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Constructing artificial assemblies that combine proteins and synthetic
ligands has been hampered by the lack of protein-ligand interfaces that
are sufficiently large and organized to enable precise structural control.
Here ribosome display selectionis used to identify a protein that binds a
helical aromatic foldamer both tightly and selectively through a sizeable
surface area. We used this complex as a supramolecular synthon to create
well-defined hybrid foldamer-protein architectures. Examplesinclude
foldamers that bind two proteins and hold them at a precise distance,
proteins that bind two foldamers and crystals in which proteins and
foldamers are connected in cyclic or infinite arrays. The modularity of
aromatic foldamers brings a further dimension to protein-based assemblies.

Artificial protein assemblies may be constructed by programming
protein-proteininteractioninterfaces using either natural or de novo-
designed proteins'®. Rationally organizing the spatial assembly of
proteins using synthetic molecules®, instead of other proteins, is also
desirable asillustrated by current efforts in the development of so-
called molecular glues™, proteolysis targeting chimeras (PROTACs)""°
and hybrid protein frameworks" . However, the co-assembly of pro-
teins and synthetic molecules remains challenging to achieve with high
structural precision. It has been limited by the lack of supramolecular
synthons with asufficiently large and organized protein-ligand inter-
facefor architectural control. Thus, synthetic macrocycles and molecu-
lar tweezers that bind to protein surfaces have been used to organize
the packing of proteins in the solid state but their binding modes are
variable, Conversely, small molecule ligands that selectively bind
protein pockets may not prevent hinge motions, hampering the precise
positioning of alarge appendage such as another protein. Instead, flex-
iblelinkers are generally used, which reduces structural control®. In this
Article, weintroduce a complex between a synthetic helical aromatic
foldamer and a 7-kDa artificial protein identified by ribosome display
selection. The complex can serve as a supramolecular synthon for
discrete aggregate and lattice construction. As solid-state and solution

structures reveal, the binding interface is sizeable (>700 A?), stable
yet dynamic, and well-defined, allowing for the further elaboration of
both the foldamer and protein components and for the construction
of hybrid assemblies in which proteins are held at precise positionsin
space by synthetic foldamers.

Developing a supramolecular synthon that combines a protein
and a synthetic molecule entailed a judicious choice of both compo-
nents. Synthetic oligomers that fold—foldamers—provide a variety of
medium-sized scaffolds many of which have shown potential tointeract
with proteins'*". In particular, aromatic oligoamide foldamers (AOFs)
such as the oligoamides of 8-amino-2-quinoline carboxylic acid Q**
(Fig.1a) adopt particularly stable and predictable conformations and
canbe tailored to reach sizes that match those of small proteins'. For
example, a simple octamer of Q" remains helically folded at 120 °C
in dimethyl sulfoxide". The surface of AOFs can be decorated with
biogenic-like side chains,' and their main chain can be programmed
to form helices of variable diameter as well as sheets'**. Automated
solid-phase synthesis (SPS) enables direct access to sequences in the
5-10-kDa range?. In principle, these combined features make AOFs
suitable candidates for recognizing large surface areas of proteins.
Efforts have until now focused on AOF design and screening, thatis, on
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Fig.1|Foldamer building blocks, sequences and display selection results.

a, Monomer building blocks for AOFs with their respective letter code used in this
study. Asp, aspartate-like side chain; Sul, sulfonate side chain; Pho, phosphonate-
containing side chain; Orn, ornithine-like side chain; Dap, diaminopropionic
acid-like side chain; Leu, leucine-like side chain; Phe, phenylalanine-like side
chain; Hyd, hydroxy side chain; Dol, diol-containing side chain; Deg, diethylene
glycol-containing side chain; Bio, biotin-containing terminal unit; PEG,
diethylene glycol-containing terminal unit. Colours indicate the chemical nature
ofthe side chains: orange, acidic; blue, basic; black, hydrophobic; green, polar
neutral. Bold bonds define the inner rim of helical oligomers. b, AOF sequences
synthesized, written left to right in the N- to C-terminal direction. In 4, the unit
Disadiacid, resulting in asymmetrical sequence with two C termini. ¢, Crystal
structure of the dodecaamide 1b, shown from side and top view. The right-
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handed conformation is shown. The crystal also contains the left-handed helix.
The bond order and hydrogen atoms are omitted for clarity. d, Crystal structure
of the selected Nanofitin C10 at 1.4 A (Supplementary Fig. 2) shown at the same
scale as the structure of 1bin c. Residues highlighted in pink, including five
aromaticresidues, are at positions randomized in the selection process. The
coiled-coil extension was omitted for clarity. e, BLI sensorgrams of P-1a (blue
curves) and M-1a (red curves) used as ligands on SA biosensors, against Nanofitin
C10 (analyte) ina serial dilution from 250 nM to 62.5 nM in phosphate-buffered
saline with 0.05% Tween 20 (PBST) revealing a dissociation constant (K) of

92 nM for P-1a+C10. f, Circular dichroism (CD) spectra of C10 recorded in ten
steps heating the sample from 5 °C to 95 °C (top). Molar ellipticity (8) recorded at
222 nm heating from 5 °C to 95 °C, then cooling back to 5 °C, showing complete
CDsignalrecovery (bottom).

theidentification of foldamers that bind to a biological protein target
by varying helical® or rod-like”* foldamer main chain and side chain
components. However, structurally characterized complexes between
proteins and helical AOFs are poorly stable (dissociation constant K,
in the micromolar range)® or involve flexible linkers proscribed for
the current purpose®. They thus do not constitute reliable supramo-
lecular synthons. By contrast, the approach followed here consisted
inidentifyingaprotein thatbinds agiven foldamer fromalargelibrary

of proteinsequence variants, leading to a protein-foldamer complex
inwhich both components are artificial.

Toidentify a protein that would tightly bind afoldamer, we turned
to display selection methods, which brought their own challenges.
Antibodies and nanobodies are typical proteins amenable to display
selection. They have flexible loops that can create cavities, and success-
fulexamples of display selection of nanobodies against small molecules
have been reported””. However, their complex structure, relatively
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large size and moderate stability are not ideal to serve as supramo-
lecular synthons. Smaller proteins based on non-immunoglobulin
scaffolds would fare better in this respect. Many such proteins have
been used in display selection to bind to other protein targets®%. Yet
examples of display selection against small synthetic molecules are
rare; they typically involve loop binding regions rather than flatinter-
faces, and the structures of the complexes remain unknown®**'. We
optedfortheselection of Nanofitins®***, which are based on the scaffold
of Sac7d, a 66-residue cysteine-free protein stable over abroad range
of temperature and pH**. Sac7d naturally binds to dsDNA, whose size
is similar to that of (Q*¥), helices. Binding is mediated by the slightly
concave surface ofanincomplete five-stranded -barrel within which
up to 14 residues have been randomly mutated for display selection.
At their C-terminus, an a-helix caps the B-barrel and points away from
the binding interface, thus providing a handle for fusion with other
proteins. Furthermore, Nanofitin-protein complexes are amenable
to X-ray crystallographic analysis® .

Selection of afoldamer-binding protein

Biotinylated AOF 1a (Fig. 1b), a Q** dodecaamide five-turn helix, was
chosen asthe selection target because its chemically diverse side chain
decoration potentially offers a variety of protein-binding epitopes, as
highlighted by the X-ray crystallographic structure of its analogue 1b
(Fig. 1c)*®. Furthermore, the protein-binding capabilities of 1a have
been demonstrated in yeast lysate pull-down assays*. Nanofitin selec-
tion was performed in four rounds of ribosome display, as previously
described®, using biotinylated 1a as a bait. The enrichment of naive
libraries towards binders was monitored by enzyme-linked immuno-
sorbent assay (ELISA) using the DNA pools collected after each round
(Supplementary Fig. 1). Subsequent cloning and sequencing led to
the identification of clone C10. Foldamer 1a exists as a mixture of
right-handed (P) and left-handed (M) diastereomeric helical conform-
ersthatdonotinterconvertand inwhich the chiral biotin has no effect
ontheproportion of Pand Mhelices, which are thus presentinidentical
amounts. The diastereoisomers can be separated by reversed-phase
high-performance liquid chromatography (RP-HPLC) on a chiral sta-
tionary phase’. C10 was recombinantly expressed and its affinity for P-
laand M-1awas assessedin parallel biolayer interferometry (BLI) assays.
C10 was found to bind to P-1a with a K, of 91.7 nM while no binding to
M-1a was detected, hinting at a structurally well-defined interaction
(Fig. 1e). We thus synthesized analogue 1¢ whose N-terminal chiral C*
camphanyl group quantitatively biases helix handedness to the P con-
formation®. Initial attempts to crystallize C10 alone or in complex with
1b or 1c were unsuccessful. Yet by C-terminal fusion of the coiled-coil
talin dimerization domain*® (PDB 2QDQ) to C10, a high-resolution1.4-A
X-ray crystallographic structure was obtained showing that the C10
apo-protein adopts the same tertiary fold as wild-type parent Sac7d
(Fig.1d, Supplementary Fig.2 and Supplementary Table 1). The struc-
ture also showed that aromatic residues selected at randomly mutated
positions (H22, F24, H26, Y33, H42) promote C10 dimerization in the
solid state. Weak dimerization was also suspected in solution at concen-
trations required for NMR characterization (see below) and observed
during size exclusion chromatography (SEC). Variable-temperature
circular dichroism (CD) measurements highlighted the high ther-
mostability of C10, showing a decrease of CD band intensity but no
melting transition between 5 °C and 95 °C as well as complete CD sig-
nal recovery upon cooling (Fig. 1f), which boded well for its use in a
supramolecular synthon.

NMR complex structure elucidation

A partial assignment of the NMR spectra of [*C,*N]-labelled C10 was
performed (Supplementary Fig. 3). The backbone amide signals of some
residues were broadened and a few were missing. These were primarily
residues from the region randomized during display selection. The
broadening of these signals suggests that some aggregation involving

thisregion of the protein surface takes place at micromolar concentra-
tions (Supplementary Fig. 3). By contrast, the spectra of solutions of
the1c*C10 complex were sharp and its structure could be determined,
allowing for an assessment of the nature of the binding mode in solu-
tion. Compared with usual ligands in protein-ligand complexes, the
large size of the foldamer ligand necessitated the use of a modified
structure determination process (see Methods for details). To assist fur-
therinidentifying protein, foldamer and intermolecular cross-peaks,
we used [®C,”N]-labelled C10 combined with unlabelled foldamer 1cat
naturalisotope abundance. This isotope labelling scheme allowed for
the collection of edited or filtered NMR spectra so that signals of the
proteinonly, ofthe foldamer only or of both the foldamer and protein
are observed (Supplementary Figs. 4-6 and Supplementary Table 2).
Theresulting ensemble of 20 structures was calculated using restrained
molecular dynamics in AMBER with 114 dihedral angle restraints
and 737 distance restraints distributed throughout the complex
(Supplementary Fig. 7 and Supplementary Tables 3 and 4).

The NMR structure of the 1c«C10 complex revealed the architec-
ture of the 1:1assembly (Fig. 2a). The C-terminal aromatic cross-section
oflccoversalargeareaofthe protein B-sheet region (-830 A% Fig. 2a),
where most of the residues that were randomized during the selection
process are located, while the N-terminus of the helix protrudes away
from the protein. The interaction between the extended aromatic
C-terminal region of 1c with the flat C10 surface is somewhat reminis-
cent of G-quadruplex DNA-protein structures*. The upright binding
mode of the foldamer helix on C10 differs from side-on helix orienta-
tions previously observed in more labile aromatic helical foldamer-
protein complexes®. In atomic detail, the 1ceC10 binding interface
primarily consists of (1) face-to-face m-stacking between the Q™°'11
quinoline ring and H42 and T-shaped - interaction between Q"*12
and H26; (2) hydrophobic contacts between the two solvent-exposed
terminal quinoline rings and residues V31 and L44, between the side
chainof Q™'11and Y33 and between Q°™9 and F24; (3) hydrogen bond-
ing of Y33 to the main chain Q"*'11-Q**12 amide carbonyl and between
T40 and the side chain of Q"'11; and (4) charge-reinforced hydrogen
bonding of both Y8 and H42 to the C-terminal carboxylate of the fol-
damer and of H26 to the side chain carboxylate of Q*"12 (Fig. 2b-d).
Interactions thus mainly involve residues located at the positions
randomized during selection with the notable exception of Y8 and
K9. The ensemble of 20 NMR structures determined for the 1c<C10
complex shows limited variation in the relative position of the fol-
damer and protein, with an overall all-heavy atom RMSD of 1.7 + 0.2 A
(Fig.2aand Supplementary Table 3). Furthermore, molecular dynamics
simulations of the complex confirm that the foldamer position and
orientation on the C10 surface are essentially stable (Supplementary
Video 1). The simulations also highlight the structural integrity of
the complex in terms of residue fluctuations and hydrogen bond fre-
quencies (Supplementary Figs. 8 and 9). Taken together, the solution
structure data of 1c+C10 validate the potential of this complex as a
supramolecular synthon. Furthermore, the structure confirmed the
location of the a-helix of C10 away from the foldamer-binding region
and thus its potential use as a handle to fuse C10 with other proteins
without altering foldamer binding.

Foldamer helix truncation

Large parts of the foldamer are not in contact with C10 in the complex,
suggesting that a truncated version of 1 might bind equally well. We
thus prepared pentaamide 2a which comprises the five C-terminal
units of 1. For such short sequences, the equilibrium between Pand M
helicesis expected to take place over the course of hours*. Indeed, upon
mixing 2a and C10, CD bands above 300 nm where only the foldamer
absorbs were found to slowly emerge (Fig. 2f), indicating foldamer helix
handedness bias upon binding to the protein. The emergence of the
CD band occurred faster at 60 °C owing to enhanced helix dynamics,
confirming that binding still takes place at such high temperatures.
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Fig.2|Nuclear magnetic resonance (NMR) structure elucidation reveals the
protein-foldamer complex binding epitope. a, NMR structure of the 1cC10
complex showing the aligned ensemble of 20 models. Structure statistics can

be foundin Supplementary Table 3. b, Schematic diagram of intermolecular
contacts between C10 and the last four quinoline monomers of 1cin the binding
epitope identified with protein-ligand interaction profiler®. Hydrogen bonds
areshownas pink dashed lines and hydrophobic contacts as black solid lines. c-e,
Three close-up structure views from different directions of important foldamer-
protein contacts with annotated foldamer units and protein side chains.

Ky=72.5+0.1nM

Shift (nm)
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Hydrogen bonds are shown as pink dashed lines, and hydrophobic contacts as
black dashed lines. f, Time course of CD spectrum of pentameric sequence 2a
after addition of C10 at 30 pM, tris-buffered saline (TBS) pH 7.4, 25 °C. Note that
the biotin moiety of 2a does not bias foldamer helix handedness as seenin the
flat curve for 2aalone. g, BLI sensorgrams (blue solid lines) of C10 in solution and
2aloaded on SA-biosensors and global fitting using a1:1binding model (black
dashed lines). Kinetic experiments were performed in PBST at pH 7.4 with a serial
dilution of C10 from 500 nM t0 15.6 nM.

The positive band at 380 nm confirmed that the Phelix is the favoured
binding conformation®. BLI measurements with biotinylated 2a con-
firmed that it binds as well as P-1a. Note that helix handedness bias of
2ais expected to remain marginal during the few minutes required for
BLImeasurements. We also prepared shorter foldamers having the last
four, three or only two C-terminal units of 1a. BLIand CD assays showed
that strong binding was retained with four residues but worsened below
that number (Supplementary Fig.10). Altogether, these results support
that foldamer-C10 interactions are limited to those revealed by the
NMR structure and that C10 and a pentaamide foldamer helix provide

arobust supramolecular synthon for the elaboration of more complex
architectures with controlled spatial organization.

Binding multiple proteins on the same foldamer

To test the generality and robustness of the supramolecular synthon
uponmodifications of the foldamer remote from the binding site, vari-
ants 3 and 4 were designed and synthesized (Fig. 1b), each presenting
two binding epitopes through different modes of symmetric multim-
erization. Variant 4 consists of along C,-symmetrical 31-mer single helix
withtwoidentical halveslinked at their N termini by a central diacid unit

Nature Chemistry


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-026-02222-6

b
€ — C10
€ MS 4-(C10) M (P-3-C10)
S — (P-3-C10), o 2 S o
S — 4-(C10), +10
©
3
< +10
g (c10),
§ +8 +7
©
8 C10
N +4- +5
© +8 \
£ | (P-3),-C10
o +5 +g+4
= T L “‘ll A | L I\
20 o 2% MSMS 4-(C10), MSMS
Elution volume (ml) +9 (P-3-C10)
e c10 C10 +'9 2
c10 (P-3-C10), 4+(C10), +5 +5 (P-3),+C10
ISP | R 5 -3),-
i +4
; U ||
4-C10
+4
w4 |45
ki L1 i 'R
500 1,000 1,500 2,000 2,500 1,000 4,0001,000 2,000 3,000 4,000
Collision cross-section (A% m/z
f

Fig.3|Binding multiple proteins on the same foldamer. a, Energy-minimized
model of the C,-symmetrical 4¢(C10), complex. b, Size-exclusion chromatograms
showing the formation of foldamer protein complexes as indicated by the

lower elution volume for 4¢(C10), and (P-3+C10), compared with the protein
alone. The split peak for (P-3+C10), was assigned to the presence of some
(P-3),°C10. c,d, Native mass spectrometry (MS) spectra of 1:2 and 1:1 mixtures of
4/C10 and P-3/C10, respectively, at 100 uM in 200 mM ammonium acetate pH

6.8 (top), detecting the formation of 4¢(C10), and (P-3+C10),. The complexes
were subjected to MSMS and collisional activation (bottom). Dashed arrows in

precursor ions. e, Collision cross-section in the gas phase ("WCCSy,.) of

the C10%,4+(C10)," and (P-3+C10)," ions measured by ion mobility mass
spectrometry. f, Asymmetric unit of the crystal structure of (P-3¢C10),at 1.84 A
resolution containing two protein chains bridged by the foldamer duplex (P-3),.
A pseudo (non-crystallographic) C, axis isindicated. g, Two different views
ofthe C,-symmetrical higher order assembly observed in the (P-3+C10), X-ray
crystallographicstructure. The cyclic 8+8 aggregate comprised of four
(P-3+C10), complexes is stabilized by inter-duplex rr- contacts between Qo
units and side chain-mediated charge-reinforced hydrogen bonds.

the MSMS spectraindicate the dissociation produced from the m/z-selected
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Fig. 4| Binding multiple foldamers by protein dimerization. a, Crystal
structure of the coil-extended C10 (C10CE) in complex with pentaamide 2b.

The ASU is shown from two perspectives, illustrating the cyclic arrangement of
two foldamers and four C10CE proteins in the solid state. b, Detailed view of the
foldamer packed between two C10 molecules, with the cognate-binding epitope

-2

Non-cognate

highlighted in teal on one protein and non-cognate interactions in purple on the
opposite chain. ¢, Highlights of Glu, Lys and Arg inter-coiled-coil interactions,
connecting two protein dimers. Residues marked with a star were reconstituted
from the crystal structure and energy minimized.

D.Each half of 4 thus possesses a C-terminal C10-binding pentaamide
elongated at its N terminus by a B* chiral unit, a number of hydro-
philic Q™ and Q™€ residues and a P residue, all assembled during SPS
(Supplementary Fig. 11). The B* chiral control unit quantitatively biases
helix handedness to the Pconformation*?, and the benzylicamine of the
P unit facilitates the post-SPS assembly of 4 by fragment condensation
onthediacid of unit D activated as a bis-N-hydroxysuccinimide ester?.
The complexation of 4 with C10 was analysed by SEC. It resulted in a
decrease of the retention time, indicating the formation of a presum-
ably dumbbell-shaped ternary complex (Fig. 3a,b). The complex was
alsoanalysed in the gas phase using native nano-electrosprayionization
mass spectrometry (nESI-MS). The 4¢(C10), complex was found to be
the dominant species, and its fragmentationinto C10+4+C10 could be
monitored by tandem mass spectrometry (MSMS, Fig. 3¢). Analogues
of 4 having longer or shorter helices are thus expected to rigidly hold
inspace two C10 molecules (and any protein fused to C10) ata distance
and twist angle precisely defined by the number of AOF residues.
Variant 3 uses an N-terminal extension of the pentaamide bind-
ing epitope with four 7-amino-8-methoxy quinoline carboxylic acid
Qome residues that code for a wider aromatic helix diameter, whichin
turn promotes dimerization into stable antiparallel double helices in
water**. The resulting duplex of sequence 3 binds two copies of C10,
and the 2+2 quaternary complex can also be traced by SEC, showing an
elution volume smaller than that of the protein or foldamer alone, yet
larger than that of 4¢(C10),, reflecting the effect of foldamer length on
elution time (Fig. 3b). Inthe gas phase, the (P-3-C10), complex was also
observed by native nESI-MS (Fig. 3d) to be the dominant species. Its
main fragmentation in MSMS was through aloss of a C10 unit and the
formation of (P-3),°C10, and not through the disruption of the (P-3),
double helix highlighting its robustness. Furthermore, ion mobil-
ity measurements gave access to the collision cross-sections of C10,
(P-3+C10), and 4+(C10), showing a trend consistent with the SEC data
(Fig. 3e). Note that helix handedness control was not implemented
in 3 and that, given its length, its helical conformation is kinetically
locked (no CD band emerges upon adding C10 to 3). In solutions of
racemic (3),duplexes, only the Phelices thus bind to C10. We success-
fully crystallized and solved the structure of the (P-3+C10), complex,
thusresolving the racemic (3), duplexes by crystallization. The struc-
ture at 1.84 A resolution confirmed the expected dumbbell geom-
etry, with two C10 molecules spatially separated upon binding to the
opposite sides of double helical (3), (Fig. 3f, Supplementary Video 2
and Supplementary Table 1). The asymmetric unit (ASU) contains

two independent foldamer-C10 interfaces which show highly con-
served interactions essentially identical to those of the NMR structure
(Supplementary Figs.12 and 13, Supplementary Table 5), highlighting
againthe robustness of the supramolecular synthon.

The X-ray crystallographic structure of C10 bound to the foldamer
was also compared with that of the apo-C10, showing that the main
chainsare essentially superimposable, anillustration of the robustness
of the Nanofitin scaffold, while surface side chains, including those
involved in foldamer recognition, may have different orientations
(Supplementary Fig.12). Future developments may exploit the use of
longer helical segments to adjust protein-protein distance-foldamer
length spontaneously doubles upon duplex formation, and the fact that
heteromeric foldamer double helices form selectively when comple-
mentary strands are used*.

In the solid state, the (P-3+C10), complexes form a higher-order
tetrameric [(P-3-C10),], assembly organized in a fourfold cyclic
arrangement (Fig. 3g and Supplementary Video 3). The assembly is
held together by face-to-face contacts between Q. residues belong-
ing to different duplexes and an extensive array of inter-duplex
charge-reinforced hydrogen bonds (Supplementary Fig. 14). In solu-
tion, the 8+8 aggregate was not detected by electron microscopy,
and SEC retention volume shifts seem to be too small for an ~80-kDa
object. It wasalso not visible in native nESI-MS spectra measured from
micromolar solutions (Fig. 3d). We concluded that the assembly forms
only atthe mM concentration of the crystallization drops and possibly
representsaminor componentinsolution, evenat these higher concen-
trations, that would only be stabilized in the solid state. It nevertheless
represents a starting point for designing stable foldamer assemblies
able to bind multiple—here eight—proteins.

Binding multiple foldamers on a protein dimer

We next investigated modifications on C10 to explore how to spatially
organize the supramolecular synthon via multimerization of the pro-
tein. Coil coiling of a-helicesis arguably the best understood aggrega-
tion pattern and the easiest to design**. Implementation of a coiled
coil on C10 is straightforward, thanks to its C-terminal a-helix that
points away from the foldamer-binding region. We opted again for
asimple fusion with the antiparallel coiled-coil domain of talin men-
tioned above, albeit with some designimprovements. In the first design,
two consecutive glycine residues (G66&67) present at the junction
between C10 and the coiled coil were responsible for a local disrup-
tion of a-helix that kinked the structure (Supplementary Fig.1). In this
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f 39.5nm

Fig. 5| Crystal structure of the coiled-coil-mediated CIOCE dimer in complex
with the C, symmetrical foldamer 4 (4+(C10CE),) at 2.53 A.a, Continuous
ribbon built of protein dimers connected to the C,-symmetrical foldamer 4.

The ASU (highlighted in gold) contains one protein monomer and one-half

of 4. Theimposed local C, axes of the complex coincide with crystallographic

symmetry axes, giving rise to a highly ordered assembly in the space group 14,22.
b-d, Orthoscopic views of the crystal lattice along different directions: along
(010) (b), along (110) (¢) and along (001) (d). In all cases, the unit cell is shown in
black. Proteins are shown as blue ribbons and foldamers as red sticks.

second design, these two glycine residues were replaced by alanine
residues to better promote a-helicity. Crystallization efforts with this
coil-extended C10 construct (CI0CE) in complex with the initial target
sequence, for example, 1b or 1c, repeatedly yielded crystals of the
foldamer alone, presumably owing to its lower solubility. Therefore,
pentamer 2b (Fig. 1b) was synthesized, carrying a solubilizing PEG ter-
mination as well as two phosphonate-containing Q™™ residues that were
expected toimprove solubility with respect to the original carboxylate
QP units. Native nESI-MS showed the formation of the 2bsC10CE com-
plex along with the (2b*C10CE), dimer. The proportions also seenin
the spectrum of CI0CE alone suggested some lability of the coiled-coil
dimerization in the gas phase. The (2b*C10CE), dimer was found to
fragment via coiled-coil dissociation (Supplementary Figs. 15, 16).
Diffraction quality crystals of the CIOCE in complex with 2b were
eventually obtained, and the X-ray crystallographic structure was eluci-
dated (Fig. 4, Supplementary Fig.17 and Supplementary Table1).Inthe
ASU, two coiled-coil protein dimers arein complex with two molecules
of 2b through their C-terminal cross-section, providing further evi-
dencethat this robust, cognate interactionis highly conserved (Fig. 4b,
Supplementary Fig.13 and Supplementary Table 5). Inaddition, the two
C10 domainsestablish contacts with the N-terminal cross-section of the
2bhelices (Fig.4b). Thisinteraction only concerns the N-terminal qui-
nolineringandits short PEG chain, whichinvolve hydrophobic contacts
withY33,H22 and T40 and acharge-reinforced hydrogenbond between
H42 and a phosphonate side chain. We presume that they are weaker
than the cognate foldamer-C10 recognition and only occur at the mM
concentration of crystallization drops at substoichiometricamounts
offoldamer. Thereis thuslittle risk that such non-cognate interactions

would compete with the 91.7-nM cognate C10-foldamer recognition.
The 4+2 cyclicassembly—four proteins and two foldamers—mediated
by the non-cognate interactions was not detected by native nESI-MS
from micromolar solutions (Supplementary Fig. 15). It is possibly a
crystallization artefact—it crystallizes although it represents a minor
componentin solution. It may also be the result of a substoichiomet-
ric amount of foldamer. Nevertheless, the outcome is an X-shaped,
figure-of-8, discrete macrocyclic assembly between two foldamers
and two C10CE coiled-coil dimers (Fig. 4a, Supplementary Video 4).
Atthe centre of the cyclic structure, favourable contacts between the
two coiled coils are mediated by hydrogenbonds between multiple Glu,
Lys and Arg residues that may be amenable to optimization (Fig. 4c).
Altogether, the structure validates, and goes beyond, the initial design
principles, and it suggests directions for further developments.

Binding multiple proteins with multiple
foldamersinonesystem

Based on the established principles of enforced multimerization
around the foldamer-C10 supramolecular synthon, we lastly com-
bined the rigid homochiral divalent single helix of 4 with the head-to-tail
coiled-coil-mediated dimer of C10CE. Crystallization trials quickly
yielded diffraction quality crystals and revealed astructure of high sym-
metry, with the ASU containing one protein monomer and half of the
C,-symmetrical 4 (Fig.5, Supplementary Table1). This structure provided
yet one moreillustration of the conservation of C10-foldamer interac-
tions (Supplementary Fig.1-3, Supplementary Table 5). Through applica-
tionofthe symmetry operations, a1D polymeric zig-zag-like network that
extendsinasortofflatribbonisbuilt (Fig. 5a). The ribbon consists mainly
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of cognate foldamer-C10-binding interfaces and the a-helical coiled coil-
ingincludedinthe design, along with C10-C10 contacts associated with
crystal packing. The coincidence of the symmetry elements of the build-
ingblocks withthe crystallographicrotational axes can beinterpreted as
anenforcement of global symmetry by predisposed local symmetries*®.
Here the C, symmetry axis of the foldamer and the C, symmetry axis of
the C10 coiled-coil dimer are perpendicular, hence the formation of aflat
assembly, but they do notintersect, giving rise to apolymeric structure
rather than a macrocycle. This assembly is the direct outcome of the
distance and angular twist between the protein-binding epitopes of 4
encodedin the number of Q**residues and of the distance and angular
twist between the foldamer-binding epitopes of the C10 coiled-coil dimer
encodedby thelength of the a-helices. Inthe gas phase, the 1D polymer
was not observed by native nESI-MS (Supplementary Fig. 16).

While the crystallattice appears to be tightly packed when viewed
downitsc-axis (Fig. 5d), itisin fact highly porous, with the foldamer spac-
ing the proteins -4.3 nm apart, while the coiled-coil domain keeps the
foldamers~8 nmapart (Fig. 5a-c). Computational analysis of the pores
showed that the resulting channels in a and b directions reach a bot-
tleneck radius of 15.5 A and that the largest cavities can accommodate
theoretical spheres witha diameter of -5 nm (Supplementary Fig.18)", a
value comparable to that of other highly porous frameworks™. A typical
way to assess solvent content in protein crystal structures is through
the Matthews coefficient, which describes the unit cell volume per
protein mass (but does not tell anything about pore size). The mean
Matthews coefficient of Protein Data Bank (PDB) protein structures is
2.67 A’ Da™ (ref. 48) to be compared with 3.51 A> Da' for the porous lat-
tice mentioned above' and 5.13 A’ Da™ for the structure of 4«(C10CE),.
This contrasts with the low porosity of the structure obtained with the
pentaamide helix 2b+(C10CE), (Fig.4), which has a calculated maximum
bottleneck size of 8.6 A, and reflects the benefit of the space between
proteins imposed by 4. Considering that the length of the foldamer is
freely adjustable (within synthetic limits), spacing within such lattices
is, inprinciple, tunable, highlighting the relevance of protein-synthetic
foldamer assemblies in the context of porous solid design.

Insummary, in contrast to smaller molecules or peptides, aromatic
foldamers constitute large and rigid-enough synthetic molecules to
allow for successful display selection of protein binders and the genera-
tion of awell-defined and robust bindinginterface. It appears that the
foldamer aromatic cross-section acted as a hot spot—one such protein-
foldamer contact had been observed before with carbonic anhydrase
11 (ref. 49), and this feature may be exploited in future studies to target
proteins with flat surfaces. The identification of C10 also suggests that
targets other than aromatic foldamers may be amenable to the selec-
tion of protein binders, to bridge further the synthetic and protein
chemical spaces. Inturn, both the foldamer and protein can be further
designed without altering their binding interactions so as to produce
discrete or extended aggregates and lattices combining both biogenic
and synthetic components. Extensions of this work will take advantage
oftheinherent modularity and synthetic accessibility of foldamers, of
the diversity of protein scaffolds amenable to display selection such as
the Nanofitin described in our study® and of the advanced computa-
tional approaches to design proteinstructures and interaction' >, These
extensionsinclude the design, either structure-guided or using ab initio
proteindesigntools, of foldamer-protein nanocages and porous 3D lat-
ticesin which the foldamers may bring functional groups not available
to proteins. Theyalsoincluded the use of foldamers to bring together
or,onthecontrary, to keep atawell-defined distance, naturally occur-
ring proteins that have been tagged with foldamer-binding domains
to alter their biological functions.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions

and competinginterests; and statements of data and code availability
areavailable at https://doi.org/10.1038/s41557-026-02222-6.
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Methods

Detailed methods are provided in the Supplementary Information.

Foldamer synthesis

All foldamers were obtained by manual or automated solid-phase-
supported synthesis from Fmoc-amino acid monomers—Fmoc-Q**-
OH, Fmoc-Qgy.-OH, Fmoc-P-OH and Fmoc-B*-OH—bearing suitable
acid-labile side chain-protecting groups, for example, Boc for Q°™,
Q"*?and Qg (Fig. 1a). The monomers used in this study are not com-
mercially available and were synthesized following well-established
protocols. In general, the carboxylic acid function of the monomers
was activated as its acid chloride by applying in situ Appel’s condi-
tionsinthe presence of triphenylphosphine and trichloroacetonitrile.
Couplingreactions to the free amine of an oligomer were performedin
the presence of 2,4,6-collidine as a base. Subsequent deprotection of
the main chain amine, that is, Fmoc removal, was carried out with 2%
DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene) in N-methyl-2-pyrrolidone.
Removal of the silyl ether protection of Q' was carried out on-resin
with 1M tetrabutylammonium fluoride in THF. Cleavage from the solid
supportwas performed using amixture of TFA, triisopropylsilane and
H,0(95:2.5:2.5; v/v/v) for Wangresin, thereby leading to the deprotec-
tion of the other side chains, or with 1% TFA in dichloromethane for
SASRIN resin, leaving the other side chain-protecting groups intact.
Fragment condensation en route to the C,-symmetrical helical fol-
damer 4 was performed in DMF with the di-N-hydroxysuccinimide
active ester of pyridine-2,6-dicarboxylic acid D and diisopropylethy-
amine as abase. All foldamer sequences were purified by RP-HPLC.

Nanofitin selection

The combinatorial library of Nanofitins for ribosome display was
assembled by two successive overlapping PCRs from degenerate oligo-
nucleotides encoding NNStriplets (N=A, C, Tor Gand S=Cor G).Finally,
aPCRstepaddedthe 5’-and 3’-flanking regions necessary for ribosome
display. The PCR-amplified library was transcribed, and the selection
was performedinfourroundsat4 °Cagainst15pmol of theimmobilized
biotinylated foldamer 1a. Amplified DNA material fromthe last round
was cloned between BamHI and Hindlll restriction sites of a plasmid
derived from pQE-30 (Qiagen), and the ligation mixture was trans-
formed into Escherichia coli DH5a Laclq strains (Invitrogen). Expres-
sion of the Nanofitin clones was induced by the addition of isopropyl
B-D-1-thiogalactopyranoside (IPTG). The selection target 1awas immo-
bilized onstreptavidin (SA) MaxiSorp plates, and crude E. coli extracts
were applied to wells with and without immobilized antigen for 1 h.
Detection was carried out by the addition of an RGS-His antibody HRP
conjugate (Qiagen), followed by the addition of o-phenylenediamine
dihydrochloride substrate (Sigma-Aldrich) solution. Absorbance at
450 nmwas measured using a Varioskan enzyme-linked immunosorb-
ent assay plate reader (Thermo Scientific), revealing Nanofitin C10 as
abinder with a strong signal-to-background ratio.

Nanofitin expression and purification

Nanofitin C10 and the coil-extended versions were expressed
recombinantly in £. coli BL21(DE3) as N-terminally His-tagged or
MBP-His-tagged fusion proteins. Plasmids (pET-28a(+), pMAL-c5E)
were purchased ready to use as lyophilized solids (GenScript). For
unlabelled proteins, cultures were grown in LB. For the expression of
the["C,"N]-isotope-labelled C10, M9 minimal mediumsupplemented
with D-glucose-C, ®NH,CI, and trace element solutions was used.
Overexpression was induced with IPTG. Purification was carried out
by Ni-NTA IMAC. Tag removal was achieved by cleavage with HRV-3C
protease overnight. Final purification was carried out by SEC.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

X-ray crystallographic structures have been deposited at the PDB
under 9QDO, 9QT7,9Q0G and 9QNU. The ensemble of 20 structures
calculatedfor the1c+C10 complex hasbeen deposited at the PDB under
accession 9T0O. The chemical shift assignments for the unbound C10
and 1c+C10 complex were deposited in the BMRB (https://bmrb.io/)
under accession numbers 53300 and 53317, respectively. The raw data
that served to create the graphs in Figs. 1, 2 and 3 as well as BLI data
have been deposited at Open Data LMU under https://data.ub.uni-
muenchen.de/701/1/C10_BLI-raw_Data.zip (https://doi.org/10.5282/
ubm/data.818). All other data are available in the article or the Sup-
plementary Information. Source data are provided with this paper.
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  NMR data were collected using Topspin version 4.

Data analysis Data Analysis/Collection, Processing & Modelling

* NMRPipe: Processing of multidimensional NMR spectra.

* Sparky (Version 3.190) / NMRFAM-SPARKY (Version 1.470): Analysis and assignment of NMR spectra.

* OriginPro (Version V.2019b): Processing and plotting of chromatography, CD spectroscopy, and BLI data.
* Octet Analysis Studio (Version V.13): Processing of BLI data and calculation of kinetic binding values.

* CrysAlisPro: Processing of X-ray diffraction data.

* XDS: Processing of X-ray diffraction data.

* PHASER: Solution of crystal structures via molecular replacement.

* PHENIX refine: Execution of iterative crystallographic structure refinement.

* COOT: Facilitation of real-space model building and evaluation of electron density.

* eLBOW: Generation of ligand coordinate and geometry restraint files.

* Grade2: Generation of ligand geometry restraints.

* PRODRG: Creation of parameter and topology files for foldamers.

* ARIA (Version 2.3): Iterative assignment of NOESY spectra and calibration of distance restraints in conjunction with CNS.
* CNS (Version 1.2): Calculation of initial NMR structures from linear conformations.

* TALOS-N: Prediction of protein backbone dihedral angles from NMR chemical shifts.

* Antechamber: Generation of partial charges and AMBER-compatible atom types.

* prepgen: Generation of topology and parameter prepin files.

* parmchk2: Retrieval of force field parameters for molecular dynamics.
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* Multiwfn (Version 3.8): Execution of RESP charge calculations.

* Orca (Version 6.0): Execution of single-point energy calculations applying density functional theory (DFT).
* Amber (Version 24): Execution of restrained molecular dynamics simulations.

* Leap: Preparation of complexes for MD simulations within Amber.

* pmemd: Execution of energy minimization steps on CPU.

* pmemd.cuda: Execution of MD production runs on GPU.

* cpptraj (Version 6.18.1): Analysis of molecular dynamics trajectories.

* PLIP (Version 2.3.0): Profiling of protein-ligand interactions.

* PyMOL (Version 3.1.6): Visualization of molecules, alignment of structures, and calculation of solvent-accessible surface areas.
* ChemDraw (Version 25.0): Depiction of chemical structures.

* R (Version 4.5.1): Analysis of trajectory and ensemble data.

* Maestro MacroModel (Version 11.5): Execution of molecular modeling and energy minimizations.

* LifeSoaks: Calculation of pore bottlenecks via the proteins.plus interface.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data and materials availability: Crystallographic structures have been deposited at the Protein Data Bank under 9QDO, 9QT7, 9Q0G & 9QNU. The ensemble of 20
structures calculated for the 1c-C10 complex have been deposited at the PDB under accession 9T00. The chemical shift assignments for the unbound C10 and
1ceC10 complex were deposited in the BMRB (https://bmrb.io/) under accession numbers 53300 and 53317, respectively. BLI data have been deposited at Open
Data LMU under https://data.ub.uni-muenchen.de/701/1/C10_BLI-raw_Data.zip. All other data are available in the main text or the supplementary materials.
Data and materials availability: Crystallographic structures have been deposited at the Protein Data Bank under 9QDO, 9QT7, 9Q0G & 9QNU. The ensemble of 20
structures calculated for the 1c-C10 complex have been deposited at the PDB under accession 9T00. The chemical shift assignments for the unbound C10 and
1ceC10 complex were deposited in the BMRB (https://bmrb.io/) under accession numbers 53300 and 53317, respectively. BLI data have been deposited at Open
Data LMU under https://data.ub.uni-muenchen.de/701/1/C10_BLI-raw_Data.zip. All other data are available in the main text or the supplementary materials.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.qg. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences D Ecological, evolutionary & environmental sciences




For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Describe how sample size was determined, detailing any statistical methods used to predetermine sample size OR if no sample-size calculation
was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data exclusions | Describe any data exclusions. If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

Replication Describe the measures taken to verify the reproducibility of the experimental findings. If all attempts at replication were successful, confirm this
OR if there are any findings that were not replicated or cannot be reproduced, note this and describe why.

Randomization | Describe how samples/organisms/participants were allocated into experimental groups. If allocation was not random, describe how covariates
were controlled OR if this is not relevant to your study, explain why.
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Blinding Describe whether the investigators were blinded to group allocation during data collection and/or analysis. If blinding was not possible,
describe why OR explain why blinding was not relevant to your study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IXI D ChlP-seq
Eukaryotic cell lines IXI D Flow cytometry
Palaeontology and archaeology IXI D MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

Authentication ggsbctrj/%ﬂé”gﬁy authentication-procedures for-each seed stock used-ornovel-genotype generated.-Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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