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ABSTRACT: Methylation is a fundamental mechanism used in
Nature to modify the structure and function of biomolecules,
including proteins, DNA, RNA, and metabolites. Methyl groups are
predominantly installed into biomolecules by a large and diverse class
of S-adenosyl methionine (SAM)-dependent methyltransferases
(MTs), of which there are ∼200 known or putative members in
the human proteome. Deregulated MT activity contributes to
numerous diseases, including cancer, and several MT inhibitors are
in clinical development. Nonetheless, a large fraction of the human
MT family remains poorly characterized, underscoring the need for
new technologies to characterize MTs and their inhibitors in native
biological systems. Here, we describe a suite of S-adenosyl
homocysteine (SAH) photoreactive probes and their application in chemical proteomic experiments to proﬁle and enrich a
large number of MTs (>50) from human cancer cell lysates with remarkable speciﬁcity over other classes of proteins. We further
demonstrate that the SAH probes can enrich MT-associated proteins and be used to screen for and assess the selectivity of MT
inhibitors, leading to the discovery of a covalent inhibitor of nicotinamide N-methyltransferase (NNMT), an enzyme implicated
in cancer and metabolic disorders. The chemical proteomics probes and methods for their utilization reported herein should
prove of value for the functional characterization of MTs, MT complexes, and MT inhibitors in mammalian biology and disease.

■

INTRODUCTION
Biological macromolecules, including proteins, RNA, and DNA,
as well as metabolites, are structurally and functionally
diversiﬁed by chemical modiﬁcation. One such fundamental
mechanism is methylation, or the replacement of a hydrogen
atom on a biomolecule with a methyl group, CH3.1 Methylation
can control DNA transcription (both via direct DNA
methylation2 and indirectly via histone methylation3), RNA
stability and localization,4 and protein activity, structure,
localization, and protein/protein interactions.5−7 Endogenous
metabolites and exogenous drugs are also methylated to alter
their physicochemical properties and biological activities.8,9
Methyl groups, in a biological context, are predominantly
installed by S-adenosyl methionine (SAM)-dependent methyltransferases (MTs), which transfer the sulfonium methyl group
of SAM to carbon, nitrogen, oxygen, and other heteroatom
centers on biomolecules. 10 The metabolic product of
catalysisS-adenosyl-L-homocysteine (SAH)can then be
further catabolized to homocysteine, converted to methionine,
and reincorporated into SAM,11 and the SAM:SAH ratio is
considered to set the methylation potential of biological
systems.12,13
A growing body of evidence suggests that deregulated
methylation is an important feature of cancer,14 as well as other
diseases, such as metabolic15 and neurological disorders,16 and
that, in certain cases, inhibiting MTs can be therapeutic.17
Indeed, in addition to the clinical success of DNMT (DNA
methyltransferase) inhibitors for treating cancer,18 inhibitors
© 2016 American Chemical Society

targeting additional MTs like DOTL1 and EZH2 are under
active clinical investigation.19,20
MTs are one of the largest enzyme classes in Nature;
however, many of the 200+ MTs in humans remain
uncharacterized with regard to endogenous substrates and
functions, and selective inhibitors have been developed for only
a modest subset of these enzymes.10,17 By comparison, smallmolecule inhibitors of other cofactor-dependent enzymes, such
as kinases, have shown broad utility in cancer and other
diseases.21 Most kinase inhibitors compete for binding with the
cofactor ATP to kinase active sites, and advanced chemical
proteomic technologies have exploited the centrality of the
ATP-binding pocket of kinases to create platforms for proﬁling
the activity and selectivity of kinase inhibitors, as well as to
functionally characterize kinases and their substrates, in
complex biological systems.22−24 Similar strategies have begun
to emerge for MTs, where, for instance, SAM analogues that
transfer an alkyne have been used to identify MT substrates.25
Likewise, ﬁrst-generation photoreactive- and ﬂuorescent/biotincoupled probes based on the general MT inhibitors DzNep26
and SAH,27,28 as well as more selective DNMT29 and DOT1L30
inhibitors, have been introduced with the potential to enrich
and identify MTs from native proteomes. While these previous
eﬀorts have succeeded in labeling and enriching a handful of
MTs, the broader potential for chemical proteomic methods to
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Figure 1. S-adenosylhomocysteine (SAH)-based photoreactive probes for chemical proteomic proﬁling of methyltransferases (MTs). R1 and R2
designate varying photoreactive elements and reporter tags (ﬂuorophore, biotin), respectively.

tetramethylrhodamine) and biotinylated probes for enriching
and identifying probe targets by quantitative mass spectrometry-based proteomics (probes 2−4). We also synthesized an
alkyne SAH analogue with the expectation of performing
proteomic studies using copper-catalyzed azide−alkyne cycloaddition (CuAAC),42 but we observed substantial nonspeciﬁc
(UV-light-independent) proteomic reactivity with the SAHbased probes under standard CuAAC conditions (Figure S1).
Chemical Proteomic Proﬁling of Human MTs with
SAH-Based Probes. We ﬁrst treated soluble proteomic lysates
from three human cancer cell lines with probe 1 (25 μM),
followed by photo-cross-linking at 365 nm, SDS-PAGE, and ingel ﬂuorescence scanning, which revealed substantial UV-lightdependent protein labeling (Figure 2). Treatment of lysates
with excess SAH blocked a subset of the probe 1 labeling events
in each cell type (Figure 2). We next employed quantitative
LC-MS to enrich and identify proteins that reacted with

target endogenous human MTs in complex biological systems
with good scope and selectivity remains unclear.
Here we describe the synthesis of a suite of photoreactive
SAH-based probes and their implementation in quantitative
chemical proteomic experiments in human systems. We show
through both UV-light-dependent enrichment and competition
experiments with SAH that the photoreactive SAH-based
probes display good generality and remarkable speciﬁcity for
MTs across the human proteome. We further provide evidence
that SAH-based probes can, in certain instances, enrich MTassociated proteins and be used to screen for and assess the
proteomic selectivity of MT inhibitors.

■

RESULTS AND DISCUSSION
SAH-Based Probes for Proﬁling MTs. We elected to
synthesize a series of MT-directed photoaﬃnity probes based
on the S-adenosyl-L-homocysteine (SAH) core, which is a
product of MT-catalyzed reactions that binds with high nM to
low to mid μM aﬃnity to many MTs.31 We hoped that the
ubiquitous nature of the SAH-binding motif would enable the
photoaﬃnity probes to bind both broadly and speciﬁcally to
MTs. On the basis of an analysis of available crystallographic
data for SAM- and SAH-binding enzymes, and the work of
Dalhoﬀ and colleagues,27 we chose the N-6 position of SAH to
attach photoreactive and enrichment/detection elements, as the
site was expected to position the linker containing these
elements toward solvent. Starting from the acetonide of 6chloropurine riboside, we prepared probes 1−4 in eight
synthetic steps (Figure 1; see Scheme S1 for details).
Considering several recent successful examples of probe
development utilizing aliphatic diazirines32−37 and benzophenones38−41 as photoreactive elements, we chose these groups
(1, 2: diazirine; 3: benzophenone) as well as an aryl azide (4)
for incorporation into the MT-directed probes. By generating
probes with three diﬀerent photoreactive elements located in
generally the same position, we hoped to gain perspective on
the inﬂuence that photo-cross-linker identity had on proteomewide coverage of MTs. We created a ﬂuorescent probe for
visualizing protein targets by SDS-PAGE (probe 1 containing

Figure 2. Gel-based proﬁling with ﬂuorescent SAH-based probe 1.
Probe 1 (25 μM) shows UV-dependent and SAH-competed reactivity
with proteins in human cancer cell lysates (1 mg of protein/mL).
Proteins competed by excess SAH (100 μM) are marked with red
asterisks. 769P and 786O are human renal cancer cell lines, and K562
is a human leukemia cell line.
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Figure 3. Quantitative MS-based proﬁling with biotinylated SAH probe 2. (A) Parent ion mass (MS1) traces for representative tryptic peptides for
the indicated MTs that were speciﬁc (enriched and SAH-competed) targets of probe 2. Blue and red traces represent heavy (+UV, no SAH) and
light (−UV or +UV, SAH-competed) fractions, respectively. For the +UV/+UV control group, both heavy and light cell lysates were treated with
probe 2 and exposed to UV light. Note that a maximum ratio value of 20 was assigned to all ratios with 20 or greater values. 769P_NNMT cells are a
variant of the human renal cancer cell line 769P that has been genetically engineered to overexpress NNMT.8 (B) SILAC ratio plot for total proteins
identiﬁed in human cancer cell lysates treated with probe 2 (heavy: 25 μM, +UV; light: 25 μM, −UV). Results are average enrichment values (+UV/
−UV) for 13 independent experiments performed with 769P cells (±NNMT expression), 786O cells, and K562 cells. (C) SILAC ratio plot for total
proteins identiﬁed in human cancer cell lysates treated with probe 2 (25 μM, +UV) with or without excess SAH (500 μM) competitor. Results are
average competition values (−SAH/+SAH) for 24 independent experiments performed with 769P cells (±NNMT expression), 786O cells, and
K562 cells. The inset shows an expanded image of SAH-competed proteins. For parts B and C, red dashed lines mark the 4-fold ratio change used to
designate UV-dependent and/or SAH-competed proteins enriched by probe 2, and red dots mark MT proteins in the proﬁles. (D) Categorization of
MTs designated as speciﬁc (UV-enriched and SAH-competed) targets of probe 2 based on substrate class. Numbers in parentheses refer to the
number of probe 2 targets identiﬁed in each MT category. MTs without a characterized substrate class are designated as “uncharacterized”.

biotinylated probe 2. For our initial studies, we used 769P cells
(a human renal cell adenocarcinoma cell line) engineered to
overexpress the metabolic MT N-nicotinamide N-methyltransferase (NNMT) (769P_NNMT cells8), anticipating that the

overexpression of NNMT in these cells would provide a
positive control for enrichment studies. Comparison of 769P
and 769P_NNMT cell lysates showed a strong, SAH-competed
13337
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Table 1. List of Speciﬁc Targets of Probe 2 and Their Substrate Class (for MTs and Kinases)

“Enrich” category represents average SILAC ratio measurements for proteins in enrichment experiments (+UV/−UV); “Comp” category
represents average SILAC ratio measurements for proteins in competition experiments (−SAH/+SAH).

a

myelogenous leukemia line)and, for K562 cells, we proﬁled
both soluble and particulate fractions.
In aggregate, we identiﬁed more than 350 proteins that were
enriched by probe 2 in human cancer cell lysates (Table S1).
Only 45 of these proteins, however, were also competed by
SAH, and notably, 40 of these speciﬁc (enriched and
competed) targets of probe 2 were known or predicted MTs
(based on Uniprot designations) (Table 1).45 These MTs could
be reliably detected across multiple experiments (≥2 quantiﬁed
peptides in ≥2 data sets) and were therefore considered highconﬁdence targets of probe 2 (Table 1). Another 11 MTs were
more sparsely detected across enrichment and competition data
sets (medium-conﬁdence; Table 1), but regardless, all enriched
MTs that were also detected and quantiﬁed in competition
experiments showed clear competition by SAH (heavy:light
ratios >4). In contrast, the vast majority of non-MTs (249 out
of 255 proteins) enriched by probe 2 were not competed by
SAH, suggesting that they mostly reﬂect very low aﬃnity or
nonspeciﬁc interactions with the probe. On the basis of these
ﬁndings, we inferred that the handful of enriched MTs that
were not detected in competition data sets (or vice versa) were
also likely speciﬁc targets of probe 2, and therefore, we also
included these MTs in the ﬁnal list shown in Table 1, bringing
the total number of speciﬁc targets of probe 2 to 51 MTs and 5
non-MTs (Table 1).
The MTs enriched by probe 2 distributed across all major
subclasses, including protein (both Arg and Lys), nucleotide
(both DNA and RNA), and metabolic MTs, as well as
uncharacterized MTs that lack known substrates (Figure 3D
and Table S1). Examples of biologically and biomedically
important MTs proﬁled by probe 2 include: (i) DNMT1,
which methylates CpG sites in the genome and is targeted by
anticancer drugs, such as azacitidine and decitabine;46 (ii)
COMT, which methylates and inactivates catecholamine

probe 1-labeled protein in the latter cells that migrated at the
expected ∼30 kDa molecular weight for NNMT (Figure S2).
To quantify 2-enriched proteins by LC-MS, we utilized
stable-isotope labeling by amino acids in cell culture (SILAC)
following established protocols.34,43 We performed two types of
experiments: (i) enrichment experiments, where soluble
proteomic lysates from isotopically heavy amino acid-labeled
cells were treated with 2 (25 μM) and exposed to UV-lightinduced protein cross-linking, and lysates from isotopically light
amino acid-labeled cells were either treated with 2 without
photo-cross-linking (no-UV control) or without probe (noprobe control); (ii) competition experiments, where lysates
from isotopically heavy cells were again treated with 2 (25 μM)
and exposed to UV light, and lysates from isotopically light cells
were treated with excess SAH (500 μM) and 2, followed by
exposure to UV light.44 Protein targets were then categorized as
enriched (heavy:light ratio >4 in enrichment experiments),
competed (heavy:light ratio >4 in enrichment experiments), or
both. Initial studies with both 769P and 769P_NNMT cell
lysates showed that NNMT and several other MTs were
strongly enriched by probe 2 (Figure 3A,B, Figure S3, and
Table 1), and these enrichments were competed by SAH
(Figure 3C). MTs also showed the expected 1:1 ratio in probevs-probe control experiments where heavy and light cell lysates
were both treated with probe and exposed to UV light (Figure
3A, Figure S4, and Table S1). That NNMT could be enriched
and identiﬁed not only from 769P_NNMT cells but also at its
lower endogenous expression levels in parental 769P cells
(Figure 3A and Table S1) indicated the potential of probe 2 to
proﬁle MTs across a relatively broad range of abundances. We
therefore extended our analysis of targets of probe 2 to include
two additional human cancer cell lines786O (an additional
renal adenocarcinoma line) and K562 cells (a chronic
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protein to promote the activity of several MTs (e.g., Bud23,
Mtq2, Trm9) involved in modifying tRNA, rRNA, and protein
components of the cellular translational machinery.53−55 Two
of the probe 2-enriched kinasesAAK1 and BMP2Kare
sequence-related homologues of the yeast ARK kinases AKL1
and ARK1. A review of large-scale protein−protein interaction
studies revealed that AKL1 associates with Trm9 (human
orthologue ALKBH8) in yeast two-hybrid assays.56 Trm9 and
ALKBH8 have been shown to generate the modiﬁed base 5methoxycarbonylmethyluridine found at wobble positions of
tRNAs.57−59 These ﬁndings suggest that at least a subset of the
non-MT proteins enriched by probe 2 are components of larger
protein complexes that contain MTs, which could explain their
reactivity with probe 2, if, for instance, this probe bound to the
MT component of the complexes but cross-linked to these
non-MT associated proteins (as has been observed for other
photoreactive probes, such as those that target histone
deacetylases60,61). Of note, we did not detect ALKBH8 (or
human orthologues of Bud23 and Mtq2) as targets of probe 2,
which could indicate that more eﬃcient photo-cross-linking
occurs with other non-MT proteins (e.g., TRMT112, AAK1,
BMP2K) within some MT protein complexes.
Another probe 2-enriched kinaseADK, or adenosine
kinaseis responsible for converting adenosine into adenosine
monophosphate.62 Literature searches revealed that ADK
activity is inhibited by SAH,63 providing some evidence for a
direct interaction between SAH and this kinase. Consistent
with this past work, we found that recombinantly expressed
ADK reacted with probe 1 and this interaction was blocked by
excess SAH (Figure 4). We also considered that probe 2 (and
SAH) might be catabolized in cell lysates to an adenosine
derivative, which then reacted with the adenosine binding site
on ADK. However, we found that probe 2 reactivity with
recombinant ADK was also blocked by the nonhydrolyzable
natural product SAH analogue sinefungin64 (Figure S7).
Adenosine, but not ATP, also competed probe 2 labeling of
ADK (but not other endogenous MTs assessed in this
experiment) (Figure S7), suggesting that SAH may bind to
one of the two adenosine binding sites in this kinase.62
While the most common type of SAM-dependent enzyme in
the human proteome catalyzes methyl-donating reactions, other
SAM-utilizing enzymes exist, such as those involved in
polyamine biosynthesis65 and the radical SAM superfamily.66
While we did not observe radical SAM enzymes as targets of
probe 2, spermine synthase (SMS) was enriched by this probe
(Table S1). However, SMS showed inconsistent competition
by SAH and therefore did not meet the criteria required for
designation as a high-conﬁdence target of probe 2. Adenosyl
homocysteinase (AHCY) showed a similar proﬁle of enrichment but inconsistent competition by excess SAH. Further
studies may clarify whether these proteins are legitimate targets
of probe 2.
Taken together, these ﬁndings demonstrate that the speciﬁc
targets of probe 2 in human cell proteomes, as deﬁned by
exhibiting the dual properties of enrichment and SAH
competition, are remarkably restricted to MTs, along with a
handful of proteins that are part of MT complexes or
independently bind SAH.
Evaluating the Impact of Photoreactive Groups on
MT Proﬁles of SAH-Based Probes. We next asked whether
the identity of the photoreactive group aﬀected the target
proﬁle of SAH-based probes. Proﬁling the soluble proteomes
from K562 cells with benzophenone and aryl azide probes 3

neurotransmitters and is a potential target for neurological
disorders, such as Parkinson’s disease;47 (iii) several protein
arginine (CARM1, PRMT1, PRMT3, PRMT5, PRMT6) and
lysine (SYMD3) MTs implicated in cancer and inﬂammation;48−50 and (iv) METTL3, which catalyzes the formation of
N6-methyladenosine (m6A) of mRNA and long noncoding
RNA.51 Among the uncharacterized MTs, ECE2 is an unusual
protein predicted to have an N-terminal cytosolic MT domain
followed by a transmembrane domain and C-terminal peptidase
domain.52 Various proposed splice variants of ECE2 have been
described some of which would generate truncated proteins,52
and it remains unclear which of these protein forms
predominate in cells. In our proteomic data sets, we exclusively
observed peptides for the MT domain of ECE2 (Figure S5),
indicating that, for the cancer cell types under investigation, the
MT domain of ECE2 likely exists as a separate protein
(generated either by alternative splicing or proteolytic
processing of a full-length form). In summary, from an analysis
of three human cancer cell lines, we discovered that probe 2
enriched ∼25% of the 200+ known and predicted human MTs.
We suspect that some MTs were not detected because they
have highly restricted cell and tissue distributions (e.g., GNMT
is mainly expressed in liver). We also note that some of the
sparsely detected MTs (e.g., DOT1L, EZH2) were found in the
particulate fractions of cancer cell lysates, which were not
extensively proﬁled in this study. This fraction may represent an
enriched source for chromatin-associated MTs.
The enrichment of 50+ MTs from cancer cell lysates by
probe 2 initially seemed to contradict the proﬁle observed with
ﬂuorescent probe 1 by SDS-PAGE, where only a handful of
SAH-competed bands were observed (Figure 2). We
recombinantly expressed several of the speciﬁc MT targets of
probe 2 in HEK293T cells and found that the proteins could be
detected by SDS-PAGE with probe 1 and that their probe
labeling exhibited UV-dependence and SAH competition
(Figure 4 and Figure S6). These data indicate that many of

Figure 4. Probe 1 labeling of recombinantly expressed MTs and SAHbinding protein ADK. Proteins were expressed in HEK-293T cells by
transient transfection and assayed in cell lysates, or expressed and
puriﬁed from bacteria and doped into HEK293T lysates. Samples were
treated with probe 1 (25 μM) ± UV light and with or without excess
SAH (100 μM). For complete gels, including mock-transfected HEK293T cells, see Supporting Figure S6.

the MTs enriched by probe 2 can also be labeled and detected
by probe 1 when recombinantly expressed in human cells, but
their endogenous expression levels may be too low in cancer
cell lysates to be detected over nonspeciﬁcally labeled (SAHindependent) background proteins by SDS-PAGE.
Considering that the vast majority of speciﬁc targets of probe
2 were conﬁrmed or predicted MTs, we were curious about the
rare exceptions and their mode of interaction with probe 2.
Literature searches revealed that TRMT112 is the human
orthologue of a yeast protein Trm112p that acts as a scaﬀolding
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and 4, respectively, in both enrichment (probe ± UV) and
competition (probe ± excess SAH) experiments identiﬁed 22
methyltransferases, only one of which (CMTR2) was not
identiﬁed with diazirine probe 2 (Figure 5, Figure S8, and Table

unclear whether it also reacted with other fragments and, if so,
with what potency. We therefore established a competitive FP
screen where compounds could be tested for their ability to
displace probe 1 from binding to recombinant, puriﬁed human
NNMT. We ﬁrst conﬁrmed that probe 1 binding to NNMT in
this FP assay was blocked by SAH in a concentrationdependent manner with good Z′ (0.73) and signal:background
(>10:1) values (Figure S9). We then screened ∼20 electrophilic fragments (Figure S10) and identiﬁed several compounds
that blocked the probe 1−NNMT interaction (Figure 6C)
when tested at 500 μM, but only fragment 8 also showed
activity at 25 μM. Fragment 8 also blocked in a concentrationdependent manner probe 1 labeling of an ∼30 kDa protein in
786O cell lysates presumed to be endogenous NNMT (Figure
6B) (NNMT is 29.6 kDa in size, and 786O cells express high
levels of this protein8).
We synthesized and tested a series of amide analogues of
fragment 8, which revealed that NNMT inhibition, as measured
by probe 1 labeling in 786O cell lysates, tolerated replacement
of one of the CF3 groups with a phenyl amide but not other
amide substitutions (Figure 6D). Further modiﬁcations
furnished compound RS004 (31), which blocked probe 1
labeling of endogenous NNMT with an IC50 value of 10 μM
(Figure 6E) and kobs/[I] value of 21 ± 4 M−1 s−1 (Figure
S11A). RS004 also inhibited the catalytic activity of
recombinant, puriﬁed NNMT using a nicotinamide substrate
assay in a concentration-dependent manner with an IC50 value
of 1.0 μM (0.7−1.2 μM, 95% conﬁdence intervals) (Figure
S11B). Importantly, RS004 blocked probe 1 binding to and the
catalytic activity of wild type but not a C165A mutant of
NNMT (Figure 6F and Figure S11B), supporting that this
compound produces its inhibitory eﬀect through reaction with
C165. Finally, initial chemical proteomic studies conﬁrmed that
RS004 (25 μM, 30 min) blocked probe 2 reactivity with
endogenous NNMT but not other MTs in human cancer cell
proteomes (Figure 6G), consistent with the unique positioning
of C165 within the NNMT active site.

Figure 5. Distribution of MTs enriched by diﬀerent photoreactive
probes. Data are from K562 soluble lysates; 7−8 experiments for each
probe that represent a combination of enrichment (UV vs no UV) and
SAH competition experiments. See Supporting Table S1, tab “Figure 5
data” for further details.

S1). Several other MT targets of probe 2 were either not
enriched by probes 3 and 4 or enriched by probe 4 but not
competed by excess SAH. We are unsure why some MTs are
enriched by probe 4 but not competed in their interaction by
SAH. One possibility is that these enrichments reﬂect
nonspeciﬁc (i.e., nonactive site) labeling of MTs. Alternatively,
the diﬀerential SAH competition of some MTs in reactions
with probes 2 versus 4 could reﬂect the varying reactive
intermediates formed upon UV irradiation. Proteins labeled by
probe 4 likely arise from direct cross-linking between the
nitrene species initially formed upon UV irradiation and/or
reaction of nucleophilic residues with the dehydroazepane
formed upon nitrene rearrangement. Thus, poor SAH
competition could reﬂect a persistent covalent mechanism for
probe 4, which, instead of providing a transient snapshot of
probe−protein interactions, can cumulatively label proteins
over time, thereby overcoming reversible competition by SAH.
Regardless of the precise mechanistic diﬀerences, our data
indicate that, for the SAH probes tested herein, the aliphatic
diazirine group exhibited the broadest and most speciﬁc
coverage of MTs in human cell proteomes.
Discovery of a Covalent Inhibitor of NNMT Using
SAH-Based Probes. Cofactor-based probes have proven
useful for the discovery and characterization of enzyme
inhibitors.67−70 Building on previous studies showing that
ﬂuorescent SAH probes can be used to measure the binding
aﬃnity of SAM and SAH to MTs by competitive ﬂuorescence
polarization (FP),28,71 we tested whether probe 1 could serve as
a screening assay for the discovery of MT inhibitors. We
selected NNMT for analysis because this MT has been shown
to play important roles in cancer72,73 and metabolic disorders15
but lacks selective inhibitors.
A review of the human NNMT crystal structure74 revealed
the presence of a cysteine (C165) within the SAM-binding
pocket that is not found in other MTs (Figure 6A).
Considering that covalent ligands targeting noncatalytic
cysteines in cofactor pockets have been developed for other
enzymes, including kinases75 and MTs,76 we wondered if a
similar approach could be applied to NNMT. Fragment-based
methods oﬀer a powerful way to discover protein ligands,77,78
and our lab recently reported a fragment electrophile library
and its proteome-wide reactivity in human cancer cells.79
Within this large data set, we noted that one fragment
(compound 8, Figure 6B) reacted strongly with C165 of
NNMT. This cysteine, however, exhibited sparse coverage
across the global proteomic data sets, and it was therefore

■

CONCLUSIONS
Despite previous reports of various chemical proteomic probes
derived from SAH and MT inhibitors,26−30 the utility of such
probes for broadly proﬁling human MTs in complex biological
systems has remained unclear. Probes 5 and 6, for instance,
have been evaluated mainly in bacterial and plant systems,
where they were found to enrich a handful of MTs.27,28,80,81
Inspired by recent studies demonstrating that dialkyl diazirines
serve as useful photoreactive groups for chemical proteomic
studies,33−35,37 we generated SAH-based probes bearing a
diazirine photo-cross-linker and found that these probes are
capable of enriching a substantial fraction of human MTs from
cancer cell proteomes. That these MTs originate from most of
the major functional (protein, RNA, DNA, metabolite) and
structural (seven-beta strand, SET, precorrin) subclasses10
reinforces the potential broad utility of probes 1 and 2 for
characterization of this large and diverse enzyme family. On this
subject, it was also exciting to ﬁnd that several of the probe 2enriched MTs represent poorly characterized enzymes for
which knowledge of physiological substrates and functions is
lacking. SAH-based probes thus provide an enabling assay
format to proﬁle these MTs in biological systems, as well as to
screen for and develop inhibitors, as we showed for the cancerrelated enzyme NNMT. Nonetheless, a full understanding of
the scope of coverage of MTs provided by these SAH-based
13340
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Figure 6. Discovery of an inhibitor of NNMT that reacts with active-site cysteine C165. (A) Crystal structure (PDB 2IIP) of SAH bound to human
NNMT; an active-site cysteine C165 is highlighted. (B) Structure of hit fragment 8 and concentration-dependent blockade of probe 1 labeling of
endogenous NNMT in 786O soluble lysates (2 mg of protein/mL) by 8. (C) Fluorescence polarization screen of a fragment electrophile library73
for inhibition of probe 1 binding to recombinant, puriﬁed human NNMT. See Figure S10 for structures of fragment electrophiles screened. (D)
Concentration-dependent eﬀects of 26−30 on probe 1 labeling of NNMT. (E) Structure of the more potent NNMT inhibitor RS004 (31) and
concentration-dependent blockade of probe 1 labeling of NNMT by 31. (F) RS004 (indicated concentrations, 60 min) blocks binding of probe 1 to
NNMT but not the C165A-NNMT mutant as measured by ﬂuorescence polarization. Data represent mean values ± standard deviation; n = 4 per
group. (G) RS004 (25 μM, 30 min) blocks probe 2 labeling of NNMT but not other MTs in cancer cell lysates as measured by quantitative MSbased proteomics. Reported SILAC ratios are average competition values (DMSO/RS004) for three independent experiments performed with 786O
cells. Representative MS1 traces for NNMT and other RS004-insensitive MTs are shown.

the 50+ remaining targets were MTs, along with a handful of
MT-associated proteins and proteins previously shown to bind
SAH. Importantly, this remarkable selectivity was preserved
even at the high concentrations of the SAH probe and
competitor tested herein, indicating that simultaneously
proﬁling MTs that show a broad range of SAH-binding aﬃnity
should be possible. Thus, our data, combined with previous
studies assessing the proteome-wide interactions of GTP82 and
CoA,83 support the value of cofactor-based photoreactive
probes for enriching and proﬁling large classes of enzymes with
good scope and speciﬁcity in native biological systems.
Projecting forward, it would be valuable to further modify
SAH-based probes so that they display improved cell
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but our initial attempts suggest that the classical CuAAC
reaction may not be compatible with the SAH probes described
herein. Fortunately, there are now many other bioorthogonal
reactions that can be explored as alternatives.84−86 We also
speculate that extending the length of the linker between the
SAH and photoreactive groups could furnish probes with a
greater capacity to label and enrich MT-associated proteins,
albeit at the potential expense of reacting with MTs themselves.
Regardless, one could envision that ultimately a suite of
photoreactive SAH probes with varying structures and reporter
tags would be used for the comprehensive characterization of
MTs, MT-associated proteins, and MT inhibitors in native
biological systems. These probes should oﬀer a powerful tool
set that complements other chemical biology methods to assess
MT substrates25,87,88 toward the shared goal of improving our
understanding of MTs and MT pathways in human biology and
disease.
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