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ABSTRACT: Target identification studies are a major hurdle in probe and
drug discovery pipelines due to the need to chemically modify small
molecules of interest, which can be time intensive and have low throughput.
Here, we describe a versatile and scalable method for attaching chemical
moieties to a small molecule, isocyanate-mediated chemical tagging (IMCT).
By preparation of a template resin with an isocyanate capture group and a
cleavable linker, nucleophilic groups on small molecules can be modified with
an enforced one-to-one stoichiometry. We demonstrate a small molecule
substrate scope that includes primary and secondary amines, thiols, phenols,
benzyl alcohols, and primary alcohols. Cheminformatic analyses predict that
IMCT is reactive with more than 25% of lead-like compounds in publicly
available databases. To demonstrate that the method can produce biologically active molecules, we generated FKBP12 photoaffinity
labeling (PAL) compounds with a wide range of affinities and showed that purified and crude cleavage products can bind to and
label FKBP12. This method could be used to rapidly modify small molecules for many applications, including the synthesis of PAL
probes, fluorescence polarization probes, pull-down probes, and degraders.

Target identification studies are critical in probe and drug
discovery, particularly for compounds arising from high-

throughput screening. Assay cascades may permit varying
degrees of mechanistic inference, but definite identification of
on- and off-target interactions is challenging and may require
probe development by modification of the lead compound
with enrichment handles, fluorescent labels, or photoaffinity-
labeling (PAL) groups.1 Modification also requires an
understanding of the compound’s structure−activity relation-
ship (SAR) to ensure that any modification site does not
impact bioactivity. Therefore, comprehensive target identi-
fication typically occurs late in the lead discovery pipeline,
despite the critical information it provides. To address the
expanding need for chimeric molecules, generalized strategies
for chemical tagging have been developed. Current methods to
rapidly modify small molecules include photo-cross-linking,2,3

click chemistry,4,5 or reactions targeted toward prevalent but
specific functional groups. Photo-cross-linking and click
chemistry-based methods require multiple synthetic steps to
introduce diazirine, alkyne, or azide groups to either the
moiety to be added and/or the small molecule of interest. As a
result, an upfront time investment is needed to synthesize
these components. NHS esters and maleimide groups can
selectively react with amines and thiols, respectively, but
reactivity with a single nucleophilic group limits the application
of these approaches to a small portion of the available chemical
space.

Here, we demonstrate a generalizable, rapid method to add
chemical moieties to small molecules, which we refer to as
isocyanate-mediated chemical tagging (IMCT). IMCT (1)
employs chemistries that will react with most drug-like small
molecules, (2) reacts with one-to-one stoichiometry, and (3)
utilizes mild conditions that should not alter functional groups
outside of the expected scope.
Inspired by isocyanate-based small molecule microarrays

(SMMs),6−8 the method uses an electrophilic isocyanate group
to modify a variety of nucleophilic groups8,9 (Scheme 1).
Reaction of isocyanates with amines, alcohols, and thiols leads
to the formation of ureas, carbamates, and S-thiocarbamates,
respectively. These groups have been found to be stable under
certain biologic conditions,10−13 although there are exceptions,
such as the use of phenolic carbamates as prodrugs.14,15 The
isocyanate reaction occurs on the surface of the resin, where
physical separation of reactants enforces a one-to-one
stoichiometry and prevents excessive reactivity. For many
compounds, the broad reactivity of isocyanate will result in a
mixture of conjugation sites, reducing the risk that the
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conjugation will occlude binding.8 Additional benefits of
coupling the compound to beads include the ability to obtain
a desired concentration of modified small molecules with
minimal starting material and the ease of purification. Our
implementation of the IMCT strategy involves synthesis of a
chemical tag on resin, preparation with commercial diisocya-
nate linkers, and subsequent capture of nucleophilic groups on
the target small molecule in the presence of lithium
bis(trimethylsilyl)amide (LiHMDS) (Scheme 1A).
First, we tested the reactivity of IMCT with aromatic

derivatives across various nucleophilic groups and substitution
patterns. Reaction yields were calculated from the weight of
the product isolated after purification and from crude cleavage
material using standard curves of purified product with liquid
chromatography mass spectrometry (LCMS). Purified product
was obtained either from the same reaction mixture as crude
material or from an independent reaction. The expected
product was formed with primary (27−35%) and secondary
amine (45−56%), thiol (16−35%), phenol (16−18%), benzyl
alcohol (35−46%), and primary alcohol (8−33%) groups.
Yields obtained from each method are largely comparable and
consistent with the nucleophilicity of each group (Scheme 1B).
LiHMDS has been shown to promote the addition of alcohols
over amines,16 which may explain the similar reactivities of
amines and primary alcohols. A mass corresponding to an
amine cleavage product was observed for secondary and
tertiary alcohols (data not shown). This is consistent with the
acid-sensitivity of other sterically hindered carbamates, such as
the tert-butyloxycarbonyl (Boc) protecting group.17,18 No
reaction product was observed with aniline or methyl aniline.

A major side product, 1m, from the reactivity studies was
isolated and identified to inform future reaction optimization
conditions. Product 1m was detected in each reaction and
corresponds to the diisocyanate linker reacting with two
molecules of starting material (Scheme S1). In a reaction
generating 1c, 1m consumed 46% of the starting material and
made up 23% of the final reaction mixture by mole. Because
this side reaction can generate competitive small molecules in
certain biological assays, we undertook a preliminary character-
ization of the effects of reaction parameters on the 1m yield.
While resin loading and bead swelling did not improve 1c:1m
contamination, increasing the amount of hexamethylene
diisocyanate significantly reduced 1m contamination (Table
S1). We hypothesize that this is achieved through the faster or
more complete saturation of reactive sites. Further increasing
the diisocyanate concentration or multiparameter optimization
may lead to better product purity.
To predict the reactivity of IMCT with publicly available

lead-like libraries,19−24 we used SMILES arbitrary target
specification (SMARTS) queries25 (Table S2), which describe
chemical substructures using extensions of SMILES, to
determine what percent of compounds had primary and
secondary amines, primary and aromatic alcohols, and thiol
groups (Table 1). In accordance with reactivity results
(Scheme 1), compounds containing aniline, methyl aniline,
and secondary and tertiary alcohols were not counted as
reactive with IMCT in the computational analysis. We found
that greater than 25% of these small molecule libraries contain
at least one nucleophile that we expect to be reactive with the
method.

Scheme 1. (A) Synthesis of Chimeric Molecules with IMCT. (B) Reactivity Screen of Various Nucleophile Groups with
IMCTa

aTEA = triethylamine. AF-DMF = amine free-dimethylformamide. TFA = trifluoroacetic acid. CH2Cl2 = dichloromethane. NR = no reaction. *
indicates crude yield and HPLC yield were obtained from the same reaction mixture.
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Although greater than 25% of small molecules are predicted
to be reactive, modification of molecules at a nucleophilic site
will cause loss of activity if the nucleophilic site confers
function and if there are no other nucleophilic sites on the
molecule. However, if multiple nucleophilic groups exist on a
molecule, then IMCT will generate a mixture of compounds
modified at different nucleophilic sites, which improves the
probability that an active molecule is synthesized. For
molecules with multiple nucleophilic groups, the proportion
of molecules modified at each conjugation site in the final
reaction mixture will depend on steric hindrance and
nucleophilicity of the conjugation site. By immobilization of
the isocyanate group on resin, physical separation should
ensure that only one site is modified on each small molecule.
However, for sufficiently large compounds, it is possible that
multiple conjugations occur on the same molecule. This
hypothetical situation might be addressed by decreasing the
resin loading or increasing the compound concentration.
Overall, the broad reactivity of IMCT and enforced one-to-one
stoichiometry of reactants due to bead immobilization reduce

the likelihood that the activity of a small molecule will be lost
after modification.
We then tested whether the IMCT method could be used to

synthesize PAL probes. Early implementation of IMCT for
target identification and validation in high-throughput screen-
ing pipelines would radically de-risk lead discovery efforts.
Therefore, we synthesized amine analogues of well-established
FKBP12 probes, which have a broad range of affinities
resulting from small changes to a common scaffold (Kd =
25.7, 800, 5170, and 44000 nM).8,26,27 These analogues were
then used to synthesize PAL probes with IMCT (Figure 1A).
The crude reaction yields were consistent (24−48%) with the
primary amines in the reactivities screen, with the FKBP12
binders with alkyl appendages (24−28%) having lower yields
than the molecules with aromatic groups (43−48%).
Next, we tested whether the purified and crude cleavage

PAL analogues were able to engage pure protein. The product
yields of crude products were estimated using a standard curve
of the purified product. From these yields, stock solutions were
prepared to have a fixed concentration of the active compound.
FKBP12 was treated with a small molecule (10 μM) and UV-
irradiated (365 nm) to induce the covalent linkage between
the small molecule and protein. Alexa Fluor 647 picolyl azide
was installed on the covalently modified protein through the
alkyne handle using copper-catalyzed azide−alkyne Huisgen
1,3-dipolar cycloaddition (CuAAC). Probe labeled proteins
and FKBP12 in each sample were detected via gel electro-
phoresis (Figure 1B). Samples that were not irradiated served
as negative controls, and samples that were pretreated with
rapamycin (10 μM) demonstrated binding selectivity.
For purified and crude probes, we detected engagement of

the PAL analogues with FKBP12 and demonstrated that
rapamycin prevented interaction with the PAL probes.

Table 1. Reactivity of IMCT with Publicly Available, Lead-
Like Libraries

Chemical
Library Library Size

Reactive with
IMCT (%)

Reactive
Amines (%)

Reactive
Alcohols
(%)

BindingDb 1,035,478 34 25 13
Broad
Repurposing

6,761 38 23 19

MLPCN 514,841 32 10 24
ChEMBL 1,970,684 31 20 15
REAL Diverse 25,270,741 25 17 10

Figure 1. (a) Schematic of the PAL synthesis of FKBP12 probes with IMCT. (b) Fluorescent imaging of FKBP12 (green) labeled with PAL probes
(10 μM) with or without UV irradiation or rapamycin (10 μM, R) treatment. Alexa Fluor 647 picolyl azide (red) was installed on covalently
modified FKBP12 by using CuAAC. ++++ = highest affinity for FKBP12. + = lowest affinity for FKBP12. * indicates crude yield and HPLC yield
were obtained from the same reaction mixture.
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Additional competition experiments with parent inhibitors
suggest that IMCT does not abrogate the affinity of the
original molecule (Figure 2A). The fluorescent intensity of the

bands correlated with the affinity of the parent molecules for
FKBP12 (Kd = 5 > 4 > 6 > 3), except for crude 6, which was
brighter than crude 3 (Tables S3 and S4). We hypothesize that
6 may have improved aqueous solubility or stability or
undergoes a higher efficiency CuAAC reaction than 3, which
resulted in marginally lower levels of FKBP12 labeling with
purified 6 and higher levels of FKBP12 labeling with crude 6
compared to 3.
To demonstrate the specificity of the PAL probes, FKBP12

was treated with 3 in an 8-point, 5-fold dilution series (Figure
2B). Dose-dependent labeling of FKBP12 was observed (Table
S5). PAL linker 7 was also included as a negative control.
Crude 7 was generated on a bead and tested at two
concentrations (10 and 40 μM), which were calculated based
on resin loading. Nonspecific labeling of FKBP12 was not seen
with linker 7 only. Thus, for the FKBP12 interaction, IMCT
byproducts do not impair photoaffinity labeling nor do they
result in spurious labeling. Overall, these experiments
demonstrate that IMCT generated active PAL probes in a
facile synthesis that does not require further purification.
In conclusion, IMCT can conjugate functional chemical

moieties onto target molecules at primary and secondary
amines, thiols, and aromatic and primary alcohols with yields
between 8 and 56%. By cheminformatic analysis of compound
screening libraries and binding databases, we estimate that our
method can modify more than 25% of the relevant chemical
space directly, and we hypothesize that this is an under-
estimation, as compounds can be substituted with nearly
identical analogues in most applications. Our method is
generalizable and does not require prior substrate modification
as long as the substrate contains a reactive nucleophile. For
molecules with multiple nucleophilic groups, IMCT is
predicted to produce a mixture of molecules modified at
different conjugation sites, reducing the likelihood that
modification will abrogate activity. We have also demonstrated
that small molecules modified by IMCT preserve their target-
binding properties. IMCT-generated analogues of FKBP12
ligands show protein labeling activity across a range of lead-like
affinities, and the IMCT/PAL workflow is sufficiently sensitive

that compound purification is unimportant or even entirely
dispensable. Theoretically, after preparation of the template
resin, the entire IMCT workflow can be completed in a two-
day period for 96 compounds, using existing parallel synthesis
set-ups.28,29 This would permit throughput-constrained assay
formats to be implemented earlier in the lead discovery
process, accelerating target identification studies. We envision
possible applications of IMCT to include PAL analogues,
fluorescence polarization probes, affinity pull-down probes, and
chimeric inducers of target proximity such as proteolysis
targeting chimeras.
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