
a-tubulin and DNA (DAPI). CAMSAP2 stretches are not detectable from prophase to anaphase, and the staining 
shows diffuse pattern. In telophase, CAMSAP2 proteins are enriched near the centrosome and at the two opposite 
ends of the central spindle. B. Total Internal Reflection Fluorescence Microscopy (TIRFM) images of mouse GFP-
ASPM (green) binding to stable GMPCPP-stabilized microtubules (red) in the presence of tubulin at different
concentrations. White arrowheads indicate ASPM specifically associated with one end of GMPCPP-stabilized 
microtubule in the presence of 4 μM tubulin. Scale bar, 2 μm. C. TIRFM images showing colocalization of GFP-
ASPM (green) and SNAP-Alexa647-CAMSAP3 (red) at the minus end of a GMPCPP-stabilized microtubule
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minus ends (Akhmanova & Hoogenraad 2015). To test if ASPM is a mitotic microtubule 
minus-end regulator, we purified the short isoform of mouse ASPM in complex with 
calmodulin (GFP-ASPM; Figure 6B). ASPM decorated GMPCPP-stabilized microtubules 
in the absence of free tubulin; however, when tubulin was added even at a concentration 
insufficient to induce polymerization, ASPM preferentially localized to microtubule minus 
ends, as determined by co-localization with the microtubule minus-end marker CAMSAP3 
(Figure 6B,C) (Jiang et al. 2014).

To gain insight into the function of ASPM, we tagged the endogenous protein with a strep 
tag and GFP by CRISPR/Cas9 technology in cultured human cells. As expected (Wakefield 
et al. 2001; Higgins et al. 2010), strep-GFP-ASPM localized to spindle poles throughout 
cell division and to microtubule minus ends of the central spindle during telophase (Fig. 
6D). To identify potential binding partners of ASPM, we then isolated strep-GFP-ASPM 
and associated proteins and analyzed them by mass spectrometry. In addition to the known 
partner calmodulin (van der Voet et al. 2009; Schoborg et al. 2015), this analysis revealed the 
p60 and p80 subunits of katanin as novel ASPM-interacting partners (Fig. 6E,F).

To gain insight into the mechanism underlying the functional connection between ASPM 
and katanin, we investigated their interaction in detail and found that both the p60 and 
p80 subunits of katanin are required for ASPM binding (Fig. 7A,B). ASPM contains an 
N-terminal major sperm protein (MSP) domain, a long unstructured region, four calponin 
homology (CH) domains, multiple isoleucine-glutamine (IQ) motifs, and HEAT (Huntingtin, 
elongation factor 3, protein phosphatase 2A, and the yeast kinase TOR1) repeat regions at the 
C-terminus. Deletion mapping showed that the heterodimer formed between p60N and p80C 
interacts with ASPM through its unstructured region that contains four conserved peptide 
repeats (Fig. 7A-E).  Further mapping revealed that p60N/p80C heterodimer interacted with 
three out of the four ASPM repeats and preferentially associated with the third repeat (Figure 
7F,G). 

To assess the functional relevance of the ASPM-katanin interaction, we first analyzed 
their localization during mitosis. ASPM and katanin co-localize at spindle poles, with the 
strongest overlap observed from prophase to metaphase (Fig. 8A). Knockouts of ASPM 
and p80 reduced the localization of each other to spindle poles by ~50% and showed the 
previously described spindle defects, such as a dramatic increase in multipolar spindles in 
the p80 knockout and spindle misorientation in the ASPM knockout (Fig. 8B-K) (Hu et al. 
2014; Higgins et al. 2010). The ASPM and katanin knockout cells displayed mild changes 
in the length of mitotic spindles (Fig. 8F,G). In addition, the knockout of p80 also perturbed 
spindle orientation (Fig. 8H,I). Since the knockout of ASPM did not display an increase in 
multipolar spindles, while both ASPM and p80 knockouts caused spindle orientation defects 
and changes in mitotic spindle length, these data suggest that the ASPM-katanin complex 
does not function in restricting centrosome numbers but may regulate spindle pole dynamics.

(blue). Scale bar, 2 μm. D. Immunostaining for α-tubulin and DNA (DAPI) in GFP-ASPM knock-in HeLa cells 
during mitosis. White arrows indicate the localization of ASPM to the microtubule minus ends in central spindle in 
telophase. Scale bar, 5 μm. E. Table of mass spectrometry results of StrepTactin pull down from strep-GFP-ASPM 
knock-in HEK293T cells. 16 out of 111 total peptides of ASPM are unique to the long isoform. Due to protein 
degradation or antibody sensitivity, only the short isoform was detected by Western blotting in (E). F. StrepTactin 
pull down assay with lysates of strep-GFP-ASPM knock-in HEK293T cells. A red asterisk indicates a non-specific 
band detected by ASPM antibody in cell extract, overlapping with the specific band visible in the pull down.
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Figure 7. Characterization of the interaction between ASPM and katanin. 
A. Scheme of the domain organization of ASPM, p60 and p80. MSP, major sperm protein; CH, calponin homology; 
IQ, IQ calmodulin-binding; HEAT, HEAT helix repeats; AAA, ATPases Associated with diverse cellular Activities 
domain; WD40, WD40 repeat domain; N, N-terminus of p60; C, C-terminus of p80. Three (yellow) out of four linear 
repeats between MSP and CH domain in ASPM interact with p60N/p80C. The numbering of protein sequences is 
based on mouse proteins. B. Streptavidin pull down assay with lysates of HEK293T expressing individual subunits of 
katanin or the p60/p80 heterodimer together with the short isoform of ASPM. C-D. Western blotting and a summary 
of mapping of the interaction between ASPM and p60N/p80C, performed using GST pull down assays with GST-
p80C/p60N. E. Alignment of katanin binding linear motifs of ASPM from several vertebrate species. Note the 
complete conservation of the phenylalanine residue corresponding to F352 in the third repeat of mouse ASPM (red 
arrowhead below the alignment). F. Alignment of the four repeats present in mouse ASPM protein. The conserved 
phenylalanine residue, corresponding to F352 in the third repeat, is indicated by a red arrowhead. G. GST-p80C/
p60N pull down assay with lysates of HEK293T expressing different GFP-tagged ASPM repeats in monomeric or 
dimeric form. LZ, leucine zipper from GCN4, which was used as a dimerization domain. p60N/p80C did not bind 
to the second repeat and preferentially associated with the third repeat when the repeats were in a monomeric form.
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Figure 8. ASPM and katanin co-localize at the spindle poles and regulate spindle architecture. 
A. Immunostaining for p80 and DAPI in GFP-ASPM knock-in HeLa cells during mitosis. Scale bar, 5 μm.  B-D. 
Immunofluorescence staining and quantification of ASPM and p80 intensities at spindle poles in control and the 
indicated knockout cells. For ASPM intensity, n = 105, control; n = 124, p80 knockout; for p80 intensity, n = 74, 
control; n = 77. Scale bars, 5μm. E. Western blotting with the indicated antibodies in control, ASPM knockout and 
p80 knockout cells (upper, HeLa; bottom, U2OS PA-GFP-α-tubulin). F,J. Immunostaining for α-tubulin, CEP135 
and DAPI in control, ASPM knockout and p80 knockout HeLa cells (F, bipolar spindle with 2 centrosomes; J, bipolar 
and multipolar spindle with more than 2 centrosomes in p80 knockout cells). Scale bar, 5 μm. G. Quantification of 
the distance between two centrosomes in control, ASPM knockout and p80 knockout HeLa cells as shown in (J). 
61-90 cells were analyzed per condition. H. Orthogonal view (x-z) of metaphase HeLa cells stained for CEP135 
and DAPI in control, ASPM knockout and p80 knockout HeLa cells. Solid line depicts the horizontal plane; dashed 
line indicates the orientation of spindle with respect to the horizontal plane.  Scale bar, 5 μm. I. Quantification of 
spindle angles as shown in (H). 39-41 cells were analyzed per condition. K. Quantification of centrosome numbers 
as shown in (J, N). Approximately 500 cells were counted from 2 experiments. Error bars represent SD. *, P<0.05, 
***, P<0.001, Mann-Whitney U test.
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Discussion
Microtubule minus-end targeting proteins (-TIPs) network
Microtubule minus-end dynamics are important for regulating microtubule organization 
both in interphase and mitosis (Akhmanova & Hoogenraad 2015). In interphase cells, the 
microtubule minus ends are anchored to the MTOCs. The major MTOC is the centrosome, 
which is located adjacent to the nucleus and is also closely associated with the Golgi apparatus 
(Cooper & Hausman 2007).  Non-centrosomal microtubules, however, are also present in all 
cells and can be predominant in certain cell types, such as neurons and differentiated epithelial 
cells (Keating & Borisy 1999). In mitotic cells, microtubules are organized into the mitotic 
spindle with microtubule minus ends embedded in spindle poles, structures controlling 
spindle formation and positioning (Goshima et al. 2005). Although microtubule minus 
ends have fundamental roles in interphase and mitotic cells, the regulation and behaviour 
of microtubule minus ends remain poorly understood. Here, we explored the interaction 
networks of microtubule minus-end binding proteins in interphase and mitotic cells. 

In many cells, microtubule minus ends remain associated with the centrosome, presumably 
through γ-TURC (Anders & Sawin 2011; Murphy & Stearns 1996). Different γ-TURC-binding 
proteins can regulate formation of centrosomal and non-centrosomal microtubule arrays. For 
example, augmin, which binds to the lateral sides of microtubules, recruits γ-tubulin and 
promotes formation of branched microtubule networks, is important for organizing non-
centrosomal microtubules (Petry et al. 2013; Hsia et al. 2014). Ninein binds to the γ-TURC 
and has been implicated in anchoring microtubule minus ends at centrosomes and the apical 
side of epithelial cells (Delgehyr et al. 2005; Bellett et al. 2009; Moss et al. 2007). 

Recently, CAMSAP family of proteins have emerged as regulators of free microtubule 
minus ends that function independently of γ-tubulin (Akhmanova & Steinmetz 2015). The 
potential CAMSAP binding partners and their function in regulating microtubule minus 
ends in interphase and in mitosis, however, remain undiscovered. In this study, we identified 
a number of previously uncharacterized CAMSAP binding partners and explored their 
interactions further. We showed that CAMSAP2-bound microtubule minus ends prominently 
localize to the Golgi in interphase cells, and this localization depends on a complex of 
AKAP450 and MMG. In addition, katanin was identified and confirmed as a CAMSAP2/3 
binding partner in interphase cells, and we showed that this interaction controls the length 
of CAMSAP-decorated microtubule lattices. However, we found that CAMSAP2 is unlikely 
to be involved in mitotic microtubule minus-end regulation. Instead, we found that ASPM-
katanin complex localizes at the spindle poles during mitosis and regulates spindle positioning. 
Our study reveals the complexity of the mammalian -TIP interactome and provides a basis 
for investigating the molecular crosstalk between microtubule minus ends and other cellular 
structures.

Tethering of microtubule minus ends to the Golgi
In recent years, the Golgi apparatus has emerged as a site that can nucleate and stabilize 
microtubules (Sanders & Kaverina 2015; Rios & B 2014; Chabin-Brion et al. 2001; Zhu & 
Kaverina 2013). This property of the Golgi complex serves several important functions. First, 
Golgi-derived microtubules participate in Golgi reassembly after cell division by promoting 
fusion of the Golgi stacks into the Golgi ribbon (Nakamura et al. 2012; Rios & B 2014; Zhu & 
Kaverina 2013). Second, unlike centrosomal microtubules, Golgi-derived microtubule arrays 
are polarized and can thus promote cell asymmetry and polarized transport of post-Golgi 
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carriers that are important for cell migration (Hurtado et al. 2011; Vinogradova et al. 2012; 
Vinogradova et al. 2009). Finally, in differentiated cell types, such as muscle cells, pancreatic 
β-cells and neurons, Golgi membranes can serve as MTOCs controlling the formation of non-
centrosomal microtubule arrays, which are required for cell morphogenesis and function, 
such as neurite outgrowth and branching in neuronal cells (Zhu et al. 2015; Yalgin et al. 2015; 
Ori-McKenney et al. 2012; Oddoux et al. 2013).

It was shown that in human retinal pigment epithelium (RPE1) cells, which are often 
used as a model to study Golgi-derived microtubules, CAMSAP2 depletion leads to the 
loss of most non-centrosomal microtubules (Jiang et al. 2014), indicating that CAMSAP2 
participates in microtubule stabilization at the Golgi. Here, we found that AKAP450 together 
with MMG form a complex and this complex recruits CAMSAP2-decorated microtubule 
minus ends to the Golgi in interphase cells. The knockout of either AKAP450 or MMG led 
to the detachment of CAMSAP2 stretches from the Golgi. The underlying mechanism of this 
complex remains to be explored.

GM130, which recruits AKAP450 to the Golgi, is required for microtubule nucleation at 
the Golgi during interphase (Kodani & Sü 2009). AKAP450 can recruit to the Golgi γ-TURC 
binding proteins CDK5RAP2 and MMG (Choi et al. 2010; Roubin et al. 2013; Wang et 
al. 2014; Wang et al. 2010). Interestingly, MMG can also behave as +TIP, as it binds to 
EBs through a so-called SxIP (Serine-any amino acid-Isoleucine-Proline) motif and can 
promote binding of EB1 to the Golgi (Honnappa et al. 2006; Wang et al. 2014; Roubin et al. 
2013). Moreover, additional proteins might contribute to the interaction between the Golgi 
membranes and microtubules, such as MTCL1, which can interact with AKAP450 (Sato et 
al. 2014), or CLASPs, which are targeted to the trans-Golgi by GCC185 (Efimov et al. 2007).  
The emerging picture of the Golgi-dependent microtubule organization is thus complex, as it 
involves tethering of microtubule-nucleating and stabilizing proteins at both cis- and trans-
Golgi. Future work is required to reveal the full complexity of Golgi microtubule organization 
and the underlying molecular mechanisms.

Katanin as a microtubule minus-end regulator 
We identified katanin as one of the factors responsible for restricting CAMSAP stretch length 
in the interphase cells. Upon depletion of katanin, CAMSAP2 stretches become almost three 
times longer. Katanin was previously characterized as a microtubule severing protein, which 
could also depolymerize microtubules from the ends (Zhang et al. 2011; Diaz-Valencia et al. 
2011). Both activities of katanin could potentially contribute to the regulation of CAMSAP 
stretches. The mechanisms underlying katanin-CAMSAP binding in regulating microtubule 
minus-ends stability and dynamics need still to be addressed.

Katanin is also a spindle pole protein, which localizes to spindle poles during mitosis in 
most animal cells and plays an important role in spindle organization (Hu et al. 2014; Srayko et 
al. 2000; Mishra-Gorur et al. 2014; McNally & McNally 2011; McNally et al. 2014; McNally 
et al. 2006; Loughlin et al. 2011). Most of the in vitro work on katanin focused on the p60 
subunit using stable microtubules as a substrate. Microtubule severing by p60 depends on the 
formation of a hexamer ring by the AAA ATPase domain (Hartman & Vale 1999). Recently, 
it was shown that the severing activity of p60 is strongly suppressed by free tubulin (Bailey 
et al. 2015). This complicates the studies of katanin activity on dynamic microtubules and 
suggests that additional factors are needed for katanin-mediated microtubule severing in 
cells. One such factor may be p80, as it can stabilize p60 and promote microtubule binding
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and severing (Hartman et al. 1998; McNally et al. 2014; McNally et al. 2006; Srayko et al. 
2000);  however, the underlying mechanism is currently unresolved.

In this study, we identified katanin as a binding partner for both CAMSAP2/3 and ASPM. 
We also found that ASPM can specifically recognize microtubule minus ends in mitotic cells. 
In mammalian cells, there is thus a temporal separation between the activities of ASPM and 
CAMSAPs: CAMSAP2 and CAMSAP3 mainly work in interphase while ASPM interacts 
with microtubules only in mitosis since it is concentrated in the nucleus during interphase 
(Toya et al. 2015; Higgins et al. 2010; Jiang et al. 2014). It appears therefore that katanin 
serves as a major player at microtubule minus ends throughout the cell cycle. Furthermore, 
ASPM and CAMSAPs share no similarity in sequence or domain organization. The CKK 
domain, which is responsible for microtubule minus-end binding in CAMSAPs is unique and 
its interaction mode with minus ends is currently unknown (Baines et al. 2009). In contrast, 
CH domains such as those responsible for microtubule minus-end recognition in ASPM exist 
in many other microtubule- and actin-associated proteins. Tandem CH domains in actin-
binding proteins such as dystrophin, spectrin and filamin can cross-link actin filaments into 
bundles (Sjöblom et al. 2008). The most relevant CH domain in comparison to ASPM is the 
one of the EB proteins, which binds at the vertex of four tubulin dimers and tracks growing 
microtubule ends by sensing the nucleotide state of tubulin (Zhang et al. 2015; Maurer et al. 
2012). It is plausible to assume that the CH domains of ASPM could bind to the same site as 
the ones of the EBs. Multiple CH domains of ASPM could be arranged in a way that might 
only be accommodated at the outmost minus end.

Conclusions
In this study we identified new –TIPs and their binding partners, and explored their function 
in the regulation of microtubule minus ends in interphase and in mitosis. Our proteome-wide 
effort reveals that, similar to microtubule plus ends, a dynamic protein network controls the 
organization and behaviour of the minus ends, however, the exact mechanisms underlying 
these regulatory processes need further study. 
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Experimental procedures

DNA constructs 
Full length human CAMSAP2 (IMAGE: 40124603) and mouse CAMSAP3 (IMAGE: 
6489361) cDNAs were used as templates to perform PCR. Mouse ASPM long isoform 
cDNA was purchased from Source Bioscience (OCACo5052D0620D). Mouse katanin p60 
and p80 cDNA were gifts from Carsten Janke (Institut Curie). HA-AKAP450 was a gift from 
Dr. M. Takahashi (TEIKYO, Tokyo, Japan) (Takahashi et al. 1999). We used the following 
previously described constructs; FLAG-MMG8 (Wang et al. 2014). Deletion mutants were 
cloned by PCR-based strategy.

siRNA against katanin p60 (target sequence, 5’-GGCTCGATTTTATTCTCCA-3’) was 
purchased from Sigma-Aldrich.

The pSpCas9(BB)-2A-Puro (PX459) vector that was used for the CRISPR/Cas9 knockout 
was purchased from Addgene (Ran et al. 2013). The targeting sequences of 20 nucleotides that 
were cloned into pSpCas9(BB)-2A-Puro (PX459) for different knockouts were as follows:

AKAP450, 5’-AGGGTTACCTATGGGACTGA-3’;
MMG, 5’-GAGTTGTACCAGGTAATTGA-3’;
CAMSAP2, 5’- CATGATCGATACCCTCATGA -3’.
ASPM, 5’-GGCCCTAGACAACCCTAACG -3’.
p80, 5’- CGTCCGCCTCAACACCCCCG-3’.

Antibodies and immunofluorescent cell staining 
We used rabbit polyclonal antibodies against CAMSAP2 (Novus, NBP1-21402; Proteintech, 
17880-1-AP), rabbit polyclonal antibodies against ASPM (Novus, NB100-2278), katanin 
p60 and p80 (Proteintech, 17560-1-AP and 14969-1-AP), GFP (Abcam, ab290), CEP135 
(Sigma-Aldrich, SAB4503685), GM130 (Abcam, ab52649), MMG8 (Wang et al. 2014), 
CDK5RAP2 (Bethyl Laboratories, A300-554A), mCherry (Clontech, 632543), mouse 
monoclonal antibodies against β-, γ-tubulin (Sigma-Aldrich, T5201 and T6557), GM130 and 
AKAP450 (BD Biosciences, 610823 and 611518) and a rat monoclonal antibody against 
α-tubulin YL1/2 (Pierce, MA1-80017). The following secondary antibodies were used: 
IRDye 800CW/ 680LT Goat anti-rabbit, anti-rat and anti-mouse and streptavidin IRDye 
680RD (Li-Cor Biosciences); Alexa-350, Alexa-405, Alexa-488 and Alexa-594 conjugated 
goat antibodies against rabbit, rat and mouse IgG (Molecular Probes). 

To label proteins, cells were fixed with –20 °C methanol for 5 min. Cells were permeabilized 
with 0.1% Triton X-100 in PBS for 2 min; subsequent washing and labeling steps were 
carried out in PBS supplemented with 2% bovine serum albumin and 0.05% Tween-20. At 
the end, slides were rinsed in 70% and 100% ethanol, air-dried and mounted in Vectashield 
mounting medium (Vector laboratories).

Cell culture and transfection 
Different cell lines were cultured as described previously (Jiang et al. 2012). To generate 
knockout and knock-in cell lines, cells were transfected with PX459 bearing the appropriate 
single guide RNA with or without donor sequence, and selected for 2 days with 2 μg/ml 
puromycin. Single cell cloning was performed by serial dilution on day 4-5 after withdrawing 
the drug selection. 
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FuGENE 6 (Promega) was used to transfect plasmids for immunofluorescence and live 
cell imaging; polyethylenimine (PEI, Polysciences) was used to transfect HEK293T cells for 
streptavidin bead pull-down experiments. STLC and nocodazole (Sigma-Aldrich) were used 
at 2 μM and 0.67 μM, respectively to synchronize HeLa cells in mitosis. The siRNAs were 
transfected with HiPerFect (Qiagen) at 20 nM. 

Protein expression and purification from HEK293T cells
Strep-GFP-tagged or Bio-GFP or Bio-mcherry bait constructs and prey constructs were 
cotransfected in HEK293T cells. A construct encoding BirA was cotransfected for biotinylation 
purposes. The detailed procedures were described previously (Jiang et al. 2014).

In vitro microtubule assays
The in vitro assays with dynamic microtubules were performed under the same conditions 
as described previously (Jiang et al. 2014). Briefly, after functionalizing coverslips by 
sequentially incubating those with 0.2 mg/ml PLL-PEG-biotin (Susos AG, Switzerland) and 
1 mg/ml neutravidin (Invitrogen) in MRB80 buffer, GMPCPP-stabilized microtubule seeds 
were attached to coverslips through biotin-neutravidin interactions. Flow chambers were 
further blocked with 1 mg/ml к-casein. The reaction mix with purified proteins (MRB80 
buffer supplemented with 20 μM porcine brain tubulin, 0.5 μM X-rhodamine-tubulin, 50 mM 
KCl, 1 mM GTP, 0.2 mg/ml κ-casein, 0.1% methylcellulose and oxygen scavenger mix (50 
mM glucose, 400 μg/ ml glucose oxidase, 200 μg/ ml catalase and 4 mM DTT) was added to 
the flow chamber after centrifugation. The flow chamber was sealed with vacuum grease, and 
dynamic microtubules were imaged immediately at 30ºC using a TIRF microscope.

Mass spectrometry 

The MS analysis of CAMSAP2/3 was done with the help of Jeroen Demmers in Rotterdam, 
the rest of MS analysis was done in Heck group in Utrecht.

Samples were prepared from pull-down assays of biotinylated proteins from extracts of 
transfected HEK293T cells using streptavidin beads as described previously (Jiang et al. 
2014), and were resuspended in 10% formic acid (FA) / 5% DMSO and were analyzed with 
an Agilent 1290 Infinity (Agilent Technologies) LC, operating in reverse-phase (C18) mode, 
coupled to a TripleTOF 5600 (AB Sciex). MS spectra (350–1,250 m/z) were acquired in 
high-resolution mode (R > 30,000), whereas MS2 in high-sensitivity mode (R > 15 000).

Raw files were processed using Proteome Discoverer 1.4 (version 1.4.0.288, Thermo 
Scientific, Bremen, Germany). The database search was performed using Mascot 
(version 2.4.1, Matrix Science, UK) against a Swiss-Prot database (taxonomy human). 
Carbamidomethylation of cysteines was set as a fixed modification and oxidation of 
methionine was set as a variable modification. Trypsin was specified as enzyme and up to 
two miss cleavages were allowed. Data filtering was performed using percolator, resulting 
in 1% false discovery rate (FDR). Additional filters were; peptide rank 1, high confidence 
peptide spectrum matches and ion score >20.
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ABSTRACT
The microtubule cytoskeleton regulates cell polarity by spatially
organizing membrane trafficking and signaling processes. In
epithelial cells, microtubules form parallel arrays aligned along the
apico–basal axis, and recent work has demonstrated that themembers
of CAMSAP/Patronin family control apical tethering of microtubule
minus ends. Here, we show that in mammalian intestinal epithelial
cells, the spectraplakin ACF7 (also known as MACF1) specifically
binds to CAMSAP3 and is required for the apical localization of
CAMSAP3-decorated microtubule minus ends. Loss of ACF7 but not
of CAMSAP3 or its homolog CAMSAP2 affected the formation of
polarized epithelial cysts in three-dimensional cultures. In short-term
epithelial polarization assays, knockout of CAMSAP3, but not of
CAMSAP2, caused microtubule re-organization into a more radial
centrosomal array, redistribution of Rab11-positive (also known as
Rab11A) endosomes from the apical cell surface to the
pericentrosomal region and inhibition of actin brush border formation
at the apical side of the cell. We conclude that ACF7 is an important
regulator of apico–basal polarity in mammalian intestinal cells and that
a radial centrosome-centered microtubule organization can act as an
inhibitor of epithelial polarity.

KEY WORDS: Microtubule, Epithelial cells, Apico–basal polarity,
Brush border, Rab11, Endosomes

INTRODUCTION
Microtubules regulate cell polarity by serving as rails for intracellular
transport and by controlling organelle positioning and signaling.
Although in many types of cultured cells microtubules form a radial
array, in polarized epithelial cells, microtubules are arranged
along the apico–basal axis, with the minus ends located at the
apical side (Akhmanova and Hoogenraad, 2015; Bartolini and
Gundersen, 2006; Dammermann et al., 2003). This non-centrosomal
microtubule organization can be controlled by the relocalization of
γ-tubulin-binding centrosomal microtubule-anchoring proteins,
such as ninein, to non-centrosomal apical sites (Moss et al., 2007)
and by proteins that bind to microtubule minus ends independently
of γ-tubulin. The most notable example of the latter are the members
of calmodulin-regulated spectrin-associated protein (CAMSAP)/
Patronin family, which can recognize and decorate free microtubule
minus ends and protect non-centrosomal microtubules from
depolymerization (Goodwin and Vale, 2010; Hendershott and

Vale, 2014; Jiang et al., 2014; Tanaka et al., 2012). Recent work
in worms has demonstrated that a ninein homolog and Patronin
can act both redundantly and non-redundantly in organizing
non-centrosomal arrays in different cell types (Wang et al., 2015).

In mammalian cells, the minus-end-binding protein CAMSAP3
(also known as Nezha or Marshalin) was initially shown to interact
with components of adherens junctions and to anchor microtubule
minus ends at these sites (Meng et al., 2008). CAMSAP3 is also
very abundant in supporting cells of the organ of Corti, a specialized
type of epithelial cell with extremely dense microtubule bundles that
are anchored at centrosomal and non-centrosomal microtubule-
organizing centers at the cell cortex (Takahashi et al., 2016; Zheng
et al., 2013). Similar to other CAMSAP/Patronin-family members,
CAMSAP3 has a C-terminal conserved domain, the CKK, as well
as several coiled-coil regions and an N-terminal calponin homology
domain, the function of which is currently unknown (Akhmanova
and Hoogenraad, 2015; Baines et al., 2009). Through the CKK
domain and the adjacent positively charged microtubule-binding
regions, CAMSAP3, as well as its homolog CAMSAP2 recognize
and decorate polymerizing microtubule minus ends, forming
stretches of stabilized microtubule lattice that can serve as ‘seeds’
for non-centrosomal microtubule outgrowth (Jiang et al., 2014).
Recent work shows that CAMSAP3 is an important factor in
organizing apico–basal microtubule arrays in enterocytes, where it
strongly localizes to the apical cell cortex and tethers microtubule
minus ends (Toya et al., 2016). Mice homozygous for the C-
terminal truncation of CAMSAP3, in which the CKK domain is
lost, are viable but show increased lethality at early postnatal stages
(Toya et al., 2016). Intestinal epithelial cells of those mice could
still polarize and form a normal brush border, in spite of the fact that
the microtubules were disorganized, and the nuclei and Golgi
membranes mispositioned (Toya et al., 2016). Experiments in
Caco-2 cells, a human intestinal cancer cell line, have demonstrated
that the first coiled-coil region of CAMSAP3 is involved in
recruitment of CAMSAP3-bound microtubule minus ends to the
apical side (Toya et al., 2016). In CAMSAP1, this coiled-coil region
was shown to bind to spectrin (King et al., 2014).Whether the apical
localization of CAMSAP3, indeed, depends on spectrin or some
other proteins has not been determined.

Here, we set out to investigate the mechanism of CAMSAP3
recruitment to the apical side of epithelial cells. We found that
CAMSAP3, but not CAMSAP2, interacts with the spectraplakin
ACF7 (also known as MACF1; Karakesisoglou et al., 2000;
Kodama et al., 2003;Wu et al., 2008) and that ACF7 depletion leads
to the release of CAMSAP3-decorated microtubule stretches from
the apical cell surface. ACF7, CAMSAP2 and CAMSAP3 were not
essential for the distribution of early cell polarity markers in two-
dimensional (2D) cultures; however, loss of ACF7 but not of the two
CAMSAP proteins affected the formation of epithelial cysts in 3D
cultures, indicating that ACF7 plays a more profound role inReceived 8 July 2016; Accepted 7 October 2016
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epithelial polarity than the CAMSAP proteins. Loss of CAMSAP3
led to more centrosome-centered microtubule organization, and this
affected the organization of the actin cytoskeleton at the apical side
of the cell, probably owing to mislocalization of recycling
endosomes that are positive for Rab11A, which are an important
component in apical polarity and brush border formation in
intestinal cells (Bryant et al., 2010; Dhekne et al., 2014; Knowles
et al., 2015; Overeem et al., 2015; Sobajima et al., 2015). Taken
together, our study identifies ACF7 as an important regulator of
apico–basal polarity in mammalian intestinal cells and demonstrates
the importance of non-centrosomal microtubule organization for
efficient epithelial cell polarization.

RESULTS
Visualization of localization and dynamics of CAMSAP3 in
polarized epithelial cells using GFP-knock-in cells
To facilitate visualization of CAMSAP3 in Caco-2 cells, we have
generated a homozygous knock-in line in which the endogenous
CAMSAP3 protein was tagged with GFP (Fig. 1A). In agreement
with previous publications (Meng et al., 2008; Tanaka et al., 2012;
Toya et al., 2016), in this cell line, CAMSAP3–GFP localized to
microtubule ends, colocalized with endogenous CAMSAP2 and
was concentrated at the apical side of polarized Caco-2 monolayers
(Fig. 1B–D). Upon microtubule depolymerization through
nocodazole treatment, no apical CAMSAP3 stretches were
detected, indicating that the apical recruitment of CAMSAP3
strongly depends on the presence of microtubules (Fig. 1E).We next
used fluorescence recovery after photobleaching (FRAP) assays to
investigate the turnover of CAMSAP3–GFP at the apical side of
polarized Caco-2 monolayers. We found that in 1-day-old Caco-2
monolayers, a ∼75% recovery of CAMSAP3–GFP signals at the
apical surface occurred within ∼15 min (Fig. 1F,G). This recovery
was associated with movements of unbleached CAMSAP3–GFP-
labeled microtubule minus ends into the photobleached area
(Fig. 1F,H). Interestingly, ∼15 min after photobleaching in 5-day-
old monolayers, the CAMSAP3–GFP signal at the apical surface
recovered only to ∼40% (Fig. 1F,G). The mobility of CAMSAP3–
GFP stretches in older cultures wasmuch lower (Fig. 1H), indicating
that the apical cytoskeleton undergoes maturation on a scale of
several days, resulting in immobilization of CAMSAP3 stretches.
When Caco-2 cells were cultured inMatrigel, they formed cysts, as

described previously (Jaffe et al., 2008). Already at the two-cell stage,
GFP–CAMSAP3 colocalized with apical markers, such as atypical
protein kinase C (aPKC), and the area of enhanced actin
accumulation, which was located at the membrane interface
between the two daughter cells, as shown previously (Jaffe et al.,
2008) (Fig. 1I). After 4 days in 3D culture, GFP–CAMSAP3 strongly
accumulated at the apical side (Fig. 1J). In such polarized cysts,
microtubules were aligned along the apico–basal axis (Fig. 1K).
We never observed any accumulation of GFP–CAMSAP3 at the

cell–cell junctions in either 2D or 3D cultures, which is in line with
the observations in mouse intestine but contradicts the data
previously obtained by immunostaining of CAMSAP3 in Caco-2
cells (Meng et al., 2008; Toya et al., 2016). Our data are thus in full
agreement with the role of CAMSAP3 in apical microtubule
organization but provide no support for CAMSAP3 function at the
adherens junctions.

ACF7 binds to CAMSAP3 and participates in its apical
recruitment
We reasoned that the capture and stable association of CAMSAP3
stretches at the apical surface is caused by the presence of a binding

partner. To identify CAMSAP3-interacting proteins, we performed
streptavidin pull-down assays from HEK293T cells that co-
expressed biotinylation (Bio) and GFP-tagged CAMSAP3 and the
biotinylated ligase BirA, and analyzed the isolated proteins by
performing mass spectrometry (Jiang et al., 2014). The highest
scoring hit in this screen was the spectraplakin ACF7 (Fig. 2A),
whereas no peptides that were derived from spectrin, which has been
previously reported to bind to CAMSAP1 (King et al., 2014), were
found. Whether this was owing to the absence of appropriate
spectrin isoforms in HEK293T cells, the biochemical procedure
used or the lack of interaction between CAMSAP3 and spectrin
is unclear.

Immunostaining showed colocalization of GFP–CAMSAP3 with
the puncta of endogenous ACF7 at the apical side of Caco-2
monolayers (Fig. 2B). However, in contrast to CAMSAP3, which
was only located apically, ACF7 was spread throughout the
cytoplasm (Fig. 2D). As an alternative model of enterocyte
polarity, we used the LS174T-W4 cell line, in which the
activation of LKB1 kinase through doxycycline-induced
expression of the adapter protein STRAD (also known as
STRADA) is sufficient to induce polarization and formation of
microvilli on one side of the cell in the absence of cell–cell contacts
(Baas et al., 2004). In doxycycline-treated LS174T-W4 cells, both
endogenous and GFP-tagged CAMSAP3 colocalized with
endogenous ACF7 beneath the polarized regions of actin
enrichment (Fig. 2C), supporting complex formation between
CAMSAP3 and ACF7.

We next investigated the interaction between CAMSAP3 and
ACF7 biochemically. ACF7 is a very large protein (∼5000 amino
acids) containing an N-terminal actin-binding calponin homology
domain, a plakin domain, 30 spectrin repeats, EF-hand motifs that
could mediate Ca2+ binding, a microtubule-binding GAS2-related
domain and the EB1-binding SxIP motif (Karakesisoglou et al.,
2000; Kodama et al., 2003; Wu et al., 2008) (Fig. 2E). Because the
full-length ACF7 is difficult to efficiently express in cells, we
generated GFP-tagged ACF7 fragments covering the whole ACF7
protein. We performed streptavidin pull-down assays from
HEK293T cells co-expressing these fragments together with
biotin ligase BirA and CAMSAP2 or CAMSAP3 tagged with an
mCherry and biotinylation tag (Bio–mCherry), or just the Bio–
mCherry protein as a negative control. We found that CAMSAP3,
but not CAMSAP2, specifically bound to the ACF7 fragment
encompassing spectrin repeats 20–26 (fragment ACF7_5, Fig. 2F).
Deletion mapping further showed that the coiled-coil region 1 (CC1)
of CAMSAP3, which has been previously implicated in the apical
localization of the protein (Toya et al., 2016), was essential for this
interaction (Fig. 2G).

The binding between CAMSAP3 and ACF7 was confirmed
by performing colocalization experiments in HeLa cells.
Overexpression of CAMSAP3 and CAMSAP2 caused strong
bundling of microtubules, and CAMSAP3, but not CAMSAP2,
could specifically recruit fragment ACF7_5 to these microtubule
bundles (Fig. 2H). Furthermore, we found that endogenous ACF7
was recruited to microtubule bundles that had been induced through
overexpression of full-length CAMSAP3 and of the CAMSAP3
deletion mutant that lacked the calponin homology domain, but
not of the CAMSAP3 deletion mutants that lacked the CC1 region
(Fig. S1). Taken together, these data indicate that CAMSAP3 and
ACF7 interact with each other and can cooperate in binding to
microtubules. Deletion mapping showed that the CC1 region of
CAMSAP3 and a specific spectrin-repeat region of ACF7 are
required for the interaction.
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We next investigated whether ACF7 participates in the apical
recruitment of CAMSAP3. ACF7 was depleted with two different
small interfering (si)RNAs, and the efficiency of depletion was

confirmed by immunofluorescence staining and real-time PCR
(Fig. 3A–C). Although actin enrichment was still observed at the
apical side of ACF7-depleted Caco-2 monolayers, both the apical
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localization and the total number of CAMSAP3–GFP stretches
were very strongly reduced, indicating that ACF7 regulates the
localization as well as the formation or stability of CAMSAP3-
decorated microtubule stretches (Fig. 3D,E). In contrast, other early
polarity markers, such as ezrin, aPKC and zonula occludens 1 (ZO-
1; also known as TJP1) were still apically located in 2D cultures of
ACF7-depleted cells (Fig. 3D; Fig. S2A). Also, the height of
polarized monolayers was not significantly affected in the absence
of ACF7 (Fig. S2B). Further, in line with the fact that ACF7
depletion reduced the abundance of CAMSAP3-decorated
microtubule stretches, we found an increase, albeit a mild one, in
the number of centrosomal microtubules, indicating that ACF7
contributes to some extent to the maintenance of a non-centrosomal
microtubule network (Fig. S2C,D).
To further address the effect of ACF7 knockdown, we analyzed

cyst formation in 3D cultures. To accelerate lumen formation in
Caco-2 cysts in order to make 3D analysis compatible with a
transient protein depletion protocol, we used dense Caco-2 3D
cultures and, after the initial cyst formation, treated them with
cholera toxin, which strongly stimulates lumen formation by
inducing cAMP signaling (Jaffe et al., 2008). Under these
conditions, we found a clear well-formed or mildly disorganized
lumen in ∼75% of cysts that had been treated with control
siRNAs, whereas after ACF7 depletion, only 10% of the cysts
developed normally, and cysts completely lacking the lumen were
prevalent (Fig. 3F,G). Analysis of early (3–4 cell) 3D cultures
showed that although the apical polarity markers localized to
intercellular junctions in control cells, as described previously (Jaffe
et al., 2008), they were mislocalized in ACF7-knockdown cells
(Fig. 3H).
We conclude that although ACF7 depletion does not cause

mislocalization of all polarity markers in 2D cultures, it does lead to
the loss of apical localization of CAMSAP3. When embedded in a
3D matrix, the distribution of all investigated polarity markers
and cyst formation were strongly affected by ACF7 depletion,
indicating that distinct mechanisms with differential sensitivities
to ACF7 levels control the ability of cells to polarize in 2D and 3D
cultures.

CAMSAP3 knockout leads to Rab11A mislocalization and
inhibition of apical actin brush border formation
We next set out to address the effects of the loss of CAMSAP2 and
CAMSAP3 on epithelial polarity. Using CRISPR-Cas9 technology,
we knocked out CAMSAP2 or CAMSAP3 genes in the CAMSAP3-
GFP knock-in cell line (Fig. 4A,B). Apical CAMSAP3–GFP signals
were unperturbed in CAMSAP2-knockout cells, whereas in
CAMSAP3-knockout cells, CAMSAP2 stretches became longer, as
described previously (Tanaka et al., 2012) (Fig. 4A). CAMSAP-
decorated microtubule stretches are generated through microtubule
polymerization from the minus end, and the stretches formed in the
presence of CAMSAP3 and CAMSAP2 are likely to be shorter than
those formed in the presence of CAMSAP2 alone, because
CAMSAP3 is a more efficient inhibitor of microtubule minus-end
growth than CAMSAP2 (Jiang et al., 2014). Microtubule
organization was not visibly changed in CAMSAP2-knockout
cells, but a more centrosome-centered array was observed in
CAMSAP3-knockout cells, in line with the findings of a previous
study (Tanaka et al., 2012) (Fig. 4C,D).

Next, we analyzed polarity in CAMSAP2- and CAMSAP3-
knockout clones. In 2D cultures, junctional ZO-1 and E-cadherin, as
well as the early markers of apical polarity aPKC and ezrin, were
unperturbed (Fig. S3A,B). When cultured in 3D, two out of three
CAMSAP2-knockout clones and three out of three CAMSAP3-
knockout clones formed morphologically normal cysts (Fig. S3C,
D). Because two CAMSAP2-knockout lines could form
morphologically normal cysts, we think that the morphological
abnormalities in the third clone were due to secondary mutations.
This conclusion was confirmed by siRNA-mediated depletion
of CAMSAP2, CAMSAP3 or both CAMSAPs simultaneously
(Fig. S3E). In addition, CAMSAP2- and CAMSAP3-knockout
clones showed no defects in the recruitment of the apical markers
aPKC and ZO-1 in early 3D cysts (Fig. S3F). We conclude
that CAMSAP2 and CAMSAP3 are not required for the formation
of lumen-containing 3D cysts, indicating that the strongly affected
cyst formation in ACF7-depleted cells is unlikely to be due to
CAMSAP3 mislocalization.

We then focused on late markers of epithelial polarity that are
associated with the ability of the cells to form a brush border. Apical
accumulation of actin and the phosphorylated form of ezrin, an
actin-binding protein important for the formation of brush border
(Dhekne et al., 2014; Overeem et al., 2015; Viswanatha et al., 2012)
was unaffected in CAMSAP2-knockout cells (Fig. 4E,F; Fig. S3A),
even though the same cell line showed abnormalities in cyst
morphology in 3D culture (Fig. S3C,D; CAMSAP2 KO #1). This
result indicates that the ability of cells to form 3D cysts and to
localize actin regulators does not necessarily correlate.

Strikingly, in CAMSAP3-knockout cells, the apical
accumulation of actin and phosphorylated ezrin was concentrated
around the cell–cell junctions and reduced in the central part of the
cell (Fig. 4E,F; Fig. S3A). Previous work has shown that during
brush border formation, the apical actin cytoskeleton is strongly
regulated by signaling and/or trafficking processes that are
dependent on the apical accumulation of Rab11A-positive
recycling endosomes (Dhekne et al., 2014; Knowles et al., 2015;
Overeem et al., 2015; Sobajima et al., 2015). We analyzed the
distribution of Rab11A endosomes by using cells that had been
stably transfected with a construct for doxycycline-inducible
expression of dTomato–Rab11A. Strikingly, in control and
CAMSAP2-knockout cells, Rab11A endosomes were distributed
under the apical surface, whereas in CAMSAP3-knockout cells they
displayed a single focus of accumulation, which coincided with the

Fig. 1. Visualization of localization and dynamics of CAMSAP3 in
polarized epithelial cells using CAMSAP3–GFP knock-in cells.
(A)Western blot analysis of extracts of wild-type andCAMSAP3–GFP knock-in
Caco-2 cells. (B) Staining for α-tubulin (red) in CAMSAP3–GFP (green) knock-
in Caco-2 cells. White arrowheads indicate CAMSAP3 signal at microtubule
ends. The area imaged is indicated in the schematic in C. (C) Staining of
CAMSAP2 (red) in CAMSAP3–GFP (green) knock-in Caco-2 cells. White
arrowheads indicate the same positions in different panels. Image area is
indicated by red rectangle in the scheme. (D) Side view of CAMSAP3–GFP
(green) knock-in Caco-2 monolayer stained for actin (red) and DNA (blue).
(E) Side view of control and nocodazole-treated CAMSAP3–GFP (white)
knock-in Caco-2 monolayers stained for DNA (blue). (F) FRAP analysis of
CAMSAP3–GFP at the apical side of a Caco-2 monolayer either 1 or 5 days
after reaching a confluent state. Red circle indicates photobleached region.
The area imaged is indicated in the schematic in C. (G) Average normalized
fluorescence intensity graphs after photobleaching as described in E. Error
bars, s.e.m. (H) Motility representation of CAMSAP3–GFP stretches. Images
are presented as maximum projections of 8-min movies with an interval of 10 s
(48 frames). Image colors indicate time points (see gradient). The area imaged
is indicated in the schematic in C. (I) Staining for actin, aPKC, CAMSAP2 (red)
and DNA (blue) in 1-day-old 3D cultures of CAMSAP3–GFP (green) knock-in
Caco-2 cells. (J) Staining of aPKC (red), ZO-1 (white) and DNA (blue) in 4-day-
old 3D cultures of CAMSAP3–GFP (green) knock-in Caco-2 cells. (K) Staining
for α-tubulin (white) and DNA (blue) in 4-day-old 3D cultures of Caco-2 cells.
Apical cell surface is indicated by a white stippled line. Image area is indicated
by a red square in the scheme.
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centrosome (Fig. 4G,H; Fig. S3G). In fact, the fluorescence
intensity of the Rab11A clusters in CAMSAP3-knockout cells
appeared to be ∼5-fold higher than the fluorescence intensity of

apically located Rab11A vesicles in control cells, revealing a very
strong clustering of endosomes (Fig. S3G). This result was
confirmed in cells in which CAMSAP3 had been depleted using
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siRNA: in these cells, the formation of a single centrally located
Rab11A cluster strongly correlated with the efficiency of
CAMSAP3 knockdown (Fig. 4I). We also analyzed Rab11A in
ACF7-knockdown cells and found that the endosomes were equally
distributed over the cell, indicating defects in the apical targeting
(Fig. S3G). However, actin still accumulated at the apical surface of
ACF7-depleted cells (Fig. 3D), suggesting that clustering of
Rab11A endosomes in the middle part of the cell is more
deleterious for actin organization than their random distribution.
Our data support the notion that the localization of Rab11A

endosomes strongly correlates with the position of microtubule
minus ends, in line with the idea that it is controlled by cytoplasmic
dynein (Horgan et al., 2010; Khanal et al., 2016; Riggs et al., 2007).
When the microtubule array becomes more radial, Rab11A
endosomes accumulate in the central part of the cell, and the
formation of apical actin-rich structures is inhibited.

DISCUSSION
In this study, we showed that the spectraplakin ACF7 is a binding
partner of CAMSAP3 and that it is required for regulating the
abundance and apical localization of CAMSAP3-decorated
microtubule stretches. While this paper was in preparation, the
Drosophila homologues of CAMSAP3 and ACF7, Patronin and
Shortstop (Shot), respectively, were demonstrated to be present in
the same apical complex and cooperatewith each other, as well as an
apical form of spectrin, in organizing apico–basal microtubule
arrays in fly epithelia (Khanal et al., 2016) and in early fly embryos
(Nashchekin et al., 2016). These findings are also consistent with
earlier work in flies, which has demonstrated the importance of Shot
for microtubule minus-end organization during tubulogenesis of the
embryonic salivary glands (Booth et al., 2014). ACF7 appears to act
upstream of CAMSAP3 as a cortical recruitment factor but, given
that it has a microtubule-interacting domain, it is also likely to
synergize with CAMSAP3 to some extent for microtubule binding
and stabilization. We note that the accumulation of CAMSAP3 at
the apical cortex occurred in the form of microtubule stretches and
thus depended on the presence of intact microtubules. This is similar
to the recruitment of CAMSAP2 to the Golgi membranes, where
binding of CAMSAP2-decorated microtubule minus ends but not of

the cytosolic CAMSAP2 was observed (Wu et al., 2016). It is
possible that the presence of multiple CAMSAP molecules on the
same microtubule is required for efficient binding to intracellular
structures such as the Golgi and the actin-rich cortex by increasing
avidity.

Because ACF7 does not show an exclusively apical localization
in Caco-2 cells, an additional pathway ensuring tethering of
CAMSAP3-decorated stretches specifically to the apical surface
must exist. It is possible that, similar to flies, a specific apical
isoform of spectrin might be involved; this would mean that the
same region of CAMSAP3, the CC1, mediates apical localization
by binding to two different proteins. Alternatively, some signaling
pathway restricting CAMSAP3 binding to microtubules at the apical
cell side might be involved. Interesting in this respect is our
observation that CAMSAP3-decorated microtubule stretches
become less mobile during monolayer maturation, suggesting that
as epithelial cells differentiate, more numerous connections
between these stretches and the cortical cytoskeleton are formed,
or the cortical cytoskeleton itself becomes less dynamic. It is also
important to note that analysis of 3D cysts showed that ACF7
depletion has a stronger impact on cell polarity than loss of
CAMSAP proteins, indicating that ACF7 performs additional
CAMSAP-independent functions during epithelial polarization.

Furthermore, our data showed that the knockout of CAMSAP3
affected apical actin organization, probably because the more
centrosomal microtubule system in CAMSAP3-knockout cells
prevents apical accumulation of Rab11A endosomes. How can
these results be reconciled with the presence of a normal brush
border in mice expressing nonfunctional CAMSAP3 (Toya et al.,
2016)? The most likely explanation is the gradual centrosome
inactivation observed during long-term differentiation of epithelial
cells. In line with this idea, in CAMSAP3-knockout mice,
microtubules in epithelial cells become disorganized but do not
form a radial pattern (Toya et al., 2016). A disorganized non-
centrosomal array is likely to delay but not to block apical
localization of Rab11A endosomes or other yet unknown polarity
factors that are transported towards microtubule minus ends. In
contrast, the presence of a centrosome seems to act in a dominant-
negative manner, by sequestering these factors in the central part of
the cell. In line with this idea, actin accumulation at the apical side
was inhibited more strongly in CAMSAP3-knockout cells, in which
Rab11A endosomes were clustered, than in ACF7-knockdown
cells, in which the endosomes were distributed throughout the cell.
These data suggest that although the centrosome can promote cell
polarization under certain conditions (Bornens, 2012), in epithelial
cells it acts as a polarity inhibitor and its microtubule-anchoring
activity must be suppressed to allow the cells to efficiently complete
their polarization program.

MATERIALS AND METHODS
Cell culture and transfection
Caco-2 cells were obtained from Alpha Yap (University of Queensland,
Australia) (Ratheesh et al., 2012) and cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum (FCS). LS174-W4
cells (Baas et al., 2004) were obtained from Johannes L. Bos (UMCUtrecht,
The Netherlands) and cultured in RPMI supplemented with 10% FCS.
HEK293T cells were obtained from American Type Culture Collection
(ATCC) and cultured in DMEM supplemented with 10% FCS. The cell
lines were routinely checked for mycoplasma contamination using LT07-
518Mycoalert assay (Lonza). The identity of the cell lines wasmonitored by
immunofluorescence-staining-based analysis with multiple markers. To
grow a polarized monolayer of epithelial cells, Caco-2 cells were cultured
for 5 days after reaching a fully confluent monolayer. 3D cultures of Caco-2

Fig. 4. Knockout of CAMSAP3 perturbs the distribution of Rab11A-
positive endosomes and apical actin organization. (A) CAMSAP3–GFP
(green, knock-in) and CAMSAP2 (red, staining) in control, and CAMSAP2- and
CAMSAP3-knockout (KO) cells. (B) Western blot analysis of control, and of
CAMSAP2- and CAMSAP3-knockout cell extracts. (C) Staining of
microtubules (green, α-tubulin) and centrosomes (red, γ-tubulin) in the control
and knockout cells described in A. (D) Quantification of microtubule
organization, presented as the number of microtubules attached to the
centrosome. Quantification is based on the staining shown in C. Numbers of
analyzed cells: control, n=196; CAMSAP2 KO, n=195; CAMSAP3 KO, n=122;
error bars, s.e.m.; #, number; MTs, microtubules. (E) Top view: staining of actin
in the control or knockout cells shown in A. Side view: side view of a monolayer
of control or knockout cells described in A showing CAMSAP3–GFP knock-in,
(green), actin (red, staining) and DNA (blue, staining). (F) Quantification of
actin localization presented as the apical–basal polarity index [(apical
fluorescent intensity/basal fluorescent intensity)−1] in the control or knockout
cells described in A. Control, n=20; CAMSAP2 KO, n=20; CAMSAP3 KO,
n=20; ***P<0.001; ns, no significant difference with control; Mann–Whitney
U-test. Single data points are plotted. Horizontal line, mean; error bars, s.e.m.
(G) Distribution of endosomes visualized with stably expressed dTomato–
Rab11A in the control and knockout cells described in A. (H) Staining of
centrosomes (CEP135, green) in dTomato–Rab11A-expressing CAMSAP3-
knockout cells. (I) CAMSAP3–GFP (green, knock-in) and dTomato–Rab11A
(red, stably expressed) in Caco-2 cells transfected with siRNA against
CAMSAP3.
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cells were generated by seeding cells on top (lumen formation assay) or
within (3D immunofluorescence staining) 9.7 mg/ml Matrigel (Corning).
One day after seeding, cells were treated with 100 ng/ml cholera toxin
(Sigma-Aldrich).

FuGENE 6 (Promega) was used to transfect different plasmids into Caco-2
and LS174T-W4 cells. Polyethylenimine (PEI, Polysciences) was used to
transfect HEK293T cells for streptavidin pull-down assays. HiPerFect
(Qiagen) was used to transfect Caco-2 cells with siRNAs at 20 nM.
Corresponding experiments were performed 72 h after siRNA transfection.

Streptavidin pull-down assays, western blotting and mass
spectrometry
Streptavidin pull down and western blotting were performed as described
previously (Jiang et al., 2014). Samples were prepared from pull-down assays
of biotinylated proteins from extracts of transfected HEK293T cells using
streptavidin beads, as described previously (Jiang et al., 2014), and were
resuspended in 10% formic acid with 5% DMSO and were analyzed with an
Agilent 1290 Infinity (Agilent Technologies) liquid chromatography
instrument, operating in reverse-phase (C18) mode, coupled to a
TripleTOF 5600 (AB Sciex) spectrometer. Mass spectrometry spectra
(350–1250 m/z) were acquired in high-resolutionmode (R>30,000), whereas
tandem mass spectrometry (MS2) spectra were acquired in high-sensitivity
mode (R>15,000). Raw files were processed using Proteome Discoverer 1.4
(version 1.4.0.288, Thermo Scientific, Bremen, Germany). The database
search was performed using Mascot (version 2.4.1, Matrix Science, UK)
against a SwissProt database (taxonomy human). Carbamidomethylation of
cysteines was set as a fixed modification and oxidation of methioninewas set
as a variable modification. Trypsin was specified as the enzyme and up to
two missed cleavages were allowed. Data filtering was performed using
percolator, resulting in 1% false discovery rate (FDR). Additional filters
were: search engine rank 1, peptide confidence high and ion score >20.

Generation of Caco-2 knock-in and knockout lines
Caco-2 CAMSAP3–GFP knock-in in CAMSAP-knockout cells were
generated by using CRISPR–Cas9 technology (Ran et al., 2013). The
Caco-2 CAMSAP3–GFP knock-in line was generated by transfecting the
cells with the pSpCas9(BB)-2A-Puro (PX459) vector (Addgene, #62988)
bearing the appropriate targeting sequence (5′-ACCGCCCGGGTGGGG-
CTATT-3′) and the donor plasmid. Caco-2 CAMSAP-knockout cell lines
were generated by transfecting the cells with PX459 vector bearing appro-
priate targeting sequences (CAMSAP2: 5′-CATGATCGATACCCTCAT-
GA-3′; CAMSAP3: 5′-GTACGATTTCTCGCGGGCCA-3′).

To establish clonal stable knock-in and knockout lines, cells were
subjected to selection with 20 µg/ml puromycin for 3 days. After selection,
cells were allowed to recover in normal medium for 5 days, and the
efficiency of knock-in or knockout was checked by immunofluorescence
staining. Depending on the efficiency, 20–100 individual clones were
isolated and characterized by immunofluorescence staining.

Protein domain prediction, constructs and siRNAs
Protein domains were predicted using the web-based simple modular
architecture research tool (SMART) (Letunic et al., 2015; Schultz et al.,
1998). Full-length ACF7 was purchased from Promega Kazusa Genome
Technologies (pFN21AE0600). ACF7 constructs were amplified by
performing PCR and cloned into pEGFP-C2 (Clontech). Bio–mCherry–
CAMSAP2, bio–mCherry–CAMSAP3 and GFP–CAMSAP3 have been
described previously (Jiang et al., 2014). Deletion mutants were cloned by
using PCR-based strategies.

Gibson assembly was used to assemble a pUC19-based CAMSAP3–GFP
knock-in donor plasmid. Primers used to amplify the 5′ homology armwere:
5′-CCTTGGCCCCTCTGCACATA-3′ and 5′-TTTGGGGGTGCCGCCG-
CC-3′. Primers used to amplify the 3′ homology arm were: 5′-CCCCAC-
CCGGGCGGTCCA-3′ and 5′-TTAGTCCTAAGCCTGGGAAGC-3′.

pSIN-TRE-rtTA-IRES-Hygro-iLID-dTomato-Rab11A was constructed
from pSIN-TRE-rtTA-IRES-Puro (kindly provided by Benjamin Bouchet,
Utrecht University, The Netherlands) by replacing the puromycin-resistance
cassette with the hygromycin-resistance cassette from pCDNA5-FRT-TO
(Invitrogen) and encodes amino acids 2–216 human Rab11A (derived from

GFP–Rab11A WT, a gift from Richard Pagano, Mayo Clinic College of
Medicine, Rochester, MN; Addgene plasmid #12674), N-terminally fused
to the light-sensitive dimerization module iLID (derived from pLL7.0:
Venus-iLID-Mito, a gift fromBrian Kuhlman, University of North Carolina,
Chapel Hill, NC; Addgene plasmid #60413) and dTomato.

siRNAs targeting the following sequences were purchased from Sigma-
Aldrich: ACF7 #1, 5′-TTGCAGCAGGTGAATGGAC-3′; ACF7 #2,
5′-CCAAAGTGACTTGAAGGAT-3′ (Drabek et al., 2006); CAMSAP2,
5′-GTACTGGATAAATAAGGTA-3′ (Jiang et al., 2014); CAMSAP3, 5′-
GCATTCTGGAGGAAATTGA-3′; and control targeting luciferase,
5′-CGTACGCGGAATACTTCGA-3′ (Dambournet et al., 2011).

Antibodies, drugs and chemicals
Rat monoclonal antibody against tyrosinated α-tubulin (clone YL1/2) was
purchased from Abcam (#ab6160). Mouse polyclonal antibody against
ACF7 was purchased from Abnova (#H00023499-A01). Mouse
monoclonal antibodies against the following proteins were used:
CAMSAP3 (#SAB4200415) and γ-tubulin (#T5326) (Sigma-Aldrich);
Ku80 (#611360), ZO-1 (#610966), E-cadherin (#610181), mCherry
(#632543) (Clontech) and ezrin (#610602) (BD Biosciences). Rabbit
polyclonal antibodies against the following proteins were used: GFP
(#ab290, Abcam); CAMSAP2 (#NBP1-21402 Novus, #17880-1-AP
Proteintech); aPKC (#H00023499-A01, Santa Cruz); Actin (#20-33) and
CEP135 (#SAB4503685) (Sigma-Aldrich); phosphorylated ERM (#3141,
Cell Signaling); E-cadherin (Alpha Yap, University of Queensland,
Australia). Alexa-Fluor-405- (#A-31553 and #A-31556), Alexa-Fluor-
488- (#A27023 and #A-11034), Alexa-Fluor-594- (#A-11032, #R37117
and #A-11007) and Alexa-Fluor-647- (#A-21235) conjugated goat
antibodies against mouse, rabbit and rat were purchased from Life
Technologies. For Western blotting, IRDye-800CW-conjugated goat
antibody against mouse and rabbit IgG (#P/N 925-32210 and #P/N 925-
32211) and IRDye-680LT-conjugated goat antibody against mouse and
rabbit IgG (#P/N 925-68020 and #P/N 925-68021) were purchased from
Li-Cor Biosciences. See Table S1 for the antibody dilutions used.

Alexa-Fluor-594-conjugated phalloidin was purchased from Life
Technologies (#A12381). Doxycycline was purchased from Sigma-
Aldrich and used at a concentration of 1 µg/ml. Nocodazole was
purchased from Sigma-Aldrich and used at a concentration of 10 µM. Cell
were treated with nocodazole for 2 h prior to fixation.

Lentiviral infection and cell line selection
Lentivirus packaging was performed by using MaxPEI-based co-transfection
of HEK293T cells with psPAX2, pMD2.G and the lentiviral vector pSIN-
TRE-rtTA-IRES-Hygro-iLID-dTomato-RAB11A. Supernatant of packaging
cells was harvested up to 72 h of transfection, filtered through a 0.45-µm filter
and incubated with a polyethylene glycol (PEG)-6000-based precipitation
solution overnight at 4°C. After precipitation, virus was concentrated up to
100× by centrifugation and dissolution in 1× phosphate buffered saline
(PBS). Target cells were incubated for 4 h in completemedium supplemented
with 8 µg/ml polybrene before infection. To establish clonal Caco-2 stable
lines carrying doxycycline-inducible dTomato–Rab11A, medium was
replaced 24–48 h after infection and 100 µg/ml hygromycin (Invitrogen)
was added.

Immunofluorescence staining of fixed samples
For immunofluorescent staining of 2D cultures, cellswere fixedwith either 4%
PFA for 20 min at room temperature (ezrin, CEP135, phosphorylated ERM,
phalloidin) or−20°CMeOH for 10 min (α-tubulin, CAMSAP2, aPKC, ZO-1,
ACF7, CAMSAP3, actin, E-cadherin, γ-tubulin) followed by permeabilization
with 0.2% Triton X-100 for 2 min. Next, samples were blocked with 1%BSA
diluted in 1× PBS supplemented with 0.05% Tween-20 for 45 min and
sequentially incubated with primary antibodies for 1 h and fluorescently
labeled secondary antibodies for 45 min. Finally, samples were washed, dried
and mounted in DAPI-containing Vectashield (Vector laboratories).

For immunofluorescence staining of 3D cultures, cells were fixed with
4% PFA for 20 min at room temperature, rinsed with 1× PBS with glycine
(10× stock: 38.00 g NaCl, 9.38 g Na2HPO4, 2.07 g NaH2PO4, 37.50 g
glycine in 500 ml milliQ water, pH 7.4) followed by permeabilization
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with 0.5% Triton X-100 in 1× PBS with glycine for 20 min. Next, samples
were blocked with 1% BSA diluted in 1× immunofluorescence wash buffer
(10× stock: 38.00 g NaCl, 9.38 g Na2HPO4, 2.07 g NaH2PO4, 2.5 g NaN2,
10 ml Triton X-100, 2.5 ml Tween-20 in 500 ml milliQ water, pH 7.4) for
45 min and sequentially incubated with primary antibodies for 2 h at 37°C
and fluorescently labeled secondary antibodies for 1.5 h at room
temperature. Finally, samples were washed and mounted in DAPI-
containing Vectashield.

Microscopy and image analysis
2D confluent monolayers and 3D cultures were imaged by using confocal
fluorescence illumination on aNikon Eclipse Ti microscope equippedwith a
perfect focus system (PFS, Nikon), a spinning-disc-based confocal scanner
unit (CSU-X1-A1, Yokogawa), an Evolve 512 EMCCD camera
(Photometrics) attached to a 2.0× intermediate lens (Edmund Optics), a
super-high-pressure mercury lamp (C-SHG1, Nikon), a Roper Scientific
custom-made set of Stradus 405-nm (100 mW, Vortran), Calypso 491-nm
(100 mW, Cobolt) and Jive 561-nm (100 mW, Cobolt) lasers, a set of ET-
BFP2, ET-EGFP, ET-mCherry and ET-EGFP-mCherry filters (Chroma) for
wide-field fluorescence observation, a set of ET460/50m, ET525/50m or
ET535/30m (green), ET630/75m (red) and ET-EGFP/mCherry filters
(Chroma) for spinning-disc-based confocal imaging and a motorized stage
MS-2000-XYZ with Piezo Top Plate (ASI). The microscope setup was
controlled by MetaMorph 7.7.11.0 software. Images were acquired using
Plan Fluor 10× NA 0.3 air, Plan Fluor 20× MI NA 0.75 oil, Plan
Apochromat λ 60× NA 1.4 oil and Plan Apo VC 60× NA 1.4 oil objectives.
This system was also used for FRAP experiments using the iLas2 system
(Roper Scientific).

z-series images of 2D confluent layers were acquired using a 0.1-µm-step
confocal-based scan. Side views were reconstructed by projecting
maximum fluorescence intensities of 50×0.11-µm side view slices. The
apical–basal polarity index was determined by using side views as described

above in the following equation:
Fa

Fb
� 1, in which Fa is the fluorescent

intensity in the upper one-third of the side view corrected for the area and Fb

is the fluorescence intensity in the lower two-thirds of the side view
corrected for the area. For presentation, images were adjusted for brightness
using ImageJ 1.50b. FRAP measurements were performed by bleaching a
8.8-µm-diameter circle in the apical side of a cell monolayer followed by
15 min of imaging with a frame interval of 10 s.

Phase contrast images were acquired on a Nikon Ti instrument equipped
with a perfect focus system (PFS, Nikon), a super-high-pressure mercury
lamp (C-SHG1, Nikon), Lambda SC Smart Shutter controllers (Sutter), a
Plan Apochromat DM 20× NA 0.75 (Ph2) or a Plan Fluor DLL 10× NA 0.3
(Ph1), an ET-mCherry filter (Chroma), a CoolSNAP HQ2 CCD camera
(Photometrics), a motorized stage MS-2000-XYZ with Piezo Top Plate
(ASI) and a stage top incubator INUG2E-ZILCSD-DV (Tokai Hit) for 37°C
under 5% CO2. The microscope setup was controlled by the open source
microscopy software Micro-manager.

To determine protein knockdown efficiency by immunofluorescence
staining, cells were imaged on a Nikon Eclipse 80i upright microscope
equipped with a CoolSNAP HQ2 CCD camera (Photometrics), an
Intensilight C-HGFI precentered fiber illuminator (Nikon), ET-DAPI, ET-
EGFP and ET-mCherry filters (Chroma), controlled by Nikon NIS Br
software and using a Plan Apo VC 100× NA 1.4 oil, Plan Apo VC 60× NA
1.4 oil or a Plan Fluor 20× MI NA 0.75 oil objective (Nikon). For
knockdown efficiency tests, fluorescence intensity was measured per cell
and corrected for the cell surface area using ImageJ 1.50b.

Microtubule organization in CAMSAP-knockout lines was imaged by
confocal fluorescence illumination on a Leica TCS SP8 STED3X SMD
FLIM Super Resolution instrument and confocal microscope equipped with
adaptive focus control, a filter-free Spectral Leica SP detector and HyD
detector, a 405-nm DMOD and a fully tunable supercontinuum white laser
(470 to 670 nm). Images were acquired using a HC PL APO Cs2 100×1.40
oil objective. z-series were acquired using 0.16-µm- (Control) and 0.22-µm-
(CAMSAP2 and CAMSAP3 knockout) step confocal-based scan. Images
are presented as maximum projections and were adjusted for brightness
using ImageJ 1.50b.

RT-PCR and quantitative PCR analysis
Total RNA was extracted from Caco-2 cells using Trizol reagent (Thermo
Fisher Scientific) and used as a template for reverse transcription (RT-PCR)
with random hexamer primers (Thermo Fisher Scientific). After DNase
treatment (Thermo Fisher Scientific), cDNA was submitted to quantitative
real-time (q)PCR using Sybrgreen technology (Applied Biosystems) on a
ViiA7 apparatus (Applied Biosystems). Two ACF7 and two reference gene
(HPRT1 and GAPDH) primer pairs were used to quantify ACF7 relative
expression following siRNA transfection using the ΔΔCt method. Primer
sequences were as followed: ACF7 #1, 5′- GGTCCTCTCAGGCATCAA-
AC-3′, 5′-AGTTTCACCTGTCGCTGCTT-3′; ACF7 #2, 5′-TGCACTCA-
TTCACCGATACC-3′, 5′-CCCAGTCTTTCTGCCACTTC-3′; HPRT1, 5′-
TGCAGACTTTGCTTTCCTTGGTCAGG-3′, 5′-CCAACACTTCGTGG-
GGTCCTTTTCA-3′; GAPDH, 5′-CTTCGCTCTCTGCTCCTCCTGTTC-
G-3′, 5′-ACCAGGCGCCCAATACGACCAAAT-3′.

Statistical analysis
All experiments were conducted at least twice. Statistical analysis was
performed using GraphPad Prism 5.
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microtubule cytoskeleton directs medial actomyosin function during tube
formation. Dev. Cell 29, 562-576.

Bornens, M. (2012). The centrosome in cells and organisms.Science 335, 422-426.
Bryant, D. M., Datta, A., Rodriguez-Fraticelli, A. E., Peranen, J., Martin-

Belmonte, F. and Mostov, K. E. (2010). A molecular network for de novo
generation of the apical surface and lumen. Nat. Cell Biol. 12, 1035-1045.

Dambournet, D., Machicoane, M., Chesneau, L., Sachse, M., Rocancourt, M., El
Marjou, A., Formstecher, E., Salomon, R., Goud, B. and Echard, A. (2011).
Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful
cytokinesis. Nat. Cell Biol. 13, 981-988.

Dammermann, A., Desai, A. andOegema, K. (2003). Theminus end in sight.Curr.
Biol. 13, R614-R624.

Dhekne, H. S., Hsiao, N.-H., Roelofs, P., Kumari, M., Slim, C. L., Rings, E. H. H.
M. and van Ijzendoorn, S. C. D. (2014). Myosin Vb and Rab11a regulate
phosphorylation of ezrin in enterocytes. J. Cell Sci. 127, 1007-1017.

4287

RESEARCH ARTICLE Journal of Cell Science (2016) 129, 4278-4288 doi:10.1242/jcs.194878

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

119

CAMSAP3 and ACF7 in epithelia

6



Drabek, K., van Ham, M., Stepanova, T., Draegestein, K., van Horssen, R.,
Sayas, C. L., Akhmanova, A., Ten Hagen, T., Smits, R., Fodde, R. et al. (2006).
Role of CLASP2 in microtubule stabilization and the regulation of persistent
motility. Curr. Biol. 16, 2259-2264.

Goodwin, S. S. and Vale, R. D. (2010). Patronin regulates the microtubule network
by protecting microtubule minus ends. Cell 143, 263-274.

Hendershott, M. C. and Vale, R. D. (2014). Regulation of microtubule minus-end
dynamics by CAMSAPs and Patronin. Proc. Natl. Acad. Sci. USA 111,
5860-5865.

Horgan, C. P., Hanscom, S. R., Jolly, R. S., Futter, C. E. and McCaffrey, M. W.
(2010). Rab11-FIP3 links the Rab11 GTPase and cytoplasmic dynein to mediate
transport to the endosomal-recycling compartment. J. Cell Sci. 123, 181-191.

Jaffe, A. B., Kaji, N., Durgan, J. and Hall, A. (2008). Cdc42 controls spindle
orientation to position the apical surface during epithelial morphogenesis. J. Cell
Biol. 183, 625-633.

Jiang, K., Hua, S., Mohan, R., Grigoriev, I., Yau, K. W., Liu, Q., Katrukha, E. A.,
Altelaar, A. F. M., Heck, A. J. R., Hoogenraad, C. C. et al. (2014). Microtubule
minus-end stabilization by polymerization-driven CAMSAP deposition. Dev. Cell
28, 295-309.

Karakesisoglou, I., Yang, Y. and Fuchs, E. (2000). An epidermal plakin that
integrates actin and microtubule networks at cellular junctions. J. Cell Biol. 149,
195-208.

Khanal, I., Elbediwy, A., Diaz de la Loza, M. C., Fletcher, G. C. and Thompson,
B. J. (2016). Shot and Patronin polarise microtubules to direct membrane traffic
and biogenesis of microvilli in epithelia. J. Cell Sci. 129, 2651-2659.

King, M. D. A., Phillips, G. W., Bignone, P. A., Hayes, N. V. L., Pinder, J. C. and
Baines, A. J. (2014). A conserved sequence in calmodulin regulated spectrin-
associated protein 1 links its interaction with spectrin and calmodulin to neurite
outgrowth. J. Neurochem. 128, 391-402.

Knowles, B. C., Weis, V. G., Yu, S., Roland, J. T., Williams, J. A., Alvarado, G. S.,
Lapierre, L. A., Shub, M. D., Gao, N. and Goldenring, J. R. (2015). Rab11a
regulates syntaxin 3 localization and microvillus assembly in enterocytes. J. Cell
Sci. 128, 1617-1626.

Kodama, A., Karakesisoglou, I., Wong, E., Vaezi, A. and Fuchs, E. (2003). ACF7:
an essential integrator of microtubule dynamics. Cell 115, 343-354.

Letunic, I., Doerks, T. and Bork, P. (2015). SMART: recent updates, new
developments and status in 2015. Nucleic Acids Res. 43, D257-D260.

Meng,W., Mushika, Y., Ichii, T. and Takeichi, M. (2008). Anchorage of microtubule
minus ends to adherens junctions regulates epithelial cell-cell contacts. Cell 135,
948-959.

Moss, D. K., Bellett, G., Carter, J. M., Liovic, M., Keynton, J., Prescott, A. R.,
Lane, E. B. andMogensen, M.M. (2007). Ninein is released from the centrosome
and moves bi-directionally along microtubules. J. Cell Sci. 120, 3064-3074.

Nashchekin, D., Fernandes, A. R. and St Johnston, D. (2016). Patronin/shot
cortical foci assemble the noncentrosomal microtubule array that specifies the
Drosophila anterior-posterior axis. Dev. Cell 38, 61-72.

Overeem, A. W., Bryant, D. M. and van IJzendoorn, S. C. D. (2015). Mechanisms
of apical-basal axis orientation and epithelial lumen positioning. Trends Cell Biol.
25, 476-485.

Ran, F. A., Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A. and Zhang, F. (2013).
Genome engineering using the CRISPR-Cas9 system.Nat. Protoc. 8, 2281-2308.

Ratheesh, A., Gomez, G. A., Priya, R., Verma, S., Kovacs, E. M., Jiang, K.,
Brown, N. H., Akhmanova, A., Stehbens, S. J. and Yap, A. S. (2012).
Centralspindlin and alpha-catenin regulate Rho signalling at the epithelial zonula
adherens. Nat. Cell Biol. 14, 818-828.

Riggs, B., Fasulo, B., Royou, A., Mische, S., Cao, J., Hays, T. S. and Sullivan,W.
(2007). The concentration of Nuf, a Rab11 effector, at the microtubule-organizing
center is cell cycle regulated, dynein-dependent, and coincides with furrow
formation. Mol. Biol. Cell 18, 3313-3322.

Schultz, J., Milpetz, F., Bork, P. and Ponting, C. P. (1998). SMART, a simple
modular architecture research tool: identification of signaling domains. Proc. Natl.
Acad. Sci. USA 95, 5857-5864.

Sobajima, T., Yoshimura, S.-I., Iwano, T., Kunii, M., Watanabe, M., Atik, N.,
Mushiake, S., Morii, E., Koyama, Y., Miyoshi, E. et al. (2015). Rab11a is
required for apical protein localisation in the intestine. Biol. Open 4, 86-94.

Takahashi, S., Mui, V. J., Rosenberg, S. K., Homma, K., Cheatham, M. A. and
Zheng, J. (2016). Cadherin 23-C regulates microtubule networks by modifying
CAMSAP3’s function. Sci. Rep. 6, 28706.

Tanaka, N., Meng, W., Nagae, S. and Takeichi, M. (2012). Nezha/CAMSAP3 and
CAMSAP2 cooperate in epithelial-specific organization of noncentrosomal
microtubules. Proc. Natl. Acad. Sci. USA 109, 20029-20034.

Toya, M., Kobayashi, S., Kawasaki, M., Shioi, G., Kaneko, M., Ishiuchi, T.,
Misaki, K., Meng, W. and Takeichi, M. (2016). CAMSAP3 orients the apical-to-
basal polarity of microtubule arrays in epithelial cells. Proc. Natl. Acad. Sci. USA
113, 332-337.

Viswanatha, R., Ohouo, P. Y., Smolka, M. B. and Bretscher, A. (2012). Local
phosphocycling mediated by LOK/SLK restricts ezrin function to the apical aspect
of epithelial cells. J. Cell Biol. 199, 969-984.

Wang, S., Wu, D., Quintin, S., Green, R. A., Cheerambathur, D. K., Ochoa, S. D.,
Desai, A. and Oegema, K. (2015). NOCA-1 functions with gamma-tubulin and in
parallel to Patronin to assemble non-centrosomal microtubule arrays in
C. elegans. Elife 4, e08649.

Wu, X., Kodama, A. and Fuchs, E. (2008). ACF7 regulates cytoskeletal-focal
adhesion dynamics and migration and has ATPase activity. Cell 135, 137-148.

Wu, J., de Heus, C., Liu, Q., Bouchet, B. P., Noordstra, I., Jiang, K., Hua, S.,
Martin, M., Yang, C., Grigoriev, I. et al. (2016). Molecular pathway of microtubule
organization at the Golgi apparatus. Dev. Cell 39, 44-60.

Zheng, J., Furness, D., Duan, C., Miller, K. K., Edge, R. M., Chen, J., Homma, K.,
Hackney, C. M., Dallos, P. and Cheatham, M. A. (2013). Marshalin, a
microtubule minus-end binding protein, regulates cytoskeletal structure in the
organ of Corti. Biol. Open 2, 1192-1202.

4288

RESEARCH ARTICLE Journal of Cell Science (2016) 129, 4278-4288 doi:10.1242/jcs.194878

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

120

Chapter 6

  6



Supplemental Information 

Control of apico-basal epithelial polarity by the microtubule minus-end binding protein 

CAMSAP3 and spectraplakin ACF7 

Ivar Noordstra, Qingyang Liu, Wilco Nijenhuis, Shasha Hua, Kai Jiang, Matthijs Baars, Sanne 

Remmelzwaal, Maud Martin, Lukas C. Kapitein and Anna Akhmanova. 

J. Cell Sci. 129: doi:10.1242/jcs.194878: Supplementary information

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n

121

CAMSAP3 and ACF7 in epithelia

6



Supplemental Figure S1. Endogenous ACF7 is recruited to CAMSAP3-induced 
microtubule bundles in manner dependent on the CC1 region of CAMSAP3. 

A. Domain organization of GFP-CAMSAP3 deletion mutants used to study binding to ACF7 and 
a summary of detected interactions. FL, full length, CH, calponin homology domain.  

B. HeLa cells transiently expressing GFP-CAMSAP3 fragments (as in A, green) and stained for 
ACF7 (red). White arrowheads indicate the same positions in different panels. 

J. Cell Sci. 129: doi:10.1242/jcs.194878: Supplementary information

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n

122

Chapter 6

  6



Supplemental Figure S2. ACF7 depletion does not affect general polarity in 2D monolayer 
culture. 
A. Staining of aPKC, ZO-1 (white) and DNA (blue) in Caco-2 cells transfected with control or 
ACF7 siRNAs. Both top and side views are shown.  
B. Quantification of cell height of Caco-2 cells transfected with control or ACF7 siRNAs. 
Control, n=36; siRNA ACF7 #1, n=36; siRNA ACF7 #2, n=36; ns, not significant; Mann-
Whitney U test; Error bars, SEM.  
C. Staining of microtubules (green, α-tubulin) and centrosomes (red, ɣ-tubulin) in Caco-2 cells 
transfected with control or ACF7 siRNAs. 
D. Quantification of microtubule organization presented as a number of microtubules attached to 
the centrosome. Quantification based on staining shown in (C). Number of analyzed cells: 
control, n=41; siRNA ACF7 #1, n=38; siRNA ACF7 #2, n=60; Error bars, SEM; #, number; 
MTs, microtubules.   
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Supplemental Figure S3. Formation of 3D cysts and the distribution of polarity markers in 
control, CAMSAP2 and CAMSAP3 knockout cells. 
A. Staining for ZO-1, E-cadherin, aPKC, ezrin en pERM (white) and DNA (blue) in control, 
CAMSAP2 and CAMSAP2 knockout  (KO) cells.  
B. Side view of aPKC, ezrin (white) and DNA (blue) staining in cells as in (A).  
C. 3D cyst formation 1 day after dense seeding of different CAMSAP2 and CAMSAP3 knockout 
clones. 
D. Quantification of 3D cyst formation of cells in (C). Control, n=200; CAMSAP2 KO #1, 
n=172; CAMSAP2 KO #2, n=245; CAMSAP2 KO #3, n=143; CAMSAP3 KO #1, n=173; 
CAMSAP3 KO #2, n=204; CAMSAP3 KO #3, n=213. 
E. Quantification of 3D cyst formation of Caco-2 cells transfected with siRNA targeting 
CAMSAP2, CAMSAP3 or CAMSAP2 and 3 simultaneously. siRNA control, n=320; siRNA 
CAMSAP2, n=226; siRNA CAMSAP3, n=316; siRNA CAMSAP2+3, n=252. 
F. Staining of aPKC (red), ZO-1 (white) and DNA (blue) in cells as in (A) seeded in a 3D matrix.  
G. Side view of dTomato-Rab11A (white) and DNA (blue) in control cells, cells transfected with 
siRNA targeting ACF7 and CAMSAP3 knockout cells. dTomato-Rab11A intensity profiles along 
the line indicated in red are plotted in the graph. 
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Supplemental table 1 
 
Primary antibodies 
Target Source Dilution Company Catalog number 
Tyrosinated α-tubulin Rat IF 1:300 Abcam #ab6160 
mCherry Mouse WB 1:1000 Clontech #632543 
ACF7 Mouse IF 1:400 Abnova #H00023499-A01 
CAMSAP3 Mouse IF 1:200   WB 1:1000   Sigma-Aldrich #SAB4200415 
ɣ-tubulin Mouse IF 1:100 Sigma-Aldrich #T5326 
Ku80 Mouse WB 1:2000 BD Biosciences #611360 
ZO-1 Mouse IF 1:500 BD Biosciences #610966 
E-cadherin Mouse IF 1:500 BD Biosciences #610181 
Ezrin Mouse IF 1:500 BD Biosciences #610602 
GFP Rabbit WB 1:1000 Abcam #ab290 
CAMSAP2 Rabbit IF 1:300 Novus #NBP1-21402 
CAMSAP2 Rabbit WB 1:1000 Proteintech #17880-1-AP 
aPKC Rabbit IF 1:300 Santa Cruz #H00023499-A01 
Actin Rabbit IF 1:200 Sigma-Aldrich #20-33 
CEP135 Rabbit IF 1:300 Sigma-Aldrich #SAB4503685 
Phosphorylated ERM Rabbit IF 1:500 Cell Signaling #3141 
E-cadherin Rabbit IF 1:1000 Gift from A. Yap - 
IF: Immunofluorescence staining 
WB: Western blot 
 
Secondary antibodies 
All secondary antibodies used for immunofluorescence staining were diluted 1:300 
All secondary antibodies used for western blot were diluted 1:15000 

J. Cell Sci. 129: doi:10.1242/jcs.194878: Supplementary information
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General Discussion

Qingyang Liu



In this thesis, we have investigated the protein-protein interaction networks involved in 
cell division and cytoskeleton organization. The goal of our work was to develop mass 
spectrometry (MS)-based strategies to identify protein-protein interactions (PPIs) in several 
cellular processes. Much of work was focused on the MICAL family of proteins, which are 
involved in cytoskeletal organization, membrane trafficking and cell division. Furthermore, 
by combining proteomic methods, gene knockout and knockdown approaches with advanced 
imaging techniques we have obtained new insights into the organization and dynamics of non-
centrosomal microtubule minus-ends. In the course of this work we have explored different 
MS-based methodologies for the identification and mapping of PPIs. We have developed 
a method for rapid and accurate mapping of protein interaction domains by combining 
chemical cross-linking mass spectrometry (XL-MS) with pull-down assays. In this Chapter, 
we will discuss the implications of our results and provide an outlook on how to apply our 
generated knowledge and tools to the future research.

MS-based approaches for the identification and mapping of PPIs
The understanding of protein function and regulation is essential to elucidate novel disease 
mechanisms (Appella et al. 2015). Cellular functions almost always require the coordinated 
action of multiple proteins, which form stable complexes or dynamic networks (Gavin et 
al. 2011; Bader et al. 2008). MS-based strategies have become an indispensable tool in 
identification of PPIs of biological molecules and large-scale studies of whole proteomes 
(Kaltashov et al. 2013). In Chapter 1, we described the most frequently used MS-based 
techniques for the identification of PPIs. Affinity purification-mass spectrometry (AP-MS) 
is one of the most popular methods for both high- and low- throughput PPIs identification 
(Fig. 1A) (Mehta & Trinkle-Mulcahy 2016). Recently, more than 2000 bait proteins were 
transiently expressed in HEK293 cells, and co-precipitating proteins were identified by 
AP-MS. This high-throughput study generated a comprehensive interaction map of human 
proteins by identifying more than 20,000 PPIs (Huttlin et al. 2015; Mehta & Trinkle-Mulcahy 
2016). Another study, which generated a library of HeLa cell lines expressing more than 
1,000 GFP-tagged proteins analyzed by AP-MS, revealed more than 28,000 PPIs. By 
applying quantitative proteomic strategies, interaction stoichiometries were estimated and 
the cellular abundances of interacting proteins were measured (Hein et al. 2015; Mehta & 
Trinkle-Mulcahy 2016). 

The biggest challenge in AP-MS experiments is to distinguish between the true binding 
partners and non-specific background proteins (also known as false positives) (Boulon et 
al. 2010; Trinkle-Mulcahy et al. 2008; Mellacheruvu et al. 2013; Mehta & Trinkle-Mulcahy 
2016). The best way of solving this problem is to use quantitative proteomics. An efficient 
way to perform proteomic quantification is to incorporate isotopic labelling strategies into 
the workflow (Tate et al. 2013). Isotopically labelled chemical reagents are grouped as those 
which react chemically with proteins or peptides, e.g. isotope coded affinity tag (ICAT) or 
isobaric tags for absolute and relative quantification (iTRAQ) (Philip L. Ross 2004; Gygi 
et al. 2002), or metabolically incorporated, e.g. stable isotope labelling with amino acids 
in cell culture (SILAC) (Ong 2002). These different protein quantification strategies allow 
comparing the abundance of proteins identified in the studied sample and the control. True 
interactors are more abundant in the AP-MS sample than the control, while false positives 
are equally abundant in both pull-downs. In this way, high sensitivity and specificity can be 
achieved to identify PPIs with high confidence (Paul et al. 2011).
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XL-MS has emerged as an important technique bridging MS and structural biology (Fig. 
1B) (Leitner et al. 2016). XL-MS provides not only information on interactions within protein 
complexes, but also the sites at which the proteins are in close proximity (Ding et al. 2016). In 
Chapter 4, we examined the advantages and disadvantages of a method for rapid and accurate 
mapping of protein interaction domains by combining XL-MS, pull-down assays and genetic 
protein fragmentation. This method uses identified cross-links as a guideline for generating 
protein truncation or deletion constructs. We found that the method performs well with 
proteins consisting of folded domains. However, the cross-linking appears to preferentially 
target disordered protein regions (Bruce 2012), and for such regions, the cross-linked sites do 
not match with the regions required for the actual binding. This limits the value of the method 
when intrinsically disordered proteins are analyzed. 

Besides the identification of PPIs, XL-MS also yields valuable structural information 
(Smits & Vermeulen 2016). Traditional structural techniques, such as X-ray crystallography 
and nuclear magnetic resonance (NMR), have solved many important protein complex 
structures. However, many protein complexes, where sample amount is limited or low 
sample purity is expected, proved to be difficult to investigate by these traditional structural 
methods (Faini et al. 2016). XL-MS can be an excellent alternative due to its relatively 
mild requirement for sample amount and purity and high information content of the 
obtained distance restraints (Liu & Heck 2015; Faini et al. 2016). One of the pioneer studies 
introducing XL-MS to the structural field was the research on the interaction between RNA 
polymerase II (Pol II) and the TFIIF complex (Chen et al. 2010; Faini et al. 2016). In total 
253 inter-protein cross-links were identified for Pol II–TFIIF complex in this study, which 
suggests that XL-MS is a valuable tool to increase our structural and mechanistic insight into 
large multi-protein complexes (Chen et al. 2010). Moreover, approaches integrating cross-
linking with AP-MS have been recently developed (Liu & Heck 2015). A recent study on 
protein phosphatase 2A (PP2A) network is a successful example combining cross-linking 
with AP-MS techniques (Herzog et al. 2012). 14 proteins that were previously detected in 
PP2A complexes were affinity purified from HEK293 cells to elucidate the topology of the 
PP2A network. Overall, 176 inter-protein and 570 intra-protein cross-links were identified 
between specific trimeric PP2A complexes and other adaptor proteins (Herzog et al. 2012; 
Liu & Heck 2015). Recently, XL-MS approaches have also been applied to study PPIs in 
vivo, which allows the high-throughput investigation of protein interactions and structures 
in a cellular context (Liu & Heck 2015). An illustrative example is provided by a XL-MS 
study of whole human cell lysates. 1665 intra-protein and 514 inter-protein cross-links were 
identified, among which many cross-links were in excellent agreement with structurally well-
studied protein assemblies, validating the approach. The cross-linking data provided also 
new structural insights into many protein assemblies, such as eEF1 (Liu et al. 2015; Liu & 
Heck 2015).

MS-based techniques have been successfully applied in the large-scale and high-confidence 
mapping of PPIs (Smits & Vermeulen 2016). An ambitious goal for the future is to develop a 
comprehensive and quantitative high-throughput approach that defines the composition and 
topology of the protein complexes (Mehta & Trinkle-Mulcahy 2016).

The function of MICAL family of proteins in cell division and cytoskeleton organization
In Chapter 2, we discussed the recent findings in understanding the complex functions of 
the molecules interacting with CasL (MICAL) family of proteins. MICALs are multidomain 
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Figure 1. Illustration of AP-MS and XL-MS approaches used to map protein-protein interactions. 
A. Affinity purification-mass spectrometry approach for identifying proteins that associate with a particular bait 
protein. B. Strategy behind cross-linking mass spectrometry analysis of multiprotein complexes (adapted from 
Mehta & Trinkle-Mulcahy 2016). 

proteins, which are involved in several cellular processes, such as cell division, membrane 
trafficking and cytoskeleton organization (Giridharan & Caplan 2014; Giridharan et al. 2012; 
Vanoni et al. 2013; Zhou et al. 2011). MICAL-L1, which lacks the N-terminal monooxygenase 
domain, has been demonstrated to act as a hub on tubular recycling endosomes, essential 
for the transport of several clathrin-dependent/independent cargos (Rahajeng et al. 2012; 
Sharma et al. 2009). MICAL-L1 interacts with and recruits the C-terminal Eps15 homology 
domain protein 1 and 3 (EHD1/3) to tubular recycling endosomes during interphase, hence 
regulating recycling (Cai et al. 2013; Giridharan et al. 2013). Recently, MICAL-L1 and 
EHD1 have been discovered in regulating cell division (Reinecke et al. 2015). MICAL-L1 
and EHD1 are required for early mitosis, cytokinesis and transport of recycling endosomes to 
the intercellular bridge. Depletion of MICAL-L1 resulted in several mitotic and cytokinetic 
defects, such as increased number of bi- and multi-nucleated cells, as well as abnormalities 
in spindle length and kinetochore fiber organization. Depletion of EHD1 also resulted in 
an increased number of bi- and multi-nucleated cells, disorganized central spindles and 
disoriented mitotic spindles (Reinecke et al. 2015). 

This study encouraged us to investigate if MICAL3 participates in cell division. In Chapter 
3, we performed a MS-based search for binding partners of MICAL3, which revealed two 
components of the centralspindlin complex, MKLP1 (KIF23) and CYK-4 (RACGAP) as 
two major hits. We found that MKLP1 interacts with and recruits MICAL3 to the central 
spindle and the midbody. Loss of MICAL3 causes a delay or failure of final abscission and 
thus leads to generation of bi- and multi-nucleated cells. We also analyzed the two previously 
identified binding partners of MICAL3, ELKS and Rab8A (Grigoriev et al. 2011), and found 
that MICAL3 contributes to their recruitment to the intercellular bridge. Depletion of either 
ELKS or Rab8A led to a significant increase of bi- and multi-nucleated cells. We attempted to 
investigate whether the actin-depolymerizing activity of MICAL3 contributes to cytokinesis. 
However, when we knocked out MICAL3, we observed no visible defects in the organization 
of actin cytoskeleton during different cytokinetic stages. We concluded that the enzymatic 
activity of MICAL3 is unlikely to contribute to the dynamics of the actomyosin ring. MICAL3 
thus acts as a protein hub for targeting the adaptor protein ELKS and Rab8A-positive vesicles 
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to the intercellular bridge, hence contributing to the maturation of the intercellular bridge and 
successful abscission (Liu et al. 2016). The function of MICAL3 in cytokinesis appears to be 
mechanistically similar to MICAL-L1, which is involved in organizing recycling endosomes 
at the intercellular bridge (Liu et al. 2016; Reinecke et al. 2015). Since MICAL-L1 lacks 
an enzymatic domain, the monooxygenase activity of the MICAL family of proteins seems 
unlikely to be essential for the regulation of cell division.

MICAL1 and MICAL3 have been shown to interact with small GTPases of the Rab family 
(Grosshans et al. 2006). MICAL1, MICAL-CL and MICAL3 are Rab1 effectors that regulate 
vesicle trafficking between the endoplasmic reticulum and the Golgi (Fischer et al. 2005; 
Zhou et al. 2011; Weide et al. 2003). Our group has previously shown that ELKS, MICAL3 
and Rab8A form a complex that functions in constitutive exocytosis (Grigoriev et al. 2011). 
It was shown that Rab8A is required for vesicle docking and fusion, while Rab6 controls 
the association of Rab8A with exocytotic vesicles. Rab8A and the Rab6-interacting cortical 
factor ELKS, which are linked by MICAL3, act in the same pathway. When a dominant-
negative MICAL3 mutant that lacks the enzymatic activity was expressed in cells, it caused 
the accumulation of secretory vesicles at the plasma membrane. This phenotype was not 
due to the defect in the disassembly of the cortical actin, since actin disassembly induced by 
latrunculin B did not prevent vesicle accumulation caused by the expression of the dominant-
negative MICAL3 mutant. It was thus proposed that the redox activity of MICAL3 is 
needed for successful vesicle fusion by destabilizing protein complex in which it is engaged 
(Grigoriev et al. 2011). It is worth to note that the dominant-negative MICAL3 mutant 
displays increased binding to Rab8A (Grigoriev et al. 2011), thus it might be interesting to 
test whether Rab8A or other Rabs, ELKS or other interacting partners can serve as MICAL3 
oxidation substrates.

Several experiments suggest that MICALs regulate cytoskeletal organization by generating 
reactive oxygen species (ROS) (Giridharan & Caplan 2014). The monooxygenase domain of 
mouse MICAL1 in the presence of molecular oxygen and NADPH can produce H2O2 in vitro 
(Nadella et al. 2005). H2O2 can modulate protein phosphorylation and affect actin filaments 
directly (Rhee et al. 2000; Lee & Esselman 2002). However, actin has been shown to be a 
direct substrate of Drosophila Mical, and it was demonstrated that Mical does not induce 
actin remodelling through ROS production (Hung et al. 2011). This topic was discussed in 
more detail in Chapter 2.

The over-expression and siRNA-mediated knock-down of MICALs has a considerable 
effect on actin organization (Giridharan & Caplan 2014). MICAL2 over-expression caused 
actin remodelling to filopodial-like protrusions, while MICAL1 over-expression did not 
significantly affect the actin cytoskeleton (Giridharan et al. 2012). This can be explained 
by the autoinhibition of MICAL1 and MICAL3. Removal or mutations in the C-terminal 
bMERB domain of MICALs relieves the autoinhibition (Giridharan et al. 2012; Grigoriev et 
al. 2011). Expression of uninhibited versions of MICAL1 and MICAL3 resulted in reduced 
amount of actin filaments (Giridharan & Caplan 2014; Grigoriev et al. 2011). Depletion 
of either MICAL1 or MICAL2 caused more filopodia-like protrusions at the cell cortex, 
whereas MICAL3 knock-down resulted in the enrichment of actin stress fibers (Giridharan 
et al. 2012; Giridharan & Caplan 2014). Moreover, since previous work has shown that Rab8 
has a strong influence on cell morphology by reorganizing the actin cytoskeleton (Hattula et 
al. 2002; Peränen et al. 1996), it is interesting to test whether Rab8-dependent cytoskeletal 
remodeling is mediated by MICAL1 and MICAL3.
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Protein networks at microtubule tips
Microtubules are cytoskeletal structures that play essential roles in numerous cellular 
processes, such as intracellular cargo transport, cell division and cell polarity. Microtubules 
are highly dynamic; their dynamics can be altered in response to the needs of the cell 
and therefore highly regulated (Akhmanova & Steinmetz 2008). The failure to regulate 
microtubule networks is linked to many diseases including cancer and neurodegenerative 
disorders. Microtubule-targeting agents are widely used for cancer treatment, and microtubule-
stabilizing compounds were recently suggested as potential candidates for treatment of 
Alzheimer’s disease and related neurodegenerative diseases (Mohan et al. 2013; Ballatore et 
al. 2012). Comprehensive mapping of microtubule networks is therefore important to gain 
insight into microtubule-associated diseases and may provide targets for developing and 
improving drug treatments.

Microtubule plus-end tracking proteins (+TIPs) are a group of factors that associate with the 
plus ends of growing microtubules and thus regulate different aspects of microtubule dynamics 
(Akhmanova & Steinmetz 2015; Akhmanova & Steinmetz 2008; van der Vaart et al. 2012). 
Recognizing the growing microtubule plus end is the first step to build +TIP networks. +TIPs 
can be classified into “autonomous tip trackers”, which recognize microtubule plus ends in 
the absence of any additional factors, and “non-autonomous +TIPs”, which are proteins that 
target microtubule plus ends through binding to an autonomous tip tracker (Akhmanova & 
Steinmetz 2010; Akhmanova & Steinmetz 2015). End-binding proteins (EBs) autonomously 
recognize growing microtubule ends and recruit numerous factors to build +TIP networks 
(Akhmanova & Steinmetz 2015). Another important group of autonomous tip trackers are 
Xenopus microtubule associated protein of 215 kDa (XMAP215) family proteins, which 
strongly promote microtubule growth in vitro (Brouhard et al. 2008). The mammalian 
homologue of XMAP215 is ch-TOG (also known as CKAP5), which in cells may cooperate 
with EB proteins for efficient accumulation at microtubule plus ends (van der Vaart et al. 
2011). Two additional autonomous tip trackers are the highly conserved nuclear division 
cycle 80 complex (NDC80 complex) and the fungi-specific DUO1 and MPS1-interacting 1 
complex (DAM1 complex) (Akhmanova & Steinmetz 2015). The NDC80 complex tracks 
only depolymerizing ends, while the DAM1 complex continuously tracks both growing and 
shrinking microtubule ends (Lampert et al. 2010; Powers et al. 2009).

Most of the non-autonomous +TIPs target microtubule plus ends through interactions 
with autonomous tip trackers. As mentioned above, the autonomous tip trackers of the EB 
family are considered as key regulators of +TIP networks. The EB-dependent recruitment 
mechanisms can be divided into two categories. The cytoskeleton-associated protein Gly-
rich (GAP-Gly) domain containing proteins, such as CLIP170 and p150Glued (the large subunit 
of the dynactin complex), which recognize C-terminal EEY/F motifs of EBs (Hayashi et al. 
2005; Hayashi et al. 2007; Honnappa et al. 2006). A large group of +TIPs, such as CLIP-
associating protein 1 and 2 (CLASP1 and CLASP2) and SLAIN motif-containing protein 2 
(SLAIN2), bind to EB proteins through a conserved short amino acid motif SxIP (where x is 
any amino acid) (Kumar & Wittmann 2012). In addition, our lab has also previously reported 
that SLAINs interact not only with EBs, but also three other +TIPs, CLIPs, CLASPs and ch-
TOG (van der Vaart et al. 2011). The detailed interaction mapping of SLAIN2-ch-TOG and 
SLAIN2-CLASP2 complexes can be found in Chapter 4.

In contrast to well-studied +TIP networks, the microtubule minus-end targeting proteins 
(-TIPs) have received considerably less attention. The major factor that specifically associates 
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with microtubule minus ends is the γ-tubulin ring complex (γ-TURC) (Kollman et al. 2011). 
The γ-TURC nucleates microtubules and then cap their minus ends, and it can also bind and 
localize at the minus ends of pre-formed microtubules (Wiese & Zheng 2000). The γ-TURC 
is likely not the only regulator of all microtubule minus ends, since the γ-TURC is not always 
attached to microtubules (Akhmanova & Hoogenraad 2015). 

The members of the calmodulin-regulated spectrin-associated protein (CAMSAP)/Nezha/
Patronin family were recently identified as regulators of microtubule minus ends (Akhmanova 
& Steinmetz 2015). The mammalian CAMSAP family includes three homologues, 
CAMSAP1, CAMSAP2 and CAMSAP3 (Baines et al. 2009). The CAMSAP-associated –
TIPs networks, however, are poorly understood. In order to unravel –TIPs networks, we 
performed proteomics-based screening for CAMSAPs binding partners, identified new 
binding partners for CAMSAPs and investigated their roles in microtubule minus-end 
regulation (Chapter 5 and 6) (Fig.2). We found that the complex A-kinase anchoring protein 
of 450 kDa (AKAP450) and myomegalin (MMG), as well as microtubule-actin cross-linking 
factor spectraplakin ACF7 (also known as MACF1) act as CAMSAP targeting factors. 

Figure 2. Overview of –TIP networks identified in this thesis.
Schematic illustration of minus-end targeting proteins and their interaction networks in interphase and in mitosis. 
In interphase, AKAP450-MMG complex interacts with and recruits CAMSAP2-decorated microtubule minus 
ends to the Golgi; ACF7 binds to CAMSAP3 and is required for the apical localization of CAMSAP3-decorated 
microtubule minus ends in mammalian intestinal epithelial cells; katanin binds to both CAMSAP2 and CAMSAP3 
and controls the length of CAMSAP-decorated microtubule stretches. In mitosis, ASPM-katanin complex localizes 
at the spindle poles during mitosis and regulates spindle dynamics.
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In Chapter 5, we showed that AKAP450-MMG complex interacts with and recruits 
CAMSAP2-decorated microtubule minus ends to the Golgi in interphase cells. In Chapter 
6, we showed that the spectraplakin ACF7 (also known as MACF1) specifically binds to 
CAMSAP3 and is required for the apical localization of CAMSAP3-decorated microtubule 
minus ends in mammalian intestinal epithelial cells. We also demonstrated that CAMSAP3 
regulates non-centrosomal microtubule organization, which is important for the apical 
localization of Rab11 endosomes and the formation of the actin brush border. A recent study 
has demonstrated that the Drosophila homologues of CAMSAP3 and ACF7, Patronin and 
Shortstop (Shot), are present in the same apical complex and play a role in organizing apico-
basal microtubule arrays in fly cells (Khanal et al. 2016). This is in agreement with another 
recent study in fly cells, where Patronin was shown to interact with both Shot and katanin 
(Nashchekin et al. 2016). Also, Ning et al. recently found crosstalk between noncentrosomal 
microtubules and F-actin in epithelial cells. They showed that ACF7 interacts with 
CAMSAP3 and anchors noncentrosomal microtubule minus ends. The CAMSAP3-ACF7 
complex couples actin filaments with noncentrosomal microtubules and thereby regulates 
focal adhesion size and cell migration (Ning et al. 2016). In Chapter 5, we identified katanin 
as a CAMSAP2 and CAMSAP3 binding partner, which controls the length of CAMSAP-
decorated microtubule stretches in interphase cells. However, in contrast to what has been 
published for fly Patronin, which regulates spindle length, organization and dynamics 
(Goodwin & Vale 2010), we found no evidence of CAMSAPs regulating mitotic microtubule 
minus-end organization and dynamics. It is therefore likely that mammalian CAMSAPs are 
key regulators responsible for microtubule minus-end organization and dynamics during 
interphase.

Abnormal spindle-like microcephaly-associated protein (ASPM) was previously 
suggested as a mitotic microtubule minus-end regulator (Fish et al. 2006; Higgins et al. 2010; 
Ito & Goshima 2015; Ripoll et al. 1985; Rujano et al. 2013; Schoborg et al. 2015; van der 
Voet et al. 2009; Wakefield et al. 2001). ASPM is important in organizing mitotic spindle 
poles (Morris-Rosendahl & Kaindl 2015). In Chapter 5, we showed that ASPM is indeed a 
mitotic microtubule minus-end regulator. In order to gain insight into the function of ASPM, 
we performed MS analysis and revealed that katanin is a novel binding partner for ASPM. 
ASPM-katanin complex localizes at the spindle poles during mitosis and regulates spindle 
positioning. As katanin binds to CAMSAPs in interphase and to ASPM in mitosis, it appears 
that this microtubule-severing enzyme serves as an important regulator at microtubule minus 
ends throughout the cell cycle. To summarise, our results reveal the complex nature of –TIP 
networks and show that further investigation is needed to resolve the complete map of –TIP 
networks.

Concluding remarks
In this thesis, we have developed a MS-based approach for rapid mapping of protein 
interactions. Furthermore, we applied proteomics in combination with cell biological methods 
to gain insight into several cytoskeleton-based processes. First, we described the role of 
MICAL3 and its binding in cytokinesis. We further described the role of MICAL family 
of proteins involved in cytoskeletal organization, cell division and membrane trafficking. 
Second, we obtained new insights into the interactions responsible for the formation and 
functioning of –TIP networks. The tools and methodological approaches generated in the 
course of our work will be useful for future research on the identification of PPIs, cell division 
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and cytoskeletal organization.
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Summary

Protein functions often depend on physical interactions with other proteins. Sketching a map 
of protein-protein interactions is an important step to understand cellular processes. Over past 
decades, mass spectrometry (MS)-based proteomics has increasingly become the method 
of choice for the identification and characterization of protein interactions. In this thesis, 
we have combined various MS-based methods, diverse biochemical and molecular genetics 
approaches and advanced imaging techniques to get a better insight in protein interactions 
involved in cytoskeletal organization and cell division. 

In Chapter 1, we introduce the opportunities and challenges in identifying and characterizing 
protein-protein interactions using MS.

In Chapter 2, we discuss the recent findings on the MICAL family of proteins and 
their functions in different cellular processes, such as cytoskeletal organization, neural 
development, membrane trafficking and cell division. 

In Chapter 3, we identify the role for the flavoprotein monooxygenase MICAL3 in 
organizing midbody-associated protein complexes during cytokinesis. By applying cell 
biological assays combined with cross-linking mass spectrometry (XL-MS), we show that 
MICAL3 interacts with the centralspindlin component MKLP1, and that this interaction is 
required for the recruitment of MICAL3 to the central spindle and the midbody. Knock-out of 
MICAL3 results in failure of cytokinesis, indicating that it has an important role in regulating 
the last step of cell division. We also demonstrate that MICAL3 targets its binding partners 
ELKS and Rab8A to the midbody. Remarkably, the cytokinetic function of MICAL3 is not 
dependent on its enzymatic activity. We propose that during cytokinesis, MICAL3 acts as a 
protein-binding hub, which promotes maturation of the intercellular bridge and abscission.

In Chapter 4, we examine an integrated workflow that combines XL-MS with genetic 
fragmentation technique to accurately locate the minimal binding domains responsible for 
protein interactions. We investigate the binding domains in two purified protein complexes, 
MICAL3-ELKS-Rab8A and SLAIN2-CLASP2-ch-TOG. Our results show that XL-MS can 
efficiently guide the design of truncation or deletion mutants, which can be subsequently 
applied to determine the protein binding interfaces by binding assays. However, since cross-
links reflect proximity of protein residues rather than their direct binding regions, not all the 
cross-links we found are within the minimal binding domain. Furthermore, our data indicate 
that XL-MS-based prediction of protein interaction domains might work better for folded 
protein domains than for protein regions predicted to be intrinsically disordered.

In Chapter 5, we identify new binding partners for the microtubule minus-end-interacting 
proteins using MS. We further investigate the role of these proteins in the regulation of 
microtubule minus end organization in interphase and in mitosis. Our data show that 
AKAP450-myomegalin complex interacts with and recruits CAMSAP2-bound microtubule 
minus ends to the Golgi in interphase. Katanin interacts with CAMSAP2 and CAMSAP3 in 
interphase cells, and this interaction controls the length of CAMSAP-decorated microtubule 
lattices. During mitosis, microtubule minus ends associate with the ASPM-katanin complex, 
which concentrates at the spindle poles and regulates spindle positioning.

In Chapter 6, we report that spectraplakin ACF7 specifically binds to CAMSAP3 in 
mammalian intestinal epithelial cells. We reveal that this interaction is required for the 
apical localization of CAMSAP3-decorated microtubule minus ends. Loss of ACF7 affects 
the formation of polarized epithelial cysts in 3D cultures. Loss of CAMSAP3 leads to 
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microtubule re-organization into a more radial centrosomal array, redistribution of Rab11-
positive endosomes from the apical cell surface to the pericentrosomal region and inhibition 
of actin brush border formation at the apical side of the cell.

In Chapter 7, we discuss the use of MS-based methodologies to study protein-protein 
interactions as well as structure of proteins. We review the function of MICAL family of 
proteins and also provide an overview of protein networks at microtubule tips.
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Samenvatting

Veel eiwitten verrichten hun complexe taken door fysiek te interacteren met andere eiwitten. 
Het in kaart brengen van eiwit-eiwit interacties is een belangrijke stap om cellulaire processen 
te begrijpen. De afgelopen decennia zijn op massaspectrometrie (MS) gebaseerde proteomica 
technieken steeds vaker de uitgekozen methode om eiwitinteracties te identificeren en 
te karakteriseren. In dit proefschrift combineren we verscheidene op MS-gebaseerde 
methodes, diverse biochemische en moleculair genetische technieken en vooruitstrevende 
microscopische technologie om een beter zicht te krijgen op de eiwitinteracties binnen 
cytoskeletorganisatie en celdeling.

In hoofdstuk één presenteren we de mogelijkheden en uitdagingen van de identificatie en 
karakterisatie van eiwit-eiwit interacties met behulp van MS.

In hoofdstuk twee bespreken we de recente bevindingen over de MICAL-eiwitfamilie 
en hun functie in verschillende cellulaire processen, zoals cytoskelet organisatie, 
zenuwcelontwikkeling, membraantransport en celdeling.

In hoofdstuk drie beschrijven we de rol van de flavoproteïne monooxygenase MICAL3 
in de organisatie van aan de midbody verbonden eiwitcomplexen tijdens cytokinese. Door 
celbiologische technieken te combineren met cross-linking massaspectrometrie (XL-MS), 
laten we zien dat MICAL3 interacteert met de centralspindlin component MKLP1 en dat 
deze binding essentieel is voor de verplaatsing van MICAL3 naar het centrale spoelfiguur 
en de midbody. Knock-out van MICAL3 resulteert in een voortijdige stop van cytokinese, 
wijzend op zijn belangrijke rol in het aansturen van cytokinese. We laten ook zien dat 
MICAL3 het transport van ELKS en Rab8A naar de midbody aanstuurt. Een opmerkelijke 
bevinding van dit onderzoek is dat de cytokinetische functie van MICAL3 niet afhankelijk 
is van zijn enzymatische functie. Wij leggen voor dat MICAL3 zich gedraagt als een eiwit-
bindend centrum tijdens cytokinese, welke de ontwikkeling van de intracellulaire brug en 
abscissie stimuleert. 

In hoofdstuk vier onderzoeken we een geïntegreerd werkproces die XL-MS met 
een genetische fragmentatietechniek combineert om de minimale bindingsdomeinen 
die eiwitinteracties bewerkstelligen nauwkeurig te identificeren. We analyseren de 
bindingsdomeinen in twee gezuiverde eiwitcomplexen: MICAL3-ELKS-Rab8A en SLAIN2-
CLASP2-ch-TOG. Onze resultaten laten zien dat XL-MS gebruikt kan worden om het 
ontwerpen van truncatie- of deletiemutanten efficiënt te kunnen uitvoeren, welke vervolgens 
gebruikt kunnen worden om de bindingsdomeinen op eiwitten te bepalen via precipitatie 
technieken. Vanwege het feit dat crosslinks de nabijheid van eiwitresiduen aangeven en niet 
specifiek de bindingsdomeinen, kunnen echter niet alle gevonden crosslinks teruggebracht 
worden tot het minimale interactiedomein. Bovendien impliceert onze data dat op XL-
MS gebaseerde voorspelling van eiwitinteractiedomeinen beter werken voor gevouwen 
eiwitdomeinen dan voor ongevouwen delen van het eiwit. 

In hoofdstuk vijf identificeren we nieuwe bindingspartners van eiwitten die met de min 
uiteinden van microtubuli interacteren met behulp van MS. We onderzoeken de rol van 
deze eiwitten in het reguleren van de organisatie van de min uiteinden van microtubuli 
tijdens de interfase en mitose. Onze bevindingen laten zien dat het AKAP450-myomegaline 
complex door CAMSAP2-gebonden microtubuli min uiteinden verbindt aan en leidt naar 
het Golgi-complex tijdens de interfase. Katanine interacteert met CAMSAP2 en CAMSAP3 
in cellen tijdens de interfase en deze interactie bepaalt de lengte van het door CAMSAP 
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gebonden microtubulisegmenten. Tijdens mitose associeert het min uiteinde met het ASPM-
katanine complex, welke zich concentreert om de polen van het spoelfiguur en hiermee 
spoelpositionering reguleert. 

In hoofdstuk zes bespreken we de bevinding dat spectraplakin ACF7 specifiek bindt aan 
CAMSAP3 in darmepitheelcellen. We laten zien dat deze interactie verantwoordelijk is voor 
de apicale lokalisatie van CAMSAP3-gebonden min uiteinden van microtubuli. Afwezigheid 
van ACF7 heeft invloed op de vorming van gepolariseerde epitheelcystes in 3D culturen. 
Verlies van CAMSAP3 leidt tot microtubuli reorganisatie in een centrosoom-gebonden 
aster, herverdeling van Rab11-positieve endosomen vanuit het apicale celoppervlak tot de 
pericentrosomale regio en inhibitie van het vormen van de actineborstel aan de apicale kant 
van de cel. 

In hoofdstuk zeven behandelen we het gebruik van op MS-gebaseerde methodes om eiwit-
eiwit interacties en eiwitstructuren te analyseren. We herzien de functie van eiwitten behorend 
tot de MICAL-familie en geven een overzicht van eiwitnetwerken die zich bevinden aan de 
uiteindes van microtubuli. 
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