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Modulation of FGF pathway signaling and vascular differentiation
using designed oligomeric assemblies
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Highlights

De novo designed cyclic oligomers with tunable geometric properties
Cyclic, homo-oligomeric FGFR binding modules induce geometry- and
valency-dependent activity of isoform-specific FGF signaling

e Modulation of FGFR isoform activity controls bifurcation of endothelial and
mesenchymal fate during vascular development

e C-isoform activation favors arterial endothelial cell formation while B-isoform induces
pericyte differentiation
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Abstract

Growth factors and cytokines signal by binding to the extracellular domains of their receptors
and drive association and transphosphorylation of the receptor intracellular tyrosine kinase
domains, initiating downstream signaling cascades. To enable systematic exploration of
how receptor valency and geometry affects signaling outcomes, we designed cyclic
homo-oligomers with up to 8 subunits using repeat protein building blocks that can be
modularly extended. By incorporating a de novo designed fibroblast growth-factor receptor
(FGFR) binding module into these scaffolds, we generated a series of synthetic signaling
ligands that exhibit potent valency- and geometry-dependent Ca2+ release and MAPK
pathway activation. The high specificity of the designed agonists reveal distinct roles for two
FGFR splice variants in driving endothelial and mesenchymal cell fates during early vascular
development. The ability to incorporate receptor binding domains and repeat extensions in a
modular fashion makes our designed scaffolds broadly useful for probing and manipulating
cellular signaling pathways.
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Introduction

Clustering of cell surface receptors can enhance and sustain activation in response to an
extracellular signal, and there is considerable interest in technologies to manipulate receptor
clustering.’® Designed protein assemblies have been used to drive receptor clustering;®®
particularly useful are oligomers made from idealized repeat proteins because their length
can be systematically varied by addition of repeat units.® Previous work has largely focused
on designs that bring together two receptor subunits,’®" but higher order receptor
assemblies are thought to function in a number of signaling systems.™ ' Previous design
efforts have not generated geometrically tunable assemblies higher than 5-fold cyclic (C5)
symmetry, highlighting the need for methods to design synthetic ligands that can drive
association of higher order receptor assemblies.”” To enable systematic probing of the
physiological effects of clustering receptors at higher valencies and different spacings, we
set out to design repeat protein homo-oligomers with 2- to 8-fold cyclic symmetry. We
combined these oligomers with a de novo designed binder'® against the fibroblast growth
factor receptor 2 (FGFR2).

FGF receptors are tyrosine kinases that play critical roles in vascular development and in
cancer. The pathway is complex and highly regulated with four FGF receptor genes and two
isoforms (Ig-like domain llIb and llic; we refer to these as “b” and “c” throughout the
remainder of the text) generated by alternative splicing (exon 8 vs exon 9) that produces the
C-terminus of the third Ig-like domain (D3) which is part of the FGF binding region.”?' How
this complexity mediates proper tissue differentiation is not fully understood. FGFR
amplification has been observed in many solid carcinomas; the c splice variant is
predominantly enriched in tumors, indicating that this isoform may be a druggable target for
cancer therapy.?? While FGF signaling is critical in endothelial and mesenchymal branches of
vascular development, its contribution to the bifurcation process is not clear.

Here we describe the de novo design of geometrically tunable cyclic oligomers, and the use
of these synthetic scaffolds with a FGFRIllc isoform specific designed minibinder to probe
and manipulate vascular differentiation.

Results

De novo oligomer design

Cyclic oligomers (Cx, with “x” denoting valency) were designed using a set of 18 designed
helical repeat proteins (DHRs), each consisting of four identical repeats of a two helix
module and for which high-resolution crystal structures or small-angle X-ray (SAXS)*>%
spectra showed close agreement with the respective design models (Supplementary Table
I, Supplementary Figure 1). We docked each DHR into C4, C5, C6, C7 and C8 cyclic
oligomeric assemblies and evaluated them using the protein backbone based residue-pair
transform (RPX) metric, which assesses interface designability.?® For the top scoring docks,
the residue identities and conformations at the homo-oligomeric interface were optimized
using RosettaDesign to favor oligomer assembly. We filtered for designs with high solvent
accessible surface area (SASA >700 A?), favorable free energies of assembly (AAG between
-35 and -70), high shape complementary (sc > 0.65), and interfaces with fewer than 2
unsatisfied hydrogen bonds.?”?® A total of 109 designs were selected for structural
characterization: 15 tetramers, 16 pentamers, 24 hexamers, 24 heptamers, and 30
octamers. A second set of designs using a computational library of 1526 “junior helical
repeat proteins” (JHRs; manuscript in preparation)® were docked into C2 symmetry and
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from 3747 C2 oligomers, 14 designs were selected for further analysis (Supplementary
Figure 2).

Design characterization

Synthetic genes encoding the 109 designs of symmetry C4 or higher were synthesized,
expressed as protein in Escherichia coli, and purified using immobilized metal affinity
chromatography (IMAC). Of the 60 designs that were soluble, 28 had single monodisperse
peaks on size exclusion chromatography (SEC). Of these, ten designs were found to have a
single oligomeric state by both SAXS and SEC-MALS. Five of the successes were
tetramers, four were hexamers, and one was an octamer. From the 14 C2 designs, three
(C2-58, C2-CDX, C2-Y2D) had soluble expression, were confirmed as a monodisperse peak
on SEC and had a correctly assembled oligomeric state verified by SAXS and SEC-MALS
(Supplementary Figure 3).

The varied topology of the repeat protein building blocks enabled us to create oligomers with
distinct arm orientations. The starting scaffold DHR71 generated 5 successful designs
(C4-71, C4-717, C6-71, C6-714, and C8-71), with a variety of interface geometries that
permitted this building block to assume 3 distinct valencies. C4-71 and C4-717, for example,
contain changes in different sets of residues that result in distinct oligomer geometries. In
contrast, the designs C4-71, C6-71, and C8-71 employ a similar backbone region as the
oligomeric interface, yet adopt different oligomeric states (Supplementary Figure 4-5).
C4-181 utilizes DHR18 as the single chain building block and is docked together at the
C-terminal helices yielding an inner cavity diameter of 45.6 A (C-terminal distance of
opposing chains, Figure 1A). C4-717 is tightly docked together at the C-terminal helices
creating a purely hydrophobic core between all four chains (Figure 1B). C6-714 has an inner
cavity diameter of 43.2 A and its N-terminus can be extended to achieve larger distance
spacing, whereas the structure is again docked together at the C-terminus (Figure 1C).
C6-46 involves the carboxyl- (C) and amino- (N) terminal helices at the interfaces to adjacent
chains, where the N-terminus points towards the central cavity and the C-terminus towards
the outside (Figure 1D). Six designs were further selected for characterization by
cryo-electron microscopy (cryo-EM) (Supplementary Table Il and lll). The cryo-EM map for
windmill-shaped C4-131 was limited to >10 A global resolution due to preferred orientation
bias, but shows that the “blades” are arranged as designed and that the four core C-terminal
helices are tightly packed (Figure 1E). The global resolution of design C4-814 allows
individual helices to be clearly distinguished, and rigid-body fitting using ChimeraX of the
design model to the cryo-EM map shows good agreement (Figure 1F). C6-79 again
involved N- and C-terminal helices for docking to adjacent chains; however, it preferentially
formed a hexamer instead of the designed octamer. Accordingly, a C6 predicted SAXS trace
matched the experimental data more closely than the original C8 predicted trace. Using the
same lowest energy predicted C6 dock of C6-79 as was employed in SAXS analysis, we
found that the cryo-EM map for C6-79 closely matched the C6 dock, and the 2D classes
clearly indicate that it is a hexamer under our cryo-EM conditions (Figure 1G).
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Figure 1: Biophysical characterization of designed protein oligomers. From left to right: design model,
size-exclusion chromatogram, SAXS data comparison of model to experimental data (A) C4-181, (B) C4-717, (C)
C6-714, (D) C6-46, (E) C4-131 design model, size-exclusion chromatogram, SAXS data analysis, Right: cryo-EM
2D class average, cryo-EM map overlay to design model (cyan) top and side view (F) C4-814 design model,
size-exclusion chromatogram, SAXS data analysis, Right: cryo-EM 2D class average, cryo-EM map
superimposed to design model (cyan) top and side view (G) C6-79 SEC characterization and SAXS fit using both
the C8 design model and the C6 dock. Right. cryo-EM 2D class average, cryo-EM map superimposed to design
model top and side view.

Oligomer extension

An advantage of using modular repeat proteins as building blocks is that the length of the
oligomer arms can be increased or decreased simply by inserting or deleting repeat units
(Figure 2A).°'°" To explore the viability of this approach, three designs (C4-71, C6-71,
C8-71) derived from DHR71 were selected for repeat extension. Two or four repeat units
were added at the N-terminus, creating a 6-repeat variant and an 8-repeat variant of each
design. The oligomeric state of each extended design was characterized by SEC-MALS,
SAXS, and cryo-electron microscopy. Both 2D classes and 3D reconstructions from
single-particle cryo-EM analysis of the extended oligomers show overall geometry in good
agreement with design models, with sufficiently high resolution in some cases to confirm
positions of individual helices. The C-terminal helix of C4-71 docked as designed against the
mid-axis of the neighboring chain horizontally, yielding an inner cavity distance of 47.4 A
between opposing chain C-termini (Figure 2B). The interface was designed harboring 10
tryptophans allowing for pi-pi stacking interactions to stabilize the C4 symmetric complex.
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C6-71, in contrast, has an inner diameter of 72.0 A between opposing chain C-termini and
harbors a tilted chain-chain interaction, where the interfacial C-terminal helix is only in
contact with the neighboring chain along half its length. The C6-71 8-repeat extension map
in particular contains sufficient detail to hint at side chain orientation, remarkable given the
low number of total particles used in constructing this map (Figure 2C). The octopus-like
C8-71 structure has N-terminal extensible arms with C-terminal helices of the individual
chains docked together along the full horizontal length of the structure. This arrangement
yields an inner diameter of 55.1 A and a maximal distance between opposing N-termini of
170.0 A in the largest 8-repeat extension (Figure 2D).

All cryo-EM maps were in good agreement with the respective design models, with the
exception of C6-79, which as noted above formed a hexamer instead of the designed
octamer. None of the other designs showed any off-target oligomeric states in the 2D class
averages (Supplementary Figure 6-17).

Cryo-electron microscopy reconstructions of C6-79 and C8-71

Based on the resolution of the cryo-EM maps, we built models for C6-79 and C8-71
(Supplementary Figure 18-20, Supplementary Table IV). Both the C6-79 and C8-71
cryo-EM models align well with the corresponding design models, with pairwise root mean
squared deviations (RMSDs) of 2.85 A and 1.79 A, respectively (Figure 3). In C8-71, the
hydrophobic residues Trp152 and Leu198 on the adjacent chain are buried in the interface or
the core of the structure respectively and are important for interface formation
(Supplementary Figure 21A). Mutating these residues to hydrophilic residues (W152E
and/or L198D) disrupts oligomer formation as shown by broadening of the SEC trace
(Supplementary Figure 21B).
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Figure 2: Repeat extensions of designed oligomers. (A) Depiction of DHR-based repeat extension for
oligomers. Each extension unit consists of 2 repeats. (B) C4-71 4-repeat, 6-repeat and 8-repeat cryo-EM maps
superimposed with design model, top and side-view class averages and SAXS characterization below the
cryo-EM maps of the different repeat extension variants. Bottom Left: SEC overlay of the individual structures.
(C) C6-71 4-repeat, 6-repeat and 8-repeat cryo-EM maps superimposed with design model, top and side-view
class averages and SAXS characterization below the cryo-EM maps of the different repeat extension variants.
Bottom Left: SEC overlay of the individual structures. (D) C8-71 4-repeat, 6-repeat and 8-repeat cryo-EM maps
superimposed with design model, top and side-view class averages and SAXS characterization below the
cryo-EM maps of the different repeat extension variants. Botfom Left: SEC overlay of the individual structures.
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Figure 3: Cryo-EM structural analysis. (A) C6-79 alignment of design model (grey) with cryo-EM structure
(cyan) in top and side view. Structures align well with an RMSD of 2.85 A (B) C8-71 alignment of design model
(grey) with cryo-EM structure (cyan) in top and side view. Structures are in good agreement with an RMSD of
1.79 A

Design of FGFR agonists

We next investigated whether clustering receptor tyrosine kinases in higher-order
geometries by presenting receptor binding domains on the designed oligomers could drive
cross-phosphorylation of their intracellular kinase domains and induce downstream
signalling.®® The multiple distinct valencies and geometries of our oligomeric ligands enable
exploration of how the geometry and valency of tyrosine kinase receptor association
influences signaling output and cell behavior (Figure 4A, left). We chose as a model system
the FGF signaling pathway (Figure 4A, right), and fused a de novo designed minibinder
(mb7) against the FGFR2 receptor at either the N- or C- termini of the designed cyclic
oligomers with a short glycine-serine linker."® Six oligomers were selected for fusion: C2-58,
C4-71, C6-71, C6-79 and C8-71. Depending on the fusion terminus and the geometry of the
oligomer, the binding domains are displayed at different spacings on adjacent subunits: for
example, C6-79C_mb?7 displays the minibinders 54 A apart with mb7 on the C terminus of
the oligomer, while C6-79N_mb7 displays the binders 18 A apart with mb7 on the N terminus
of the oligomer. The fusions eluted at the same volume as the oligomers determined by
SEC, with the exception of C6-71C_mb7, which eluted significantly earlier than the base
design. 2D EM class averages showed that C6-71C_mb7 particles were self-associating into
dihedral structures, presumably via the hydrophobic interface of the minibinder domain being
presented in a favorable conformation for this interaction. The other oligomeric fusions
showed little to no self-association on EM or SEC (Supplementary Figure 22).
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FGFR pathway activation

FGF-mediated FGFR signaling has several downstream effectors, including stimulation of
the Ras signaling pathway leading to phosphorylation of extracellular signal-regulated kinase
1 and 2 (ERK1/2) and activation of phospholipase C-gamma (PLC-y) leading to intracellular
calcium release®'=**. We evaluated the signaling activity of our designs by screening them in
serum-starved CHO cells stably expressing hFGFR1c (CHO-R1c) at 10 nM each for 15 min
at 37°C. Downstream activation through phosphorylation of ERK1/2 and the FGF receptor
(Y653/654) was analyzed by western blot. Of the designs, we found that C6-79C_mb7,
C6-79N_mb7, C4-71N_mb7, C4-71C_mb7 and C8-71C_mb7 broadly induce strong FGFR
activation and ERK1/2 phosphorylation comparable to that achieved by native FGF2, while
C2-58-2X_mb7, C6-71C_mb7, C6-71N_mb7, and C8-71N_mb7 displayed weaker activity
(Figure 4B, Supplementary Figure 23).

To characterize their dose-dependent activity, we titrated a subset of these designs using
phosphoflow®** and western blotting for ERK1/2 phosphorylation in CHO-R1c cells (Figure
4C, Supplementary Figure 24). C2-58-2X_mb7, C4-71C_mb7, C4-71N_mb7, C6-79C_mb7
and C8-71C_mb7 had similar ECg, values of 0.63 nM, 1.33 nM, 0.89 nM, 1.56 nM and 2.07
nM respectively, and similar maximal activation (Emax) values, while C2-58-2X_mb7 had a
lower Emax. To investigate how the geometry of receptor association influences signaling,
the rigid repeat arm length of C4-71N_mb7 was systematically varied, leading to distances
between mb7 N-termini of 53 A, 76 A and 96 A. Phosphoflow experiments showed that only
the shortest separation distance (53 A) was able to stimulate ERK phosphorylation (with an
ECs, of 1.3 nM), whereas the larger separation distances of mb7 did not lead to pathway
activation (Supplementary Figure 25).

Receptor clustering on the cell surface

To investigate whether FGFR1c¢ activation was due to induced receptor clustering, cells were
examined by single-particle tracking with a HaloTag targeting FGFR1c*® to directly visualize
their diffusion in the plasma membrane; receptors engaged in a signaling cluster should
exhibit decreased diffusion manifesting in a decreased diffusion coefficient.*® Receptors on
cells treated with C6-79C_mb7 showed slower diffusion than those treated with FGF1 and
heparin (Supplementary Figure 26), indicating that C6-79C_mb7 induces an oligomeric
state of FGFR1c at the membrane. To probe the presence of local receptor clusters on the
cell surface after ligand treatment, intensity levels of single spots in HaloTagged CHO-R1c
cells labeled with Alexa488 were evaluated.’” C6-79C_mb7 treated cells showed signals
with an intensity distribution slightly shifted compared to FGF1 supplemented with heparin,
with intensity peaks at 500, 1000, and 2000 a.u, suggesting that multiple receptors are
clustered together by the designed mb7 presenting oligomers. The extent of signaling
correlated with the ability of the designs to cluster receptors (Figure 4D and E).
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Figure 4: Modulation of FGFR signaling by designed agonists. (A) Cartoon model of C6-79C_mb7 oligomer
(blue and purple) engaging six FGFR2 receptors (grey). Top left: Cartoon model of mb7 engaging FGFR4 domain
3 (pdb ID: 7N1J). Right: Natural geometry of signaling competent FGF2 (orange) with FGFR1c (grey) and
heparin (red) (pdb ID: 1FQ9) together with superimposed mb7 (purple). (B) Signaling response to a library of
oligomers presenting mb7 in CHO-R1c cells, analyzed through western blot. Top: Cartoons of oligomers
presenting mb7 at their N- or C-termini; distances between neighboring chains are shown above their respective
treatments. Total FGFR1 and ERK loading controls can be found in Supplementary Figure 23. (C)
Dose-response curves of selected designs via phosphoflow for pERK1/2 stimulation. Error bars represent SEM
from three independent biological repeats. (D) Single-particle tracking of FGFR1 receptors on the cell surface. (E)
Intensity histograms of receptor clusters on the cell surface reveals receptor clustering induced via
oligomerization. (F) Signaling response to FGF2, mb7, C6-79C_mb7 or mb7 + FGF2 in L6-R1c (fop) or L6-R1b
(bottom) cells (G) Dose-response curves of selected designs through intracellular calcium release. Error bars
represent SEM from three independent biological repeats. (H) Comparison of a calcium intensity signaling
trajectory after treatment with FGF2 (with or without heparin) or C6-79C_mb7 at 10 nM each. Right: Exemplary
images comparing the calcium response exhibited in CHO-R1c cells following treatment with FGF2 or
C6-79C_mb7 at 10 nM over three different timepoints (0:00, 2:20 and 7:30 min). Scale Bars: 2 ym (D), 66.3 pm

(H).

FGFR1c isoform specificity

FGFRs 1-3 have two alternatively spliced variants, the “c” and “b” isoforms, which have
different third Ig-like domains and variable ligand affinities.*® Tissue-specific expression of
these isoforms and their reciprocal signaling play roles in embryonic development, tissue
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repair, and cancer.’® Separating the functions of the FGFR b- and c- isoforms in
differentiation has been hindered by a lack of ligands that can selectively bind one isoform or
the other. The mb7 minibinder was designed to specifically bind the c-isoform of the FGF
receptor, and it selectively inhibits signaling through this isoform.” We evaluated the
receptor isoform specificity of our synthetic agonists by treating serum-starved L6 rat
myoblast cells stably expressing either the c- or b-isoform of hFGFR1 (L6-R1c or L6-R1b,
respectively) with 10 nM of mb7, FGF2, or C6-79C_mb7 for 15 min at 37°C. Overexpression
of each cell line's respective FGFR splice variant was validated with RT-gPCR
(Supplementary Figure 27). While FGF2 does not discriminate between the two FGFR1
isoforms and activates signaling in both cell types, C6-79C_mb7 stimulates ERK1/2
phosphorylation in L6-R1c cells only, and is inactive in L6-R1b. We reasoned that it should
be possible to specifically activate signaling through the b subunit by combining FGF with
the monomeric mb7 (which blocks signaling through the ¢ subunit); to test this we stimulated
both L6 cell lines with a combination of mb7 and FGF2 at 10 nM each for 15 minutes. We
found that this combination stimulates ERK1/2 phosphorylation in L6-R1b cells only; thus our
designs enable selective activation of signaling through either isoform (Figure 4F).

We investigated the ability of the designs to activate FGF signaling through the PLC-y
downstream branch of signaling by measuring the levels of intracellular calcium release
following treatment of serum-starved CHO-R1c cells with varying concentrations of the
designs. These results show a similar trend: C6-79C_mb7, C4-71C_mb7 and C8-71C_mb7
induce strong intracellular calcium release with ECs, values of 0.38 nM, 0.72 nM and 3.09
nM respectively, while C2-58-2X_mb7 displays lower activity with an ECs, of 26.02 nM.
(Figure 4G, Supplementary Figures 28-31). While the peak magnitude of calcium release
was similar between FGF2 at 10 nM and the synthetic agonist C6-79C_mb7 at 10 nM, there
was a pronounced difference in the duration of the response: the higher valency synthetic
ligand, C6-79C_mb7, generated longer duration calcium transients (Figure 4H), similar to a
control condition in which we supplemented FGF2 together with heparin. This shows the
strong, heparin-independent signaling effect (Supplementary Figure 32) of our designed
agonist and likely reflects the slow off rates of the high avidity multivalent agonists
(Supplementary Figure 33).

Sculpting vascular differentiation with the designed agonists

FGF signaling plays an important role during early embryogenesis;*® the controlled
spatio-temporal expression of FGF receptors and their ligands drives specification and
development of many cell lineages. Vascular development is dependent on FGF signaling
and sustained VEGF and FGF signaling are critical for the development and maintenance of
mature endothelial cells.***' Additionally, FGF is a key driver for both endothelial and
mesenchymal vascular cell fates, and the c-isoform of FGFRs 1-3 is highly expressed in
endothelial cells over mesenchymal pericytes; though the bifurcation between endothelial
and pericyte fate is poorly understood and it is not clear whether FGFR c-isoform activity
plays a role in this event.*>*3

We investigated the effect of the c-isoform specific FGFR minibinder oligomers on vascular
development by generating iPSC derived endothelial cells and pericytes through a
cardiogenic mesoderm intermediate.** This method employs a differentiation media
containing FGF2, which engages both b- and c-isoforms of FGFR. The specificity of the
mb7-based designs allows us to selectively engage FGFR b- or c-isoforms and explore their
effects on vascular tissue formation. We replaced the 1 nM FGF2 in the differentiation media
at day 2 (when mesodermal intermediates first appear) in the protocol with either 1 nM
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C6-79C_mb7, 100 nM C2-58-2X_mb7, 10 nM mb7, or 10 nM mb7 in combination with 1 nM
FGF2 (to specifically activate signaling through the b-receptor isoform) and allowed the cells
to differentiate for 28 days; samples were harvested for scRNAseq analysis at days 0, 5, 14
and 28 (Supplementary Figure 34A). The sequencing datasets were analyzed using
Monocle3* and visualized using uniform manifold approximation and projection (UMAP),
which revealed 5 clusters of cells that segregated predominantly by time point and cell type
(Figure 5A); cell types were annotated based on the expression of previously published
canonical marker genes; Supplementary Figure 34B).

All treatments (FGF2 and designed agonists) directed iPSCs at day O to differentiate and
form a common endothelial-mesenchymal precursor at day 5. This common precursor
population then bifurcated to form either mature endothelial cells at day 14, or mesenchymal
vascular pericytes that continued to mature until day 28. The cellular differentiation trajectory
was design-dependent and determined by day 14. Inclusion of FGF2, C6-79C_mb?7, or
C2-58-2X_mb7 generated roughly 60% mature endothelial cells in all three cases; the
remaining population differentiated into pericytes. In contrast, the differentiation media
without any FGF addition (control) resulted in a population that was only 38% endothelial
(endothelial cell formation is weakly driven in the absence of any supplemented FGF2,
presumably because of low levels of endogenously expressed FGFs; Supplementary
Figure 34C). On the other end of the spectrum, cells treated with mb7 showed a marked
preference for pericyte formation, producing only 22% endothelial cells. Furthermore, cells
treated with a combination of mb7 and FGF2 were almost exclusively mesenchymal,
producing a population that was 90% pericytes (Figure 5B). These results suggest that
FGFR c-isoform activity is important for the development of mature endothelial cells, and
overactivation of the b-isoform instead biases the cells towards pericyte fate.
Immunostainings of differentiated iPSCs for endothelial (CD31) and pericyte (PDGFR-B)
markers at day 14 confirmed the primary cell fate after treatment with C6-79C_mb7 (FGFRc
- isoform signaling) or mb7 together with FGF2 (FGFRDb - isoform specific signaling), which
led to enrichment of endothelial cells or pericytes, respectively (Figure 5C).

We next investigated the maturity of the cell types generated across all the conditions tested.
We compared the normalized average expression of a panel of known endothelial and
pericyte maturity markers (Supplementary Table VII) across all treatments, and found that
the endothelial cells generated by C6-79C_mb7 were the most mature, followed by FGF2,
and C2-58-2X_mb7. Pericytes generated via b-isoform specific FGFR activation (mb7 in
combination with FGF2) were also highly mature. Cells differentiated with the differentiation
media without any FGF ligand addition were the least mature. Density plots generated for
each treatment show a clear movement from the top to bottom of each cell type’s respective
UMARP cluster as their maturity decreases (Figure 5D).

Sub-clustering and subsequent analysis of the day 14 endothelial expression data
suggested that arterial, venous and lymphatic endothelial cells were generated in the
differentiation experiments in different ratios with the different treatments.*® Endothelial cells
generated without added FGF or C6-79C_mb7 agonist primarily adopted the lymphatic cell
fate (74% lymphatic), while C6-79C_mb7 induced a strong bias towards an arterial-like
endothelial cell fate (76% arterial-like), and FGF2 prompted the venous cell fate (66%
venous-like) (Figure 5E). These results highlight the potential use of designed proteins as
tailored agonists for differentiation of cells into highly specific lineages.
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Figure 5: Control over vascular differentiation with designed agonists and inhibitors. (A) UMAP graph of
all sequenced cells colored by day of harvest, along with given cluster annotations. (B) Proportion of endothelial
and pericyte cells generated at day 14 following treatment with FGF2, C2-58-2X_mb7, C6-79C_mb7, mb7 alone,
or mb7 in combination with FGF2. Error bars represent SEM from three independent biological repeats. (C)
Representative immunofluorescence staining of differentiated cells treated with C6-79C_mb7 or mb7 in
combination with FGF2, with anti-PDGFR-B and anti-CD31 to specifically mark pericytes and endothelial cells,
respectively. Scale bar: 20 ym. (D) Clustered heatmap comparing the normalized average expression of selected
endothelial and pericyte cell maturity markers across all analyzed treatment conditions. Marker gene names in
the heatmap (left to right) can be found in Supplementary Table VIl in the endothelial or pericyte rows (top to
bottom) respectively. The cell density plots show specific cell populations enriched by the individual treatments.
(E) Proportion of arterial, lymphatic or venous endothelial cells generated at day 14 following treatment with
FGF2 or C6-79C_mb7. (F) Control over vascular differentiation. At the first bifurcation, the designs enable
selective formation of endothelial cells or pericytes, and in subsequent endothelial cell differentiation, synthetic
agonist treatments bias towards arterial fate.

Discussion

The extensible star shaped oligomers designed in this work considerably expand the tools
available for clustering cell surface receptors and other targets with different valencies and
geometries. The designed scaffolds are highly expressed in E. coli and the spacing of
attached binding domains can be systematically varied simply by adding or deleting the
modular repeat units. C8-71 and its extensions are the first structures offering both a defined
octameric symmetry and a stepwise variation in diameter through repeat units. The highest
success rate was achieved with the DHR71 building block, perhaps because the design
model (used in the docking protocol to avoid issues of missing terminal residues or imperfect
repeat unit symmetry in the crystal structure) was closer to the crystal structure (0.67 A
RMSD)® leading to greater accuracy of the oligomer computational models.

FGFR homodimerizes upon FGF binding, and hence attention has focused on activation of
the FGFR pathway by receptor homodimerization and heparin-based oligomerization.*” The
multivalent binders stimulate FGFR activation by dimerizing the FGFR or driving higher order
assemblies. We observe considerable differences in pathway activation by the C2, C4, C6
and C8 FGFR engaging ligands, as well as dependence on the geometry of presentation.
The C4 extension series revealed a strong distance dependence for activation: mb7
templated 53 A apart showed strong pERK signaling, whereas the larger constructs with
extension lengths of 76 A and 96 A did not signal, consistent with the FGF2-FGFR1 dimer
complex structure (PDB ID: 1FQ9),* in which the membrane proximal termini are 48 A apart.
Direct measurement of FGFR diffusion in the membrane (Supplementary Figure 26) and of
the oligomerization state of the receptor in the membrane (Figure 4D,E), suggest that
synthetic ligands drive FGFR clustering.

Currently available naturally occurring signaling molecules (such as FGF2) have pleiotropic
effects and it can be difficult to use these to promote differentiation of highly specific cell
subpopulations; small molecule treatments can have similar limitations. While our designed
agonists broadly phenocopy FGF, there are a number of intriguing differences both in
proximal signaling and in the promotion of vascular differentiation. Likely because of the
slow offrate of mb7 for FGFR, and the avid binding of the multivalent constructs, the calcium
transients have much longer duration for our synthetic agonists than for FGF. The specificity
of mb7 for the c-isoform’™ enables specific activation of signaling through the c-isoform
receptor, while addition of mb7 to FGF enables activation of signaling exclusively through the
b-isoform. These and perhaps other subtle differences in proximal signaling result in distinct
outcomes at multiple developmental stages in vascular differentiation. Our designed
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scaffolds provide a means to control the prevalence of endothelial cells or pericytes by
taking advantage of the capability to activate signaling through just the b or just the c
receptor isoforms (Figure 5F). In subsequent endothelial cell differentiation, C6-79 promotes
the arterial cell fate while FGF2 promotes the venous cell fate, over lymphatic fate.

Our designed proteins have the ability to promote either endothelial cell or pericyte fate, and
can even specify subtypes of vascular endothelial cells, which should facilitate studies of
blood vessel development from both theoretical and engineering standpoints. The designed
oligomers described here provide a general means to drive receptor clustering and sculpt
pathway activation for any signaling pathway of interest. Our approach enables multiple
levels of control compared to the native signaling molecules: the binding domain can have
higher receptor subtype specificity, the on and off rates for receptor subunits can be tuned,
and the valency and geometry of receptor engagement can be systematically varied. We
envision that such customized synthetic agonists will have broad applications in both ex vivo
and in vivo control of cellular differentiation.


https://doi.org/10.1101/2023.03.14.532666
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.14.532666; this version posted March 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-ND 4.0 International license.

References

10.

1.

12.

Garcia-Parajo, M. F., Cambi, A., Torreno-Pina, J. A., Thompson, N. & Jacobson, K.
Nanoclustering as a dominant feature of plasma membrane organization. J. Cell Sci.
127, 4995-5005 (2014).

Wu, H. Higher-order assemblies in a new paradigm of signal transduction. Cell 153,
287-292 (2013).

Mayer, B. J. & Yu, J. Protein Clusters in Phosphotyrosine Signal Transduction. J. Mol.
Biol. 430, 4547-4556 (2018).

Westerfield, J. M. & Barrera, F. N. Membrane receptor activation mechanisms and
transmembrane peptide tools to elucidate them. J. Biol. Chem. 295, 1792-1814 (2020).
Zhang, K., Gao, H., Deng, R. & Li, J. Emerging Applications of Nanotechnology for
Controlling Cell-Surface Receptor Clustering. Angewandte Chemie - International
Edition 58, 4790-4799 (2019).

Zhao, Y. T. et al. F-domain valency determines outcome of signaling through the
angiopoietin pathway. EMBO Rep. 22, 53471 (2021).

Divine, R. et al. Designed proteins assemble antibodies into modular nanocages.
Science 372, eabd9994 (2021).

Ben-Sasson, A. J. et al. Design of biologically active binary protein 2D materials. Nature
(2021) doi:10.1038/s41586-020-03120-8.

Brunette, T. J. et al. Exploring the repeat protein universe through computational protein
design. Nature 528, 580-584 (2015).

Mohan, K. et al. Topological control of cytokine receptor signaling induces differential
effects in hematopoiesis. Science 364, eaav7532 (2019).

Moraga, |. et al. Synthekines are surrogate cytokine and growth factor agonists that
compel signaling through non-natural receptor dimers. Elife 6, (2017).

Yang, C. et al. Bottom-up de novo design of functional proteins with complex structural

features. Nat. Chem. Biol. 17, 492-500 (2021).


http://paperpile.com/b/qihvX0/I5Yl
http://paperpile.com/b/qihvX0/I5Yl
http://paperpile.com/b/qihvX0/I5Yl
http://paperpile.com/b/qihvX0/qOsNd
http://paperpile.com/b/qihvX0/qOsNd
http://paperpile.com/b/qihvX0/DT4Ay
http://paperpile.com/b/qihvX0/DT4Ay
http://paperpile.com/b/qihvX0/gHz0k
http://paperpile.com/b/qihvX0/gHz0k
http://paperpile.com/b/qihvX0/SnS9N
http://paperpile.com/b/qihvX0/SnS9N
http://paperpile.com/b/qihvX0/SnS9N
http://paperpile.com/b/qihvX0/Dlcfp
http://paperpile.com/b/qihvX0/Dlcfp
http://paperpile.com/b/qihvX0/GqIFT
http://paperpile.com/b/qihvX0/GqIFT
http://paperpile.com/b/qihvX0/mM8KT
http://paperpile.com/b/qihvX0/mM8KT
http://dx.doi.org/10.1038/s41586-020-03120-8
http://paperpile.com/b/qihvX0/mM8KT
http://paperpile.com/b/qihvX0/mAMhV
http://paperpile.com/b/qihvX0/mAMhV
http://paperpile.com/b/qihvX0/erpRK
http://paperpile.com/b/qihvX0/erpRK
http://paperpile.com/b/qihvX0/IAh8
http://paperpile.com/b/qihvX0/IAh8
http://paperpile.com/b/qihvX0/q8wc
http://paperpile.com/b/qihvX0/q8wc
https://doi.org/10.1101/2023.03.14.532666
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.14.532666; this version posted March 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

13. Shaw, A. et al. Spatial control of membrane receptor function using ligand nanocalipers.
Nature Methods vol. 11 841-846 Preprint at https://doi.org/10.1038/nmeth.3025 (2014).

14. Taga, T. & Kishimoto, T. Gp130 and the interleukin-6 family of cytokines. Annu. Rev.
Immunol. 15, 797-819 (1997).

15. Biology of common [ receptor—signaling cytokines: IL-3, IL-5, and GM-CSF. J. Allergy
Clin. Immunol. 112, 653-665 (2003).

16. Boulanger, M. J., Chow, D.-C., Brevnova, E. E. & Garcia, K. C. Hexameric structure and
assembly of the interleukin-6/IL-6 alpha-receptor/gp130 complex. Science 300,
2101-2104 (2003).

17. Fallas, J. A. et al. Computational design of self-assembling cyclic protein
homo-oligomers. Nat. Chem. 9, 353—-360 (2017).

18. Cao, L. et al. Design of protein-binding proteins from the target structure alone. Nature
605, 551-560 (2022).

19. Park, J. S. et al. Isoform-specific inhibition of FGFR signaling achieved by a
de-novo-designed mini-protein. Cell Rep. 41, 111545 (2022).

20. Holzmann, K. et al. Alternative Splicing of Fibroblast Growth Factor Receptor Iglll Loops
in Cancer. J. Nucleic Acids 2012, (2011).

21. Yeh, B. K. et al. Structural basis by which alternative splicing confers specificity in
fibroblast growth factor receptors. Proc. Natl. Acad. Sci. U. S. A. 100, 22662271
(2003).

22. Yashiro, M. et al. Clinical difference between fibroblast growth factor receptor 2
subclass, type Illb and type llic, in gastric cancer. Sci. Rep. 11, 4698 (2021).

23. Dyer, K. N. et al. High-throughput SAXS for the characterization of biomolecules in
solution: a practical approach. vol. 1091 245-258 (2014).

24. Classen, S. et al. Implementation and performance of SIBYLS: a dual endstation
small-angle X-ray scattering and macromolecular crystallography beamline at the
Advanced Light Source. J. Appl. Crystallogr. 46, 1-13 (2013).

25. Putnam, C. D., Hammel, M., Hura, G. L. & Tainer, J. A. X-ray solution scattering (SAXS)


http://paperpile.com/b/qihvX0/5QOD
http://paperpile.com/b/qihvX0/5QOD
http://dx.doi.org/10.1038/nmeth.3025
http://paperpile.com/b/qihvX0/5QOD
http://paperpile.com/b/qihvX0/0VdA
http://paperpile.com/b/qihvX0/0VdA
http://paperpile.com/b/qihvX0/C1oc
http://paperpile.com/b/qihvX0/C1oc
http://paperpile.com/b/qihvX0/CriB
http://paperpile.com/b/qihvX0/CriB
http://paperpile.com/b/qihvX0/CriB
http://paperpile.com/b/qihvX0/TEXrR
http://paperpile.com/b/qihvX0/TEXrR
http://paperpile.com/b/qihvX0/yXzJ
http://paperpile.com/b/qihvX0/yXzJ
http://paperpile.com/b/qihvX0/Kj2Q
http://paperpile.com/b/qihvX0/Kj2Q
http://paperpile.com/b/qihvX0/ktHx
http://paperpile.com/b/qihvX0/ktHx
http://paperpile.com/b/qihvX0/ooEy
http://paperpile.com/b/qihvX0/ooEy
http://paperpile.com/b/qihvX0/ooEy
http://paperpile.com/b/qihvX0/peQF
http://paperpile.com/b/qihvX0/peQF
http://paperpile.com/b/qihvX0/JK2Yj
http://paperpile.com/b/qihvX0/JK2Yj
http://paperpile.com/b/qihvX0/oscX
http://paperpile.com/b/qihvX0/oscX
http://paperpile.com/b/qihvX0/oscX
http://paperpile.com/b/qihvX0/3ymN
https://doi.org/10.1101/2023.03.14.532666
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.14.532666; this version posted March 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

made available under aCC-BY-ND 4.0 International license.

combined with crystallography and computation: defining accurate macromolecular
structures, conformations and assemblies in solution. Q. Rev. Biophys. 40, 191-285
(2007).

Sheffler, W. et al. Fast and versatile sequence-independent protein docking for
nanomaterials design using RPXDock. Preprint at
https://doi.org/10.1101/2022.10.25.513641.

Coventry, B. & Baker, D. Protein sequence optimization with a pairwise decomposable
penalty for buried unsatisfied hydrogen bonds. PLoS Comput. Biol. 17, e1008061
(2021).

Boyken, S. E. et al. De novo design of protein homo-oligomers with modular
hydrogen-bond network-mediated specificity. Science 352, 680—-687 (2016).

Maguire, J. B. et al. Perturbing the energy landscape for improved packing during
computational protein design. Proteins 89, 436—449 (2021).

Lemmon, M. A. & Schlessinger, J. Cell signaling by receptor tyrosine kinases. Cell 141,
1117-1134 (2010).

Turner, N. & Grose, R. Fibroblast growth factor signalling: From development to cancer.
Nat. Rev. Cancer 10, 116-129 (2010).

Ornitz, D. M. & Itoh, N. The Fibroblast Growth Factor signaling pathway. WIREs
Developmental Biology 4, 215-266 (2015).

Ferguson, H. R., Smith, M. P. & Francavilla, C. Fibroblast Growth Factor Receptors
(FGFRs) and Noncanonical Partners in Cancer Signaling. Cells 10, 1-35 (2021).

Wu, S., Jin, L., Vence, L. & Radvanyi, L. G. Development and application of
‘phosphoflow’ as a tool for immunomonitoring. Expert Rev. Vaccines 9, 631-643 (2010).
Los, G. V. et al. HaloTag: A novel protein labeling technology for cell imaging and
protein analysis. ACS Chem. Biol. 3, 373-382 (2008).

Jagaman, K. et al. Cytoskeletal control of CD36 diffusion promotes its receptor and
signaling function. Cell 146, 593-606 (2011).

Lee, S.-H., Shin, J. Y., Lee, A. & Bustamante, C. Counting single photoactivatable


http://paperpile.com/b/qihvX0/3ymN
http://paperpile.com/b/qihvX0/3ymN
http://paperpile.com/b/qihvX0/3ymN
http://paperpile.com/b/qihvX0/rFIn
http://paperpile.com/b/qihvX0/rFIn
http://paperpile.com/b/qihvX0/rFIn
http://dx.doi.org/10.1101/2022.10.25.513641
http://paperpile.com/b/qihvX0/rFIn
http://paperpile.com/b/qihvX0/m5J6
http://paperpile.com/b/qihvX0/m5J6
http://paperpile.com/b/qihvX0/m5J6
http://paperpile.com/b/qihvX0/Rtkc
http://paperpile.com/b/qihvX0/Rtkc
http://paperpile.com/b/qihvX0/zuZn
http://paperpile.com/b/qihvX0/zuZn
http://paperpile.com/b/qihvX0/23pj
http://paperpile.com/b/qihvX0/23pj
http://paperpile.com/b/qihvX0/jGcne
http://paperpile.com/b/qihvX0/jGcne
http://paperpile.com/b/qihvX0/fit1b
http://paperpile.com/b/qihvX0/fit1b
http://paperpile.com/b/qihvX0/zKeRW
http://paperpile.com/b/qihvX0/zKeRW
http://paperpile.com/b/qihvX0/r0Eo
http://paperpile.com/b/qihvX0/r0Eo
http://paperpile.com/b/qihvX0/ZRTFb
http://paperpile.com/b/qihvX0/ZRTFb
http://paperpile.com/b/qihvX0/EBmE
http://paperpile.com/b/qihvX0/EBmE
http://paperpile.com/b/qihvX0/reGo
https://doi.org/10.1101/2023.03.14.532666
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.14.532666; this version posted March 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

made available under aCC-BY-ND 4.0 International license.

fluorescent molecules by photoactivated localization microscopy (PALM). Proc. Natl.
Acad. Sci. U. S. A. 109, 17436—-17441 (2012).

Gong, S.-G. Isoforms of receptors of fibroblast growth factors. J. Cell. Physiol. 229,
1887-1895 (2014).

Dorey, K. & Amaya, E. FGF signalling: diverse roles during early vertebrate
embryogenesis. Development 137, 3731-3742 (2010).

Yu, P. et al. FGF-dependent metabolic control of vascular development. Nature 545,
224-228 (2017).

The role of fibroblast growth factors in vascular development. Trends Mol. Med. 8,
483-489 (2002).

Di Matteo, A. et al. Alternative splicing in endothelial cells: novel therapeutic
opportunities in cancer angiogenesis. J. Exp. Clin. Cancer Res. 39, 275 (2020).
Antoine, M. et al. Expression pattern of fibroblast growth factors (FGFs), their receptors
and antagonists in primary endothelial cells and vascular smooth muscle cells. Growth
Factors 23, 87-95 (2005).

Palpant, N. J. et al. Generating high-purity cardiac and endothelial derivatives from
patterned mesoderm using human pluripotent stem cells. Nat. Protoc. 12, 15-31 (2017).
Cao, J. et al. The single-cell transcriptional landscape of mammalian organogenesis.
Nature 566, 496-502 (2019).

Potente, M. & Makinen, T. Vascular heterogeneity and specialization in development
and disease. Nature Reviews Molecular Cell Biology vol. 18 477—-494 Preprint at
https://doi.org/10.1038/nrm.2017.36 (2017).

Spivak-Kroizman, T. et al. Heparin-induced oligomerization of FGF molecules is
responsible for FGF receptor dimerization, activation, and cell proliferation. Cell 79,
1015-1024 (1994).

Schlessinger, J. et al. Crystal structure of a ternary FGF-FGFR-heparin complex reveals
a dual role for heparin in FGFR binding and dimerization. Mol. Cell 6, 743—750 (2000).

Leman, J. K. et al. Macromolecular modeling and design in Rosetta: recent methods


http://paperpile.com/b/qihvX0/reGo
http://paperpile.com/b/qihvX0/reGo
http://paperpile.com/b/qihvX0/xQQf
http://paperpile.com/b/qihvX0/xQQf
http://paperpile.com/b/qihvX0/IHEY
http://paperpile.com/b/qihvX0/IHEY
http://paperpile.com/b/qihvX0/0Rk6
http://paperpile.com/b/qihvX0/0Rk6
http://paperpile.com/b/qihvX0/h7p4
http://paperpile.com/b/qihvX0/h7p4
http://paperpile.com/b/qihvX0/b05H
http://paperpile.com/b/qihvX0/b05H
http://paperpile.com/b/qihvX0/U2SF
http://paperpile.com/b/qihvX0/U2SF
http://paperpile.com/b/qihvX0/U2SF
http://paperpile.com/b/qihvX0/c3nf
http://paperpile.com/b/qihvX0/c3nf
http://paperpile.com/b/qihvX0/JRna
http://paperpile.com/b/qihvX0/JRna
http://paperpile.com/b/qihvX0/o14M
http://paperpile.com/b/qihvX0/o14M
http://paperpile.com/b/qihvX0/o14M
http://dx.doi.org/10.1038/nrm.2017.36
http://paperpile.com/b/qihvX0/o14M
http://paperpile.com/b/qihvX0/kOR9
http://paperpile.com/b/qihvX0/kOR9
http://paperpile.com/b/qihvX0/kOR9
http://paperpile.com/b/qihvX0/o8gY
http://paperpile.com/b/qihvX0/o8gY
http://paperpile.com/b/qihvX0/lTVN
https://doi.org/10.1101/2023.03.14.532666
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.14.532666; this version posted March 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

made available under aCC-BY-ND 4.0 International license.

and frameworks. Nat. Methods 17, 665—680 (2020).

Zivanov, J. et al. New tools for automated high-resolution cryo-EM structure
determination in RELION-3. Elife 7, (2018).

Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoSPARC: algorithms for
rapid unsupervised cryo-EM structure determination. Nat. Methods 14, 290-296 (2017).
Hohn, M. et al. SPARX, a new environment for Cryo-EM image processing. J. Struct.
Biol. 157, 47-55 (2007).

Schneidman-Duhovny, D., Hammel, M. & Sali, A. FoXS: a web server for rapid
computation and fitting of SAXS profiles. Nucleic Acids Res. 38, W540-W544 (2010).
Suloway, C. et al. Automated molecular microscopy: the new Leginon system. J. Struct.
Biol. 151, 41-60 (2005).

Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-induced motion for
improved cryo-electron microscopy. Nat. Methods 14, 331-332 (2017).

Lander, G. C. et al. Appion: an integrated, database-driven pipeline to facilitate EM
image processing. J. Struct. Biol. 166, 95-102 (2009).

Tan, Y. Z. et al. Addressing preferred specimen orientation in single-particle cryo-EM
through tilting. Nat. Methods 14, 793-796 (2017).

Pettersen, E. F. et al. UCSF Chimera--a visualization system for exploratory research
and analysis. J. Comput. Chem. 25, 1605-1612 (2004).

Adams, P. D. et al. PHENIX: a comprehensive Python-based system for
macromolecular structure solution. International Tables for Crystallography 539-547
Preprint at https://doi.org/10.1107/97809553602060000865 (2012).

Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot.
Acta Crystallogr. D Biol. Crystallogr. 66, 486-501 (2010).

Holden, S. J. et al. Defining the Limits of Single-Molecule FRET Resolution in TIRF
Microscopy. Biophys. J. 99, 3102-3111 (2010).

Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat.

Methods 9, 676-682 (2012).


http://paperpile.com/b/qihvX0/lTVN
http://paperpile.com/b/qihvX0/31JdL
http://paperpile.com/b/qihvX0/31JdL
http://paperpile.com/b/qihvX0/Kbw06
http://paperpile.com/b/qihvX0/Kbw06
http://paperpile.com/b/qihvX0/7ac3
http://paperpile.com/b/qihvX0/7ac3
http://paperpile.com/b/qihvX0/Zwy6P
http://paperpile.com/b/qihvX0/Zwy6P
http://paperpile.com/b/qihvX0/314L2
http://paperpile.com/b/qihvX0/314L2
http://paperpile.com/b/qihvX0/nlNA5
http://paperpile.com/b/qihvX0/nlNA5
http://paperpile.com/b/qihvX0/mkIYU
http://paperpile.com/b/qihvX0/mkIYU
http://paperpile.com/b/qihvX0/GQEah
http://paperpile.com/b/qihvX0/GQEah
http://paperpile.com/b/qihvX0/bnfjk
http://paperpile.com/b/qihvX0/bnfjk
http://paperpile.com/b/qihvX0/XIDVH
http://paperpile.com/b/qihvX0/XIDVH
http://paperpile.com/b/qihvX0/XIDVH
http://dx.doi.org/10.1107/97809553602060000865
http://paperpile.com/b/qihvX0/XIDVH
http://paperpile.com/b/qihvX0/thYON
http://paperpile.com/b/qihvX0/thYON
http://paperpile.com/b/qihvX0/W3pXo
http://paperpile.com/b/qihvX0/W3pXo
http://paperpile.com/b/qihvX0/FlI6
http://paperpile.com/b/qihvX0/FlI6
https://doi.org/10.1101/2023.03.14.532666
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.14.532666; this version posted March 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

made available under aCC-BY-ND 4.0 International license.

Trapnell, C. et al. The dynamics and regulators of cell fate decisions are revealed by
pseudotemporal ordering of single cells. Nat. Biotechnol. 32, 381-386 (2014).
Brunette, T. J. et al. Modular repeat protein sculpting using rigid helical junctions.
Proceedings of the National Academy of Sciences 117, 8870-8875 (2020).
Chaudhury, S., Lyskov, S. & Gray, J. J. PyRosetta: a script-based interface for
implementing molecular modeling algorithms using Rosetta. Bioinformatics 26, 689—691
(2010).

Bell, J. M., Chen, M., Durmaz, T., Fluty, A. C. & Ludtke, S. J. New software tools in
EMAN?2 inspired by EMDatabank map challenge. J. Struct. Biol. 204, 283—290 (2018).
Tegunov, D. & Cramer, P. Real-time cryo-electron microscopy data preprocessing with
Warp. Nat. Methods 16, 1146—1152 (2019).

Rohou, A. & Grigorieff, N. CTFFIND4: Fast and accurate defocus estimation from
electron micrographs. J. Struct. Biol. 192, 216-221 (2015).

Bepler, T. et al. Positive-unlabeled convolutional neural networks for particle picking in
cryo-electron micrographs. Nat. Methods 16, 1153—1160 (2019).

Echols, N. et al. Graphical tools for macromolecular crystallography in PHENIX. J. Appl.
Crystallogr. 45, 581-586 (2012).

Schindelin, J., Rueden, C. T., Hiner, M. C. & Eliceiri, K. W. The ImageJ ecosystem: An
open platform for biomedical image analysis. Mol. Reprod. Dev. 82, 518-529 (2015).
Carpenter, A. E. et al. CellProfiler: image analysis software for identifying and
quantifying cell phenotypes. Genome Biol. 7, R100 (2006).

Stirling, D. R. et al. CellProfiler 4: improvements in speed, utility and usability. BMC
Bioinformatics 22, 433 (2021).

Fontana, M., Fijen, C., Lemay, S. G., Mathwig, K. & Hohlbein, J. High-throughput,
non-equilibrium studies of single biomolecules using glass-made nanofluidic devices.
Lab Chip 19, 79-86 (2018).

Srivatsan, S. R. et al. Massively multiplex chemical transcriptomics at single-cell

resolution. Science 367, 45-51 (2020).


http://paperpile.com/b/qihvX0/MmZT
http://paperpile.com/b/qihvX0/MmZT
http://paperpile.com/b/qihvX0/yUii9
http://paperpile.com/b/qihvX0/yUii9
http://paperpile.com/b/qihvX0/ZdTp
http://paperpile.com/b/qihvX0/ZdTp
http://paperpile.com/b/qihvX0/ZdTp
http://paperpile.com/b/qihvX0/hRvq
http://paperpile.com/b/qihvX0/hRvq
http://paperpile.com/b/qihvX0/IT3ul
http://paperpile.com/b/qihvX0/IT3ul
http://paperpile.com/b/qihvX0/0DCMK
http://paperpile.com/b/qihvX0/0DCMK
http://paperpile.com/b/qihvX0/6GUmT
http://paperpile.com/b/qihvX0/6GUmT
http://paperpile.com/b/qihvX0/zv9FX
http://paperpile.com/b/qihvX0/zv9FX
http://paperpile.com/b/qihvX0/ZnEO
http://paperpile.com/b/qihvX0/ZnEO
http://paperpile.com/b/qihvX0/td7p
http://paperpile.com/b/qihvX0/td7p
http://paperpile.com/b/qihvX0/wTrm
http://paperpile.com/b/qihvX0/wTrm
http://paperpile.com/b/qihvX0/mzWGE
http://paperpile.com/b/qihvX0/mzWGE
http://paperpile.com/b/qihvX0/mzWGE
http://paperpile.com/b/qihvX0/tXfYk
http://paperpile.com/b/qihvX0/tXfYk
https://doi.org/10.1101/2023.03.14.532666
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.14.532666; this version posted March 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

76. Hao, Y. et al. Integrated analysis of multimodal single-cell data. Cell 184,
3573-3587.e29 (2021).
77. Williams, C. J. et al. MolProbity: More and better reference data for improved all-atom

structure validation. Protein Sci. 27, 293-315 (2018).


http://paperpile.com/b/qihvX0/KsCO
http://paperpile.com/b/qihvX0/KsCO
http://paperpile.com/b/qihvX0/hXqZy
http://paperpile.com/b/qihvX0/hXqZy
https://doi.org/10.1101/2023.03.14.532666
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.14.532666; this version posted March 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

Acknowledgments

We thank Michelle DeWitt for help with protein expression, George Ueda and Brent
Herdlicka for advice on endotoxin removal methods, and Ryan Kibler for assistance for
SAXS sample submission. We also want to thank Xinting Li, Mila Lamb and Paul Levine for
mass spectrometry verification of asymmetric units of the designs. We want to thank
Mohamad Abedi and Maggie Ahlrichs for advice on phosphoflow cytometry and cell culture.
We thank Luki Goldschmidt and Patrick Vecchiato for computational support. We also want
to thank Will Sheffler for computational support. We thank Nanditaa Balachander and Yen
Lim for help in molecular biology, Dr. Yan Ting Zhao for help with HUVEC cells, Professors
Benjamin Freedman, Ying Zheng and Julie Mathieu for advice in differentiation assays and
Dale Hailey and Garvey microscopy core for help with the microscopy. We thank William
Rice, Alice Paquette, and Bing Wang of the NYU Cryo-EM Core Facility for assistance with
cryoEM grid screening. Collection of 300 kV data was enabled by a block allocation grant
through the National Center for CryoEM Access and Training (NCCAT), and we thank Ed
Eng, Carolina Hernandez, and Charlie Dubbeldam for their work in data collection,
scheduling, sample handling, and grant administration. We thank all members of the
Bhabha/Ekiert lab, especially Nicolas Coudray, for helpful discussions regarding computing
and data processing, and the NYU high-performance computing (HPC) team. All Krios
datasets were collected through NCCAT, part of the Simons Electron Microscopy Center
located at the New York Structural Biology Center.

Funding

This work was supported by the Audacious Project at the Institute for Protein Design
(Thomas Schlichthaerle, Florian Praetorius, Zhe Li, David Baker), Institute for Protein Design
Breakthrough Fund (Wei Yang, Andrew Favor), The Nordstrom-Barrier Directors Fund at the
Institute for Protein Design (Ali Etemadi, Lance Stewart), Open Philanthropy (Rachel Redler,
Gira Bhabha, Damian Ekiert, Lauren Carter, Marcos Miranda, David Baker), NIGMS Grant
R35GM128777 (Damian Ekiert), National Institute on Aging Grants RO1AG063845 (Natasha
Edman, Longxing Cao, David Baker) and U19AG065156 (Derrick R. Hicks), Human Frontier
Science Program Long-Term Fellowship #LT000880/2019-L (Florian Praetorius), the
European Molecular Biology Organization via ALTF191-2021 (Thomas Schlichthaerle) ,the
Howard Hughes Medical Institution (Brian Coventry, David Baker, Jay Shendure), the HHMI
Hanna Gray Fellowship via GT11817 (Neville Bethel), ISCRM Fellows Program (Ashish Phal),
National Institutes of Health T9ODE021984 (Devon Ehnes), Brotman Baty Institute (BBI), NIH
R0O1GM097372 , R0O1GM083867 , 1P01GM081619 , NHLBI Progenitor Cell Biology Consortium
(U0O1HL099997; UO1HL099993), SCGE COF220919, and AHA 19IPLOI34760143 (Hannele
Ruohola-Baker), DOD PR203328 W81XWH-21-1-0006 (Hannele Ruohola-Baker, David Baker).
Work at NCCAT is supported by the NIH Common Fund Transformative High Resolution
Cryo-Electron Microscopy program (U24 GM129539) and by grants from the Simons
Foundation (SF349247) and NY State Assembly. The SAXS work was conducted at the
Advanced Light Source (ALS), a national user facility operated by Lawrence Berkeley
National Laboratory on behalf of the Department of Energy, Office of Basic Energy Sciences,
through the Integrated Diffraction Analysis Technologies (IDAT) program, supported by DOE
Office of Biological and Environmental Research. Additional support comes from the
National Institute of Health project ALS-ENABLE (P30 GM124169) and a High-End
Instrumentation Grant S100D018483.


https://doi.org/10.1101/2023.03.14.532666
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.14.532666; this version posted March 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

Author Contributions

N.E. and D.B. conceived the project. A.P and H.R-B conceived analyzing the designed
proteins in endothelial differentiation. N.E. and A.E. designed oligomeric constructs. W.Y.,
B.C., D.R.H. designed building blocks for oligomers. N.E., T.S., A.F., Z.L., L.C., M.M.
characterized oligomers. F.P. developed script for oligomer extension. R.R., G.B., D.E., N.E.
performed electron microscopy analysis of the designed constructs. N.B. performed cyclic
docking of the oligomers. A.P.,, T.S., S.A., M.G., D.E. performed cell assays. L.C. and B.C.
developed minibinder, P.H., A.M., S.G. purified endotoxin free protein, S.L. provided L6-R1¢c
and L6-R1b cells, A.P., S.S. performed transcriptomics study. D.B., L.S., J.S., C.T.,, B.N,, J.S.
and H.R-B. supervised the study. N.E., T.S., A.P.,, R.R., H.R-B and D.B. wrote the manuscript
with input from all authors.

Competing interests
The authors filed a patent application.

Data and materials availability
Structures are available under the following link:

https://files.ipd.uw.edu/pub/2022_Edman_cyclic_oligomers/Edman_et_al_Structures.zip

Sequencing Raw data is available under following link:
https://files.ipd.uw.edu/pub/2022_Edman_cyclic_oligomers/sequencing_data.zip

All other scripts and data is available upon request.


https://doi.org/10.1101/2023.03.14.532666
http://creativecommons.org/licenses/by-nd/4.0/

