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DRUG DISCOVERY

Discovering molecular modulators 
with nanoswitch screening
Clinton H. Hansen†, Mark Lipstein†, Sarah C. Erlandson, Tobias Schwalbe,  
Sylvie G. Bernier, Peter Gmeiner, Andrew C. Kruse, Wesley P. Wong* 

INTRODUCTION: Protein-protein interactions are central to nearly all 
biological processes and play critical roles in disease. Molecules that 
modulate these interactions, either by bringing specific proteins 
together or by stabilizing beneficial protein conformations, have 
emerged as key therapeutics. Yet these molecular modulators can be 
challenging to discover, as standard screening approaches often lack 
throughput or fail to directly assay multibody interactions. Thus, 
combining the scale of nucleotide-encoded libraries with direct 
selection for desired interaction outcomes could accelerate the 
discovery of therapeutics for a wide range of conditions.

RATIONALE: To address these challenges, we developed FIND 
(Functional Interaction–based Nanoswitch Discovery), a platform 
for discovering compounds that induce or increase protein-protein 
interactions. FIND combines DNA nanoswitch–based selection of 
nucleotide-encoded libraries with next-generation sequencing, 
enabling ultra-high-throughput screening of billions of different 
compounds in parallel in a single-pot experiment. Self-assembled 
nanoscale devices called “DNA nanoswitches” physically link 
proteins of interest to candidate molecules on a DNA scaffold. When 
a compound promotes or stabilizes a protein-protein interaction, 
the scaffold switches from a linear to a looped conformation. 
Looped nanoswitches migrate more slowly than linear ones during 
gel electrophoresis, enabling physical separation. The compounds 
linked to these looped nanoswitches are then identified by sequenc-
ing their DNA barcodes. This approach enables direct selection  
of molecules on the basis of their ability to induce specific protein-
protein interactions, rather than simply on the basis of their binding 
to proteins.

RESULTS: We demonstrated the ability of FIND to discover new 
compounds from large libraries with two distinct applications. First, we 
discovered a nanobody (single-domain antibody) that stabilizes the 
interaction between angiotensin-converting enzyme 2 (ACE2) and the 
spike trimer of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2). This stabilizing nanobody also showed activity in a 
cellular infection assay. Such molecules can be valuable research tools 
for understanding how antibodies and other binding proteins influence 
interactions between virus and host receptors, including in the phenom-
enon of antibody-dependent enhancement. The second example focused 
on small-molecule discovery against an intracellular target. Specifically, 
we screened a DNA-encoded library of small molecules to discover 
activators, or agonists, of peroxisome proliferator–activated receptor 
gamma (PPARγ), a regulator of metabolism and target for diabetes 
therapy. FIND identified novel small molecules that increased the 
binding of PPARγ to a coactivator peptide. These hits were validated in 
biochemical assays and increased lipid accumulation in a cellular assay.

CONCLUSION: FIND is a broadly adaptable ultra-high-throughput 
screening platform that can identify molecules capable of modulat-
ing protein-protein interactions. By directly selecting for func-
tional interaction outcomes, FIND expands the capabilities of the 
traditional screening toolbox, enabling rapid discovery of molecu-
lar modulators, which could accelerate therapeutic development 
across many conditions. 
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Principles of FIND for selecting molecular 
modulators. DNA nanoswitches 
incorporate a target protein, its partner 
protein, and a barcoded library member on a 
DNA scaffold. When a library member 
promotes interaction between two proteins 
of interest, the DNA nanoswitch forms a  
loop. Gel electrophoresis separates looped 
from unlooped nanoswitches, enriching 
loop-inducing compounds, which are 
identified by sequencing their DNA barcodes. 
[Figure created with BioRender.com (2026); 
https://BioRender.com/p6c3nwh]
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Molecules that modulate protein-protein interactions, including 
through ternary complex formation, have been established as 
key therapeutics. Yet they can be challenging to discover, as 
standard screening approaches often lack throughput or fail to 
directly assay multibody interactions. We addressed this by 
combining DNA nanoswitch–based selection of nucleotide-
encoded libraries with next-generation sequencing to create 
FIND (Functional Interaction–based Nanoswitch Discovery), 
which enables ultrahigh-throughput discovery of compounds 
that induce or increase protein-protein interactions. We 
demonstrate FIND by discovering nanobodies that stabilize the 
interaction between angiotensin-converting enzyme 2 and the 
receptor-binding domain of severe acute respiratory syndrome 
coronavirus 2 and by discovering agonists of peroxisome 
proliferator–activated receptor gamma from a DNA-barcoded 
small-molecule library. By enabling rapid discovery of molecular 
modulators, FIND could lead to new therapeutics across many 
conditions.

Protein-protein interactions have key roles in virtually all biological 
processes. Molecules that modulate protein-protein interactions, either 
by mediating ternary complex formation or by allosterically stabilizing 
specific protein conformations, have emerged as important therapeu-
tics for many diseases (1, 2). Such compounds include salbutamol used 
to treat asthma (3), semaglutide used to treat diabetes (4), cystic fibro-
sis transmembrane conductance regulator modulators used to treat 
cystic fibrosis (5), and thalidomide used to treat cancer (6). Yet such 
molecules can be challenging to discover, because standard screening 
approaches often lack either the throughput or the functional readout 
required to efficiently find modulators of multiprotein interactions. 
Plate-based assays can in principle identify interaction modulators, 
but compounds are typically tested individually in separate wells, 
limiting throughput. Even with miniaturization and automation, 
such screens remain resource-intensive and typically test 105 to 106 
compounds, reducing the probability of discovering rare modulators 
(7). DNA-encoded libraries (DELs) enable screening of far larger 
chemical spaces (of up to ~1012 members) through pooled affinity 
selections and sequencing-based barcode readouts, but standard DEL 
selections typically enrich for binders to immobilized protein targets 
rather than compounds that promote or stabilize specific multipro-
tein interaction states (8). For targeted degradation, induced-proximity 
approaches such as proteolysis-targeting chimeras (PROTACs) high-
light the therapeutic power of ternary complexes—although even 
within this focused scope, PROTAC development typically requires start-
ing ligands for both partners and substantial iterative optimization 

of the linked construct (9). Thus, combining the scale of nucleotide-
encoded libraries with direct selection for desired interaction out-
comes could accelerate the discovery of therapeutics for a wide range 
of conditions.

One potential avenue to accomplish this is through DNA nanotech-
nology, which enables the development of programmable biomolecu-
lar reagents that sense, probe, and report on molecular interactions 
(10–15). In fact, DNA scaffolds can investigate ternary interactions by 
positioning candidate binding partners at defined locations and en-
abling a measurable readout when a third molecule induces binding. 
This readout can be achieved using Förster resonance energy transfer 
(FRET) on Y-shaped DNA scaffolds (16), altered gel migration due to 
DNA loop formation (14, 17), or changes in tether motion or extension 
measured by single-molecule tethered particle motion or magnetic 
tweezers assays (17–19). If an ensemble of such nanoscale devices could 
complement or partially replace traditional robotic plate handlers, this 
approach might offer the scale and analytical power needed to empiri-
cally identify rare molecular modulators directly from large libraries. 
To achieve this, we combined structural DNA nanotechnology with 
nucleotide-encoded libraries to create FIND (Functional Interaction–
based Nanoswitch Discovery), a platform for logic-gated compound 
selection based on defined interaction outcomes, such as induction or 
stabilization of protein-protein interactions, or allosteric modulation 
of pharmacologically relevant targets. The basis of FIND is the DNA 
nanoswitch (14, 20), a programmable molecular scaffold that switches 
between linear and looped conformations to report interactions between 
attached components, such as proteins or small molecules. Specifically, 
binding proteins are coupled to oligonucleotides that hybridize to 
defined locations along a linear DNA strand, which forms loops if the 
proteins interact. This change in topology allows separation of nano-
switches with different looped and unlooped configurations by gel 
electrophoresis, as looped nanoswitches migrate more slowly through 
the gel than unlooped, linear nanoswitches. By attaching multiple 
interaction partners to each nanoswitch, we can construct an in vitro 
assay that measures how compounds modulate a target protein’s bind-
ing to specific interaction partners (Fig. 1A). The programmable self-
assembly of nanoswitches enables precise control over the number, 
stoichiometry, and spatial organization of components on each scaf-
fold by allowing researchers to specify which molecules are attached 
and how far apart they are positioned along the DNA strand, setting 
their effective local concentrations. Together, these capabilities enable 
nanoswitch assays that directly report whether a compound promotes 
specific multiprotein interactions, providing a broadly adaptable strat-
egy for characterizing and discovering modulators, such as allosteric 
activators, protein-protein interaction enhancers, and potentially also 
molecular glues (Fig. 1B). We also adapted a latching system to enable 
FIND to assay weak interactions (Fig. 1C).

FIND enables ultrahigh-throughput functional selection of 
nucleotide-encoded libraries by coupling pooled nanoswitch assays to 
next-generation sequencing. In this combined workflow, the nano-
switch assay provides selection based on interaction outcomes, while 
nucleotide encoding and sequencing provide the scale. Each nano-
switch is linked to a library member carrying a different nucleic 
acid barcode that can be read out by sequencing, enabling testing 
of billions of different compounds in parallel in a single-pot experi-
ment. These libraries can include DELs for small molecules, in which 
each compound is physically linked to a DNA barcode that records 
the series of chemical synthesis steps used to build it (8), and mRNA 
display libraries for biologics (21). To perform selection, library-
functionalized nanoswitches containing proteins of interest are 
separated by gel electrophoresis into looped and unlooped frac-
tions. Thus, selection is directly based on whether the library mem-
ber promotes a specific interaction outcome, such as by induction 
or stabilization of the desired protein-protein interaction (Fig. 1D). 
Each nanoswitch thus serves as an independent assay compartment, 
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enabling multiplexed selections in a single pooled reaction that 
identify modulators of multiprotein complexes rather than com-
pounds selected solely for binding to a target. Because interacting 
components are maintained at high local concentrations on each 
nanoswitch, FIND facilitates detection and characterization of weak 
interactions that could otherwise be challenging to identify in tra-
ditional bulk assays.

In the next section, we describe the basic design principles of FIND 
and demonstrate the workflow using a DNA model system. We then 
apply FIND to three protein-based systems: enrichment of G protein–
coupled receptor (GPCR) agonists from a spike-in library, discovery of 
biologic modulators of the interaction between severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) spike protein and its hu-
man receptor angiotensin-converting enzyme 2 (ACE2), and discovery 
of peroxisome proliferator–activated receptor gamma (PPARγ) ago-
nists from a small molecule DEL.

FIND workflow and design principles: Stem-loop model system
To implement FIND, DNA nanoswitches were created by hybridizing 
oligonucleotides attached to molecules of interest onto an M13 DNA 
scaffold, positioning them at defined locations (Fig. 2A and fig. S1). Each 
nanoswitch included the interaction partners of interest together with 
a single barcoded library member, identifiable by its specific nucleic 
acid sequence. Binding between molecules attached to the same nano-
switch caused the formation of loops, which reported desired interaction 
outcomes. Covalent latches were added to stabilize looped configura-
tions (fig. S2), and the loops were separated from the unlooped nano-
switches by gel electrophoresis. These fractions were extracted, and the 
attached barcodes were sequenced to quantify enrichment. Because each 

nanoswitch carried at most one library member and adopted a discrete 
(looped or unlooped) topology, the assay was effectively digital in terms 
of single molecules even though the readout was quantified in bulk by 
sequencing.

To demonstrate and characterize this process, we implemented 
FIND in a nucleic acid model system built around a DNA stem-loop 
that functions as a simplified “receptor” (fig. S1A). In this system, short 
DNA sequences that act as “ligands” bind a 6-nucleotide (nt) toehold 
region of the DNA stem-loop, causing it to open and bind to a comple-
mentary DNA sequence on the nanoswitch that acts as a binding part-
ner. In this way, the stem-loop system acts like a protein-receptor 
cognate that can be activated to increase binding to a downstream 
partner. Specifically, opening of the stem-loop enabled it to bind to a 
10-nt complementary downstream sequence spaced 1458 nt away on 
the nanoswitch, which created a large loop for gel separation. As an 
initial validation of this model system, a perfectly matching opening 
ligand sequence containing the full 6-nt complement to the toehold 
region produced an up to 70-fold increase in looped-band intensity 
relative to a library of random toehold sequences (fig. S3A).

Several design considerations determine FIND performance for a 
given molecular system. Because some interactions of interest may not 
be strong enough to stably hold together a nanoswitch loop during gel 
electrophoresis, we incorporated a molecular latch into the nanoswitch 
construct that covalently stabilized looped nanoswitches by click-
chemistry, essentially locking in the distribution of looped and un-
looped nanoswitches present in the reaction mixture before gel loading 
(Fig. 1C and fig. S2). Unless otherwise noted, we used this latching step 
for all library screening assays. To implement this, each nanoswitch 
included two trans-cyclooctene (TCO)–modified latch oligonucleotides 
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Fig. 1. Functional Interaction–based Nanoswitch Discovery (FIND). (A) DNA nanoswitches are created by attaching target proteins to a linearized M13 DNA scaffold by 
oligonucleotide coupling followed by hybridization. Interactions between the proteins change the topology of the strand from a linear to a looped conformation, resulting in 
reduced migration during gel electrophoresis. (B) Nanoswitch assays can be used to detect attached compounds that promote ternary complex formation. The molecular glue 
example illustrates a potential application beyond those demonstrated here. (C) Latching system for stabilizing weakly looped nanoswitches before gel-based separation. Each 
construct has two TCO groups near the attached proteins, and latching occurs after incubation by addition of bifunctional tetrazine linkers, which covalently stabilize the looped 
population before gel loading. For looped constructs, once one TCO binds to the tetrazine linker, the local concentration of the other TCO is high, and it quickly binds to the other 
end of the linker. For unlooped constructs, because the TCO groups are farther apart on average, both TCO groups are more likely to bind to different linkers, resulting in no 
loop-stabilizing latch. (D) An example of a FIND screen for activators from a nucleotide-encoded library that cause two proteins to interact. The barcoded library is incorporated 
onto the nanoswitch, along with the protein targets. Next, nanoswitches are separated into looped and unlooped fractions on an agarose gel. Then the bands are extracted  
and quantified by high-throughput DNA sequencing. Potential activators are identified by an increase in the frequency of their barcode sequences in the looped band compared 
with the unlooped band. [Figure created with BioRender.com (2026); https://BioRender.com/wes71vh]
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positioned near the interaction sites; latching was initiated by adding 
a bifunctional tetrazine cross-linker (Figs. 1C and 2A and fig. S2). In 
the looped configuration, the two reactive handles are brought into 
proximity, which creates a high effective local concentration that fa-
vors rapid intramolecular cross-linking, whereas in the unlooped con-
figuration the handles are predominantly end-capped by separate 
cross-linkers, which suppresses background latching.

The spacing between the primary interaction partners [the tar-
get receptor and its partner, labeled as d(T-P) in Fig. 2A] on the DNA 
scaffold was selected to balance two competing requirements: It 
needed to be large enough to enable clear separation between looped 
and unlooped nanoswitches by gel electrophoresis, yet small enough 
to maintain a sufficiently high effective local concentration for strong 
binding upon activation and a strong signal. For this model system, 
we experimentally quantified the effective local concentration between 
the nanoswitch receptor and partner by performing a competition 
assay with a free oligonucleotide that blocked binding between the 
DNA stem-loop receptor and its partner attached to the nanoswitch, 
preventing loop formation (Fig. 2B) (14, 22). In this way, the concentra-
tion of free oligonucleotide that reduced the looped intensity to 50% 
of maximum corresponded to the effective concentration between the 
nanoswitch partners, or concentration of equal competition. We mea-
sured the normalized intensity of the looped band by first subtracting 
the background intensity, then dividing by the background-subtracted 

looped-band intensity measured in the absence of any blocking oligo-
nucleotide (fig. S3B). We measured the effective local concentration 
between the target receptor and its partner to be 58 nM, on the basis 
of their locations in the stem-loop model system. If necessary, this 
effective concentration could be further tuned to better match the 
dissociation constant (Kd) of an interaction of interest by changing the 
distance d(T-P) between binding partners on the DNA scaffold, as gov-
erned by polymer physics. Overall, these readily accessible effective 
concentrations enabled the nanoswitch to measure changes in binding 
strength for interactions with affinities in the nano-to-micromolar 
range. The tether between binding partners must also be long enough 
and flexible enough for binding to occur. We used flexible linkers to 
connect proteins to the DNA scaffold and to ensure that the distance 
on the scaffold between binding partners was long enough (many 
persistence lengths) to provide sufficient translational and orienta-
tional flexibility.

For multiplexed ligand screening, the library member itself must 
be tethered close enough to the receptor to achieve sufficiently high 
local concentration for weakly binding ligands [this distance is labeled 
as d(L-T) in Fig. 2A]. The tiling area between the library member at-
tachment and target also contains single-stranded regions for increased 
flexibility (fig. S1B). DNA library sequences contained a 6-nt toehold-
binding region, a constant 5-nt region complementary to the targeted 
stem-loop, and a constant sequence to bind to a capture oligonucleotide 
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Fig. 2. FIND design principles and multiplexed stem-loop selection. (A) Schematic of FIND screening on DNA nanoswitches (not to scale). Barcoded library members are 
hybridized to the scaffold (M13 ssDNA), through direct binding or a capture oligonucleotide. “Partner” and “target” molecules are functionalized with oligonucleotides bearing 
flexible PEGylated linkers, alongside adjacent TCO latch-modified oligonucleotides for latching. [Panel created with BioRender.com (2026) https://BioRender.com/956coyq] 
(B) Competition of the stem-loop system with a free, unbound oligonucleotide that binds to the attached “partner” oligonucleotide with the same number of complementary nucleotides 
as an open stem-loop (N = 4, SEM). The measured effective local concentration on the nanoswitch between the “target” and “partner” is the IC50 = 58 nM. (C) Normalized 
looped intensities for stem-loop binding to target oligonucleotide after binding to either a perfectly matched library member or to a random sequence (in the toehold region) 
spaced a certain number of nucleotides away (N = 4, SEM). The library member has a 6-nt toehold-binding region and a constant 5-nt region complementary to the stem region. 
(D) Normalized dose-response curve for stem-loop opening by a 9mer oligonucleotide with four nucleotides complementary to the toehold region and five nucleotides 
complementary to the stem region of the stem-loop (N = 4, SEM). A sigmoidal fit (black dashed line) yields EC50 = 5.3 × 10−6 M (2.2 × 10−6, 1.1 × 10−5) and Emax = 0.60 (0.31, 
1.14), with 95% confidence intervals. Also shown is the signal from the same sequence when attached to the nanoswitch (red) and the deduced effective local concentration 
between the attached library member and the stem-loop target receptor, 5.1 × 10−6 M, determined by matching this signal to the dose-response curve (red dashed lines). 
(E) Results of a multiplexed selection for agonist DNA sequences that can bind to and subsequently open a stem-loop with a toehold, activating the stem-loop to bind a target 
oligonucleotide, leading to formation of looped nanoswitches. For each of the 4096 different toehold sequences, an enrichment ratio was calculated as the ratio of normalized 
sequencing reads in the looped band to those in the unlooped band; the histogram shows the number of library members at each enrichment ratio. Here, sequences that directly 
bind to the target complementary sequence are filtered out by performing an additional sequencing experiment without the stem-loop to find members that bind with an enrich-
ment of >1.5. The perfect complementary match (green arrow) is higher than all other sequences, with a P value of 1.1 × 10−9 over the background using a one-sided z-test 
of log(enrichment). [Top panel of (E) created with BioRender.com (2026); https://BioRender.com/0w1u0yh]
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on the nanoswitch. Positioning the library member via a capture oli-
gonucleotide located 42 nt from the DNA stem-loop “receptor” pro-
duced a stronger looping signal than positioning it farther away, at 
102 or 222 nt (Fig. 2C). To determine the effective local concentration 
between the library member “ligand” and the stem-loop “receptor,” 
we compared the looped-band intensity produced by a nanoswitch-
attached library member with the intensity produced by the same li-
gand free in solution at different concentrations. For this nanoswitch 
geometry, matching the attached-ligand signal to the free ligand dose-
response curve yielded an effective local concentration of 5.1 μM be-
tween the attached library member and the target receptor (95% 
confidence interval of 3.0 × 10−6, 9.9 × 10−6) (Fig. 2D and fig. S3C). 
Thus, this geometry enabled characterization of weakly binding li-
gands with affinities in the low-micromolar range. As long as the ef-
fective local concentrations between molecules linked to a single 
nanoswitch was higher than the bulk solution concentrations of these 
components, they were more likely to interact with each other than 
with other components in the solution (e.g., intrascaffold interactions 
were favored over interscaffold interactions).

With these design parameters established, we used this stem-loop 
system to demonstrate the full FIND workflow in a pooled, highly 
multiplexed, sequencing-based screen. We performed multiplexed se-
lection using a starting library containing all random 6-nt toehold 
sequences and quantified enrichment for each sequence with high-
throughput sequencing. For each library member, we calculated the 
enrichment as the number of reads in the looped band over the num-
ber of reads in the unlooped band, each normalized by the total num-
ber of reads. To filter out library member sequences that could directly 
bind to the downstream sequence, we performed a parallel experiment 
for nanoswitches with no stem-loop. We used the resulting sequencing 
data to filter out library members that bound directly to the comple-
mentary downstream sequence by identifying sequences that were 

enriched >1.5 times over the background. This filtering was a special 
case that should not usually be needed, but in this experiment, certain 
library members bound more strongly to the complementary down-
stream sequence than any members bound to the stem-loop owing to 
competition with secondary structure in the stem-loop.

The sequence with the perfect complement to the toehold had the 
highest enrichment, 18 times [one-sided z-test of log(enrichment), 
P = 1.1 × 10−9] over the background (Fig. 2E). Similarly, when we aver-
aged over sequences with nonbinding nucleotides at the end of the 
toehold region, perfect matches for 3, 4, and 5 nt had enrichments of 
1.7355 (P = 5.0 × 10−4), 1.8304 (P = 3.1 × 10−3), and 7.6428 [P = 2.4 × 
10−10, one-sided z-test of log(enrichment)], respectively, over the back-
ground (fig. S3D). Increasing complementarity led to increasing en-
richment, demonstrating that a single multiplexed nanoswitch assay 
can both find low affinity library members that act as agonists and 
also determine their relative strengths.

FIND validation for GPCR ligand enrichment and profiling
To validate the use of FIND with pharmacologically relevant protein 
targets, we used it to enrich a known agonist of the β2-adrenergic re-
ceptor (β2AR), a GPCR, from a model DEL of small molecules contain-
ing one agonist among DNA-barcoded controls (Fig. 3). GPCRs are 
major pharmaceutical targets (23), yet current methods for discovering 
and profiling pathway-activating ligands often rely on material-intensive 
in vitro assays (24) or cell-based reporters (25–28). Thus, efficient and 
accessible multiplexed screening approaches such as FIND could be 
of benefit.

Before incorporating nucleotide-encoded libraries of small mole-
cules for screening, we validated study of ternary complex interactions 
in GPCRs, in an assay with two components attached to the nano-
switch and a third component in solution modulating their interaction. 
We characterized the interaction between a GPCR and a biomolecule 
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the receptor, which increased the amount of looped nanoswitches through increased receptor-nanobody binding, leading to a looped band observed during gel electrophoresis. 
Conversely, incubating with an antagonist or in the absence of ligand did not cause an increase in looped band intensity. [Created with BioRender.com (2026); https://
BioRender.com/wg15nzz] (B) Results of a multiplexed selection for agonists of β2AR using nanoswitches that each carried β2AR, Nb80, and one member from a model library 
containing a known partial agonist. DNA-barcoded library members were added as single-stranded oligonucleotides and hybridized to the capture site during nanoswitch 
assembly. The enrichment of counts in the looped band over the unlooped band is shown for a library in which the DNA-barcoded compounds consisted of 1 positive control DNA 
sequence bound to TS218 and 1024 DNA negative control sequences bound to biotin. The positive control (green arrow) has an enrichment of counts in the looped band over the 
unlooped band higher than all the negative controls, with a P value of 1.4 × 10−7 using a one-sided z-test. [Created with BioRender.com (2026); https://BioRender.com/
oc88xcu] (C) Normalized dose response curves of the agonists using DNA nanoswitches. The response at each dose was given by the looped band intensity, which we quantify by 
integrating the area under the curve of the looped band, subtracting the background, and normalizing to the BI maximal response (N = 4, SEM). Fit values to a sigmoidal 
response (dashed lines) are given in table S1. BI, BI-167107; Iso, isoprenaline; Arf, arformoterol; Lev, levosalbutamol; Rit, ritodrine.

D
ow

nloaded from
 https://w

w
w

.science.org at H
arvard U

niversity on N
ovem

ber 05, 2026

https://BioRender.com/wg15nzz
https://BioRender.com/wg15nzz
https://BioRender.com/oc88xcu
https://BioRender.com/oc88xcu


Research Article

Science  5 November 2026 5 of 13

that mimics the G protein transducer (a “transducer-mimic”) in the 
presence of various ligands. By attaching both a GPCR and a transducer-
mimic to nanoswitches, we read out the functional state of the GPCR 
bound to different ligands to determine drug characteristics, such as 
affinity and activity. We used β2AR and a G protein mimic nanobody, 
Nb80, that binds to active-state β2AR (29). As GPCRs are membrane 
proteins, we added 0.01% lauryl maltose neopentyl glycol (LMNG) and 
0.001% cholesteryl hemisuccinate (CHS) to solubilize β2AR in deter-
gent micelles. To construct the DNA nanoswitches, we coupled β2AR 
and Nb80 to short oligonucleotides and hybridized them onto loca-
tions on the single-stranded scaffold. We used latching to stabilize the 
interaction (fig. S4A). To demonstrate that nanoswitches measured 
the functional state of β2AR, we determined the amount of looping in 
the presence of agonist BI167,107 (BI) or the inverse agonist ICI 118,551 
(ICI) and in the absence of any ligand (Fig. 3A). The looped band in-
creased in intensity in the presence of agonist, indicating activation 
of β2AR and its resultant binding to Nb80.

Having demonstrated that agonists induced binding between β2AR 
and Nb80 tethered to the nanoswitch, we tested enrichment of ago-
nists in a model library screen. As in the stem-loop experiments, we 
constructed nanoswitches with an oligonucleotide to capture DNA-
barcoded small molecules, in addition to the receptor and nanobody. 
The capture oligonucleotide has deoxyinosine over variable bases and 
deoxyuridine instead of deoxythymine for cleavage before sequencing 
preparation. As an example, we used 1024 DNA sequences attached to 
biotin and a single sequence attached to the partial agonist TS218 
(figs. S4B and S5), a structural analog to covalent adrenaline deriva-
tives (30, 31). These sequences mimicked those of a macrocycle library 
(32). The sequence corresponding to TS218 was the most highly en-
riched sequence above the background (P = 1.4 × 10−7, one-sided z-test) 
(Fig. 3B). This enrichment in the looped fraction occurred even though 
the overall abundance of TS218 input into the selection is not highly 
enriched compared with other sequences (fig. S4C). In a nonmultiplexed 
experiment, we confirmed that TS218 attached to the nanoswitch re-
sulted in a signal above the background (fig. S4D). Conversely, the 
attached antagonist BRL37344 (33) did not result in a signal above the 
background (fig. S4D), even though attached BRL37344 can form loops 
with β2AR when placed 1458 nt away (fig. S4E).

We used our nanoswitch reagent to characterize the dose-response 
curve for TS218 (Fig. 3C). Each curve defined the two key pharmaco-
logical parameters of the agonist: its potency [half-maximal effective 
concentration (EC50); related to agonist affinity] and its efficacy (Emax; 
related to the degree of activation when the agonist is saturating). 
TS218 had an EC50 for looping of 1.1 μM, which is of a similar order of 
magnitude to EC50 values reported for β2AR agonists and partial ago-
nists measured in intact-cell cyclic adenosine monophosphate assays 
(nano-to-micromolar range) (34). We also used this approach to gather 
dose-response curves for various other agonists (Fig. 3C). Full agonists 
(BI167107, isoprenaline, and arformoterol) had higher looping percent-
ages at saturation than did partial agonists (levosalbutamol and rito-
drine), providing a straightforward and quantitative measure of relative 
molecular efficacy without confounding effects such as signal ampli-
fication. To further demonstrate the versatility of our assay, we char-
acterized antagonists in a competition assay with the partial agonist 
levosalbutamol (fig. S4F) and performed dose-response experiments 
with a mini-G protein corresponding to the engineered Ras-like do-
main of Gα subunits (35, 36) instead of a nanobody (fig. S4G). We also 
used the nanoswitch assay to profile the functional states of β2AR 
bound to various ligands (supplementary text and figs. S6 and S7).

Discovery of a SARS-CoV-2 protein-protein 
interaction enhancer
To demonstrate the power of FIND to help discover modulators from 
a naïve library, we selected for nanobodies that enhanced the interac-
tion between the SARS-CoV-2 spike trimer and its receptor, ACE2. 

Interaction-enhancing binders are of particular interest because 
infection-enhancing antibodies have been described for SARS-CoV-2 
and understanding how such reagents can increase receptor engage-
ment can provide insight into antibody-dependent enhancement 
(ADE) mechanisms that could promote viral entry in the context of 
COVID-19 (37, 38). Additionally, molecular stabilizers can serve as 
useful experimental tools for probing the conformation-dependent 
energetics and kinetics of this interaction and for tuning binding 
strength in model systems where native receptor binding may be sub-
optimal (39). To perform the screen, we started with a nanobody 
mRNA display library of ∼20 billion members that was constructed 
in a similar manner to a previous yeast display library (40), which we 
then enriched by a traditional bead-based selection protocol (meth-
ods). For nanoswitch-based screening, we attached ACE2, the spike 
trimer, and a member of the enriched nanobody library to each DNA 
scaffold. The mRNA-displayed nanobody was attached to the nano-
switch through a DNA adapter that contained both the reverse-
transcription primer sequence from the library and an overhang that 
was the reverse-complement of a sequence on the nanoswitch scaffold. 
Overnight incubation of the nanoswitch with the displayed nanobody 
enabled attachment (fig. S8A) without degradation (fig. S8B). Using 
FIND, we discovered a particular nanobody (Nb1) that stood out with 
significant enrichment above the background (Fig. 4A; generalized 
extreme Studentized deviate test P = 9.0 × 10−9). FIND results were 
reproducible, as demonstrated by the low SEM and spread of the en-
richment ratios across the three replicates (fig. S8C). Nb1 also had the 
highest enrichment ratio for two other independent replicates of the 
nanoswitch screen (fig. S8D). Nb1 had the highest enrichment ratio, 
even though it was not the top by abundance through bead-based 
enrichment (fig. S8E).

To confirm and quantify the effect of Nb1 on the interaction be-
tween ACE2 and the spike trimer, we expressed the Nb1 nanobody 
and incubated it with nanoswitches that only included ACE2 and the 
spike trimer on the scaffold. The amount of looping increased in the 
presence of Nb1 because of increased binding between the ACE2 and 
spike trimer, but did not increase with the three other nanobodies 
we tested (Nb2, Nb3, Nb4), which did not have enrichment ratios 
significantly above the background (Fig. 4B). To better understand 
how Nb1 stabilized this interaction, we created nanoswitches that 
contained smaller portions of the spike protein as well as ACE2. Nb1 
increased looping between ACE2 and the S1 or receptor-binding do-
main (RBD) regions of the spike protein (Fig. 4B and fig. S8F). Thus, 
the RBD portion of the spike trimer appears to be sufficient for ob-
servation of Nb1-dependent enhancement of ACE2 binding. However, 
other contributions from other regions in the context of the full 
trimer cannot be excluded.

We performed gel filtration of a 1:1:1 mixture of ACE2:RBD:Nb1 and 
found the formation of a stable complex containing all three proteins 
(Fig. 4C). Similarly, we ran blue native polyacrylamide gel electropho-
resis and found a high molecular weight complex of all three proteins, 
whereas RBD and ACE2 alone did not form a stable, observable com-
plex in the absence of Nb1 (fig. S8G). Pull-down experiments confirmed 
that adding Nb1 caused immobilized spike trimer to pull down in-
creased ACE2 and immobilized ACE2 to pull down increased RBD 
(fig. S8H). We gathered dose-response curves and found that Nb1 had 
a low nanomolar EC50 for increasing the interaction between ACE2 
and the spike trimer or RBD, indicating the formation of an energeti-
cally stable three-body complex (Fig. 4D). We also measured the ap-
parent off-rate kinetics of the interaction between ACE2 and the RBD. 
We did this by allowing the nanoswitches to equilibrate, then adding 
2 μM of RBD in solution to suppress relooping if the ACE2 and RBD 
on the nanoswitches dissociated from each other. We then measured 
the decrease in looped-band intensity at specified time points after 
the addition of soluble RBD and fit the looped-band intensities to an 
exponential decay curve (Fig. 4E). The fitted dissociation rate constant 
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(koff) reports the apparent dissociation rate between ACE2 and RBD 
because these are the two proteins attached directly to the nanoswitch, 
whereas Nb1 may be present or absent as a soluble stabilizing nano-
body. The off-rate decreased by a factor of ~350 in the presence of 2 μM 
Nb1, owing to a strong, stabilizing effect. In the absence of Nb1, the 
average lifetimes we measured corresponded to koff values on the order 
of 10−3 to 10−4 s−1 (the average lifetime was 5.3 min for the reference 
variant, and 33.7 min for the Alpha variant; fig. S9), which were in 
reasonable agreement with published measurements of ACE2-RBD 
kinetics (41–44). We also studied the effect of mutations on Nb1 en-
hancement (supplementary text and fig. S9).

SARS-CoV-2 pseudovirus assay of enhancing nanobody Nb1
The stabilizing effect of Nb1 on the interaction between ACE2 and 
spike trimer indicated that Nb1 might also increase infectivity of SARS-
CoV-2. To test this, we used pseudotyped SARS-CoV-2 lentivirus to 
quantify the effect of Nb1 on infectivity against ACE2-expressing hu-
man embryonic kidney 293 (HEK293) cells. Nb1 increased infectivity 

in a dose-dependent manner (Fig. 4F). In contrast, Nb4, which did not 
increase ACE2 binding to the spike trimer (Fig. 4B), did not increase 
infectivity. As a control, we also included a known neutralizing nano-
body that decreased infectivity.

Affinity maturation of Nb1
To improve on initial hits, we performed FIND on a mutational library 
around Nb1. This library was created with up to one mutation in each 
of the three complementarity-determining region (CDR) sequences, 
resulting in ~13 million different sequences. We performed FIND on 
this library without any bead-based prescreening and identified nano-
bodies with both higher and lower predicted activity than that of Nb1 
on the basis of their nanoswitch-based enrichment ratios (fig. S10A). 
To validate these predictions, we selected and expressed five nanobod-
ies with higher enrichment ratios and five with lower enrichment 
ratios. All 10 nanobodies displayed the expected activity relative to 
Nb1, supporting the use of the enrichment ratio as a proxy for stabi-
lization activity (fig. S10B).
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Fig. 4. Discovery of a SARS-CoV-2 protein-protein interaction enhancer. (A) Enrichment of the 500 most abundant nanobodies from FIND selection. Enrichment is given by 
the average of the proportion of counts for each nanobody in the looped fraction over three technical replicates, divided by the average of the proportion of counts for each 
nanobody in the unlooped fraction over the same three technical replicates. Nanobodies were labeled according to their enrichment rank, with Nb1 indicated in green with an 
arrow. The “barcode” that encodes the nanobody sequence is shown as the red and green mRNA-DNA hybrid attached to the orange nanobody in the schematic. [Created with 
BioRender.com (2026); https://BioRender.com/lynhjx2] (B) Nanoswitch looping between SARS-CoV-2 spike trimer (top), S1 protein (bottom left), or RBD protein (bottom 
right) and ACE2 in the presence of 2 μM of the indicated nanobody. For the neutralizing nanobody (Neu.), we used Clone # L009.1.32N (R&D Systems). Normalized looped 
intensity (ILoop) represents the raw looped intensity of the signal (IRaw) with the background intensity in the absence of any spike protein on the nanoswitch subtracted (IZero) and 
then normalized by the background-subtracted intensity of the spike-trimer nanoswitch in the absence of any nanobody (ITrimer,Buf – IZero), in other words, ILoop = (IRaw – IZero)/
(ITrimer,Buf – IZero) (N = 4, SEM). Looping was lower for the spike trimer in buffer as compared with S1 and RBD because RBDs on the spike sample closed conformations that 
reduce ACE2 accessibility relative to isolated S1 and RBD constructs. (C) Gel-filtration chromatography of a 1:1:1 mixture of NB1:RBD:ACE2. a.u., arbitrary units. (Inset) Peak 
fraction and Nb1, RBD, and ACE2 reference lanes on Krypton-stained SDS-PAGE. (D) Nanoswitch looping between SARS-CoV-2 spike trimer (dark blue triangles) or RBD protein 
(light blue upside-down triangles) and ACE2 in the presence of serial dilutions of Nb1 (N = 3, SEM). The data are fit to A/(1 + EC50/[Nb1]) + B; EC50 values are presented in the 
legend with 95% confidence intervals. (E) Dissociation of ACE2 and RBD in the absence (inverted triangle) or presence (triangle) of Nb1, with superimposed fits to an exponential 
decay model with an offset. Looped-band intensities were fit to I(t) = A exp(−koff t) + B; for plotting data were normalized as [I(t) − B]/A (N = 4, SEM). (F) ACE2-expressing HEK293 
cells were challenged with pseudotyped SARS-CoV-2 lentivirus in the presence of serial dilutions of the indicated nanobody. Luminescence was measured 48 hours after 
infection as a readout for virus infectivity. Data are graphed as percent neutralization relative to virus-only infection control (N = 6 biological replicates, SEM). The data are fit to 
A/(1 + EC50/[Ligand]) + B; EC50 values are presented in the legend with 95% confidence intervals.
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Discovery of a PPARγ agonist
To demonstrate discovery of small-molecule modulators from a large 
DEL, we selected for agonists of PPARγ. PPARγ is a nuclear receptor 
and transcription factor that regulates lipid storage and glucose me-
tabolism (45). When activated, PPARγ forms complexes with other 
proteins to activate the transcription of numerous genes that increase 
sensitivity to insulin. Therefore, small-molecule agonists that activate 
PPARγ have had use in treating diabetes (45, 46). To screen for ago-
nists, we created nanoswitches that contained both the ligand-binding 
domain of PPARγ and a peptide sequence from the CREB-binding 
protein (CBP-1) transcriptional coactivator. For these nanoswitches, 
PPARγ agonists, such as rosiglitazone, should increase PPARγ’s ability 
to bind to CBP-1 and therefore increase looping intensity (Fig. 5A). We 
used a 400-million member DEL and performed one round of bead-
based prescreening before nanoswitch screening. For nanoswitch-
based screening, we attached PPARγ, the CBP-1 peptide, and a member 
of an enriched DEL to each DNA scaffold. For attachment of the DEL 
to the nanoswitch, we used an oligonucleotide that contained a flexible 
PEG18 linker in between the sequence that bound to the nanoswitch 
and the sequence that bound to the single-stranded end of each DEL 
member. We selected the two library members with the highest enrich-
ment ratio for synthesis and further verification (Fig. 5B). Chemical 
structures of Ligands A and B are shown in fig. S11. FIND identified 
these two ligands as agonists, even though they were not the top by 
abundance through bead-based enrichment (fig. S12). We used an or-
thogonal, commercially available time-resolved Förster resonance 
energy transfer (TR-FRET) assay to confirm that both chosen ligands 
increased interaction between PPARγ and a CBP-1 peptide (Fig. 5C). 
We also measured the effect of our ligands in a cellular assay and both 
increased lipid accumulation, consistent with PPARγ activation (Fig. 5D). 
The two ligands are not similar in structure to rosiglitazone (Tanimoto 
similarity ≤ 0.31) or any other ligand in the ChEMBL database (Tanimoto 
similarity ≤ 0.62).

Conclusions
We introduce FIND as a tool to discover novel compounds with specific 
functional characteristics in an ultrahigh-throughput manner. FIND 
combines DNA nanoswitches with nucleotide-encoded libraries and 
next-generation sequencing to select for molecular modulators in an 
accessible, multiplexed assay. We demonstrated this capability at scales 
spanning ~108 members (small-molecule DEL) and ~1010 members 
(mRNA-display nanobody library). In our first demonstration, we identi-
fied known agonists of the GPCR β2AR. Although other studies have 
found small molecules that bind to GPCRs (47, 48), enrichment in these 
previous selection assays was generally based on binding to the receptor, 
rather than on detecting a functional change in the receptor upon ligand 
binding. Thus, follow-up functional assays were previously required to 
distinguish simple binders from molecular modulators.

We also demonstrated de novo discovery from a naïve library by 
using FIND to identify a nanobody that strongly stabilizes the interac-
tion between the RBD of the SARS-CoV-2 spike protein and ACE2. 
Antibodies that cause ADE for SARS-CoV-2 can act by either Fc-
receptor–mediated or Fc-receptor–independent infection enhance-
ment (37, 38). In a previous study, antibodies were discovered that 
bind to the N-terminal domains of two adjacent spike trimers to induce 
the open conformation of RBD, thus enhancing the binding capacity 
of spike protein to ACE2 and the infectivity of SARS-CoV-2 (37). The 
mechanism for ADE we present here is different, with the nanobody 
activity consistent with stabilizing the ACE2-RBD interaction, poten-
tially through ternary complex formation, to enhance the binding 
between spike protein and ACE2.

Finally, we demonstrated FIND for de novo small-molecule discov-
ery by screening a 400-million member DEL for PPARγ agonists. We 
identified two ligands that increased PPARγ–CBP-1 association and 

confirmed their activity in an orthogonal TR-FRET assay and a lipid 
accumulation cellular assay, consistent with PPARγ activation.

The tools introduced here are not limited to the specific examples 
provided. Because nanoswitch constructs are modular and compat-
ible with nucleotide-encoded libraries spanning both small molecules 
and biologics, FIND has the potential to be adapted to additional 
interaction systems. Compared to other multiplexed interaction-
profiling methods (49), the selection step in FIND uses standard gel 
electrophoresis and enables selection on the basis of interaction state 
rather than affinity alone. Mechanistic assignment generally requires 
additional biochemical characterization beyond the initial interac-
tion outcome-based screen. Because the readout is gel electrophoresis–
based, nanoswitch follow-up assays are performed in microliter-scale 
reactions (typically ~10 μl) and resolved by a ~100-min gel run under 
our conditions, providing time point multicomponent profiling that 
complements real-time biophysical methods such as surface plasmon 
resonance and biolayer interferometry. By leveraging advances in 
DNA nanotechnology, FIND provides a powerful and accessible re-
search tool that should accelerate the discovery and characterization 
of novel therapeutics to treat diseases.
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Fig. 5. Discovery of small-molecule PPARγ agonists. (A) Nanoswitches containing 
PPARγ and CBP-1 show increased loop formation in the presence of the agonist 
rosiglitazone (N = 4). (B) Enrichment ratios of the 90 most abundant DEL members 
from FIND selection. Enrichment ratio is given by the average of the proportion of 
counts for each library member in the looped fraction over eight technical replicates, 
divided by the average of the proportion of counts for each library member in the 
unlooped fraction over the same eight technical replicates. Ligands A and B have the 
highest enrichment values and are highlighted in green. Their chemical structures are 
shown in fig. S11. (C) TR-FRET assay of the interaction between PPARγ and the 
coactivator peptide CBP-1 in the presence of increasing concentrations of rosigli-
tazone, Ligand A, and Ligand B. Results are normalized to rosiglitazone. The data are 
fit to A/(1 + EC50/[Ligand]) + B​, with EC50 values as given in the legend. Error bars are 
SEM over N = 3 replicates for Ligands A and B, and N = 4 replicates for rosiglitazone. 
(D) Lipid accumulation of OP9 cells during adipocyte differentiation in the presence of 
the indicated compounds (N = 4, SEM). Results are normalized to the maximal 
rosiglitazone activity. The data are fit to A/(1 + EC50/[Ligand]) + B, with EC50 values 
as given in the legend.
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Materials and methods
Protein expression and purification
The human β2AR gene was cloned into baculovirus transfer vector 
PVL1392 with modifications to add a hemagglutinin signal peptide 
and FLAG epitope tag to the receptor’s N terminus. The receptor con-
struct was additionally modified by introduction of a 3C protease site 
after Gly365, allowing proteolytic removal of the receptor’s unstruc-
tured distal carboxy terminus. Baculovirus was produced in Sf9 insect 
cells using the BestBac system (Expression Systems) according to 
manufacturer’s instructions. For protein production, Sf9 cells were 
grown at 27°C with shaking at 130 rpm and were infected with bacu-
lovirus at a density of 4 million cells/ml. Alprenolol (Sigma) was added 
immediately after infection to a final concentration of 1 μM, and cells 
were incubated for 60 hours to allow receptor expression.

Cells were harvested by centrifugation at 4000g for 15 min. Cells 
from 2 liters of culture were resuspended in 300 ml of lysis buffer 
consisting of 20 mM HEPES pH 7.5, 2 mM magnesium chloride, 2 μl 
benzonase (Sigma), 1 μM alprenolol, and a complete protease inhibitor 
tablet (Roche). Following resuspension, cells were centrifuged at 4000g, 
and the resulting supernatant was discarded. The pellet was resus-
pended in 300 ml of solubilization buffer consisting of 200 mM sodium 
chloride, 10% (v/v) glycerol, 20 mM HEPES pH 7.5, 1% LMNG (Anatrace), 
0.1% (w/v) CHS (Steraloids), and 1 μM alprenolol (Sigma). The result-
ing suspension was homogenized in a glass dounce tissue grinder and 
then stirred for two hours at 4°C, before centrifugation at 50,000g for 
30 min. The supernatant was decanted into a beaker, and pellets were 
discarded. Calcium chloride was added to the solubilized membranes 
to a final concentration of 2 mM. Solubilized material was loaded over 
an anti-FLAG affinity chromatography resin followed by washing with 
10 column volumes of wash buffer consisting of 0.01% (w/v) LMNG, 20 mM 
HEPES pH 7.5, 1 μM alprenolol, 2 mM calcium chloride, and 150 mM 
sodium chloride. Receptor was eluted in the same buffer without calcium 
chloride or alprenolol but with 0.2 mg/ml FLAG peptide (Genscript) 
and 5 mM EDTA added. Receptor was concentrated by centrifugal 
concentration and then purified by size exclusion chromatography 
(SEC) using a Superdex 200 10/300 column (GE Healthcare) in a buffer 
of 0.01% (w/v) LMNG, 20 mM HEPES pH 7.5, and 150 mM sodium 
chloride. Receptor was concentrated and flash frozen with 20% (v/v) 
glycerol for storage at −80°C before use.

Nanobodies were expressed from pET26b plasmid in Escherichia 
coli strain BL21(DE3) and were purified from periplasm by osmotic 
shock and nickel affinity chromatography as described previously (40). 
Purified nanobodies were dialyzed into 20 mM HEPES pH 7.5, 150 mM 
sodium chloride and flash frozen with 20% (v/v) glycerol at −80°C 
before use.

MiniGS construct 414 was cloned with an N-terminal His-tag and 
3C protease cleavage site into pET28a (35). An additional mutation of 
a surface-exposed cysteine residue (C82S) was introduced to prevent 
disulfide bond–mediated interactions during FIND assays. The C82S 
miniGS protein was expressed in E. coli strain BL21 (DE3) after in-
duction with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 
18 hours at 20°C and purified with a protocol based on the previously 
reported method (35). Cells were harvested by centrifugation at 4000g 
for 30 min at 4°C and lysed by sonication in a buffer comprising 40 mM 
HEPES pH 7.5, 100 mM NaCl, 10% glycerol, 10 mM imidazole, 5 mM 
MgCl2, 50 μM guanosine diphosphate (GDP), 1 mM phenylmethylsul-
fonyl fluoride, 1:100,000 (v:v) benzonase, 100 μM dithiothreitol (DTT), 
and protease inhibitor tablets (Roche). The lysate was centrifuged at 
50,000g for 30 min at 4°C, and the supernatant was filtered with glass 
microfiber filters (VWR). Filtered supernatant was loaded onto 10 ml 
HisPur cobalt resin (Thermo Scientific); washed with 20 mM HEPES pH 
7.5, 500 mM NaCl, 10 mM imidazole, 10% glycerol, 1 mM MgCl2, and 
50 μM GDP; then eluted with 20 mM HEPES pH 7.5, 100 mM NaCl, 250 mM 
imidazole, 10% glycerol, 1 mM MgCl2, and 50 μM GDP. 3C protease was 
added to the eluted protein, and the sample was dialyzed overnight 

in 20 mM HEPES pH 7.5, 100 mM NaCl, 10% glycerol, 1 mM MgCl2, 
and 10 μM GDP. After dialysis, the sample was loaded onto 5 ml HisPur 
cobalt resin (Thermo Scientific) to remove the 3C protease by nega-
tive purification. The sample was concentrated and loaded onto a 
Sephadex S200 column (GE Healthcare) equilibrated with 10 mM 
HEPES pH 7.5, 100 mM NaCl, 10% glycerol, 1 mM MgCl2, 1 μM GDP, 
and 100 μM tris(2-carboxyethyl)phosphine hydrochloride. Peak frac-
tions were concentrated, then aliquots were flash frozen in liquid ni-
trogen and stored at −80°C.

For nanobodies we found against the spike-trimer, sequences con-
taining C-terminal glycine-serine linker, poly-lysine labeling site, and 
hexa-histidine tag were synthesized as a gene block (Integrated DNA 
Technologies). Polymerase chain reaction (PCR) primers NbEXP_Freal 
and NbExp_R_Lys were used to amplify the sequence and add the 5′ 
NcoI and 3′ XhoI restriction sites. We then ligated the sequences into 
pET-26b(+) (Novagen) using T4 DNA Ligase (Invitrogen) and trans-
formed into BL21(DE3) competent E. coli (NEB) according to the 
manufacturer’s protocol. Positive colonies on kanamycin plates were 
picked and sequenced, and confirmed colonies were subcultured over-
night at 37°C in 10 ml in LB-kanamycin broth shaking at 200 rpm. Ten 
milliliters of subculture was added to 500 ml of LB-kanamycin and 
grown out for 2 hours at 37°C shaking at 200 rpm. To induce periplas-
mic nanobody expression, IPTG was added to the culture at 1 mM final 
concentration and incubated at 25°C overnight with shaking at 200 rpm. 
The cells were harvested and pelleted at 3500g for 10 min. Tris-EDTA-
sucrose (TES) buffer (200 mM Tris-HCl pH 7.5/1 mM EDTA/0.5 M 
sucrose; volume: 12.5 ml) was added to resolubilize the pellet and 
incubated at room temperature (RT) for 45 min. To induce osmolysis, 
25 ml of double distilled water (ddH2O) was added, rapidly mixed, and 
incubated at RT for 45 min. To isolate the periplasmic fraction, the 
lysate was ultracentrifuged at 20,000g at 4°C for 20 min. To quench 
the EDTA and equilibrate the periplasmic isolate for Ni-NTA purifica-
tion (Ni-NTA High Performance Sepharose, Cytiva), quenching buffer 
was added to bring the solution to final concentrations of 20 mM 
MgCl2, 300 mM NaCl, 75 mM imidazole, and 0.05% Tween-20. 
Nanobodies were eluted in EDTA and desalted with 7K MWCO Zeba 
desalting columns (Thermo Scientific) to phosphate-buffered saline 
(PBS). For nanoswitch assays, Ni-NTA purified nanobodies were used. 
For cellular assays, Ni-NTA nanobodies were further purified by SEC 
on a Superdex S75 10/300GL (Cytiva).

The ligand binding domain of PPARγ with an N-terminal avi-tag 
peptide sequence was expressed in Sf9 cells, purified by anion ex-
change with a Q column, purified by SEC with a Chromdex 75, bio-
tinylated in vitro, and then concentrated in 50 mM Tris-HCl, 150 mM 
NaCl, 5% glycerol, 0.3 mM DTT, pH 8.0. The CBP-1 peptide {Pra}
GGSGGNLVPDAASKHKQLSELLRGGSGS was synthesized with a 
propargylglycine at the N terminus for attachment to an oligonucle-
otide through click-chemistry (Genscript).

Protein coupling
β2AR, nanobodies, monomeric streptavidin (Sigma), and ACE2 (Acro
biosystems) were coupled to azide-modified oligonucleotides (In
tegrated DNA technologies). Specifically, for β2AR we attached 
VarD_azide_3 at the single exposed cysteine (Cys265) using a DBCO-
PEG4-Maleimide linker (Sigma) in 10 mM HEPES pH 7.5, 50 mM NaCl, 
0.01% LMNG, and 0.001% CHS. A 10-fold molar excess of linker and 
20-fold molar excess of oligonucleotide were used. The receptor was 
then purified using ANTI-FLAG M2 Magnetic Beads (Sigma) and 
eluted with FLAG-peptide (Sigma). For Nb60 and Nb80, we attached 
Var7_azide_5 nonspecifically to a surface lysine using a DBCO-PEG4-
NHS ester linker (Sigma) in 50 mM HEPES pH 8.6 and 50 mM NaCl. 
We used an equimolar amount of linker and 5× excess of oligonucle-
otide. We then purified the nanobodies using Ni Sepharose High 
Performance (GE). We similarly coupled monomeric streptavidin to 
VarD_azide_3 and ACE2 to Var7_azide_5 and purified using Ni 
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Sepharose High Performance (GE). Starting protein concentrations 
were 50, 80, and 13 μM for β2AR, monomeric streptavidin, and ACE2, 
respectively. For attachment of the CBP-1 peptide to an oligonucle-
otide, we followed the procedure of Koussa et al. (14). Coupled protein 
concentrations were measured against a known reference DNA con-
centration on a 4–20% tris-borate EDTA (TBE) gel stained with SYBR 
Gold. The resulting coupled proteins will mostly have one or no oligo-
nucleotides attached. Overcoupling too many oligonucleotides to pro-
teins could interfere with binding.

Nanoswitch formation
DNA nanoswitches were created as previously described (14). Briefly, 
circular single-stranded DNA (ssDNA) from the 7249-nt bacteriophage 
M13 (New England BioLabs) was linearized by enzymatic cleavage of 
a single site using BtscI (New England BioLabs) and a site-specific 
oligonucleotide. This ssDNA scaffold was mixed with a molar excess 
of tiling 60-mer oligonucleotides (10:1), excluding the complementary 
regions for latch and other specific components to hybridize. For the 
stem-loop nanoswitches, we included 10× stem-loop, 10× complemen-
tary oligonucleotide, and, if needed, 4× capture oligonucleotide and 
10× library, in 10 mM HEPES pH 7.5, 50 mM NaCl, 10 mM MgCl2. For 
β2AR nanoswitches, we included 4× receptor, 10× nanobody, and, if 
needed, 4× capture oligonucleotide and 10× DNA-encoded compounds 
in 10 mM HEPES pH 7.5, 50 mM NaCl, 10 mM MgCl2, 0.01% LMNG, and 
0.001% CHS. For the latch, we used 8× TCO-modified latch oligonucle-
otides VarDlatch_TCO_3 and Var7latch_TCO_5. We similarly created 
nanoswitches for the spike-trimer/ACE2 mRNA display screen, includ-
ing 6× monomeric streptavidin and 6× ACE2 Nanoswitches for the 
PPARγ/CBP-1 DEL screen were prepared by including 6× monomeric 
streptavidin and 6× CBP-1 peptide.

Incubation and gel electrophoresis
For each 10-μl sample, we mixed together nanoswitch at 130 pM and 
ligand in 10 mM HEPES pH 7.5, 50 mM NaCl, 10 mM MgCl2, 0.01% 
LMNG, and 0.001% CHS and incubated for 2 hours. For competition 
experiments, we incubated for 6 hours. After incubation, 9 μl of sample 
was added to 1.8 μl of 7.5 μM tetrazine-PEG5-tetrazine (Conju-Probe). 
The concentration of tetrazine linker was chosen to maximize the dif-
ference in signal between agonist and antagonist (fig. S2A). Given the 
rapid nature of the TCO-tetrazine reaction, the latch reaction takes 
only tens of seconds to complete (fig. S2, B and C). Blue/orange loading 
dye (Promega) was added, and samples were resolved on a prestained 
SYBR gold 0.7% ultrapure agarose gel (Thermo Fisher) for 100 min at 
100 V. Gels were imaged using a laser gel-scanner (GE Typhoon). 
Looped intensity was quantified by integrating the area under the 
curve after median filtering and linear background subtraction (14). 
All experiments were normalized to the looped intensities in the pres-
ence and absence of BI167107. For saturating amounts of ligand, we 
used a concentration of 4 × 10−4 M.

Stem-loop enrichment
For individual attached library member experiments, we incubated the 
samples for 1 hour in 10 mM HEPES pH 7.5, 50 mM NaCl, and 10 mM 
MgCl2 and quantified looped intensity on an agarose gel. We also in-
cluded a latch to stabilize the loop. All intensities were normalized 
to the intensity of fully on stem-loops in the presence of 1 × 10−5 M 
loop_open (table S2). For the multiplexed experiments, the bands of 
interest were cut out using a Safe Imager 2.0 Blue Light Transilluminator 
light. Because the looped band was not visible, the corresponding gel 
region was cut out on the basis of the position of reference samples 
with the same loop size that were also run on the gel. DNA from the 
extracted agarose was electroeluted into 0.5× TBE using 8 kDa MWCO 
MINI GeBaFlex-tubes. Samples were then prepared for sequencing by 
ligating on one of four sequences: Ligation_1, Ligation_2, Ligation_3, 
or Ligation_4 (table S2). Each of these sequences has a specific barcode 

so each sequencing lane can read four pooled samples. The liga-
tions were performed by mixing the eluted DNA with 5 × 10−10 M 
splint and 1 × 10−9 M ligation in T4 DNA ligase buffer, performing 
a temperature ramp from 90°C to 25°C, adding T4 DNA ligase, incu-
bating for 2 hours, and then heat inactivating at 65°C for 10 min. 
Samples were then prepared for sequencing with PCR using Q5 poly-
merase and primers Seq_F and Seq_R. Then we ran the products 
on a 10% TBE polyacrylamide gel and cut out the amplified band, 
which was then broken up by spinning in a gel breaker tube (Ist 
Engineering) and eluted overnight in 10 mM Tris, pH 7.5. Then we 
purified the products by running them through a 0.45 μm Spin-X 
Centrifuge Tube Filter (Corning) and ethanol precipitating. The se-
quencing was multiplexed on a MiSeq with 3.7 to 6.9 million reads 
per extracted band.

Stem-loop sequencing analysis
All reads were first mapped to one of four 7mer indices, allowing for 
up to two mismatches. Then the counts for each of the sequences cor-
responding to each library member were added up for each sample. 
The enrichment was then calculated as the ratio of the number of reads 
in the looped sample over the number of reads in the unlooped sample, 
normalized by the ratio of the total number of counts in each sample. 
For the stem-loop enrichment data, we filtered out sequences that had 
an average enrichment of >1.5 over two experiments, in which we omitted 
the stem-loop. This filtered out 235 sequences out of 4096 total. All analy-
sis was performed using custom MATLAB scripts.

Synthesis of TS218
The β2AR agonist TS218 was synthesized following the synthetic route 
depicted in fig. S5, with nuclear magnetic resonance (NMR) spectra 
in figs. S13 to S17. Reagents and dry solvents were of commercial qual-
ity and were used as purchased. Mass spectrometry was run on a 
BRUKER ESQUIRE 2000 by electrospray ionization (ESI). High-
resolution mass spectrometry ESI (HRMS-ESI) was run on an AB Sciex 
Triple TOF660 SCiex, source type ESI. NMR spectra were obtained on 
a Bruker Avance 400 (400 MHz for 1H and 101 MHz for 13C) or a Bruker 
Avance 600 spectrometer (600 MHz for 1H and 151 MHz for 13C) at 
300 K using the solvents indicated. The chemical shifts were reported 
in parts per million (δ) relative to tetramethylsilane. Purification by 
flash column chromatography was performed using silica gel 60. Thin-
layer chromatography analyses were performed on Merck 60 F254 
aluminum sheets and visualized by UV detection (254 nm). High-
performance liquid chromatography (HPLC) analysis was conducted 
on an Agilent 1200 HPLC system using a DAD detector and with a 
ZORBAX ECLIPSE XDB-C8 (4.6 mm by 150 mm, 5 μm) column using the 
following solvent system: CH3CN/0.1% aq. TFA, 10% CH3CN for 3 min, 
to 95% in 15 min, 100% for 6 min, to 10% in 3 min, 10% for 3 min, flow 
rate 0.5 ml/min. Preparative HPLC was performed on an Agilent 
1100 Preparative Series, using a ZORBAX ECLIPSE XDB-C8 PrepHT 
column (21.5 mm by 150 mm, 5 μm, flow rate 10 ml/min) with the 
solvent systems indicated and a detection wavelength of 230 nm.

Compound 2, tert-butyl (6-hydroxyhexyl)carbamate, was prepared fol-
lowing a literature protocol (50). 6-Aminohexan-1-ol (1) (1.00 g, 8.53 mmol) 
and di-tert-butyldicarbonate (1.86 g, 8.53 mmol) were dissolved in 5.0 ml 
anhydrous tetrahydrofuran (THF) and stirred at RT for 3 hours. The 
solvent was evaporated using a rotavapor and the colorless oil was dried in 
vacuo to obtain 2 (1.84 g, 99%) as a colorless wax. 1H-NMR (400 MHz, 
CDCl3) δ (ppm) 1.29–1.42 (m, 4H), 1.44 (s, 9H), 1.46–1.62 (m, 4H), 1.72 
(s, 1H), 3.12 (dt, J = 6.5, 6.5 Hz, 2H), 3.64 (t, J = 6.5 Hz, 2H), 4.54 
(s, 1H). 13C NMR (151 MHz, CDCl3) δ (ppm) 25.4, 26.5, 28.6, 30.2, 32.7, 
40.5, 62.8, 80.9, 156.2. ESI-MS m/z 240.0 [M+Na]+.

Compound 3, 6-((tert-butoxycarbonyl)amino)hexyl methanesulfo-
nate, was prepared following a literature protocol (51). Compound 2 
(1.8 g, 8.5 mmol) and triethylamine (1.2 ml, 8.5 mmol) were dis-
solved in 10 ml THF and cooled to 0°C in an ice bath. Methanesulfonyl 
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chloride (0.66 ml, 8.5 mmol) was added dropwise, and the reaction 
was stirred for 2 hours at RT. The solvent was evaporated, the residue 
was taken up in dichloromethane and water, and the aqueous layer 
were extracted with dichloromethane. The combined organic layers 
were washed with water and brine and dried over Na2SO4. The solvent 
was evaporated, and the crude product was used in the next step 
without further purification (2.4 g, 97%). 1H-NMR (600 MHz, CDCl3) 
δ (ppm) 1.32–1.38 (m, 2H), 1.39–1.45 (m, 2H), 1.44 (s, 9H), 1.46–1.53 (m, 
2H), 1.63 (s, 1H), 1.72–1.78 (m, 2H), 3.00 (s, 3H), 3.11 (dt, J = 6.5, 6.5 Hz, 
2H), 4.22 (t, J = 6.5 Hz, 2H), 4.53 (s, 1H). 13C NMR (101 MHz, CDCl3) 
δ (ppm) 25.3, 26.3, 28.6, 29.2, 30.1, 37.5, 40.5, 70.0, 79.3, 156.1. ESI-MS 
m/z 318.1 [M+Na]+.

Compound 4, tert-butyl-(6-(4-(2-hydroxyethyl)-2-methoxyphenoxy)
hexyl)carbamate, was prepared by suspending homovanillyl alcohol 
(0.25 g, 1.5 mmol), 3 (0.48 g, 1.6 mmol), potassium carbonate (0.41 g, 
3.0 mmol), and potassium-iodide (49 mg, 0.30 mmol) in 5.0 ml ace-
tonitrile and heated to reflux for 16 hours. The solvent was evaporated, 
and the residue was mixed with water, extracted with dichlorometh-
ane, washed with brine, and dried over Na2SO4. The solvent was 
evaporated and the crude product was purified via flash column 
chromatography on silica gel (eluent: n-hexane/ethyl acetate = 2/1 
to 1/1) to give compound 4 (0.48 g, 88%). 1H-NMR (600 MHz, CDCl3) 
δ (ppm) 1.34–1.42 (m, 2H), 1.44 (s, 9H), 1.45–1.53 (m, 4H), 1.79–1.87 
(m, 2H), 2.81 (t, J = 6.4 Hz, 2H), 3.12 (dt, J = 6.5, 6.5 Hz, 2H), 3.84 (t, 
J = 6.5 Hz, 2H), 3.86 (s, 3H), 3.99 (t, J = 6.7 Hz, 2H), 4.52 (s, 1H), 
6.72–6.77 (m, 2H), 6.79–6.84 (m, 1H). 13C NMR (151 MHz, CDCl3) δ 
(ppm) 25.9, 26.7, 28.6, 29.3, 30.1, 38.9, 40.7, 56.1, 63.9, 69.2, 79.2, 112.9, 
113.5, 121.1, 131.2, 147.4, 149.7, 156.2. ESI-MS m/z 390.2 [M+Na]+. 
HPLC (254 nm): tR = 17.8 min, purity: 98%.

Compound 5, 4-((6-((tert-butoxycarbonyl)amino)hexyl)oxy)-3-
methoxyphenethyl methanesulfonate, was prepared by dissolving 
compound 4 (0.30 g, 0.82 mmol) in 5.0 ml anhydrous dichloromethane 
and triethylamine (0.13 ml, 0.90 mmol) and cooled to 0°C in an ice 
bath. Subsequently, methanesulfonyl chloride (70 μl, 0.90 mmol) was 
added, and the solution was stirred for 90 min at RT. Water was added, 
and the reaction mixture was extracted with dichloromethane, washed 
with brine, and dried over Na2SO4. The solvent was evaporated, and 
the crude product was purified via flash column chromatography on 
silica gel (eluent: n-hexane/ethyl acetate = 1/1) to obtain compound 5 
(0.33 g, 90%). 1H-NMR (600 MHz, CDCl3) δ (ppm) 1.35–1.41 (m, 2H), 
1.44 (s, 9H), 1.45–1.54 (m, 4H), 1.78–1.86 (m, 2H), 2.87 (s, 3H), 2.99 (t, 
J = 7.0 Hz, 2H), 3.12 (dt, J = 6.5, 6.5 Hz, 2H), 3.86 (s, 3H), 3.98 (t, J = 
6.7 Hz, 2H), 4.39 (t, J = 7.0 Hz, 2H), 4.51 (s, 1H), 6.74–6.76 (m, 2H), 
6.80–6.83 (m, 1H). 13C NMR (151 MHz, CDCl3) δ (ppm) 25.9, 26.7, 28.6, 
29.3, 30.2, 35.4, 37.6, 40.7, 56.2, 69.1, 70.6, 112.9, 113.4, 121.2, 128.9, 
147.8, 149.7, 156.1. ESI-MS m/z 468.2 [M+Na]+. HPLC (254 nm): tR = 
18.9 min, purity: 95%.

TS218 ((R)-4-(2-((4-((6-aminohexyl)oxy)-3-methoxyphenethyl)
amino)-1-hydroxyethyl)benzene-1,2-diol trifluoracetate) was prepared 
by dissolving compound 5 (0.10 g, 0.22 mmol) and (R)-noradrenaline 
(0.11 g, 0.67 mmol) in 2.0 ml of anhydrous dimethyl sulfoxide (DMSO) 
under argon atmosphere and heated to 70°C while stirring for 16 hours. 
The solution was diluted with water and lyophilized. The residue was 
taken up in 1.0 ml dichloromethane/TFA (2/1) and stirred under argon 
gas atmosphere for 16 hours at RT. The solvent was removed using a 
rotavapor, and the residue was purified via preparative HPLC (RP-C8, 
CH3CN/0.1% aq. TFA, 5-40% in 23 min) to obtain the TFA salt of com-
pound TS218 (5.0 mg, 3%). 1H-NMR (600 MHz, DMSO-d6) δ (ppm) 
1.32–1.44 (m, 4H), 1.50–1.59 (m, 2H), 1.65–1.73 (m, 2H), 2.75–2.81 (m, 
2H), 2.82–2.92 (m, 2H), 2.93–3.01 (m, 1H), 3.04–3.10 (m, 1H), 3.12–3.19 
(m, 2H), 3.75 (s, 3H), 3.91 (t, J = 6.5 Hz, 2H), 4.72 (dd, J = 10.4, 3.0 Hz, 
1H), 5.99 (s, 1H), 6.62 (dd, J = 8.1, 2.1 Hz, 1H), 6.70–6.75 (m, 2H), 6.88 (d, 
J = 8.3 Hz, 1H), 7.77 (s, 3H), 8.61 (s, 1H), 8.76 (s, 1H), 8.96 (s, 2H). 13C 
NMR (151 MHz, DMSO-d6) δ (ppm) 25.5, 25.9, 27.3, 29.0, 31.4, 39.2, 48.6, 
53.9, 55.9, 68.5, 68.6, 113.2, 113.8, 113.8, 115.8, 117.1, 121.0, 130.1, 133.0, 

145.4, 145.7, 147.4, 149.5. HRMS m/z [M+H]+ calcd. 419.254049, found: 
419.252889. HPLC (230 nm): tR = 11.0 min, purity: >99%; [α]24

D = 
−11.2° (0.041 in CH3OH).

Small-molecule coupling (TS218 and BRL37344)
TS218 was coupled to an oligonucleotide through the terminal primary 
amine. Specifically, we mixed together azide-modified oligonucleotide 
at 50 μM, 3 equivalents of DBCO-PEG4-NHS ester linker (Sigma), and 
15 equivalents of TS218, and incubated for 1 hour in 100 mM HEPES 
pH 8.5 Buffer. Excess ligand was removed with a 7K Zeba Spin Desalting 
Column (Thermo Fisher). Coupling was confirmed on a 20% TBE poly-
acrylamide gel with SYBR gold staining with a yield of >95%. BRL37344 
(Sigma) was coupled to an oligonucleotide via the carboxyl group. 
BRL37344 (1.25 mM) was mixed with 0.0125 mM amine modified oligo, 
and 20 mM EDC in 100 mM MES pH 6.0 for 1 hour. Removal of excess 
ligand and confirmation of coupling/determination of yield was per-
formed identically as above.

β2AR multiplexed enrichment
Nanoswitches with attached β2AR, Nb80, and capture oligonucleotide 
and DNA-encoded compounds were incubated for 1 hour in 10 mM 
HEPES pH 7.5, 100 mM NaCl, 10 mM MgCl2, latched, and then run on 
a 1.0% agarose gel prestained with SYBR gold. The bands of interest 
were then cut out using a Safe Imager 2.0 Blue Light Transilluminator 
light. Because the looped band was not visible, it was cut out on the 
basis of the position of reference samples with the same loop size that 
were also run on the gel. DNA from the extracted agarose was electro-
eluted into 0.5× TBE using 8 kDa MWCO MINI GeBaFlex-tubes. Samples 
were then prepared for sequencing with PCR using Q5 polymerase. We 
included custom indexing sequences for four different samples per se-
quencing lane, so for primers we paired Seq_R with Seq_F_1, Seq_F_2, 
Seq_F_3, or Seq_F_4 (table S2). After PCR, we ran the products on a 
10% TBE polyacrylamide gel and cut out the amplified band, which was 
then broken up by spinning in a gel breaker tube (Ist Engineering) and 
eluted overnight in 10 mM Tris 7.5. Then we purified the products by 
running them through a 0.45 μm Spin-X Centrifuge Tube Filter (Corning) 
and ethanol precipitating. We performed the experiment in dupli-
cate, pooled the four samples, and ran on a MiSeq with 20 million to 
30 million reads.

Two-state receptor model and fitting
Looped intensities for both Nb60 and Nb80 for multiple ligands were 
simultaneously fit to the simple two-state model

In this equation, n = 60 or 80 for Nb60 or Nb80, Koff
n

 and Kon
n

 are the 
dissociation constants for the receptor to either Nb60 or Nb80 in the 
off and on states, and J(L) is the dissociation constant for the receptor 
switching into the on state from the off state. We assume J(L) is de-
pendent solely on the ligand and is the same for all nanobodies. For 
each nanobody, Cn is the fitted offset and Bn is the fitted multiplicative 
constant. To find the best fit, we minimized the least squares over the 
eight fit parameters (four for each nanobody), weighted by the SEM 
of each data point for all 12 ligands for both antibodies. The J(L) are 
additionally chosen to minimize the least squares. The fit parameters 
obtained with 95% confidence intervals were: Koff

60
= 3.0(2.0, 4.4),  

Koff
80

= 1.5 × 10−8
(

8.2×10−9, 2.7×10−8
)

, Kon
60

= 0.47(0.20, 0.65), Kon

80
=  

0.40(0.32, 0.51) , B60 = 1.5(1.4, 1.7) , B80 = 3.9(3.3, 4.9) , C60 = −0.13  
(−0.18, −0.04), and C80 = −0.05(−0.19, −0.02). We constrained the 
offset parameters C60 and C80 to be between −0.20 and 0.20. The 
confidence intervals were obtained by fits of 10,000 datasets created 
by Monte Carlo sampling around the actual measured values using 
the measured error.

An(L) = Bn

Koff
n

+ Kon
n
J(L)

1 + J(L) + Koff
n

+ Kon
n
J(L)

+ Cn
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Radioligand competition assay model and fitting
To test the effect of incubation time on a competitive radioligand 
binding assay, we modeled the full kinetic time course (fig. S7). In our 
model, we include a cooperativity constant, α, for each bound ligand. 
Consistent with our measurements, the cooperativity constant modu-
lates the binding kinetics of nanobody-receptor binding but not the 
unbinding rate. Additionally, we made the cooperativity constant 
change the unbinding rate of the ligand when the receptor is concur-
rently bound to the nanobody, as addition of nanobody does not in-
crease rate of ligand binding (52). We chose specific time constants 
and concentrations consistent with experiment. Specifically, for the 
agonist of interest, we used α60,L1 = 0.0032, α80,L1 = 320, kon,L1 = 2.8 × 
106 s−1 M−1, koff,L1 = 0.0017 s−1 for slow unbinding, and koff,L1 = 0.17 s−1 
for fast unbinding. For the radioligand, consistent with cyanopindolol, 
we used α60,L2 = 1.1, α80,L2 = 2.5, kon,L2 = 2.8 × 106 s−1 M−1, and koff,L2 = 
0.0017 s−1. Additionally, for Nb80 binding to the receptor, derived from 
our measured off-rates and the previously measured dissociation con-
stants (24), we used kon,80 = 510 s−1 M−1 and koff,80 = 0.0017 s−1, and 
for Nb60 we used kon,60 = 3.3 × 104 s−1 M−1 and koff,60 = 5.8 × 10−4 s−1. 
For concentrations, we used [Nb] = 1 × 10−6 M, [β2AR] = 1 × 10−11 M, 
and [L2] = 6 × 10−11 M. Starting with everything unbound, for a con-
centration curve of [L1], we analyzed the time course using MATLAB’s 
ordinary differential equation solver ode45 for varying amounts of 
time ranging from 1.5 to 150 hours. We then extracted the inferred 
cooperativity parameters by fitting the end point free radioligand con-
centrations curves to the nonlinear system of equations that yield the 
concentration of free species at equilibrium (24), specifically

where Kd is the dissociation constant between the receptor and nano-
body, and Ki are the dissociation constants between the receptors 
and ligands. Here, all the binding constants are taken as known in 
the fitting.

Kinetic experiments
For off-rate experiments, for each 10-μl sample, we first mixed together 
nanoswitch at 130 pM and ligand in 10 mM HEPES pH 7.5, 50 mM NaCl, 
10 mM MgCl2, 0.01% LMNG, and 0.001% CHS and incubated for 2 hours. 
Then we added 5 μM of free nanobody to quench loop closing and 
latched the samples at specific time points. The normalized time-course 
data was then fit to an exponential decay model with an offset, 
A = Be−kofft + C. For the Nb80 on-rate experiments, we added a saturat-
ing amount of ligand (400 μM), and latched the samples at specific time 
points. The normalized time-course data were then fit to a bimolecular 
on-rate model with an offset, A = B

(

1−e−k
�
on
t
)

+ C, with k�on = kon + koff 
the effective on-rate.

Nanobody mRNA display library construction
The core nanobody cDNA sequences, including framework and variable 
regions, were constructed by overlap extension PCR and purified as previ-
ously described (40) for each of the three loop length variant CDR3 se-
quences (CDR3A, CDR3B, and CDR3C). To adapt the library for mRNA 
display, two additional steps of overlap extension PCR and purification were 
used to add necessary sequences for in vitro transcription/translation and 
purification. First, starting cDNAs were amplified with Kruse_N_FLAG_70 
and Kruse_C2HIS_LYS_1_70_short by Q5 DNA Polymerase (New England 
Biolabs) and gel purified. Second, gel-extracted cDNAs were amplified with 
N0_medium and C2HIS_LYS_2 primers by Q5 Polymerase and purified 
with SPRIselect (Beckman Coulter).

Generation of displayed-nanobody libraries
The mRNA display protocol for nanobodies was adapted from an es-
tablished protocol (21). The nanobody mRNA-display cDNA library 
was transcribed to mRNA using the Megascript T7 in-Vitro Transcription 
Kit (Invitrogen). Remaining cDNA was digested by DNAseI (Invitrogen), 
and the mRNA was purified by Megaclear columns (Invitrogen). Then 
the mRNA library was ligated to a puromycin-labeled DNA linker using 
T4 RNA Ligase I (New England Biolabs, NEB). Excess oligo and unli-
gated mRNA was removed first by Megaclear (Invitrogen) and then 
by oligo-dT pulldown (Magnetic mRNA Isolation kit, NEB). Puromycin-
ligated mRNA was translated in vitro by PURExpress In Vitro Protein 
Synthesis Kit (NEB) according to manufacturer’s protocol and stopped on 
ice. Next, MgCl2 was added to 62.5 mM and KCl was added to 62.5 mM, 
and the reaction was incubated at RT for 30 min and then incubated 
overnight at −20°C and purified by Oligo-dT purification (NEB). Re
verse Transcription of the mRNA was next performed using the Super
script III First-Strand Synthesis System (Invitrogen) with either Rtprimer_ 
nosub (for solution panning mRNA-display) or Rtprimer_VarD (for 
attachment to DNA nanoswitches). Finally, the reaction mixture was 
purified with Ni-NTA Sepharose beads (Cytiva) and desalted with 7K 
MWCO Zeba desalting columns (Thermo Scientific).

Biotin solution–panning nanobody mRNA display prescreening
Solution panning for selection of nanobody libraries was performed 
with streptavidin T1 Dynabeads (Invitrogen). Beads were washed three 
times in 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% bovine serum al-
bumin (BSA), incubated for 30 min at 4°C, and then washed three times 
in 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% BSA, 0.05% Tween-20. 
For the selection, we used final concentrations of 50 nM biotinylated 
reference SARS-CoV-2 spike trimer (Acrobiosystems) and 400 nM 
Human ACE2 (Sino Biological) in a buffer of 50 mM Tris-HCl pH 7.5, 
150 mM NaCl, 0.5% BSA, 0.05% Tween-20, along with the displayed li-
brary. The panning reaction was incubated on ice for 10 min and then 
at RT for 20 min. After pulldown, the sample was eluted at 72°C for 
5 min. To prepare the selected fraction for the next cycle of panning, 
the sample was amplified using Q5 polymerase (NEB) with C_2HIS_49bp 
and N_0_52bp primers and purified by SPRI (Beckman Coulter). We 
performed six rounds of prescreening.

Nanoswitch display screening for SARS-CoV-2 S trimer/ACE2 
enhancer nanobodies
Nanoswitches with attached monomeric streptavidin and ACE2 were 
incubated overnight with the displayed library created with the 
Rtprimer_VarD RT primer in buffer with 0.5% BSA and 10 mM 
MgCl2. The next day, EDTA was added to 50 mM and biotinylated 
spike-trimer (Acrobiosystems) was added to 2× excess, and incubated 
for 30 min. We then performed gel electrophoresis and extracted the 
bands as described above.

Biotin-streptavidin coprecipitation pulldown experiments
Bait and prey pairs of biotinylated SARS-CoV-2 S Trimer (Acro 
Biosystems) with Alexa Fluor 488 labeled (Alexa-Fluor 488 NHS ester, 
Invitrogen) ACE2 (Sino Biological) and biotinylated ACE2 (Sino 
Biological) with Alexa fluor 647 labeled (Alexa-Fluor 647 NHS ester, 
Invitrogen) SARS-CoV-2 Receptor Binding Domain (Sino Biological) 
were combined in the presence or absence of Nb1 to test for enhance-
ment of binding. Proteins were combined in PBS, 0.05% Tween 20, 
1 mg/ml BSA, with or without 1 μM of Nb1 and incubated at RT for 30 min. 
Streptavidin T1 Dynabeads (Invitrogen) were washed and incubated 
in the same buffer at RT for 30 min. Samples were added to the beads 
and incubated on rotation at RT for 10 min. Beads were then washed 
three times in buffer with 500 nM unlabeled, untagged SARS-CoV-2 
RBD (Sino Biological) to prevent rebinding of labeled protein, with or 
without 1 μM Nb1 on rotation at room temperature for 10 min each. 
The sample was then eluted at 72°C for 5 min in 1x Laemmli SDS buffer 
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and run on a 4–20% SDS-PAGE (polyacrylamide gel electrophoresis) 
gel (Bio-Rad). For the second bait and prey pair of biotinylated ACE2 
and 647-RBD, all experimental conditions and buffers were identical 
except for the starting concentrations at 100 nM (biotin-ACE2), 
125 nM (647-RBD), 50 nM (biotin-Spike-Trimer), and 62.5 nM (488-ACE2), 
respectively.

Blue native PAGE gel-shift assay
All combinations of Nb1, RBD, and ACE2 were mixed at equimolar 
ratios of 1.5 μM in 15 μl and allowed to equilibrate at RT for 30 min. 
Samples were stained, loaded, run, and imaged on NativePAGE Novex 
4–16% Bis-Tris Gels (Thermo Fisher) according to the provided manu-
facturer’s protocol.

SEC of ACE2:RBD:Nb1 Complex
ACE2, RBD, and Nb1 proteins were mixed at equimolar ratios of 2.9 μM 
in 100 μl diluted in 1× PBS buffer and allowed to equilibrate at 4°C 
for 1 hour. The complex was loaded and run on a Superdex 200 (GE) 
Gel-filtration column.

SARS-CoV-2 spike pseudovirus infectivity experiments
SARS-CoV-2pp (2019-nCoV) was obtained from Cellecta Inc. (Catalog 
#RSCOV2-SL at 2.21 × 104 TU/ml). Infections were performed in 96-
well plates. Pseudotyped viruses (10 μl per well) were incubated with 
serial dilutions of antibody for 1 hour at 37°C. Then the virus-antibody 
complex was used to infect 20,000 ACE2-expressing HEK293 cells 
(ATCC cat # CRL-1573) to a final volume of 100 μl. The mixtures were 
then incubated for 48 hours at 37°C in a humidified incubator with 
5% CO2. Luciferase activity was measured using the Bright-Glo reagent 
(Promega) according to the manufacturer’s instructions. This reagent 
lyses cells and provides luciferase substrate, resulting in a lumines-
cence signal that is proportional to luciferase expression. Because the 
pseudovirus encodes luciferase, luminescence after addition of Bright-
Glo was used as a proxy for pseudovirus infection level.

Affinity maturation nanoswitch screen
The library for the affinity maturation screen was created similarly to 
the original naïve library, except the oligonucleotides corresponding 
to the three CDR regions were pooled oligonucleotides (oPool from 
IDT) of the collection of Nb1 sequences with “NNK” mutated into each 
amino acid codon in the CDR regions. Paired-end 300-bp sequencing 
was performed on a Next2000 P2 kit. Sequences for which the forward 
and reverse reads did not match were discarded. Because of the strength 
of Nb1, for fig. S10B, we did not use latching.

Screening for PPARγ agonists
The PPARγ screen was performed by a single round of bead-based 
prescreening followed by a nanoswitch screen. The single round of 
prescreening was as described for the SARS-CoV-2 screen above, ex-
cept with protein concentrations of PPARγ at 1 μM and CBP-1 peptide 
at 5 μM. Also, instead of the mRNA display library, we used a 400 million 
commercially available DEL provided by HitGen (OpenDEL 3.1 subli-
braries 003 and 029). The PPARγ nanoswitch screen was performed 
similarly to the β2AR nanoswitch screen, except adapted to the com-
mercially available DEL. To do this the capture sequence was designed 
with a region to bind to the nanoswitch, a PEG18 spacer for flexibility, 
and then a region to bind to the single-stranded region at the end of 
the DEL members. The nanoswitch enrichment experiment was per-
formed over eight technical replicates. Analysis was performed using 
available code (53).

Validating PPARγ agonists
Ligand A (HitGen ID OpenDEL0029-205-82-52) and Ligand B (HitGen 
ID OpenDEL0029-78-297-423) were purchased from HitGen for valida-
tion experiments.

For the TR-FRET interaction assay between PPARγ and the co-
activator peptide CBP-1, we used the LanthaScreen TR-FRET PPAR 
gamma Coactivator Assay Kit from Thermo Fisher. The experiment 
was performed according to the manufacturer’s instructions with 
a final concentration of CBP-1 peptide of 500 nM.

For the cellular adipogenesis assay, we measured adipogenesis for OP9 
cells (ATCC) following a previously established procedure (54). In brief, 
after 30,000 cells per well were grown to confluency, the cells were cultured 
for an additional 48 hours in growth media [minimum essential medium 
(MEM) alpha without ribonucleosides/deoxyribonucleosides supple-
mented with 20% fetal bovine serum and 1% penicillin and streptomycin], 
then media was replaced with the small molecule at the specified concen-
trations in a 0.1% DMSO vehicle diluted in differentiation media (growth 
media with 10% fetal bovine serum, 1% penicillin and streptomycin, 1.0 μg/
ml human insulin, and 0.5 mM 3-isobutyl-1-methylxanthine). After 
48 hours, media was replaced with the small molecule at the specified 
concentrations in adipocyte maintenance media (differentiation media 
without 3-isobutyl-1-methylxanthine). This maintenance media was re-
placed every 2 to 3 days until plates were assayed 7 days after induction of 
differentiation. Lipid uptake was measured using NucBlue to stain DNA 
and AdipoRed to stain lipids. The DNA content was used to normalize 
adipogenic activity by the cell count. All results were normalized to the 
maximal rosiglitazone response and to zero in the absence of any ligand.

Quantification and statistical analysis
Gel images were analyzed using a custom MATLAB program (14). For 
dose-response curves, the data are normalized to the looped intensities 
in the presence and absence of BI167107. The error is reported or shown 
as the standard error of the mean of the values calculated in at least 
three independent experiments.
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Editor’s summary
Control mechanisms in cells often regulate interactions between two or more proteins. This offers an opportunity for
drug discovery if one can screen for small molecules that alter such interactions. Hansen et al. developed a method
that uses DNA nanoswitches to monitor interactions of very large libraries of proteins for effects on protein interactions.
The method allowed detection of ligands for the human beta-2 adrenergic receptor that both bound the receptor and
promoted G protein signaling. Similarly, the researchers selected a ligand from a library of 400 million compounds that
bound the nuclear receptor peroxisome proliferator-activated receptor gamma (PPAR#) and enhanced association with
a transcriptional coactivator target. The combination of rapid high-throughput screening with functional assessment
shows potential to accelerate drug discovery. —L. Bryan Ray
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