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Proteins that bind to intrinsically disordered proteins (IDPs) and intrinsically
disordered regions (IDRs) with high affinity and specificity could be useful for
therapeutic and diagnostic applications' . However, a general methodology for
targeting IDPs or IDRs has yet to be developed. Here we show that starting only from
the target sequence of the input, and freely sampling both target and binding protein
conformations, RFdiffusion’ can generate binders to IDPs and IDRs in awide range

of conformations. We used this approach to generate binders to the IDPs amylin,
C-peptide, VP48 and BRCA1_ARATH in diverse conformations with a dissociation
constant (Ky) ranging from 3 to 100 nM. For the IDRs G3BP1, common cytokine receptor
y-chain (IL-2RG) and prion protein, we diffused binders to B-strand conformations of
the targets, obtaining K; between 10 and 100 nM. Fluorescence imaging experiments
show that the binders bind to their respective targets in cells. The G3BP1 binder
disrupts stress granule formationin cells, and the amylin binder inhibits amyloid fibril
formation and dissociates existing fibres, enables targeting of both monomeric and
fibrillar amylin to lysosomes, and increases the sensitivity of mass spectrometry-based
amylin detection. Our approach should be useful for creating binders to flexible IDPs

or IDRs spanning a wide range of intrinsic conformational preferences.

IDPs and structured proteins with intrinsically disordered regions
(IDPRs) are abundant in nature, representing approximately 60% of
the human proteome®. They carry out key biological functions without
adopting a single well-defined structure. Many of these proteins are
well-established biomarkersin clinical care and biomedical research.
IDPs and IDPRs adopt a continuum of states with full or segmental
disorder’; this structural plasticity allows IDPs and IDPRs to adapt to
different partners and conditions. Designed binders specific for IDPs
or IDPRs could be valuable for clinical diagnosis, therapeutic develop-
ment and scientific research’*, but the lack of a single well-defined
state makes them challenging targets. Current methods largely rely
on antibodies, which are limited by high production costs, reproduc-
ibility and complex engineering requirements®’; the dynamic nature
of disordered proteins can also complicate the elicitation of antibod-
ies as the targets can be rapidly degraded following immunization.
Computational protein design has created binders of peptides in
extended B-strand'®", helical? and polyproline Il conformations®.
Although powerful, these methods require pre-specification of the

target peptide geometry, which can be limiting because the optimal
conformation given the intrinsic sequence biases of the peptide, and
the opportunities for making high-affinity interactions, may be quite
irregular. Collectively, these approaches have focused primarily on
relatively short, structured peptides.

We sought to develop a general approach to design high-affinity
binders for IDPs that starts from the target sequence alone, does not
require pre-specification of the target geometry and is applicable
to IDPs of varying lengths (Fig. 1Aa). We reasoned that a version of
RFdiffusion trained on two chain systems from the Protein Data Bank
(PDB), noising the structure on one and providing only the sequence
for the second, could have sucha capability. To target shorter IDRs, we
reasoned that strand pairing, as used by Sahtoe et al. using Rosetta",
coupled with RFdiffusion® to sample the many different possible vari-
ations of strand conformation, could provide a general approach to
maximizing interactions over a short region as backbone-backbone
hydrogenbonds contribute tobinding energy inaddition to sidechain-
sidechaininteractions (Fig. 1Ab). For testing this approach, we selected
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Fig.1|Designstrategies for binding conformational flexible IDPs or IDRs.
A, Designapproach. Aa, Disordered structures of the selected targets. Left,
AF2structure predictions for VP48, BRCA1, ARATH and FUS, coloured by
pLDDT scores?, and NMR structures of amylin (PDB ID: 2KB8) and CP (PDB ID:
1TOC). Targeted regions are shown as spheres. Right, diffusion models for
proteins are trained to recover noised protein structures and to generate new
structures by reversing the corruption process throughiterative denoising of
initially randomnoiseinto arealistic structure. Five representative trajectories

awide diversity of disordered IDPs and protein targets with lengths
ranging from 31 to 941 residues, and targeted regions within these
proteins that range from having some residual secondary structure
propensity to having essentially no secondary structure propen-
sity (as assessed with the disorder prediction programs IUpred3
(refs. 14,15) and Jpred4 (ref. 16)); we evaluated binding of the designs
to the full-length targets using a combination of biochemical assays
and in cell fluorescence imaging. During the diffusion calculations,
both the target and the designed binder populate a wide range of
conformations, and shape matching structures for both emerge that
enable extensive interactions between the two. The resulting designed
binders are well-folded protein that interact with a specific subregion
ofthe targetinaspecific conformation rather than with the full disor-
dered ensemble; such an induced fit mechanism for binding, where
the binder selects a specific conformation out of a broad ensemble,
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areshown for amylin, which resultin five different conformations of the target.
Ab, Diffusion with constrained secondary structure. Left, AF2 predictions for
G3BP1andIL-2RG?. Right,amodified version of RFdiffusion was trained, allowing
for specification of the secondary structure of aregion to be helix or strand
conformations, along withthe sequence. B, Two-sided partial diffusion. Varying
the extent of initial noising (top row) enables control over the extent of the
introduced structural variation (coloursindicate new designs, and grey denotes
the parentdesign).

is widespread in interactions between folded proteins and IDRs in
natureV.

RFdiffusion was previously used to generate binders to bioactive pep-
tide hormones restricted to helical conformations'?; here we began by
investigating the application of the approach to IDPsin amuch broader
range of conformations (the sequences of many targets are not compat-
ible withuninterrupted helical conformations). We first experimented
with designing binders to the humanislet amyloid polypeptide (hIAPP;
also known as amylin), a37-residue hormone co-secreted with insulin
by pancreaticislet B-cells to modulate glucose levels®". Cysteine resi-
dues2and7formadisulfide bridge that s critical for the full biological
activity of amylin'®, NMR studies conducted in lipid environments or
under SDS micelle binding conditions have indicated helical propensity
inamylin fragments?®%; the overall structure appears to beintrinsically
disordered®?,
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Fig.2|Designofintrinsically disordered regionbinders.a-d, Computational
design models of amylinand designed binders amylin-68n,, (a), amylin-36,,; (b),
amylin-75,, (c) and amylin-22,, (d) generated using sequence input diffusion
(top), withazoom-in view of disulfide bonds formed during diffusion. The
secondary structure of amylinisindicated by the binder name subscripts.

We used flexible target fine-tuned RFdiffusion to design binders
against amylin using only sequence as input: the structure of the
binding protein, the amylin conformation and the binding mode are
entirely unspecified. Starting from the amino acid sequence of amylin,
RFdiffusion generated complexes spanning a wide range of conforma-
tions for bothamylin and the designed binders. Representative design
trajectories are shown in Supplementary Video 1; starting from aran-
dom distribution of residues of both amylin and binder, in sequential
denoising steps, the amylinadopts different conformations, whereas
thebinder residue distribution shifts to surround amylinand progres-
sively organizes into a folded structure that cradles nearly the entire
surface of the target structure (Fig. 1Aa). Sequences were designed
for the generated backbones using ProteinMPNN*, and filtered using
AlphaFold2 (AF2)* for the monomer conformation and AF2 initial
guess for the complex?.

We tested 96 designs against amylin in various non-helical con-
formations (as diffusion generated binders to helical peptides have
previously been described), and found that these had binding affini-
ties ranging from 100 nM to 454 nM (Extended Data Fig. 1a). To opti-
mize binding affinity further, we implemented a two-sided partial
diffusion approach (see Methods; in contrast to one-sided partial
diffusion, which diversifies the binder conformation but keeps the
target fixed, two-sided partial diffusion samples varied target and
binder conformations (Fig. 1B and Extended Data Fig. 2a)). We found
that two-sided diffusion yielded designs with better metrics than
one-sided diffusion, probably because the target conformation can
adapt to that of binder, resulting in greater shape complementarity
and more extensive interactions (Extended DataFig. 2). Among the 174
top-ranked designs spanning of3, oL and oot amylin conformations,
107 bound amylin; the highest affinity binders (amylin-68n,,, amylin-
36,5 amylin-75,, and amylin-22,, ), which bind amylin in different
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BLImeasurements of the designed binder-amylininteraction are shownbelow
the design models. e-g, Design of binders for CP (e), VP48 (f) and BRCA1_

ARATH (g) using sequence input diffusion. h—j, Design of binders for G3BP1 (h),
prion protein (i) and IL-2RG (j) with strand specification during diffusion.

conformations, have affinities of 3.8 nM, 10 nM, 15nM and 100 nM,
respectively (Fig. 2a-d). Although the amylin adopts very different
conformations in different designs, the diffusion process was able to
maintain the disulfide bond, key to amylin function, in all designs'®
(Fig.2a-d). Circular dichroism studies showed thatall four binders were
largely helical as designed and thermostable up to 95 °C (Extended Data
Fig.1b).

C peptide (CP; 31residues) is secreted by islet B-cells as part of pro-
insulin”; measurement of plasma CP levels is used in the diagnosis of
type l and type Il diabetes?. The NMR structure of CP shows that it is
disordered and highly dynamic® (Fig. 1A), consistent with predictions
fromIUpred3 (refs.14,15) and Jpred4 (ref. 16) (Extended DataFig. 3a,b).
0Of 96 designs generated using sequence-input diffusion (Extended
Data Fig. 3¢), one in which the CP formed a long strand, followed by
along dynamic loop and a small strand paired with the long strand,
had weak binding affinity (Extended Data Fig. 3d,e). Guided by the
observationthat this design had more hydrogen bonds between target
andbinder (13) thanall but 5ofthe 96 designs (Extended Data Fig. 3f),
we again used two-sided partial diffusion and selected designs with
larger numbers of hydrogen bonds. Six out of 95 designs bind to CP
with better than 100 nM binding affinity; the highest affinity binder
(CP-35) had a K, 0of 28 nM (Fig. 2e) and was thermostable up to 95 °C
(Extended Data Fig. 3g).

We next targeted VP48 (39 residues), a potent activator of transcrip-
tion** thatJpred4, IUPred3 and AF2 suggest is flexible and lacks defined
secondary structure (Fig. 1A and Extended Data Fig. 3h,i). Of the 95
designs tested, the best binder with an affinity of 750 nM recognizes
VP48inaconformationwith three short helical fragments connected
by longloops. Further partial diffusion optimization yielded adesign
with aK;0f39 nM (Fig. 2f) that was thermostable up to 95 °C (Extended
DataFig. 3j).
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Toassess whether our method cantargetlong IDPs, we chose BRCA1_
ARATH (941 residues), a plant homologue of human BRCAl involved
in DNA repair in plants®; binders of the IDRs of BRCAI_ARATH could
help to dissect its molecular function in DNA damage response and
genome maintenance. We targeted a 21-residue sequence, YTENTVIR
LDEHPSLNKEGNL (position 182-202), predicted to be largely dis-
ordered (Fig. 1A and Extended DataFig. 4a,b). Using sequence input dif-
fusion, 2 of 41 tested designs showed binding at approximately 450 nM
by biolayerinterferometry (BLI; Extended Data Fig. 4c). Two-sided par-
tial diffusion optimization yielded adesign with a K, 0f 52 nM (Fig. 2g),
which was thermostable up to 95 °C (Extended Data Fig. 4d).

To further evaluate whether our method can target highly dyna-
mic and hydrophilic IDRs, we selected FUS (526 residues), a DNA/
RNA-binding proteininvolved in various cellular processes including
transcription regulation, RNA splicing, RNA transport and DNA repair®.,
We focused on a 29-residue segment, YEPRGRGGGRGGRGGMGGS
DRGGFNKFGG (positions 239-267), predicted to be disordered (Fig. 1A
and Extended Data Fig. 4e,f) with 52% glycine, serine content and
charged or polar residues. Of 94 designs tested, 3 showed binding,
with the top design having an affinity of 520 nM and thermostability
up to 95 °C (Extended Data Fig. 4g,h).

Targeting short IDRs via strand binding

Consistent with previous observations using the non-deep learning
Rosetta method", we found that for targeting shorter segments, the
RFdiffusion-generated designs with the best metrics often made exten-
sive B-strand interactions to targets adopting 3-strand conformations.
Toincrease the efficiency of generating such designs, we incorporated
into the RFdiffusion sequence input approach the ability to define the
secondary structure of the target (see Methods), to enable the specifi-
cation of either the entire oraportion of the target sequencein helical,
strand or loop conformation. Thisis particularly important for strand
conformations, which canvary considerablyin actual 3D coordinates;
the coordinate specifying approach used by Vasquez et al."* for helical
peptides would be less efficient for targeting strands as many designs
would have to be carried out for 3-strand conformations with differ-
enttwists and other structural variations. We found that strand-based
interfaces can arise when the target sequence lacks intrinsic strand
propensity, and even with overall strand prespecification, the B-strands
have considerable flexibility to conform to the designed binder via
induced fit. To explore the power of this approach, we used it to design
binders to three IDR-containing targets.

G3BP1 (466 residues) is a central node within the core stress gran-
ule network® and has a crucial role in RNA metabolism and stress
response, with a disordered RNA-binding domain (RBD; Fig. 1A and
Extended Data Fig. 5a,b) mediating interactions with RNA molecules,
regulating RNA metabolism and contributing to the assembly and
disassembly of stress granules. RFdiffusion with sequence-only
specification of the RBD domain of G3BP1(G3BP1*®"; Supplementary
Table 1) yielded designs with the targeted region adopting a roughly
5.7:3.8:0.5 ratio for helix:strand:loop (Extended Data Fig. 5c), but
only the 23 strand-containing designs had AF2 predicted aligned
error (pAE) interaction <10 and predicted local distance difference
test (pLDDT) binder > 90 (Extended Data Fig. 5d). On the basis of
these observations, we specified the secondary structure as a strand
whichincreased the fraction of designs passing the filters more than
50-fold. Five out of 78 designs bound to G3BP1?*", with the tightest
having a binding affinity at 17 nM. Following two-sided partial diffu-
sion (Extended Data Fig. 5e), the tightest binder (G3BP1-11) had an
affinity of 11 nM (Fig. 2h) and was thermostable up to 95 °C (Extended
DataFig. 5f).

We next sought to make binders of the prion protein (253 resi-
dues), which is primarily found in neuronal cells in mammals. Aggre-
gated forms of this protein are linked to prion diseases, a group of
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transmissible neurodegenerative disorders***. The pathological hall-
mark of prion diseases is the conformational conversion of the native,
monomeric cellular prion protein (PrP®) into a misfolded and aggre-
gated form (PrP%) characterized by a cross-p structure® . To target
the amyloid coreregion of the prion protein, we targeted an 8-residue
sequence, VNITIKQH (positions 180-187),ina 3-strand conformation
(Extended DataFig. 6a). Of 48 designs tested, the tightest, PRI28, had
a binding affinity of 14 nM (Fig. 2i), with stability up to 95 °C and was
highly specific (Extended Data Fig. 6b,e). Specifying the secondary
structure of the target region as a 3-strand resulted in binders with
higher affinity than using the target sequence information alone (14 nM
from secondary structure specification (PRI28) versus 1.88 uM from
sequence input (PRI22),improving to 80 nM following partial diffusion;
Fig.2i and Extended DataFig. 6¢,d).

Signal transduction via cell-surface receptors is mediated by their
intracellular domains, which contain long disordered regions***. Devel-
oping binders targeted at these domains would be broadly useful for
colocalizationimaging applications and for the modulation of receptor
activation. IL-2RG (also known as CD132; 369 residues) is shared among
theinterleukinreceptors forIL-2, IL-4,IL-7,IL-9, IL-15and IL-21 (ref. 42).
We targeted anamino acid sequencein IL-2RG (ERLCLVSEIP, positions
327-336) predicted tobe disordered (Fig. 1A and Extended Data Fig. 6f)
asastrand; of 94 selected designs, one design had a binding affinity of
493 nM. Through two-sided partial diffusion, weincreased the binding
affinity to 97 nM (IL-2RG-30; Fig. 2j), with thermostability up to 95°C
(Extended Data Fig. 6g).

Structural analysis of designed complexes

We obtained crystalstructures of amylin-22,, , amylin-18,;and G3BP1-11
in complexes with their target at 1.8, 2.0 and 2.4 A resolution, respec-
tively. For amylin-22;, the designed conformation comprises a helix,
astrand and an unstructured loop (Fig. 3a, left). The amylin helix is
embedded withinagroove formed by the helix and strand segments of
thebinder. Adjacent to this, the amylin strand pairs withacorrespond-
ingstrand of the binder. The amylinloopis predicted to be disordered
based onthe low per-residue AF2 pLDDT?* (Fig. 3a, left, and Extended
DataFig.1c).Inthe crystal structure, the main helix and strand are well
resolved and closely match the computational model; the disordered
loopis, asanticipated, not resolved (Fig.3a,b). The Caroot-mean-square
deviation (RMSD) between the design model and the crystal structure
over the backbone of the binder alone and over the backbone of the
full complex excluding the missing loop of amylin are 0.96 and 2.04,
respectively. The backbone and sidechains at the designed binder-
targetinterfacearealsoin close agreement between crystal structure
and design model (Fig. 3b; the interface RSMDs for Ca and sidechainare
1.33and 1.87, respectively). Amylin-18,,, derived from the same parent
asamylin-36,, via partial diffusion, closely matches the design model
(Extended Data Fig. 7a,b).

In the G3BP1-11 design model, the target region is in a 3-strand
conformation and lies within a cleft formed by two a/f3-structures,
Tland T2, in the designed binder, pairing with two adjacent strands
(Fig. 3c). An additional helix in T2 also interacts with the target,
potentially enhancing binding affinity and specificity (Fig. 3c and
Extended Data Fig. 7c). The crystal structure of G3BP1-11 closely
recapitulates the design model, with the targeted region clamped in
a B-strand conformation (Fig. 3c,d; Ca RMSD of 0.8 A for the entire
complex between design and crystal structure) with the interface
residues nearly perfectly aligned with the design model struc-
ture (Fig. 3¢,d; interface Ca and sidechain RMSD are 0.86 and 2.29,
respectively).

We were unable to solve crystal structures of the CP binders, so we
instead obtained alower-resolution structural footprint of the binding
site by generating a site saturation mutagenesis library for CP-35in
which every residue was substituted with each of the 20 amino acids one
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Fig.3|Structural characterization. a, Designed model of amylin-22 in
complex with amylin; amylin and designed binder are shownin dimgrey and
grey, respectively (left). Helical and strand segments forming the binding
groove are highlighted by blue dashed ellipsoids. Right, crystal structure of the
designed complexat1.8 A resolution, with the target and binder in blue and
cornflower blue, respectively. b, Left, overlay of the design model and crystal
structure of amylin-22,4, . Right, zoom-inon the designed interface. Binder
proteinsarerendered with 90% transparency, and key amylin residues are
labelled. ¢, Left, design model of G3BP1-11. Two o/B-topologies (T1and T2) of
thebindersarelabelled. The front helix of T2is denoted by ablack arrow. Right,
the crystal structure of G3BP1-11at 2.4 A resolution, with the target and binder

atatime. Next-generation sequencing before and after FACS sorting for
CPbindingrevealed thatresidues at the binding interface and protein
core were largely conserved (Fig. 3e,f and Extended Data Fig. 7d,e),
supporting the design model.

Specificity of designed binders

Weinvestigated the specificity of the binders by carrying out all-by-all
binding experiments (Extended Data Fig. 8). BLI binding charac-
terization of 11 binders against 8 targets showed that the designs
had high specificity for their intended targets. Very weak off target
binding was observed at high concentrations in two cases: binder
VP48-2 weakly bound amylin above 800 nM, perhaps reflecting the
approximately 50% helical content of both targets (specificity could

10,000

v
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Strand 2 —>

<

Strand 1

100,000
Strand 2

proteinsrenderedindarkred and rosy brown, respectively.d, Left, overlay of
the design model and the crystal structure of G3BP1-11. Right,zoom-inon the
designedinterface. e, Heatmaps representing C-peptide-binding K, (nM) values
forsingle mutationsin the designed interface (left), core (middle) and surface
(right). Depleted substitutions are in blue, beneficial substitutionsareinred,
and greyindicatesthelostyeaststrains. Strand 1 (interface), the right segment
of'strand 2 (core) and the exposed surface residues without contacts (surface)
are highlighted (Extended Data Fig. 7e).f, Designed binders coloured by
positional Shannon entropy from site saturation mutagenesis (top; conserved
inblueandvariableinred), and zoomed-in views of the design interface and
corewith C-peptide (bottom).

potentially be further improved through another round of partial
diffusion, or decreasing the helical percentage through secondary
structure specification) and binder G3BP1-11 weakly bound IL-2RG
at2 M.

Binders colocalize with targetsin cells

To examine whether the designs could fold properly and bind to
the full-length target proteins in mammalian cells, we performed
fluorescence colocalization experiments in cultured cells for all
designed binder-target pairs except for the prion binder, which
was excluded due to safety concerns, and the FUS binders, whose
binding affinities were not considered sufficient for cellular binding.
Thefull-length target proteins were fused to eGFP and amitochondrial
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bars,20 pm.c, The LC-MS/MSrecovery percent of amylin from phosphate-
buffered saline (PBS)-0.1% 3-((3-cholamidopropyl) dimethylammonio)-
1-propanesulfonate (CHAPS) buffer and EDTA-anticoagulated plasmawas
compared between BSA-blocked tosyl-activated bead, an off-target binder,
and thebinder amylin-68n. Percentrecovery was calculated relative to the
peak areaof pureamylinin elutionsolvent (100% recovery). The dataindicate
mean +s.d. (n=3technical replicates).d,e, Phase diagrams showing effects of

localization signal, and the designed binders were fused to mScarlet;
if the design binds to the target in cells, GFP and RFP will be colo-
calized in puncta corresponding to mitochondria. We observed
clear colocalization of design with target for amylin-68n,,, amylin-
36,5, amylin-22,,, CP35, VP48-2, IL-2RG-30, G3BP1-11 and BRCAL_

ARATH-35, indicating successful target engagement in cells (Fig. 4a,b;

inthe case of IL-2RG, we replaced the endogenous protein with a con-

structencoding IL-2RG fused to eGFP using CRISPR-Cas9). For short
IDPs such asamylin, CP and VP48, we introduced two point mutations
at the predicted interface on the target (Extended Data Fig. 9a-c),
and found that these mutations disrupted colocalization, confirming
interface-specific recognition. Collectively, our results indicate that
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(green) and the co-expressed mScarlet-tagged binder (red). Quantification
revealed no markedly increase in puncta after arsenite treatment (i).
Scalebars, 10 pm (f,h).

the designed binders can bind to and colocalize with their targets in
the cellular environment.

Enrichment for LC-MS/MS detection

We explored the use of the amylin binder amylin-68n,; as a capture
agent forimmunoaffinity enrichment combined with liquid chromato-
graphy-tandem mass spectrometry (LC-MS/MS), ageneral platform
for detecting low-abundance protein biomarkers in human serum**
Amylinrecoveries using amylin-binder-conjugated beads from human
plasma or the simplified PBS-CHAPS matrix* using spiked amylin
into serum (endogenous levels were too low for reliable detection)
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Fig.5|Amylin fibril disruptionand degradationusing designed binder.
a,b,NS-EMvisualization of fibril dissociation by amylin-36,;at both elongation (a)
and mature (b) phases. Scalebars, 100 nm. ¢, The ThT assay revealed that all
fourbinders could strongly inhibit fibril formation at abinder:amylin molar
ratio of1:4.d, Amylin-36,; could dissociate fibrils at the elongation phaseina
concentration-dependent manner. Amylin-36,, wasadded at 3 h during the
elongation phase of amylin fibrils (as marked by the dashed line), and the ThT
assay was performed to monitor the process. The red and blue dots indicate
amylin-36,5:amylin molar ratios of 1:4 (10 uM binder) and 1:40 (1 pM binder),
respectively. e, The ThT assay was performed after the mature amylin fibrils
were formed for 24 hand, at the same time, amylin-36,; was added. Thered and

were 62.2% and 53.5%, respectively (Fig. 4c). Tighter binders generated
through further optimization will probably be necessary to enrich
endogenous amylin.

G3BP1-11 disrupts stress granule assembly

Toexplore whether G3BP1-11 could disrupt or potentiate stress granule
formation, we first tested the effects of the binders on phase separa-
tion in vitro. We used droplet microfluidics followed by imaging to
assess G3BP1 phase separation at various concentrations of G3BP1
and polyA RNA. The phase diagrams with and without binder show
that the G3BP1-11 design shifts the boundary of G3BP1and polyA RNA
phase separation; the effect of the binder was more pronounced at
lower polyA RNA concentrations, requiring higher levels of G3BP1 for
phase separation (Fig. 4d,e and Extended Data Fig.10).Inthe presence

Composite

blue dotsindicate that the amylin-36,5:amylin molar ratios are 1:4 (10 pM binder)
and1:40 (1pMbinder), respectively. f,g, Confocal microscopy images of Hep3B
cells treated with Alexa Fluor 647-labelled amylin fibrils (f; 24 hincubation at
37°C) or monomers (g), incomplex withamylin-36 (top), amylin-36-ASGPR
(middle) or amylin-36-1GF2R (bottom). DAPI (blue) stains nuclei, LAMP1(green)
markslysosomes, and amylin (magenta)is visualized via fluorophore-conjugated
streptavidin. Composite panels (rightmost) show merged channels. Scale bars,
25 pm (f,g). h, Quantification of internalized amylin fibrils (left) and monomers
(right) by flow cytometry; the median fluorescence intensity (MFI) was measured.
Dataareshownasmean +s.d. from three biological replicates.

ofthe binder, there was a visible phase boundary at1 uM G3BP1below
which phase separationis not observed (Fig. 4d,e), probably resulting
from G3BP1-11binding to the C-terminal region of G3BP1and blocking
itsinteraction withRNA, whichisimportant for G3BP1-RNA co-phase
separation®,

We next investigated the function of the G3BP1 binder in cells by
assessing G3BP1 puncta formation in response to arsenite-induced
stress granules. In the absence of the binder (-binder), G3BP1 forms
punctaupon arsenite treatment (Fig. 4f), with anotableincrease in the
number of puncta per cell (Fig. 4g), reflecting G3BP1 recruitment to
stress granules under stress conditions. The G3BP1binder interferes
with this stress granule formation: arsenite treatment does not mark-
edly increase G3BP1 puncta formation in the presence of the binder
(Fig. 4h), with the number of G3BP1 puncta remaining low despite
arsenite exposure (Fig. 4i).
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Designs inhibit and dissociate amylin fibrils

Amylin fibril formation is implicated in type 2 diabetes, in which the
aggregation of amylin into insoluble fibrils contributes to islet amy-
loid deposition and B-cell dysfunction*¢. We investigated the effect
of four binders on amylin fibril formation: amylin-68n,,, amylin-
36,5, amylin-75.,, and amylin-22,; . At a binder:amylin molar ratio of
1:4 (10 uM binder, 40 uM amylin), all binders completely inhibited
fibril formation (Fig. 5¢). Further tests with amylin-22,; and amylin-
36,5 at binder:amylin molar ratios of 1:4, 1:40 and 1:400 revealed a
concentration-dependent retardation of fibril formation (Extended
Data Fig. 9d). Inhibition of fibril formation was also observed by
negative-stain electron microscopy (NS-EM). Addition of amylin-
36,5 blocked fibre formation atboth1hand 18 h, whereas some short
fibrils were observed 18 h post-addition of amylin-22., (Extended Data
Fig. 9e,f).

We nextinvestigated whether the amylin binders were able to disag-
gregate pre-formed amylin fibrils. We generated short amylin fibrils
by incubating amylin at 40 uM for 3 h at 37 °C to reach the elongation
phase, and thenincubated with10 uMamylin-36,4. NS-EM revealed no
fibrillar structures after treatment with amylin-36,;at both1hand18 h
timepoints (Fig. 5a). Thioflavin T (ThT) assays with amylin-36,; added
atthe3-hamylinfibre stage also showed fibre disassembly in a design
concentration-dependent manner (Fig. 5d).

To test whether amylin-36,4 could dissociate mature fibrils that
had formed over 24 h at 10 pM, we incubated them with 10 uM of
the binder. Small oligomers were still observed at 1 h, but were com-
pletely dissociated by 18 h (Fig. 5b). Fibril ThT fluorescence again
decreased in a designed binder concentration-dependent manner
(Fig. 5e).

EndoTag fusion targets amylin to lysosomes

Amyloid plaques of amylin have been found in over 95% of patients
with type Il diabetes mellitus, mainly as extracellular deposits in the
proximity of pancreatic B-cells””. When amylin fibrils lie between B-cells
and capillary endothelial cells, they can impair the flow of nutrients
(for example, glucose), leading to interference with the exocytosis
of insulin from the secretory vesicles**8, Endocytosis and lysosomal
trafficking of cell-surface receptors can be triggered by designed
endocytosis-triggering binding proteins (EndoTags) against multi-
ple receptors including insulin-like growth factor 2 receptor (IGF2R)
and asialoglycoprotein receptor (ASGPR)*. Fusion of these tags to
soluble target proteinbindersleads tolysosomal trafficking and target
degradation®.

We fused the amylin-specific binder amylin-36,; to ASGPR and
IGF2R EndoTags to generate amylin-36-ASGPR and amylin-36-1GF2R.
To evaluate internalization efficiency, we used commercially avail-
able amylin monomers with an N-terminal biotin modification. We
pre-complexed 500 nM amylin-36-ASGPR or amylin-36-1GF2R with
500 nM fluorophore-labelled amylin monomers or fibrils. Hep3B cells
were then treated with the resulting complexes for 20 h. Confocal
imaging revealed substantial intracellular accumulation of amylinin
apunctate pattern, suggesting vesicular localization; co-staining with
lysosomal markers further confirmed localization to lysosomes. By
contrast, treatment with amylin-36 alone (without EndoTag fusion)
resulted in minimal intracellular signal (Fig. 5f,g). Flow cytometry
analysis confirmed these findings, showing an approximately eightfold
and fourfold increase in median fluorescence intensity associated
with cells for amylin-36-ASGPR and amylin-36-IGF2R, respectively
(Fig. 5h), compared with amylin-36 alone (the greater internaliza-
tion mediated by ASGPR is consistent with previous LYTAC results®™).
Theseresults demonstrate that both amylin monomers and fibrils can
be effectively internalized and trafficked to lysosomes via EndoTags
technology.
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Discussion

Our results demonstrate the power of RFdiffusion in designing bind-
ers for IDPs ranging from 31to 941 amino acids in length in diverse
conformations. The ability to target IDPs without specifying the target
structureisimportantas such proteins have no single defined confor-
mation. During the design process, the target protein samples a wide
range of possible conformations as the designed binding protein dif-
fuses aroundit; the co-folding of design and target effectively enables
the selection of conformations particularly suitable for binding. The
resulting binders are well-folded proteins that engage specific subre-
gions of the target in defined conformations through an induced-fit
mechanism. For shorter regions that canadopt 3-strand-like conforma-
tions, the introduction of asecondary structure specification feature
within the RFdiffusion model enables targeting of short regionsin the
f-strand conformation with higher specificity and binding affinity than
with previous strand targeting designs generated using Rosetta. Our
RFdiffusion based method is complementary to therecently described
logos method* for targeting IDPs: becauseitis trained on the PDB which
isrichininteractionsbetween regular secondary structures, the former
excels at designing binders to sequences that can be bound in partial
helical and beta-strand conformations, whereas the latter is optimal
fortargeting IDRs with sequence patterns more favorable for binding
in more extended conformations.

The binders and approaches described here should be broadly
useful given the current difficulty in targeting IDPs and IDRs, and the
important roles these have in both normal physiology and disease.
For example, the amylin binders inhibit amylin fibre formation and
dissociate pre-existing fibres, and mediate lysosomal trafficking of
amylinmonomers and fibrils. Likewise, the G3BP1binder disrupts stress
granule formation of G3BP1in cells; targeting G3BP1to regulate stress
granule dynamics could serve as atool for probing neurodegenerative
diseases and other stress-related cellular processes. The designed
bindersbindtotheir targetsin cells, asillustrated by the colocalization
of IL-2RG-30, amylin-68n,,, amylin-36,5, amylin-22,, , CP-35, VP48-2,
G3BP1-11and BRCA1_ARATH-35 withtheir respective targets. Binders to
IL-2RG and other cytokine receptors open new avenues for modulating
cytokine signalling in feedback loops for adoptive cell therapies and
other applications. More broadly, the ability of our designed binders
toengage targets in the cellular environment highlights their potential
for modulating the localization, stability or function of IDPsin diverse
biological contexts, with room for further optimizationin applications
requiring very high specificity.
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Methods

Binder design using sequence input RFdiffusion

For eachtarget, approximately 10,000-50,000 diffused designs were
generated given only sequence input of the target using RFdiffusion
(v1.1.0). The resulting library of backbones were sequence designed
using ProteinMPNN (v1.0.1)*, followed by AF2 + initial guess®. Initial
guess is the protocol in which the protein structure provided to the
model as aninitial guess s first converted to AlphaFold atom positions.
These positions are then provided, along with the standard model
inputsinto the AlphaFold Model Runner. In the AlphaFold class of the
AlphaFold code, onthefirstrecycle, the prev_posvariableis initialized
to the input AlphaFold atom positions as opposed to the standard
initialization of all zeros?. The resulting designs were filtered based
oninterface pAE_interaction, pLDDT. The pAE of interaction (pAE_
interaction) between the binder and the target was used to evaluate
the confidence of the predicted interface. Lower pAE _interaction val-
ues indicate higher confidence in the relative positioning of the two
proteins. The per-residue pLDDT score measures the confidence of
AF2inthelocalstructure of the binder. Inaddition, AF2 monomer was
performed using only the binder sequence tofilter based on the mono-
mer pLDDT of the binder and RMSD to the binder design model (Sup-
plementary Table 2). Subsequently, FastRelax was executed to obtain
Rosettametrics®. Theresulting binders were then further filtered based
oncriteriaincluding contact_molecular_surface®*, ddG**, SAPscore*and
the numbers of hydrogen bonds. Specific filtering criteria were care-
fully selected to narrow down the set to 48-96 designs for each target.

Two-sided partial diffusion to optimize binders

Partial diffusion enables the input structure to be noised only up to a
user-specified timestep instead of completing the full noising sched-
ule. The starting point of the denoising trajectory is therefore not a
random distribution. Rather, it contains information about the input
distributionresultingin denoised structures that are structurally simi-
lar to the input. Unlike one-sided directional partial diffusion, which
solely diversifies the conformation of the binder while keeping the
target fixed, two-sided partial diffusion allows simultaneous confor-
mational changesinboth the target and the binder. The input designs
were subjected to 5-25 noising timesteps out of a total of 50 timesteps
in the noising schedule, and subsequently denoised. Approximately
5-50,000 partially diffused designs were generated for each target.
The resulting library of backbones were sequence designed using
ProteinMPNN?*, followed by AF2 + initial guess®. The resulting designs
werefiltered in the same way as the designs from the aforementioned
sequence input diffusion process.

Secondary structure specifications

To permit specification of the secondary structure (but not three-
dimensional coordinates) of the target, amodified version of RFdiffu-
sionwas trained that permits specification of the secondary structure
of aregion, along with its sequence. The training strategy largely fol-
lowed that used to train previous RFdiffusion models®?, with some
modifications. Asummary is provided below.

Foranoverview of ‘base’ RFdiffusion training, Rfdiffusion’is a denois-
ing diffusion probabilistic model, which is fine-tuned from the Rose-
TTAFold structure prediction model*?, In RFdiffusion, the N-Ca-C
frame representation (translation and orientation) of protein back-
bones®* is used, and, over 200 discrete timesteps, these backbone
frames are corrupted following a defined forwards noising process that
noises these frames to distributions indistinguishable from random
distributions (three-dimensional Gaussian distribution for translations
and uniform SO(3) distribution for rotations). RFdiffusionis trained to
reverse this noising process, predicting the true (X0) protein structure
ateachtimestep of prediction (starting from randomly sampled transla-
tions and rotations). Successive predictions are used to ‘self-condition’

predictions through an inference trajectory, and mean squared error
losses minimize the error between forwards and reverse processes.
Full details of training are described in Watson et al.>.

For modifications to permit secondary structure specification of
the target, as in the original RFdiffusion fine-tuned for protein binder
design, RFdiffusion was trained 50% of the time on single chains from
the PDB <384 amino acids in length, and 50% on heterocomplexes.
In the latter case, one chain (less than 250 amino acids in length) was
designated the ‘binder’, and when necessary the other ‘target’ chain
was radially cropped around the interface (to 384, whichiis the length
of the binder residues). For single-chain examples, 20% of the time,
the whole backbone was noised; in the other 80% of cases, 20-100%
of the protein backbone was noised. For heterocomplex examples,
the whole binder chain was noised. In addition, and in contrast to the
original RFdiffusion model trained for proteinbinder design, up to 50%
ofthe noised monomer structure had sequence provided in the noised
region. For heterocomplexes, up to 50% of the target chain backbone
was also noised, whereas its sequence was provided to RFdiffusion.
This permits RFdiffusion to condition on the sequence of the target
chainin the absence of three-dimensional structure.

To permit specification of the secondary structure of the target (when
three-dimensional coordinates are not provided), secondary structure
and ‘block adjacency” information were provided to RFdiffusionin
exactly the manner described in Watson et al.’. Inbrief, 50% of the time,
RFdiffusion was provided with a (partially masked; 0-75%) secondary
structure of the example protein chain or heterocomplex, and (an
independently sampled) 50% of the time a (partially masked; 0-75%)
block adjacency of the protein chain or heterocomplex. In addition,
50% of the time, the whole interchain block adjacency was masked
in heterocomplex examples. This permits RFdiffusion to condition
on a (partially) pre-specified secondary structure (and/or adjacency
information) of the target. This version of RFdiffusion was trained for
seven epochs.

To design binders using RFdiffusion through secondary structure
specification, for each target, approximately 10,000 diffused designs
were generated through sequence input of the target with the addi-
tional secondary structure specification. The resulting library of back-
boneswere sequence designed using ProteinMPNN?, followed by AF2 +
initial guess®. Theresulting designs were filtered in the same way as the
designs from the aforementioned sequence input diffusion process.

Backbone extension for VP48 binder design

During the design campaign, not all designs provided sufficientinterac-
tions to the whole sequence of the target, especially the loopy regions.
To explore and guide RFdiffusion to make more interactions around
certainregions, we selected 20 AF2 passing designed complexes from
theround one design campaign, based on the above criteriaand manual
selection. For each base design, we requested RFdiffusion to extend
the binder backbone with 10-20 amino acids from either N terminus,
Cterminus or both (depending on where theloopy region waslocated).
Thiswas done with the inpaint flavour published inthe original RFdiffu-
sionwork®. Two thousand designs were performed each run, followed
by the same MPNN and AF2 predictions as above.

Computationalfiltering

Precise metrics cut-offs changed for each design campaign to get to
anorderable set, butlargely focused oninterface pAE_interaction <10,
pLDDT > 90, number of hydrogen bonds > 11, RMSD < 0.5, sap score <45
and Rosetta ddG < —40 (ref. 26).

Computational time and hardware usage

A typical binder design task, generating an approximately 80-150
residuebinder, each backbone design using RFdiffusion took approxi-
mately 25-30 swhenrunon asingle NVIDIARTX2080 or A4000 GPU,
using one CPU core and approximately 8 GB of RAM. The subsequent



sequence design step using ProteinMPNN was notably faster and less
resourceintensive, requiring less than 0.5 s per backbone on astandard
CPU (for example, Intel Xeon E5-2680).

Gene construction of designed binders

The designed protein sequences were optimized for expression in
Escherichiacoli.Linear DNA fragments (eBlocks, Integrated DNA Tech-
nologies) encoding design sequencesincluded overhangs suitable for
Golden Gate cloning into the LM670 vector (Addgene #191552) for
protein expression in E. coli. LM670 is a modified expression vector
containing a kanamycin resistance gene, a ccdB lethal gene between
Bsal cut sites and a C-terminal hexahistidine, commonly referred to
as His tag.

Binding screening

For screening for all designs except the ones of partial diffusion design
for amylin-68n (Fig. 2a), the designs were screened by BLI (method
details described below). Linear gene fragments encoding binder design
sequences were cloned into LM670 using Golden Gate assembly. Golden
Gate subcloning reactions of binders were constructed in 96-well PCR
platesin4 plvolume. One microlitre reaction mixtures were thentrans-
formedintoachemically competent expressionstrain (BL21(DE3)). After
1-hrecovery in 100 pl SOC medium, the transformed cell suspensions
were directly transferred into a 96-deep-well plate containing 900 pl
of LB mediawith kanamycin. After overnightincubationin37 °C,100 pl
of growth culture was inoculated into 96-deep-well plates containing
900 pl of auto-induction media (autoclaved TBIl media supplemented
withkanamycin,2 mMMgSO0,,1x 5,052). After overnightincubation (6 h
at37 °Cfollowed by additional 18 hat 30 °C), cells were harvested by cen-
trifugation (15 minat4,000g). Bacteria were lysed for 15 minin 200 pl
lysis buffer (1x BugBuster (70921-4, Millipore), 0.01 mg mI™ DNAse, and
1tablet of Pierce protease inhibitor tablet per 50 ml culture). Lysates
were clarified by centrifugation at 4,000gfor 10 min, before purification
onNi-charged MagBeads (L00295, Genscript; wash buffer (25 mM Tris
pH8.0,300 mM NaCland 30 mMimidazole) and elution buffer (25 mM
TrispH8.0,300 mM NaCland 400 mMimidazole)). Subsequently, the
elutions were directly subjected toaBLItest and the final concentration
was approximately 1 M. The designs exhibiting binding signals were
subsequently analysed by BLI through titration.

For amylin-68n, the designs from partial diffusion were expressed
and purified using the same way as mentioned above. Inaddition to the
designs, plasmids expressing target peptide fused with sSfGFP (no His
tag) were transformed into BL21 (DE3) cells, and overnight outgrowths
were cultured in 5 ml of LB media with kanamycin. After overnight
incubationin37 °Cand 250 rpm, growth cultures were inoculated into
50 ml auto-induction media. After overnight incubation in 37 °C and
250 rpm, cells were harvested by centrifugation (15 min at 4,000g),
thenresuspendedin20 mllysis buffer (25 mM Tris-HCI, 150 mM NaCl,
0.1 mg ml™lysozyme, 10 pg ml™” DNAse land 1 mM PMSF). Of lysate of
each binder, 100 pl was mixed with 100 pl of lysate of target peptide
fused with sfGFP and incubated at room temperature for 15 min for
co-lysis and target binding to the binders. Mixed lysates were applied
directlytoalOO0 plbed of Ni-NTA agarose resinina 96-well fritted plate
equilibrated with a Tris wash buffer. After sample application and flow
through, the resin was thoroughly washed, and samples were eluted
in 200 pl of a Tris elution buffer containing 300 mM imidazole. All
eluates were sterile filtered with a 96-well 0.22-umffilter plate (203940-
100, Agilent) before size-exclusion chromatography. Protein binders
were then analysed for target binding via sfGFP co-elution with the
His-tagged binder. High-performance liquid chromatography (HPLC)
analyses were conducted using an Agilent HPLC system (Agilent 1260
Infinity I Liquid Chromatography system). Co-lysates wererunona
Superdex200 Increase 5/150 GL column (28990945, Cytiva) with buffer
of 25 mM Tris-HCland 150 mM NaCl. To assess the binding interaction
betweenthetarget and the binder, we monitored the elution profile of

sfGFP using an absorbance wavelength of 395 nm, alongside asimulta-
neous measurement at 280 nm for total protein content to determine
the extent of overlap between 395 nm and 280 nm, whichindicatesthe
binding interaction.

Medium-scale protein expression and purification

For further validation, theinitial hits were expressed at the 50-ml scale
viaauto-induction for approximately 24 h, inwhich the first 6-h cultures
were grown at 37 °C and the remaining time at 22 °C. Cultures were
harvested at 4,000g for 10 min and resuspended in approximately
20 mllysis buffer (25 mM Tris-HCI, 150 mM NaCl, 0.1 mg mllysozyme,
0.01mg mI” DNAse, 1 mM PMSF and 1tablet of Pierce protease inhibitor
tablet per 50 ml culture). Sonication was performed with afour-prong
head for 5 mintotal, 10-s pulse on-offat 80% amplitude. Theresulting
lysate was clarified by centrifugation at 14,000g for 30 min. Lysate
supernatants were applied directly to a1-ml bed of Ni-NTA agarose
resinequilibrated. After sample application and flow through, the resin
was thoroughly washed, and samples were eluted by an elution buffer
containing 400 mM imidazole. After elution, protein samples were
filtered and injected into an autosampler-equipped Akta pure system
on aSuperdex S75 Increase 10/300 GL column at room temperature.
Thesize-exclusion chromatography running buffer was 25 mM Tris-HCI
and 150 mM NaCl pH 8. Protein concentrations were determined by
absorbance at 280 nmusing a NanoDrop spectrophotometer (Thermo
Scientific) using their extinction coefficients and molecular weights
obtained from their amino acid sequences.

BLIbinding experiments
BLIexperiments were performed onan Octet Red96 (ForteBio) instru-
ment, with streptavidin-coated tips (18-5019, Sartorius). Buffer com-
prised 1X HBS-EP+ buffer (BR100669, Cytiva) supplemented with
0.1% w/v bovine serum albumin. Before target loading, each design
was tested for binding against unloaded tips. Of biotinylated target
protein, 50 nMwas loaded on the tips for 50 s followed by a 60-s base-
line measurement. After loading, all designs underwent a 60-s base-
line, 300-1,200-s association and 200-800-s dissociation. Baseline
measurements of unloaded tips were subtracted from their matched
measurement of the loaded tip. The hits were taken forwards for fur-
ther titration experiments, for which concentration, association and
dissociation times were chosen based on apparent affinity from the
single-point screen. Global kinetic fitting was used to determine K
across the dilution series.

In the specificity test of the designed binders, final concentrations
were2,0.667 and 0.222 pM for mostbinders; 0.833,0.277 and 0.093 pM
for VP48; and 5,2 and 0.555 pM for BRCA1_ARATH-35 and FUS-40.

Circular dichroism experiments

For circular dichroism experiments, designs were diluted to 0.4 mg ml™
in25 mM Tris-HCland 150 mM NaCl. Spectrawere acquired onaJASCO
J-1500 circular dichroism spectrophotometer. Thermal melt analyses
were performed between 25 °C and 95 °C, measuring circular dichroism
at 222 nm. All reported measurements were acquired within the linear
range of the instrument.

Affinity enrichment of amylin analysed by LC-MS/MS

Bead preparation. Anti-amylin binder-coated beads were prepared
by conjugating each amylin-targeted binder (amylin-68n) to paramag-
netic M280 tosylactivated beads (Invitrogen). Each sample reaction
conjugated 1 pgof binder to 225 pg of beads. Beads were blocked with
asolution of 0.01% bovine serum albumin (BSA) in 0.2 M Tris to mini-
mize nonspecific interactions. An off-target binder-conjugated bead
wasincluded for quantification of nonspecific binding. ABSA-blocked
bead without abound binder was used as a negative control, and an
anti-GPVGPSGPPGK (GPVG) peptide monoclonal antibody-conjugated
bead was used as a positive control for the affinity binding step.
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Sample preparation. Human amylin peptide (non-amidated) was
purchased from Anaspec and reconstituted to 2 mg ml™ in dimethyl-
sulfoxide (DMSO). A secondary peptide stock (diluted into 50 pM in
5% acetonitrile, 0.1% formic acid and 0.01% BSA in water) was reduced
with dithiothreitol (10 mM final concentration) and alkylated with
iodoacetamide (30 mM final concentration). Excess iodoacetamide
was quenched with additional dithiothreitol (5 mM final added con-
centration). This solution was diluted to aworking stock of 10 pM with
dilution solvent. Aliquots of the working stock were made in 1.5-ml
LoBind tubes and stored at 20 °C toavoid repeated freeze-thaw cycles.

Human specimens. Human plasmasamples were composed of pooled
de-identified leftover clinical samples obtained fromthe clinical labo-
ratories at the University of Washington Medical Center. The use of
de-identified leftover clinical samples was reviewed by the University
of Washington Human Subjects Division (STUDY00013706).

Affinity enrichment. Amylin capture experiments were performed
using three types of coupled beads (amlin-68n, an off-target binder and
BSA blocked) in PBS containing 0.1% CHAPS as well as pooled normal
human EDTA-anticoagulated plasma.

Samples were prepared by spiking the working stock of alkylated
amylintoafinal concentration of 20 nMin100 pl of either PBS-CHAPS
or pooled plasma. Additional PBS-CHAPS was added to each sample,
followed by coupled beads. GPVG peptide and anti-GPVG monoclonal
antibody-conjugated beads were added to each sample as a positive
control. The mixtures were shaken for 1h at 900 rpm and room tem-
perature (Thermomixer, Eppendorf). The supernatant was removed
and the beads were washed twice with 200 pl of PBS-CHAPS. Bound
peptides were eluted in 50 pl of elution solvent (20% acetic acid,
10% acetonitrile, 10% DMSO and 0.001% BSA in water) with shaking for
8 min (900 rpm at room temperature). Eachbead type (two anti-amylin
binders, one off-target binder and one BSA blocked) was assessed in
separate samples and each was prepared in triplicate.

Sample analysis was performed by LC-MS/MS using aShimadzu Nex-
era LC-XR HPLC coupled to a Sciex 6500+ triple quadrupole tandem
mass spectrometer in multiple reaction monitoring mode. Specifica-
tions for the liquid chromatography, mass spectrometer and multiple
reaction monitoring methods areincludedin Supplementary Tables 3-5.

Data analysis. Data processing was performed with Skyline Daily

(v23.1.1.459). Chromatographic peak areawas calculated by summing the

peakareaof all transitions for each peptide. The chromatographic peak

areas observed during blank (elution solvent) injections were subtracted

asbackground from sample peak areas before performing further data

reduction. The signal from BSA and GPVG beads was for quality control

oftheassay and evaluated before processing of the experimental data.
Seven types of samples were analysed:

(1) Group A: alkylated amylin peptide spiked directly into elution sol-
vent served as the reference peak area for 100% recovery of amylin
peptide.

(2) Group B: paramagnetic tosyl-activated beads conjugated to an
off-targetbinder wereincubated in PBS-CHAPS spiked with alkylat-
ed amylin. The peak area of this negative control was used to quan-
tify nonspecific binding.

(3) Group C: amylin-targeted binders conjugated to paramagnetic
tosyl-activated beads were incubated in PBS-CHAPS spiked with
alkylated amylin. The peak areas of these samples were used to
quantify the percent recovery of amylin by affinity enrichment.

(4) Group D: an off-target binder conjugated to paramagnetic tosyl-
activated beads was incubated with unspiked plasma. The peak area
of this negative control was used to quantify the nonspecific signal
from beads binding to plasma components.

(5) Group E: amylin-targeted binders conjugated to paramagnetic
tosyl-activated beads were incubated with unspiked plasma.

The peak areas observed in these samples were used to quantify the
nonspecific signal from the binders binding to plasma components
(thatis, assuming no non-amidated amylin in normal plasma).

(6) Group F: an off-target binder conjugated to paramagnetic tosyl-
activated beads was incubated with spiked plasma. The peak area
of this negative control was used to quantify nonspecific binding.

(7) Group G: amylin-targeted binders conjugated to paramagnetic
tosyl-activated beads were incubated with spiked plasma. The peak
areas of these samples were used to quantify percent recovery of
amylin by affinity enrichment.

The percent recovery of each binder-coated bead type was calcu-
lated using equation (1) provided in Supplementary Information. The
percentrecovery of each binder-coated bead type was analysed using
Graph Pad Prism 8.

Preparation of SSM libraries

Saturation mutagenesis (SSM) was performed on all designs to gain
a better understanding of the peptide-binding modes. CP-35 was
selected for detailed analysis due to its structural complexity and the
high-quality SSM data obtained. For CP-35, we ordered a SSM library
coveringallthe 159 amino acids. The chip-synthesized DNA oligos for
the SSMibrary were then amplified and transformed to EBY100 yeast
togetherwithalinearized pETCON3 vector. Each SSMlibrary was sub-
jected to an expression sort first, in which the low-quality sequences
dueto chip-synthesizing defects or recombination errors were filtered
out. The collected yeast population, which successfully expresses the
designed mutants, were regrown and subjected to the next round of
peptide-binding sorts. Two rounds of with-avidity sorts were applied at
1M concentration of CP followed by one round of without-avidity sorts
with CP concentrations at 200 nM, 40 nM, 8 nM, 1.6 nM and 0.32 nM.
The peptide-bound yeast populations were collected and sequenced
using the lllumina NextSeq kit. The mutants were identified and com-
pared withthe mutantsin the expression libraries. Enrichment analysis
was used to identify beneficial mutants and provide information for
interpreting the peptide-binding modes. For each mutant, the fraction
of cellscollected ineach of the five titration sorts of decreasing concen-
tration was measured. The sorting concentration 50, the concentration
at which 50% of the expressing cells are collected, was calculated and
plotted in heatmaps for SSM analysis.

X-ray crystallography
We attempted to solve structures for all of our designs, but only the
amylin and G3BP1 complexes successfully crystallized.

Crystallization experiments were conducted using the sitting drop
vapour diffusion method.

Initial crystallization trials were set up in 200-nl drops using the
96-well plate format at 20 °C.

Crystallization plates were set up using a Mosquito LCP from SPT
Labtech, thenimaged using UVEX microscopes and UVEX PS-256 from
JANScientific. Diffraction quality crystals formedin 0.1 M succinicacid,
sodium phosphate monobasic monohydrate, glycine mixture at pH 6
and 30% w/v PEG1000 for amylin-22. For G3BP1-11, diffraction quality
crystalsappearedin 0.05 M calcium chloride dihydrate, 0.1 M Bis-Tris
pH 6.5, and 30% v/v polyethylene glycol monomethyl ether 550. For
amylin-18,, diffraction quality crystals appeared in 3.2 Mammonium
sulfate and 0.1 M citrate pH5.0.

Diffraction data were collected at the National Synchrotron Light
Source Il on beamline 17-ID-1 (AMF) for amylin-18,, and amylin-22,, .
Diffraction data were collected at the Advanced Light Source beam-
line 821 for G3BP1-11. X-ray intensities and data reduction were evalu-
ated and integrated using XDS** and merged/scaled using Pointless/
Aimless in the CCP4 program suite*. Structure determination and
refinement starting phases were obtained by molecular replacement
using Phaser (v2.5.0)* using the designed model for the structures.



Following molecular replacement, the models were improved using
phenix.autobuild, with rebuild-in-place to false and using simulated
annealing. Structures were refined in Phenix (v1.21.1.5286)*. Model
building was performed using Coot (v0.9.8.7)*. The final model was
evaluated using Molprobity (v4.5.2)*. Data collection and refinement
statistics have beenrecorded in Extended Data Table 1. Data deposition,
atomic coordinates and structure factors reported in this paper have
been deposited in the PDB (http://www.rcsb.org/) with the accession
codes 9CC5,9CC6 and 9NZH, respectively.

We used PyMOL (v2.4.0) and UCSF Chimera (v1.14) for generating
figures.

Cell culture

HeLacells (from the American Type Culture Collection) were cultured
in DMEM (11965-092, Gibco) at 37 °C in a humidified atmosphere
containing 5% CO,, supplemented with 10% (v/v) FetalClone Il serum
(SH3006603, Cytiva) and 1% penicillin-streptomycin (15140122,
Thermo Fisher).

CRISPR-Cas9 knockout of IL2RG

Pooled /L2RG-knockout HeLa cells were generated using the Gene
Knockoutkit V2 from Synthego, using multi-guide single guide RNA tar-
geting /L-2RG (guide 1: CAUACCAAUAAUGCAGAGUG guide 2: UCGAGU
ACAUGAAUUGCACU and guide 3: GAAACACUGAGGGAGUCAGU).
The ribonucleoprotein complex with a ratio of 4.5:1 of single guide
RNA and Cas9 was delivered following the protocol of the SE Cell Line
4D-Nucleofector X Kit S (V4XC-1032, Lonza), using the nucleofection
program CN-114 on the Lonza 4D X unit.

Transient transfection

Plasmids for binder-mScarlet, IL-2RG-eGFP, and other target-eGFP-
mito-tag were either synthesized and cloned by Genscript or construc-
tedin-house.HelLacells were seeded at 70-80% confluency inacham-
bered coverslip with 18 wells (81816, ibidi). At the same time, HeLa cells
werereverse transfected using Lipofectamine 3000 transfection reagent
(L3000008, Thermo Fisher) according to the manufacturer’s protocol.

Fluorescence imaging

Four-colour, 3D images were acquired with a commercial OMX-SR
system (GE Healthcare). Toptica diode lasers with excitation at 488 nm
and 568 nmwere used. Emission was collected on three separate PCO.
edge sCMOS cameras using an Olympus x60 1.42 NA plan apochromat
oilimmersionlens. Images (512 x 512; pixel size of 6.5 pm) were captured
with nobinning. Acquisition was controlled with AcquireSR Acquisition
control software. Z-stacks were collected with a step size of 250 nm.
Images were deconvolved in SoftWoRx 7.0.0 (GE Healthcare) using the
ratio method and 200-nm noise filtering. Images from different colour
channels were registered in Soft WoRx using parameters generated
fromagold grid registration slide (GE Healthcare).

Forimagingstress granules, cells were washed twice with FluoroBrite
DMEM imaging media and subsequently imaged in the same mediain
the dark at roomtemperature. Epifluorescence imaging was performed
onaYokogawa CSU-X1spinning dish confocal microscope with either
aLumencor Celesta light engine with seven laser lines (408, 445, 473,
518, 545, 635 and 750 nm) or a Nikon LUN-F XL laser launch with four
solid-state lasers (405, 488, 561 and 640 nm), x40/0.95 NA objective
or x60/1.4 NA oilimmersion objective and a Hamamatsu ORCA-Fusion
scientific CMOS camera, both controlled by NIS Elements 5.30 software
(Nikon). The following laser and filter combinations (centre/band-
width) were used: excitation of 473 nm and emission of 525/36 nm for
GFP, and excitation of 545 nm and emission of 605/52 nm for RFP. Expo-
sure times were 500 ms for all channels, with no emission gain setand
no neutral density filter added. All epifluorescence experiments were
subsequently analysed using ImageJ (v1.54p). Brightfield images were
acquired onthe ZOE Fluorescent Cell Imager (Bio-Rad).

ThT fluorescence assay

Amylin fibrils at various growth stages (0, 3 and 24 h) were adequately
mixed with ThT at a molar ratio of 1:1 and added into 96-well-plates
containing different types and concentrations of binders (amylin-75,
amylin-36, amylin-22 and amylin-68n). The samples were then incu-
bated at 37 °C for 1-18 hwith 600 rpm orbital shaking. ThT fluorescence
signals were measured using a Thermo Varioskan Flash Multi Detection
Microplate Reader (0 and 3 h) or a Perkin EImer EnSight Multifunctional
Microplate Reader (24 h) with excitation wavelength at 440 nmand an
emission wavelength at 482 nm.

NS-EM experiment

Samples for NS-EM were dropped onto freshly glow-discharged carbon-
coated copper grids and incubated for 1 min, and excess sample was
removed by blotting on filter paper. The grids were then stained with
2% (w/v) uranylacetate for 1 min, and excess uranyl acetate was blotted
off. Finally, the grids were examined using a Tecnai Spirit transmission
electron microscope (FEI) at an acceleration voltage of 120 kV.

Lysosomal trafficking of amylin monomers and fibrils

HEP3B cells (obtained from the American Type Culture Collection) were
plated onto eight-well Labtek slides overnight. Onthe day of the treat-
ment, biotinylated amylin monomers or fibrils were complexed with
AlexaFluor 647-labelled streptavidin (Thermo Fisher) at 500 nM. These
were then pre-complexed with amylin-36 or amylin-36-EndoTags, and
cells were treated with this complex for 20 h. Cells were then fixed with
4% paraformaldehyde, permeabilized and stained with LAMP1 mono-
clonal antibody (H4A3), Alexa Fluor 488 (MA5-18121, Thermo Fisher;
1:200 dilution), followed by goat anti-mouse IgG (H + L) cross-adsorbed
secondary antibody, Alexa Fluor 488 (A-11001, Thermo Fisher; 1:500
dilution) and counterstained with DAPI. Cells were washed with DPBS
and imaged with a Nikon AIR confocal microscope using a Plan Fluor
x60, 1.30 NA oil objective. The following laser settings were used:
405-nm violet laser, 488-nm blue laser and 639-nm red laser. Quanti-
fication of internalized amylin fibrils (left) and monomers (right) by
flow cytometry was analysed using Graph Pad Prism 8. Flow cytometry
was performedin Attune NxT flow cytometer (Thermo Fisher). The data
were analysed in FlowJo (v9) software. The FACS sequential gating/
sorting strategy is shown in Supplementary Fig. 1.

PhaseScan
Droplet microfluidic experiments using PhaseScan® were perfomed
as previously described***°.

Experiments were conducted under physiological conditions with
150 mM KCl and 50 mM Tris-HCl at pH 7.4. In all cases, 2% w/v PEG
10 K (Thermo Fisher Scientific) was added to the solutions. A10 pM
solution of G3BP1-emerald in physiological buffer was prepared by
diluting the protein from a stock solution in 1 M KCl and 50 mM Tris
pH 7.4.In addition, a stock solution of the binder G3BP1-11 was pre-
paredat 20 pMin physiological buffer. A200 ng pl polyA RNA (Merck)
solution, labelled with 3 uM Alexa Fluor 647 for concentration meas-
urement, was also prepared. For the microfluidic experiment, four
aqueous solutions containing protein, binder, RNA and buffer, along
with an oil solution for droplet generation (HFE-7500 mechanical
oil with 1.2% Bio-RAN), were used. These solutions were loaded into
five separate inlets on a microfluidic chip via pressure control pumps
(LineUp Flow EZ, Fluigent). The three aqueous solutions were mixed in
asingle channel before reaching the dropletjunction, where droplets
were formed by oil flow at 100 pl h™. By varying the flow rates of the
protein, RNA and buffer solutions between 5 and 54 pl h™ while main-
taining a constant flow of 21 pl h™ for the binder (0 pl h™ for the con-
trol), droplets of uniform size and binder concentration but varying
proteinand RNA concentrations were generated. These droplets were
incubated for 4 min in the microfluidic chip as they moved through
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the incubation channel before entering a wider imaging chamber,
where their flow slowed, allowing imaging. Droplets were imaged in
continuous flow every 4 s using an openFrame epifluorescent micro-
scope (Cairn Research) equipped with a x10 air objective (Nikon CFI
PlanFluor) and adichroicfilter set (Cairn Research) to simultaneously
capture two wavelengths (488 nmand 647 nm). Crosstalk calibration
images were acquired by flowing single-dye droplets through the
chip, with fluorescence in the other two channels used for crosstalk
correction. Microscopic images of both phase-separated and homo-
geneous droplets were analysed using a custom Python script (Python
v3.9.7). Droplets were identified through circle detection and filtered
based onshape and radius to exclude erroneous detections. For each
wavelength, fluorescence intensity — after illumination background
subtraction — was mapped to a linear intensity—concentration fit,
defined from the 1st to 99th percentile of fluorescence intensity rela-
tive to stock concentration. A convolutional neural network, trained on
human-annotated data, classified droplets as either phase separated
or homogeneous. Phase diagrams were generated, with each data
pointrepresenting anindividual droplet. Colouring reflects the local
average of phase-separation classificationin droplets with similar com-
positions, providing a consensus measurement of phase-separation
probability across phase space.

Statistics and reproducibility
All experiments, including those shown in Figs. 5a,b and 6a,b, were
independently repeated at least three times with similar results.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Alldataareavailablein the main text or as Supplementary Information.
Crystal structures of amylin-18,,, amylin-22,, and G3BP1-11 have been
deposited in the PDB, with the accession IDs 9NZH, 9CC5 and 9CCé6,
respectively. Sequences of the binders described in this paper are in
Supplementary Table 1. Design models are available at Zenodo: https://
doi.org/10.5281/zenodo0.16163643.

Code availability

Code explanation and examples of binder design using RFdiffusion
canbe found on GitHub (https://github.com/RosettaCommons/RFdif-
fusion). The relevant code examples can be found in the ‘examples’
folder for reference: examples/design_ppi_flexible_peptide.sh for
sequence input diffusion; examples/design_ppi_flexible_peptide_with_
secondarystructure_specification.sh for secondary structure specifica-
tion; and examples/design_partialdiffusion_withseq.sh for two-sided
partial diffusion. The model weights used in this work (InpaintSeq_
ckpt.ptandInpaintSeq_Fold_ckpt.pt) have been mirrored on Zenodo®
(https://doi.org/10.5281/zenod0.15453428) to ensure accessibility
andreproducibility. The sequence input diffusion protocol uses both
InpaintSeq_ckpt.pt and InpaintSeq_Fold_ckpt.pt; the latter biases the
target conformation towards strand formation. Secondary structure
specification uses InpaintSeq_Fold_ckpt.pt. Two-sided partial dif-
fusion uses InpaintSeq_ckpt.pt. In addition, the code has also been
deposited in Code Ocean®® (Capsule title: Diffusing protein binders to
intrinsically disordered proteins; available at https://doi.org/10.24433/
C0.0868770.v1).
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Extended DataFig.1|Diffusing de novo binder design to amylin. a, Top, the
designed structures of four initial hits, Amylin-1227,-4036, -4188,-562, which
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interferometry (BLI) result of the four hits revealing the binding affinity of the
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initial hit CP-95which was also the starting point of two-sided partial diffusion.
e, TheBLIdatarevealed that the binding affinity of the initial hit CP-95is16 pm.
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f,Scatter plot showing the distribution of designs based on the number of
hydrogen bonds (hbond_number) and the RMSD of the binder (rmsd_binder).
Eachblue dotrepresentsadesign, while the red dot marks a validated hit. The
dashedblacklinesindicate the cutoffvalues based on theinitial hit criteria
(hbond_number =13 and rmsd_binder = 0.545). gandj, Circular dichroism data
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and arestable up to 95 °C (inset). h,Jpred4 predictions for VP48, indicating
VP48 doesn’t have secondary structure propensity. i, Predicted disorder profiles
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segments. Combined with the low pLDDT scores predicted by AlphaFold (Fig. 1A),
theseresults suggest that VP48is structurally ambiguous.
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binder BRCA1_ARATH-35 (d) and FUS-40 (h) have helical secondary structure
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Extended DataFig. 5| Diffusing de novo binder design to G3BP1*®°, a, IUPred3
predictions for the C-terminus of G3BP1, with the targeted regions highlighted
byblack dashed boxes and the corresponding sequences showninblue, indicating
that the segment wetargeted on G3bplisintrinsically disordered.b,JPred4
secondary structure predictions for the same regions on G3BP1; no secondary
structureis predicted within the targeted region. c, Comparative analysis

of structural outcomes between sequence input and strand specification
approachesin proteindesign. The table presents the number of designs (10k)
and thedistribution of secondary structures (helix:strand:loop) for both
methods. This table counts the successful cases where the pAE_interactionis

lessthan10 and the plddt_binder scoreis greater than 90, noting 23 successes
withsequenceinputand 1,192 with strand specification. This reflects an
approximately 51-fold increase in efficacy with the strand specification method,
highlightingits superior performancein achieving desired structural
configurations.d, The 23 successful cases designed using sequence input
RFdiffusion all feature targets in strand conformation. e, Design models (top)
and BLI data (bottom) of the four initial hits of G3BP1**° which was also the
starting point of two-sided partial diffusion. f, Circular dichroism data show
thatthe G3bpl-11binder has helical secondary structure andis stable up to
95°C (inset).
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Extended DataFig.7| Crystal structure of Amylin-18,;and SSM analysis of
CP-35.a, Left, the designed model of Amylin-18 5, with target and binder proteins
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Amylin-18,5at2.0 A-resolution, with target and binder proteins rendered in
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crystalstructure of Amylin-18,4. Right, magnified views of the regions indicated
withblue dotted frames in the left panel. The crystal structure of Amylin-18 5

closely recapitulates the design model, with aCaRMSD 0.741 A for entire
complexbetween designand crystal structure. The interfaceresidues are
nearly perfectly aligned with the design model structure, showinginterface Ca
andsidechain RMSD of 0.958 and 1.279, respectively. ¢, The crystal structure of
G3bpl-11, positioned 4 A away from the target on the binder, is marked in blue.
d, FullSSM maps for the design of CP-35. e, Zoomed-in views of the residues
presentedinthesurfaceregion,asshowninFig.3e.
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Extended DataFig. 8| Designed binders show high specificity for their experiments at three concentrations. Amylin-68n,s, =365, ~7544, =225 are
targets. Biotinylated peptides were immobilized onto octet streptavidin abbreviated as Am68n,Am36, Am75and Am22, respectively. The designed

biosensors atequal densities and incubated with all bindersin separate on-targetinteractions areindicated withalight red background.
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Extended DataFig. 9| Point mutations atbinder-targetinterfaces disrupt
binding, while the designs inhibit Amylin fibril formation and dissociate
existing fibrils. a-c, Designed complex structures of binders (light pink) in
complex with their respective IDP targets (slate) amylin (a, binder Amy36 as
representative), C-peptide (b), and VP48 (c). Point mutations introduced at the
predictedinterface are highlighted with arrows and dashed circles: L12T and
L16T foramylin; L26T and L30T for C-peptide; and M10K and L24T for VP48.

+Buffer 18 h

d, Amylin binders Amylin-22., and Amylin-36,;inhibit fibril formationina
concentration-dependent manner. The initial concentration of Amylin monomer
was 10 uM, with subsequent additions of bindersat2.5 pM, 0.25 uM, and
0.025 puM, establishing molar ratios of binder to Amylin of1:4,1:40,and 1:400,
respectively. e f, Negative stain electron microscopy images were taken of

40 pM Amylinmonomer samples following the addition of 10 uM Amylin-36,, (e)
and Amylin-22;, (f)at1hand18 h, respectively. Scalebars,100 nm.
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Extended DataFig.10 | The effect of the binder on G3bp1 phase separation at higher polyA RNA concentrations. Phase diagrams comparing the effects of the
G3BPI-11binder (left) and control (right) on phase separation between G3BP1and RNA over an RNA concentration range of 0-150 ng/pl.
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Extended Data Table 1| Crystallographic data collection and refinement

Amylin-22,5 (PDB

G3bpl-11 (PDB Code:

Amylin-18,5 (PDB

Code: 9CC5) 9CC6) Code: 9NZH)
Data collection
Space group P2,2;2 P2 P3,21
Cell dimensions
a,b,c(A) 33.33,34.51, 127.68  38.43, 42.39, 40.63 59.19, 59.19. 90.94
o, B,y (°) 90, 90, 90 90, 105.53, 90 90, 90, 120
Resolution (A) 33.32-1.87(1.94 - 31.43-2.40(2.48-2.40) 34.02-2.03(2.14—
1.87) 2.03)
Rsym OF Rmerge 0.159 (1.790) 0.033 (0.623) 0.246 (1.265)
1/col 7.9 (1.2) 11.0 (2.2) 5.1(1.6)
Completeness (%) 99.38 (99.28) 93.38 (92.0) 100 (100)
Redundancy 6.6 (6.8) 5.3(5.0) 6.6 (5.9)
Refinement
Resolution (A) 33.32-1.87(1.94 - 31.43-2.40(2.48-2.40) 34.02-2.03(2.14-

1.87) 2.03)
No. reflections 12756 (1372) 4697 (410) 12376 (1353)
Ruwork / Riree 0.2256 (0.2949)/ 0.2199 (0.2709)/ 0.1841 (0.2594)/
0.2721 (0.3400) 0.2567 (0.2856) 0.2351 (0.3298)
No. atoms
Protein 1289 1190 1336
Ligand/ion n/a n/a n/a
Water 46 7 78
B-factors
Protein 35 46 30
Ligand/ion n/a n/a n/a
Water 40 43 33
R.m.s. deviations
Bond lengths (A) 0.015 0.003 0.005
Bond angles (°) 1.31 0.60 0.67

*Single crystal used for each data collection. *Values in parentheses are for highest-resolution shell.
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Monoclonal Antibody (H4A3), Alexa Fluor™ 488 (Thermo Fisher, Catalog # MA5-18121)
Validation Goat anti-Mouse 1gG (H+L), Alexa Fluor™ 488 (Thermo Fisher, A-11001) is a secondary antibody validated by the manufacturer for

immunofluorescence. It targets mouse IgG heavy and light chains. LAMP1 Monoclonal Antibody (H4A3), Alexa Fluor™ 488 (Thermo
Fisher, MA5-18121) is validated by the manufacturer for flow cytometry and immunofluorescence. It reacts with human and mouse
LAMP1 and shows expected lysosomal localization.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Hela cells, HEP3B cells
Authentication The cell lines were not authenticated further after purchase.
Mycoplasma contamination Cell lines have not recently been tested for mycoplasma contamination
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(See ICLAC register)
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Methodology

Sample preparation The cells were first incubated with corresponding protein reagents for indicated time at 37 °C, then washed with cold PBS




Sample preparation three times. The cells were then stained with corresponding fluorescence-labeled antibodies against the
corresponding receptor for 1 hour at room temperature. After washing three times with cold PBS for flow cytometry, flow
cytometry was performed in Attune NxT flow cytometer (Thermo Fisher). The data was analyzed in FlowJo software.

Instrument Sony SH800 / Thermo Attune NxT
Software Sony SH800S software / Sony Attune NxT software / FlowJo v9
Cell population abundance For mammalian cell internalization / surface binding assay, at least 2,000 mammalian cells were collected and resuspended in

flow focusing buffer per sample.

Gating strategy For mammalian cell internalization / surface binding assay, the cells were gated based on the major population based on SSC
and FSC.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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