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ABSTRACT: Finding the targets of natural products is of key importance in both
chemical biology and drug discovery, and deconvolution of cofactor interactomes
contributes to the functional annotation of the proteome. Identifying the proteins
that underlie natural compound activity in phenotypic screens helps to validate the
respective targets and, potentially, expand the druggable proteome. Here, we
present a generally applicable protocol for the photoactivated immobilization of
unmodified and microgram quantities of natural products on diazirine-decorated
beads and their use for systematic affinity-based proteome profiling. We show that
among 31 molecules of very diverse reported activity and biosynthetic origin, 25
could indeed be immobilized. Dose−response competition binding experiments
using lysates of human or bacterial cells followed by quantitative mass
spectrometry recapitulated targets of 9 molecules with <100 μM affinity.
Among them, immobilization of coenzyme A produced a tool to interrogate
proteins containing a HotDog domain. Surprisingly, immobilization of the
cofactor flavin adenine dinucleotide (FAD) led to the identification of nanomolar interactions with dozens of RNA-binding proteins.

■ INTRODUCTION
In recent years, two major groups of mass spectrometry-
coupled approaches have emerged as tools for target
deconvolution of bioactive small molecules. “Label-free”
techniques, which do not require modification of either
protein or small molecule such as DARTS,1 SPROX,2 Lip-
MS,3 and CETSA4/TPP,5 measure changes in biophysical
properties of target proteins upon ligand binding. In contrast,
methods such as AfBPP,6 PAL,7 and ABPP8 rely on chemical
probes that enrich protein targets from a biological source.
Although label-free approaches are assumed to be rather
unbiased, they suffer from the need to measure entire
proteomes in order to find the often few individual proteins
that change their physical properties within complex biological
systems. While also laborious, the design and synthesis of
chemical affinity probes offer an alternative that focuses on the
analysis of a small part of the proteome that can be measured
very efficiently. For naturally occurring molecules, the synthesis
of appropriate probes is often prohibitive. Owing to their
structural complexity, it can take years or even decades to
complete the total synthesis of a natural compound or its
derivatives. However, as an evolutionary enriched pool of
biologically active compounds, natural products are a
particularly interesting resource for chemical biology and
drug discovery. The simple fact that they are produced by
nature to serve a defined biological function provides sheer
endless inspiration for drug design. From all small-molecule

drugs approved between 1981 and 2019, 69% were either
native natural products (NPs), derivatives thereof, or NP-
inspired molecules.9 Hence, NPs are frequently included in
phenotypic drug screens, and many NPs with anticancer
activities have been identified this way (e.g., paclitaxel).10 High
three-dimensional structure complexity and vast scaffold
diversity, which make NPs so attractive for drug research, are
also the major challenges for the synthesis of analogues,
necessary for hit expansion and probe-based target deconvo-
lution. In addition, given the often limited structure−activity
relationships, rational installation of an enrichment handle that
will not impair target binding may be difficult. Therefore, for a
large number of bioactive natural products, targets and modes
of action are still poorly understood.
To accelerate research of natural molecule action on the

proteome, an expeditious general protocol for target
deconvolution is highly desirable. To this end, Kanoh et al.
pioneered the implementation of UV-induced photo-immobi-
lization of small molecules. They repurposed the photo-
activatable diazirine moiety, widely used for photoaffinity
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labeling (PAL) of protein targets, to photo-crosslinking of
small molecules onto beads.11 Upon UV irradiation, the
diazirines that decorate the beads convert to carbenes and
covalently insert (presumably randomly and promiscuously)
into proximal C−H or X−H bonds of bead-adsorbed
molecules (Figure 1a). The same group has also designed
cleavable linkers that allow the release of the immobilized

molecules to, for example, characterize the regioselectivity of
such carbene insertions in different synthetic molecules and
solvents.12 They utilized this technology to immobilize the
immunosuppressive drug of natural origin tacrolimus (FK506).
A Novartis team recently adopted the approach to study
chivosazole F, a natural product of unknown mode of action.
By competition between immobilized chivosazole F and either

Figure 1. Workflow for target deconvolution using photo-immobilized affinity matrices. (a) Photo-crosslinking of natural products on diazirine-
loaded beads through unselective carbene insertion. (b) Dose-dependent competition pulldown experiment of unmodified natural products and the
corresponding affinity matrix coupled to quantitative mass spectrometry for protein identification and determination of apparent interaction
constants (KD

app); EC50: effective concentration of natural product necessary to reduce protein binding to beads by 50%. Figure created with
Biorender.com.

Figure 2. Optimization of photo-crosslinking conditions using tacrolimus as a model system. (a) Tacrolimus apparent loading on beads (blue
circles) as a function of irradiation time or compound:linker ratio. 2 molar excess of tacrolimus was added to 2 μmol mL−1 LC-SDA-loaded beads
for irradiation time tests; for cpd:linker optimization, a respective mol amount of tacrolimus was titrated to 2 μmol mL−1 LC-SDA-loaded beads.
Tacrolimus final loading on beads was determined from LC−MS coupling controls (see Materials and Methods in the Supporting Information).
(b) Relative amount of FKBP12 bound to beads (expressed as the fraction of FKBP12 vs total protein intensity-based absolute quantification,
rIBAQ, %) as a function of linker density in the presence of DMSO (gray), in competition with 10 μM free tacrolimus (pink) and bound to beads
that do not display immobilized tacrolimus (green, blocked beads). The blue circles indicate the density of tacrolimus on beads. (c) Structures of
the diazirine linkers evaluated for photo-crosslinking of tacrolimus. (d) Relative amount of FKBP12 vs total protein bound to beads for the different
linkers and the mixture of all linkers. (e) Residual binding of FKBP12 to beads as a function of increasing doses of free tacrolimus used as a
competitor. Curve fitting was achieved using a four-parameter log-logistic regression model; the fit error is estimated with the error bars.
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a vehicle control (such as DMSO) or 100 μM chivosazole F
dosed into a HEK293T cell lysate, they identified actin-
containing protein complexes as interactors of chivosazole F.13

A recent publication by Melder et al.14 has shown that phenyl
diazirine-decorated cellulose membranes can also be used for
target screening of bioactive natural molecules. They have
compared the protein enrichment by membranes loaded with
cyclosporine A, tacrolimus, sirolimus, or lenalidomide with
unmodified control membranes and recapitulated known
binders of the drugs.14 This approach adopts a different
philosophy compared to more classical probe-based target
deconvolution techniques: it bypasses the challenging synthesis
of rationally designed analogues of the molecule of interest and
embraces the promiscuity of carbene insertion chemistry. In
this way, low quantities of unmodified molecules become
amenable for target deconvolution. Inspired by this elegant
concept, we sought to explore the scope and merits of
unselective photo-immobilization using diazirine-function-
alized beads for target profiling of natural compounds more
systematically.

■ RESULTS AND DISCUSSION
Expeditious Workflow for Photo-Immobilization of

Natural Products for Target Deconvolution. We first
evaluated different parameters of the target deconvolution
assay that capitalizes on established and robust protocols for
affinity pulldown coupled to MS readout (Figure 1b).15 Potent
bioactive molecules are expected to show strong binding
affinities for their protein targets. Therefore, an affinity matrix
based on the chemical structure of the compound in question
should efficiently enrich molecular targets from biological
samples (lysates). In turn, these can then be identified
agnostically using mass spectrometry. The main advantages
of this assay are (1) a reduced proteome complexity, owing to
the affinity enrichment step, which renders the MS readout
more efficient, and (2) the affinity matrix that can be set to
compete for target binding with the unmodified molecule of
interest. When the assay is performed with a range of
competitor concentrations in native lysate, it yields dose−
response competition curves that characterize the binding
across the panel of all enriched proteins and allows for target
identification. The effective concentration of natural product
necessary to reduce protein binding to beads by 50% (EC50)
can be determined from the curve and converted into an
apparent interaction constant (KD

app; see the Supporting
Information for details). Manual inspection of all curves for all
bead-bound proteins allows to de novo annotate proteins as
targets of the analyzed natural molecules (Figure 1b).
To optimize UV-induced (365 nm) immobilization, we

chose tacrolimus as a model compound. First, the optimal
irradiation time was determined for beads loaded with 2 μmol
mL−1 succinimidyl 6-(4,4′-azipentanamido)hexanoate (LC-
SDA) and using a twofold molar excess of tacrolimus. We
tested six irradiation times and observed that tacrolimus
conversion reached a plateau after 30 min, which was used in
all subsequent experiments (Figure 2a and Figure S1a). To
assess the optimal compound-to-linker ratio, tacrolimus was
titrated to the 2 μmol mL−1 LC-SDA beads in 0.5, 1.0, 1.5, and
2.0 molar equivalents. There was no obvious difference in
tacrolimus loading to the beads within the tested range (Figure
2a and Figure S1b). Pulldowns using the above matrices and
K562 cell lysate enriched FKBP12, the cognate target of
tacrolimus, in comparable quantities (Figure S1d). Pulldowns

in the presence of 10 μM tacrolimus as competitor confirmed
the specificity of the enrichment with a slightly better
performance for the affinity matrix prepared with equimolar
amounts of linker and compound (Figure S1d). Usage of the
equimolar compound-to-linker ratio was hence decided for all
subsequent experiments. This turned out to be a good choice
for the immobilization of all natural compounds tested in this
study (Table S2).
With a fixed irradiation time (30 min) and compound-to-

linker ratio (equimolar) in hand, we further evaluated the
influence of the diazirine linker density on beads. As expected,
immobilization on beads decorated with higher LC-SDA
coupling densities led to higher absolute conversion (in mol
amount) and higher apparent coupling density of tacrolimus
(Figure 2b and Figure S1c). However, the reaction showed to
be less and less efficient with increasing diazirine densities as a
20-times higher linker density was required to achieve a 3-fold
higher coupling density of the compound (Figure S1c). The
relative abundance of FKBP12 in pulldowns using these
matrices ranged from 6% (vs 0.1% for control beads) to 20%
(vs 0.2% for control beads) for beads prepared with 1.5 μmol
ml−1 LC-SDA and tacrolimus (Figure 2b). At higher linker
densities, we observed increased unspecific protein binding to
beads, which led to lower relative FKBP12 abundance (Figure
S2). Again, single-dose competition pulldown experiments
using 10 μM tacrolimus for all affinity matrices also defined 1.5
μmol mL−1 as the optimum linker coupling density as the ratio
of the amount of FKBP12 compared to vehicle was maximal
(Figure 2b).
Obviously, the choice of photo-activatable linker is also

important as its chemical nature can influence the efficiency of
the carbene insertions. It has been shown that, upon UV
irradiation, diazirines can undergo diazo-isomerization, result-
ing in undesired linear diazo-intermediates.16 Length, bulki-
ness, or hydrophobicity of the spacer can also influence
(un)desirable and (un)specific binding of proteins from cell
lysates to beads. We, therefore, compared tacrolimus-loaded
matrices prepared using four commercially available photo-
activatable linkers. These are the LC-SDA linker discussed so
far, a shorter version SDA and two trifluoromethyl diazirine
molecules, namely, the alkyl CF3 linker 2-(3-(trifluoromethyl)-
3H-diazirin-3-yl)ethan-1-amine (CAS 2095409-03-1) and the
analogous phenyl CF3 linker (4-(3-(trifluoromethyl)-3H-
diazirin-3-yl)phenyl)methanamine (CAS 1258874-29-1) (Fig-
ure 2c). Using the reaction conditions optimized above,
tacrolimus conversion ranged between 25% (for LC-SDA) and
60% (for alkyl CF3) (Table S2), and the CF3 diazirine linkers
were overall more efficient. But this did not translate into more
efficient tacrolimus loading to beads or enrichment of FKBP12
(Table S2). The relative amounts of FKBP12 enriched on
beads ranged from 3% for the most dense aliphatic
trifluoromethyl-based beads to 27% for LC-SDA (Figure 2d).
Since alkyl and aryl diazirines display different labeling
preferences and that multiple functional groups can react
with carbenes,12,17 each carbene insertion is expected to follow
its own regioselectivity rules for the different linkers. Moreover,
the chains of atoms that separate the tacrolimus molecule from
the bead surfaces may have a strong impact on the binding to
FKBP12. As the immobilization approach relies on the
unselective nature of carbene insertion, a (unknown) fraction
of the immobilized compound may be inactive, leading to loss
of protein binding. Another fraction might, however, be
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attached via diverse anchor points that maintain bioactivity.
Our experiments indicate that this balance is linker-dependent.
With the intention to generalize the experimental procedure,

we performed pulldowns using a mixture of tacrolimus-
functionalized beads that contain all four diazirine linkers.
Here, FKBP12 constituted more than a third of the entire
enriched sub-proteome (Figure 2d), and the dose−response
curves for native FKBP12 obtained using individual linker-
derived or mixed linker-based tacrolimus matrices were very
similar and allowed the determination of consistent affinities
(median 111 nM +/− 38 nM STD; Figure 2e and Table S1).
Importantly, in these dose-dependent competition experiments
with tacrolimus, among all bead-bound proteins, FKBP12 and
this protein only showed the typical dose−response curve
expected for a target. Clearly, would the target of tacrolimus be
unknown, our assay would de novo deconvolute FKBP12 as the
likely target of the drug (Table S3).
For all experiments so far, diazirine beads were evaporated

to dryness, which alters beads’ morphology and causes them to
shrink. To compare affinity matrices produced in this way to
immobilization in suspension, tacrolimus was added to SDA-
loaded beads in radical-friendly mTHF and subjected to UV
irradiation followed by a full dose competition pulldown using
K562 cell lysate. Here, the enrichment of FKBP12 was reduced
by more than a half (from 28 to 12% rFKBP12; Figure 2d)
compared to dried beads, and the dose-dependent competition
resulted in a poorer quality curve (Figure 2e). In light of the
above, we fixed the assay conditions to 1.5 μmol mL−1 mixed
diazirine-loaded beads and 1 molar equivalent of compound,
which, following mixing, are evaporated to dryness and
exposed to 30 min of UV irradiation at 365 nm (details of
experimental procedures in the Supporting Information).

An important result of the optimization procedure thus far is
that the novel multi-linker protocol requires less than 0.25 mg
of compound to produce enough matrix for a full dose−
response target deconvolution experiment. This is important as
only very limited quantities of natural product can typically be
isolated in practice.
Immobilization of Staurosporine via Carbene In-

sertion or Acylation Yield Complementary Target
Profiles. Owing to the rich chemoproteomic history of
staurosporine, we chose this natural broad kinase inhibitor to
compare our multi-linker photo-immobilization method to
conventional immobilization via acylation of the secondary
amine (Figure 3a). A matrix obtained by the latter approach
was included in the first version of Kinobeads, a kinome-
enriching affinity matrix composed of seven linkable and
broad-spectrum kinase inhibitors.18 The Kinobeads approach
identified 66 kinase targets with IC50 below 10 μM and 51
kinases that showed thermal shifts in the following CETSA-MS
profiling. The authors also observed that about one-third of the
kinase targets found by Kinobeads profiling did not show
measurable thermal shifts upon binding.19 We performed
target deconvolution of (unmodified) staurosporine using full
dose competition pulldowns against photo-crosslinked beads
or against the compound coupled to NHS-activated beads
(Figure 3b). Both matrices enriched a rather surprisingly small
number of kinases, and only three targets were identified with
similar affinities in both assays (AURKA, CAMK2D, and
CAMK2G). Five kinases (AURKB, MARK2, MARK3, TBK1,
and TNK1) were only found using NHS-immobilized
staurosporine, and CAMKK2, GSK3A, GSK3B, PRKAA1,
PRKAA2, and PRKAG1 were exclusively observed using
photo-crosslinked beads. The two tailored affinity matrices

Figure 3. Comparison of target proteins identified by selective secondary amine vs photo-immobilization of staurosporine or Kinobeads. (a)
Chemical structure of staurosporine with the secondary amine used for immobilization highlighted in blue (selective immobilization). The orange
circle depicts that promiscuous UV-induced immobilization may occur anywhere in the compound. (b) Heatmap depicting apparent binding
constants of protein targets obtained by photo-crosslinked or selectively immobilized staurosporine. (c) Apparent binding constants of all
staurosporine kinase targets obtained by Kinobeads (KBs) profiling. The black dots indicate the targets that were only identified in Kinobeads
assay, selectively immobilized staurosporine and Kinobeads (NHS, blue dots), UV-immobilized staurosporine and Kinobeads (orange), or by all
three approaches (KBs, UV, and NHS, green dots).

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://doi.org/10.1021/acschembio.2c00500
ACS Chem. Biol. 2022, 17, 3100−3109

3103

https://pubs.acs.org/doi/suppl/10.1021/acschembio.2c00500/suppl_file/cb2c00500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.2c00500/suppl_file/cb2c00500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.2c00500/suppl_file/cb2c00500_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00500?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00500?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00500?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00500?fig=fig3&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.2c00500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


also underperformed compared to the latest version of
Kinobeads that do not contain immobilized staurosporine
(Figure 3c).20 Our Kinobeads profiling identified 94 kinase
targets with affinities below 10 μM and included all the above
targets. Based on the crystal structures of multiple
staurosporine−kinase complexes, it is quite clear that
immobilization of the molecule through its methylamino
group can result in substantial changes in protein binding. For
instance, acylation annihilates the often-observed hydrogen
bond between the charged amine of the compound and ATP
pocket residues of the kinase. As noted above, the carbene
insertion reaction also affects the ability of the affinity matrix to
engage targets, evidently, in a different way than the NHS-
linked analogue(s) of staurosporine. Despite multiplying the
chances of producing bioactive linked analogues by photo-
crosslinking, the example of staurosporine highlights limita-
tions of our approach in terms of how comprehensive it is with
regard to target deconvolution.
Promiscuous Photo-Immobilization Enables Rapid

Probing for Protein Binders of Natural Molecules. To
evaluate the scope of our target deconvolution assay more
broadly, we selected 31 commercially available natural
molecules (including tacrolimus and staurosporine discussed
above) of different biosynthetic origins. Among them are 3
common antibiotics, 5 cofactors of proteins, and 24
compounds with reported anticancer activity in at least one
assay (Figure S3 and Table S2). After preparing their
corresponding affinity matrices using our multi-linker protocol,
we performed dose-dependent competition binding assays in
human or bacterial cell lysates. Reassuringly, 25 of the 31
tested compounds (80%) could be immobilized with coupling
efficiencies ranging between 15 and 99% (Figure 4a). Only two
compounds failed to react with diazirine beads, while further
four compounds do not possess a UV chromophore or did not
generate the UV or MS signals necessary for quantifying their
conversion by LC−MS. These measurements cannot conclude
on the regioselectivity or potential cascading of the

immobilization reaction, but they do indicate that the
compounds are not excessively labile upon UV exposure,
since side-products were not observed in the spectra. The
number of proteins enriched by the 31 affinity matrices ranged
from several hundreds to several thousands (Figure 4b).
Protein binders have been described for about half of the
compounds, and we were able to recapitulate known targets for
eight compounds (Table S2). For compounds without
described protein binders, our assay also did not uncover
any. There may be many reasons for not capturing targets in
addition to the ones outlined above. For instance, the protein
may not be expressed in the cells we used here, they may not
retain their natural fold under the conditions of lysis, or the
interaction may be too transient to capture. Some NPs may be
prodrugs that may be inactive in lysates, while others may not
bind proteins as their normal mode of action. Bleomycin, for
example, covalently binds to nucleic acids and catalyzes their
oxidation, which, in turn, is leading to scission of DNA and cell
death. Six of the 31 compounds tested here are saponins.
These form complexes with cholesterol and create pores in the
cell membrane to kill cells. Such compounds would not be
expected to score in our assay because of their particular mode
of action. Despite the seemingly low overall success rate, we
point out that none of the alternatives such as the
aforementioned DARTS,1 SPROX,2 Lip-MS,3 CETSA4/
TPP,5 AfBPP,6 PAL,7 or ABPP8 is universal either. At the
same time, our approach is technically very straightforward,
alleviates extensive probe synthesis while being thrifty in
measurement time, and can be deployed to a wide range of
biological systems so that it is certainly worth considering for
target deconvolution, as illustrated below.
Among the successful cases, we recapitulated known binders

of the immunosuppressant cyclosporine A, including the
cyclophilins PPIA (KD

app 631 nM), PPIB (KD
app 545 nM),

and PPIF (KD
app 579 nM)21 in human cells (Figure 4c).

Similarly, we found targets of the macrocyclic polyketide
antibiotics rifamycin B (Figure 4d) and geldanamycin (Figure

Figure 4. Broad assessment of photo-immobilization for target deconvolution of natural molecules. (a) Immobilization efficiency upon UV
irradiation for 31 natural compounds. (b) Number of proteins bound by each affinity matrix. (c) Dose−response curves for cyclosporine A binders
PPIA, PPIF, and PPIB. (d) Same as panel c but for rifamycin B. (e) Same as panel c but for geldanamycin.
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4e) in bacterial Escherichia coli and human colorectal cancer
SW-620 lysates, respectively.22−24 For rifamycin B, its cognate
target, DNA-directed RNA polymerase subunit beta (rpoB)
was identified (KD

app 90 nM) along with the subunit alpha
(rpoA), likely as a result of co-enrichment and co-competition
(Figure 4d). Geldanamycin is a heat-shock protein 90
(HSP90) inhibitor, and competition pulldowns identified two
HSP90s as geldanamycin targets (HSP90AA1, KD

app 176 nM;
HSP90AB1, KD

app 154 nM; Figure 4e). Together, these results
indicate that photo-crosslinking immobilization deserves
consideration in future antibiotics discovery because it is
easily deployable in human and bacterial lysates and could,
therefore, help uncover targets of novel antibiotics based on
natural compounds.
CoA and Acetyl-CoA Interact with Multiple Acyl-

transferases and HotDog Domain Proteins. Besides target
deconvolution for drug discovery, another interesting
application of our approach is the delineation of interactors
of protein cofactors. Such objective has been the focus of
inspiring publications, in which cofactor analogues, for
example, NAD and acyl-CoA, have been synthesized as affinity
probes to explore interactomes.25,26 For instance, Levy et al.
created a lysine-CoA matrix to investigate the specificity of
protein binders to different acyl-CoAs.27 More specifically, a
Lys-CoA probe was set to compete with multiple CoA

metabolites at 30 μM dose, which led to the identification of
166 proteins that showed at least twofold reduction of binding
to free coenzyme A. From those, 126 proteins were also found
using photo-immobilized CoA in this study. However, only
seven of these proteins displayed a clear dose−response curve,
unequivocally identifying as CoA binders with affinities below
100 μM (Table S3).
We have further immobilized acetyl-CoA using our method

in order to compare its binding profile to the one of CoA. The
two photo-immobilized cofactors shared 9 protein binders
among the total of 30 competed proteins with affinities below
100 μM (Figure 5a). As one might expect, many of the found
binders are known acyl-CoA interactors such as the
acyltransferases NAT14, NAA25, NAA20, NAA30, NAA40,
NAA15, NAA10, NAA16, NAA50, SAT1, and SAT2. Among
those, several acyltransferases showed selective binding to one
of the cofactors. For example, NAA25 showed typical dose-
dependent intensity reduction exclusively in competition with
acetyl-CoA, whereas the CoA matrix failed to stably enrich it
from SW-620 cell lysate (Figure 5b,c). Conversely, multiple
acyltransferases were bound and competed by both molecules,
for example, NAA10 (Figure 5d,e).
Another group of specific binders contain a HotDog domain

(THEM4, ACOT13, ACOT7, ACOT8, ACOT9, HSD17B4,
and THEM6), found in several human thioesterases, which

Figure 5. Binders of the protein cofactors CoA and acetyl-CoA. (a) Heatmap of apparent interaction constants of protein binders of CoA and
acetyl-CoA. (b) Residual binding of NAA25 to CoA and acetyl-CoA beads in response to increasing concentrations of free CoA and acetyl-CoA,
respectively. (c) Intensity distribution of all proteins bound to CoA or acetyl-CoA beads (dotted lines). The solid lines mark the position of NAA25
in these distributions. (d) Same as panel b but for NAA10. (e) Same as panel c but for NAA10.
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links them to acetyl-CoA biochemistry. Overall, of the 12
human HotDog domain-containing proteins reviewed by
UniProt, seven and five were enriched by the coenzyme A
and acetyl-CoA matrices, respectively. We also observed
competition of HotDog domain-containing THEM4 and
ACOT7 by coenzyme A. THEM4/CTMP has been reported
as an oncogene in breast cancer, while ACOT7 appears to play
an important role in inflammatory disease and breast and lung
cancer development.28−30 The easily obtained matrices could
hence be suitable to profile potential inhibitors of these
enzymes.
The Cofactor Flavin Adenine Dinucleotide (FAD) Is a

Nanomolar Binder of RNA-Binding Proteins. As a third
example, we explored the interactome of flavin adenine
dinucleotide (FAD) and the matrix of UV-immobilized FAD
bound more than 3000 proteins from SW-620 lysate. Among
these were 17 known FAD-binding flavoproteins31 (GCDH,
ACADVL, KDM1A, ETFDH, ETFA, SDHA, PPOX, CYB5R1,
SQLE, POR, CYB5R3, AIFM1, ACOX1, ILVBL, AGPS,
ACOX3, and DLD), but none was competed by free FAD.
Flavoenzymes use flavins as prosthetic groups and are known
to bind the flavin cofactor very tightly, some even covalently as

part of the holoenzyme.32 Particularly, the covalent binders
would not be expected to bind an FAD matrix at all and may
indicate that the 17 proteins mentioned above are likely poor
binders of FAD with affinities weaker than our higher dose.
GO enrichment analysis showed that about 600 RNA-

binding proteins were bound to FAD beads (Figure S4) and,
surprisingly, more than 40 proteins showed clear dose-
dependent binding competition with nanomolar affinities,
indicating that their direct or indirect interaction with free
FAD is both specific and strong (Figure 6). Some insight into
these unexpected interactions comes from a BioID profiling
study of mRNA-associated stress granules (SGs) by Youn et
al.33 This published high-confidence proximity interaction
network includes key regulators of SG formation (OTUD4,
UBAP2L, CSDE1, and PRRC2C; Figure 6) or proteins
recruited to SGs in response to stress (G3BP1, PABPC1,
and eIF4A1). While all seven proteins were identified on FAD
beads, only the ubiquitin-associated protein 2-like protein
UBAP2L and the deubiquitinase OTUD4 showed potent
competition with free FAD (KD

app 36 and 11 nM, respectively;
Figure 6a,b).

Figure 6. FAD interactors. (a) Affinity ranking of all identified direct or indirect FAD interactors in a full dose competition pulldown assay. (b)
Dose−response curves for identified FAD binders UBAP2L, OTUD4, and CNOT4. CNOT1 was bound by the matrix but not competed up to 100
μM. (c) Same as panel b but for MED15, TCF3, and GATA1.
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Another noteworthy example is the CCR4−NOT dead-
enylase complex. Of the five detected CNOT proteins
(CNOT1−4 and CNOT10), only the E3 ubiquitin ligase
CNOT4 was competed (KD

app 121 nM; Figure 6b). Known
direct interactors of the complex such as the GW182 protein
TNRC6B (KD

app 217 nM) and the endonuclease Argonaute
AGO2 (KD

app 21 nM) were also competed,34 along with
CNOT BioID proximity interactors reported by Youn et al.33

(Figure 6a). We note that several of these proteins contain
canonical RNA-binding domains, such as RRM, PUM-HD, or
KH domains, or are known to be involved in mRNA
metabolism or regulation of transcription (HNRNPH1, 53
nM; HNRNPH2, 47 nM; HNRNPH3, 19 nM; HNRNPUL1,
11 nM; MBNL1, 23 nM; CPEB4, 5 nM; PUM1, 14 nM;
ANKHD1, 27 nM).35−37 Yet, others have seemingly unrelated
annotated functions (ATXN2, 22 nM; ANKRD17, 18 nM).
Several further proteins are rather poorly functionally
annotated (R3HDM1, 2 nM; SMAP2, 26 nM; PRRC2B, 12
nM), but the results obtained here may also place them into
the functional context of mRNA metabolism, SG formation, or
regulation of transcription.
The DNA-binding transcription factors GATA1, GATA2,

and TCF3 and a member of the mediator complex MED15
also showed potent direct or indirect FAD binding (KD

app 20,
7, 78, and 14 nM, respectively; Figure 6c) as well as the E3
ligase TRIM11 (KD

app 186 nM). It has been shown that
TRIM11 negatively regulates MED15 stability and reduces its
transcriptional activity that, again, links FAD to ubiquitin-
regulated cellular processes.
Among the few known consensus sequences for RNA-

binding proteins, we selected the PUF motif 5′-UGUANAUA-
3′ to investigate whether FAD is binding the Pumilio
homologues PUM1 and PUM2 in their RNA-binding pocket,
as both these proteins showed dose−response behavior in the
FAD versus FAD beads (Figure 6a).38,39 Immobilization of an
oligomer containing the consensus sequence on NHS-activated
Sepharose beads yielded PUM beads that did enrich the
Pumilio homologues (Figure S5a−c). Oligomer vs FAD beads
and FAD vs PUM beads together with the FAD vs FAD beads
dose−response competition indicated that the binding of FAD
does not seem to influence the binding of the RNA (Figure
S5d,e). It is therefore most likely that FAD binding is allosteric
for PUMs.
An important future line of research in this context is to

further explore the mechanism of FAD binding and show
which of the discussed proteins are direct binders, to which
part of the FAD molecule the proteins bind, and how such
binding may be involved in regulating processes such as
mRNA deadenylation or DNA binding.

■ CONCLUSIONS
In conclusion, the current work for the first time broadly
evaluated the combination of diazirine photo-immobilization
and proteomics for target deconvolution of natural molecules.
We proposed an experimentally straightforward approach for
the preparation of tailored affinity matrices using mixed
diazirine beads, combined with dose-dependent competition
assay and mass spectrometry readout. The versatile workflow
was applied to a wide range of natural compounds and protein
cofactors. Even though the overall success rate is moderate and
highly dependent on the natural molecule in question, we
propose that the simplicity and generality of the experimental
procedure as well as the very quantitative characteristic of the

proteomic readout may make it the first “go-to method” to
probe natural molecules for protein binding. The latter is
underscored by the surprising finding that UV-immobilized
FAD led to the discovery of nanomolar protein−FAD
interactions including multiple members of the ubiquitin
system. This follows earlier unexpected observations made for
immobilized kinase inhibitors that identified the clinically
relevant off-target ferrochelatase (FECH)40 or the identifica-
tion of low nanomolar interactions and inhibition of the
protein MBLAC2 by HDAC inhibitors.41 By extending the
chemical proteomic approach presented here to further natural
molecules, it can be anticipated that more such surprising
interactions will be uncovered, which, in turn, will improve our
understanding of the cellular phenotypes elicited by such
molecules as well as their cellular mode of action.
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