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Photoaffinity labeling (PAL) is a powerful technique in
chemical biology and chemical proteomics, and has been
successfully demonstrated on a variety of non-covalent
molecular interactions.!! Recently, we and others have
shown that this approach is suitable for interrogating non-
covalent protein-drug interactions under native cellular
conditions.” To do so, typically the drug is derivatized with
a photo-reactive group and a reporter group (referred to
herein as the linker), to make the corresponding probe.[*!
Upon administration into live cells and photo-irradiation,
a highly reactive intermediate is generated from the probe,
which can covalently capture its binding proteins in a dis-
tance-dependent manner. The chemically stable, cross-linked
protein—probe complexes thus become amenable to various
downstream biochemical analyses, including pull-down (PD)/
LC-MS/MS analysis, for large-scale identification of potential
cellular protein targets of the unmodified drug. One of the
most essential considerations in PAL is that the probe, which
is a derivative of the drug, must retain most, if not all, of the
original biological activities of the drug after derivatization
with the linker. This thus calls for the development of what we
now call “minimalist” linkers in which both the photoreactive
and reporter groups are made as small as possible, so as to
minimize interference upon binding to the target proteins.
Based on the literature and our previous experience,!">*
we chose aliphatic diazirines over aromatic diazirines, benzo-
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phenones, and other common photoreactive groups, owing to
their smaller size (to minimize interference with protein
binding) and short irradiation time needed to generate the
highly reactive carbene species (to minimize non-specific
protein labeling). We used a small terminal alkyne as the
reporter, which can be used for subsequent ex vivo PD/target
identification by conjugation to suitable reporters (rhod-
amine-N; or biotin-Nj; see the Supporting Information) using
well-established bioorthogonal click chemistry.>®! The result-
ing minimalist linkers are shown in Figure 1A (L1-L3), each
containing a functional group (-CO,H, -NH,, and -I) that
could be conjugated to drug molecules through robust
acylation and alkylation reactions. Our expectation was
that, with such linker designs, a variety of bioactive small
molecules (for example, compounds 1-12 in Figure 1 A) could
be readily modified without significant changes in both their
size and structure, and at the same time providing a chemically
tractable modality to capture non-covalent protein—drug
interactions in live cells.

Protein kinases (PKs) are one of the most important
classes of enzymes in human cells. Of the more than 500
known PKs, many are potential therapeutic targets.”! Cur-
rently there are more than a dozen FDA-approved drugs
based on kinase inhibitors, with many more in various stages
of clinical trials.™ Despite intensive research efforts, most
kinase inhibitors tend to inhibit multiple cellular targets
because they normally target the highly conserved ATP-
binding site of the enzyme. To study potential cellular off-
target effects of kinase inhibitors, recent efforts have focused
on high-throughput screening (HTS) using a large panel of
recombinant kinases as well as mass spectrometry (MS)-
based chemical-profiling methods.”’l We previously developed
cell-permeable kinase probes (for example, DA-1/DA-2 in
Figure 1A) based on PAL for proteome-wide profiling of
potential cellular targets of dasatinib (an FDA-approved
kinase inhibitor targeting several types of cancer!'”).”! This
affinity-based protein profiling (AfBP) approach differs from
other strategies, in that it may be capable of interrogating
kinase—drug interactions under native cellular conditions (in
live cells, not cell lysates). The linker unit in DA-1/DA-2
(highlighted in yellow), however, are not considered minimal-
ist linkers, and could potentially affect cellular protein
identification and the general application of this linker to
other inhibitors. Herein, with improved linkers (L1-L3), we
have demonstrated for the first time, incorporation into
a variety of kinase inhibitors for cell-based proteome profiling
of potential cellular targets under native conditions.
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Figure 1. A) Formulas of the 3 “minimalist” linkers and 12 corresponding kinase probes. See Table S1 for the unmodified inhibitor formulas. A
control probe (NP) and three previously published probes (DA-1/DA-2 and STS-1) are also shown. B) Synthetic scheme of the three linkers.

C) ICy, values and XTT assay antiproliferative effects of the probes against the corresponding recombinant kinases and HepG2 cells. [a] The
following kinases were used in the 1Cs, assays: c-Src (DA-3,PU-1), Aurora A (VX-1), JNK1 (SP-1), Abl (IM-1), KDR (SO-1,SU-1), PKA (STS-2), EGFR
(GE-1), AMPK (CC-1), p38a. (SB-1). [b] XTT assays were done using different doses of the drug/probe (percent cell death at 20 pm is shown). For
STS/STS-2, percent cell death at 1000 nm is shown. See Supporting Information for details. ND =not determined.
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As shown in Figure 1 A,B, L1-L3 possess two carbons on
each side of the diazirine, flanked by the terminal alkyne and
functional group (CO,H/NH,/T). The length of the carbon
chains was carefully chosen based on both the availability of
starting materials and to avoid potential side reactions.
Shorter linkers were tested but synthetic difficulties were
encountered. Starting from the readily available ethyl aceto-
acetate, 14 was obtained in 3 steps. Upon acetal deprotection,
ketone 15 was converted to 16 in two steps (70% overall
yield) using standard conditions.""! Subsequent -OH to -I
conversion gave L3 in 92 % yield. L1 was obtained from L3 in
two steps through 18 (60% overall yield). L2 was obtained
from L3 in two steps through 17 (68 % overall yield). With all
three linkers in hand, they were incorporated into 12 well-
known kinase inhibitors, making the corresponding probes 1-
12 (Figure 1 A). These 12 kinase inhibitors were chosen
because 1) they cover a variety of important PKs in the
human kinome (for example, Src, Aurora A, JNKI1, Abl,
Rafl, CDK1, MEK1, EGFR, KDR, PKA, AMPK, p38);
2) the kinase-inhibitor structural information and structure-
activity relationships (SAR) are well-established. We noticed
that water-soluble structural motifs (for example, the
hydroxyethylpiperazinyl group in dasatinib; Supporting
Information, Table S1), are common features in many
kinase inhibitors, but do not participate in kinase—drug
interactions (Figure S2). They thus could be replaced with
our linkers without compromising the kinase-binding proper-
ties of the probe. Synthesis of the kinase-inhibitor cores in 1-
12 (shown in black; Figure 1A) was largely based on
published methods (Supporting Information). The final
coupling steps normally involved simple, yet highly robust,
chemistries such as amine/acid coupling and alkylation
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reactions, making the strategy potentially applicable to
many other types of bioactive small molecules. All probes
were fully characterized before being evaluated in subsequent
biological experiments.

We first confirmed that the biological activities of the
probes (1-12) were not significantly compromised when
compared to their parental inhibitors. This was done by
standard in vitro kinase inhibition assays and cell-based, XTT
anti-proliferation assays with HepG2 cells (Figure 1C).
Results showed that both the ICs, values and percentage of
cell death of the probes were in most cases within twofold of
the parental kinase inhibitors under identical assay condi-
tions, indicating that the minimalist design in our probes had
indeed effectively minimized the influence of the linker on
protein binding, under both in vitro and cellular conditions.
For convenience, HepG?2 cells were used as the cell line for all
our XTT assays, though we note that it may not be the most
suitable cell line for certain kinases. In our experiments, we
were mostly concerned about the difference in biological
activities between the probe and the parental inhibitor, rather
than the absolute effect of the probe/inhibitor against the
tested kinases/cells.

We next carried out comprehensive biological and pro-
teomics experiments to assess whether these minimalist
probes performed better than our published probes, STS-
1and DA-1/DA-2.”' STS-2 and DA-3, two probes that contain
the minimalist linker, were compared side-by-side with STS-
1 and DA-1/DA-2 which contain a significantly bulkier linker
unit (shown in yellow, Figure 1 A). A kinase inhibition assay
with PKA and c-Src showed that both STS-2 and DA-3
consistently performed better than their counterparts, STS-
1 and DA-1/DA-2, although in the cell-based XTT assay, the
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Figure 2. A) IC, plots of staurosporine/STS-1/STS-2 and dasatinib/DA-1/DA-2/DA-3 against recombinant PKA and c-Src, respectively. B) XTT
assay results of HepG2 cells treated with staurosporine/STS-1/STS-2 and dasatinib/DA-1/DA-2/DA-3 (72 h) at different concentrations. C) In-gel
fluorescence scans of PKA (left) and c-Src (right) overexpressed bacterial proteomes labeled by STS-1/2,DA-2/3 and NP. D) Live cell imaging of
HepG2 cells with STS-1/2. Immunofluorescence (IF) staining using anti-PKA antibodies. Scale bar=10 um. E) Venn diagram analysis of the
number of kinases enriched by STS-1/2 upon proteome labeling/PD/LC-MS/MS using HepG2 cells.
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effect was not as obvious (Figure 2 A,B). We next assessed the
performance of these probes for labeling complex cellular
proteomes. We used PKA and c-Src overexpressed bacterial
proteomes as model systems. In-gel fluorescence scanning
results of both labeled bacterial proteomes clearly showed
positive and highly specific labeling of PKA and c-Src by STS-
1/2 and DA-2/3, respectively (Figure 2C). DA-1 was previ-
ously shown to be less effective than DA-2 in such exper-
iments.”®! Again, by direct comparison of the labeled kinases
under different labeling conditions, both STS-2 and DA-3
appeared to consistently give a stronger labeled-protein band
than STS-1 and DA-2. We previously showed small-molecule
probes such as STS-1 were suitable bioimaging probes to
detect endogenous kinase activities.”” Herein, we determined
whether STS-2, by virtue of its improved minimalist linker
design, might confer better cellular imaging activities than
STS-1. Live HepG2 cells were first treated with the probe
followed by UV irradiation to initiate photo-crosslinking.
Subsequently, cells were fixed, permeabilized, treated with
rhodamine-N; under previously optimized click chemistry
conditions,” then imaged. Immunofluorescence (IF) was
performed on the same cells using anti-PKA antibodies. The
resulting images were then merged (Figure 2D); for cells
treated with STS-2, strong fluorescence signals were observed
throughout the whole cell excluding the nucleus, even at
0.4 uM probe concentration. On the other hand, fluorescence
was observed for cells treated with STS-1 at a higher probe
concentration (2 um), but not at 0.4 um. This indicated that
STS-2 either entered the cells more readily or bound to its
intended cellular targets more efficiently. The other 11 probes
were also shown to be effective bioimaging reagents as well
(Figure S7). Control imaging experiments with a negative
probe 13 (NP in Figure 1 A) under similar conditions showed
it produced minimal background fluorescence compared to
labeled cells (Figure S7). Finally, we carried out endogenous
proteome labeling and PD/LC-MS/MS target identification
with STS-1/2 in both lysates and live HepG2 cells. NP was
used throughout the experiments to eliminate false hits from
non-specific photo-crosslinking. We optimized the number of
potential positive protein hits we could identify. Briefly,
probe-labeled proteomes (upon UV irradiation) were clicked
with biotin-N;, enriched using avidin-agarose beads, sepa-
rated on SDS-PAGE, followed by LC-MS/MS analysis, as
previously reported.”™ Selected results are summarized in
Figure 2 E, while the complete list of proteins are found in the
Supporting Information (Table S2, S3, and SI_3). Because
staurosporine (STS) is a pan-kinase inhibitor, we focused on
kinases that were positively identified from our experiments.
As shown in Figure 2E. STS-2 consistently identified more
kinases in both in vitro (cell lysates) and in situ (live cells)
than STS-1. A total of 65 kinases were identified by STS-2 (45
from insitu and 38 from invitro experiments, with 18
overlapping targets). These numbers are significantly higher
than those from a previous study using a different photo-
crosslinking approach.'? Notably, the insitu and in vitro
experiments yielded different sets of unique protein hits with
some degree of overlap. For example, 27 and 20 unique
kinases were identified in STS-2 experiments under in situ
and in vitro settings, respectively. Similar phenomenon had
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been observed previously.”! This underscores the importance
of our current affinity-based protein-profiling approach and
its unique capability of interrogating kinase—drug interactions
in living cells. To summarize, we attributed the improved
performance of our new probes (STS-2 and DA-3) to the
minimalist linkers, which could have minimized interference
with the genuine kinase—probe binding.

We next carried out endogenous proteome labeling
followed by PD/Western blotting (WB) to confirm the ability
of the 12 probes for labeling their known kinase targets
(Figure 3). Both in vitro and in situ labeling were carried out,
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Figure 3. A,B) Proteome reactivity profiles in HepG2 cell lysate with

the 12 individual probes and NP (10 um) in vitro (A) and in situ (B).
C) PD/WB results for target validation of 10 of the 12 probes in live

cells (in situ). See Figures $6,58 for details.

followed by rhodamine-Nj click chemistry, and the resulting
proteome reactivity profiles were compared (Figure 3 A,B).
Although there were some similarities in the labeling profiles,
obvious differences were evident, clearly indicating the
presence of different protein targets under the two exper-
imental settings. Within the same setting, however, the 12
probes also labeled both common and unique protein targets
as well, likely indicating their parental kinase inhibitors also
possess both common and unique cellular (on and off) targets.
Subsequently, the same probe-labeled proteomes were
clicked with biotin-N;, pulled-down, and immunoblotted
with the respective antibodies (Figure 3B; Figure S8); with
HepG2 cells alone, 10 out of the 12 probes were shown to
successfully label their known kinase targets both in vitro and
in situ.!"

While each of these 12 kinase probes might be useful for
large-scale identification of the cellular targets (on and off) of
the parental inhibitor, we felt a “cocktail” approach contain-
ing a mixture of all 12 probes in equal concentrations might
offer better throughput and lower operational costs for testing
multiple mammalian cell lines. Previously, similar approaches
have been demonstrated for both activity- and affinity-based
probes.' We also thought the cocktail approach, when
coupled with quantitative mass spectrometry, could be used
for simultaneous measurement of the quantitative binding
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interaction of a novel kinase inhibitor with multiple cellular
kinases in live cells.”! We first confirmed that the probe
cocktail worked as expected to label multiple endogenous
kinases in live HepG2 cells (Figure 4 A); upon PD/WB with

(A)NP cocktail NP cocktail [EthBe?s, ) e 7 @:5%)
41 (44.0% AGC, 13 (13.9%)
PKA (42kDa)  MEKT (43 kDa)
Aypical, 1(11%—" /N cwmec, 10 (10.7%) e
c-Src (60 kDa)  EGFR (175 kDa) PipSK2.1 (1A% 579
(©)
Kinase Protein Protein Peptides emPAl Kinase
Mass score matched ratio group
FLT4 124610 30 2 o TK
Yes1 61032 32 2 o TK
Fyn 61177 33 3 o TK
Src 60553 34 3 o TK
HCK 59554 33 2 o TK
Grk1 64250 26 il o AGC
CKB 42983 123 3 = others
PRPS2 35190 44 2 o others
AMPK a2 64560 78 2 o CAMK
Hek 59554 83 2 o TK
LRRK2 288583 28 3 o TKL
RSK1 83230 130 4 o AGC
AKT2 55850 31 2 = AGC
MST3 48245 69 1 o STE
PKCI 69259 25 1 =3 AGC
PAK1 60825 102 il o STE
CDK5 33689 32 3 o CMGC
ERK2 33734 71 4 o CMGC
TAO3 103669 32 1 o STE
JNK3 48610 55 2 o CMGC
MEK1 43779 64 7 1.42 STE
(D) NP cocktail NP cocktail NP cocktail

Grk1 (68 kDa) CKB (43kDa) PRPS2 (34 kDa)

Figure 4. A) PD/WB for target validation of the probe cocktail (10 um)
in live HepG2 cells. B) The number and percentage of each kinase
subgroup enriched from rat kidney tissues. C) Representative kinase
hits identified from rat kidney tissues labeled by the probe cocktail.
oo signals detected only in positive PD/LC-MS/MS. See Tables S2-S5
and SI_3 for details. D) Validation of three off-targets by PD/WB in
probe cocktail-treated tissue samples. See Figure S8 for details.

four representative antibodies against PKA, MEKI1, c-Src,
and EGFR, we observed the labeling of all four kinases. Next,
we extended this cocktail approach to the labeling/enrich-
ment of endogenous kinases present in rat kidney tissues.
Following standard proteome labeling/PD/LC-MS/MS proto-
cols as earlier described, we obtained the full list of potential
protein hits (Supporting Information, SI_3). Control experi-
ments were done concurrently with the negative probe NP.
Selected enriched proteins are listed in Tables S4,S5. We
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identified a total of 94 kinases (from 1050 enriched proteins;
Figure 4 B), representing nearly 10 % of all potential protein
hits. This clearly indicates that our probe cocktail was able to
significantly enrich the concentration of endogenous kinases
from the total proteome. Some of the enriched proteins were
undoubtedly artifacts, likely due to intrinsic non-specific
labeling by photo-crosslinking, especially toward those high-
abundance endogenous proteins. This was in spite of our
optimization of the linker design and the proteomic methods.
Other enriched proteins were likely genuine off-targets of our
probes but need to be further validated by independent
experiments. Among the 94 enriched kinases, we found
representatives from almost all major groups of kinases. We
also identified 41 kinases other than protein kinases, including
lipid kinases, phosphofructokinases, pyruvate kinases, and
others. Figure 4C shows representatives of the kinases
identified from our experiments, most of which are known
targets of our probes, including c-Src, PKAC-a, AMPKal/2,
JNK2/3, CDKS, P38, VEGFR, MEK, and LRRK2. We also
identified unknown kinase targets of these probes, including
Grkl, CKB, PRPS2, MRKCB, Nekl, Nek7, ILK, Gsk3a,
TLK2, TAOK3, WNKI1, and WNK4, which might be inter-
esting off-targets. Three of these newly identified targets,
Grk1 (a G-protein-coupled receptor kinase), CKB (a B-type
creatine kinase), PRPS2 (isoform 2 of ribose-phosphate
pyrophosphokinase), were further validated by preliminary
PD/WB experiments (Figure 4D). Owing to the unavailabil-
ity of recombinant versions of these kinases and/or an assay of
their enzymatic activity, no further in vitro kinase inhibition
experiment was carried out to delineate which compounds in
the probe cocktail might directly inhibit these kinases.

In conclusion, we have developed three minimalist
terminal alkyne-containing diazirine photo-crosslinkers.
Their application in chemical proteomics was demonstrated
through the synthesis of 12 linker-modified kinase inhibitors,
which were subsequently used for cell-based proteome
profiling of potential cellular kinase targets. We demonstrated
that these linkers performed better than previously reported
methods.”*'? The probes could be used under various formats
in different biological systems. Numerous potential off-targets
of these probes were identified, some of which were validated
by preliminary PD/WB experiments. Extensive further bio-
chemical and cell-based experiments will be needed to
unambiguously confirm the biological relevance of these
off-targets. In the future, we will extend this approach to cell-
based proteome profiling of other classes of bioactive small
molecules.
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