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surface via Nb-based delivery of template. This approach opens the door for the on-demand generation of bioactive receptor ligands
preferentially at a desired biological niche.
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This approach offers a distinct set of features that are useful for
control of biological activity at the cell surface.

We apply this approach to target a member of the G protein-
coupled receptor (GPCR) superfamily, parathyroid hormone
receptor-1 (PTHRI).® GPCRs are cell surface membrane
proteins that mediate diverse physiological processes and are
leading targets for drug development.” GPCRs and their
endogenous ligands are known to exhibit promiscuity, with one
receptor binding many natural ligands and one ligand binding
to many receptors.'’ Furthermore, studies have revealed that
many GPCRs induce signaling through multiple distinct G
protein isoforms or arrestins, which is often dependent on the
identity of the ligand bound to the receptor, in a process
known as ligand biased agonism."' We hypothesized that the in
situ synthesis of a GPCR ligand could provide a new approach
to implement receptor- and pathway-specific activation of
GPCRs.

We describe the development and application of a peptide
template-induced dimerization strategy to facilitate in situ

One approach for the design of compounds that act with
spatiotemporal and target specificity centers on the use of
building blocks that can react to form a bioactive product upon
exposure to a certain stimulus that occurs only at the desired
site of action. Most established examples of such strategies
center on transformations upon prodrugs executed by enzymes
or cells enriched at the same anatomical location as the target
of interest." Such approaches are often limited to the activity of
naturally occurring enzymes, which sometimes lack anatomical
specificity. Alternative approaches, such as splitting biomole-
cules into nonfunctional subunits that combine only when
bound to target(s) of interest, offer promising possibilities for
enhancing specificity.” Small molecule-mediated chemically
induced dimerization (CID)’ is frequently achieved through
the rapamycin-induced assembly of fusion proteins consisting
of FKS06-binding protein (FKBP) and FKBP—rapamycin
binding domain (FRB)." Other commonly used systems
induce dimerization through the addition of abscisic acid
(ABA)® or an analogue of gibberellic acid.’ Biological
engineering with light-sensitive building blocks has also been August 6, 2024
shown to facilitate illumination-induced dimerization and November 16, 2024
downstream biological effects.” Herein, we describe a novel November 18, 2024
alternative for stimuli-inducible assembly that relies on a November 25, 2024
peptide trigger of dimerization (peptide epitope dimerization,

PED) that results in the production of a bioactive compound.
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Figure 1. Assessment of DP-induced dimerization of Nbs. (A) (Left) Schematic of a sandwich ELISA to confirm simultaneous binding of DP to
Nbgg and Nby; s (Right) Concentration dependent increase in the ELISA signal upon treatment with varying concentrations of dimeric peptides
(DP,, and DP,,,). Data points correspond to mean + SD from technical replicates. Independent biological replicates are shown in Supporting
Figure S2A. (B) Dimeric peptides (DPgIY or DP,;,) induce FRET between fluorophore-labeled Nbs. Measurements of the fluorescence intensity
were recorded with equal concentrations (1 M) of Nbg-TMR and Nb; p4-FAM in the presence of varying concentrations of DPs. Data points
correspond to mean + SD from technical replicates performed in a single representative experiment. Measurements were performed immediately
after the addition of DP. Independent biological replicates are shown in Supporting Figure S2B. (C) DP-induced reactivity between Nbs labeled
with azide and alkyne handles. Analysis of cross-linking was performed using SDS-PAGE (15% acrylamide). After 1 h, reactions were quenched
with excess of GGG-Lys(N;) peptide (500 uM) to react with any residual Nbg;-PEG,-DBCO and prevent further cross-linking. The control
condition (left lane) lacks DP. The identity of cross-linked product was confirmed using mass spectrometry (Supporting Figure S3A). Possibility of
spontaneous heterodimerization of unlabeled Nbs was investigated using SDS-PAGE (15% acrylamide) and mass spectrometry (Supporting Figure
S3B and C). Experimental details are found in the Methods.

production of bioactive ligand for PTHR1 from weakly active

A g 12,13 : :
and inactive building blocks. Previously published work We synthesized heterodimeric peptides designed to simulta-

neously bind to two distinct Nb epitopes and induce proximity.
were highly active at PTHRI"" and exhibited pathway specific The dimeric peptides consisted of a 6E peptide (epitope tag
signaling properties,"* but were not subject to control using an bound by Nbg;)'"'® connected to a ALFA peptide (bound by
outside trigger, unlike the approach described in this study. By Nbara)'” with a glycine (DPy,) or 6-aminohexanoic acid
enforcing the proximity between azide- or alkyne-linked ligand (DP,,) linker (Supporting Table S1). The comparison of
fragments (PTHI1-11 and PTHI12-34), we catalyze the in situ either glycine or ahx interposed between epitope tags allowed
synthesis of an analogue of a prototypical peptide agonist of us to evaluate the role of the linker length as a variable. First,
PTHRI (PTH1—34). In this context, dimerization, assembly, we tested whether DPy, (or DP,;,,) could simultaneously bind
to both epitope tag-binding nanobodies (Nbgg and Nbyigs). A
sandwich enzyme-linked in situ assay (ELISA) was performed
by using a format that specifically measured the binding of DP
to both Nbgg and Nb, ;4 (Figure 1A). Nbg; was immobilized
and varying concentrations of DPy, (or DP,,) were

by two different Nbs, were developed as templates for PED. subsequently added. After washing steps, a second nanobody
Past work has shown that dimerization of PTHRI ligands bearing a biotin (Nby sa-biotin-azide, or “Nb pa-BA”;

provides highly active ligands, offering support for the Supporting Table S2 and Supporting Figure S1), produced

from our group described the generation Nb-PTH conjugates

and biological activity are driven by the high aflinity
recognition of short peptide epitopes by single domain
antibodies (or nanobodies, Nbs).'">'® Dimeric peptides
(DPs), comprising a fusion of peptide epitopes recognized

feasibility of this approach.'” Here we describe the develop- by enzymatic labeling”® with Sortase SM, was added. Plate
ment of this approach and its application to rapid, on-demand bound Nby;ps-BA was detected and quantified by using
assembly conjugates that stimulate GPCR signaling responses. streptavidin-conjugated horseradish peroxidase (SA-HRP) in a
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Figure 2. Synthesis and characterization of Nb-PTH conjugates for DP-induced assembly. (A) Scheme for synthesis of clickable Nb-peptide
conjugates. Mass spectrometry characterization of intermediates is found in Supporting Table S1. Structures of peptide building blocks and Nb-
peptide conjugates are found in Supporting Figure S1. Conditions for sortagging are described in Methods. (B) SDS-PAGE analysis of Nbs and
conjugates described in panel (A). (C) Mass spectrometry characterization of substrates from panel (B). (D) Assembly of PTH1—34 analogue
from Nb-PTH building blocks. (E) Mass spectrometry characterization of the fully assembled product shown in panel (D). A mass spectrum

showing a wider mass range is included in Supporting File 1.

standard colorimetric assay. The data indicated a dose-
dependent increase in signal for increasing concentrations of
DPy, (or DP,,) (Figure 1A and Supporting Figure S2A).
Next, we performed a Forster resonance energy transfer
(FRET) assay to assess whether DP binding brings the tag-
binding Nbs into the proximity, a requirement for templated
click reactions. FRET only occurs when the donor and
acceptor moieties reside within proximity (typically 1—10
nm).>! Using sortagging, we labeled Nbyy and Nby;p, with
suitable acceptor (Tetramethylrhodamine (TMR)) and donor
(5(6)-Carboxyfluorescein (FAM)) fluorophores, respectively
(Supporting Table S2). Nby pa-FAM was excited at 485 nm
and emission of TMR labeled Nbg; was recorded at 530 nm.
Results showed a decrease in the ratio of fluorescence
measured at different wavelengths (485/530 nm) with
increasing concentrations of the DP template, indicating
FRET mediated by binding of Nbs to DP (Figure 1B and
Supporting Figure S2B). We noted a decrease in FRET
measured at the two highest concentrations of DP (Supporting
Figure S2B), likely related to a “hook effect”, frequently
observed upon application of an excess of heterobivalent
compounds.”

We next sought to test whether the peptide-induced
proximity could be used to template a reaction between
suitably functionalized Nb-based fragments. Previous reports
have demonstrated successful use of oxime ligation,23
hydrazone formation,”* thioesterification,”* amide bond syn-
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thesis,”* and cysteine-maleimide linkage* to produce desired
conjugates from fragments upon exposure to a biomolecule or
cell that templates the reaction. Molecular recognition events
have also been used template cycloaddition or “click reactions”
between reactive fragments bearing azide- and alkyne-bearing
functionalities, including applications with antibody targets,
nucleic acids (DNA), and ribosomes.”*™**

We evaluated the feasibility of a DP template-induced click
reaction between Nb conjugates bearing complementary click
handles (Figure 1C and Supporting Figure S3A). We opted to
use a strained alkyne (dibenzylcyclooctyne, DBCO), which is
known to engage in a metal-free cycloaddition® reaction with
azides, albeit at a relatively slow rate (~1 M7'S'”) in the
absence of proximity enforcing conditions.*> We hypothesized
that the DBCO-azide click reaction would exhibit relatively
slow background reactivity that could be accelerated through
enforced proximity. Once again, we used sortagging to attach
either an alkyne (G;DBCO) or azide (G,Lys(biotin)Lys-
(azide)) moiety (Supporting Figure S1) to individual Nbs.
Analysis of this reaction by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) showed that
a 1 h reaction between Nbs bearing complementary click
handles produces a high molecular weight band that
corresponds to the heterodimeric product (Figure 1C and
Supporting Figure S3A). The intensity of the band
corresponding with the product of the click reaction was
more intense in the presence of DP (containing either a Gly or

https://doi.org/10.1021/jacsau.4c00711
JACS Au 2024, 4, 4780—-4789


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00711/suppl_file/au4c00711_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00711/suppl_file/au4c00711_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00711/suppl_file/au4c00711_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00711/suppl_file/au4c00711_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00711/suppl_file/au4c00711_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00711/suppl_file/au4c00711_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00711/suppl_file/au4c00711_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00711/suppl_file/au4c00711_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00711?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00711?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00711?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00711/suppl_file/au4c00711_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00711/suppl_file/au4c00711_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00711/suppl_file/au4c00711_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00711?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Dimeric Peptide
Nbee
B: C. Addition D. -
of DP g, l_ oo
+
*k ahx
PTHR1 3 120 B00 M)
e
s TTTTT DPyy 3 - 0P,
Adenyl : ] /o"+‘o+;}‘v (logyoM]) 2 80
Cyclase g 4000 : ‘I 1111 1TY el S
£ U ae*tse
. E Tt 5 " 65 ]
D ol gmo i ’5‘? +." sy N 40 *k
2 s 3 A - 75 E ek
R 3 il 7 § M
ATP CcAMP . 2,
0
60 65 70 75
ignali 0 10 20 30 40 50
G, signaling pathway o o e i ieaisdt

Figure 3. Template-induced dimerization mediates activation of PTHR1. (A) Schematic of DP-induced click reaction and assembly of an analogue
of PTH1—34. (B) Simplified schematic of PTHRI activation induced GasS signaling. (C) Kinetic data showing cAMP responses in cells expressing
PTHRI. Cells were incubated in a 96-well plate with an equimolar mixture (1 uM) of PTH;_;;Nb, sz N; and Nb;Cys(DBCO)PTH,,_;, and
cAMP responses were measured. After 12 min of incubation, varying concentrations of DP,,, were added (arrow) to wells preincubated with Nb
conjugates and cAMP responses were measured for an additional 30 m. Error bars correspond to standard deviation of luminescence measurements
recorded in technical replicates in a representative experiment. Independent biological replicates are shown in Supporting Figure S6. A comparative
analysis of cAMP responses between PTH1—34 and Nb-PTH conjugates is shown in Supporting Figure S7. (D) Induction of cAMP responses in
cells expressing PTHR1 by Nb-PTH conjugates in the presence or absence of DP,,, (300 nM). Varying concentrations of PTH,_;Nb,; z4N; and
NbgCys(DBCO)PTH;,_, were added to cells in either the presence or absence of dimeric peptide (300 nM). All responses were normalized to
the maximum luminescence observed for Nb-PTH conjugates (1 #M). Error bars correspond to technical replicates in a representative experiment.
Statistical significance (p-value) was assessed by unpaired nonparametric ¢ test (**p < 0.01; ***p < 0.001). Independent biological replicates are
shown in Supporting Figure S8. (E) Simplified schematic of DP facilitating PTHRI1 activation via a templated reaction between PTH-Nb
fragments.

Ahx linker) than in their absence, indicating that enforced structure). We linked these PTH ligand fragments to Nbs
proximity accelerates azide—alkyne cycloaddition chemistry. (Nbgg or Nbyips) and click chemistry handles (azide and
Mass spectrometry confirmed that the high molecular weight DBCO) to facilitate DP-induced assembly (Figure 2A and
band corresponded to a heterodimeric product (Supporting Supporting Table 52). We hypothesized that DPy, (or DP,,,)
Figure S3A). This analysis also revealed the presence of would behave as a template that would promote proximity and
proteins of a slightly lower molecular weight than the azide- or an accelerated click reaction to synthesize an analogue of
DBCO-labeled Nb starting materials, corresponding to PTHI1-34, with analogy to experiments performed with Nbs
hydrolysis side products commonly produced by sortagging labeled with click handles (Figure 1C). We used solid phase
reactions, or other unknown contaminants (see Supporting peptide synthesis to prepare the PTH fragment peptide
Information for more details). A control experiment involving PTH1-11-CysAhxLys(azide) to be applied with
coincubation of Nbg; and Nby g, (without appended click Gly;CysPTH12—34 (see Supporting Figure S1 for structures).
handles) demonstrated very low levels of dimerization, The introduction of a triglycine (Gly; or G;) motif, either
indicating that dimerized product results from azide—alkyne through conventional solid phase peptide synthesis (for
chemistry and not spontaneous cross-linking (Supporting PTH12—34 building blocks), or through introduction of a
Figure S3B and C). We confirmed that neither different pendant G; using Cys-maleimide chemistry (for PTH1-11
length linkers (Gly vs Ahx) within DPs or reversing the pairing building blocks, described below), enables the use of sortase-
of the click chemistry handle (azide vs alkyne) attached to Nbs mediated conjugation chemistry for linkage with Nbs.”” The

had substantial impacts on cross-linking kinetics (Supporting Cys introduced into the PTH12—34 fragment enables the
Figure S4A—C). These data support the conclusion that DP introduction of a DBCO moiety using a commercially available

accelerates cross-linking, with no major differences observed maleimide conjugate.
between DPg, and DPy, The approach used to enable sortagging with the PTH1-11
Subsequently, we sought to test whether the in situ click fragment merits an additional description (Figure 2A). We
assembly could be used to induce receptor activation. Toward carefully avoided any N-terminal modification of the PTH1—
this goal, we used weakly active or inactive fragments of a 11 fragment because of the known detrimental impact such
PTHRI agonist peptide (PTH1-34; PTH1-11 + PTH12— modifications for PTHRI agonist activity."' We therefore
34)." We used an analogue of PTHI—11 (referred to as developed a new variation for linker chemistry based on the
PTHI1-11 hereafter) known to have improved bioactivity use of a maleimide-functionalized triglycine moiety (Support-
relative to the wild type sequence (see Supporting Table S1 for ing Figure SS) for sortase SM-mediated conjugation using the
peptide sequence and Supporting Information Figure S1 for C-terminus of PTHI1-11. Briefly, a cysteine-maleimide
4783 https://doi.org/10.1021/jacsau.4c00711
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Figure 4. Nb-directed delivery of dimeric peptide template potentiates receptor activation. (A) Schematic of Nbpryr,-DP conjugates templating
ligand assembly at PTHRI1. (B) Assessment of Nb-DP conjugate purity using SDS-PAGE. Conjugate identity was confirmed using mass
spectrometry (see Supporting Table S2). (C) Quantitation of cAMP responses as a function of Nb-DP concentrations in the presence of 300 nM
Nb-PTH conjugates. Data points correspond to mean = SD from technical replicates in a representative experiment. Independent biological
replicates are found in Supporting Figure $10. (D) Comparison of cAMP responses induced by Nb-DP conjugates and the agonist peptide PTH1—
34. Nb-PTH conjugates were not added to the wells treated with PTH1—34. Data points correspond to mean + SD from technical replicates in a
representative experiment. (E) Schematic of Nbypic.-DPy, conjugates templating ligand assembly, resulting in targeting of PTHRI. (F)
Quantitation of cAMP responses as a function of Nb-DP concentrations in the presence 300 nM of Nb-PTH conjugates. Data points correspond to
the mean + SD from technical replicates in a single representative experiment. Independent biological replicates can be found in Supporting Figure
S15. For all data panels, error bars are present but too small to visualize.

reaction was used to attach a triglycine motif to the PTHI1—-11- activated by cAMP production.”” Only weak or negligible
CysAhxLys(azide). This approach allowed us to avoid the use activation of PTHRI was observed upon a brief addition of
of the C-terminal azide for Nb conjugation and retain it for PTH,_;;Nby paN; + NbgCys(DBCO)PTH,,_;, in the
proximity-induced click chemistry. The synthesis of Nb-PTH absence of the DP template (Figure 3C), indicating that
conjugates comprised of PTHI1—11 and PTH12—34 building untemplated assembly of PTH fragments was too slow to
blocks and click chemistry handles (Supporting Figure S1) enable in situ activation, at least over the time frames (~30 m)
proceeded smoothly under standard sortagging conditions, tested. Addition of DP dramatically potentiated the signaling of
although we did observe a small amount of high molecular mixtures of PTH,_;;Nb, paN; + NbgCys(DBCO)PTH,,_s,,
weight byproducts of unknown identity. A pair of Nb-PTH suggesting that Nb-mediated proximity promotes assembly of

conjugates (PTH,_;;Nb,;zsN; and NbgCys(DBCO)- an active conjugate from the inactive Nb-PTH conjugates
PTH,,_;,) were analyzed using SDS-PAGE (Figure 2B) and (Figure 3C and Supporting Figure S6). Overnight preincuba-
mass spectrometry (Figure 2C) to confirm their identity. tion (“premix”) of PTH,_;;Nby; 4N, and Nb;Cys(DBCO)-
Incubation of equimolar amounts of PTH,_;;Nb,;zyN; with PTH,, 3, to allow sufficient time for an untemplated click
Nbg;Cys(DBCO)PTH;,_3,4 for 3 h at 12 °C yielded a product reaction to occur in the absence of DP, provided a product
which is essentially a mimic of the full-length peptide PTH1— (PTH1-34 analogue, Figure 2D) that induced comparable but
34 and for clarity we have termed this click conjugate as somewhat weaker cAMP responses than those induced by
“PTH1—34 analogue” (Figure 2D). Mass spectra suggested the saturating concentrations of a prototypical PTHR1 agonist
consistency of the calculated and observed masses of the click peptide, PTH1—34 (Supporting Figure S7A and B). The
product between two reacting building blocks (Figure 2E). cAMP responses induced by the mixture of DP,

We tested the capacity of mixtures of Nb-PTH conjugates PTH,_;;Nb; zaN; + Nbg:Cys(DBCO)PTH;,_;, were com-
(such as PTH;_;;Nb,; paN; + NbgCys(DBCO)PTH,,_3,) to parable to but somewhat weaker than those induced by the

activate PTHR1 in the presence or absence of DP (Figure 3A). “premix” mixture described above (Supporting Figure S7B).

A potential proximity-driven in situ click reaction between two We also assessed DP-induced receptor activation using an
Nb-PTH conjugates was made feasible by the presence of two alternative assay format. A single concentration (300 nM) of
nanobody-binding epitopes on the DP (Figure 2E). Now, we the dimeric peptide (DP,,) was added to wells containing
assessed PTHRI activation caused by the in situ generated various concentrations of Nb-PTH conjugates. This assay
“PTH1-34 analogue”. We measured the production of a configuration also showed DP-potentiated activation of
second messenger molecule (cyclic adenosine monophosphate, PTHRI, with the most striking responses observed upon

cAMP) induced by activation of the PTHR1-associated Ga$ coadministration of DP with Nb-PTH conjugates at a
signaling pathway (Figure 3B) using a transfected HEK293 cell concentration of 1000 or 330 nM (Figure 3D and Supporting
line stably expressing PTHRI and a luciferase biosensor, that is Figure S8). Altogether, these observations suggest that the
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Figure 5. Assessment f-arrestin-2 recruitment to PTHRI induced by peptide ligands or Nb-PTH conjugates in the presence of Nb-DP. (A)
Schematic depicting the mechanism of measurement of PTHR1-mediated f-arrestin recruitment. (B) Dose—response assessment of f-arrestin
recruitment induced by peptides or conjugates. Experiments were performed as described in Supporting Methods. The peptide agonist PTH1—11
(see structure in Supporting Figure S1) was included for comparison. Data points correspond to mean = SD from technical replicates in a
representative experiment. Independent biological replicates can be found in Supporting Figure S16.

dimeric peptide acts as a template and brings the Nb-PTH
conjugates into proximity to facilitate in situ production of a
biologically active analogue of PTH1—34, which results in the
activation of PTHR1 (Figure 3E). We performed a set of
control experiments using a derivative of Nbg;CysPTH,,_3, in
which Cys is functionalized with TMR instead of DBCO and
cannot engage in azide—alkyne cross-linking chemistry. The
use of Nbg;Cys(TMR)PTH,,_,, in place of Nb;Cys(DBCO)-
PTH,,_;, results in lower levels of DP-induced activation of
PTHRI, suggesting that in situ click chemistry is an important
aspect of this approach (Supporting Figure S9).

In the approach described above, DP-induced assembly of
Nb-PTH conjugates serves to generate the assembled product
in bulk solution, which must still diffuse to reach its target on
the cell surface. Such products that fail to reach the cell surface
will not effectively activate PTHR1. We hypothesized that
tethering the DP template to the cell surface might enable the
synthesis of a bioactive conjugate nearer to its site of action
(Figure 4A). We conjugated DPs to nanobodies that bind
either to PTHR1 (Nbpryp;, Nbpriry), - MHC-T (Nbygyc.y,
expressed at high levels on HEK293),”** or to a target not
expressed on the surface of HEK293 cells (Nby,,,, binds to
mouse Igk)** (Figure 4A). SDS-PAGE analysis confirmed
acceptable purity for the DP-conjugated Nbs (Figure 4B) and
mass spectrometry confirmed their identity (Supporting Table
S2). As observed for Nb-PTH conjugates, low abundance, high
molecular weight bands were observed for specific Nb-DP
conjugates in SDS-PAGE analysis.

The purified Nb-DP constructs were assessed for their
ability to facilitate receptor activation using the same Nb-PTH
conjugates (PTH,_;;Nb,; p:aN; and NbgCys(DBCO)-
PTH;, ;) as described above. We observed robust receptor
activation with Nb-PTH conjugates when mixed with
Nbprgi-DP e NbPTHRl'DPgly) or NbPTHRle'DPgly at Nb-DP
conjugate concentrations as low as 10 nM (Figure 4C and
Supporting Figure S10). Kinetic evaluation of receptor
activation showed that Nbppyr,-DP,,, mediated rapid
activation in a concentration-dependent manner (Supporting
Figure S11A). Nbpryp;-DP,y, exhibited performance superior
to that of DP,, when mixed with Nb-PTH conjugates at a
modest concentration (100 nM, Supporting Figure S11B),
demonstrating the importance of template delivery to the site
of action. Unlike observations with unconjugated DP-mediated
activation of PTHRI1 (Supporting Figure S6B), receptor
activation with Nbpryg,-DP was comparable to that seen
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with the prototype peptide PTH1—34 (Figure 4D), further
demonstrating the benefit of targeted delivery of the DP
template. Interestingly, we observed a diminished cAMP
response at the highest concentrations of some of the Nb-
DP conjugates tested (Figure 4D and Supporting Figure
S11B), perhaps resulting from a “hook effect”, as observed
frequently with supersaturating concentrations of multivalent
conjugates.

To assess whether the assembly mechanism depicted above
is accurate, we performed several controls. An analogue of DP
in which the sequences of 6E and ALFA peptide are scrambled
(DP,1amplea) Was synthesized (Supporting Table S2). We
compared DP, 114 to other template peptides for its capacity
to induce the activation of PTHR1 (Supporting Figure S11C).
Unlike DP,;,, and Nbpryr;-DPgyy DPyympiea did not potentiate
the activation of PTHRI by the Nb-PTH conjugates. We also
tested DP and related conjugates for bioactivity or toxicity on
HEK293 cells. As expected, DP and Nb-DP conjugates did not
induce PTHR1-mediated cAMP responses in the absence of
Nb-PTH conjugates (Supporting Figure 12). DP and Nb-DP
conjugates were also devoid of any toxicity in cell viability
assays (Supporting Figure 13). These findings support the
assembly mechanism described above and provide evidence
that the templating peptide and related conjugates are
biologically inert.

We also tested whether high potency activation requires
direct delivery of the DP template to the targeted receptor
(PTHRL), or if simply delivering DP to the cell surface (Figure
4E) would suffice. To do so we evaluated Nbysic.1-DPyy in
analogous experiments. In signaling assays, Nbyyc-DPy,
facilitates activation of receptor substantially more effectively
than Nby,,,,-DPg;, (a negative control), although it is less
effective than Nbprygpi- or Nbpryrixe-DPs (Figure 4F and
Supporting Figure S14) We also performed a variation of this
approach in which DP was delivered to the cell surface through
an indirect tethering mechanism involving a primary mouse
IgG antibody that binds to MHC-I, and a secondary
nanobody-DP conjugate (NbKappa'DPGly)'34 In this context,
Nby,ppa-DPgyy facilitates low levels of receptor activation when
added with a monoclonal antibody that binds MHC-I but not a
negative control antibody (Supporting Figure S15A,B). These
findings suggest that delivering a DP template to the surface of
a targeted cell type can enable ligand assembly and subsequent
receptor activation. This approach opens the path toward a

logic-gated assembly approach in which the delivery of a
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template to a cell type or tissue of choice, through attachment
to a relevant antibody, could enable spatial restriction on the
site of ligand assembly and biological activation.

Stimulation of PTHR1 by PTHI—34 triggers signaling
through pathways besides Gas-cAMP, one of which involves
the recruitment S-arrestins to cell surface receptor.” Certain
ligands are reported to preferentially stimulate signaling
through one receptor-coupled pathway, but not others, in a
paradigm known as “biased agonism”.'' We thus tested
whether our in situ ligand assembly strategy provided biased
agonists. To assess ligand-induced recruitment of f-arrestin 2,
we employed a bioluminescence resonance energy transfer
(BRET) biosensor-based assay (Figure SA).*° An elevated
BRET ratio indicates ligand-induced arrestin translocation to
the plasma membrane. We evaluated Nb-PTH conjugates
administered with Nb-DP templates for their ability to induce
P-arrestin 2 translocation. Unexpectedly, we found that the
Nb-DP template-induced in situ click assembly did not induce
arrestin recruitment, whereas peptides PTH1—34 and PTH1—
11 individually did (Figure SB and Supporting Figure S16).
While it is possible that assembled Nb-PTH complexes could
induce arrestin recruitment at higher concentrations (as was
observed for the weak agonist PTH1—11), these studies were
not technically feasible, because Nb-PTH conjugates could not
be produced in sufficiently concentrated preparations. Full
sized proteins (such as the Nbs used to make conjugates)
require the retention of a proper fold for function.
Concentration of proteins beyond a certain threshold leads
to irreversible aggregation and unfolding, which leads to
precipitation and loss of biological activity. This issue places an
upper bound on the concentrations of preparations that can be
attainable for protein-based conjugates. In any case, this
finding highlights the possibility of leveraging in situ assembly
to induce pathway-specific signaling responses, as previously
observed for other Nb-ligand conjugates.”” ™’

Previous reports have demonstrated proximity-directed, in
situ synthesis of inhibitors and ligands for protein receptors
and enzymes.”****~** By linking reactive functional groups to
fragments that individually target a biomolecule of interest
with low affinity, simultaneous binding can catalyze the
synthesis of a high affinity ligand from fragments. An
alternative method for in situ formation of bioactive
compounds relies on the localized expression of enzymes
that can catalyze chemical transformations that either unmask
or synthesize biologically active compounds. A distinct
approach relies on the transgenic expression of engineered
proteins, which upon binding to designed bifunctional
molecules, are brought into proximity and exhibit some
desirable biological activity, such as targeted killing of tumor
cells.**® The PED platform disclosed here differs from some
of these previously described approaches in that proximity and
reactivity are stimulated by an externally administered reagent
(dimeric peptide). Our platform has parallels with rapamycin-
mediated chemically induced dimerization;™*” however, the
templating peptide used in this approach is likely to be devoid
of biological action (Supporting Figure S12), unlike rapamycin.
Although our method relies on administration of multiple
reagents (three separate components), it offers a higher degree
of control than alternatives dependent on naturally occurring
enzymes or targets. Simplified assembly mechanisms that rely
on fewer components may be beneficial in complex biological
environments. Future studies will explore alternative ap-
proaches to control bioactivity with two inputs instead of
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three. In contrast to examples in which engineered proteins are
expressed in transgenic cells or organisms, our method does
not require genetic engineering of targeted proteins.

We have demonstrated the application of our PED approach
in a cellular context to induce the activation of a cell surface
receptor. One promising observation was that template-
induced ligand assembly and corresponding receptor activation
was highly efficient when template peptide was linked to a Nb
that delivered it to its site of action (Figure 4). Also
encouraging is the observation that Nb-DP conjugates that
do not target the receptor of interest but instead deliver DP
template to the cell surface through binding to coexpressed
proteins can still enable target activation. This finding suggests
that the delivery of an assembly template to the cells or tissues
of choice may enable spatially restricted assembly of
biologically active compounds.

Interestingly, in situ ligand assembly provided agonists that
selectively signal through the Gas/cAMP pathway, as
evidenced by the lack of B-arrestin 2 recruitment observed
upon in situ assembly (Figure S). The current paradigm of how
certain ligands display biased agonism involves stabilization of
distinct receptor conformations that favor the recruitment of
one intracellular signaling component over another. Although
PTH1-34 stimulates both Gas activation and f-arrestin
recruitment,”® an analogue of PTHI1—34 formed from Nb-
conjugated PTH1—-11 and PTHI12—34 fragments brought
together by a dimerizing template only induces Gas pathway
signaling. These differences are likely related to the attachment
of Nbs to the PTH building blocks, as past work has shown
that other Nb-PTH conjugates are also biased toward Gas
activation.”” How the linkage of Nbs to PTH fragments alters
the mode of ligand engagement with receptor and how this
translates to pathway selective signaling remains to be
elucidated. One intriguing possibility is that the appendage
of a globular protein (such as a Nb) to the ligand restricts
ligand—receptor interactions in a way that precludes a
conformational change in receptor required for p-arrestin
recruitment. There is a substantial interest in understanding
whether alterations in the structure of GPCR ligands that lead
to pathway-selective signaling, can be used to induce favorable
responses while avoiding side-effects that result from secondary
receptor coupling pathways.””*® Our findings suggest a novel
avenue for identifying biased agonists.

The modular and programmable nature of our strategy
suggests the possibility of engineering similar methods for
the targeted synthesis of a diverse range of biologically active
compounds at their site of action in vivo. While this approach
was used for the synthesis of a GPCR agonist, alternative
configurations could be used to generate GPCR antagonists,
ligands for other cell surface receptors, or cytotoxic
compounds or enzymes.’' One notable characteristic of this
platform is that the components involved in DP-induced
assembly are cell impermeable. This feature should enable the
preferential targeting of biological recognition and signaling
events that occur on the cell surface while avoiding the
complications and side-effects that can accompany cell-
permeable probes. In conclusion, peptide epitope dimerization
(PED) offers an adaptable, efficient, and robust platform that is
likely to find use in a variety of biological and therapeutic
contexts.
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Nbs (Nbge, Nbarpa Nbprury, Nbprurixe Nbuucn Nbgapp)
engineered to express near their C-terminus a sortase-recognition
motif (LPETG) were produced using recombinant expression in E.
coli as previously described.”> Experimental details are provided in the
Supporting Methods.

All peptides were synthesized using solid-phase synthesis with Fmoc
protection of the amino acid backbone, as previously described.*®
Peptide reagents were purified using HPLC and characterized by mass
spectrometry (Supporting Table S1). Additional details are provided
in the Supporting Methods. Mass spectra and HPLC chromatograms
are provided separately in Supporting File 1.

A triglycine (G;) motif was installed at the C-terminus of specified
peptides through a bismaleimide scaffold (Figure 2A, Supporting
Figure SS). Two back-to-back cysteine-maleimide reactions were used
to install the C-terminal G; motif. First, ethylene-bis-maleimide
(Santa Cruz Biotechnology #sc-358228) was reacted with G;Cys with
HPLC purification of the product. G;-maleimide was then used to
label the C-terminal cysteine on azide containing PTH1—11 peptides.
Products were purified by using HPLC and characterized by mass
spectrometry.

Purified Nbs were used to prepare Nb-peptide copgugate using
sortase-catalyzed conjugation, as previously described.” Details are
provided in Supporting Methods. Mass spectra are provided
separately in Supporting File 1.

Sandwich ELISA was used to validate the binding of the dimeric
peptide to specified Nbs, as described in Supporting Methods.

An equimolar mixture (1 yM) donor and acceptor labeled samples
(Nbapa-FAM and Nbg-TMR) were incubated with varying
concentrations of the template peptide (DPgly or DP, ) in a 96
well flat-bottomed black plate. Each well was irradiated with the
donor excitation wavelength of 485 nm. Signals were recorded using a
Synergy Neo2 (BioTeK) plate reader in both donor and acceptor
FRET channels, ie., in the overlapping wavelength regions of the
emission peak for both the donor and acceptor, respectively. The filter
to measure the donor channel was set at an excitation wavelength of
485 nm, and the emission was measured at 528 nm. Similarly, the
acceptor channel was set at an excitation wavelength of 530 nm, and
the emission was measured at 590 nm. The fluorescence ratio was
measured as the ratio of fluorescence intensities in donor and
acceptor channels and plotted against the concentration of the
dimeric peptide.

Click reactions were performed at room temperature with a final
concentration of 10 #M of each Nb bearing a click chemistry handle
(NbgPEG,DBCO and Nb, pabiotinN;) in the presence or absence
of equimolar template peptide (DPgly or DP, ) in TBS. Reaction
mixtures were quenched by adding a small peptide (G;Lys(azide),
500 M) to consume any residual DBCO containing probe. After
quenching, samples were mixed with 4x Laemmli Sample Buffer
(Biorad #1610747) supplemented with 100 mM dithiothreitol
(DTT) and denatured by heating at 95 °C for S m. Samples were
resolved on 15% polyacrylamide gels (generated in house) for 15 min
at 90 V and then at 120 V for 1 h. Gels were stained with a PAGE-
Blue protein staining solution overnight, destained, and imaged
(Biorad ChemiDoc). Densitometric analysis of the high-molecular
weight bands of the cross-linked product was done using Fiji software.
Normalization and fold calculation were done relative to the mean
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integrated density of the high-molecular weight band from the control
reaction quenched at T = 0.

HEK293 cells stably expressing PTHR1 and a cAMP reporter gene
were cultured in DMEM containing 10% fetal bovine serum
(ThermoFisher no. AS669701) and 1X Pen-Strep (ThermoFisher
#15140122) antibiotic. Cells were also checked and confirmed to be
free of mycoplasma contamination.

This assay was carried out using a previously reported method,” as
described in Supporting Methods.

Data were analyzed and prepared using MS-Excel and GraphPad
Prism. GraphPad Prism was used to calculate and plot BRET ratios
(515/410 nm) and AUC (area under the curve) values from kinetic
studies. AUC was calculated in GraphPad Prism by integrating area
under the curve from measurements performed throughout the 30
min read time. Data points and error bars correspond to the mean and
SD of technical replicates, respectively.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00711.
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derivatization, and characterization of peptides; sortase-
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