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Abstract: Post-translational modifications (PTM) of proteins can control complex and dynamic
cellular processes via regulating interactions between key proteins. To understand these

regulatory mechanisms, it is critical that we can profile the PTM-dependent protein–protein

interactions. However, identifying these interactions can be very difficult using available
approaches, as PTMs can be dynamic and often mediate relatively weak protein–protein

interactions. We have recently developed CLASPI (cross-linking-assisted and stable isotope

labeling in cell culture-based protein identification), a chemical proteomics approach to examine
protein–protein interactions mediated by methylation in human cell lysates. Here, we report three

extensions of the CLASPI approach. First, we show that CLASPI can be used to analyze

methylation-dependent protein–protein interactions in lysates of fission yeast, a genetically
tractable model organism. For these studies, we examined trimethylated histone H3 lysine-9

(H3K9Me3)-dependent protein–protein interactions. Second, we demonstrate that CLASPI can be

used to examine phosphorylation-dependent protein–protein interactions. In particular, we profile
proteins recognizing phosphorylated histone H3 threonine-3 (H3T3-Phos), a mitotic histone ‘‘mark’’

appearing exclusively during cell division. Our approach identified survivin, the only known

H3T3-Phos-binding protein, as well as other proteins, such as MCAK and KIF2A, that are likely to
be involved in weak but selective interactions with this histone phosphorylation ‘‘mark’’. Finally, we

demonstrate that the CLASPI approach can be used to study the interplay between histone

H3T3-Phos and trimethylation on the adjacent residue lysine 4 (H3K4Me3). Together, our findings
indicate the CLASPI approach can be broadly applied to profile protein–protein interactions

mediated by PTMs.
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Introduction

Protein post-translational modification (PTM)1 rep-

resents an important mechanism for regulating

protein–protein interactions in cells. To develop a

method for identifying PTM-dependent protein–pro-

tein interactions, we have focused on histone PTMs,2

which can recruit ‘‘effector’’ proteins (so-called

readers) onto chromatin to regulate a variety of

DNA-templated processes, such as gene transcrip-

tion, DNA replication, and chromosome segrega-

tion.3–5 We recently reported a chemical probe (probe

1, Fig. 1) that captures proteins that recognize tri-

methylated histone H3 at lysine 4 (H3K4Me3).
6 This

probe carries a benzophenone moiety, which allows

photo-cross-linking to convert weak interactions into

covalent linkages, and a terminal alkyne group,

which facilitates subsequent bio-orthogonal chemis-

try-mediated purifications. By combining the use of

affinity chromatography and stable isotope labeling

in cell culture (SILAC)-based quantitative mass

spectrometry, we have used this probe to identify

both known and new H3K4Me3-binding proteins in

whole-cell proteomes.7 However, the applicability of

this strategy to examine other histone modifications,

for example, methylation at other residues or phos-

phorylation-dependent protein–protein interactions

has not been explored. Furthermore, its use to pro-

file PTM-dependent protein–protein interactions in

genetically tractable model systems, such as fission

yeast, has not been examined.

Protein PTMs play a central role in regulating

normal and disease cell physiology.8 For example,

trimethylation of histone H3 at lysine-9 (H3K9Me3)

correlates with the repression of gene expression in a

variety of organisms. In addition, phosphorylations of

histone H3 threonine 3 (H3T3-Phos)9 and Ser10

(H3S10-Phos)10 appear exclusively during cell divi-

sion,11 the stage of the cell cycle during which dupli-

cated chromosomes are partitioned into two daughter

cells. It is now clear that many of these phosphoryla-

tions play critical roles in regulating protein–protein

interactions. For example, it has recently been shown

that H3T3-Phos recruits chromosomal passenger

complex (CPC)12 to specific sites on chromosomes to

ensure the fidelity of cell division.13–15 However, we

currently lack robust methods to profile phosphoryla-

tion-dependent protein–protein interactions, particu-

larly those that occur within a narrow time-window

of cell biology, such as cell division.

Here, we extend our cross-linking-assisted and

SILAC-based protein identification (CLASPI)

approach in three ways. First, we report a probe

that can be used to identify H3K9Me3-dependent

protein–protein interactions and demonstrate its use

in fission yeast lysates. Second, we profile protein–

protein interactions mediated by a dynamic histone

phosphorylation, H3T3-Phos. Finally, we apply our

method to study the interplay between histone

methylation (H3K4Me3) and phosphorylation (H3T3-

Phos).

Figure 1. Chemical structures of probes C, 1, 2C, 2, 3, and 4. All probes are designed based on the N-terminal first 15

amino acids of histone H3. The incorporated PTMs (i.e., methylation and phosphorylation) and photo-cross-linker (i.e.,

benzophenone) are highlighted with red and blue colors, respectively. The key amino acids in the probes are indicated.
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Results

We first examined whether our CLASPI strategy can

be used to study histone methylation-dependent pro-

tein–protein interactions other than those mediated

by H3K4Me3. We focused on H3K9Me3, a ‘‘mark’’

associated with transcriptionally silent regions of

chromatin.16 There are several proteins, such as het-

erochromatin protein-1 (HP1), whose interactions

with histone H3 depend on this PTM. Previous

structural studies have established that the chromo-

domain of HP1 interacts with an H3K9Me3 peptide

mainly through residues between P�4 and Pþ1 (i.e.,

QTARK(Me3)S), relative to Lys-9.17,18 We therefore

synthesized probe 2 in which a benzophenone moiety

replaced the side chain of Lys-4 (Fig. 1) and exam-

ined the ability of probe 2 to capture the chromodo-

main of HP1 in vitro. As shown in Figure 2(a), probe

2 labeled the recombinant glutathione S-transferase

(GST)-tagged human HP1 chromodomain (GST-

HP1CD) in a dose-dependent manner. The labeling was

saturated at � 5 lM of probe 2 (LC50 ¼ 1.1 lM). Impor-

tantly, a control probe (2C) with unmodified Lys-9 failed

to label the recombinant protein and the labeling of

GST-HP1CD by 2 could be competed with H3K9Me3 pep-

tide [Fig. 2(b)]. These data, together with our previous

studies using probe 1, indicate that these photo-cross-

linking-based chemical probes can be used to capture

proteins that specifically bind histone methylation sites.

To test the potential utility of the chemical

probes for identifying PTM-binding proteins in ge-

netically tractable model organisms, we examined if

probe 2 can be used to pull-down known endogenous

binders of H3K9Me3 in fission yeast cell extract. We

first generated a fission yeast strain expressing

green fluorescent protein (GFP)-tagged Swi6, the

homolog of human HP1. As a positive control, the

recombinant human GST-HP1CD was also added to

the yeast cell extracts. Probes 2 and 2C were then

used to crosslink and pull-down associated proteins.

As shown in Figure 2(c), GST-HP1CD and GFP-Swi6

were selectively captured by probe 2, whereas Cdc4,

an abundant yeast protein that does not bind

H3K9Me3, was not captured by the probe. We

believe that these chemical probes, when combined

with recently developed fission yeast SILAC technol-

ogy,19 can be used to comprehensively profile

H3K9Me3 ‘‘readers’’ in yeast lysates. However, rather

than comprehensively profiling H3K9Me3-binding

proteins, we shifted our focus to phosphorylation, a

more dynamic PTM.

To identify H3T3-Phos-binding proteins, we

designed and synthesized probe 3 (Fig. 1) based on

the first 15 amino acid residues at the N-terminus of

histone H3. In particular, this probe has phosphoryl-

ated Thr 3 at a stoichiometric level, a photo-cross-

linking moiety (benzophenone) appended to alanine-

7 (i.e., P–4) to ‘‘trap’’ weak interactions, and a

bio-orthogonal handle (alkyne) to enable selective

isolation of captured binding partners. We first

asked if probe 3 could cross-link survivin, the subu-

nit of the CPC that directly binds to H3T3-Phos. As

shown in Figure 3(a), recombinant human survivin

is captured by the T3-phosphorylated probe (3),

whereas the unmodified control probe (probe C)

shows reduced activity for labeling the protein. This

result agrees well with the previous work indicating

that while survivin preferentially binds H3T3-Phos,

it also associates with unmodified H3.13 Importantly,

the crosslinking of survivin to probe 3 was competed

by H3T3-Phos peptide (20 lM), verifying the direct

interaction between survivin and the phosphorylated

histone ‘‘tail’’ peptide.

We next used our CLASPI approach to examine

whether probe 2 could be used to profile H3T3-Phos

Figure 2. Using chemical probes to capture H3K9Me3-binding proteins. (a) The concentration-dependent labeling of purified

chromodomain of HP1 (GST-HP1CD) by probe 2 (n ¼ 2). (b) The recombinant GST-HP1CD was selectively labeled by

methylated probe 2 (3 lM) but not unmodified probe 2C (3 lM) and the labeling by 2 was inhibited by H3K9Me3 peptide (30

lM). (c) Recombinant GST-HP1CD and GFP-tagged endogenous Swi6, the human HP1 homolog, were selectively captured by

probe 2 from fission yeast cell lysates. Cdc4 was the loading control.
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binders in complex proteomes. Because H3T3-Phos

mark is a cell division-specific PTM,9 we arrested

HeLa cells in mitosis (M-phase), during which the

potential readers of this histone mark are likely

accumulated. The whole-cell lysates were then pre-

pared from the M-phase arrested HeLa cells grown

in medium containing either ‘‘light’’ (natural isotope

abundance forms) or ‘‘heavy’’ (13C, 15N-substitued ar-

ginine and lysine) amino acids. To identify H3T3-

Phos-binding proteins, we performed two independ-

ent CLASPI experiments (Fig. 4). In a ‘‘Forward’’

experiment, the ‘‘light’’ and ‘‘heavy’’ lysates were

photo-cross-linked with probe 3 and probe C, respec-

tively, and pooled for subsequent steps. The cross-

linked proteins were then conjugated to biotin-azide

using click chemistry and enriched with streptavidin

beads. After stringent washing with 6M urea to

remove noncovalent interacting partners, the

enriched proteins were eluted from the beads and

resolved in a SDS-PAGE gel. Following in-gel tryp-

sin digestion, the peptide mixtures were separated

by HPLC and analyzed with a LTQ-Orbitrap mass

spectrometer. In a ‘‘reverse’’ experiment, the probes

were simply switched in the photo-cross-linking

reaction, that is, probe 3 reacts with ‘‘heavy’’ lysates

while probe C reacts with ‘‘light’’ lysates. By this

method, proteins that showed a high SILAC ratio (L/

H) in the ‘‘forward’’ experiment and a low ratio (L/H)

in the ‘‘reverse’’ experiment were likely H3T3-Phos-

binding proteins (Fig. 4).

A two-dimensional plot with logarithmic (Log2)

SILAC ratios (L/H) of the identified proteins in the

‘‘forward’’ and ‘‘reverse’’ experiments along the x-axis

and y-axis, respectively, is shown in Figure 3(b). As

expected, the vast majority of identified proteins

(>98%) did not show significant differences between

the signal intensities of their ‘‘light’’ and ‘‘heavy’’

forms (i.e., L/H close to 1:1), indicating that they are

not likely selective H3T3-Phos ‘‘readers.’’ In contrast,

four proteins together with survivin, the only known

binder of H3T3-Phos, were enriched by T3-phospho-

rylated probe (3) in the both experiments [Fig. 3(b)],

indicating that they bind preferentially to histone

H3T3-Phos ‘‘mark.’’

Among the newly identified proteins, two kine-

sin-like motor proteins, KIF2A and MCAK, attracted

our attention, as they are mitotic motor proteins

that localize to centromeres, a chromosomal region

where H3T3-Phos is concentrated.20 Therefore, it is

important to examine whether this histone ‘‘mark’’

can meditate the direct interactions with these pro-

teins in vitro. Considering the high sequence homol-

ogy of KIF2A and MCAK, we focused on testing

MCAK as a potential H3T3-Phos binder. We purified

a recombinant MCAK N-terminal fragment that is

necessary for centromere targeting.21 As shown in

Figure 3(c), the recombinant MCAK was captured

by probe 3 but not probe C, indicating a selective

interaction between MCAK and the T3-phosphoryl-

ated H3 peptide. However, the crosslinking was not

effectively competed by H3T3-Phos peptide, even at

a high concentration of 100 lM. Together, these data

suggest that this recombinant MCAK fragment is

likely to be involved in a selective but weak interac-

tion with T3-phosporylated H3 peptide.

This result prompted us to examine whether the

interaction between endogenous MCAK and H3T3-

Phos is also weak. In the previous CLASPI experi-

ments, we compared the proteins captured by phos-

phorylated and unmodified probe, respectively, such

that the selective interacting partners can be identi-

fied. To further distinguish the high-affinity interac-

tions, we performed a competition CLASPI experi-

ment (hereafter, CLASPI-C), in which both lysates

were photo-crosslinked with probe 3 (2 lM), but the

‘‘heavy’’ sample also contains H3T3-Phos peptide as

a competitor (30 lM) [Fig. 5(a)]. We anticipated that

high-affinity H3T3-Phos-binding proteins should

form complexes with the excessive competitor pep-

tide while most low-affinity ones remain unbound.

For example, the competitor peptide, at the concen-

tration of 30 lM, can occupy binding sites of around

Figure 3. Profiling H3T3-Phos-binding proteins using the

CLASPI strategy. (a) Recombinant survivin, a known H3T3-

Phos-binding protein, is selectively labeled in vitro by probe

3 (1 lM) and the selective labeling of the recombinant

survivin by probe 3 (1 lM) can be inhibited by H3T3-Phos

peptide (20 lM). (b) A 2D-plot showing the Log2 values of

the SILAC ratios (L/H) of each identified protein for the

forward (x axis) and the reverse (y axis) experiments.

Selective H3T3-Phos binders are labeled. (c) The

recombinant full-length PPM1G and N-terminal region of

MCAK were selectively labeled by probe 3 (1 lM), but the

labeling was not fully inhibited in the presence of excess

H3T3-Phos peptide (100 lM).
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90% of protein molecules with a Kd of 3 lM and 10%

of those with a Kd of 300 lM, respectively. Therefore,

we expect that the addition of the competitor peptide

would effectively inhibit the probe 3-induced label-

ing of high-affinity H3T3-Phos binders in the

‘‘heavy’’ extract, and should thereby, produce a high

SILAC ratio of L/H for these proteins. As summar-

ized in Figure 5(b), several proteins, including survi-

vin, show a high ratio (L/H) in the CLASPI-C experi-

ment, indicating that they bind tightly to H3T3-

Phos peptide. Interestingly, most of these proteins,

including JADE2, RBBP7, HAT1, RBBP4, UHRF1,

MTA1, MTA2, and DPF2, were previously identified

as unmodified histone H3 binders in our H3K4Me3
CLASPI experiments,22 suggesting that their bind-

ing to H3 is not inhibited by the T3-phosphorylation

‘‘mark.’’ In contrast, proteins identified as selective

H3T3-Phos binders including PPM1G, KIF2A,

MCAK, and ERAP1 in CLASPI-S (S, for selectivity)

experiment showed SILAC ratios close to 1 in

CLASPI-C experiment [Fig. 5(b)], which indicates

that they are involved in weak interactions with

H3T3-Phos. This result was also supported by the

Figure 4. CLASPI approach to identify H3T3-Phos-binding proteins. In a ‘‘Forward’’ experiment, the ‘‘light’’ (green symbols)

and ‘‘heavy’’ (red symbols) lysates were photo-cross-linked with probe 3 and probe C, respectively. The cross-linked proteins

were then conjugated to biotin through click chemistry and isolated with streptavidin beads. After trypsin digestion, the

peptide mixtures were analyzed LC-MS/MS. In a ‘‘reverse’’ experiment, the probes were simply switched in the photo-cross-

linking reaction. Proteins that showed a high SILAC ratio (L/H) in the ‘‘forward’’ experiment and a low ratio (L/H) in the

‘‘reverse’’ experiment were likely selective H3T3-Phos-binding proteins.

Figure 5. (a) Schematic for the two sets of CLASPI

experiments indicates the selectivity and affinity filters used

for the identification of selective and tight H3T3-Phos

binders. (b) A summary of the proteins that showed

significant SILAC ratios in at least one of the CLASPI

experiments shown in (a).
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competition assays with recombinant MCAK and

PPM1G [Fig. 3(c)]. Taken together, performing the

two sets of CLASPI experiments [Fig. 5(a)], which

can serve as selectivity and affinity filters, respec-

tively, should help to identify the selective and

strong interactions mediated by PTMs.

It has been reported that the trimethylation on

the adjacent lysine residue (H3K4Me3) can abolish

the interaction between survivin and H3T3-Phos.14

To examine this antagonistic effect, we therefore

designed and synthesized probe 4 (Fig. 1), which

carries both these modifications, that is, H3T3-Phos-

K4Me3. This doubly modified probe did not crosslink

to recombinant survivin in vitro [Fig. 6(a)]. More-

over, the CLASPI experiment, in which the ‘‘light’’

lysate was crosslinked with probe 4 and the ‘‘heavy’’

with probe C, revealed that trimethylation on H3K4

precludes survivin binding to phosphorylated Thr 3

[Fig. 6(b)]. These data demonstrate the potential

application of CLASPI for examining the interplay

among PTM on the proximal protein residues.

Discussion

In summary, our CLASPI approach can be more

broadly used to examine PTM-mediated protein–pro-

tein interactions. By profiling proteins that recog-

nize H3T3-Phos, a mitotic histone ‘‘mark,’’ we were

able to identify survivin, a known H3T3-Phos

‘‘reader,’’ as well as other proteins (e.g., MCAK and

KIF2A) that are likely to be involved in weak but

selective interactions with this histone modification

in vitro. KIF2A and MCAK are substrates of the Au-

rora kinase and their recruitment to centromeres

depends on Aurora activity.23,24 Our findings suggest

that H3T3-Phos may directly recruit not only the ki-

nase but also its substrates (i.e., KIF2A and MCAK)

to specific chromosomal sites. Testing the physiologi-

cal significance of these weak but selective interac-

tions is an important next step. In cellular contexts,

inhibition of H3T3-Phos disrupts the localization of

MCAK and Aurora kinase, consistent with our pro-

posal. However, a proper test of this hypothesis will

require identifying mutants that can separate the

contributions of Aurora kinase-dependent phospho-

rylation from the H3T3-Phos-dependent recruitment.

A recent analysis on the phosphorylation sites

for the cyclin-dependent kinase Cdk1, a key player

in cell cycle regulation, has revealed that most Cdk1

phosphorylation sites localize in loops and disor-

dered regions,25 which is consistent with previous

analyses of phosphorylation sites in general.26

Therefore, the CLASPI approach, in which a peptide

is used to mimic the endogenous phosphorylation

site(s), should be effective as these regions are disor-

dered. For cases in which a phosphorylation maps to

a structured region of a protein, it should also be

possible to combine the use of stabilized secondary

structure mimetics27 with the CLASPI approach to

profile protein interactions that depend on this

PTM.

Our findings that CLASPI can be used to exam-

ine PTM-dependent protein–protein interactions in

fission yeast lysates are important as it will allow

the powerful genetic tools available in this model or-

ganism to be combined to examine complex cellular

mechanisms, such as the cell cycle. Importantly, this

Figure 6. Examining the interplay between histone methylation and phosphorylation using the CLASPI strategy. (a) The

double modified (i.e., T3-Phos and K4Me3) H3 probe 4 failed to label the recombinant survivin. (b) Endogenous survivin was

selectively enriched by probe 3 (left panel) but not by probe 4 (right panel). The ‘‘light’’ and ‘‘heavy’’ peptide isotopes are

indicated by blue and red dots, respectively.
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model organism shares more basic mechanisms (e.g.,

RNAi) with humans than budding yeast, another

widely used genetically tractable model organism.

The role of phosphorylation in controlling the stable

propagation our genomes, through replication and

division, has been established in large part based on

studies in this model organism. We believe that

CLASPI will be useful in profiling phosphorylation-

dependent protein–protein interactions required for

key transitions in the cell cycle that are known to

depend on the activities of conserved kinases, many

of which are being evaluated as anticancer drug

targets.

Given that a variety of PTMs coexist in the

same protein regions, multiple biological readouts

could be achieved by various combinations of these

different modifications.28–30 It has been shown that

modifications on proximal sites of histones can

antagonize or synergize to control interactions with

‘‘reader’’ proteins. For example, the interaction of

survivin with H3T3-Phos is abolished by trimethyla-

tion at the neighboring amino acid lysine 4.14 In

support of this notion, we applied CLASPI method

to show the antagonizing effect of H3K4Me3 on the

survivin binding to H3T3-Phos. Together, our data

indicate that CLASPI can allow profiling of single or

multi-PTM-dependent protein–protein interactions.

Finally, in future studies, the CLASPI method can

be combined with powerful protein synthesis tech-

nologies, such as protein splicing, incorporation of

unnatural amino acids, and peptidomimetic fol-

damers, to construct chemical probes with well-

defined 3D structures to capture protein–protein

interactions in vitro and in vivo.

Materials and Methods

SILAC cell culture and preparation of whole-cell
lysates

Hela S3 cells were grown in suspension at 37�C in a

humidified atmosphere with 5% CO2 in Dulbecco’s

Modified Eagle Medium (DMEM) medium (�Arg,

�Lys, ThermoFisher Scientific) containing 10% dia-

lyzed fetal bovine serum (FBS) (Atlanta Biologicals),

penicillin–streptomycin, and 2 mM L-glutamine

supplemented with 22 mg/L 13C6
15N4-L-arginine

(ThermoFisher) and 50 mg/L 13C6
15N2-L-lysine

(Sigma) or the corresponding nonlabeled amino acids

(Sigma), respectively. To synchronize cells, 3 � 108

cells/L were treated with 2.2 mM thymidine (Sigma)

for 22 h. Cells were then pelleted, washed with

media once, and resuspended in 1 L media without

antibiotics. Three hours after thymidine wash-out,

nocodazole (330 nM, Sigma) was added and cells

were harvested after an additional 11 h. After har-

vesting, cell pellets were washed twice with phos-

phate buffered saline (PBS) and frozen with liquid

N2. The frozen cell pellets were ground into powder

with a Ball Mill (Retch MM301). The cell powder

was stored at �80�C until use. To prepare whole-cell

lysates, the frozen cell powder was first resuspended

in a hypotonic buffer (10 mM HEPES, pH 7.5, 2 mM

MgCl2, 0.1% Tween-20, 20% glycerol, 2 mM phenyl-

methylsulfonyl fluoride (PMSF), Roche Complete

EDTA-free protease inhibitors, and Pierce Halt

Phosphatase Inhibitor Cocktail) and incubated for

10 min at 4�C. The suspension was centrifuged at

16,000g for 15 min at 4�C and the supernatant was

kept for use later. The pellets were resuspended in a

high-salt buffer (50 mM HEPES, pH 7.5, 420 mM

NaCl, 2 mM MgCl2, 0.1% Tween-20, 20% glycerol, 2

mM PMSF, Roche Complete EDTA-free protease

inhibitors, and Pierce Halt Phosphatase Inhibitor

Cocktail) and incubated for 30 min at 4�C. The sus-

pension was centrifuged at 16,000g for 15 min at

4�C and the supernatant was combined with the

soluble fraction in hypotonic buffer to give the

whole-cell lysates. The yeast cell lysates were

extracted from exponentially growing swi6-GFP cells

(PL52:h90 ade6 leu1 swi6þ-GFP�kanr z::adh15-

mcherry-atb2�natr, gift from Watanabe lab) using

glass-beads.

Photo-crosslinking
In a forward CLASPI experiment, probe 3 and probe

C were incubated with 3 mL of light and heavy

SILAC whole-cell lysates (2 mg/mL) (the probes

were switched in a ‘‘reverse’’ CLASPI experiment),

respectively, in the binding buffer (50 mM HEPES,

pH 7.5, 168 mM NaCl, 2 mM MgCl2, 0.1% Tween-20,

20% glycerol, 2 mM PMSF, Roche Complete EDTA-

free protease inhibitor cocktail, and Pierce Halt

Phosphatase Inhibitor Cocktail) for 15 min at 4�C.

The samples were then irradiated at 365 nm using a

Spectroline ML-3500S UV lamp for 15 min on ice.

Cycloaddition reactions (click chemistry)

After UV cross-linking, the light and heavy lysates

were pooled, to which 100 lM cleavable biotin-azide

was added, followed by 1 mM tris(2-carboxyethyl)-

phosphine (TCEP) and 100 lM tris-(benzyltriazolyl-

methyl)amine (TBTA), and finally the reactions were

initiated by the addition of 1 mM CuSO4. The reac-

tions were incubated for 1.5 h at room temperature.

Streptavidin affinity enrichment of biotinylated

proteins

The cycloaddition reactions were terminated by add-

ing fourfold volume of ice-cold acetone, placed at

�20�C overnight and centrifuged at 16,000g for 5

min at 4�C to precipitate proteins. The protein pel-

lets were washed twice in methanol. The pellets

were subsequently dissolved in PBS with 4% SDS by

votexing and heating (5 min at 75�C). The protein

solution was then diluted 5� with PBS to 0.8% SDS

and incubated with streptavidin agarose resin
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(Thermo Pierce) for 1.5 h at room temperature. After

washing with PBS with 0.8% SDS, 6M urea with

0.1%SDS, and 250 mM NH4HCO3 with 0.1% SDS,

the enriched proteins were eluted by incubating

with buffer containing 25 mM Na2S2O4, 250 mM

NH4HCO3, and 0.1% SDS for 1 h. The eluted pro-

teins were then dried down with SpeedVac.

Sample preparation for mass spectrometry

The dried proteins were resuspended in Lithium do-

decyl sulfate (LDS) sample buffer (Invitrogen) with

50 mM dithiothreitol (DTT) and heated at 75�C for 8

min, then reacted with iodoacetamide in dark for 30

min to alkylate all reduced cysteines. Proteins were

then separated on Bis-Tris gel (Invitrogen), followed

by fixation in a 50% methanol/7% acetic acid solu-

tion. The gel was stained by GelCode Blue stain

(Pierce) and sliced diced into 1-mm cubes, followed

by destaining in 50 mM ammonium bicarbonate/50%

acetonitrile for 1 h. The destained gel cubes were

dehydrated in acetonitrile for 10 min and rehydrated

in 25 mM NH4HCO3 with 125 ng trypsin (Promega)

for protein digestion at 37�C overnight. The result-

ing peptides were enriched using the StageTips. The

peptides eluted from the StageTips were dried down

by SpeedVac then resuspended in 0.5% acetic acid

for analysis by LC-MS/MS.

Mass spectrometry
Mass spectrometry was performed on a LTQ-Orbi-

trap XL mass spectrometer (Thermo Fisher Scien-

tific), using a home-built micro electrospray source

with a liquid junction. First, peptide samples in

0.5% acetic acid were pressure loaded onto a

self-packed PicoFrit column (New Objective) with

integrated emitter tip (360-lm o.d., 75-lm i.d., and

15-lm tip), packed with 6 cm of reverse-phase C18

material (Alltima C18 5-lm beads from Alltech Asso-

ciates), rinsed for 10 min with 0.1M acetic acid, and

subsequently gradient eluted with a linear gradient

from 0 to 70% B in 150 min (A ¼ 0.1M acetic acid, B

¼ 70% acetonitrile in 0.1M acetic acid, flow rate 200

nL/min) into the mass spectrometer. The instrument

was operated in a data-dependent mode cycling

through a full scan (300–2000 m/z, single lscan) fol-
lowed by 10 CID MS/MS scans on the 10 most abun-

dant ions from the immediate preceding full scan.

The cations were isolated with a 2-Da mass window

and set on a dynamic exclusion list for 60 s after

they were first selected for MS/MS. The raw data

were processed and analyzed using MaxQuant

(version 1.1.16).

Expression and purification of recombinant

proteins

The human MCAK (residues 1–100) was cloned into

pDONR201 and pDEST15, with a prescission prote-

ase site added to the N-terminus of the open reading

frame. The protein was overexpressed in the Esche-

richia coli host cell BL21(Rosetta) induced overnight

by 0.5 mM Isopropyl b-D-1-thiogalactopyranoside

(IPTG) at 18�C in the LB medium. After cell lysis

and centrifugation, the GST-fusion proteins were

purified by glutathione sepharose beads, followed by

tag cleavage using PreScissionTM protease. The

cleaved proteins were further purified by gel-filtra-

tion chromatography on Superdex 75 column in

buffer A (150 mM NaCl, 50 mM HEPES, 2 mM DTT,

pH 7.5). The chromo domain (CD) of fly HP1 (resi-

dues 23–74) was cloned into pGex-6p-1 vector with an

N-terminal GST tag. Proteins were overexpressed in

the Escherichia coli host cell BL21 induced for 3 h by

1 mM IPTG at 37�C in the LB medium. After cell

lysis and centrifugation, the GST-HP1CD proteins

were purified by glutathione sepharose beads.
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