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A biotinylated helical aromatic oligoamide foldamer equivalent in
size to a 24mer peptide was designed without any prejudice other
than to display various polar and hydrophobic side chains at its
surface. It was synthesized on solid phase, its P- and M-helical
conformers were separated by HPLC on a chiral stationary phase,
and the solid state structure of a non-biotinylated analogue was
elucidated by X-ray crystallography. Pull-down experiments from a
yeast cell lysate using the foldamer as a bait followed by proteomic
analysis revealed potential protein binding partners. Three of these
proteins were recombinantly expressed. Biolayer interferometry
showed submicromolar binding demonstrating the potential of a
given foldamer to have affinity for certain proteins in the absence
of design considerations. Yet, binding selectivity was low in all
three cases since both P- and M-conformers bound to the proteins
with similar affinities.

With their main chain amide functions, their variety of hydro-
phobic, polar neutral, cationic and anionic side chains
arranged at defined positions in space, and their complex
shapes, proteins are ideally suited to selectively interact with
one another. An illustration of this fact resides in the very pro-
pensity of the a-peptide backbone to adopt folded confor-
mations - folding can be viewed as a kind of self-recognition.
It follows that peptides, particularly peptide macrocycles," and
proteins themselves are prime candidates for the selective
recognition of protein surfaces. Purposely developed for that
task are naturally occurring antibodies as well as recombinant
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proteins amenable to in vitro display selection, e.g. phage-,
ribosome-, or mRNA-display, when their structure is stable
enough to withstand the randomization of multiple surface
residues.” To bind a protein surface, being protein-like is not a
requirement, as nucleic acid aptamers illustrate,® but it is cer-
tainly an advantage.” There is thus currently great interest in
the design of proteomimetics, synthetic molecules that would
reproduce some features of proteins, in particular in the
context of molecular recognition.’

We and others have been developing aromatic amide folda-
mers that adopt stable, predictable, helically folded confor-
mations.® Recent designs show that such synthetic objects may
reach the size of small proteins.” Although their aromatic
backbone and folding propensity are remote from those of pro-
teins, their surface can be decorated with proteinogenic side
chains at precise locations.® Their ability to recognize protein
surfaces is currently being explored,” with emphasis on target-
ing amyloid proteins'® as well as DNA-binding proteins."™ It is
hoped that such large foldamers may become efficient tools to
bind sizeable protein surface areas and serve as competitive
inhibitors of protein-protein and protein-nucleic acid inter-
actions for pharmacological or even therapeutic applications,
complementing antibodies and aptamers in such tasks.
Indeed, abiotic foldamers may even overcome some of the dis-
advantages of proteins that can hamper their practical use. For
example, proteins may be susceptible to proteolytic degra-
dation and to denaturation which can in turn cause precipi-
tation under certain conditions. In contrast, helical aromatic
oligoamides are not degraded by proteases and, provided they
are sufficiently hydrophilic, their clear solutions are
unchanged after months of storage at 4 °C. However, design-
ing a foldamer that specifically recognizes a given protein
surface remains a challenging task and only multiple such
endeavours will reveal the general suitability of the approach.
Here, we sought to estimate the chances of a given proteomor-
phous aromatic foldamer to have affinity for any of the pro-
teins present in a cell lysate. Using pull-down experiments and
proteomic analysis, we observed significant enrichments and
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subsequently determined submicromolar dissociation con-
stants (Kp), in the absence of any specific design. The capacity
of a single foldamer to interact with proteins hints at a poten-
tial to interfere with their functions, although this was not
investigated here. These results thus bode well for future devel-
opments and encourage further screening of various folda-
mers from different backbones and with different side chain
arrangements, not only for binding, but also for their ability to
modify interesting cellular phenotypes.

Foldamer 2 and its biotinylated analogue 1 consist of a
dodecaamide of 8-amino-2-quinoline carboxylic acid (Fig. 1)
bearing side chains in position 4. In water, such oligomers
fold into stable aromatic helices having 2.5 units per turn and
a pitch equal to the thickness of one aromatic ring.® Since
each §-amino acid monomer is equivalent in size to a dipep-
tide, the helices of 1 and 2 reach the size of a 24mer peptide.
These sequences, including final biotinylation, were syn-
thesized on solid support using recently optimized protocols
(Fig. S1 in the ESI{) and purified by reversed-phase HPLC."?
The anionic, cationic, polar neutral, or hydrophobic nature of
the side chains and their location on the helix surface were
chosen among the building blocks available at the time to
promote various types of intermolecular interactions but
without any prejudice of which protein could be recognized.
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Fig. 1 (a) Foldamer aromatic building blocks colour coded according to

their side chain nature: hydrophobic (black), polar neutral (green), cat-
ionic (blue) and anionic (red). (b) Sequence of dodecamer 2 used for
X-ray crystallographic studies and its biotinylated version 1 used in the
pull-down assay. The five-pointed star helix wheel representation
depicts the side-chain positioning around the oligoquinoline backbone.
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The arrangement of the side chains in space avoids that
different parts of the helix surface resemble and thus enhance
the chances that some proteins bind one area of the helix or
another via shape recognition and complementary hydro-
phobic and electrostatic contacts. Sequences 1 and 2 contain
several instances of contiguous residues that are identical or
have similar polar or hydrophobic features. Yet, due to the
high helix curvature - a monomer spans 0.4 helix turn - con-
tiguous residues project their side chains towards different
sides of the helix (Fig. 1b). Putting two identical residues con-
tiguous in the sequence in fact contributes to the diversity of
environments at the surface of the foldamer. The presentation
of diverse arrays of side chains on the different sides of the
helix is highlighted by the helix wheel in Fig. 1b.

High-quality crystals of compound 2 were obtained and
diffracted at atomic resolution, allowing for the elucidation of
its solid state structure (Fig. 2a). The top view of the structure
illustrates the distribution of side chains. It also reveals a
slight deviation of helix curvature from the usual 2.5 units per
turn, possibly due to crystal packing interactions (Fig. S27).
The electrostatic charge potential shown on the solvent acces-
sible surface of 2 (Fig. 2b) provides a graphical illustration of
its proteomorphous nature. Despite the quinoline monomers
being coarse, i.e. twice as large as an a-amino acid, the display
of the side chains at the surface of the helix makes it look

Fig. 2 (a) Solid state structure of foldamer 2 determined by X-ray crys-
tallography. Each monomer in stick representation is colour-coded as in
Fig. 1a. Included solvent molecules and hydrogen atoms are omitted for
clarity, except in the top view at right where amide NH protons are
shown in white at the inner rim of the helix. Bent arrows indicate side
chains that should be aligned in the top view if curvature was exactly 2.5
units per turn (see Fig. 1b). (b) Comparison of the size, shape and
electrostatic potential (blue: cationic, red: anionic, white: neutral) of fol-
damer 2 (left) and a small protein shown at the same scale (Sac7D, PDB
#1AZQ, 66 residues)'* illustrating the mini-protein-like aspect of the
foldamer.
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protein-like. Its size remains small, comparable to that of a
24mer peptide. If required, substantially larger (as well as
smaller) foldamers would be accessible through solid phase
synthesis.

For the pull-down experiments, biotinylated foldamer 1 was
immobilized on streptavidin-coated magnetic beads and used
as a bait."® Since the main chain helix of 1 does not contain
stereogenic centers, it exists as a 1:1 mixture of right-handed
(P) and left-handed (M) conformers. It is thus two, mirror-
imaged helices that were used as baits. The beads were then
incubated in a solution of cell lysate of S. cerevisiae (Fig. 3) to
allow the foldamer to interact with putative prey proteins. After
a thorough wash with phosphate buffered saline, bound prey
proteins were eluted off from the beads (Fig. S31) and sub-
sequently digested with trypsin. Extracted peptides were then
subjected to LC-MS/MS proteomic analysis. To ensure high
fidelity of LC-MS/MS and assess statistical significance, the
solution of extracted peptides was divided into three portions
and analysed separately. In addition, the whole triplicate pull-
down assay was repeated in three independent experiments.
Proteomic analysis by LC-MS/MS spectrometry identified
approximately 2000 proteins (Fig. S4 and ESIf). The abun-
dance of proteins was compared to that obtained from control
experiments with non-modified magnetic beads (i.e. streptavi-
din without foldamer as a bait). Identified prey proteins were
then sorted based on criteria such as fold change and confi-
dence. Across the three experiments, 153, 166 and 214 proteins
with a fold change >2.0 were identified. Among those, 74 pro-
teins were consistently observed with a fold change >2.0 in all
three independent experiments, and another 75 proteins in
two out of three experiments, highlighting the reproducibility
of both protein pull-down and relative abundance (Fig. S57). It
should be pointed here that the conditions of the pull-down
assay were not stringent, as reflected in the total number of
proteins identified with high confidence and still large
number of proteins with a fold change >2.0. Our priority was
to establish the reproducibility of the assay and we started

foldamer bait-immobilized
magnetic beads
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bound prey proteins
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Fig. 3 Schematic representation of the pull-down assay and proteomic
analysis.
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without knowing what the outcome would be. In future experi-
ments, one may consider using wash buffers more efficient at
disrupting weak interactions than the phosphate buffered
saline used here.

Among several candidates of prey proteins that were a priori
amenable to simple recombinant expression in E. coli and
were devoid of posttranslational modification, we chose to
express four different proteins and assess their affinity for 1.
The DNA repair and homologous recombination protein
Rad52"® showed reproducible, moderate enrichment and high
confidence. Through the three pull-down assays, the fold
changes of Rad52 were ranked in 20, 22™9, and 22" place
among all identified proteins. The same stands for the RNA
binding protein SGN1'° (ranked at the 31, 25™ and 43™ posi-
tions in the three pull-downs), the coenzyme Q9 homolog
(COQ9) protein’” (ranked at the 50™, 5™ and 32" positions)
and the splicing factor Mud2 (ranked at the 14™, 27" and 6™
positions)."® All four proteins showed calculated p-values from
Student’s T-test that were below the threshold of 0.05, indicat-
ing a nominal statistical significance (Table 1).

All four proteins were recombinantly expressed in E. coli.
However, Mud2 proved to be somewhat problematic (poor
overexpression, propensity to precipitate) and was not con-
sidered further. Binding studies using biolayer interferometry
(BLI) were performed with the three remaining proteins to
measure both binding kinetics and dissociation constants
(Kp). This technique was preferred because it allowed us to
immobilize the biotinylated foldamer on the sensor and over-
come problems associated with its aggregation or even poor
solubility at concentrations that would be relevant for Ky, deter-
mination in solution. Isothermal titration calorimetry, for
example, was attempted but gave poor results, on top of requir-
ing a lot of material. To assess binding selectivity, we set to
measure binding to P-1 and M-1 separately. These two com-

Table 1 Fold change and statistical evaluation of Rad 52, SGN1, COQ9
and Mud2 from three independent pull-down experiments from a
S. cerevisiae cell-lysate using 1 as a bait

Exp. number Fold change (rank)® T-test’
Rad52

1% 7.57 (20“‘2 4.45x107°
ond 6.44 (22"%) 8.63 x 107°
31 11.39 (22™9) 1.98 x 107°
SGN1

1% 5.63 (31%) 2.31x107°
ond 5.89 (25 9.65 x 107°
3™ 6.51 (43" 2.92x107°
COoQ9

1% 4.01 (50™) 4.71x107°
gnd 17.85 (51 8.43 x 107°
3™ 8.51 (3279 1.36 x 1072
Mud2

1% 10.19 (14™) 9.69 x 107*
nd 5.38 (27 3.99 x 107°
3rd 27.89 (6"™) 1.64 x 107

¢ Enrichment in abundance when the bait was replaced from streptavi-
din to foldamer 1. ? T-test uses the two-tailed distribution for samples
with unequal variances.
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pounds may in principle serve as ideal controls for one
another in that their physical properties are essentially identi-
cal - thus alleviating non-specific effects — but the projection
of their side chains are mirror images and may thus not lead
to identical recognition properties. We thus endeavoured in
the separation of P-1 and M-1 by chiral HPLC. Note that the
handedness of helices of such length is kinetically inert in
water at 25 °C: despite being conformational isomers, P-1 and
M-1 do not interconvert to a detectable extent.'

In previous studies, we have demonstrated the possibility to
separate the P- and M-helical conformers of organo-soluble
aromatic oligoamides of moderate sizes (from hexamer to hex-
adecamer) by chiral HPLC using a Chiralpak™ JIA stationary
phase under normal phase conditions (i.e. an n-hexane/chloro-
form mixture).”® Here, we sought for a stationary phase and
eluting conditions allowing for a separation in reversed-phase
mode. We selected the Chiralpak™ QN-AX, a quinine-based
stationary phase initially developed for the separation of chiral
a-amino acids.”" Finding elution conditions took some screen-
ing and optimization but we eventually found that a solvent
mixture composed of 30% acetonitrile in triethylammonium
acetate buffer (150 mM, pH 7.21) resulted in an impressive
separation of the two helical conformers with a separation
factor of 3.7 between M-1 and P-1. The assignment of the
handedness was made using a circular dichroism (CD) detec-
tor connected after the UV/Vis detector (Fig. S61) and based on
previously published absolute handedness assignment of such
aromatic helices.>” Thanks to the remarkable peak separation,
we could directly use the analytical column to successfully
isolate both helix conformers from the M-1/P-1 mixture. We
finally further confirmed the chiral purity by reinjecting the
collected pure fractions on the same column (Fig. S7t). Even
an octamer shows no detectable handedness inversion after
long incubation in water.'92%>3

The biotinylated P- and M-helices of 1 were next indepen-
dently immobilized on BLI streptavidin sensors tips. Loading
was performed at a concentration of 2 ug mL™'. The sensors
were then exposed to a range of protein concentrations for
time course monitoring of the association before being dipped
in a buffer solution to record the dissociation. The interaction
between Rad52 and between P-1 and M-1 was assessed in mul-
tiple runs with a protein concentration ranging from 125 nM
to 7.75 nM. Real-time BLI sensorgrams fit very well to a 1:1
kinetic binding model. Rapid association (large k,) and slow
dissociation (low k4) were calculated by curve fitting (Fig. 4,
Table 2) yielding a remarkably low nanomolar Kp,. The values
obtained for M-1 and P-1 differed marginally (1.3 and 1.5 nM,
respectively), suggesting that the chiral features of 1 are not
critical for binding. The lack of selectivity came as a surprise
given the low Ky values. The exact binding mode was not
further investigated. Nevertheless, one may recall that yeast
Rad52 is a 490 amino acid protein. A 90-residue domain near
the N-terminus is known to form a stable decamer'>* with an
inner cavity of 32 nm. Most of the remaining sequence is not
seen experimentally by cryo-electron microscopy'>* and is pre-
dicted by AlphaFold not to belong to a stable tertiary structure

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Distinct BLI experiments report on the 1:1 binding affinity of
protein Rad52 to P-1 (left graphs) and M-1 (right graphs) yielding Kp =
15 and 1.3 nM, respectively. Both biotinylated chiral helices were
immobilized onto the BLI SA sensors tips (3 X P-helix and 3 x M-helix
tips at 2 pg ml™* for the loading and two reference tips were used). The
BLI tips were then dipped into solutions containing varying concen-
trations of Rad52 in buffer (20 mM Hepes (pH 7.4), 150 mM NaCl,
0.02% Tween-20®) to record the concentration-dependent association
over 240 s: (a) 125-31.25 nM and (b) 31-7.75 nM. Next the sensors were
dipped in pure buffer solution to record dissociation events over 300 s.
Experimental curves are shown in blue and calculated curves according
to a 1:1 binding isotherm are shown in red.

Table 2 Kinetic binding constant (k,), kinetic dissociation constant (ky),
and equilibrium dissociation constant (Kp) derived from BLI measure-
ments performed for three proteins as analytes and either P-1 or M-1 as
a ligand immobilized on streptavidin tips

Protein/P-1or M-1  k, (10°M™'s™") k4 (107°s™)  Kp (nM)
Rad52

P1 125 + 0.36 187 +1.72 1.49 + 0.015
M1 124 + 0.31 163 + 1.51 1.31 +0.013
SGN1

P1 — — 104.9 + 10.7%
M-1 — — 115.5 + 9.2¢
COQ9

P1 4.10 + 0.033 2034 +15.22  ~500°

M-1 3.38 + 0.026 1695 + 12.88  ~500”

“The Kp values have been calculated assuming an equilibrium level of
the SGN1 binding to the sensor tips (Langmuir’s equation). ? Curve
fitting to a 1:1 binding model was not ideal. We thus choose not to
report precise Ky, values but rather an order of magnitude (see ESIT).

(Fig. S81). In solution, a 10:1 foldamer binding ratio of the
foldamer to the 10mer may be considered unless the foldamer
binds in the central cavity of the 10mer. This is precluded in
the BLI experiments where the foldamer is immobilized on the
sensor. One may still envisage that a certain degree of multiva-
lency (or “avidity”), e.g. two or more Rad52 subunits of the
10mer binding to two or more foldamers on the sensor, con-
tribute to the low Kp values. We performed additional BLI
experiments decreasing the loading of foldamer on the sensor
to prevent multivalency and observed no change in the shape
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of the response curve, which suggests the binding observed is
indeed 1:1.

The binding of SGN1 was estimated in a similar manner.
Rapid association and dissociation were recorded but, after
the initial binding event when a steady state should be
reached, a gradual linear climbing of the association step was
noticed as if SGN1 was further associating to itself on top of
its binding to 1 on the sensor. Adding 2% Bovine Serum
Albumin (BSA) to the buffer reduced this phenomenon but did
not completely remove it, making the curve fitting to a 1:1
kinetic binding model inaccurate. Consequently, the Ky, values
of SGN1 binding to M-1 and P-1 were calculated with the
Langmuir’s equation and assuming that equilibrium was
reached after the initial climb of the signal (steady state).
Binding in the three-digit nanomolar range was observed and
again revealed similar association to M-1 and P-1 (Kp of 105
and 115 nM, respectively, Fig. S9t1). Unlike for Rad52, not
much is known about the structure of yeast SGN1 other than
that it contains an RNA binding domain.'® Alphafold predicts
that only a small part of its 250 residues belong to a stable ter-
tiary fold (Fig. S8t) but such a prediction may be taken with
caution. In contrast, the structure of the 228-residue yeast
COQ9 is not known but AlphaFold predicts a fully folded
protein similar to the structure of human COQ9 which con-
tains ten a-helices (Fig. S8t). For BLI measurement with
COQ9, we screened a range of buffers with variable amounts of
BSA (1-2%) and/or Tween-20® as a detergent (0.05-0.1%) to
reduce protein aggregation and eventually obtained a good,
albeit not ideal, fit to a 1: 1 kinetic binding model. Ky, is there-
fore provided as an order of magnitude (Table 2). The best
binding behaviour was again obtained with HEPES buffer.
Binding of COQ9 to 1 was weaker than for the two other pro-
teins, although still in the submicromolar range, with again
no preference for the P- or M-helix (Table 2 and Fig. S107).

Conclusions

A single helical aromatic foldamer, not resulting from a
specific design but simply displaying different side chains at
its surface, was shown to possess nanomolar affinity for
certain proteins identified from a cell lysate. These results
bode well for the use of such medium-sized molecules to inter-
fere with cellular functions. While efforts towards the struc-
ture-based design of helical foldamers to recognize protein
surfaces are already under way,” " these new results suggest
that simple screening approaches may also yield promising
results. The current study focused on the detection of binding
and led to the identification of protein binders that do not
necessarily play an important role in diagnostics or therapeutic
intervention. For that reason, further investigations on the
selectivity of binding, on the thermodynamics involved - are
associations entropy or enthalpy driven - on the structural elu-
cidation of the interactions involved, or on whether these
interactions result in interference with protein function were
not undertaken. Future efforts will instead focus on screening
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the effects of various foldamers for relevant cell phenotypes
ensuring that what is detected is not solely binding but also
function.
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