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Protein methyltransferase (PMT)-mediated posttranslational mod-
ification of histone and nonhistone substrates modulates stability,
localization, and interacting partners of target proteins in diverse
cellular contexts. These events play critical roles in normal bio-
logical processes and are frequently deregulated in human diseases.
In the course of identifying substrates of individual PMTs, bioor-
thogonal profiling of protein methylation (BPPM) has demonstrated
its merits. In this approach, specific PMTs are engineered to process
S-adenosyl-L-methionine (SAM) analogs as cofactor surrogates and
label their substrates with distinct chemical modifications for target
elucidation. Despite the proof-of-concept advancement of BPPM,
few efforts have been made to explore its generality. With two
cancer-relevant PMTs, EuHMT1 (GLP1/KMT1D) and EuHMT2 (G9a/
KMT1C), as models, we defined the key structural features of engi-
neered PMTs and matched SAM analogs that can render the or-
thogonal enzyme–cofactor pairs for efficient catalysis. Here we
have demonstrated that the presence of sulfonium-β-sp2 carbon
and flexible, medium-sized sulfonium-δ-substituents are crucial for
SAM analogs as BPPM reagents. The bulky cofactors can be accom-
modated by tailoring the conserved Y1211/Y1154 residues and
nearby hydrophobic cavities of EuHMT1/2. Profiling proteome-
wide substrates with BPPM allowed identification of >500 targets
of EuHMT1/2 with representative targets validated using native
EuHMT1/2 and SAM. This finding indicates that EuHMT1/2 may
regulate many cellular events previously unrecognized to be mod-
ulated by methylation. The present work, therefore, paves the way
to a broader application of the BPPM technology to profile methyl-
omes of diverse PMTs and elucidate their downstream functions.

epigenetic | bump-hole | posttranslation | proteomics

Histone modifications through protein methyltransferases
(PMTs) play essential roles in gene transcription, cellular

differentiation, and organismal development (1). Accumulated
evidence also shows that the physiological functions of PMT-
mediated methylation go beyond chromatin biology and can act
through diverse nonhistone targets (2). Protein methylation has
attracted a lot of attention for its role in modulating protein–
protein interactions in cellular interactome dynamics (3). PMT-
mediated methylation can alter physical properties, stability,
and localization of target proteins, and create docking sites
for binding partners (3, 4). The downstream functions of in-
dividual PMTs are thus closely associated with their methylomes
and interactomes (proteome-wide methylation targets and their
binding partners, respectively) (3). Aberrant levels of PMTs and
their gain/loss-of-function mutations can disrupt these inter-
acting networks and are often implicated in cancer and other
disorders (3, 5).
Efficient methods to elucidate proteome-wide substrates of

individual PMTs are valuable for understanding biological func-
tions of PMT-catalyzed methylation. Given that the human ge-
nome encodes more than 60 PMTs, most of which use highly
conserved catalytic domains to process the methylation cofactor
S-adenosyl-L-methionine (SAM) 1 (6, 7) and often act via multi-
meric complexes in cellular milieu (8), it is a considerable challenge

to profile methylomes of individual PMTs in the native state
without the interference of other PMTs. To identify novel sub-
strates of a specific PMT, prior approaches relied on truncated
PMTs to screen substrate candidates such as peptide/protein
arrays or PMT-knockout proteome (9, 10). SAM analogs con-
taining terminal alkyne were also reported to be active for cer-
tain native PMTs. These cofactor surrogates can therefore be
used for target identification (10) when coupled with copper(I)-
catalyzed azide-alkyne cycloaddition (CuAAC/“Click Chemistry”)
(11, 12). The utility of terminal alkyne/azide-containing SAM
analogs was further expanded by the bioorthogonal profiling of
protein methylation (BPPM) technology (13), in which PMTs are
engineered to accommodate bulky SAM analogs (the “bump-
hole” approach as applied for kinases) (14) for substrate labeling
and subsequent target identification (SI Appendix, Fig. S1). De-
spite the proof-of-concept advancement and promising applica-
tion of the BPPM technology, little is known about key structural
features of extended SAM analogs and PMT variants that can
render such orthogonal activities.
In the present work, we focused on two human PMTs, EuHMT1

(GLP1/KMT1D) and EuHMT2 (G9a/KMT1C). The two SET-
domain-containing PMTs were previously characterized to meth-
ylate histone H3 lysine 9 (H3K9) and some nonhistone substrates
such as tumor suppressor p53, DNA cytosine methyltransferase
3A, ATF-α-associated modulator, CCAAT/enhancer-binding
protein-β, chromatin-remodeling factor Reptin, and myogenic
regulatory factor MyoD (15–21). Among implicated functions
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of EuHMT1/2 are establishing de novo DNA methylation, si-
lencing proviral/tumor suppressor genes, and regulating neurons/
skeletal muscle differentiation (19, 22). With these PMTs as a
model, we systematically leveraged structural and biochemical
evaluation on a set of SAM analogs 2−7 as cofactor surrogates
(Fig. 1 and SI Appendix, Fig. S1). Our biochemical characteri-
zation concludes that the existence of the sulfonium-β-sp2 carbon
and the structurally matched sulfonium-δ-substituents are es-
sential for SAM analogs as active BPPM cofactors. Structural
analysis further revealed that replacing EuHMT1/2’s bulky
Y1211/Y1154 with a smaller Ala not only extends the SAM-
binding pockets of the parent enzymes but also makes preexist-
ing hydrophobic cavities accessible for the bulky SAM analogs.
We therefore defined a set of SAM analogs as privileged methyl
surrogate tagging (m-Tag) reagents and a general principle to
engineer SET-domain-containing PMTs for BPPM application.
The BPPM uncovered >500 potential nonhistone substrates of
EuHMT1/2, including many proteins characterized previously
and unique targets readily validated here. The broad scope of the
nonhistone substrates of EuHMT1/2 suggests that the PMTs may
participate in a number of cellular processes that were not pre-
viously recognized to be modulated by protein methylation. The
BPPM approach is therefore expected to be generally applicable
to decipher methylomes and annotate biological functions of
diverse PMTs.

Results
Screening SAM Analogs As Potential Cofactors for BPPM. Multiple
SAM analogs have been reported as active cofactors for native
and engineered PMTs (10, 13, 23–26). Most of these compounds
contain a characteristic sulfonium-β-sp2 carbon to promote the en-
zymatic transalkylation reaction (10). To rationalize the generality
of the cofactors as m-Tag reagents for BPPM, we synthesized and

evaluated a panel of such SAM analogs 2–7 (Fig. 1 and SI Ap-
pendix, Figs. S1 and S2). These SAM analogs are featured by the
sulfonium-β-sp2 moiety but vary at their δ-substituents. Here we
evaluated these SAM derivatives as cofactor surrogates against a
panel of previously examined PMT variants including EuHMT1’s
Y1211A and EuHMT2’s Y1154A mutants (Fig. 1 and SI Appendix,
Fig. S2, respectively), which were shown to be active toward bulky
(E)-hex-2-en-5-ynyl SAM (Hey-SAM) 6 and 4-azidobut-2-enyl
SAM (Ab-SAM) (13, 25). The panel of SAM analogs and PMT
variants were screened in a combinatorial manner and their ac-
tivities were quantified by the extent of modification (percentage)
of the substrate using MALDI-MS as a primary assay (Fig. 1 and
SI Appendix, Figs. S2–S4).
All of the SAM derivatives examined here were shown to be

active toward EuHMT-1’s Y1211A and EuHMT-2’s Y1154A
mutants, albeit to different extents, confirming the importance of
the sulfonium-β-sp2 moiety in the enzymatic transalkylation reac-
tions (13, 25). Among the SAM analogs, the smallest SAM 1 and
the largest homo Hey-SAM 7 are least active, whereas the medium-
sized SAM analogs such as trans-butene-SAM 3, trans-pentene-
SAM 4, and Hey-SAM 6 are most active toward EuHMT-1/2’s
Y1211A/Y1154A mutants (Fig. 1 and SI Appendix, Figs. S2–S4).
Enyn-SAM 5, as an outlier, displayed much lower activity than
the size-comparable SAM analogs 4 and 6, likely owing to the
rigidity of the former’s enyne moiety (Discussion). In contrast,
the panel of bulky SAM analogs displayed either low or un-
detectable activities toward native EuHMT1/2 and other PMT
variants (EuHMT-1/2’s Y1124A/Y1067A, Y1142A/Y1085A,
F1144A/F1087A, F1195A/F1138A, F1215A/F1158A, and W1216A/
W1159A; Fig. 1 and SI Appendix, Fig. S2). Although most of the
EuHMT-1/2 variants are inactive toward bulky SAM analogs,
F1209A/F1152A and Y1211A/Y1154A mutants displayed robust
activity (Fig. 1 and SI Appendix, Fig. S2). The gain-of-function
character of Y1211A/Y1154A mutations is consistent with our
previous observation that the two PMT variants can accommo-
date sulfonium-β-sp2–containing bulky cofactors (13). However,
the 100-fold alteration of activity among these compounds in-
dicates that certain structural features of m-Tag SAM analogs
have profound effects on their efficiency as cofactors.

Structural Characterization for Recognition of EuHMT1/2’s Variants on
Bulky Cofactors. To elucidate the structural basis of the pro-
miscuous recognition of EuHMT1/2’s Y1211A/Y1154A variants
on bulky SAM analogs, we determined the ternary structure of
Y1211A in complex with S-adenosyl-L-homocysteine (SAH) and
H3K9 Ne-allyl peptide (27) (an enzyme-product complex of the
transalkylation reaction between allyl-SAM 2 and H3K9 peptide,
PDB ID code 4H4H; SI Appendix, Table S1). Given the robust
activity of EuHMT1’s Y1211A mutant on bulky SAM analogs,
we first focused on the Y1211 region and its interaction with the
allyl moiety in the enzyme–product complex. Despite the overall
similarity between native EuHMT1 and Y1211A variant in their
SAH-binding sites (discussed below), Y1211A mutant is distinct
from the native enzyme at an entrance site of a preexisting hy-
drophobic cavity formed by the side chains of H1170/F1209/
F1215/W1216 and the backbones of I1168/N1169. Given that the
allyl moiety of the ternary Y1211A–product complex is pointed
toward the hydrophobic cavity, this cavity is expected to ac-
commodate the bulky side chains of the SAM analogs (Fig. 2A).
However, the access to the hydrophobic cavity is blocked in
native EuHMT1 by the bulky Y1211 residue acting as a gate-
keeper (Fig. 2 A and B). The Y1211A mutation discharges the
gatekeeper residue and thus leads to a widely open hydrophobic
pocket. This pocket was shown to be occupied partially by the
allyl moiety of the H3K9-allylated peptide and likely the corre-
sponding sulfonium alkyl substitutions of active SAM analogs.
The overlaid structures of native EuHMT1 and its Y1211A

mutant further revealed that the terminal sp2 carbon of the allyl
moiety of allylated H3K9 peptide (and likely allyl-SAM) resides
in the vicinity of the side chain of the Y1211 residue (Fig. 2B).
Such proximity suggests a potential steric clash between bulkier
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Fig. 1. Heat-map analysis of the extent of modification (percentage) of
H3K9 peptide by SAM or SAM analogs with native and mutated EuHMT1.
Sites of mutation are highlighted for EuHMT1 (PDB ID code 2RFI). The results
of EuHMT1 are similar to those of EuHMT2 (SI Appendix, Fig. S2).
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SAM analogs 3–7 and the Y1211 residue of native EuHMT1,
and thus prevents native EuHMT1 from binding these SAM
analogs. In contrast, replacing the Y1211 residue with Ala not
only avoids such steric crowding but also allows the extended
alkyl moieties of SAM analogs to gain additional hydrophobic
interaction with the preexisting pocket. This recognition pattern
is expected to extend to other SET-domain-containing PMTs (SI
Appendix, Fig. S5), given their structural similarity with
EuHMT1/2 (28, 29) (Discussion).
The structure of the ternary enzyme–product complex (Y1211A

mutant, allylated H3K9 peptide, and SAH) is superimposable
with that of native EuHMT1 in complex with the dimethylated
peptide and SAH (PDB ID code 2RFI) within 0.24-Å backbone
deviation. This excellent overlay argues that the Y1211A mutant
maintains the overall structural integrity of native EuHMT1
(Fig. 2B and SI Appendix, Fig. S6). Except for the region adjacent
to the mutated Y1211 residue (a slightly kinked δ-carbon of the
substrate Lys9 and the loss of the side-chain hydrogen bond of
Y1211), the Y1211A mutant with the allylated H3K9 peptide
and SAH recapitulates most of the interactions of native EuHMT1
with the dimethylated H3K9 peptide and SAH (SI Appendix, Fig.
S7). Such consistency therefore rationalizes the previous obser-
vation (25) that the Y1211A mutant behaves like the native
enzyme in terms of substrate recognition by solely acting on
the H3K9 site among over 50 lysine residues of the histone
octamer (13, 25, 30). The overall structural comparison between
native EuHMT1 and its Y1211A mutant thus provides the ra-
tionale that the single Y1211A mutation enhances the co-
factor promiscuity of the PMT without altering its substrate
specificity.

Quantitative Determination of Kinetic Parameters for Active Cofactor–
Mutant Pairs. To further explore the structure–activity relationship
of the panel of cofactors for BPPM, we determined their apparent
Km and kcat with native EuHMT1/2 and the most active Y1211A/
Y1154A variants (Fig. 3 and SI Appendix, Figs. S8 and S9). Here
the smallest SAM 1, the sterically rigid SAM analog 5, and the
largest cofactor 7 showed slightly higher Km (low affinity) and
much smaller kcat toward Y1211A/Y1154A mutants (slow enzy-
matic turnovers as reflected by 10- to 100-fold smaller kcat/Km)
than those of EuHMT1/2 on SAM (Fig. 3 and SI Appendix,
Fig. S9). For EuHMT1/2, a slightly increased size of the sul-
fonium-δ-substituents of SAM analogs can dramatically dis-
rupt their activities as cofactors, as shown by ∼20-fold loss of Km
and 2- to 20-fold decrease of kcat from SAM 1 to allyl-SAM 2 and
no detectable activity for bulkier SAM analogs 3–7. The bio-
chemical analysis further revealed that with the increased sizes of
the sulfonium-δ-substituents of the SAM analogs from the hy-
drogen in 2 to methyl/ethyl/propargyl in 3, 4, and 6, the

corresponding Km and kcat of the cofactors toward Y1211A/
Y1154A mutants were improved to the range comparable to
those of SAM toward native EuHMT1/2 (Fig. 3 and SI Appendix,
Fig. S9). These kinetic experiments thus provided a quantita-
tive correlation between the δ-substituents of sulfonium-β-sp2–
containing SAM analogs and their cofactor activities. Here the
cofactors 3, 4, and 6, when paired with EuHMT1/2’s Y1211A/
Y1154A mutants, displayed higher catalytic efficiency (larger kcat/
Km). Among the synthetic cofactors examined here, highly re-
active Hey-SAM 6 stands as an ideal BPPM reagent, given the
presence of the terminal alkyne moiety for CuAAC (11).

Application of Efficient Mutant–Cofactor Pairs to Profile EuHMT1/2
Nonhistone Targets. The concept of BPPM was demonstrated
previously with Ab-SAM as a SAM surrogate (13). However, the
size of Ab-SAM is similar to that of 7, whose activity toward
Y1211A/Y1154A is ∼100-fold lower than that of SAM toward
EuHMT1/2 (results in Fig. 3 and SI Appendix, Fig. S9). Because
of the compromised activity, Ab-SAM might not be an ideal
cofactor to reveal the full spectrum of EuHMT1/2’s targets via
BPPM (Discussion). Given that the cofactor–mutant pairs of 6
and Y1211A/Y1154A show in vitro kcat and Km comparable to
native SAM-EuHMT1/2 pairs, we were intrigued to use Hey-
SAM 6 to identify the targets of EuHMT1/2 (Fig. 4A). Here,
human embryonic kidney (HEK293T) cells were transfected with
the plasmids containing full-length Y1211A/Y1154A mutants or
an empty vector as control. The proteome-wide targets of
EuHMT1/2 were first visualized by treating the cell lysates
with 6 followed by CuAAC with an azido-containing fluores-
cent probe azo-Rho (31). In-gel fluorescence showed sub-
stantial labeling of proteins as putative targets of EuHMT1/2
(SI Appendix, Fig. S10). Barely detectable fluorescence signals
in the control further indicate that Hey-SAM 6 cannot be
processed efficiently by endogenous PMTs of HEK293T cells.
To identify the putative targets of EuHMT1/2, cell lysates

containing full-length Y1211A/Y1154A mutants or empty vector
were treated with 6 followed by CuAAC-mediated conjugation
with an azide-biotin probe. This probe is embellished with a
cleavable azobenzene linker, which is susceptible to the treat-
ment of sodium dithionite (32). After affinity pulldown of bi-
otin-conjugated proteins with streptavidin beads, the enriched
targets were released with sodium dithionite (32) and then
subject to liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) analysis (SI Appendix). The direct
MS results revealed 1,324 and 1,648 proteins (these proteins
are not present in the control) as potential targets of EuHMT1
and EuHMT2, respectively (SI Appendix, Fig. S10 and Tables
S2–S4). With the less-quantitative spectral counts of LC-MS/
MS (SI Appendix, Tables S2 andS3), 799 proteins (36% over-
lap) were found to be shared by EuHMT1 and EuHMT2.

Target Validation via Quantitative Amine-Reactive Isobaric Tandem
Mass Tagging and with Native Enzyme–Cofactor Pairs. We then im-
plemented amine-reactive isobaric tandem mass tagging (TMT)
for simultaneous labeling and analysis of multiple samples in a
quantitative manner. Here the tryptic peptides pulled down from
empty vector- and EuHMT1/2-tarnsfected cells were treated
with the isobaric reagents containing the reporter ions with m/z
126, 128, and 131, respectively (Fig. 4A). Samples were then
mixed and subjected to MS/MS with protein identities uncovered
by MS-decoded peptide sequences, whereas the reporter ions are
dissociated from tryptic peptides with respective abundance re-
flected through the relative intensities of the reporter ions. A
total of 1,145 proteins were uncovered in the TMT-based pro-
teome as EuHMT1/2 substrates (SI Appendix, Table S5). Cross-
analysis between results of the direct LC-MS/MS (SI Appendix,
Fig. S10 and Tables S2–S4) and the quantitive TMT LC-MS/MS
allowed the identification of 774 overlaid targets (Fig. 4B), which
we designated as EuHMT1/2 substrates of high confidence.
Quantitative analysis of these high-confidence proteins indicates

that they were significantly enriched in the enzyme-transfected
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Fig. 2. Structural characterization of EuHMT1-Y1211A mutant in complex
with SAH and the allylated histone H3K9 peptide. (A) Allyl modification on
substrate peptide is accommodated by the hydrophobic cavity formed by
I1168/N1169/H1170/F1209/F1215/W1216 EuHMT1’s Y1211A variant (PDB ID
code 4H4H). (B) Superimposed structures of EuHMT1 (PDB ID code 2RFI) and
its Y1211A mutant (PDB ID code 4H4H). Y1211 residue of native EuHMT1 acts
as a gatekeeper residue.

16780 | www.pnas.org/cgi/doi/10.1073/pnas.1216365110 Islam et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216365110/-/DCSupplemental/sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1216365110


cell lysates compared with control cells (Fig. 4C) with the im-
proved overlay between EuHMT1 and EuHMT2 (Fig. 4D) com-
pared with the direct LC-MS/MS analysis (SI Appendix, Fig. S10).
The BPPM-revealed proteins (solely present or significantly
enriched in the mutant-transfected cell lysates) include a set of
known nonhistone substrates of EuHMT1/2 (SI Appendix, Table
S6). Such consistency thus implied the robustness of the BPPM
approach to tag, enrich, and identify the substrates of designated
PMTs from complex cellular milieu. Here 774 distinct proteins
were identified as the substrates of EuHMT1/2 with Hey-SAM 6.
In contrast, only 128 proteins were identified previously with
Ab-SAM (13). A substantial portion of the previously obtained
targets was included in the current dataset revealed with Hey-
SAM 6 as the BPPM probe. The sixfold increase in target iden-
tification is consistent with the higher activity of Hey-SAM 6 (Fig.
3 and SI Appendix, Fig. S9) and presents this SAM analog as a
desired BPPM regent for EuHMT1/2.
To validate the BPPM-revealed proteins as authentic EuHMT1/2

targets, a diverse, representative set of commercially available
proteins, such as nucleolin, EEF1A1, POLR2A, HAT1, PARP1,
PKIM1, HNPRK, TARS, ACLY, PRMT5, and IDH1, were
subject to in vitro assays with native EuHMT1/2 and radiolabeled
SAM (3H-SAM), followed by autoradiographic analysis (SI
Appendix, Fig. S11). The robust methylation was readily
detected for EuHMT1, EuHTM2, or both, to various degrees
and with the efficiency of many substrates comparable to his-
tone H3 (e.g., POLR2A, PRMT5, IDH1, and nucelolin). MS-
based identification of methylation sites in these nonhistone
substrates would be the next step to define the sequence speci-
ficity of EuHMT1/2. The ready validation of these proteins as
EuHMT1/2 targets thus demonstrates the merit of the BPPM
technology to uncover PMT targets from complex cellular mi-
lieu. The current in vitro data showed slightly preferential
methylation by EuHMT1 (SI Appendix, Fig. S11), consistent with
the quantitive comparison of the targets of EuHMT1/2 (Fig. 4D).
However, given the reported higher activities of the full-length
EuHMT1/2 in cellular contexts (13), the in vitro data likely
only recapitulate EuHMT1/2’s partial abilities for substrate
methylation.

Subcellular Localization and Functional Annotation of EuHMT1/2’s
Targets. Among the BPPM-revealed targets of EuHMT1/2 are
histones (e.g., H1.4/H3), transcription factors (e.g., P53), cyto-
skeletal proteins (e.g., myosin/ARP2/3), chromatin modifying/
remodeling enzymes (e.g., DNMT/CHD3), RNA helicases/splic-
ing factors (e.g., DHX29/PRP16), components of nuclear pore
complex (e.g., Nup93/Nup155), and the proteins involved in
cellular division, stress, and metabolism (e.g., Cdc42/BUB3/CDK2/
HSP70/HSP90). Given that only a handful of nuclear proteins
have been reported previously as the substrates of EuHMT1/2
(15–19), we evaluated the subcellular localization of the BPPM-

derived EuHMT1/2 substrates (SI Appendix, Fig. S12A and
Table S7). Around 30% of the EuHMT1/2 targets are nuclear
proteins, consistent with the preferential nuclear localization
of EuHMT1/2 (15–19). However, a significant portion of the
newly revealed EuHMT1/2 targets are cytosolic, membrane-
bound, and mitochondrial proteins, likely revealing hitherto
unappreciated roles of EuHMT1/2 in cellular processes.
A survey of biological functions of the nonhistone targets of

EuHMT1/2 by IPA (Ingenuity Systems, www.ingenuity.com)
indicates that these proteins participate in diverse cellular and
molecular processes such as cell death and survival, gene expres-
sion, and RNA posttranscriptional modification (SI Appendix, Fig.
S12B and Table S8). Further functional annotation revealed that
EuHMT1/2-mediated nonhistone methylation plays important
physiological roles such as organismal survival and embryonic and
tissue development (SI Appendix, Fig. S12C and Table S8). Such
analysis thus suggests that PMTs may exert important functions in
eucaryotic biology through nonhistone methylation.

Discussion
Structural Features of Engineered EuHMT1 to Recognize Bulky SAM
Analogs. Our previous work demonstrated that EuHMT1 and
its closely related homolog EuHMT2 can be engineered to pro-
cess bulky SAM analogs (13, 25). The current structural analysis
provides molecular-level understanding of how the engineered
EuHMT1 (and likely other related PMTs) recognizes the SAM
analog cofactors. Apparently, EuHMT1’s Y1211A mutation can
generate extra space at the active site by replacing the bulky Tyr
with a smaller Ala. More importantly, Y1211 was further char-
acterized as a gatekeeper to block bulky SAM analogs to ex-
ploit the preexisting hydrophobic cavity formed by its I1168/
N1169/H1170/F1209/F1215/W1216 residues. The Y1211A muta-
tion, which does not alter the overall substrate-binding pattern
of native EuHMT1, removes the gatekeeper, thus allowing the
bulky cofactors to fully access the preexisting hydrophobic cavity
(Fig. 2 and SI Appendix, Fig. S13A).
The structural model is consistent with our biochemical results

that native EuHMT1 is active toward SAM with Km = 3.1 μM,
less active on ally-SAM 2 with Km = 54.5 μM (20-fold loss of Km),
and completely inert toward other bulkier SAM analogs 3–7
(Fig. 3 and SI Appendix, Fig. S9). In contrast, the Y1211A mu-
tant showed promiscuous activities toward SAM analogs 2–7
with comparable Km of 7–35 μM. A similar trend is also ob-
served for EuHMT1’s homolog EuHMT2 (Km = 4.0 μM for
SAM; Km = 68 μM for allyl-SAM; no activity for 3–7) and its
Y1154A mutant (Km of 12–46 μM for SAM and SAM analogs
2–7; Fig. 3 and SI Appendix, Fig. S9). The two- to fivefold im-
proved Km of 3, 4, and 6 versus 1 and 2 toward Y1211A/Y1154A
mutants (Fig. 3 and SI Appendix, Fig. S9) suggests that the
structures of these cofactors fit better in the active sites of the
EuHMT1/2 variants, likely via the extra hydrophobic interaction
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Km=36
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Fig. 3. Steady-state kinetic analysis of native EuHMT1 and its Y1211A mutant with SAM 1 and its analogs 2–7 as cofactors. Apparent kcat and Km were
obtained with the fixed concentration of H3K9 peptide substrate (25 μM) and the varied concentration of cofactors.
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between the extended sulfonium-δ-substituents of 3, 4, and 6 and
the preexisting hydrophobic cavity (SI Appendix, Fig. S13A).

Structural Features of SAM Analogs Suitable for BPPM. Although
several previous efforts show that the existence of sulfonium-
β-sp2 carbon is crucial for the SAM analogs to be active cofactors
of PMT-mediated transalkylation (native PMTs or their variants)
(25, 33), the current structural and biochemical studies shed light
on how such unsaturated moiety can play a role in enzyme ca-
talysis. Prior structural analysis on native PMTs suggests that the
highly conserved Tyr residues in SET-domain-containing PMTs
(e.g., EuHMT1/2’s Y1211/Y1154) facilitate the transmethylation
reaction through the formation of nonclassical C–H. . .O hydro-
gen bonds with the transferred methyl moiety (SI Appendix, Fig.
S13B) (34, 35). Disruption of this interaction with Ala mutation
causes 300-fold decrease of the catalytic efficiency (Fig. 3 and SI
Appendix, Fig. S9). Remarkably, although SAM and allyl-SAM
showed similar affinity for Y1211A/Y1154A mutants as reflected
by their comparable Km of 30–40 μM, kcat of allyl-SAM is at least
10-fold higher than that of SAM (Fig. 3 and SI Appendix, Fig.
S9). Because neighboring unsaturated substituents can stabilize
the transition state of a linear transalkylation SN2 reaction (33),
the allyl moiety of 2 is expected to play a similar role in the
enzyme catalysis (SI Appendix, Fig. S13 C and D). In a similar
manner, the loss of stabilizing C–H. . .O interaction in the tran-
sition state is partially compensated by the transition-state par-
ticipation of the sulfonium-β-sp2 allyl group of 2–7 (SI Appendix,
Fig. S13 C and D).
In addition to the sulfonium-β-sp2 moiety, the δ-substituents of

the SAM analogs proved to be a major determinant in enzymatic

turnover (kcat). Remarkably, despite dramatic size differences in
the δ-substituents of 2–7, these compounds show comparable
affinity to Y1211A/Y1154A mutants as reflected by the less than
fivefold fluctuation of their Km (8–40 μM and 12–80 μM for
Y1211A/Y1154A mutants, respectively; Fig. 3 and SI Appendix,
Fig. S9). This observation suggests that the preexisting hydro-
phobic cavity is spacious and flexible enough to accommodate
the structurally diverse sulfonium-δ-substituents in 2–7.
In contrast to the small variation of Km of 1–7 against Y1211A/

Y1154A mutants, the corresponding kcat values can alter by 100-
fold with the fast turnover of 3.5–10 min−1 for 3, 4, and 6 versus
the slow turnover of 0.08–1 min−1 for 1, 2, 5, and 7 (Fig. 3 and SI
Appendix, Fig. S9). Strikingly, the trend of the kcat mimics that of
the Km with the strong preference of the flexible medium-sized,
sulfonium-δ-substituents as the most active SAM analogs. The
combined effects make 3, 4, and 6 around 10- to 400-fold better
than 1, 2, 5, and 7 toward Y1211A/Y1154A mutants (kcat/Km =
0.3–0.69 min−1·μM−1 versus 0.03–0.002 min−1·μM−1, Fig. 3 and SI
Appendix, Fig. S9) and comparable to the native SAM-EuHMT1/2
pairs (kcat/Km = 0.64 min−1·μM−1). Here we reason that the
optimal binding of 3, 4, and 6 at the active sites of Y1211A/Y1154A
mutants may facilitate a productive transition state by aligning all
of the reaction centers in a linear fashion (SI Appendix, Fig. S13C).
In contrast, weaker binding of 2, 5, and 7 may result in a com-
promised transition state structure leading to inefficient enzyme
catalysis (SI Appendix, Fig. S13D). In the context of Y1211A/
Y1154A mutants, we therefore defined two key structural fea-
tures for m-tag SAM analogs: (i) sulfonium-β-sp2 moiety for
transition-state stabilization and (ii) suitable δ-substituents for
optimal cofactor binding (SI Appendix, Fig. S13 C and D).
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Fig. 4. Labeling and MS identification of proteome-wide substrates of EuHMT1/2. (A) Schematic description of labeling and MS-based proteomic analysis
via BPPM. (B) Venn diagram of the BPPM-revealed substrates of EuHMT1/2 via the direct comparison of the LC-MS/MS data or the quantitive comparison
of TMT MS/MS data. (C and D) Correlation analysis of the EuHMT1/2 targets of high confidence. The criteria to select these proteins: present in the
mutant-transfected cell samples but absent in the empty vector-transfected cell samples for direct comparison of LC-MS/MS data and >1.5-fold enrichment in
mutant-transfected over empty vector-transfected cell lysates in TMT-based proteomics. The abundance ratios of the BPPM-revealed substrates of EuHMT1/2
versus controls were plotted against x and y axis, respectively (C). The abundance ratios of the BPPM-revealed substrates of EuHMT1 versus EuHMT2 were
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Generality of Substrate Labeling with SAM Analogs and Structurally
Matched PMT Variants. Structure-based sequence alignment of
multiple SET-domain-containing PMTs reveals that EuHMT1/
2’s Y1211/Y1154, the gatekeeper residues, are highly conserved
among the family of PMTs (SI Appendix, Figs. S5 and S14). More
importantly, the preexisting hydrophobic cavity, which is con-
structed by EuHMT1’s I1168/N1169/H1170/F1209/F1215/W1216
residues, is well conserved in SET-domain-containing PMTs (SI
Appendix, Figs. S5 and S14). We envision that multiple SET-
domain-containing PMTs can be tailored to process the SAM
analogs as cofactors through mutating the gatekeeper Tyr alone
or in combination with the residues of the nearby preexisting
hydrophobic pockets. With the structurally diverse SAM analogs
(e.g., 2–7) as cofactor candidates, the matched mutant-cofactor
pairs can be readily identified for BPPM.

Nonhistone Substrates Revealed by BPPM Technology. Several prior
methods, which relied on peptide/protein arrays or PMT-knockout
proteome as substrate candidates, allowed identification of some
nuclear proteins as nonhistone targets of EuHMT1/2 (15–19). In
contrast, a single set of experiments with our BPPM approach re-
vealed hundreds of EuHMT1/2 targets. Given that the C-terminal
catalytic domains of EuHMT1/2, although active (15, 28, 36),
show less optimal activity (13), we reasoned that one merit of
the BPPM approach lies in its ability to implement full-length
enzymes to profile their activities. In addition, EuHMT1/2 was
shown to function via multimeric complexes with SUV39H1 and
SETDB1 (8). Overexpressing or down-regulating a single com-
ponent (e.g., SUV39H1 or EuHMT1/2) may alter the stability
and thus the activity of multimeric complexes (8). These context-
dependent challenges in profiling activities of PMTs can be well
addressed by the BPPM approach with engineered full-length
PMT variants and matched SAM analogs. The BPPM-derived
proteomic data indicate that EuHMT1/2’s targets are not

restricted to the nuclear proteins, as reported previously (15–
19), but indeed cover a wide range of nuclear, cytosolic, and
membrane-bound proteins (SI Appendix, Fig. S12A). Func-
tional annotation of these targets suggests that many canonical
pathways may be regulated via EuHMT1/2-mediated methyla-
tion (SI Appendix, Fig. S12B). This work thus serves as a start-
ing point for validating the newly revealed targets with accurate
biological models and defining the downstream functions of
these methylation events.

Materials and Methods
New compounds were fully characterized according to standard practices.
Compound synthesis and characterization, biochemical assays, crystallization,
structure determination, and proteomic analysis are provided in SI Appendix.
The atomic coordinates and structure factors of EuHMT1’s Y1211A mutant
in complex with SAH and allylated H3K9 peptide have been deposited in
the Protein Data Bank (PDB code 4H4H).
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