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ABSTRACT: A basic but critical step in targeted proteomics
by mass spectrometry is the separation of the targeted
proteins from the complex mixture of the whole proteome by
affinity purification. The bait protein is usually immobilized
on the surface of a solid support to enable affinity-based
purification of the targeted proteome. Here, we developed a
site-specific covalent immobilization of the bait protein
through affinity-guided covalent coupling (AGCC) of a single
cysteine residue of an SH2 domain (utilized as an affinity tag for the protein target) with an engineered ligand peptide. Site-
specific covalent immobilization of a methyllysine-binding protein HP1β chromodomain on the agarose resin was used to purify
the methyllysine proteome from the whole-protein mixture. This new bait immobilization led to a notably low background in
the affinity purification step, markedly outperforming the conventional (His)6 tag−nickel nitrilotriacetic acid (Ni-NTA)
immobilization method. Subsequent analysis of the purified proteome identified 275 lysine methylated sites and 184 methylated
proteins from 332 HP1β CD-binding proteins, including 30 novel methylated proteins. This work demonstrates that a robust
site-specific covalent protein immobilization method is well-suited for proteomic analysis of low-abundance proteins. This
method also enables the identification of new methylated proteins and methylation sites in the methyllysine proteome.

Affinity purification coupled with mass spectrometry (AP/
MS) has gained increasing momentum in proteomics

research, given its robust applicability in dissecting protein
complexes and profiling post-translational modifications
(PTMs). In general, the affinity purification step requires
immobilizing a bait protein on the surface of various types of
solid supports.1,2 Conventionally, immobilization of proteins
can be achieved through noncovalent interactions, such as
hydrophobic, polar, or ionic interactions.3−5 However, non-
covalent methods suffer from rather weak interactions and risk
possible protein loss during washing. Alternatively, antibodies
or affinity reagents anchored to surfaces can be used to purify
endogenous proteins or proteins expressed with epitope tags,
such as His, Flag, or hemagglutinin (HA) peptide tags,
glutathione S-transferase (GST) or green fluorescent protein
(GFP) protein tags, etc.6,7 However, the proteins are still not
covalently anchored, and the varying binding efficiencies and
specificities of different antibodies or affinity reagents are still
major issues.2,8 Direct covalent conjugation is certainly
preferred for stable protein immobilization. However, conven-
tional reactions in the bioconjugation toolbox rely on the
chemical reactivity of natural amino acids and thus lack site
selectivity.9−11 For example, surface-displayed N-hydroxysuc-
cinimide (NHS) ester will react with all the available lysine
residues, giving a mixed population of differently oriented

proteins on the surface, with some having their active sites
shielded or blocked (Figure 1). Therefore, in some cases,
random covalent immobilization may shield some of the
protein binding, cause signal loss, and give suboptimal data
quality.10,11

We have developed a strategy called affinity-guided covalent
conjugation (AGCC) that enables efficient site-specific
covalent conjugation of engineered and natural proteins
through protein-binding domains such as PDZ, SH2 and
SH3.12,13 In AGCC, the cysteine−α-chloroacetyl conjugation
reaction proceeds rapidly when both groups are positioned in
close proximity through protein−peptide binding interaction,
but very slowly when they are out of reach of each other.14,15

This feature therefore confers different chemical reactivity to
cysteine residues at different locations and yields site-selective
conjugation. Here we envision that the AGCC reaction will
facilitate stable tethering of bait proteins on the surface of the
solid support for highly efficient AP/MS proteomics.16

Specifically, we showcase the immobilization of the hetero-
chromatin protein 1β chromodomain (HP1β CD),17 which is
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known to bind methyllysine and used for profiling of the lysine
methylation proteome.18−20 Specifically, we employed the site-
specific covalent conjugation reaction between a phospholipase
C γ1 C-terminal SH2 domain (PLCγ1-c-SH2)21 and its
engineered ligand peptide PGFpYXEAN, derived from the X−
Y linker of PLCγ1 (where X is an unnatural amino acid with an
α-chloroacetyl group at its side chain). PGFpYXEAN was
immobilized on NHS-activated agarose resin through the N-
terminal amino group of the linker. Then HP1β CD−PLCγ1-
c-SH2 fusion protein was covalently immobilized by reaction
with PGFpYXEAN through the SH2 domain, allowing the
entire HP1β CD domain to be displayed on the surface
(Figure 1). The HP1β CD-coated agarose was then used to
pull down proteins with methyllysine modification from cell
lysate prior to identification by mass spectrometry.

■ RESULTS AND DISCUSSION
Design of Site-Specific Covalent Conjugation Reac-

tion. PLCγ1-c-SH2 domain binds the phosphotyrosine
peptide PGFpYVEAN from the X-Y linker of PLCγ1 (PDB
ID 4K45) with high affinity (Figure 2A).22 In this interaction,
PLCγ1-c-SH2 contains a cysteine residue that is close to the
peptide-binding site and points to the pY + 1 position. We
designed a derivative of PGFpYVEAN by replacing pY + 1
valine with an unnatural amino acid X, (2S)-2-amino-3-[(α-
chloroacetyl)amino]propionic acid. An extended linker
(KSGGG) is added to the N-terminus of PGFpYVEAN,
extending the space between the solid support and the bait
protein. The final ligand peptide KSGGGPGFpYXEAN
(Figure S1), named BC-k, contains amino groups at the N
terminus for N-hydroxysuccinimide (NHS)-mediated conju-
gation with the solid support, an NHS resin.23 Mixing the
recombinantly expressed and purified PLCγ1-c-SH2 and the
ligand peptide in phosphate-buffered saline (PBS) yields a
stable covalent cross-link between the peptide and the protein,
as shown by the mass of the product (Figure 2B).
The HP1β chromodomain (HP1β CD) is known to have an

affinity for methylated lysine 9 of histone H3 (H3K9), as well
as methylated lysine residues on various other proteins.24,25

Therefore, HP1β CD has served as a robust tool to enrich
methylated proteins and peptides for proteomic analysis.
Therefore, we aim to employ AGCC to efficiently display
HP1β CD on a solid surface for affinity purification. We first

designed, expressed, and purified recombinant HP1β CD−
PLCγ1-c-SH2 fusion protein and examined its reaction with
the BC-k ligand peptide (Figure 2C, Figure S2). Incubation of
PLCγ-c-SH2 (MW 14 549) or HP1β CD−PLCγ1-c-SH2
(MW 22 708) with conjugation ligand BC-k (MW 1466.56)
in excess overnight (18 h) gave their covalently coupled
complexes (MW 15 850 and 24 140, respectively) as confirmed
by liquid chromatography/mass spectrometry (LC/MS). This
indicates that the PLCγ1-c-SH2 domain in the HP1β CD−
PLCγ1-c-SH2 fusion protein maintained its correct folding and
pTyr-peptide recognition property. This is consistent with the
modularity of both PLCγ1-c-SH2 and HP1β CD domains.
The kinetics of the conjugation reaction was then scrutinized

in greater detail. Bis-Tris polyacrylamide gel electrophoresis
(PAGE) clearly indicated an irreversible covalent linkage
between PLCγ1-c-SH2 or HP1β CD−PLC-c-SH2 and the BC-
k peptide (Figure S3A). As expected, HP1β CD protein alone
cannot react with the BC-k peptide, confirming the
conjugation reaction is specific between the SH2 protein and
the BC-k peptide. Increasing the peptide-to-protein ratio and
reaction time resulted in increased conjugation yields, to more
than 60% conversion. Serendipitously, we found that the
presence of imidazole in the reaction solution promoted the
conjugation reaction. At an imidazole concentration of 300
mM, HP1β CD−PLCγ1-c-SH2 reacted with peptide BC-k
more efficiently (80% completion) as well as PLCγ1-c-SH2
(90% completion) at 1:1 protein-to-peptide ratio (Figure
S3B). Other molecules, such as reducing agents, did not affect
the reaction. The promoting effect of imidazole has been well-
documented in some protein ligation reactions,.26,27 It has
been proposed that the ester reacts first with imidazole to form
a highly reactive acyl-imidazole intermediate, which sub-
sequently reacts rapidly with cysteine thiol.26 A similar
mechanism may explain the imidazole-promoted cysteine−
chloroacetyl conjugation reaction: substitution of chlorine with
imidazole may form a reactive acetyl-imidazole intermediate to
promote the cysteine nucleophilic attack.

Covalent Immobilization of HP1β CD−PLCγ1-c-SH2
through the BC-k Peptide. Next, we sought to covalently
immobilize HP1β CD−PLCγ1-c-SH2 through the BC-k
peptide onto NHS-functionalized agarose resin. The BC-k
peptide was first covalently coupled on NHS-functionalized
agarose resin through reaction of N-terminal amino groups

Figure 1. Schematic illustration of affinity-guided covalent coupling (AGCC)/mass spectrometry strategy and its application to identification of
methyllysine-containing proteins from the proteome. A step-by-step protocol can be found in Supporting Information.
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with NHS moieties (the peptide was used in excess to ensure
maximal coverage of the NHS groups, and the unreacted NHS
groups on the resin were quenched afterward). Then HP1β
CD−PLCγ1-c-SH2 fusion protein was added to BC-k-coated
resin for covalent conjugation reaction. We quantified that 5 or
10 mg of BC-k-functionalized resin could immobilize 0.20 or
0.30 mg of HP1β CD−PLCγ1-c-SH2 protein and 0.22 or 0.49
mg of PLCγ1-c-SH2 protein, respectively (Figure 3A). After
normalizing the protein loading to 10 mg starting resin in dry
weight, we achieved immobilization of 4 mg/mL HP1β CD−
PLCγ1-c-SH2 or 7 mg/mL PLCγ1-c-SH2 (Figure 3B). Such
loading capacity is on par with commercially available GST or
His beads. These results indicate that the SH2 domain in the
fusion protein HP1β CD−PLCγ1-c-SH2 efficiently reacts with
the BC-k peptide displayed on the surface of agarose.
Next, we investigated whether the surface-displayed HP1β

CD protein is capable of binding to the methylated lysine-
containing proteins. As HP1β CD is known to recognize the

histone proteins H3K9 and H3K23 in a methylation-
dependent manner, we tested whether surface-displayed
HP1β CD (through HP1β CD−PLCγ1-c-SH2 fusion) could
pull down methylated histone protein H3K9me2. MCF-7 cells
were homogenized in RIPA buffer and the lysates were
incubated overnight with conjugated agarose resin at 4 °C.
After washing, the bound proteins were eluted and resolved by
Bis-Tris 10% PAGE. The gel was stained by Coomassie blue or
silver staining and probed with antibodies specific for
H3K9me2 or H3, respectively. We observed that H3K9me2
protein could be successfully pulled down if the immobilization
procedure included both BC-k peptide and HP1β CD−
PLCγ1-c-SH2 fusion protein (Figure 4A,B, lane 6). In contrast,
H3K9me2 could not be purified when the agarose resins only
displayed the BC-k peptide or the PLCγ1-c-SH2 fusion protein
(Figure 4A,B, lanes 4 and 5). This indicates that the pulldown
is specifically through interaction between surface-immobilized
HP1β CD and H3K9me2. In addition, we utilized nickel
nitrilotriacetic acid (Ni-NTA) agarose to anchor His-tagged
HP1β CD−PLCγ1-c-SH2 fusion protein and performed a
similar pulldown experiment. Western blot assay demonstrated
a similar level of purified H3K2me2 (Figure 4A,B, lane 9)
compared to the AGCC method (Figure 4A,B, lane 6).
However, Coomassie dye staining showed a vast difference
whereby the AGCC covalent immobilization gave a much
lower background, indicating that the resin coated with HP1β
CD−PLCγ1-c-SH2 minimizes nonspecific interactions with
lysate proteins. This is probably because AGCC leads to much
more homogeneous orientation of HP1β CD. Furthermore,
under the denaturing conditions of the gel electrophoresis, the
SH2 protein and the HP1β CD−PLCγ1-c-SH2 fusion protein
are also eluted from the Ni-NTA/His-mediated purification.
On the contrary, all the covalent immobilization conditions
(lanes 1−6 in Figure 4B) showed much lower amount of the
immobilized proteins, indicating that covalent anchoring
effectively prevents the leakage of the proteins displayed on
the surface. This offers a great advantage to reduce the level of
noise peptides in the following mass spectrometric analysis.

Profiling the Methylome in MCF-7 Cells by the
Covalent Immobilization Strategy. Next we investigated
whether the AGCC-displayed HP1β CD can facilitate profiling
of proteins containing methylated lysine through interaction

Figure 2. Covalent reaction between PLCγ1-c-SH2 domain and
phosphotyrosine peptide. (A) Model depicting binding of the
conjugation peptide BC-k (KSGGGPGFpYXEAN) derived from the
X−Y linker to the PLCγ1-c-SH2 domain based on the structure in
PDB ID 4K45. There is a desired reactive Cys715 residue exposed on
the surface of PLCγ1-c-SH2 domain and around its pTyr binding
pocket. The α-chloroacetyl moiety is incorporated to the pTyr + 1
position in BC-k peptide, allowing it to be specifically and covalently
conjugated to PLCγ1-c-SH2 domain via affinity-guided conjugation
reaction (depicted on the right). (B, C) MS spectra of products from
affinity-guided conjugation reaction between conjugation peptide and
(B) PLCγ1-c-SH2 domain or (C) HP1β CD−PLCγ1-c-SH2, before
and after 18 h of incubation. The masses of PLCγ1-c-SH2, HP1β
CD−PLCγ1-c-SH2, and their respective conjugation complexes with
BC-k are identified on the spectra. The mass spectra were collected on
a Bruker Reflex IV matrix-assisted laser desorption ionization time-of-
flight (MALDI TOF) mass spectrometer.

Figure 3. Covalent immobilization of HP1β CD on NHS-agarose
through BC-k−PLCγ1-c-SH2 conjugation reaction and preliminary
pull-down experiment. (A) Quantifying the loading capacity of the
covalent immobilization reaction. The amount of the conjugated
protein was quantified as milligrams of total protein input (before
conjugation) minus milligrams of free protein in supernatant (after
conjugation). (B) Normalized loading capacity of the two-step
conjugation procedure. The fusion protein largely retained the
reactive efficiency with BC-k-coated resin as compared with PLCγ1-
c-SH2 alone, except for a slight decrease of 20% in the 10 mg resin
case.
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Figure 4. Pulldown of methylated histone proteins by covalently immobilized HP1β CD protein resolved by Bis-Tris PAGE and probed by (A)
Western blotting and (B) Coomassie staining analysis. SH2 refers to the PLCγ1-c-SH2 protein; HP-SH2 fusion”refers to HP1β CD−PLCγ1-c-SH2
fusion protein; HP* refers to HP1β CD protein. The covalent immobilization group (lanes 1−6) is compared with the Ni-NTA group (lanes 7−9).
The covalent immobilization group gives much lower background than the Ni-NTA group but the same level of pull-down of H3K9me2 protein.

Figure 5. Bioconjugation AP/MS-based enrichment analysis. (A) Numbers of identified proteins, lysine-methylated (Kme) proteins, and lysine-
methylated sites based on bioconjugation AP/MS. (B, C) Classification of identified lysine-methylated proteins based on their cellular functions
(B) and intracellular locations (C) from Gene Ontology analysis. The 184 identified lysine-methylated proteins were categorized according to their
known or predicted functions or cellular localizations. Protein with no annotations in Gene Ontology (left of panel C) were defined as unmapped
proteins (37%). (D) Motif representation of identified lysine methylated peptides along with a consensus logo (frequency plot of seven amino acids
flanking lysine), generated by Weblogo. N and C denote the N- and C-termini of the peptides.
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with HP1β CD proteins from the lysate of MCF-7 cells. The
affinity-enriched proteins from MCF-7 cell lysate were resolved
on sodium dodecyl sulfate (SDS)−PAGE. The gel was then
divided into six fractions before in-gel digestion and mass
spectrometric analysis. This led to the identification of 322
proteins associated with HP1β CD (Table S1), of which 184
were lysine-methylated (Kme, Figure 5A and Table S2). From
these methylated proteins, we identified 275 different lysine
methylation sites in total, including 101 trimethylation sites,
100 dimethylation sites, and 77 monomethylation sites. Upon
comparison to the 2977 known methylated proteins
(PhosphoSitePlus),28 154 (84%) of the methyllysine-contain-
ing proteins that we identified have been reported to be
methylated, while 30 (16%) were novel methylated proteins. In
a previous effort, we utilized recombinant HP1β CD that was
tethered to the resin through nonspecific covalent conjuga-
tion.18 In that study, 109 HP1β CD-binding proteins were
identified, among which 29 were methylated on 40 lysine
residues.18 Apparently, the AGCC strategy allowed us to
discover more lysine-methylated proteins and sites, providing
an effective tool for affinity enrichment and profiling of the
methyllysine proteome by MS.
We then analyzed the identified lysine-methylated proteins

for their subcellular localizations with Gene Ontology (GO)
term analysis. Out of the 184 lysine-methylated proteins that
we identified, cytoplasmic proteins constitute the majority
(Figure 5B), in addition to ones that are distributed in a wide
range of cellular organelles (Figure 5C). Previous studies have
reported that methylated lysine sites are associated with E/L/
MK motifs.29 We performed motif analyses of the peptides
containing methyllysine that were identified by AGCC-
anchored HP1β CD (Figure 5D). Although we did observe
LK and KE motifs in the identified methylated lysine peptides,
they do not constitute a dominant population. As a result,
there were no obvious motifs for methylation sites. The newly
identified methyllysine sites through this new technology will
drive further exploration of the physiological role of lysine
methylation in normal or pathological states.

■ CONCLUSION
Expanding bioconjugation chemistry has provided novel
opportunities for specific enrichment of PTM proteins that
are less abundant. In the present work, we developed a new
protein immobilization strategy based on affinity-guided
covalent conjugation (AGCC) that takes advantage of the
Cys-chloroacetyl nucleophilic SN2 reaction between an
engineered BC-k peptide and PLCγ1-c-SH2 domain. The
positioning of the cysteine allowed a nucleophile close to the
PLCγ1-c-SH2 binding pocket without harming the native
folding of proteins. Using this strategy, we efficiently
immobilized HP1β CD as a bait for proteomic profiling of
the proteins with methylated lysine. Our approach is
highlighted by its ability to specifically and covalently
conjugate the tag protein (PLCγ1-c-SH2) with minimal
interference on the bait protein, HP1β CD. We envision that
the AGCC strategy leads to homogeneous orientation of the
bait protein while maintaining its structure and activity, an
important feature that facilitates the application of bioconju-
gation for AP/MS study. This work showcases how the
development of site-specific bioconjugation reaction drives the
advancement of protein immobilization methods in AP/MS
and accelerates our understanding of more epigenetic functions
from PTM.

■ MATERIALS AND METHODS

Functionalizing Peptides on NHS-Activated Resin,
Followed by Protein Conjugation. Purified reactive
peptide BC-k was added to NHS-activated agarose with a
peptide-to-NHS group ratio of at least 2:1. The conjugation
reaction lasted for 1 h at room temperature, before a
centrifugation step (1000g for 1 min) to remove excess
peptide, and the reaction was quenched with 1 M Tris at pH
7.5. The agarose resin was collected and washed three times
with PBS. BC-k peptide-functionalized agarose resin was
incubated with 1 mg of fusion protein (His−HP1β CD−
PLCγ1-c-SH2) to allow the site-specific covalent conjugate
reaction between the surface-immobilized reactive peptides
and the SH2 fusion protein in PBS (pH 7.4) at 4 °C overnight.
This step gives AGCC resins; that is, resins with HP-SH2
fusion protein covalently conjugated on the surface.

Affinity Purification of Methyllysine Proteins. MCF-7
cell lysate (3 mg) was mixed with 5 mg of AGCC resins
(covalently functionalized with HP-SH2 fusion) and then
incubated with end-to-end rotation at 4 °C overnight. After
washing, the slurry was resuspended in SDS−PAGE loading
buffer, and 20 μL was loaded for PAGE analysis followed by
Coomassie blue staining or Western blotting with antibodies
specific to H3K9me2 and H3, respectively, to give the gel
picture of the covalent immobilization group. For comparison,
His-tag-labeled HP-SH2 fusion protein or PLCγ1-c-SH2 in the
same amount were immobilized on Ni-NTA agarose and used
to pull down proteins from the same amount of lysate. This
gives the Ni-NTA group. The immunocomplexes were
captured by prepared bioconjugated NHS resin or Ni−NTA
agarose. Notably, under the condition of gel electrophoresis, all
the immobilized HP-SH2 fusion protein or PLCγ1-c-SH2
protein were dissociated from the Ni-NTA resins, but only a
small portion of proteins were dissociated from the covalent
immobilization protocol, corresponding to the small popula-
tion of nonspecific noncovalent immobilization.

Tryptic Digestion and LC-MS/MS Analysis. Immuno-
precipated proteins on beads were washed five times with cold
20 mM ammonium bicarbonate. Iodoacetamide in 20 mM
ammonium bicarbonate was added to beads, and the mixture
was incubated in the dark for 1 h. Digestion was performed
with Promega sequencing-grade trypsin (1:50) incubated
overnight at 37 °C and stopped by acidifying to a final
concentration of 0.1% trifluoroacetic acid (TFA). The
harvested supernatants containing the peptide mixture were
desalted and dried in a SpeedVac. After desalting on C18-Zip
tips and drying in the SpeedVac, the obtained samples were
loaded onto a Thermo Easy-Spray analytical column (75 μm
i.d. × 500 mm) C18 column with an Easy-nLC 1000
chromatography pump. For each analysis, we reconstituted
peptides in 20 μL of 0.1% TFA and loaded 4 μL onto the
column for four times running. Peptides in each running were
separated on a 125 min (5−40% acetonitrile) gradient. Mass
spectra were collected on a Q-Exactive hybrid quadrupole-
Orbitrap mass spectrometer coupled to an Easy-nLC 1000
system (ThermoFisher). The spectrometer was set in full MS/
data-dependent-MS2 TopN mode: mass analyzer over m/z
range of 400−1600 with a mass resolution of 70 000 (at m/z =
200), 35 NEC (normalized collision energy), 2.0 m/z isolation
window, and 15 s dynamic exclusion. Detailed experimental
procedures are described in Supporting Information.
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