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ABSTRACT: Identifying biologically active ligands for membrane
proteins is an important task in chemical biology. We report an
approach to directly identify small molecule agonists against
membrane proteins by selecting DNA-encoded libraries (DELs)
on live cells. This method connects extracellular ligand binding
with intracellular biochemical transformation, thereby biasing the
selection toward agonist identification. We have demonstrated the
methodology with three membrane proteins: epidermal growth
factor receptor (EGFR), thrombopoietin receptor (TPOR), and
insulin receptor (INSR). A ~30 million and a 1.033 billion-
compound DEL were selected against these targets, and novel
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agonists with subnanomolar affinity and low micromolar cellular activities have been discovered. The INSR agonists activated the
receptor by possibly binding to an allosteric site, exhibited clear synergistic effects with insulin, and activated the downstream
signaling pathways. Notably, the agonists did not activate the insulin-like growth factor 1 receptor (IGF-1R), a highly homologous
receptor whose activation may lead to tumor progression. Collectively, this work has developed an approach toward “functional”
DEL selections on the cell surface and may provide a widely applicable method for agonist discovery for membrane proteins.

B INTRODUCTION

Many human diseases are associated with aberrant membrane
protein functions. Notable examples include G-protein coupled
receptor proteins (GPCRs) and ion channels, which account
for the targets of ~33% and ~18% of all approved small
molecule drugs, respectively.' Given the importance, there has
been great interest in developing small molecule ligands for
membrane proteins, such as structure-based drug design,”
virtual screening,” biophysical screening methods,” and
sensor-based screening.” Phenotypic screening assays are also
widely used.® However, ligand discovery for membrane
proteins is highly challenging, as they are located in the
hydrophobic lipid bilayer of the cell membrane, often making
in vitro biochemical techniques such as expression, solubiliza-
tion, purification, and crystallization very difficult.” In addition,
purified membrane proteins may lose important biological
features, such as post-translational modifications, cofactor
binding, and protein complex formation. Thus, it is highly
desirable to perform ligand discovery with membrane proteins
directly on live cells.

The concept of DNA-encoded libraries (DELs or DECLs)
was originally proposed by Brenner and Lerner in 1992 as a
way to reduce library storage size and screening requirements
that is needed with the on-resin one-bead, one-compound
(OBOC) libraries.” This synthetic encoding concept was first
demonstrated by Janda in 1993;” notably, a cleavable linker
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was introduced to allow library release after DEL synthesis,
thereby realizing library characterization and selection in
solution. In 2004, Neri,'’ Liu,"' Harbury,12 Winssinger,13 and
their respective co-workers independently reported four types
of encoded libraries. In 2009, GSK published a seminal work
on applying DELs in drug discovery."* Today, DEL has
become a powerful screening platform (Figure 1a)."" ™' In a
DEL, each library compound is conjugated with a unique DNA
tag, which encodes its chemical structure and acts as an
amplifiable tag for hit identification through next-generation
sequencing (NGS). DELs allow the synthesis, processing, and
selection of millions to billions of compounds simultaneously
at a minute scale. DELs can be applied to a broad range of
biological targets, including proteins, cell lysates, nucleic acids,
live cells, whole bacteria, human sera, etc.'®***° In the past
decade, this technology has been widely adopted in drug
discovery and also showed potential in academic research.”!
Previously, DELs have been used to interrogate full-length
membrane proteins stabilized with cletergent,32 nanodiscs,® or
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Figure 1. Schematic illustration of the selection methods. (a) Typical DEL selection with an immobilized protein target. (b) (This work) cell-based
DEL selection for agonist identification. Parallel pulldowns with different antibodies are used to separate the agonists or all binders; a comparison of
the pulldown results will identify the potential agonists; red oval: natural protein agonist of the target.

mutations.”* The Bradley group pioneered PNA-encoded
library screening for chemokine receptors and integrin on
live cells.*>*® GSK reported the first cell-based DEL selection,
in which libraries were selected against the cells overexpressing
receptor neurokinin-3.”” The Krusemark group applied a
covalent cross-linking method® to both cell-surface and
intracellular targets.” *' The Neri group systematically
optimized the experimental conditions for cell-surface
selections.”” Madsen et al. reported an intracellular DEL
selection by using microinjection.”” We reported a method
that can selectively label the target with a DNA tag for
selections against endogenous membrane proteins.”* However,
DEL selections only identify binders, and postselection assays
are required to determine the biological activities of the hit
compounds. Moreover, agonist discovery is even more difficult,
as receptor agonism requires a specific switch of the protein
conformation and/or multimer assembly. The “one-bead, one-
compound” DEL (OBOC-DEL) method couples DEL
selection with a functional readout and thus is amendable to
identifying active compounds.28 Recently, Krusemark and co-
workers reported a selection method for GPCR agonist
discovery, in which agonist binding triggers the intracellular
biotinylation of the target via a split protein complementation
approach.*' However, the method was only tested with a small
library, and the target protein needed to be genetically
modified. It is still desirable to develop new methods that
can select large DELs against native membrane proteins to
identify ligands with functional relevance, especially agonists.

Herein, we report a cell-based selection method that
connects ligand binding with the intracellular phosphorylation
of the target (Figure 1b). The selected compounds favor
binding to the activated receptor and thus are more likely to be
agonists. We performed methodology development with three
membrane proteins: insulin receptor (INSR), thrombopoietin
receptor (TPOR), and epidermal growth factor receptor
(EGFR). Further, a ~30 million and a 1.033 billion-compound
DEL were selected against these targets, and novel agonists
with subnanomolar affinity and low micromolar cellular
activities have been discovered. We show that the INSR
agonists possibly bind to an allosteric site, are synergistic with
insulin in inducing INSR phosphorylation, and activate the
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downstream signaling pathways. Notably, the agonists do not
activate insulin-like growth factor 1 receptor (IGF-1R), a
highly homologous receptor whose activation may lead to
tumor progression. This work may provide a widely applicable
method for agonist discovery for membrane proteins.

B RESULTS

Design of the Selection Method. Using agonists to
stabilize the active conformation of membrane proteins is an
important technique for studying GPCRs and cytokine
receptors in crystallography.”*® Ahn and co-workers and
researchers at Nuevolution performed a DEL selection against
purified full-length f2-adrenergic receptor ($2AR) in the
presence of an orthosteric agonist, and they identified the first
small molecule allosteric agonist of S2AR.* We reasoned that
such a kind of “functional” selection may also be achieved on
live cells. For membrane proteins, natural protein ligands can
induce the conformational change and/or multimer assembly
required for receptor activation,””** and, for membrane
kinases, lead to phosphorylation of the intracellular domain.*’
We reasoned that the phosphorylation sites could be exploited
as a natural affinity handle to isolate the compounds binding to
the activated receptor (Figure 1b). A photo-cross-linking DNA
(PC-DNA) can hybridize at the primer-binding site (PBS) of
the library.”®™*"**** Upon UV irradiation, PC-DNA covalently
captures the target and stabilizes the binding. After cell lysis,
the “protein—ligand—DNA” complex can be 1solated with an
antibody specific for the phosphorylated target,”® and a parallel
pulldown with a target-specific antibody will isolate all binders
(Figure 1b). The pulldown results will be compared for hit
identification: (i) agonists are more likely to be enriched by the
antiphosphorylation antibody; (ii) although antibodies may
cross-react with other proteins on the cell surface, target-
specific binders should be enriched by both antibodies; and
(iii) it will exclude the compounds that induce target
phosphorylation through other indirect cellular pathways.

Initial Validation and Model Selection with INSR.
INSR is a receptor tyrosine kinase (RTK) that plays crucial
roles in many metabolic processes. Its natural agonist insulin
activates INSR by stabilizing the receptor in a “stretched-out”
manner, resulting in the phosphorylation of the cytoplasmic
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yl)methyl]amine. (b) A model library was prepared by mixing S175-DNA with background DNA and a photoreactive DNA. (c) Model selection
scheme. (d) Column graphs showing enrichment folds from the selections with different antibodies. 1, 2, 3: triplicate selections; S1, S2: selections
under starvation; C1, C2: selections with free S175 (50 uM). The enlarged S1, S2, C1, and C2 data are shown in inlets. (e) Anti-pY1355/1361:

anti-INSR EF ratios. See the Supporting Information for details.

domain and the activation of downstream signaling path-
ways.”' Recently, Lerner and co-workers selected a natural
product DEL (nDEL) against the ectodomain of INSR and
identified Rutaecarpine as an activator.”> Among the tyrosine
phosphorylation sites, Y1355 and Y1361 at the C-terminal
domain were chosen, since they are involved in the regulation
of the kinase domain® and the C-terminal domain has a low
degree of homology among RTKs;** therefore, the anti-
phosphorylated tyrosine (anti-pY) antibodies are more specific
to the target. The anti-pY antibodies for the tyrosines at the
juxtamembrane and kinase domains often cross-react with
IGF-1R, a homologous receptor, and may lead to nonspecific
capture.”” First, we measured the phosphorylation level of
Y1355/1361 in transfected HEK293 cells overexpressing the
INSR (Figure S1). In theory, a higher phosphorylation level
should be better for compound enrichment; however, if the
vast majority of the receptor is phosphorylated, there will be
little difference between the parallel pulldowns. We reasoned
that a “partially activated” receptor population may be more
desirable. The pY1355/1361 levels in HEK293 cells were

measured to be ~60% (pY1355) and ~67% (pY1361) for
nonstarved cells, while the starved cells had only ~5—8%
phosphorylation (Figure S2). The “whole-cell” INSR concen-
tration was ~1.30 uM (Figure S2c), comparable to the target
concentration of previous cell-based selections.** Since the
receptors are concentrated on the cell surface, the actual
molarity is much higher. The nonstarved cells provide a
balanced target concentration and phosphorylation level for
the selection.

$175 is a known INSR agonist (Figure 2a and Figure $3).*°
S175 was conjugated to DNA, and the conjugate showed an
ECsy of ~10—15 uM on increasing the pY1355/1361 levels
(Figure 2a and Figure S4). $175-DNA was hybridized with a
photoreactive DNA (capture probe, CP), and the DNA duplex
was used to capture INSR on the cell surface (Figure SSa).*
Since the spacer length between the cross-linker and the DNA
is important,Ar4 a series of spacers ranging from 3 to 21 nt were
screened. The CP with a 12 nt spacer gave higher efliciency
and was used in the following studies (Figure SSb). Next, a
model library was prepared by mixing S175-DNA with excess
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Figure 3. Model selections with EGFR. (a) Schematic illustration of EGFR activation by EGF. (b) Synthesis of the D4-DNA conjugate (DNA: 16
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0 °C. (f) Selection scheme; a library was prepared by mixing the D4-DNA with nonbinding background DNA (1:100), hybridized with a
photoreactive CP. qPCR was used to quantify and calculate the enrichment folds. Column 1, 2, 3, 4: four replicates. See details and full data in the

Supporting Information.

background DNA (1:4; Figure S6a). The library was incubated
with INSR-transfected HEK293 cells (4 °C, 2.5 h) before UV
irradiation (365 nm, 30 s, 0 °C). After washes, the cells were
lysed under the condition of maintaining DNA hybridization.*®
The cell lysates were subjected to affinity pulldown using the
anti-pY1355, pY1361, and INSR antibodies, respectively. By
using quantitative PCR (qQPCR), the enrichment fold (EF) of
S175-DNA was calculated to be 6.14, 7.12, and 4.40,

respectively (Figure S6). We changed the $175/background
ratio to 1:100 and performed the pulldown experiments in
triplicates. Significant enrichment of S175 was observed in all
replicates (Figure 2d and Figure S7). The EF values varied
significantly, which may be due to multiple factors. First,
different batches of the cells were used in the pulldowns; the
cell batches may express different levels of INSR and the
phosphorylation levels may vary, which would lead to
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variations in compound enrichment. Moreover, the cells were
transfected each time before selection, and there may also be
variations in transfection efficiency between the replicates.
Second, batch variation in antibodies’ efficiency/specificity in
capturing INSR, the phosphorylated receptor, and other
nonspecific proteins will also lead to variations in compound
enrichment. Third, variations in the washing protocol, such as
buffer conditions, washing times, etc., might be another factor.
Using cells stably expressing the receptor and the same batch
of antibodies and more stringent control of the washing
protocol should minimize the variation among the replicates.
The EF ratios of anti-pY/anti-INSR pulldowns were ~1.5—1.6
(Figure 2e), largely consistent with the theoretical model
(Figure S8 and the Supporting Information worksheet). The
model assumes that the anti-INSR pulldown enriches all
binders, while the anti-pY pulldown preferably enriches
agonistic binders. Calculation based on the model suggests
that a lower phosphorylation level will give a higher anti-pY/
anti-INSR ratio and be beneficial for agonist identification.
Surprisingly, low enrichment was observed with the starved
HEK293 cells (Figure 2d and Figure S7). We hypothesized
that $175 had a lower affinity to the unphosphorylated INSR**
and the level of phosphorylated INSR was too low under
starvation. No enrichment was observed with free S175
competition. Collectively, the model selection supported that a
“partially activated” receptor population is more beneficial and

the agonists can be enriched by both antibodies but with a
higher EF in the anti-pY pulldown.

Model Selections with EGFR and TPOR. EGFR is a well-
studied RTK; upon binding with the native ligand EGF, EGFR
dimerizes and autophosphorylates the tyrosine residues in the
C-terminal domain (Figure 3a).°" D4 is a peptide that binds to
the extracellular domain of EGFR (Figure 3b); it was mostly
used in targeted delivery but its affinity and functions have not
been reported.62 D4-treated A431 cells, a cell line with high
EGFR expression,44 showed an increase of pY1068/1173 levels
comparable to EGF (ECsy: ~15—20 uM; Figures S9 and S10).
D4 was conjugated to DNA (D4-DNA),” and the conjugate
increased the pY1068 level but only had a slight effect on
pY1173; thus, Y1068 was used as the affinity handle (Figure
3b,c). D4-DNA was hybridized with CPs with different spacer
lengths and used to label EGFR. The CP with a 9 or 12 nt
spacer gave a relatively higher efficiency (Figure 3d,e). Next, a
model library containing D4-DNA and background DNA was
selected against EGFR (Figure 3f and Figure S11), and all four
selection replicates gave a higher EF with the anti-pY1068
antibody than that with the anti-EGFR antibody. The results
showed that agonists with moderate activity, such as D4, may
also be enriched by the selection.

The thrombopoietin receptor (TPOR) is a cytokine
receptor. The binding of its native ligand thrombopoietin
(TPO) leads to autophosphorylation of the receptor-associated
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Figure S. Selection of a 30.42 million DEL against INSR. (a) Library structure and BB diversity. (b) 3D plots of the selection results. The axes
represent R, R% and R® respectively. The size of the data point represents the enrichment fold (EF); the color represents the postselection
sequence count. For each 3D plot, a 2D projection along the code 2 (R?) axis is shown to highlight the enriched BB 192. (c) The 3D plots were
filtered (EF > 1.0S, present in all 9 samples), and the remaining compounds are shown. See Figures S16—520 for the full data. (d) Plot of the ES
values (anti-pY135S vs anti-INSR); the BBs of the selected compounds are specified. (e) Zoom-in view of the upper right area of the plot in (d). (f)
Structures of the hit compounds and their binding affinities measured by using SPR; two control compounds are shown in black.

HEK293 cells expressed a high level of TPOR with a pY626
level of ~55% (Figure S12). AF13948 is a potent TPOR
agonist (EC5o = 0.4 nM; Figure 4b);** the AF13948-DNA

JAK?2, which further phosphorylates TPOR (Figure 4a).”* The
C-terminal tyrosine Y626 was chosen as the affinity handle. We
screened several cell lines and found TPOR-transfected
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Figure 6. Effects of the hit compounds on INSR phosphorylation. HEK293 cells overexpressing INSR were starved and treated with the
compounds (30 min, 37 °C) and the phosphorylation levels were analyzed with Western blot. (a) Cells treated with the individual compounds (1
mM) with and without insulin (20 nM); see Figure S23 for more replicates. (b) Column graphs summarizing the results; column 1-22
corresponds to lane 1—22 in (a). (c—f) Dose-dependency of the compounds’ effects on pY1355/1361 levels, with and without insulin (20 nM) or
S175 (100 uM). (g) Study of the synergistic effect of the compounds with insulin. Left: a representative gel is shown for il, i2, and ill,
respectively; see Figure S25 for more replicates. Right: column graphs summarizing the results; the columns correspond to lane 2—10 in the gel
images in (g); lane 1 was used as the normalization baseline. n = 3 biologically independent samples except for the right panel in (a) (n = 2); data
are presented as mean values + s.d.

conjugate exhibited a ~3.54 nM ECy, activity on stimulating CP with a 12-nt spacer gave a higher labeling efficiency (Figure
pY626 level (Figure 4d and Figure S12). Similar to INSR, the $13). Next, a model library containing AF13948-DNA and
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Figure 7. Effects of the selected compounds on the insulin-mediated signaling pathways and binding characterization. (a, c) HEK293 cells
overexpressing INSR were starved and treated with insulin (20 nM) or the compounds (1 mM); the IRS1 pY896 and Akt pS473 levels were
analyzed with Western blot. Left: a representative gel is shown for (a) i1, (b) i2, and (c) il1; see Figure S29 for replicates. Right: column graphs
summarizing the results; columns 1—3 correspond to lane 1-3 in the gel images; n = 2 biologically independent samples; data are presented as
mean values + s.d. (d) HEK293 cells overexpressing IGF-1R were starved and treated with IGF-1 (20 nM) or the compound (1 mM); IGF-1R
pY1158/1162/1163 levels were determined. (e) A431 cells were treated with EGF (20 nM) or the compound (1 mM); EGFR pY1068 level was
determined. (f) SPR analysis of the compound’s affinity; the sensorgrams and ﬁtting curves are provided in Figure S30. (g) Molecular docking of il,
i2, and il1 to the cryo-EM structure of the ectodomain of INSR (PDB: 6SOF);”” the insulin-binding sites and the compound’s possible binding
sites are highlighted; detailed interaction maps are provided; small molecules are shown as sticks in green and the amino acid residues are shown
yellow. Hydrogen bonds are shown as dashed lines. See Figure S31 for more details. (h) HEK293 cells overexpressing INSR were labeled with
FITC-insulin in the presence of insulin or the compound, and the cell fluorescence was measured with flow cytometry.

excess background was selected against TPOR on HEK293
cells. Possibly due to its high affinity, significant enrichment of
AF13948 was observed (Figure 4e and Figure S14). The EFs
showed large variations, but the pulldown experiments with the
anti-TPOR pY626 antibody consistently gave higher EFs than
the anti-TPOR antibody (ratio: ~2.9; Figure 4f). Little

enrichment was observed in the presence of the free
AF13948 competitor (Figure 4e and Figure S14). The results
indicated that the selection could be applied to non-RTK
membrane proteins.

Selection of a 30.42 Million DEL against INSR. Next, a
30.42 million tripeptide DEL (Figure 5a)** was selected
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against INSR in triplicates following the same procedure. 500
pmol of the library (~10" copies/compound) was used to
provide sufficient materials for the selection.””*® The DNA
tags of the enriched compounds were amplified with NGS-
compatible primers and submitted for sequencing (Figure
S15). The sequencing data were processed with a Python
script to quantitatively tally the codons of each compound and
calculate the EF values (postselection% /preselection%),**
which can generate 3D cubic plots for direct hit-picking or
identifying structure—activity relationship (SAR) patterns. As
expected for cell-based selections, the 3D plots exhibited a high
noise level (Figure Sb and Figures S16—S18). The only
recognizable pattern is a plane formed by the BB 192 in the
third cycle (R?), and there was only a small percentage of
overlapping compounds among the top 5% of compounds
(Figure S19). We reasoned that the true hit compounds should
be enriched by all three antibodies in all three replicates; thus,
the data sets were filtered by the following criteria: the
compounds should be present in all nine samples with an EF >
1.05. In the end, ~2,000 compounds remained and 192
became much more recognizable (Figure Sc and Figure S20).
Recently, machine learning (ML) has been shown to be
effective in denoising DEL data sets.”’ % Previously, we
established a regression model using maximum aposteriori loss
function, a probabilistic framework that can account for and
quantify uncertainties of noisy data,”” and showed that the
model facilitated hit identification from cell-based selections.”’
Here, the model was trained with the selection sequencing
counts in the form of disynthon aggregation,”" and the trained
model was then used to predict the selection outputs in the
metric of a normalized enrichment score (ES). The ES metric
diminished sample discrepancies and enabled comparison
among the pY1355, pY1361, and INSR selections; it was
calculated by converting the predicted EF values to the
normalized Z-scores by standardization with the unit variance
after removing the mean values (see details in the Supporting
Information).”” The ES values of the anti-pY1355 and anti-
INSR pulldowns were plotted (Figure Sd) since the anti-
pY13SS antibody gave more robust results in model studies.
Two compounds, il and i2, gave relatively high ES values, and
they also had higher enrichment with the anti-pY13S$
antibody in all three replicates (Figure S21). Besides 192, il
and i2 also share the same BB 245 at the R* position (Figure
Sf). Five compounds with relatively high ES values and
pY1355/INSR ES ratio >1.0 were chosen as the “2™-tier” hits
(i3—i7; Figure Se/f). Three compounds (i8—il0) with much
lower ES values and pY1355/INSR ES ratio <1.0 were chosen
for comparison. Since the ES metric is based on disynthon
aggregation, we also picked a top compound (ill) from the
original data set based on the average EF values and pY1355/
INSR ratios of all three replicates (Figure S21). Finally, we
chose a compound not present in the data set of Figure 5d
(i12) as the “negative control”.

Validation and Characterization of the Hit Com-
pounds. The selected compounds were synthesized off DNA
and their effects on the pY1355/1361 levels were studied. First,
we observed that at ~100 ng/mL insulin concentration, the
pY1355/1361 levels of HEK293 cells showed high sensitivity
to insulin (Figure $22). Next, we focused on il and i2, the two
compounds with high ES values, and ill, the top-ranked
compound from the original data set. The cells were treated
with the compounds at high concentrations (1 mM) to better
observe the compounds’ activity. il, i2, and i1l markedly

increased the pY1355/1361 levels and exhibited a strong
synergistic effect with insulin (Figure 6a,b, and Figure $23). In
contrast, the compounds with lower ES values and pY1355/
INSR ratios <1.0 (i8, i9, and i10) did not show activity. The
randomly chosen compound i12 also did not show any activity.
We also synthesized an analogue of i2, in which 192 was
replaced with an acetyl group (235—245-Ac, i13; Figure 5f),
and it was inactive (Figure S24). Next, the cells were titrated
with different compound concentrations, and the dose-
dependency of il, i2, and i11 was observed (Figure 6¢c—6f).
To further validate the synergistic effects, cells were treated
with either the compound, insulin, or both at different
concentrations in triplicate (Figure 6g and Figure S25). For
simplicity, synergistic ratios (SRs) were calculated by dividing
the average phosphorylation level of the “combo” treatment by
the sum of the individuals. The SR values of the compounds
are >1.0 with a slightly greater synergistic effect on pY1355
than pY1361, except il, which has a higher effect with pY1361
(Figure S26). We also tested the compounds’ effects on the
phosphorylation of Y1158, Y1162, and Y1163, as these
phosphorylation sites are the major determinants of kinase
activation and important markers of INSR activation. Similar
synergistic effects were also observed (Figure S27).

Next, the activities of the “2™-tier” hits (i3-i7) were tested.
i3 and iS5 appeared to be agonists; i5 showed synergism with
insulin, but i3 only had a slight effect. i4 slightly increased the
pY1361 level, had no effect on pY13S5S, but showed a weak
synergistic effect with insulin on pY13SS (Figure S28). i6 and
i7 did not show agonistic effects; these two compounds might
bind to the phosphorylated INSR at a site not correlated with
activation. Insulin-induced tyrosine phosphorylation forms the
binding scaffold for IRS proteins, which activates the PI3K/Akt
pathway and leads to diverse cellular functions.”’ As shown in
Figure 7a—7c and Figure S29, cells treated with il, i2, and i11
showed elevated phosphorylation at IRS-1 (Y896) and Akt
(S473). IGF-1R is an RTK that plays important roles in
mitogenic control; it is highly homologous to INSR and
engages similar signalin% pathways. Insulin also binds to IGF-
IR with lower affinity.”* Thus, a major concern in insulin
replacement therapy is the collateral activation of IGF-1R,
which may lead to tumor progression.”” We anticipate
nonorthosteric agonists may have better receptor selectivity.
To verify this, HEK293 cells were treated with IGF-1, resulting
in a significant increase in IGF-IR phosphorylation. In
contrast, il, i2, and i11 had no effect on the IGF-1R, despite
the high concentration (1 mM) used (Figure 7d and Figure
S29). Moreover, the extracellular domains of INSR and EGFR
share a common module with two ligand-binding sites
connected by a cysteine-rich domain; therefore, the com-
pounds’ effect on EGFR was also tested, and no increase in the
EGFR phosphorylation level was observed (Figure 7e).
Collectively, these results indicated that the hit compounds
are selective INSR agonists. Although with moderate activity,
the compounds are synergistic with insulin in enhancing INSR
phosphorylation and activating the downstream signaling
pathways without the collateral activation of IGF-1R and
EGFR.

Surface plasmon resonance (SPR) analysis showed that the
compounds had moderate affinities (Kg: ~13—40 uM) to
INSR, including the agonists and the inactive ones (Figure 7f,
and Figure S30). The “non-hit” i12 did not show detectable
affinity. Since the activity test results indicated that the
compounds were not competitive with insulin, molecular
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Figure 8. Selection of a 1.033 billion DEL against INSR. (a) Library structure and BB diversity. (b) 3D plots of the selection results. The axes
represent R', R?, and R?, respectively; the size of the data point represents the EF value; the color represents the postselection sequence count; the
3D plots were filtered and the compounds enriched in all replicates are shown on the right. (c) Plot of the normalized ES values of the remaining
compounds in (b) (anti-pY135S vs anti-INSR); the selected hits and the control compounds are highlighted. (d) Structures of the selected

compounds.

docking was used to probe the possible binding site. i1, i2, and
i11 were docked to the Cryo-EM structure of the ectodomain
of INSR (PDB: 6SOF).”*’® The results showed that the
compounds possibly bind to a site in the CR domain, which is
distal to the insulin-binding site 1 and proximal to the insulin-
binding site 2 (Figure 7g).”” The BB 192 may form hydrogen
bonds within multiple hydrophilic residues. Finally, to test
whether the compounds bind to different sites from insulin,
FITC-labeled insulin was incubated with HEK293 cells in the
presence of insulin or the test compound; the cells were
washed and analyzed with flow cytometry. As shown in Figure
7h, unlike insulin, il, i2, and ill did not reduce the
fluorescence arising from the FIT C-insulin labeling, suggesting
that the compounds are not competitive with insulin.
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Collectively, these results have supported that the compounds
may possibly bind to an allosteric site of INSR.

Selection of a 1.033 Billion DEL against INSR.
Although the selections identified several INSR agonists, they
have weak affinity and activities. To further validate the
selection method, a larger library of ~1.033 billion compounds
was prepared (Figure 8a). The library was selected against
INSR on HEK293 cells in triplicates. To identify more potent
compounds, more stringent criteria were applied in data
analysis: the compounds needed to be enriched in the three
replicates with a greater enrichment in the anti-pY1355
selection. As shown in Figure 8b, significantly fewer
compounds remained after only keeping the compounds
enriched in all replicates, which are further plotted in a 2D
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Figure 9. Characterization of the hit compounds. (a) HEK293 cells overexpressing INSR were starved and treated with the compounds (30 min,
37 °C; 20 uM) with and without insulin (20 nM); the phosphorylation levels were analyzed. (b) Dose dependency of the compounds’ effect; see
Figure $32 for more replicate. (c) Titration curves to determine the ECy, values of i14 and i15. n = 2 biologically independent samples; data are
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scatter plot comparing the normalized ES values in the anti-
pY135S vs anti-INSR selections (Figure 8c). Five compounds
that are more significantly enriched by the anti-pY13SS
antibody were chosen as the potential hits (il4, ilS, il6,
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i17, and i18; Figure 8c,d). Three additional compounds were
chosen as the “negative controls” (il9, i20, and i21), which
contain similar BB structures as the hit compounds; however,
i19 was not enriched by both antibodies, i20 has a low
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enrichment fold in both pulldowns, and i21 was more
significantly enriched in the anti-INSR selection (Figure 8c).
First, these compounds were screened for their effects on INSR
pY1355/1361 levels in the cellular assay at a much lower
compound concentration (20 zM). As shown in Figure 9a, i14
and 1185 significantly increased the INSR pY1355/1361 levels,
i16, i17, and i18 showed modest activities, while the “negative
controls” had no effect. The screening result is largely
consistent with the compounds’ enrichment profile. Dose-
dependency experiments showed that i14 and il5 increased
the INSR pY1355/1361 levels at low uM concentrations
(Figure 9b and Figure $32). The ECy, values of i14 are ~10.3
UM (pY1355)/~9.2 uM (pY1361), and ilS gave slightly
higher ECy, values (Figure 9c), which are significantly more
potent than the hits from the previous selection. i14 and il$
showed a synergistic effect with insulin, and i14 also increased
the IRS pY896 and Akt pS473 levels (Figure 9d,e). Finally, we
measured the binding affinity of i14 and ilS with SPR. il4
gave sub-yM binding affinity (~548 nM) and ilS showed
single-digit M affinity (~1.90 uM) (Figure 9f). Collectively,
these results have demonstrated that the selection with a larger
library may identify hit compounds with significantly improved
binding affinity and agonistic activity.

Selection against TPOR. To demonstrate the method
with another target, the library was also selected against
TPOR. The effective concentration of TPOR on the cell was
~1.34 uM (Figure S33), similar to INSR. After the selection,
the enrichment profile was processed and presented in 3D
plots (Figure S34), which gave few recognizable SAR patterns.
A large difference between the anti-pY626 and anti-TPOR
pulldowns was observed (Figure S35a). We reason that, since
the anti-TPOR antibody captures all binders to the receptor, it
enriched a greater number of compounds. The anti-pY626
antibody can pull down only the binders to the activated
receptor and enrich fewer compounds. Thus, the compounds
from the anti-TPOR pulldown may show lower enrichment
fold values because the greater number of compounds will
“even out” the percentage of each compound, while the smaller
number of compounds in the anti-pY626 pulldown led to
higher enrichment fold values. Also, the anti-TPOR pY626
antibody may be more efficient (higher binding affinity and/or
less nonspecific binding), which may lead to a higher
enrichment fold. It is more desirable to use antibodies with
comparable pull-down efficiencies for the selections. Hit
compounds were directly chosen from the 2D plot. Two
compounds (T1, T2) showing high enrichment in the anti-
pY626 pulldown and some enrichment with anti-TPOR
antibody were selected. Three 192-containing compounds
(T3-TS) were chosen as controls: they were either enriched
only by the anti-TPOR antibody (T4, TS) or enriched by
neither antibody (T3); they can also be used to check whether
BB 192 has any effect on TPOR phosphorylation. HEK293
cells were treated with the compounds, respectively. Western
blots showed that T1 and T2 increased the pY626 level, albeit
without a synergistic effect with the natural agonist TPO. T3,
T4, and TS did not show any agonistic activity on TPOR
(Figure S35c). SPR analysis showed that T1 and T2 bind to
TPOR at 182 and 32.1 uM, respectively, T3 and T4 are
weaker binders, and TS did not bind to TPOR (Figure S36).

Test of the Amide Derivatives of the Hit Compounds.
The off- DNA hit compounds were synthesized and tested as
carboxylic acids, while the library compounds were connected
to the DNA tag via an amide linkage. A recent report showed

the “DNA linker scar” may affect the binding properties of
DEL hits.”” Thus, we selected four hit compounds and
prepared the methylamide derivatives, including three INSR
hits (i2-amide, i14-amide, and i15-amide) and one TPOR hit
(T1-amide) (Figure S37a). SPR analysis showed that, except
i2, the methyl amide derivatives have similar binding affinities
to the carboxylic acids Figure S37b), and i2-amide gave higher
affinity than the carboxylic derivative. The results have shown
that the methylamide form of the compounds also binds to the
target receptor. Furthermore, the methylamide derivatives also
increased the INSR pY1355/1361 levels significantly (Figure
S37¢).

B CONCLUSIONS AND DISCUSSION

We developed a “functional” cell-based DEL selection method
for agonist discovery with membrane proteins. This method
leverages the property that agonists may preferentially bind to
the activated receptor,” thereby biasing the selection toward
agonist identification. The theoretical model (Figure S8) and
our data suggested that a “partially activated” receptor
population may be beneficial: a high phosphorylation level of
the target makes it difficult to compare the pulldowns of the
different antibodies, which is important for comparative hit
identification, while a very low level of phosphorylation leads
to low enrichment. Measurement of the target phosphorylation
level is an important step prior to selection, and ~50—70%
phosphorylation level appeared to be optimal.

Recently, the Krusemark group reported a cell-based DEL
selection method to identify GPCR agonists.*' Instead of using
the activated receptor to drive the binding equilibrium, their
method relied on the binding of active library compounds to
induce biotinylation of the target via a split-TurboID
technique. The authors tested this method with only small
focused libraries. In large DELs, the copy numbers of the active
compounds (e.g., agonists) are extremely small and may not be
sufficient to induce a detectable signal readout. Although the
enzymatic turnover of TurboID may alleviate the issue, its
applicability has yet to be validated with large libraries.
Moreover, our method does not require genetic tagging of the
target, and the endogenous phosphorylation is used for agonist
enrichment. The two methods may complement each other in
agonist discovery for membrane proteins, and the suitability
may depend on the size of the library, the nature of the targets,
and the activation mechanism of the receptor.

Several points need to be noted. First, the method is more
likely to identify allosteric agonists as the orthosteric site may
be occupied by the endogenous ligand in the serum. This can
be leveraged for identifying allosteric agonists. Second, the
antibody’s specificity and affinity are important. The cross-
reactivity of the antibody leads to false positives. Comparison
of the parallel pulldowns with the anti-target and anti-
phosphorylated target antibodies could help identify target-
specific agonists and exclude the compounds that induce target
phosphorylation through indirect cellular pathways. The
affinities of the pulldown antibodies are mostly in the
1079107 M (K;) range,”® which are sufficient for binder
recovery. Moreover, the antibody’s affinity will affect the
overall library recovery rather than altering the relative
enrichment fold of individual compounds; thus, it may be
beneficial to measure the library recovery of the antibodies and
then calibrate the affinity difference in data analysis. Third, this
study assumed that the compounds preferentially binding to
the phosphorylated receptor are more likely to be agonists;
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however, such binders may just have a higher affinity for the
activated receptor but are not agonists. More selections with
additional types of membrane proteins are needed to
understand the scope of this approach. Fourth, cell-based
DEL selections are very noisy. The comparisons of not only
different antibodies but also multiple replicates are essential for
reliable hit identification. Finally, the quality, size, and amount
of the library are also important due to the target complexity.
High-quality DELs built with robust chemistry are more
desirable as they will reduce the noise level.”” In addition, DEL
selections require 10°—10° DNA copies for each com-
pound.®>*® Here, 10° ~ 107 copies were used to provide a
“safety margin”, since the cellular environment results in more
significant nonspecific interactions. For very large DELs, it will
also consume a large quantity of library; therefore, DELs with
moderate size (e.g., a few hundred million compounds) may be
more beneficial.

The selection identified several INSR agonists with sub/low
nanomolar affinity/potency. The focused library may be
designed based on the most represented BBs and selected
against INSR to identify better compounds for further
medicinal chemistry optimization. The analysis also showed
that the hit compounds have less favorable physicochemical
properties (Figure S38). Since the SAR suggested R' is less
important, compounds with smaller or omitted R' may be
tested to improve the physiochemical properties.

B EXPERIMENTAL SECTION

Library Selection. HEK293 cells were transfected with
corresponding plasmids and cultured at 37 °C for 24 h. Before
selection, the cells were harvested and washed three times with 1x
PBS buffer (supplemented with Phosphatase Inhibitor Cocktail IV)
by gentle resuspension and centrifugation at 500X g for S min. The
cells were resuspended in 1x PBS buffer (supplemented with
Phosphatase Inhibitor Cocktail IV) containing a DNA-encoded
library and corresponding CP. Cells were incubated at 4 °C for 2.5
h before UV irradiation on ice at 365 nm for 30 s by a Uvata UV LED
point light source. After irradiation, the cells were washed three times
with 1x PBS buffer supplemented with Phosphatase Inhibitor Cocktail
IV to remove unbound molecules by gentle resuspension and
centrifugation at 500X g for 5 min.

The postselection cells were lysed with modified RIPA buffer
(supplemented with Pierce Universal nuclease, Roche EDTA-free
protease inhibitor cocktail, and phosphatase inhibitor cocktail IV) at 4
°C for 15 min. Cell lysates were obtained by collecting the
supernatant after centrifugation at 13,300 rpm under 4 °C for 10
min to remove insoluble cell debris. The lysate protein concentration
was determined with a BCA Protein Assay Kit. The cell lysates were
diluted to a final protein concentration of 2 mg/mL and incubated at
4 °C for 1 h with corresponding anti-phospho-target antibodies and
anti-target antibodies, respectively. The mixture was then incubated
with Protein A/G PLUS Agarose (Santa Cruz; catalog number: sc-
2003) at 4 °C overnight. The resin was then washed with ice-cold 1X
PBS buffer supplemented with Roche EDTA-free Protease Inhibitor
Cocktail and Phosphatase Inhibitor Cocktail IV for 4 times. The
enriched proteins were eluted with 25 L H,O at 95 °C for 10 min.
The supernatant that contains the bound library members was
collected and subjected to qPCR quantification and PCR
amplification.

Selection Data Analysis. After Illumina sequencing, raw data
(fastq files) were exported for processing with a custom Python script
(see supplement files). The sequence counts for each library member
before and after the selection were tallied to calculate the enrichment
fold for each compound, which further generated a 3D interactive
cubic stereogram. The sequence counts of library compounds were
also used to generate a Venn diagram and one-hot encoded regression
model.
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Cell-Based Agonistic Activity Assays. HEK293 cells were
transfected with corresponding plasmids and cultured at 37 °C for 24
h. For serum starvation, transfected HEK293 cells were washed with
DMEM twice and cultured in DMEM supplemented with 100 unit/
mL penicillin and 100 pg/mL streptomycin for 24 h. After serum
starvation, the cells were treated with natural agonists and/or hit
compounds diluted in DMEM as indicated at 37 °C for 30 min. The
cells were harvested and then lysed with modified RIPA buffer (25
mM HEPES, pH = 7.5, 150 mM NaCl, 0.1% SDS, 1% NP-40, 1%
triton, 1% sodium deoxycholate, 1 mM EDTA, supplemented with
Pierce universal nuclease, Roche EDTA-free protease inhibitor
cocktail, and phosphatase inhibitor cocktail IV) at 4 °C for 15 min.
Cell lysates were obtained by collecting the supernatant after
centrifugation at 13,300 rpm under 4 °C for 10 min to remove
insoluble cell debris. The lysate protein concentration was determined
with a BCA Protein Assay Kit. The cell lysates were then resolved
with SDS-PAGE and electrotransferred onto immune-blot PVDF
membranes. The membrane was blocked with 5% nonfat milk in
TBST buffer, incubated with corresponding anti-phospho-target
antibodies and anti-target antibodies as indicated, followed by
incubation with HRP conjugated goat anti-rabbit IgG antibody. The
membranes were developed with Clarity Western ECL substrate. The
relative band intensities were quantified with the Image] software, and
the phosphorylated protein level was calculated based on the
quantification.
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