
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
2/

30
/2

02
4 

11
:1

6:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Photo-Brook rea
aDepartment of Chemistry, University of Cal

E-mail: fdtoste@berkeley.edu
bNovartis-Berkeley Center for Proteomics an

California, Berkeley, California 94720, USA
cInnovative Genomics Institute, University o

USA
dNovartis Institute for BioMedical Research,
eDepartment of Molecular and Cellular Bio

California 94720, USA

† Electronic supplementary informa
10.1039/d2sc00426g

‡ A. C. S. P and S. O. S contributed equal

Cite this: Chem. Sci., 2022, 13, 3851

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 21st January 2022
Accepted 2nd March 2022

DOI: 10.1039/d2sc00426g

rsc.li/chemical-science

© 2022 The Author(s). Published by
rrangement of acyl silanes as
a strategy for photoaffinity probe design†

Annika C. S. Page, ‡ab Spencer O. Scholz,‡ab Katherine N. Keenan, ab

Jessica N. Spradlin,abc Bridget P. Belcher,ac Scott M. Brittain,bd John A. Tallarico,bd

Jeffrey M. McKenna, bd Markus Schirle, bd Daniel K. Nomura *abce

and F. Dean Toste *ab

Photoaffinity labeling (PAL) is a powerful tool for the identification of non-covalent small molecule–protein

interactions that are critical to drug discovery and medicinal chemistry, but this approach is limited to only

a small subset of robust photocrosslinkers. The identification of new photoreactive motifs capable of

covalent target capture is therefore highly desirable. Herein, we report the design, synthesis, and

evaluation of a new class of PAL warheads based on the UV-triggered 1,2-photo-Brook rearrangement

of acyl silanes, which hitherto have not been explored for PAL workflows. Irradiation of a series of probes

in cell lysate revealed an iPr-substituted acyl silane with superior photolabeling and minimal thermal

background labeling compared to other substituted acyl silanes. Further, small molecule (+)-JQ1- and

rapamycin-derived iPr acyl silanes were shown to selectively label recombinant BRD4-BD1 and FKBP12,

respectively, with minimal background. Together, these data highlight the untapped potential of acyl

silanes as a novel, tunable scaffold for photoaffinity labeling.
Introduction

Identifying drivers of on- and off-target phenotypic responses to
bioactive small molecules remains a signicant challenge in the
eld of drug discovery, particularly for low-affinity or low-
abundance targets.1–4 One of the most powerful approaches to
target deconvolution in a native cellular environment is photo-
affinity labeling (PAL), which allows for the capture of transient,
non-covalent small molecule–protein interactions in a proteome-
wide fashion.5 In photoaffinity labeling, a molecule of interest is
conjugated to a light-reactive functional group that generates
a high-energy intermediate capable of covalently capturing
associated proteins when exposed to UV light. Conventional
photoaffinity probes employ diazirines,6 aryl azides,7 and diaryl
ketones,8 which give rise to carbene, nitrene, and ketyl radical
intermediates, respectively (Fig. 1A, 1–3). All three have shown
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tremendous value as photoaffinity warheads in a variety of PAL
applications,5 oen in a synthetically modular fashion as exem-
plied by the suite of “minimalist” photocrosslinking diazirines
developed by the Yao group.9 However, not every PAL campaign
that utilizes these probes is successful, reecting the require-
ments for correct positioning and distance of the photoreactive
moiety as well as overall low crosslinking efficiencies typically
observed. In addition, the warhead-specic labeling of non-target
proteins oen results in false positive hits, potentially obscuring
true cellular targets of the pharmacophore.10,11 Taken together,
the dearth of photocrosslinking functionalities is an inherent
limitation for applications of PAL-based workows—a more
varied set of photoreactive motifs would greatly aid target eluci-
dation, both by providing additional tools for capture of protein
targets as well as alternative synthetic approaches for a given
probe of interest. However, the development of a novel PAL
warhead is contingent upon fullling a number of rigorous
requirements. Ideally, it should possess a long-wavelength UV
absorbance prole to minimize cellular and protein damage
during irradiation, rapidly generate a short-lived reactive inter-
mediate capable of residue-agnostic crosslinking, and minimally
perturb the native substrate–protein interactions. As a result,
only a small number of motifs have been recently disclosed
meeting these criteria, including aryl tetrazole12 and thienyl
ketoamide13 probes. Acyl silanes are an intriguing functionality
with ideal properties for use as a photoaffinity warhead. Upon
irradiation, acyl silanes undergo a 1,2-photo Brook rearrange-
ment to reveal a stabilized a-siloxy carbene, which has since been
Chem. Sci., 2022, 13, 3851–3856 | 3851
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Fig. 1 Investigation of 1,2-photo-Brook rearrangement of acyl silanes
for photoaffinity labeling.
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shown to insert into a variety of acidic, polar, and non-polarized
bonds to yield X–H insertion products in high yields (Figure 1B,
5).14–20 The rearrangement occurs with high quantum yields to
the a-siloxy carbene21 at long UV wavelengths (350–420 nm) ideal
for photocrosslinking. We became interested in utilizing the 1,2-
photo Brook rearrangement as an orthogonal mechanism for
carbene generation that could bypass deleterious competing
pathways common to other carbene precursors, such as diazo
formation from diazirines,22 and provide complementary reac-
tivity to known warheads (Fig. 1C). Moreover, acyl silanes allow
for modular substitution on the photoactive moiety itself,
offering the potential for direct tuning of desired steric and
electronic properties of the probe. Herein, we report the design,
synthesis, and evaluation of several acyl silane photoaffinity
probes. Upon investigation, an iPr-substituted acyl silane was
identied that yielded superior labeling in cellular lysate relative
to Me and Ph probe derivatives and avoided unwanted thermal
background labeling. Subsequently, we synthesized (+)-JQ1- and
rapamycin-derived iPr acyl silanes and conrmed their labeling
efficiency and selectivity on pure recombinant proteins.
Furthermore, our iPr-substituted acyl silane probe demonstrated
similar levels of labeling to a “minimalist” diazirine probe in
cellular lysate, suggesting the overall promise of acyl silanes as
a novel scaffold for PAL.
Scheme 1 Synthesis of acyl silanes 15a–c.
Results and discussion

We began by synthesizing a probe that contained an alcohol as
a modular site of attachment for conjugation to a small
3852 | Chem. Sci., 2022, 13, 3851–3856
molecule of interest and an alkyne handle, which could be used
for either pull-down experiments or visualization aer further
reaction with a suitable azide dye via Cu-catalyzed azide–alkyne
click chemistry.23 Additionally, a series of warheads with varying
silane substitution were evaluated to probe the role of sterics on
photolabeling. Starting from a TBS-protected allyl alcohol 9, Me-
and Ph-substituted silyl dithianes 11a and b were obtained in 80
and 71% yields, respectively, following a Pt-catalyzed
hydrosilylation/lithiation sequence. Subsequent alkylation of
the lithiated dithianes and deprotection of both the alkyne and
TBS moieties yielded alcohols 13a and b (Scheme 1A). A similar
sequence was followed in the preparation of iPr-substituted
silane 13c from p-methoxybenzyl-protected allyl alcohol
(Scheme 1B). Following elaboration of the alcohol, oxidative
cleavage of the dithiane with PIFA provided the desired acyl
silane probes in high yields (Scheme 1C).24 Following depro-
tection, we conrmed that the acyl silanes 15a–c each possessed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a long-wavelength UV lmax between 364–370 nm, which was
consistent with reported values and is ideally suited for utili-
zation as a photoaffinity warhead. The reactivity of acyl silanes
15a–c in MeOH was also evaluated. To avoid possible damage to
the protein or proteins of interest, photoaffinity probes should
have short irradiation times; consistent with this, all three acyl
silanes showed 80% or greater conversion over a 30 minute
period upon irradiation with a simple 6 W handheld UV lamp
(Fig. 2). Analysis of the irradiation reaction in MeOH with acyl
silane 15b conrms the formation of an acetal consistent with
a-siloxy carbene insertion into the O–H bond of MeOH, and in
accordance with the adducts reported by Brook (Fig. S3†).14
Fig. 3 (A) Full gel image of UV-dependent labeling of PAL probes 15a–c
either DMSO or 10 mM probe 15a, 15b, or 15c and incubated at ambient te
with a 6W handheld UV lamp at 365 nm. Labeled protein was visualized fo
(B) Evaluation of probe labeling with variable incubation time. In brief, 231
or 15c and incubated at ambient temperature for 0, 0.5, 2, or 24 h. Sampl
at 365 nm. Labeled protein was visualized following Cu click reaction w

Fig. 2 Kinetic profile of irradiation of acyl silane probes in MeOH-d4 (n
¼ 3, average) using a 6 W handheld UV lamp at 365 nm. Conversion
was determined by 1H NMR using an internal standard. Full details
available in ESI.†

© 2022 The Author(s). Published by the Royal Society of Chemistry
Aer validating the photoactivity of the acyl silane probes
with long-wavelength UV irradiation, their labeling perfor-
mance in cell lysate was evaluated. Following a 30 minute
incubation period, lysates treated with probes 15a–c were irra-
diated for 30 minutes on ice, followed by a Cu-catalyzed click
reaction with rhodamine azide. Labeled proteins were subse-
quently visualized by in-gel uorescence. All probes displayed
light-dependent labeling of proteins as well as an increase in
labeling over DMSO control (Fig. 3A). However, samples treated
with iPr-substituted probe 15c showed signicantly greater
uorescence over 15a and 15b. While the increased labeling
may be the result of increased hydrophobicity of probe 15c, we
hypothesized the difference in labeling may be due to the
inherent instability of the probes 15a and 15b in cell lysate prior
to irradiation. Acyl silanes are known to undergo a slow,
thermal 1,2-Brook rearrangement in the presence of primary
amines (i.e., lysine), which could not only result in probe
decomposition before crosslinking but could also result in
uncontrolled background thermal labeling processes.25 A more
sterically hindered probe (i.e., 15c) could minimize probe
decomposition by slowing the rate of background, thermal 1,2-
Brook rearrangement. Thus, to evaluate their stability, probes
15a–c were incubated for either 0, 0.5, 2, or 24 hours in cell
lysate prior to 30 minute irradiation, with labeled proteins
visualized in a similar fashion as prior (Fig. 3B). Consistent with
the previous results, iPr-substituted acyl silane 15c showed no
increase in background signal over the course of the experiment
and exhibited minimal loss of uorescence. In contrast 15b,
and to a greater extent 15a, showed increased thermal labeling
upon extended incubation. Interestingly, all probes showed
a decrease of light-dependent labeling over extended
in cell lysate. In brief, 231MFP cell lysate in pH 7.4 PBS was treated with
mperature for 30 min. Samples were then irradiated for 30 min at 4 �C
llowing Cu click reaction with Rh–N3. Gel quantitation available in ESI.†
MFP cell lysate in pH 7.4 PBS was treated with 10 mM of probe 15a, 15b,
es were then irradiated for 30 min at 4 �C with a 6 W handheld UV lamp
ith Rh–N3. Gel quantitation available in ESI.†

Chem. Sci., 2022, 13, 3851–3856 | 3853
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incubation, possibly due to instability of the proteome over
extended time periods at ambient temperatures.

With these data in hand, we sought to further evaluate
whether bulkier acyl silane warheads such as iPr derivative 15c
could be utilized to capture targeted and specic small mole-
cule–protein interactions; thus, we prepared two small mole-
cule acyl silane probes utilizing the iPr-substitution. The rst
was based on (+)-JQ1, a known inhibitor of the BET class of
bromodomain proteins26 that has seen extensive proling27

and has come to serve as a key benchmarking tool in the
development of novel photoaffinity ligands (Fig. 4, 16 and 17).9

The second probe was based on rapamycin, a potent inhibitor
of FKBP12, which, upon binding, forms a ternary complex with
mTOR (Fig. 4, 18 and 19).28,29 Recently, Woo and coworkers
elegantly demonstrated the ability to probe the formation of
this ternary complex utilizing a diazirine-based rapamycin
photoaffinity probe.30 Key to both (+)-JQ1- and rapamycin-
based probe designs was identication of known points of
modication, such that the acyl silane would have minimal
Fig. 4 Evaluation of labeling by (+)-JQ1 (16 and 17) and rapamycin
photoaffinity probes (18 and 19) with pure recombinant BRD4-BD1
and FKBP12, respectively, by in-gel fluorescence (top image) following
Cu click reaction with Rh–N3 after irradiation at 365 nm with a 6 W
handheld UV lamp. Protein loading was confirmed following Ag stain
(bottom image) (a) reactions were performed using 0.6 mg BRD4-BD1
(appx. 0.7 mM) in 50 mL PBS, with 10 mM 16 or 17, and 100 mM (+)-JQ1
for competition. (b) Reactions were performed with 1.0 mg FKBP12
(appx. 1.5 mM) in 50 mL PBS (0.1% Triton X-100) with 10 mM 18 or 19 and
100 mM rapamycin for competition.

3854 | Chem. Sci., 2022, 13, 3851–3856
impact on protein binding. Thus, pure recombinant BRD4-
BD1 and FKBP12 protein were treated with probes 16/17 and
18/19, respectively, followed by irradiation with a 6 W hand-
held UV lamp at 365 nm (Fig. 4). Covalently labeled protein
adducts were subsequently visualized by in-gel uorescence
aer Cu-catalyzed click reaction with rhodamine azide.
Photochemical labeling was observed for (+)-JQ1 probes 16
and 17 with no thermal background labeling. While more
intense uorescence was observed for the probe with the
shorter linker (16), both probes could be inhibited by
pretreatment of BRD4-BD1 with excess (+)-JQ1. These data are
consistent with labeling being driven by probe-protein
binding, not an artifact caused by unspecic association of
the acyl silane moiety with the protein target. Interestingly, the
linker length for the rapamycin probes 18 and 19 had a more
profound effect, as superior labeling of FKBP12 was observed
with the longer linker probe 19. Again, minimal background
labeling was observed, and for both probes, labeling was
inhibited by pretreatment of FKBP12 with excess rapamycin.
To evaluate the relative labeling output of acyl silane probes
against traditional photoaffinity warheads, we synthesized
a “minimalist” diazirine probe modied with (+)-JQ1, 16-DA
(Fig. 5). Similar diazirine probes have been used to capture
specic interactions in proteins and whole cells.31 Acyl silane
Fig. 5 Evaluation of labeling by (+)-JQ1 photoaffinity probes (16,
16Me, 16DA) in 231MFP cell lysate by in-gel fluorescence (left image)
following Cu click reaction with Rh–N3 after irradiation at 365 nmwith
a 6 W handheld UV lamp or incubation in the dark. Reactions were
performed using 50 mL 231MFP cell lysate (normalized to 1 mg mL�1) in
PBS, with 10 mM probe. Protein loading was confirmed following
SafeStain stain (right image) (see ESI for full gel images).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Evaluation of labeling by (+)-JQ1 photoaffinity probe 16 in
231MFP cell lysate by in-gel fluorescence (top image) following Cu
click reaction with Rh–N3 after irradiation at 365 nm with a 6 W
handheld UV lamp or incubation in the dark. Reactions were per-
formed using 50 mL 231MFP cell lysate (normalized to 1 mg mL�1) spiked
with 0.2 mg BRD4-BD1 in PBS with 5 mM 16 and 500 mM (+)-JQ1 for
competition. Protein loading was confirmed following silver stain
(bottom image) (see ESI† for full gel images).
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(+)-JQ1 probe 16, the analogous dimethyl-substituted probe
16-Me, and diazirine probe 16-DA were incubated in cell lysate
and irradiated for 30 min on ice. Following click reaction,
visualization by in-gel uorescence shows intense uores-
cence for irradiated samples treated with probes 16 and 16-DA,
with minimal thermal labeling observed (Fig. 5). Consistent
with previous ndings, the less bulky probe 16-Me had both
lower labeling aer irradiation as well as some thermal
background labeling. These results support the promise of
acyl silanes as novel probes for photoaffinity labeling, as the
bulkier isopropyl derivative labels cell lysate on par with
current photoaffinity scaffolds. From these encouraging
results, we next sought to conrm that the acyl silane probes
were capable of capturing targeted and specic interactions in
the proteome. Thus, (+)-JQ1-acyl silane probe 16 was incu-
bated in 231MFP cell lysate, into which exogenous BRD4-BD1
protein was added.32 Following irradiation and click reaction
of rhodamine azide, labeled proteins were visualized by in-gel
uorescence. Pretreatment of lysate with excess (+)-JQ1 led to
inhibition of BRD4-BD1 labeling, indicating that the (+)-JQ1
acyl silane probe is able to capture the BRD4-BD1 protein in
cell lysates (Fig. 6). Initial attempts to identify protein adducts
by mass spectrometry approaches were unsuccessful, indi-
cating that further optimization of either the experimental
workow or the acyl silane moiety would be required for their
use in target identication and chemoproteomic experiments,
a major focus of our ongoing work.
Conclusions

In summary, we have identied a novel class of photoaffinity
warheads with short irradiation times capable of generating a-
siloxy carbene intermediates suitable for photoaffinity labeling
applications at long UV wavelengths in both cell lysate and with
pure protein. Further studies are underway to better understand
residue chemoselectivity, as well as an in-depth evaluation of
probe structure to allow for the broader use of acyl silanes in
proteome proling and site-of-modication studies.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Data availability

The experimental data, including procedures and character-
ization data, have been uploaded as part of the ESI.†
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