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Nanoscale synthesis and affinity ranking
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Most drugs are developed through iterative rounds of chemical
synthesis and biochemical testing to optimize the affinity of a
particular compound for a protein target of therapeutic interest. This
process is challenging because candidate molecules must be selected
from a chemical space of more than 10%° drug-like possibilities', and
a single reaction used to synthesize each molecule has more than
107 plausible permutations of catalysts, ligands, additives and other
parameters”. The merger of a method for high-throughput chemical
synthesis with a biochemical assay would facilitate the exploration of
this enormous search space and streamline the hunt for new drugs
and chemical probes. Miniaturized high-throughput chemical
synthesis®>~” has enabled rapid evaluation of reaction space, but so
far the merger of such syntheses with bioassays has been achieved
with only low-density reaction arrays, which analyse only a handful
of analogues prepared under a single reaction condition®-!%, High-
density chemical synthesis approaches that have been coupled to
bioassays, including on-bead!4, on-surface!’, on-DNA!® and mass-
encoding technologies'’, greatly reduce material requirements,
but they require the covalent linkage of substrates to a potentially
reactive support, must be performed under high dilution and must
operate in a mixture format. These reaction attributes limit the
application of transition-metal catalysts, which are easily poisoned
by the many functional groups present in a complex mixture, and of
transformations for which the kinetics require a high concentration
of reactant. Here we couple high-throughput nanomole-scale
synthesis with a label-free affinity-selection mass spectrometry
bioassay. Each reaction is performed at a 0.1-molar concentration in
adiscrete well to enable transition-metal catalysis while consuming
less than 0.05 milligrams of substrate per reaction. The affinity-
selection mass spectrometry bioassay is then used to rank the
affinity of the reaction products to target proteins, removing the
need for time-intensive reaction purification. This method enables
the primary synthesis and testing steps that are critical to the
invention of protein inhibitors to be performed rapidly and with
minimal consumption of starting materials.

The merger of nanoscale synthesis with affinity ranking, which we call
NanoSAR, could enable data-rich interrogations of reaction-chemical-
bioactivity space (Fig. 1). Nanoscale synthesis consumes less than
0.05mg of substrate per reaction?, so precious starting materials such
as complex drug-like intermediates can be used. Affinity-selection
mass spectrometry (ASMS) is a sensitive bioassay'®! that relates pro-
tein binding to mass detection of a candidate molecule. ASMS was
chosen to assay crude nanoscale reaction mixtures directly because
misleading readouts related to catalysts or other reaction components
can be omitted as long as the molecular masses of the desired prod-
ucts and residual reagents can be resolved by high-resolution mass
spectrometry. However, most existing ASMS protocols provide only
a binary readout of affinity®®. We envisioned that affinity could be
ranked by titrating down the concentration of protein while main-
taining a constant concentration of compound. As the protein con-
centration decreases, competition for binding is induced?!, and only
compounds with high affinity to the target are observed at the lowest

protein concentration. With this advance, potent protein inhibitors
may be identified at a nanomole-scale while forgoing time-consuming
reaction purification.

We validated NanoSAR by synthesizing libraries based on three of
the most popular transformations used in pharmaceutical research®>%.
Each library contains about 20 compounds and each reaction was run
on a nanomole scale (less than 0.05mg). Every analogue was resyn-
thesized on a traditional scale (about 20 mg) so that bioassay results
of unpurified nanoscale reactions could be compared directly to data
obtained from purified products using a conventional approach. The
crude nanoscale reaction mixtures were analysed by using ultra-
high-performance liquid chromatography-mass spectrometry (UPLC-
MS) to evaluate the reaction efficiency, pooled, and submitted to the
ASMS affinity-ranking assay directly (Extended Data Fig. 1). Next, each
product was resynthesized on an approximately 20-mg scale using the
productive reaction conditions identified on the nanoscale and puri-
fied. These purified products were likewise submitted to the ASMS
affinity-ranking assay, but were also either submitted to a traditional
assay of biochemical function or compared to reported binding affini-
ties. Potent molecules could be identified regardless of the scale of the
reaction.

The bioassay results from the crude nanoscale reactions matched
those obtained from the purified products. For example, a library of
19 known inhibitors®* of the kinase ERK2 was prepared by allowing
carboxylic acid 1 to react with diverse amines in the presence of HATU
(hexafluorophosphate azabenzotriazole tetramethyl uronium) and
"Pr,NEt (19 reactions, Fig. 2a) and submitted to affinity ranking. High-
affinity amide product 2 (inhibitory constant K; = 35nM), which was
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Fig. 1 | Nanoscale synthesis and affinity ranking (NanoSAR).

a, Reaction space and chemical space are navigated at the nanomole-scale
and bioassayed directly to locate potent protein inhibitors and productive
reaction conditions simultaneously. b, Nanoscale synthesis consumes

a fraction of the material that is required for traditional synthesis.

Crude reactions are assayed by ASMS, with affinity ranking achieved by
decreasing the concentration of the target protein to induce competition
among compounds.
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Fig. 2 | NanoSAR identification of ERK2, MK2 and CHK]1 inhibitors.
Inhibitors were produced using nanoscale synthesis and submitted directly
to an ASMS affinity-ranking assay, then resynthesized on a 50-pmol

scale, purified, and reassayed by ASMS for comparison to the functional
bioactivity (ICs) or reported binding affinity (K;) of each compound.

a, A library of 19 ERK2 inhibitors prepared by amide coupling. b, A library
of 18 MK2 inhibitors prepared by Suzuki coupling. ¢, A library of 20 CHK1
inhibitors prepared by Suzuki and C-N coupling. In each library, every
compound has a unique identifier (ID) and was formed under one or

more reaction conditions, with the yield, determined by UPLC, for each
reaction depicted in the heat map and the affinity-ranking data depicted
in the scatter plot. One high-affinity compound (2, 5 and 8) and one
low-affinity compound (3, 6 and 9) from each library are shown. The
reaction conditions identified on the nanoscale (red box) were then used
for the 50-pmol-scale resynthesis of each exemplary compound, and the
corresponding affinity-ranking data for that compound are highlighted
(red circle). NB indicates no binding was observed in the affinity-ranking
assay at the highest protein concentration tested. See Extended Data

Figs. 2-4 for reaction conditions (A-I), structures, yields and K; or ICsg
values of all compounds.

observed at the lowest ERK2 concentration tested in the affinity-ranking
assay, was easily distinguished from low-affinity amide product 3
(K> 5,000nM), which was not observed at any of the ERK2 concen-
trations tested. Therefore, with NanoSAR it was possible to differentiate
potent from impotent analogues with less than 0.05 mg of material and
with no reaction purification (Extended Data Fig. 2).

For this library of ERK2 inhibitors produced by amide coupling, a
single reaction condition was sufficient. For subsequent transition-
metal-catalysed Suzuki or C-N coupling reactions, we surveyed
eight and nine reaction conditions, respectively, to ensure that every
product was synthesized successfully. Nanoscale Suzuki coupling
of heterocyclic bromide 4 with 18 diverse boronates was achieved
with 8 combinations of Buchwald precatalysts®, bases and solvents
(144 reactions, Fig. 2b). Using conditions identified at the nanos-
cale, all 18 products were prepared on a traditional 50-pmol scale,
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purified and assayed for inhibition of the function of the kinase
MK2%. NanoSAR can readily distinguish potent inhibitors, such
as 5 (half-maximal inhibitory concentration IC5y =59 nM), from
impotent inhibitors, such as 6 (ICsy 3,400 nM). IC5 values for all
18 analogues were determined, using purified compounds produced
on a 50-pmol scale, and could be predicted from the NanoSAR data
(Extended Data Fig. 3). Similarly, bromide 7 was used to generate 20
distinct inhibitors*” of the kinase CHK1 via C-C and C-N coupling
(170 reactions, Fig. 2c). Potent inhibitors, such as 8 (ICsy 23 nM), were
readily distinguished from an array of less-potent, lower-affinity com-
pounds, such as 9 (ICso > 10,000 nM). Once again, affinity-ranking
results from crude nanoscale reactions predicted the CHK1 func-
tional activity of purified samples produced on a micromole scale
(Extended Data Fig. 4). Samples treated with a metal scavenging resin
had low levels of residual palladium; however, simple dilution with
water reduced palladium levels to less than 5p.p.m. (Extended Data
Fig. 5).

The information density produced by NanoSAR permits explora-
tions that were previously impractical or impossible, such as the rapid
survey of reaction conditions, building blocks and protein affinity
(Fig. 3). For example, 7 was coupled to various functionalized nucleo-
philes via multiple distinct chemical transformations, with affinity
information for CHK1 generated for each analogue of the form of 10
produced. As shown in the outer reaction-condition heat map in Fig. 3,
we explored combinations of catalysts (11-26), bases (27-34) and sol-
vents (N-methyl pyrrolidinone (NMP), dimethylsulfoxide (DMSO) and
N,N-dimethylformamide (DMF)) with 17 representative nucleophiles
(D1-D17, Extended Data Fig. 6). For each class of nucleophile, four of
the most productive reaction conditions were selected so that 7 could
be effectively coupled to 384 diverse building blocks, as shown in the
inner heat map of building-block reactivity (Fig. 3). By using four reac-
tion conditions, we identified productive C-N, C-O, C-S or C-C cou-
pling conditions for 345 of 384 products (90%) (Extended Data Figs. 7,
10). The 345 crude reaction mixtures, outlined in black in the inner
heat map, were submitted directly to affinity ranking by titrating the
CHKI1 concentration from 10 pM to 0.2 pM: products that bind tightly
to CHKI1 appear closer to the centre of the circle in the affinity-ranking
plot (Fig. 3). Key compounds were identified for scale-up, purification
and analysis in an assay of CHK1 functional activity (Extended Data
Fig. 8). Exemplars (35-41) are shown in Fig. 3 (see Extended Data Fig. 9
for dose titration curves), with each class of functional group revealing
unique structure-reactivity and structure-bioactivity relationships.
Compounds 38, 39 and 41 were isolated in 98%, 52% and 24% yield,
respectively, from reactions run on a 50-pmol scale, and were potent
CHKI1 inhibitors, as predicted by NanoSAR.

Subtle reactivity trends were illuminated in the data analysis. For
instance, one of the thiol nucleophiles that we tested in the initial survey
of reaction conditions (3-phenylpropane-1-thiol, D15) couples to 7 in
high yield regardless of the catalyst, base or solvent used (see Extended
Data Fig. 6 for reaction-condition mapping). This finding suggests that
alkyl thiols couple to 7 via a nucleophilic aromatic substitution (SyAr)
mechanism rather than via palladium catalysis. Guided by this infor-
mation, two of the four reaction conditions selected to couple thiols
to 7 used no catalyst. Compound 35 was isolated in 98% yield on a
50-pmol scale using no catalyst, with P,Et in DMF; however, it was
inactive against CHK1, as predicted by NanoSAR.

Higher-order trends also emerge from the data. For example, com-
paring the reaction performance of boronate to amine building blocks
suggests that, at least with 7, the Suzuki coupling is a more robust
reaction than is the C-N coupling. Years of anecdotal experience
with these two transformations led us to hypothesize this disparity
in reaction robustness’, and here the phenomenon can be readily
visualized. Patterns of bioactivity are also apparent in the central
plot of affinity ranking in Fig. 3. For instance, many of the boronate-,
amide- and amine-derived products were bioactive, exhibiting affi-
nity to CHK1 and appearing as points closer to the centre of the circle;
these compounds exhibited functional inhibition of CHK1 function
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Fig. 3 | NanoSAR mapping of reactivity and bioactivity for diverse
CHK]1 inhibitors. 3,114 reactions were run, using only 123 mg of 7, to map
structure-reactivity and structure-bioactivity relationships. The outer heat
map shows a survey of reaction conditions (RCs) with 17 representative
building blocks (BB; D1-D17, Extended Data Fig. 6). The inner heat map
shows library synthesis of 384 diverse building blocks (see Supplementary
Information for structures) using four productive reaction conditions
(A-D) selected from the reaction-condition survey. Using the reaction

conditions outlined in black in the inner heat map, 345 compounds were for details.
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submitted directly to the ASMS affinity-ranking assay against CHK1, as
shown in the central plot. Points closer to the centre of the circle represent
compounds whose ASMS binding signals persisted at lower CHK1
concentrations, corresponding to higher CHKI1 affinity. NT, not tested
owing to 0% yield. NB, no binding observed at 10 M CHKI. Exemplary
compounds (35-41), the NanoSAR data for which are outlined in red,
were resynthesized on a 50-pmol scale and purified to obtain ICs values
from a functional assay of CHK1 activity. See Extended Data Figs. 6-9
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see inset pie chart) designed products, with 226 failures (0% yield; purple
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(90%) products. e, 21 compounds from the ‘dark’ space that were made
accessible by NanoSAR bound to CHK1, such as 42-45. CHK1 ICs values
are from a functional assay of purified compounds.

(Extended Data Fig. 9). By contrast, few of the sulfonamide-, thiol-,
alkyne- or alcohol-derived products bound to CHK1, and these link-
ages could reasonably be deprioritized from future design cycles. In
total, only 123 mg of 7 were consumed to run 3,114 reactions, to match
345 of the 384 diverse nucleophiles with coupling conditions, to assay
the products and to paint a landscape of reactivity and bioactivity.

For comparison, coupling of bromide 7 to the same 384 diverse
nucleophiles under a single reaction condition—the recently reported
combination of ‘BuXPhos Pd G3 (11)% with P,Et (27) as a base?®, which
is among the most substrate-tolerant palladium-catalysed coupling
conditions known’—yielded detectable product (10) for only 158 of
384 reactions (41%). Therefore, screening reaction conditions by using
nanoscale synthesis enabled deeper exploration of chemical space,
with an additional 187 targeted compounds synthesized and assayed
successfully (Fig. 4). Under a single reaction condition, synthesis was
unsuccessful for large swaths of chemical space and for compounds on
the fringes of the space that we studied (Fig. 4a). NanoSAR identified
21 compounds from this ‘dark’ space that bound to CHK1 (Extended
Data Fig. 10). Exemplary compounds were resynthesized at a 50-pumol
scale, purified and tested in a functional assay, whereupon several prod-
ucts (such as 42-45) displayed functional inhibition of CHK1 at low,
nanomolar concentrations (Fig. 4c). As can be seen from Fig. 3, alarge
number of reactions produce no observable product and a large num-
ber of compounds have no affinity to the protein target, which, in our
experience, is typical of drug discovery. Machine-learning algorithms
may one day facilitate the navigation of these problems**%; however,
locating bioactive molecules and conditions for their synthesis for now
remains an experimental science, which NanoSAR is well positioned
to accelerate.

Data availability

The data that support the findings of this study are available within the paper
and its Supplementary Information. Source Data for Figs. 2-4 and Extended Data
Figs. 2-6, 8-10 are available with the online version of the paper.
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Extended Data Fig. 1 | Additional details of the nanoscale synthesis
and affinity ranking workflow. a, Reaction solutions are dosed using a
TTP mosquito liquid-handling robot that handles increments of 20 nl.
b, ¢, UPLC-MS analysis confirms the presence of products from crude
reactions (b), which is visualized in heat maps (c). d, For the ASMS assay,
productive reactions are mass-encoded, pooled and incubated with a
protein of interest. e, f, Elution through a size-exclusion column separates
protein-bound compounds from unbound compounds (e), and binders

Repeat interesting reactions on ~20 mg scale
and submit purified product to traditional assay

T T T T T T 1
lowest protein concentration binding is
observed at (crude nanoscale)

can be observed by high-performance liquid chromatography-mass
spectrometry (HPLC-MS) following denaturation of the protein-ligand
complex (f). g, Decreasing the concentration of protein in the ASMS assay
increases the competition for binding so that ligands can be categorized as
high, medium or low affinity. h, Scale-up of compounds and purification
by using a traditional approach. i, Measurement of ICs in a functional
assay enables comparison of the new method to existing assay technology.
See Supplementary Information for additional details.
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Extended Data Fig. 2 | Structures, yields, K; values and ASMS
comparison plots for the ERK2 library. a, A library of 19 unique ERK2
inhibitors (2, 3, A1-A17) was produced by coupling 1 to diverse amines
under a single reaction condition (HATU, ‘Pr,NEt, NMP; see Fig. 2a).
b, Crude nanoscale reactions were submitted to the ASMS assay, with
affinity ranking determined by reducing the concentration of ERK2 to
increase the competition for binding. The lowest ERK2 concentration
at which the mass signal of the compound was still observed is shown
on the abscissa. The K; value reported®* from purified product samples
generated on a 500-times-larger reaction scale is shown on the ordinate.

The colour shading groups compounds into low affinity (purple), modest

affinity (magenta) or high affinity (yellow), as determined by the ASMS
assay. rxn, reaction. ¢, Comparison of the results of the ASMS affinity-
ranking assay (abscissa) to the reported ERK2 K; values (ordinate). Both
datasets are from purified product samples produced on a 50-pumol scale.
d, Comparison of results of ASMS affinity ranking from crude reaction
mixtures generated on a 100-nmol scale with those from purified product
samples generated on a 50-pmol scale. Points are coloured by K;, and
jittering was applied to this categorical data to reveal overlapping data.

e, Product structures with reaction conditions used, isolated yields and K;
values. See Supplementary Information for additional details.
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Extended Data Fig. 3 | Structures, yields, ICso values and ASMS
comparison plots for the MK2 Library. a, A library of 18 unique MK2
inhibitors (5, 6, B1-B16) was produced by coupling 4 to diverse boronates

Reaction condition mapping for heatmap in Figure 2b:

A. 14, 28, DMSO E. 14, 28, NMP
B. 14, 34, DMSO F. 14,34 NMP
C. 16, 28, DMSO G. 16, 28, NMP
D. 16, 34, DMSO H. 16, 34, NMP

under eight reaction conditions (see Fig. 2b). b—e, As in Extended Data
Fig. 2, but for MK2 and ICs values instead of ERK2 and K; values.
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Extended Data Fig. 4 | Structures, yields, ICsy values and ASMS
comparison plots for the CHK1 Library. a, A library of 20 unique CHK1
inhibitors (8, 9, C1-C18) was produced by coupling 7 to diverse boronates

and K; values.
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axes of the plots are as in Extended Data Fig. 4b, c. The reaction and for additional details.

workup protocols are as follows: a, nanoscale reactions submitted to
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from this screen were selected for use in the subsequent library synthesis
campaign. *D1 is compound C2 in Fig. 2¢; "D2 is compound C3 in Fig. 2c
and 43 in Fig. 4; °D3 is compound C5 in Fig. 2¢; D4 is compound C6 in
Fig. 2¢; °D5 is compound 8 in Fig. 2c; fprepared from the boronic acid.
See Supplementary Information for additional details.
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322 additional nucleophiles were used generating 285 additional products.
See Supporting Information.

Extended Data Fig. 7 | Exemplary compounds from the synthesis of
the library. See Fig. 3. Structures for 62 diverse coupling products (of
the form of 10) are shown, which were selected from the 345 productive

(Fig. 3). Diverse nucleophiles were coupled to 7 using the four reaction
conditions selected in Fig. 3 and Extended Data Fig. 6. See Supplementary

Information for additional details.

reactions identified in a library synthesis campaign targeting 384 products

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved



alcohol alkyne
10000 10000 1 ° 10000
< 1000 = 1000 4 = 1000
= = =
) = €
2 1001 2 1001 5 100
€ 4o g 4o g 4
14 14 1
NOONWY o QO NoOoANwL o @
coo-alP~ Z coov-alPv Z
[CHK1] (uM) [CHK1] (uM)
sulfonamide boronate
10000 10000 A 10000
~ 10001 ~ 1000 1 8 = 1000
= = =
= = 8 c
2 1001 2 1001 e S 100
o
€ o g 40 = 10
14 14 1
NOONY o M NOONY o m
coo~a¥Yws Z coo-a¥v" Z
[CHKA1] (uM) [CHKA1] (uM)

Extended Data Fig. 8 | Comparison of the results of affinity ranking
with ICs values for inhibition of CHK1 functional activity. The 62
exemplary compounds (Extended Data Fig. 6) were selected from 345 that
were submitted to affinity ranking (Fig. 3). Crude nanoscale reactions

amide

NOOND o @

[CHK1] (uM)

thiol

NOONW o @

coova®w Z
[CHK1] (uM)

1C5o ("M)

LETTER

amine
10000
1000
1004 o®
104
11

NOON® o @

coovalfP+ Z

[CHK1] (uM)

CHK1 ICs, (uM)
-]

0.01  >10

by reducing the concentration of CHKI1 to increase the competition for
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Extended Data Fig. 4d). See Supplementary Information for additional

were submitted to the ASMS assay, with affinity ranking determined details.
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functional activity by diverse coupling products (10) from the reaction predicted from affinity-ranking results of crude nanoscale reactions as
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Isolated yields were achieved when the reaction conditions shown were response curves of additional compounds.
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that was not formed under a single reaction condition (0% yield) but that
had affinity to CHK1. By using the best of four reaction conditions, 187
additional products were produced and assayed that bound to CHK1;
the colour of the dots reflects the affinity ranking of the compounds.

The boundaries of this space are identical to those depicted in Fig. 4a, in
which purple shading highlights additional regions where the majority of
reactions failed (0% yield). Areas where dots are shown in purple shaded
regions depict products with affinity to CHK1 that were formed in 0%
yield in a but in more than 1% yield in b. d, Potent CHK1 inhibitors that
were produced in 0% yield under a single condition (10 mol% ‘BuXPhos
Pd G3, P2Et, NMP), but in modest to good yields following reaction-
condition screening.
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