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A B S T R A C T

Maternal embryonic leucine-zipper kinase (MELK) overexpression impacts survival and proliferation of multiple
cancer types, most notably glioblastomas and breast cancer. This makes MELK an attractive molecular target for
cancer therapy. Yet the molecular mechanisms underlying the involvement of MELK in tumorigenic processes
are unknown. MELK participates in numerous protein-protein interactions that affect cell cycle, proliferation,
apoptosis, and embryonic development. Here we used both in vitro and in-cell assays to identify a direct in-
teraction between MELK and arrestin-3. A part of this interaction involves the MELK kinase domain, and we
further show that the interaction between the MELK kinase domain and arrestin-3 decreases the number of cells
in S-phase, as compared to cells expressing the MELK kinase domain alone. Thus, we describe a new mechanism
of regulation of MELK function, which may contribute to the control of cell fate.

1. Introduction

Maternal embryonic leucine-zipper kinase (MELK) is a serine/
threonine kinase of the AMPK/Snf1 family [1]. Unlike other family
members, MELK does not require an upstream kinase activator and can
self-activate via auto-phosphorylation in vitro [2]. MELK is highly
conserved across species and is thought to play a role in cell cycle
regulation, proliferation, and mitosis [1].

While the functions and regulatory mechanisms of MELK are just
starting to be elucidated, MELK has been linked to several cell fate-
related processes. For example, it has been demonstrated that in mice
MELK induces phosphorylation and activation of apoptosis signal-reg-
ulating kinase 1 (ASK1), which activates cell death pathways [3]. In
contrast, overexpression of MELK in breast cancer cell lines results in
aggressive cell proliferation and suggests that the kinase may function
as a driver oncogene [4,5]. These contradictory findings suggest that
the role of MELK in pro- and anti-apoptotic pathways may be context-
dependent.

Many signaling proteins have been identified as potential regulators
of MELK activity. MELK has been proposed to increase transcription of
oncogenes through interactions with transcription factors (FOXM1
[6,7], EIF4B [8], ZPR9 [9], and NIPP1 [9]), aid in DNA damage repair
via regulation of p53 and ATM [7,10], and act as a cell cycle regulator
[11]. MELK may also activate proteins that induce cell death, such as
ASK1 [3] and Smads [12]. While these interacting partners and over-
expression of MELK in various cancer types suggest the physiological
importance of MELK, the molecular mechanisms underlying these in-
teractions and their biological consequences remain unclear. More
studies are needed to determine the exact role of MELK in disease
progression and whether other regulators of its activity exist.

Here, we identify a novel interacting partner for MELK, arrestin-3.3

While the arrestin proteins are best known for their role in the de-
sensitization and internalization of G protein-coupled receptors
(GPCRs) [13–16], they also interact with, and affect the activity of,
other proteins, including Src family tyrosine kinases [17,18], mitogen-
activated protein kinases and their upstream activators [19–23], and E3
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ubiquitin ligases [24,25]. A key regulatory role of the arrestin proteins
is their ability to act as scaffolds or adaptors for kinases and phospha-
tases [26]. Mechanistically, the arrestins likely both bring kinases or
phosphatases and their substrates into proximity and orient these op-
timally to facilitate signaling [23,27,28]. Many of these kinases and
phosphatases that interact with arrestin are implicated in cell-fate sig-
naling [29], which suggests that the MELK/arrestin-3 interaction as a
target for therapeutic development.

We used a combination of biophysical techniques and in-cell assays
to show that arrestin-3 interacts with MELK and that the interaction
with the MELK kinase domain is biologically relevant. Conceivably, this
interaction influences the subcellular localization of MELK, which may
explain how it affects cell fate signaling pathways.

2. Results

2.1. Pull-down assay of the MELK kinase domain with arrestin-31-393

Because arrestin scaffolding of mitogen activated protein kinases
(MAPKs) depends upon interactions with the MAPK kinase domain
[27,30,31], we reasoned that MELK could similarly interact via its ki-
nase domain and used the isolated kinase domain of MELK (residues 1-
326 out of 651 residues) for initial studies. We combined this with the
T167E mutant (denoted MELK1-326,T167E). MELK1-326,T167E is a well-
characterized mimic of the constitutively phosphorylated state [32]
that is expected to predominate in the cell as a result of MELK autop-
hosphorylation [9]. This mutation likely results in MELK favoring the
activated conformation that is biologically the most probable interactor
with scaffolds; the phosphorylation of Thr167 and Ser171 is required for
full activation [9]. This MELK1-326,T167E was used in two separate in
vitro pull-down assays with truncated arrestin-3 (residues 1–393, de-
noted below as arrestin-31-393), which is an established model for both
GPCR-dependent and GPCR-independent arrestin activation
[19,22,23,27,33–35]. This C-terminal truncation of arrestin-3 shifts the
equilibrium from a “basal” to an “active” conformation while preser-
ving known kinase binding sites.

To test whether MELK directly interacts with arrestin-3, we used an
in vitro pull-down assay with purified proteins. This assay is useful in
the detection of high-affinity interactions [36]. We evaluated both

human and mouse MELK1-326,T167E binding to arrestin-31-393 (Fig. 1A).
Within the kinase domain of MELK, these homologs share 94% se-
quence identity. The MELK kinase domain of both species exhibited
equally strong binding to arrestin-31-393 (Fig. 1A). Therefore, for sub-
sequent experiments we used the human isoform of MELK1-326,T167E.

Prior work that evaluated the interaction between arrestin and
MAPKs revealed that the presence of ATP significantly increased the
affinity and suggested that the arrestin-binding elements of kinases
included regions that changed conformation upon ATP binding [27].
Therefore, we tested whether the presence of physiological concentra-
tions of ATP and MgCl2 affected the binding of human MELK1-326,T167E

to arrestin-31-393. In the presence of ATP and MgCl2 the MELK1-326,T167E

interaction with arrestin-31-393 was unchanged (Fig. 1B). Thus, the ef-
fect of ATP on the conformation of the kinase domain does not affect its
interaction with arrestin-31-393. Because the ATP-binding pocket is lo-
cated between the N- and C-lobes of the MELK kinase domain, and ATP
likely affects the conformation of this interdomain region, we conclude
that arrestin does not bind between the two kinase lobes [32].

2.2. Affinity of MELK1-326,T167E for arrestin-31-393

MicroScale Thermophoresis (MST) quantifies biomolecular inter-
actions using the directed movement of molecules along a temperature
gradient [37]. To measure the affinity of the kinase domain of human
MELK1-326,T167E for arrestin-31-393, we used increasing concentrations of
arrestin-31-393 (0–40 μM) in the presence of fluorescently-tagged
MELK1-326,T167E (50 nM) and physiological concentrations of ATP and
MgCl2. In this assay, MELK1-326,T167E exhibited high affinity for arrestin-
31-393 with a Kd of 130 ± 35 nM (Fig. 2). This interaction is likely
biologically relevant, as MELK1-326,T167E binding to arrestin-3 is much
tighter than observed in a highly-validated set of interactions between
arrestin and members of the JNK3 cascade (~1–20 μM) [27].

2.3. Mapping the arrestin-3 binding site for MELK1-326,T167E

Defining the interaction interfaces between proteins is crucial both
for understanding the mechanism of binding and for targeted manip-
ulation of signaling pathways. Protein-protein interactions are studied
by a wide variety of techniques and can be probed using full-length

Fig. 1. Pull-down of purified MELK1-326,T167E with
purified arrestin-31-393. (A) Analysis of mouse
MELK1-326,T167E (10 μg; mMELK) and human MELK1-

326,T167E (10 μg; hMELK) binding to bovine arrestin-
31-393 (10 μg). Top: Representative Western blot of
the eluates using a polyclonal anti-arrestin antibody
(1:10,000, F431 [55]). Middle: Representative Coo-
massie staining of the eluates. Bottom: Quantifica-
tion of arrestin-3 binding using densitometry. In-
tensity was compared to the negative control (beads
alone) and binding is shown as a percentage of total
arrestin-3 applied (n= 3). Statistical analysis was
performed using Student's t-test (**, p < .01). (B)
Analysis of human MELK1–326,T167E (10 μg) binding
to bovine arrestin-31-393 (10 μg) in the absence or
presence of 2mM ATP and 4mM MgCl2. Top: Re-
presentative Western blot of the eluates using an
anti-arrestin-3 antibody (1:10,000, F431). Middle:
Representative Coomassie staining of the eluates.
Bottom: Quantification of arrestin-3 binding using
densitometry. Intensity was compared to the nega-
tive control (beads alone) and binding is displayed as
a percentage of total arrestin-3 applied (n=7).
Statistical analysis was performed using Kruskal-
Wallis test with multiple comparisons (**, p < .01;
***, p < .001).
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proteins, separated protein domains, or peptides. Two distinct ad-
vantages of using peptides to study protein-protein interactions are the
ease of synthesis and the ability to identify specific interaction sites
[38]. Peptide arrays allow the identification of specific binding residue
(s) within a complex interaction surface [39].

To identify the regions of arrestin-3 that are important for the in-
teraction with MELK1-326,T167E, we performed a 15-mer peptide scan of
full-length arrestin-3 using 1 amino acid shifts (Fig. 3A, Supplementary
Table 1). We classified peptides by the strength of their binding to
MELK and mapped interaction regions onto the crystal structure of
arrestin-31-393 (PDB entry 3P2D) [40] (Fig. 3B). Most of the interacting
peptides were localized on the non-receptor-binding surface in folded
arrestin-31-393, suggesting that GPCR-bound arrestin-3 can interact with
MELK. Several peptides appear to be critical for the interaction. The
first set of peptides encompasses residues A87-L109, previously termed
T2A [35]. This region includes the α-helix of arrestin involved in the
three-element interaction, which is part of the phosphate sensor [40].
The second group of peptides corresponds to arrestin residues T187-
S203, Y209-T226 (previously T4 [35]), and V272-D291; these peptides
encompass several β-strands on the non-receptor-binding surface of the
C-domain (Fig. 3C, D). Third, a group of peptides corresponding to
residues V165-Q173 also displayed strong binding. However, surface
inaccessibility in the context of folded arrestin [33,38,40] suggests that
these may be false positives. Indeed, this region is fairly hydrophobic,
which could result in non-specific binding of these peptides to MELK.
Collectively, these results suggest that MELK1-326,T167E binds elements
in both arrestin domains, so that the observed high affinity interaction
likely involves multiple sites (Fig. 2). This is similar to our previous
finding that each kinase in the ASK1-MKK4/7-JNK3 and cRaf-MEK1-
ERK1/2 cascades [41], as well as E3 ubiquitin ligase parkin [24] engage
both arrestin domains.

2.4. Mapping the MELK site for arrestin-31-393 binding

To characterize the arrestin-3 binding site on MELK, we used a
peptide array corresponding to full-length MELK (residues 1–651) using
3 amino acid shifts (Fig. 4A, Supplementary Table 2). This strategy
revealed several regions of MELK that could be responsible for the

interaction in the context of the folded protein (Fig. 4B). The highest
binding was detected for residues N562-L582 in the KA-1 domain. It has
been suggested that this domain must be disrupted to prevent auto-
inhibition of the kinase and maintain its activity [42,43]. The KA-1
domain was also implicated in membrane localization of MELK [43]. In
addition, a second region of strong binding involved residues Y88-E108
of the kinase domain. Binding was also detected across several residues
in the kinase (Fig. 4C, D). Of note, no interaction with arrestin-31-393

was detected in the activation segment of MELK (residues D150-E178),
which is a region of the kinase that is important for activity [44]. Be-
cause an interaction with the activation segment might be anticipated
to block kinase activity, this suggests that the kinase can retain biolo-
gical function in complex with arrestin.

Mapping of these peptides is somewhat limited because only the
isolated kinase domain of MELK has been crystallized (PDB 4IXP
[42,45–48]), so it is not known whether residues N562-L582 of the
KA-1 domain and Y88-E108 of the kinase domain form a contiguous
surface in full-length MELK. Mapping Y88-E108 and other peptides
with more moderate signal onto the crystal structure of the MELK ki-
nase domain (PDB 4IXP, [42]) identifies that these peptides localize to
the C-lobe (highlighted in red in Fig. 4B).

2.5. Mutational analysis of arrestin-3- and MELK-derived peptides
pinpoints key interacting residues

To test whether the high-interaction peptides identified by array
analysis contribute to the binding between arrestin-3 and MELK, we
performed additional peptide array experiments using alanine scan-
ning, charge reversal, and alanine substitution (Supplementary Figs. 1
and 2). First, we measured MELK1–326, T167E binding to the wild type
(WT) and mutant T2A peptides (Supplementary Fig. 1). We found that
most mutations weakened the MELK interaction compared to the con-
trol T2A peptide; however, a single charge reversal from lysine to
glutamate at the twenty-second amino acid greatly enhanced the in-
teraction (Supplementary Fig. 3A). To test MELK-derived peptides for
binding with arrestin-3, we chose peptides from the kinase domain
(YCPGGELFDYIISQDRLS) and the KA-1 domain (NVTTTRLVNPDQLL-
NEIMSIL), which demonstrated high binding in the initial screen
(Supplementary Fig. 2). Again, most mutations weakened the arrestin-
31-393 interaction compared to the control peptides (Supplementary
Figs. 3B, C).

2.6. Arrestin-31-393 coimmunoprecipitates with full-length MELK and
MELK1-340 in cells

To validate our in vitro findings in a more biological context we
assessed the MELK/arrestin-31-393 interaction in living cells using
overexpression. This overexpression in HEK293 cells resulted in a 4.6-
fold increase in arrestin-3 as compared to the endogenous levels of
arrestin-3 in the same cell line (Supplementary Fig. 4). It should be
noted that arrestin has uneven subcellular distribution and the effect of
overexpression on this distribution is unknown. The MELK constructs
used in these experiments did not carry the T167E mutation and could
therefore be in an inactive or active state, depending on whether or not
they were phosphorylated. We first used coimmunoprecipitation to test
the ability of full-length MELK and arrestin-31-393 to interact (Fig. 5).
We observed a robust binding of arrestin-31-393 with full-length MELK,
suggesting that the interaction is likely biologically relevant.

To assess whether the separated kinase domain binds arrestin-31-393

in cells, we repeated our assay using several DNA ratios with a trun-
cated MELK construct, MELK1-340 (Fig. 6). We detected a modest
binding of arrestin-31-393 and MELK1-340 at a 1:1 DNA transfection ratio;
however, it was not as strong as that observed for the full-length pro-
tein. This suggests that regions of MELK outside of the kinase domain
also interact with arrestin, a conclusion consistent with the in vitro
peptide array data (Fig. 4).

Fig. 2. The affinity of MELK1-326,T167E for arrestin-31-393 in the presence of ATP.
A binding curve for bovine arrestin-31-393 with human MELK1-326,T167E in the
presence of 1mM ATP and 2mM MgCl2 is shown with the average Kd value
(n=3). Microscale thermophoresis was performed at a constant concentration
of Tris-NTA-labeled His-MELK1-326,T167E (50 nM) with a serial dilution of ar-
restin-31-393 (0–40 μM). The binding isotherm was calculated using preset T-
jump in the software PALMIST [56,57], and the graph was created in the
program GUSSI.
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2.7. The number of S-phase cells is decreased by co-expression of arrestin-
31-393 with MELK1-340

Over-expression of MELK has been demonstrated in several cancer
types and is often correlated with poor prognosis [4]. As our in vitro and
in-cell studies support an interaction between the MELK kinase domain
and arrestin-3, we chose to measure the effect of arrestin-31-393, a MELK
fragment containing the kinase and UBA domain (MELK1-340; residues
1–340), and arrestin-31-393/MELK1-340 on the cellular transition to S-
phase. To this effect, we directly measured DNA synthesis using 5-
ethynyl-2′-deoxyuridine (EdU) incorporation as a readout. EdU is a
nucleoside analog of thymidine that is readily incorporated into re-
plicating DNA and can be detected using fluorescent azides [49].
HEK293 arrestin-2/3 knockout cells [50] were incubated in media with

or without EdU following transfection. Cells were then fixed and in-
cubated with Alexa Flour 488 picolyl azide, whereupon flow cytometry
was used to determine the percentage of S-phase cells in the population
(Fig. 7). Untransfected cells with EdU treatment were used as a negative
control for gating purposes (gray trace in Fig. 7A, gating schematic
shown in Fig. 7B) and yielded 22 ± 10% S-phase cells. Three replicates
yielded the following percentages of S-phase cells: 17 ± 5% for ar-
restin-31-393 transfection, 37 ± 6% for MELK1-340 transfection, and
15 ± 6% for cells expressing both proteins. Thus arrestin-31-393 sig-
nificantly reduced the observed increase in S-phase cells associated
with MELK1-340 expression. Conceivably, arrestin-3, which directly
binds ASK1 [19,22,41,51], facilitates MELK-dependent ASK1 activa-
tion, which would suppress proliferation.

Fig. 3. MELK1-326,T167E binding sites on arrestin-3. (A) Representative peptide blot (15-mer) of bovine arrestin-3-derived peptides (residues 1–393, 1 amino acid
shifts). (B) Map of interaction sites for MELK1-326,T167E on arrestin-3 (PDB 3P2D [34]). Peptides calculated to be in the top 1% for binding to MELK1-326,T167E are
highlighted in red and top 10% in salmon. The peptide V165-Q173 (shown in orange-yellow) demonstrated binding within the top 10% but is likely a false positive
due to its surface inaccessibility in both basal [34] and active [35] arrestin-3 structures. (C) Quantified binding of MELK1-326,T167E to arrestin-3-derived peptides.
Binding was measured as a percentage of total intensity on the membrane. A 15-mer glycine peptide was used to determine non-specific interactions. Inset: Peptide
segments corresponding to the non-receptor surface of arrestin-3. The corresponding regions are circled in blue on the quantification. (D) Heat map using a single
gradient to display ranges of binding was calculated using GraphPad Prism 8.0.2. Peptides corresponding to the non-receptor-binding surface of arrestin-3 are shown
above. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3. Discussion

Previous proteomic analysis of the non-visual arrestins activated by
the angiotensin 1 receptor showed>100 effectors that bind arrestins
either directly or indirectly [26]. This list, however, did not include
MELK as a potential binding partner. In contrast, our data indicate a
direct (Fig. 1), high affinity (Fig. 2) interaction between the MELK ki-
nase domain (MELK1-326,T167E) and arrestin-31-393. This observed dif-
ference could be due to the limitations of the methods, or the differ-
ences in protein constructs used. For example, the proteomics study
used the angiotensin II type 1a receptor to measure proteins bound to
arrestin after agonist stimulation; the detected molecules are expected
to be biased toward the effectors activated by this receptor.

Consideration of how this protein-protein interaction might affect
MELK activity draws from known roles of arrestin. Arrestins can act as
adaptors or scaffold proteins with multiple biological roles. For ex-
ample, arrestin scaffolds are commonly thought to regulate signaling of
cytoplasmic proteins, a process that includes both kinase activation and
signal amplification [26]. In considering this role within the context of
the data presented here, multiple studies have demonstrated that MELK
undergoes autophosphorylation [9,45], and our data show that the
phosphomimetic variant of MELK binds robustly to arrestin-3 (Fig. 2).
Moreover, the interaction with arrestin-3 appears to influence the
biological function of the active MELK kinase domain, by pushing to-
ward anti-proliferative, rather than proliferation pathways (Fig. 7).
Together, this suggests that the arrestin-3-MELK interaction is not in-
volved in the initial phosphorylation and activation of MELK.

A second proposed role for arrestins is to control the subcellular
localization of bound effectors, as is demonstrated for MAPK cascades
[22,23,30,41,52]; [53], and ubiquitin ligase Mdm2 [53,54]. One

possibility is that arrestin localizes MELK to a specific region in the cell
in order to direct MELK activity to particular substrates. MELK exhibits
cell-cycle dependent localization and has been shown to associate with
the scaffold protein anillin along with other proteins involved in cyto-
kinesis [55]. The KA-1 domain of MELK has also been shown to regulate
MELK association with cellular membranes [9,43,56]. This could ex-
plain the prior controversial findings that the cellular effects of MELK
activity are context dependent [3–5]. Given the role of MELK activity in
controlling the cell cycle, understanding how the arrestin-3/MELK in-
teraction influences MELK function could provide a new avenue for
modulating MELK activity.

It should be emphasized that we observe in vitro binding between
arrestin-31-393 and MELK1-326,T167E (Fig. 1), which corresponds to the
kinase domain of MELK. Although our peptide array data (Fig. 4) and
pull downs from cells (compare Fig. 5 and Fig. 6) suggest that the in-
teraction between arrestin and MELK involves both the kinase domain
and other regions outside of this domain, most notably the TP dipep-
tide-rich domain and the KA-1 domain, the interaction between ar-
restin-3 and the MELK kinase domain appears to be sufficient to alter
cell fate (Fig. 7). In addition to regulating membrane association, the
KA-1 domain has been implicated in autoinhibition of MELK through an
interaction with the UBA region [9,43,56]. While the hypotheses re-
garding possible binding mechanisms are limited by the absence of a
structure of full-length MELK, it is tempting to speculate that arrestin-
31-393 binding to the KA-1 domain prevents MELK autoinhibition and
promotes kinase activity. If this activity is directed toward ASK1, an
established arrestin-3 partner, this would explain arrestin-3-dependent
reduction in S-phase cells (Fig. 7). Further experimentation is necessary
to test this hypothesis.

Fig. 4. Arrestin-31-393 binding sites on MELK1-651. (A) Representative peptide blot using 15-mers derived from human MELK (residues 1–651, 3 amino acid shifts). (B)
Map of interaction sites for arrestin-31-393 on MELK (PDB 4BL1; to be published [37]). Peptides were analyzed using conditional formatting and those that exhibited
binding to arrestin-31-393 within the top 10% are highlighted in salmon, while those binding within the top 5% are shown in red. Only 347 residues are visible in the
crystal structure (up to peptide 107 in the array). Therefore, the peptides with the greatest binding (188-190; sequence NVTTTRLVNPDQLLNEIMSIL from the C-
terminal KA1 domain), cannot be displayed. (C) Quantified binding of arrestin-31-393 to MELK-derived peptides. Arrestin-31-393 binding was measured as a percentage
of total intensity of all spots. (D) Heat map using a single gradient to display ranges of binding was calculated using GraphPad Prism 8.0.2. Corresponding MELK
domains are shown above. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Experimental procedures

4.1. Purified proteins

For this study, we used a fragment of MELK including its kinase
domain and the flanking ubiquitin-associated domain (residues 1–326).
This fragment retains full catalytic activity [9] and is easier to purify
than full-length MELK. The MELK construct used also contained a
T167E mutation (denoted MELK1-326,T167E), a well-characterized mimic
of the constitutively phosphorylated state [32] mimicking its activation
(phosphorylation at Thr167 and Ser171 is required for full activation).
The phosphorylated kinase is expected to predominate in the cell as a
result of MELK autophosphorylation [9].

We used a truncated arrestin-3 (residues 1–393, denoted below as
arrestin-31-393) construct for all analyses. This truncated version of ar-
restin-3 is an established model for both GPCR-dependent and GPCR-
independent arrestin activation [19,22,23,27,33–35] as the C-terminal
deletions in arrestin shift the equilibrium from a “basal” to an “active”
conformation. This construct eliminates the need for arrestin activation
via GPCRs and allows arrestin-3 to sample multiple active conforma-
tions.

Arrestin-31-393 was purified as previously described [57,58]. For
MELK expression, a BL21 DE3 pLysS glycerol stock of MELK T167E
(residues 1–326) in pET21b was used to inoculate a 120mL starter
culture overnight at 30 °C, 205 rpm. Each 1 L was inoculated using
10mL of overnight culture. Expression was induced with 500 μM IPTG
after cells reached an OD600 0.6, and the temperature was reduced to
17 °C for ~18 h. The cells were pelleted by centrifugation at 6000×g,
10min. The pellets were subjected to one cycle of freeze-thaw before
adding the lysis buffer (20mM Tris-HCl pH 7.5, 300mM NaCl, 50mM
imidazole, 25 μL DNAse, 500 μL Pepstatin A, 100 μL leupeptin, 2 mM
TCEP). The crude lysate was sonicated for 4min (5 s on, 10 s off, 75%
amplitude (FB505 Sonic Dismembrator, Fisher Scientific) before pel-
leting debris at 18,000×g for 30min).

The clarified lysate was loaded onto a HisTrap column (GE) at
2.5 mL/min in wash buffer (20mM Tris-HCl pH 7.5, 300mM NaCl,
50mM imidazole). Bound protein was eluted with a 0–200mM imi-
dazole gradient in elution buffer (20mM Tris-HCl pH 7.5, 300mM
NaCl). The fractions were analyzed by SDS-PAGE. Pooled fractions
containing MELK1-326 were concentrated and subjected to size exclusion
chromatography on a Superdex S200 Increase 10/300 GL column
equilibrated with 25mM HEPES pH 7.3, 300mM NaCl, and 2mM
TCEP.

4.2. In vitro pull-down assay

Ni-NTA agarose resin (Qiagen) was rinsed three times with wash
buffer (20mM Tris-HCl pH 7.5, 150mM NaCl, 10mM imidazole pH 7.5,
0.1 mg/mL BSA) and 25 μL of the 50% slurry was aliquoted into each
tube. His- MELK1-326,T167E (10 μg in 25 μL wash buffer) was im-
mobilized on agarose resin for 1 h at 4 °C with gentle rotation. Arrestin-
31-393 (10 μg in 50 μL wash buffer) was added to the suspension and
incubated with slow rotation for 2 h at 4 °C in the presence or absence
of 2mM ATP and 4mM MgCl2. Samples were transferred to centrifuge
filters (Durapore® PVDF-0.65 μm) and washed quickly with 900 μL
50mM HEPES pH 7.3 and 150mM NaCl. Proteins were eluted with
100 μL 50mM HEPES pH 7.3, 150mM NaCl, and 100mM imidazole.
The eluates were immediately precipitated with methanol (90% final
concentration), air dried, and dissolved in SDS sample buffer (40 μL
Laemmli 2×). The samples were analyzed using SDS-PAGE and
Western blotting, as described [35].

4.3. Microscale thermophoresis

MST experiments were performed using the Monolith NT.115 in-
strument (NanoTemper Technologies GmbH). The Monolith™ His-Tag

Fig. 5. Co-immunoprecipitation of wild-type MELK1-651 with arrestin-31-393.
(A) Western analysis of coimmunoprecipitation. HEK293 arrestin-2/3 knockout
cells were transfected with empty vector (20 μg), HA-arrestin-31-393 (10 μg),
FLAG-MELK1-651 (10 μg), or both plasmids encoding arrestin-3 and MELK at a
1:1 DNA ratio for 48 h prior to immunoprecipitation with FLAG primary anti-
body. Western analysis was performed using anti-arrestin (1:10,000; F431) and
anti-FLAG (1: 1,000; F3165 Sigma) antibodies. (B) Arrestin-31-393 co-im-
munoprecipitation with MELK1-651 was quantified using densitometric analysis
of arrestin-3 blots. Empty vector and non-specific arrestin-3 binding (no bait
control) are also shown. Statistical analysis was performed using One-way
ANOVA followed by Dunnett's post hoc test with correction for multiple com-
parisons (****, p < .0001).

Fig. 6. Co-immunoprecipitation of wild-type MELK1-340 with arrestin-31-393.
(A) Western analysis of coimmunoprecipitation. HEK293 arrestin-2/3 knockout
cells were transfected with HA-arrestin-31-393 (1 μg), FLAG-MELK1-340 (1 μg), or
both plasmids encoding arrestin-3 and MELK at indicated DNA ratios for 48 h
prior to immunoprecipitation with FLAG primary antibody. Western analysis
was performed using anti-arrestin (1:10,000; F431) and anti-FLAG (1: 1,000;
F3165 Sigma) antibodies. (B) Arrestin-31-393 co-immunoprecipitation with
MELK1-340 was quantified using densitometric analysis of arrestin-3 blots. Non-
specific arrestin-3 binding (no bait control) is also shown. Statistical analysis
was performed using One-way ANOVA followed by Tukey's post hoc test with
correction for multiple comparisons (*, p < .05).
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Labeling Kit RED-tris-NTA was used to label human His-MELK1-326,T167E

following the manufacturer's protocol (100 nM final concentration of
His-MELK1-326,T167E in PBS-T buffer). Purified arrestin-31-393 was di-
luted to a starting concentration of 80 μM in MST buffer (20mM MOPS
pH 7.5, 150mM NaCl, 2 mM TCEP, 0.05% Tween-20). A 16-step dilu-
tion series was prepared by aliquoting 10 μL of MST buffer to 15 tubes.
A 20 μL aliquot of the prepared arrestin-31-393 sample was placed in the
first tube, and 10 μL was transferred to the second tube and mixed well
by pipetting (1,1 dilution series). The final tube did not contain any
arrestin-31-393 and served as a blank. To all tubes, 10 μL of labeled His-
MELK1-326,T167E in the presence of 1mM ATP and 2mM MgCl2 was
added. After 15–30min incubation on ice, the samples were transferred
to Standard Monolith NT™ Capillaries. Each capillary was scanned
using the MST instrument (40% LED, 40% MST power) and data were
analyzed using PALMIST [59,60]. Measured fluorescence was normal-
ized and averaged, and the data were fit using a 1:1 binding model. The
preset T-jump was used to calculate binding isotherms. All data were
displayed using GUSSI.

4.4. Peptide array synthesis

The ResPep SL peptide synthesizer was used with standardized
SPOT synthesis protocols using 15-residue peptides, as previously de-
scribed [61]. A 15-mer glycine peptide was used as a negative control in
all experiments. Peptide assembly was conducted on solid support by
the ResPep SL via a peptide amide linker using Fmoc-chemistry. The
sequences were derived from either the full-length bovine arrestin-3 or
full-length human MELK. After peptide synthesis, the amino protecting
group was removed using piperidine (20% (v/v) solution in di-
methylformamide) and extensive washing. The membranes were im-
mersed for 1 h in a solution of 95% trifluoroacetic acid (TFA) and 3%
triisopropylsilane with slight agitation. After the TFA solution was re-
moved, the membranes were washed in dichloromethane four times
10min each, after which they were washed in dimethylformamide four
times 10min each, and finally washed in ethanol two times 2min each.

The membranes were dried under the hood and stored at 4 °C.

4.5. Peptide membrane blots

Dried membranes were activated by soaking in 100% ethanol for
5min at room temperature and rehydrated by rinsing two times 5min
in water. The membranes were then blocked in a 20mL solution of 5%
non-fat dry milk in Tris-buffered saline with 0.1% Tween-20 (TBS-T) for
1 h. Then, the membranes were washed three times 5min each in TBS-T
before overnight incubation with prey protein (0.2 μM MELK1-326,T167E

or 0.3 μM arrestin-31-393) in binding buffer (MELK: 20mM Tris-HCl,
pH 7.5, 300mM NaCl, 5 mM DTT; arrestin-3: 20mM MOPS pH 7.5,
150mM NaCl, 2 mM TCEP). The following day the membranes were
washed three times for 5min each in TBS-T at room temperature and
then incubated with primary antibody (1:1000 Aviva anti-MELK or
1:5000 anti-arrestin rabbit polyclonal antibody F431 [58]) for 1 h at
room temperature. The membranes were then washed three times,
5 min each, in TBS-T, incubated for 1 h with the corresponding HRP-
conjugated secondary antibody (1: 4000 dilution; Abcam) in TBS-T, and
washed three times 5min each in TBS-T. The membranes were devel-
oped using a peroxide solution (SuperSignal West Pico) and visualized
using a Bio-Rad Gel Doc Imager. Individual dots were analyzed by
densitometry using a protein array analyzer (ImageJ). Individual dot
density was expressed as a percentage of total binding across the entire
membrane. Peptides were mapped onto either the arrestin-3 structure
(PDB 3P2D [40]) or MELK structure (PDB 4BL1; to be published [45])
using conditional formatting in Excel (color scales) to identify the
highest and lowest intensity values in relation to one another.

4.6. Co-immunoprecipitation of arrestin-31-393 with full-length MELK or
MELK1-340

HEK293 arrestin-2/3 knockout cells [50,62] were transfected with
HA-arrestin-3 (10/1 μg), FLAG-MELK/FLAG-MELK-340-WT (10/1 μg),
or a fixed ratio of the two plasmids for 48 h. Cells were washed in

Fig. 7. The effect of wild-type MELK1-340 and arrestin-31-393 expression on the fraction of cells in S-phase. HEK293 arrestin-2/3 knockout cells were transfected with
HA-arrestin-31-393 (1 μg) (red), FLAG-MELK1-340 (1 μg) (blue), or a fixed DNA ratio of plasmids encoding the two proteins (1 μg:1 μg) (orange), and the number of cells
in S-phase was measured using the Click-iT™ EdU Alexa Fluor 488 Imaging Kit (ThermoFisher Scientific), followed by flow cytometry. (A) A representative histogram
shows data from cells labeled with Alexa Fluor 488 picolyl azide analyzed using a 3-laser LSRII (BD Biosciences). The inset shows the relative heights of the second
distribution (Alexa Fluor 488 positive cells) with the percentages of cells in S-phase for combined experiments (n=3). Analysis was completed on FlowJo 10.1.5
(FlowJo LLC). Statistical analysis was performed using One-way ANOVA followed by Tukey's post-hoc test (*, p < .05 to 1:1 Arr3:MELK). The first distribution
represents cells that are not proliferating, while the second distribution represents cells in S-phase. (B) The gating strategy used for histogram generation. Cells were
initially sorted by scatter (SSC-A by FSC-A) (P1) to determine the population of living cells, then by single cells (SSC-W by SSC-H) (P2), then singlets (FSC-W by FSC-
H) (P3), and finally by cells positive for Alexa Fluor 488 (SSC-A by Alexa Fluor 488) (P4). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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phosphate-buffered saline (PBS) before incubation with RIPA buffer
(Sigma) for 1 h. Lysed cells were centrifuged for 10min at maximum
speed (10,000×g) at 4 °C and the supernatant was precleared by 50 μL
of suspension of Protein G Sepharose (supplied as aqueous ethanol
suspension; Sigma; washed with PBS) for 1 h. Samples were then cen-
trifuged at low speed (3200×g) to remove the beads, and the super-
natant was incubated overnight with primary antibody (Anti-FLAG;
1:1000; F3165 Sigma). The next morning, the samples were incubated
with Protein G Sepharose for 2 h to capture the FLAG-MELK/FLAG-
MELK1-340. The beads were then washed with lysis buffer (20mM Tris-
HCl pH 7.5, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate).
Finally, the samples were eluted with 100 μL SDS sample buffer. Both
cell lysates and co-immunoprecipitated samples were subjected to
Western blotting using antibodies against arrestin (1:10,000; polyclonal
rabbit F431 [58]) and MELK (1:1000; F3165 Sigma).

4.7. Cellular proliferation assay

HEK293 arrestin-2/3 knockout cells were either left untransfected
or transfected with HA-arrestin-3 (1 μg), FLAG-MELK1-340 (1 μg), or a
fixed ratio of the two plasmids for 46 h prior to treatment with 10mM
EdU (5-ethynyl-2′-deoxyuridine) for 2 h. Cells were then detached from
support using 0.025% trypsin, and the protease was quenched with
DMEM medium (10% FBS, 1% Pen/Strep). Cells were immediately
washed with 3mL of 1% bovine serum albumin (BSA) in PBS and
centrifuged at 700×g. The pellet was then fixed for 15min at room
temperature with 4% paraformaldehyde in PBS and the wash step was
repeated. A 100 μL saponin-based permeabilization and wash reagent
was used to prepare the cells for the Click-iT™ reaction (ThermoFisher
Scientific).

A Click-iT™ reaction mixture was prepared using PBS, copper pro-
tectant, reaction buffer additive, and picolyl azide fluorescent dye fol-
lowing manufacturer's instructions (ThermoFisher Scientific). Cells
were incubated with 500 μL of the mixture for 30min prior to a final
wash with saponin-based permeabilization and wash reagent. Cells
were resuspended in 500 μL buffer and analyzed using flow cytometry.
Flow analysis was performed using a 3-laser LSRII (BD Biosciences).
Analysis of flow cytometry data was performed using FlowJo 10.1.5
(FlowJo LLC, Ashland, OR).

4.8. Statistical analysis

Statistical methods used are indicated in figure legends.
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