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Abstract: A one bead-one compound screening format is
presented. Following solid-phase synthesis on a photolabile
linker, library compounds were readily released and screened
inside polymer beads. The release of screening compounds was
readily controlled by varying photolysis time and light
intensity. Dose-response experiments were carried out to
effectively distinguish high- and low-affinity ligands. A library
containing 55 800 compounds was synthesized and screened in
a fluorometric assay, thereby identifying potent HDAC inhib-
itors with ICs, values in the nanomolar range.

The development of split-and-mix combinatorial synthesis
has enabled the generation of huge chemical libraries of
immobilized compounds."” Although technologies have been
developed for the on-bead screening of solid-supported
compounds,? these methods may not be predictive of the
activity of the compound in solution.”! The nature of the
immobilization and non-specific interactions between the
target molecule and the bead polymer pose an interfering set
of thermodynamic, kinetic, and electrostatic factors that
affect bioactivity. This situation may lead to false screening
data. Compounds may be physically removed from the
support prior to screening, but this approach is highly
resource-demanding with respect to instrumentation. Off-
bead screening strategies may rely on gels to reduce diffusion
of library members released from beads,”) but the assay
environment is critically influenced by the nature of the gel,
and post-screen hit identification is not straightforward. The
use of microarrays to keep beads spatially separated is
hampered by the issue of sequential, homogeneous filling of
micro-wells with beads, substrates and other assay compo-
nents.”! To address these challenges, we now report a highly
efficient approach for bead-based screening, where library
compounds are released and subsequently screened inside
respective polymeric beads. The approach is referred to as
“in-bead” screening, and its unique utility is demonstrated by
the identification of potent HDAC inhibitors.
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It was envisioned that organic compounds will preferen-
tially localize or accumulate in the organic environment
inside a polymeric bead whenever the surrounding media is
aqueous. To confirm this hypothesis, the bead/media distri-
bution of various organic compounds, including hydroxamic
acids, was examined for PEG-based polymeric beads (Sup-
porting Information). In general, when an aqueous solution of
an organic compound was added to PEGA beads swelled in
aqueous media, the organic compound was extracted into the
organic environment of the bead.’! On the other hand, the
compound readily left the beads upon exposure to an organic
solvent. Therefore, compounds released from beads through
methods compatible with aqueous media, such as pH adjust-
ment, enzymatic activity, or photolysis, should remain inside
the bead (Figure 1 A).
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Figure 1. A) lllustration of the partition of organic compounds between
polymeric beads and solvents. B) Illustration of the on-bead, off-bead,
and in-bead screening techniques.

The distribution studies led us to suggest that beads may
confine a spatially separated compartment useful for high-
throughput biological screening. Following library synthesis
on a photolabile resin, and infusion of suitable assay reagents
in aqueous buffers, compounds may then be released under
biocompatible conditions and screened inside each bead.
Ideally, compounds would only be active upon release and not
escape the parent bead swelled in appropriate assay buffer.
Depending on the assay readout, beads containing hits may
then be isolated through various methods, including auto-
mated approaches.

We decided to apply the in-bead screening technology to
a common fluorometric assay for HDAC inhibition
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Figure 2. In-bead HDAC inhibition screening assay.
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Scheme 1. A) Synthesis of Fmoc-protected hydroxylamine-functional-
ized carboxylic acid linker 6. B) Application of linker 6 in SPPS for the
photolytic release of hydroxamic acids.

(Figure 2), which has been widely used in academic and
industrial settings in the hunt for new drugs against cancer
and other diseases.”” In this context, huge libraries of
hydroxamic acid compounds have been generated through
massive synthesis efforts, then screened and biologically
evaluated, ultimately resulting in advanced clinical candidates
and approved drugs.®! To support our efforts, a photolabile
linker 6 capable of releasing hydroxamic acids was developed
(Scheme 1).

The linker was synthesized in few, high-yielding steps
starting from the known alcohol 1.”! Using standard reagents
for solid-phase peptide synthesis, the linker was immobilized
and synthetically elaborated on an amino-functionalized
PEGA resin. Gratifyingly, hydroxamic acids were cleanly
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Table 1: Synthesis and photolytic release of hydroxamic acids 9a-g.
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[a] Photolytic cleavage was carried out for 2 h with an LED UV-lamp
(365 nm). Cleavage of the Rink linker was carried out with TFA/CH,Cl,
(1:1) for 2 h. Purities were determined by RP-HPLC (254 nm). HFIP:
hexafluoroisopropanol.

8b: >95%; 9b: >95%

8c: >95%;9¢c: >95%

8d: >95%; 9d: >95%

8e: >95%,; 9e: >95%

8f: >95%;9f >95%

8g: >95%;9g: >95%

released when photolysis was performed in aqueous media
(Table 1).

To demonstrate the in-bead technology in HDAC inhib-
itory screens, library beads functionalized with inhibitors and
non-inhibitors were examined. Beads functionalized with the
known HDAC-inhibitor SAHA!! (9a) and the HDAC non-
inhibitor (10), respectively, were subjected to irradiation with
LED UV-light (0.5 min, 360 nm) in a Tris-HCl buffer (50 mm
Tris/Cl, pH 8.0, 137 mm NaCl, 2.7mm KCI, 1 mm MgCl,,
1mgmL~' BSA), before adding the HDAC substrate and
incubating for 30 min. Upon isolation of the beads by simple
filtration, HDAC enzymes were added. After an appropriate
assay time, the HDAC activity in the beads was quenched by
addition of the ultra-potent inhibitor trichostatin A (TSA).
The degree of inhibition was then quantified by addition of
trypsin, which liberates fluorescent aminocoumarin from
residual deacetylated substrate. After washing with excessive
amounts of buffer, beads were examined using fluorescence
microscopy (excitation at 360-460 nm), allowing clear visual
differentiation of non-fluorescent (inhibitor-containing) and
fluorescent (non-inhibitor-containing) beads. Experiments
showed complete inhibition of HDAC activity in SAHA-
functionalized beads (Figure 3A), and no inhibition upon
releasing non-ligands (Figure 3B). In addition, no HDAC
inhibition was observed in SAHA-functionalized beads when
the photolysis step was omitted (Figure 3 C).

As fluorescence development requires the action of two
enzymes, both HDAC and trypsin, negative control beads are
at the same time indicative of a functional assay. Along these
lines, both the absolute and relative concentrations of
substrate, enzyme and inhibitor inside the beads could be
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Figure 3. Representative bright-field (A1, B1, C1) and corresponding fluorescence (A2, B2, C2) microscopy images
of beads after screening: A) SAHA-containing beads; B) HDAC non-inhibitor-containing beads; C) SAHA-

functionalized beads excluded from the photolysis step.

varied independently. The amount of putative inhibitor
correlates with the photolysis time, and the uptake of
substrate depends merely on the concentration hereof in the
surrounding aqueous media, with a natural upper limit
(Supporting Information).

On the basis of these results, we envisioned the possibility
of performing an in-bead dose-response assay by simply
varying the light exposure time. Quantifiable batches of two
solid-supported inhibitors (7a and 7b, respectively) were
separately illuminated for 5s, 15s, 1 min, and 5 min before
carrying out the in-bead HDAC assay. The fluorescence
intensity was found to decrease with increasing photolysis
time as more inhibitor was being released (Figure 4). These
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Figure 4. Dose-response measurements using library beads 7a and
7b, respectively.

results clearly show the possibility of performing dose-
response-type measurements, which is a unique advantage
offered by the in-bead technology compared with other bead-
based techniques.

The screening and analysis of combinatorial libraries
demand effective methods for the sorting and identification of
bioactive compounds from single beads. To facilitate QTOF-
MS analysis, a bromine-containing dipeptide sequence, Phe-
(4-Br)-Arg, was positioned between the photolabile linker
and a Rink-linker functionalized support. Cleavage of the
acid-labile Rink linker then provides a product with sufficient
mass to be out of range of low-mass noise and matrix ions. The
bromine tag generates mass peaks with a characteristic
isotope pattern, and the arginine moiety facilitates appropri-
ate ionization, altogether rendering relevant peaks from
library products readily identifiable.
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Figure 5. In-bead HDAC inhibitor screen. A) Fluorescence and corre-
sponding bright-field microscopic images of selected beads after
screening (10x magnification; D360-460 filter). The boxes indicate
beads that contain a HDAC inhibitor. B) Synthetic strategy and
structure of the library employed in the screen. C) Selected hit-
compounds identified by the in-bead HDAC inhibitor screen. D) A
representative QTOF MS-MS spectrum derived from selected hit-bead.

binding moiety (hydroxamic acid or amide moiety), a hydro-
phobic spacer unit (one or more proteinogenic or non-
proteinogenic amino acids), and an aromatic cap group!”
(Supporting Information, Figure S2). Rewardingly, when
trypsin was added towards the end of the assay, the majority
of the beads turned fluorescent. Hit beads that remained dark
were transferred to analysis vials using a needle, then
individually treated with TFA, before elucidating structures
using MS-MS. Selected hits (11 and 12) and a representative
QTOF MS-MS spectrum used to identify 11 are shown in
Figure 5C,D. Fluorescent beads were also routinely isolated
and decoded by QTOF MS-MS spectrometry, and these beads
were shown not to contain inhibitors, that is, typically non-
hydroxamic acid compounds (Figure 5B, typically X = NH,).
All hits were resynthesized, purified, and screened in solution.
Compounds 11 and 12 displayed ICs, values of 63 and 16 nwm,
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respectively, which are similar to that of the known HDAC-
inhibitor SAHA.

In summary, the developed in-bead technology constitutes
a viable and exceptionally resource-effective approach to the
integrated synthesis and screening of large combinatorial
libraries. By adapting a common fluorescence-based screen-
ing assay and a photolabile linker to the format, a series of
highly potent hydroxamic acid inhibitors of HDACs were
identified. In addition to the identification of enzyme
inhibitors, we foresee that the in-bead technology can be
applicable to a range of other biological targets and amenable
to colorimetric binding assays.

Keywords: combinatorial libraries - HDAC inhibitors -
in-bead screening - photolabile linker

How to cite: Angew. Chem. Int. Ed. 2016, 55, 4472-4475
Angew. Chem. 2016, 128, 45484551

[1] a) K.S. Lam, S. E. Salmon, E. M. Hersh, V.J. Hruby, W. M.
Kazmierski, R.J. Knapp, Nature 1991, 354, 82-84; b) R. A.
Houghten, C. Pinilla, S. E. Blondelle, J. R. Appel, C. T. Dooley,
J. H. Cuervo, Nature 1991, 354, 84 —86.

a) J. C. Kappel, Y. C. Fan, K. S. Lam, J. Comb. Chem. 2008, 10,
333-342;b) R. Sambasivan, w. Zheng, S. J. Burya, B. V. Popp, C.
Turro, C. Clementi, Z. T. Ball, Chem. Sci. 2014, 5, 1401 -1407;
c¢) L. Ye, T. Dickerson, H. Kaur, Y. K. Takada, M. Fujita, R. Liu,
J. M. Knapp, K. S. Lam, N. E. Schore, M. J. Kurth, Y. Takada,
Bioorg. Med. Chem. Lett. 2013, 23, 340-345; d) Y. Zhang, S.
Zhou, A.-S. Wavreille, J. DeWille, D. Pei, J. Comb. Chem. 2008,
10, 247-255; e) H.-S. Lim, C.T. Archer, T. Kodadek, J. Am.
Chem. Soc. 2007, 129, 7750-7751; f) A. Song, J. Zhang, C.B.
Lebrilla, K. S. Lam, J. Am. Chem. Soc. 2003, 125, 6180-6188;
g¢) M. Meldal, Biopolymers 2002, 66, 93-100; h) E.M. V.
Johansson, J. Dubois, T. Darbre, J.-L. Reymond, Bioorg. Med.
Chem. 2010, 18, 6589-6597; i) W. Lian, P. Upadhyaya, C. A.
Rhodes, Y. Liu, D. Pei, J. Am. Chem. Soc. 2013, 135, 11990 -
11995; j) J. M. Astle, L. S. Simpson, Y. Huang, M. M. Reddy, R.
Wilson, S. Connell, J. Wilson, T. Kodadek, Chem. Biol. 2010, 17,
38-45; k) M. Oh, J. H. Lee, W. Wang, H. S. Lee, W.S. Lee, C.
Burlak, W. Im, Q. Q. Hoang, H.-S. Lim, Proc. Natl. Acad. Sci.
USA 2014, 111, 11007 -11012.

a) M. Hintersteiner, C. Buehler, M. Auer, ChemPhysChem 2012,
13, 3472-3480; b) M. M. Marani, M. C. M. Ceron, S. L. Giudi-
cessi, E. de Oliveira, S. Coté, R. Erra-Balsells, F. Albericio, O.
Cascone, S. A. Camperi, J. Comb. Chem. 2009, 11,146-150;c) S.

2

—_—

3

—

Zuschriften

Dixon, L. Robins, R. A. Elling, R. Liu, K. S. Lam, D. K. Wilson,
M. J. Kurth, Bioorg. Med. Chem. Lett. 2005, 15, 2938 -2942.
[4] a) N. Maillard, T. Darbre, J. L. Reymond, J. Comb. Chem. 2009,
11, 667-675.
[5] a) G. Upert, C. A. Merten, H. Wennemers, Chem. Commun.
2010, 46, 2209-2211; b) A.J. You, R. J. Jackman, G. M. White-
sides, S. L. Schreiber, Chem. Biol. 1997, 4, 969-975; c) L. A.
Walling, N. R. Peters, E. J. Horn, R. W. King, J. Cell. Biochem.
2001, 84, 7-12.
Meldal and co-workers have shown that PEGA resin allows for
the access of large biomolecules, ranging from 30-70 kDa: F. L.
Auzanneau, M. Meldal, K. Bock, J. Pept. Sci. 1995, 1, 31-44.
[7] a) S. Minucci, P. G. Pelicci, Nat. Rev. Cancer 2006, 6, 38-51;
b) J. E. Bradner, N. West, M. L. Grachan, E. F. Greenberg, S. J.
Haggarty, T. Warnow, R. Mazitschek, Nat. Chem. Biol. 2010, 6,
238-243.
a) M. . Miller, Chem. Rev. 1989, 89, 1563 -1579; b) W. Tang, T.
Luo, E. F. Greenberg, J. E. Bradner, S. L. Schreiber, Bioorg.
Med. Chem. Lett. 2011, 21, 2601-2605; c) C. D. Floyd, C.N.
Lewis, S. R. Patel, M. Whittaker, Tetrahedron Lett. 1996, 37,
8045-8048; d) U. Bauer, W. B. Ho, A. M. P. Koskinen, Tetrahe-
dron Lett. 1997, 38, 7233-7236; e) L. S. Richter, M. C. Desai,
Tetrahedron Lett. 1997, 38,321 -322;f) S. L. Mellor, C. McGuire,
W. C. Chan, Tetrahedron Lett. 1997, 38, 3311-3314; g) E.
Thouin, W. D. Lubell, Tetrahedron Lett. 2000, 41, 457—-460;
h) A. Golebiowski, S. Klopfenstein, Tetrahedron Lett. 1998, 39,
3397-3400; i) W. Zhang, L. Zhang, X. Li, J. A. Weigel, S. E.
Hall, J. P. Mayer, J. Comb. Chem. 2001, 3, 151-153;j) N. J. Ede,
L. W. James, B. M. Krywult, R. M. Griffiths, S. N. Eagle, B.
Gubbins, J. A. Leitch, W. R. Sampson, A. M. Bray, Lett. Pept.
Sci. 1999, 6, 157-163; k) S. L. Mellor, W.C. Chan, Chem.
Commun. 1997, 2005 -2006; 1) K. Ngu, D. V. Patel, J. Org. Chem.
1997, 62, 7088 —7089.
[9] The 4,5-dialkoxy-2-nitrobenzyl group was first incorporated in
photolabile linkers by Greenberg and Holmes: a) D.J. Yoo,
M. M. Greenberg, J. Org. Chem. 1995, 60, 3358 -3364; b) C. P.
Holmes, D. G. Jones, J. Org. Chem. 1995, 60, 2318-2319. Since
then, related linkers have been described for the immobilization
of various functional groups: c¢) C. G. Bochet, J. Chem. Soc.
Perkin Trans. 1 2002, 125-142.
[10] P. A. Marks, R. Breslow, Nat. Biotechnol. 2007, 25, 84—90.
[11] M. Paris, M. Porcelloni, M. Binaschi, D. Fattori, J. Med. Chem.
2008, 57, 1505 -1529.

6

—_

[8

—_

Received: December 6, 2015
Revised: February 2, 2016
Published online: March 4, 2016

Angew. Chem. 2016, 128, 4548 —4551

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

An dte

Chemie

455


http://dx.doi.org/10.1038/354082a0
http://dx.doi.org/10.1038/354084a0
http://dx.doi.org/10.1021/cc700165s
http://dx.doi.org/10.1021/cc700165s
http://dx.doi.org/10.1039/c3sc53354a
http://dx.doi.org/10.1016/j.bmcl.2012.10.080
http://dx.doi.org/10.1021/cc700185g
http://dx.doi.org/10.1021/cc700185g
http://dx.doi.org/10.1021/ja072027p
http://dx.doi.org/10.1021/ja072027p
http://dx.doi.org/10.1021/ja034539j
http://dx.doi.org/10.1002/bip.10229
http://dx.doi.org/10.1016/j.bmc.2010.04.026
http://dx.doi.org/10.1016/j.bmc.2010.04.026
http://dx.doi.org/10.1021/ja405106u
http://dx.doi.org/10.1021/ja405106u
http://dx.doi.org/10.1016/j.chembiol.2009.12.015
http://dx.doi.org/10.1016/j.chembiol.2009.12.015
http://dx.doi.org/10.1073/pnas.1320556111
http://dx.doi.org/10.1073/pnas.1320556111
http://dx.doi.org/10.1002/cphc.201200117
http://dx.doi.org/10.1002/cphc.201200117
http://dx.doi.org/10.1021/cc800145c
http://dx.doi.org/10.1016/j.bmcl.2005.03.010
http://dx.doi.org/10.1021/cc9000289
http://dx.doi.org/10.1021/cc9000289
http://dx.doi.org/10.1039/b927017e
http://dx.doi.org/10.1039/b927017e
http://dx.doi.org/10.1016/S1074-5521(97)90305-7
http://dx.doi.org/10.1002/jcb.10075
http://dx.doi.org/10.1002/jcb.10075
http://dx.doi.org/10.1002/psc.310010106
http://dx.doi.org/10.1038/nrc1779
http://dx.doi.org/10.1038/nchembio.313
http://dx.doi.org/10.1038/nchembio.313
http://dx.doi.org/10.1021/cr00097a011
http://dx.doi.org/10.1016/j.bmcl.2011.01.134
http://dx.doi.org/10.1016/j.bmcl.2011.01.134
http://dx.doi.org/10.1016/0040-4039(96)01821-7
http://dx.doi.org/10.1016/0040-4039(96)01821-7
http://dx.doi.org/10.1016/S0040-4039(97)01678-X
http://dx.doi.org/10.1016/S0040-4039(97)01678-X
http://dx.doi.org/10.1016/S0040-4039(96)02336-2
http://dx.doi.org/10.1016/S0040-4039(97)00594-7
http://dx.doi.org/10.1016/S0040-4039(99)02092-4
http://dx.doi.org/10.1016/S0040-4039(98)00532-2
http://dx.doi.org/10.1016/S0040-4039(98)00532-2
http://dx.doi.org/10.1021/cc000067i
http://dx.doi.org/10.1021/jo971274g
http://dx.doi.org/10.1021/jo971274g
http://dx.doi.org/10.1021/jo00116a019
http://dx.doi.org/10.1021/jo00113a004
http://dx.doi.org/10.1038/nbt1272
http://dx.doi.org/10.1021/jm7011408
http://dx.doi.org/10.1021/jm7011408
http://www.angewandte.de

