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and N. Winssinger*ab

Fragment-based lead discovery has proven to be a powerful method in the drug discovery process. The

combinatorial output that is accessible by combining fragments is very attractive; however, identifying

fragment pairs that bind synergistically and linking them productively can be challenging. Several

technologies have now been established to prepare and screen nucleic acid-encoded libraries (ssDNA,

dsDNA, PNA), and it has been shown that pairs of molecules combined by hybridization can bind

synergistically to a target. Herein we apply this concept to combinatorially pair two libraries of small

molecule fragments, use the fittest fragments supplemented with closely related analogs to build a

focused library covalently linking the fragments with different spacers, and apply this strategy to the

discovery of a potent ligand for Hsp70.
Introduction

The discovery of small molecules that bind and modulate the
activity of a specic target is a cornerstone of chemical biology
and the development of new therapeutics. Decades of high-
throughput screening to identify small molecule ligands have
shown that library size is not everything and that libraries
arising from a single chemistry generally suffer from redun-
dancy.1 Moreover, many targets cannot be screened in this way
because of a lack of measurable enzymatic activity or the lack of
a ligand for use in a displacement assay. Fragment-based
approaches have proven to be a powerful complementary
strategy to high-throughput screening.2 The ability to combine
different fragments provides rapid access to a large and diverse
molecular diversity space. However, identifying fragments that
bind synergistically to a target remains challenging. Moreover,
nding suitable chemistry to link the fragments can be prob-
lematic. In light of these issues, fragment growing coupled with
structural information is generally favoured. Despite the
success of these technologies, the slow turnaround and high
cost associated with the discovery of small molecule ligands is
inadequate to interrogate the function of emerging targets.3

Several technologies have now been reported to synthesize and
screen libraries of DNA- or PNA-encoded small molecules.4
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Using these technologies, one can rapidly identify binders using
an affinity purication of the library against an immobilized
target (mg of protein are generally sufficient) followed by a tag
decoding (next-generation sequencing or microarray hybrid-
ization). Compared to traditional screening, such technologies
signicantly miniaturize and accelerate the ligand discovery
process. Moreover, fragment pairing through complementary
sequences or hybridization to a DNA template can be used to
identify ligand pairs that interact synergistically with a target.5,6

Although this latter strategy is attractive in terms of molecular
diversity, identifying an appropriate linker to covalently pair the
fragments remains a laborious process of trial-and-error opti-
mization. Herein we demonstrate the productivity of taking the
results from the fragment screen as the starting point for the
synthesis of a focused library (Fig. 1).

As a test bed for this methodology, we selected Hsp70 as a
target. This choice was motivated by the current interest in the
stress response pathway and the fact that Hsp70 (ref. 7) is an
important actor in this pathway, coupled with the challenge of
screening this target and the limited number of high-affinity
ligands reported. The cellular stress response machinery has
attracted signicant attention as a productive area for thera-
peutic intervention. It is well established that this machinery is
important in malignant progression to overcome cellular
insults such as hypoxia, nutrient deprivation, and the accu-
mulation of mutated and incorrectly folded proteins. Further-
more, a number of oncogenic proteins are dependent on the
chaperoning activity of this machinery. The successes achieved
with selective inhibitors targeting the nucleotide binding
pocket of Hsp90 (ref. 8) have stimulated efforts to target other
chaperones. Like Hsp90, Hsp70 is an ATP-dependent chaperone
Chem. Sci., 2015, 6, 739–744 | 739
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Fig. 1 General protocol.
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but is less specialized than Hsp90 and works in concert with
Hsp40. Compared to Hsp90, the low intrinsic ATPase activity of
Hsp70 coupled with its high affinity for ADP (260 nM)9 has
hampered development of HTS assays. Moreover, the lack of
precise structural information has hindered structure-guided
inhibitor development, with the rst structure with an inhibitor
targeting the nucleotide binding site being reported in 2009.10
Fig. 2 Top: microarray-based screen of combinatorially paired fragmen
fragment B on the vertical lines: 62 500 combinations). Bottom: structu

740 | Chem. Sci., 2015, 6, 739–744
Results and discussion

A microarray pairing 125 biologically validated fragments11

(FDA-approved drugs, bioactive natural products or fragments
thereof) with a library of 500 heterocycles was used as a
preliminary screen.6 The microarray contained 62 500 unique
DNA sequences that combinatorially paired both fragment
libraries. The screening was performed by incubating GST-tag-
ged Hsp70 for 3 h, washing the slide to remove unbound Hsp70,
and revealing Hsp70 binders using an anti-GST antibody
labelled with a Dylight 649 uorophore.12 The result from this
screen with Hsp70 is shown in Fig. 2, arranged with fragments
from the 125-fragment set and 500-fragment set on horizontal
and vertical lines, respectively. The recurrence of binding across
a line reects the tness of a given fragment. Thus, line inten-
sities were used to rank the different fragments. What is inter-
esting is that lines across the library of the 500-fragment set (4B,
24B, 44B, 84B, 124B, .) shared a common structural motif
(biaryl-ether; Fig. 2). This motif was also present in the set of
125 fragments (fragment 108A) and also showed good binding,
thus offering a cross-validation from this preliminary screening.
It is noteworthy that this biaryl moiety is part of a previously
reported Hsp70 ligand (MAL3-101).13,14 Aside from fragment
77A, all other A fragments showed different affinities depending
on their combination with different B fragments, suggesting a
synergy of interactions between both fragments and Hsp70.
Although screening fragments as conjugates to a nucleic acid
tag restricts their binding mode to a particular orientation (the
orientation that will position the linker to the tag toward the
outside of the binding pocket), it greatly facilitates the synthesis
of the corresponding covalent adduct combining both frag-
ments, as the same chemistry that was used to link the
ts against Hsp70-GST (125 fragment A on the horizontal lines � 500
re of the fragments highlighted on top.

This journal is © The Royal Society of Chemistry 2015
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fragments to the tag can be used to covalently pair them.
Nonetheless, the linker length and conformational bias must be
identied experimentally. We reasoned that the identied
fragments could be used as the starting point for a focused
library covalently pairing the fragments. This would allow for
supplementing the selected fragment set with new entities (near
neighbours) and enriching the local diversity space around
these initial hits. Such iterative processes are highly efficient in
siing through a large diversity space. Following this strategy,
we designed an Hsp70-focused library of 10 000 members using
20 fragments A � 5 different linkers with different lengths and
geometrical constraints � 100 fragments B. The 100-fragment
set contained 90 entities that were not present in the original
screen. To be viable, an iterative library synthesis approach
should be leveraged on chemistry that is compatible with SPPS
and can be performed by automated PNA-encoded synthesis. As
shown in Scheme 1, this was achieved through the use of three
orthogonal amino group masking strategies (Mtt, Fmoc, and
azide) that enabled selective chemical reactions at both sites of
the linker joining the fragment and the encoding site. Thus, a
resin derivatized with lysine with orthogonal protecting groups
(Mtt and N3) was split into 100 pools and deprotected on one
end (Mtt deprotection using HFIP), and the different linkers to
Scheme 1 Synthesis of a 10 000-member focused library for Hsp70 (20

This journal is © The Royal Society of Chemistry 2015
join both fragments were introduced by standard peptide
coupling method, affording the two sites for fragment coupling
protected by Fmoc and Mtt, respectively.15 The fragments were
coupled using two different chemistries: for fragments
containing a carboxylic acid, DIC/HOBt was used; for
fragments with an amino group, hydroxyl, or aniline, the
amino-functionalized linker was rst treated with 4-nitro-
phenylchloroformate and the resulting carbamate coupled with
the fragment. The azide was next reduced and the rst 100 pools
were encoded with a 7mer Boc-protected PNA sequence. The
resins were mixed and split to introduce the second encoding
7mer sequence followed by deprotection of Mtt and the intro-
duction of the corresponding second fragments. The success of
each fragment coupling and encoding step was veried by
MALDI analysis of an analytical sample. Cleavage of the nal
library and hybridization afforded the spatially resolved 10 000-
member Hsp70-focused library. A slide containing 4-fold
redundancy of each DNA sequence randomly distributed on the
array was used to have four data points for each small molecule–
target interaction, thus allowing a statistical analysis of the hits.
The array was screened under three different conditions:
Hsp70, Hsp70 + Hsp40, and Hsp70 + ATP. It is important to note
that hits from the three different screens (the 50 highest
A fragments � 5 spacers � 100 B fragments).

Chem. Sci., 2015, 6, 739–744 | 741
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intensity spots of the array) had less than 10% standard devia-
tion across the four copies of the molecule. For the purpose of
this study, we chose to focus on compounds that were directly or
allosterically outcompeted by ATP but not by Hsp40 (high-
lighted by circles in Fig. 3). The 15 compounds showing the
highest uorescent intensity from this set were selected for
resynthesis without the PNA tag as well as replacing the PNA tag
with a biotin. Biotin-tagged compounds facilitate affinity
measurement by providing simple immobilization to a strep-
tavidin-coated SPR chip. Furthermore, biotin conjugates can be
used to assess the selectivity of a selected compound against a
proteome by affinity pull-down experiments with lysates. Thus,
the affinity of the 15 biotin tagged compounds was measured by
SPR using Hsp70 and Hsp90 as related ATP-dependent chap-
erones for comparison (Table 1). Gratifyingly, all 15 hits from
the array were conrmed by SPR to be high-affinity ligands, with
KD ranging from 0.64 nM to 12.1 nM. One ligand (compound 2a)
showed no measurable affinity for Hsp90 but was an excellent
ligand for Hsp70 (1.58 nM); 13 other compounds showed a
selectivity for Hsp70 vs. Hsp90, ranging from 2- to 95-fold, and
Fig. 3 Top: microarray-based screen of the focused library under three d
+ ATP (blue circles denote the 15 highest intensity compounds). Bottom

742 | Chem. Sci., 2015, 6, 739–744
one compound appeared to be a marginally better ligand for
Hsp90 than Hsp70 (compound 11a, 12 nM for Hsp70 vs. 5.6 nM
for Hsp90). In light of artefacts that can arise from affinity
measurements of molecules immobilized on surfaces, we next
prepared a uorescein isothiourea conjugate of 1 (1-FITC) for
anisotropy measurements. Using a displacement assay, an
affinity of 31 nM for 1b was measured (see Fig. S1† for titration
plots). These affinities are notable considering that the tightest
Hsp70 binder reported to date has an affinity of 210 nM.16 We
next assessed the ATPase inhibition of the selected compounds
lacking the biotin tag (1a–15a). Note that Hsp70 ligands repor-
ted thus far bind to different domains of Hsp70 (nucleotide
binding pocket,10 substrate binding site,17 C-terminal EEVD
motif,18 as well as an allosteric site19) and do not all inhibit its
ATPase activity; some even stimulate this activity (such as
MAL3-101).14 The high concentration of Hsp70 (1 mM) required
to reliably measure ATP hydrolysis precludes the identication
of sub-micromolar EC50. At 200 molar equivalence of inhibitor
(200 mM), 11 out of 15 compounds showed greater than 50%
inhibition, with compounds 1b and 2b showing complete
ifferent conditions: Hsp70-GST, Hsp70-GST + Hsp40, and Hsp70-GST
: structure of the best ligands (blue circles).

This journal is © The Royal Society of Chemistry 2015
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Table 1 SPR affinity measurements of compounds immobilized on a
streptavidin chip for the selected ligand. Fluorescence intensities of
compounds on the microarray (the mean of four spots with a standard
deviation between 5% and 10%)

Compound Codons
FU microarray
HSP70-GST

KD HSP70
(nM)

KD HSP90
(nM)

1a 6–67 28 333 5.94 563
2a 6–95 28 653 1.58 Low binding
3a 44–67 28 945 7.65 27
4a 44–28 28 566 2.69 10.7
5a 5–96 28 447 0.38 (5.44)a

6a 74–28 28 958 2.33 18.7
7a 74–89 24 143 1.34 (3.17)a

8a 8–64 27 982 (0.80)a (16.9)a

9a 8–89 29 024 (0.64)a (14.7)a

10a 45–64 28 961 1.88 2.97
11a 32–89 27 941 12.10 (5.6)a

12a 4–28 28 174 2.02 10.1
13a 42–27 27 215 (1.16)a (29.5)a

14a 80–64 28 588 2.88 (52.8)a

15a 72–66 28 732 (1.30)a (35.3)a

a c2 > 10.

Fig. 5 Affinity pull-down of Hsp70 vs. related (Hsp90) or unrelated
(carbonic anhydrase) proteins using streptavidin resin loaded with
compound 1a or 2a. A. SDS PAGE (Coomassie affinity Brilliant Blue
staining) of supernatant (SN) wash and eluent (E) fractions (biotin was
used as a negative control); B. same experiment as in A but with crude
cell lysates from HEK and Western blotting using specific monoclonal
anti-Hsp70 antibody (carbonic anhydrase was used as a negative
control; see Table S1† for MS-MS analysis of the eluent of 2a).
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inhibition. Compounds 1b and 2b were further tested in a dose–
response manner and both compounds showed greater than
50% inhibition using 1 molar equivalent to Hsp70 (Fig. 4B). We
then veried the ability of compounds 1a and 2a to capture
Hsp70 using streptavidin magnetic beads. As shown in Fig. 5,
both compounds retained Hsp70 but not Hsp90, in line with
affinity measurements by SPR. It is important to note that
neither of the fragments used in the synthesis of 1a and 2a
retained Hsp70 under the same conditions, attesting to the
synergic interaction of the fragments and linker (Fig. S2†).
Furthermore, the pull down of Hsp70 with immobilized 1a was
outcompeted with soluble free ligand in solution (Fig. S2†).
When crude cell lysates were used, both compounds retained
Hsp70 but no carbonic anhydrase (used as a negative control).
Fig. 4 A. Evaluation of the ATPase inhibitor effect of compounds 1b–15b
and 2b in dose response (0.02–200 molar equivalence).

This journal is © The Royal Society of Chemistry 2015
To further assess the selectivity of the compound against a
crude proteome, we challenged the immobilized compound
with crude lysates from HEK cells, washed it, and subjected the
retained fraction to a proteomic analysis. Hsp70 was identied
as having the highest sequence coverage along with Hsp72, a
stress-induced isoform of constitutively expressed Hsp70 (see
Table S1† for list of retained proteins).20
Conclusions

The study presented herein illustrates an efficient workow for
identifying potent small molecule ligands from diverse frag-
ment libraries. A key to the success of this workow is the ability
to generate a focused library upon the identication of small
molecule fragments from generic libraries. Salient features are
the opportunity to enrich the focused library with new (near
neighbour) fragments and the use of robust and streamlined
synthetic technologies to pair fragments covalently. The use of a
combinatorial approach to optimize the covalent pairing offers
the potential to adjust distance and geometry of the linker.
at 200 mM on Hsp70/Hsp40 (1 mM); B. same as in A for compounds 1b

Chem. Sci., 2015, 6, 739–744 | 743
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Different linkers may also provide additional affinity through
target-linker interactions. The research reported herein led to
the identication of the most potent Hsp70 ligand reported to
date. The ligand is selective for Hsp70 s (Hsp70/Hsp72) across a
proteome.

Acknowledgements

This work was supported by an ERC grant (ERC 201749) and the
Swiss National Science Foundation, NCCR Chemical Biology.

Notes and references

1 C. Lipinski and A. Hopkins, Nature, 2004, 432, 855–861;
M. D. Burke and S. L. Schreiber, Angew. Chem., Int. Ed.,
2004, 43, 46–58; W. Galloway, A. Isidro-Llobet and
D. R. Spring, Nat. Commun., 2010, 1, 80.

2 P. J. Hajduk and J. Greer, Nat. Rev. Drug Discovery, 2007, 6,
211–219; D. C. Rees, M. Congreve, C. W. Murray and
R. Carr, Nat. Rev. Drug Discovery, 2004, 3, 660–672;
S. B. Shuker, P. J. Hajduk, R. P. Meadows and S. W. Fesik,
Science, 1996, 274, 1531–1534.

3 T. Kodadek, Nat. Chem. Biol., 2010, 6, 162–165; L. N. Makley
and J. E. Gestwicki, Chem. Biol. Drug Des., 2013, 81, 22–32.

4 R. E. Kleiner, C. E. Dumelin and D. R. Liu, Chem. Soc. Rev.,
2011, 40, 5707–5717; L. Mannocci, M. Leimbacher,
M. Wichert, J. Scheuermann and D. Neri, Chem. Commun.,
2011, 47, 12747–12753; J. L. Harris and N. Winssinger,
Chem.–Eur. J., 2005, 11, 6792–6801.

5 S. Melkko, J. Scheuermann, C. E. Dumelin and D. Neri, Nat.
Biotechnol., 2004, 22, 568–574; K. T. Huang, K. Gorska,
S. Alvarez, S. Barluenga and N. Winssinger, ChemBioChem,
2011, 12, 56–60; M. Ciobanu, K.-T. Huang, J.-P. Daguer,
S. Barluenga, O. Chaloin, E. Schaeffer, C. G. Mueller,
D. A. Mitchell and N. Winssinger, Chem. Commun., 2011,
47, 9321–9323; K. Gorska, J. Beyrath, S. Fournel,
G. Guichard and N. Winssinger, Chem. Commun., 2010, 46,
7742–7744; K. Gorska, K.-T. Huang, O. Chaloin and
N. Winssinger, Angew. Chem., Int. Ed., 2009, 48, 7695–7700;
R. Liu, B. Jiang, H. Y. Yu and J. C. Chaput, ChemBioChem,
2011, 12, 1813–1817; B. A. R. Williams, C. W. Diehnelt,
P. Belcher, M. Greving, N. W. Woodbury, S. A. Johnston
and J. C. Chaput, J. Am. Chem. Soc., 2009, 131, 17233–
17241; H. Eberhard, F. Diezmann and O. Seitz, Angew.
Chem., Int. Ed., 2011, 50, 4146–4150; F. Abendroth,
A. Bujotzek, M. Shan, R. Haag, M. Weber and O. Seitz,
Angew. Chem., Int. Ed., 2011, 50, 8592–8596.

6 J. P. Daguer, M. Ciobanu, S. Alvarez, S. Barluenga and
N. Winssinger, Chem. Sci., 2011, 2, 625–632.

7 V. A. Assimon, A. T. Gillies, J. N. Rauch and J. E. Gestwicki,
Curr. Pharm. Des., 2013, 19, 404–417; M. V. Powers,
744 | Chem. Sci., 2015, 6, 739–744
K. Jones, C. Barillari, I. Westwood, R. L. M. van Montfort
and P. Workman, Cell Cycle, 2010, 9, 1542–1550;
C. G. Evans, L. Chang and J. E. Gestwicki, J. Med. Chem.,
2010, 53, 4585–4602; A. J. Massey, J. Med. Chem., 2010, 53,
7280–7286.

8 L. Neckers and P. Workman, Clin. Cancer Res., 2012, 18, 64–
76; P. Workman, F. Burrows, L. Neckers and N. Rosen, in
Stress Responses in Biology and Medicine: Stress of Life in
Molecules, Cells, Organisms, and Psychosocial Communities,
ed. P. Csermely, T. Korcsmaros and K. Sulyok, Wiley-
Blackwell, Malden, 2007, vol. 1113, pp. 202–216.

9 J. C. Borges and C. H. I. Ramos, Arch. Biochem. Biophys., 2006,
452, 46–54.

10 D. S. Williamson, J. Borgognoni, A. Clay, Z. Daniels,
P. Dokurno, M. J. Drysdale, N. Foloppe, G. L. Francis,
C. J. Graham, R. Howes, A. T. Macias, J. B. Murray,
R. Parsons, T. Shaw, A. E. Surgenor, L. Terry, Y. K. Wang,
M. Wood and A. J. Massey, J. Med. Chem., 2009, 52, 1510–
1513.

11 B. Over, S. Wetzel, C. Grutter, Y. Nakai, S. Renner, D. Rauh
and H. Waldmann, Nat. Chem., 2013, 5, 21–28; R. S. Bon
and H. Waldmann, Acc. Chem. Res., 2010, 43, 1103–1114.

12 A. J. Vegas, J. H. Fuller and A. N. Koehler, Chem. Soc. Rev.,
2008, 37, 1385–1394.

13 D. M. Huryn, J. L. Brodsky, K. M. Brummond,
P. G. Chambers, B. Eyer, A. W. Ireland, M. Kawasumi,
M. G. LaPorte, K. Lloyd, B. Manteau, P. Nghiem, B. Quade,
S. P. Seguin and P. Wipf, Proc. Natl. Acad. Sci. U. S. A.,
2011, 108, 6757–6762.

14 S. W. Fewell, C. M. Smith, M. A. Lyon, T. P. Dumitrescu,
P. Wipf, B. W. Day and J. L. Brodsky, J. Biol. Chem., 2004,
279, 51131–51140.

15 D. Chouikhi, M. Ciobanu, C. Zambaldo, V. Duplan,
S. Barluenga and N. Winssinger, Chem. Eur. J., 2012, 18,
12698–12704.

16 D. R. Williams, S. K. Ko, S. Park, M. R. Lee and I. Shin, Angew.
Chem., Int. Ed., 2008, 47, 7466–7469.

17 J. I. J. Leu, J. Pimkina, A. Frank, M. E. Murphy and
D. L. George, Mol. Cell, 2009, 36, 15–27.

18 S. G. Nadler, D. D. Dischino, A. R. Malacko, J. S. Cleaveland,
S. M. Fujihara and H. Marquardt, Biochem. Biophys. Res.
Commun., 1998, 253, 176–180.

19 Y. L. Kang, T. Taldone, H. J. Patel, P. D. Patel, A. Rodina,
A. Gozman, R. Maharaj, C. C. Clement, M. R. Patel,
J. L. Brodsky, J. C. Young and G. Chiosis, J. Med. Chem.,
2014, 57, 1188–1207.

20 M. Daugaard, M. Rohde and M. Jaattela, FEBS Lett., 2007,
581, 3702–3710.
This journal is © The Royal Society of Chemistry 2015

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4sc01654h

	DNA display of fragment pairs as a tool for the discovery of novel biologically active small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/c4sc01654h
	DNA display of fragment pairs as a tool for the discovery of novel biologically active small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/c4sc01654h
	DNA display of fragment pairs as a tool for the discovery of novel biologically active small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/c4sc01654h
	DNA display of fragment pairs as a tool for the discovery of novel biologically active small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/c4sc01654h
	DNA display of fragment pairs as a tool for the discovery of novel biologically active small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/c4sc01654h


