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ABSTRACT: Amphipathic water-soluble helices formed from synthetic peptides or foldamers are prom-
ising building blocks for the creation of self-assembled architectures with non-natural shapes and func-
tions. While rationally designed artificial quaternary structures such as helix bundles have been shown
to contain preformed cavities suitable for guest binding, there are no examples of adaptive binding of
guest molecules by such assemblies in aqueous conditions. We have previously reported a foldamer 6-
helix bundle that contains an internal non-polar cavity able to bind primary alcohols as guest molecules.
Here, we show that this 6-helix bundle can also interact with larger, more complex guests such as n-alkyl
glycosides. X-ray diffraction analysis of co-crystals using a diverse set of guests together with solution
and gas-phase studies reveal an adaptive binding mode whereby the apo form of the 6-helix bundle un-
dergoes substantial conformational change to accommodate the hydrocarbon chain in a manner reminis-
cent of glycolipid transfer proteins in which the cavity forms upon lipid uptake. The dynamic nature of
the self-assembling and molecular recognition processes reported here marks a step forward in the de-
sign of functional proteomimetic molecular assemblies.

novo peptide assemblies3!4 exploiting hydropho-
bic effects or CH-n interactions have been re-
ported to bind hydrocarbon chains in water. De-
spite notable advances, such as the recent design
of polyaromatic receptors with remarkable selec-

INTRODUCTION

Lipids and molecules containing long hydrocar-
bon chains are essential biomolecules that play
unique structural and functional roles in biologi-

cal systems, i.e. as building blocks of cellular com-
partments, for energy storage and as key signal-
ing molecules'3. Due to their role in these im-
portant biological processes, the specific recogni-
tion, sensing and transport of long hydrocarbon
and lipid chains by dedicated receptor proteins4
are vital to all living organisms. These processes
have inspired the design of synthetic molecular
and supramolecular architectures of different
shapes intended to similarly bind linear hydrocar-
bon chains in water. However, the conformational
flexibility and lack of distinct recognition site
along hydrocarbon chains make the design princi-
ples of such receptors difficult to delineate. Nev-
ertheless, diverse receptors ranging from syn-
thetic cavitands, nanocapsules and pores5*2 to de

tivity for mono-unsaturated fatty acids'®, artifi-
cial receptors do not yet compare favorably with
natural systems''7 in terms of diversity, com-
plexity, selectivity, and adaptability.

A survey of protein structures deposited in the
Protein Data Bank (PDB) bound by ligands con-
taining hydrocarbon chains indicates the preva-
lence of a-helices among secondary structures lin-
ing the binding pockets of such proteins4. Hydro-
carbon binding sites in a number of lipid-binding
proteins (LBPs) and lipid transfer proteins (LTPs)
are composed of several amphipathic helices ar-
ranged/packed in such a way as to create a hydro-
phobic cavity that can accommodate one or more
linear hydrocarbon chains. These cavities may be
persistent (e.g. albumin superfamily, plant LTPs)



if, for example, the fold is stabilized by interheli-
cal disulfide bridges, or latent, if the cavity does
not exist inherently in the apo state of the protein,
but transforms following subtle conformational
changes upon ligand uptake!®. Such an adaptive
binding mode is a characteristic of glycolipid
transfer proteins (GLTPs)'®. Glycolipid recogni-
tion by the saccharide head group recognition site
at the surface of GLTPs is coupled to the formation
or modification of the hydrophobic pocket result-
ing in exquisite accommodation of the ligand hy-
drocarbon chain. The reorganized hydrophobic in-
teraction network and additional hydrogen bonds
upon ligand binding thus overcome the conforma-
tional transition penalty from apo-GLTP (free
state) to holo-GLTP (ligand-bound state). These
design features revealed by studies of helical
LBPs/LTPs suggested to us that, similarly, aque-
ous assemblies of non-natural amphipathic heli-
cally folded molecules (i.e. foldamers) could be-
have adaptively and promote the formation of hy-
drophobic compartments suitable to accommo-
date hydrocarbon chains bearing a polar head
group (e.g. sugar).

Foldamers®2!, bioinspired synthetic folded oligo-
mers, have emerged as prospective scaffolds to
mimic the shapes and functions of biopolymers.
The attributes of such foldamer building blocks to
create biomimetic architectures are (1) a range of
well-defined secondary structure elements in-
cluding helices of different shapes accessible from
the existing (biotic?>?7 or abiotic?®3°) backbone
repertoire, (2) sequence programmability, and (3)
a large pool of monomeric units enabling the in-
troduction of side chains equipped with diverse
functions (proteinogenic and beyond). More com-
plex synthetic proteomimetic architectures3*
reaching the size of small proteins become acces-
sible by bringing together multiple secondary
structure elements in a single strand (foldamer
tertiary structure3?34) or by self-assembling am-
phipathic sequences in aqueous environment
(foldamer quaternary structure3>37). In terms of
function, foldamer-based receptors3®-4! have been
reported, showing exquisite ligand-specificity
that can be modulated by sequence design. In most
cases, however, such receptors are restricted to
secondary structures and contain a “predictable”
pre-existing and unalterable cavity as the ligand
binding pocket.

In this report, we show that water-soluble oli-
gourea foldamer quaternary structures can coop-
eratively and adaptively bind glycolipid-type am-
phipathic guest molecules consisting of a saccha-
ride head group and a linear hydrocarbon tail. We
have determined several high-resolution crystal
structures of such foldamer-based receptors in
complex with an array of n-alkyl glycosides. These

structures reveal a common adaptive binding
mode whereby the apo form of the bundle under-
goes substantial shape change to accommodate
the hydrocarbon chain of the ligand in a manner
reminiscent of GLTPs. These observations were
further corroborated in solution by NMR experi-
ments in the presence of aligand with a perfluoro-
alkyl chain and by CD (circular dichroism) using
two receptor analogues (a silent mutant and a
loss-of-function mutant) and a selection of ligands
varying in the length of their hydrocarbon chain
and the nature of the sugar group. Together, these
results represent a step further toward the design
of functional foldamer assemblies for protein
mimicry.

RESULTS AND DISCUSSION

Oligourea 6-helix bundle rearranges to bind glycolipid-
type detergents. Oligoureas are peptidomimetic
foldamers with a urea linkage in place of the pep-
tide bond within their backbone (Fig. 1a), that
adopt stable helices akin to a-helices of natural
peptides (Fig. 1b). Amphipathic oligourea helices
self-assemble in water into a diverse set of qua-
ternary structures modulated by sequence de-
sign374%43, Among these, H1 self-assembles into a
6-helix bundle whose interior is formed by the se-
questration of hydrophobic Leu-type side chains
(labeled as Leu" or L" hereafter), with a charged
and hydrated exterior (Fig. 1b and c)37. This bun-
dle is not tightly packed and contains a C; sym-
metric hydrophobic cavity with a volume of ~495
A3 that could be used to encapsulate guest mole-
cules such as alkanols. Almost full occupancy was
observed for pentanol and hexanol4®. To test
whether this self-assembled system is flexible and
dynamic enough to adapt to the nature of the
guest and whether larger amphipathic molecules
could template new helix assemblies, we decided
to employ molecules with longer hydrocarbon
chains such as alkyl glycoside detergents as po-
tential guests.

We performed a crystallization screen of H1 in the
presence of a selection of non-ionic detergents
and in a few cases obtained co-crystals of interest.
Crystallographic analysis of an H1 crystal (resolu-
tion: 1.7 A) grown in aqueous conditions contain-
ing n-octyl B-D-glucopyranoside (OGP), a simple
synthetic glycolipid-type detergent with four hy-
droxyl groups and an octyl tail, revealed the for-
mation of a complex (termed H1-OGP) composed
of an H1 6-helix bundle receptor containing six
OGP ligands (Fig. 1d). The 6-helix bundle of the
H1-OGP complex shows a similar overall mode of
packing/arrangement of canonical oligourea heli-
ces as seen in the apo-H1 (i.e. the H1 6-helix bun-
dle in the absence of a guest) previously
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Figure 1. Oligourea H1 6-helix bundle rearranges to bind six glycolipid-type detergent ligands. a, Chemical
structure of oligourea motif. b, Sequence of amphiphilic oligourea helix H1 and its pentad repeat structure. c,
Crystal structure of H1 6-helix bundle (i.e. apo-H1)37. d, Crystal structure of H1 6-helix bundle bound by six
octyl glucopyranoside molecules (OGP, colored in magenta) (i.e. H1-OGP complex). H1 helices are colored cyan
or green according to the common chain orientation. Hydrophobic cavities excluding ligands are depicted as
grey surface models. In d, bottom right, a sliced image of the H1-OGP complex to clarify the interior structure
is shown. e, Crystal structure of H1 in holo form showing hydrophobic Leu" side chains (sticks plus surface)
and inter-helix hydrogen bonds (black dashes). f, g, Electron density map (2mFo.-DFc) at o level of 1.0 of H1-
OGP complex: f, focused on the OGP hydrocarbon tail in the hydrophobic Leu“-rich tunnel and g, focused on
the OGP glucose headgroup, with details of H-bond interactions with H1. Black dashes represent hydrophobic
contacts (carbon-carbon distance no longer than 4.1 A) and intermolecular hydrogen bonds in f and g, respec-

tively.

described3” (Fig. 1e and Supplementary Fig. S2).
As apo-H1, the bundle of holo-H1 (ligand bound
form) can be described as three pairs of antipar-
allel H1 helices packed together (Supplementary
Fig. S2 and video 1) to form a hydrophobic core.
The inter-helical interface (within the dimeric
units) consists primarily of interlocked hydropho-
bic Leu" side chains, in a manner reminiscent of
‘knobs-into-holes’ (KIH) interactions observed in
o-helix bundles*4. Additional interactions con-
served between the two structures include hydro-
gen bonds between the amine of the Lys"8 side
chain and the free carbonyl oxygen of the Ala“10
urea backbone. However, despite these similari-
ties, subtle differences can be found at the inter-
face between the dimeric units (Fig. 1e and Sup-
plementary Fig. S3). In holo-H1, the three dimeric
units are held together by the interdigitation of
hydrophobic side chains of Leu“4 and Leu“9 and

the formation of a hydrogen bond chain involving
four Glu" side chains (including a short d(O,0O) of
2.62 A). In contrast, this array of non-covalent in-
teractions is not observed in apo-H1. The conse-
quence is that the two bundles substantially differ
in their overall shape (Supplementary video 2).
When viewed perpendicular to the bundle axis,
the holo form of the bundle (H1-OGP) appears as
a compressed form of apo-H1, with a height re-
duced from 38 A to 30 A. View down the helix axis,
holo-H1 displays a truncated triangular shape
with well-defined edges.

Another feature associated with the bundle rear-
rangement upon ligand uptake is the variation of
the volume and shape of the internal cavity, which
changes from 495 A3 in the apo-H1 bundle, to
1792.4 A3 in the holo-H1 bundle. The enlarged cav-
ity in holo-H1 is lined with Leu" side chains (Leu"1,
Leu“4, Leu"6, Leu"9 and Leu"11) and opens to the
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Figure 2. Crystal structures of four additional Hi-alkyl glycoside complexes. a, Chemical structures of alkyl
glycosides used as ligands for crystallization with H1. b, Overlay of H1 6-helix bundles from crystal structures
of Hi-ligand complexes. Average PC R.M.S.D. is 0.194A. ¢, Superimposition of all H1-ligand complexes with H1
as a transparent surface model and ligands as stick models (fluorine atoms are omitted for clarity). d, Super-
imposition of H1 complexes with HTG, OTG and NTM ligands and details showing orientation of the sugar ring
at the bundle surface and occupancy of the hydrophobic channel. The thioglycoside sulfur and the terminal
carbons of the hydrocarbon chain in HTG, OTG and NTM are labelled for clarity. Helix cartoon in b and ligand
sticks in ¢ and d are in different colors to discriminate complexes (H1-HTG (blue), H1-OGP (yellow), H1-OTG

(cyan), H1-NTM (orange) and H1-FeOM (green)).

exterior of the bundle through six hydrophobic
tunnels filled with the hydrocarbon tails (n-octyl)
of six OGP ligands. The hydrocarbon chains of the
OGP molecules are not fully extended, but kinked
at the 5™ carbon (Supplementary Fig. S4). This
kinked conformation, which evokes folding of
long hydrocarbon guests in synthetic cages?, may
be a consequence of the close proximity of the six
ligands in a confined space. Van der Waals con-
tacts between the hydrocarbon chain and the ter-
minal methyl groups of the Leu" side chains lining
the interior of the tunnel are expected to contrib-
ute to the binding of OGP (Fig. 1f and Supplemen-
tary video 3). In addition, hydrogen bonding be-
tween hydroxyl groups of the glucose headgroup
and polar moieties at the outer surface of H1 (i.e.
carbohydrate recognition site) are likely to also
contribute to the interaction in a manner reminis-

cent of the recognition of carbohydrate head-
groups by GLTPs!® (Fig. 1g and Supplementary
video 3). This hydrogen bonding network is com-
posed of three interactions between (1) the C2-OH
of OGP glucose and the amine of the Lys"3 side
chain, (2) the C4-OH and the free carbonyl of the
C-terminal urea and (3) the C6-OH and the urea
backbone amine of Leu"i, respectively. Overall,
the structure reveals a dual binding mode for OGP
involving both van der Waals contacts and hydro-
gen bonding. The formation of the hydrophobic
pocket in response to ligand binding is associated
with helix repositioning and the formation of ad-
ditional contacts between oligourea helices. These
stabilizing effects likely compensate for the en-
ergy penalty resulting from the conformational
transformation of H1 bundle from the apo to the
holo form (Supplementary video 2), which is



strongly reminiscent of human GLTPs that un-
dergo substantial shape change to adaptively ac-
commodate their ligands!6:8,

We then investigated the binding and recognition
of other alkyl glycoside detergent ligands by the
H1 bundle by varying the nature of either the po-
lar head group, the hydrocarbon chain or both.
Four additional crystals of H1 complexes were ob-
tained from aqueous solutions of HTG (n-heptyl -
D-thioglucopyranoside), OTG (n-octyl f-D-thioglu-
copyranoside), NTM (n-nonyl B-D-thiomaltopyra-
noside) and FeOM ((1H, 1H, 2H, 2H-perfluorooc-
tyl) B-D-maltopyranoside) (Fig. 2a). X-ray crystal-
lographic structures were successfully deter-
mined with resolutions ranging from 1.7 to 2.4 A
(Fig. 2b-d). All five Hi-detergent complexes are
isomorphous, with an average R.M.S.D. (Root
Mean Square Deviation) of 0.194 A calculated for
BC carbons (the side chain-bearing backbone car-
bons) of holo-H1 (Fig. 2b). In each case, the ligand
binds into the hydrophobic H1 bundle cavity in a
manner very similar to that previously described
for the H1-OGP complex (Fig. 2c and Supplemen-
tary Fig. S5) with a combination of van der Waals
contacts and hydrogen bond interactions between
the sugar headgroup and the carbohydrate recog-
nition site. This collection of structures using a
small library of ligands suggests that H1 is capa-
ble of binding a range of glycolipid-type molecules
with hydrocarbon tails varying in length (from
heptyl to nonyl) and composition (hydrocarbon or
perfluorinated chain), and with different sugar
headgroups (mono- or di-saccharides) and glyco-
sidic bonds (O- or S-). An overlay of the HTG, OTG
and NTM ligands in complex with H1 shows that
the sugar rings connected to the hydrocarbon
chain interact very similarly with the carbohy-
drate recognition site of holo-H1 and superimpose
surprisingly well despite the difference in length
of the hydrocarbon chains. Overall, the hydrocar-
bon chains of the three ligands adopt a similar
conformation inside the hydrophobic tunnel, with
the longer nonyl chain of NTM penetrating deeper
into the cavity (Fig. 2d).

Effect of point mutations of H1 on the interaction with al-
kyl glycosides. We next investigated the effect of
specific foldamer sequence variations on the lig-
and-induced molecular switch from apo-H1 to
holo-H1 and the concomitant interaction with al-
kyl glycosides. We designed and prepared two an-
alogues of H1 containing single residue mutations,
namely H1(E"7N") as a silent mutant and
H1(L"1N"Y) as a loss-of-function mutant, using the
same standard oligourea solid phase synthesis
procedure as for Hi (Fig. 3a). The silent mutant
H1(E"7N") has a polar Asn" replacing Glu"y resi-
due, a mutation which we predicted to have neg-
ligible effect on bundle rearrangement and ligand

a H1 LYEYKYLYYULYEYKYL AU LY
H1(EY7Nv) (Silent) Ny
H1(LY1NY) (Loss-of-function) Nu

H1(EY7NY)-OGP complex

H1(LU1NY)

Figure 3. Crystallographic structures of H1 ana-
logues containing single mutations. a, Sequence of
H1, H1(EY"7N"Y) (silent mutant) and H1(L"1N") (loss-
of-function mutant). b, Crystal structure of
H1(E"7NY)-OGP complex. ¢, Crystal structure of
H1(L"1N") bundle in apo form from an aqueous CTAB
solution.

binding. Crystallographic analysis (resolution: 2.3
A) revealed H1(E"7N"Y) to form a 6-helix bundle
very similar to holo-H1 (R.M.S.D. (°C) = 0. 298 A)
and also bind six OGP molecules (Fig. 3b and Sup-
plementary Fig. S6-S7). As a consequence of the
replacement of Glu* —» Asn", the hydrogen bond
chain that connects H1 helix dimers is interrupted
with the loss of the interhelical H-bonds between
the residues in position 7, but the reciprocal hy-
drogen bonds between the 2" and 7™ urea side
chains (Glu“2-Asn"7 for H1(E"7N")) are retained
(Supplementary Fig. S3). The binding characteris-
tics of OGP within the H1(E"7N")-OGP complex
are similar to those found in H1-OGP complex,
with the six hydrocarbon chains making van der
Waals contacts inside the hydrophobic tunnels
and the glucose headgroups positioned at the sur-
face of the bundle through a network of three H-
bonds (Supplementary Fig. S7).

In the loss-of-function mutant H1(L"1N"Y), the hy-
drophobic Leu"1, whose side chain methyl group
is in close proximity with the hydrocarbon tail (in-
termolecular carbon-carbon distances < 4 A) in all
Hi-alkyl glycoside complexes, and serves as an
entrance gate of the Leu"-rich tunnel is replaced
by a polar Asn" residue. Therefore, the absence of
this key hydrophobic contact in H1(L"1N") should
weaken the interaction of the hydrocarbon chain
within the cavity. Despite several crystallization
screening campaigns in the presence of a wide
range of detergent molecules, we could not co-
crystallize H1(L"1N") with any guest molecule,
and only crystals of an apo-H1(L"1N") 6-helix bun-
dle, whose structure is isomorphous with the apo-
H1 bundle, were obtained from an aqueous solu-
tion containing a cationic detergent (CTAB
(Cetyltrimethylammonium bromide)) (Fig. 3c and
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Figure 4. Biophysical analysis of the interaction between H1 and its analogues with FsOM. a, 'H-'H NOESY, b,
'H-19F HOESY and c, 9F (corresponds to F8 of FsOM) NMR spectra of oligourea bundles (H1, H1(E*7N") and
H1(L"1N")) in the presence of FsOM (solution composition: 500 uM foldamer, 500 uM FsOM, 20 mM sodium
acetate buffered at pH 4.0 in 98% D20 solution). Dashed boxes in a highlight the NOE signals between Tyr"s
protons (H6 and He) and Leu"11 HJ, a signature of inter-helix proximity characteristic of bundle formation.
Heteronuclear NOE signals are observed between all fluorine atoms of FsOM and Leu" Hs of H1 and H1(E"7N"Y),
whereas no heteronuclear NOE signal is obtained with H1(L"1N") (experimental parameters for each *H-'9F
HOESY are identical: 800 ms mixing time and 256 scans). d, Crystal structure of H1-FsOM complex showing
spatial proximity between fluorine atoms (bright cyan) and Leu" Hds. Dashed lines represent C-F distances <
4.3 A. e, Native ESI-MS analysis of H1 in the presence of FsOM shows the presence of various H1-FsOM com-
plexes, recorded from aqueous solutions containing 100 uM H1, 100 utM FsOM and 20 mM ammonium acetate.
Corresponding [m+n]** (m= number of H1, n=number of FsOM) are noted above peaks. The isotopic distribu-
tion at m/z = 2222.1 with an isotope spacing of 0.2 m/z (inset) unambiguously corresponds to [6+1]5*. f, Col-
lision cross section (PTCCSwe) distributions of the [6+0]5* (black, circle), [6+1]5* (red, triangle) and [6+2]5*
(green, square) species measured by drift tube ion mobility ESI-MS. The corresponding theoretical CCS distri-
butions are displayed as histograms using the crystal structures as starting models.

Supplementary Fig. S6). Although not proving de-
finitively that H1(L"1N") cannot bind any deter-
gent molecule, these results and crystal structures
nevertheless support the hypothesis that the hy-
drophobicity at the entrance of the tunnel is re-
quired in order for detergents to bind and stabi-
lize the bundle-ligand complex.

Biophysical analysis of the receptor-ligand complexes.
With high-resolution structures of oligourea

foldamer bundle-alkyl glycoside complexes in
hand, we turned to NMR and native electrospray
ionization mass spectrometry (native ESI-MS) to
study the interaction between the foldamer recep-
tor and its ligands in both solution and gas phases.
We chose FsOM as a model ligand, as its perfluor-
inated chain would allow us to discriminate be-
tween the NMR signals of Leu" residues lining the
hydrophobic tunnel and those from the ligand, and



thus to identify through-space interactions be-
tween the foldamer bundle and the ligand using
homo- and heteronuclear multidimensional NMR
experiments.

First, '"H-'"H NOESY NMR spectra of H1 and its two
analogues (H1(E"7N") and H1(L"1N")) in the pres-
ence of FsOM in aqueous solutions clearly showed
NOE signals between Tyr"s5 side chain protons (Hd
and He) and Leu"11 side chain -CH; protons (HJ)
(Figure 4a) (experimental parameters for each 'H-
'H NOESY are identical: 300 ms of mixing time
and 256 scans at 25 °C). These NOE signals be-
tween two residues remote from each other in an
isolated foldamer helix were shown previously to
indicate inter-helix proximity and were consid-
ered as a fingerprint for bundle formation by H1
and its analogues3742-45, Examination of the crys-
tal structures of the H1 bundle-alkyl glycoside
complexes suggests that these NOE signals are
also compatible with the holo-form of H1 bundle
(Supplementary Fig. S8). Although it is not possi-
ble to differentiate between the apo- and holo-
forms of H1 by these NOE signals, their observa-
tion supports the propensity of all three H1 ana-
logues to form bundles in aqueous conditions in
the presence of FsOM.

'H-'9F HOESY (heteronuclear NOESY) NMR spec-
tra of the three abovementioned samples recorded
under the same NMR experimental parameters
(800 ms of mixing time and 256 scans at 25 °C)
showed different heteronuclear NOE signals (Fig.
4b). In the presence of H1 (or the silent mutant
H1(E"7NY)), heteronuclear NOE signals are ob-
served between all fluorine atoms of FsOM with
the foldamer Leu" side chain -CHj; protons (H3).
These signals confirm that the fluorocarbon tail is
spatially close to the Leu" residues lining the tun-
nel of the bundles, and is consistent with the crys-
tal structure of H1-FsOM complex (Fig. 4d). In
contrast, no equivalent heteronuclear NOE signal
was observed in the case of the loss-of-function
mutant H1(L"1N"), demonstrating that this H1 an-
alogue is not able to interact with the carbon
chain of the ligand (or at least with binding that
is too weak to be detected by NMR). In addition,
9F NMR analysis of the three samples shows that
the chemical shift and shape of the '°F peaks of the
ligand differ with the foldamer receptor. In the
presence of H1 (or H1(E"7N"Y)), the chemical shifts
of F atoms in F¢OM are clearly shifted, whereas
only a tiny shift was obtained in the presence of
H1(L"1N") (Fig. 4c and Supplementary Fig. S9 and
Table S3). Fast exchange between the free and the
bound state of the ligand occurred on the NMR
time scale thus only one average signal is ob-
served on the spectrum, but significant peak
broadening in H1i and H1(E"7N") samples con-
firms binding events taking place (Fig. 4c and

Supplementary Fig. S10 and Table S4). Overall, 1D
and 2D NMR spectra are consistent with H1 and
H1(E"7"N) binding to the FsOM tail in aqueous so-
lution, and with H1(L"1N") having no such (or
much less) interaction with the F¢OM hydrocar-
bon tail.

Native ESI-MS analysis of the three foldamers in
the presence of FsOM revealed the presence of
several complexes composed of multimeric folda-
mers plus FsOM, but foldamer sequence-depend-
ent ligand binding was not observed (Fig. 4e and
Supplementary Fig. S11). Although there is no pre-
dominant complex species, it is notable that the
receptor-ligand interaction is strong enough such
that complex species are detectable following ion-
ization. To investigate whether the ion species of
H1 assemblies ([6+0]°*", [6+1]°* and [6+2]°")
found in MS can correspond to the crystal struc-
tures of H1 bundles, ion mobility-mass spectrom-
etry (IM-MS) was used in concert with semi-em-
pirical (PM7)4® calculations, Atom-centered Den-
sity Matrix Propagation (ADMP) molecular dy-
namics and trajectory model4” collision cross sec-
tion calculations.

IM-MS analysis revealed that the experimental
collision cross section (CCS) distributions in he-
lium for H1-FsOM complexes ([6+1]>* and [6+2]>*)
are from 1000 to 1400 A2, the same range ob-
tained for CCS distribution of apo-H1 ([6+0]°*)
(Fig. 4f and Supplementary Fig. Si2). This sug-
gests that the size and shape of the three ion spe-
cies are similar regardless of FsOM binding, which
implies FsOM being captured inside of the assem-
blies. However, the high-CCS tail is relatively
more abundant for the complexes. Theoretical
CCSs were calculated for three gas-phase struc-
tures ([6+0]%%, [6+1]°" and [6+2]°") built from the
crystal structures of apo-H1 bundle (1260 A2?) and
H1-FsOM complexes (hexameric bundle plus six
FsOM) (1336 A2) as starting models. Theoretical
CCSs are within the experimental CCS profiles.
The main peak centered around 1200 A? matches
well with the apo structure, while the tails are in
line with the holo form. Note however that the
complexes observed from dilute solutions by IM-
MS contain fewer ligands (1 or 2) than the crystal
structure (6 ligands), and a collapse of the cavities
in the gas phase is not surprising. The overlaps of
experimental and theoretical CCS profiles support
that structures of the three ion species are com-
patible with the crystal structures of H1 bundle
end-products.

Overall, the biophysical analyses using NMR, na-
tive mass spectrometry and ion mobility support
a model of interaction between the foldamer bun-
dle receptor and the alkyl glycoside ligand in



Table 1. Crystallographic analysis and biophysical analysis (based on CD-monitored data) of the

foldamer bundle-glycolipid guest complexes.

Biophysical analysis (CD-monitored data)

Surface area of

Receptor Ligand hydrop}{’obic tail® Temperature-dependent
(A2) % increase in folding®

T1/2(°C)¢ adj. R?

H1 - 41.5¢ 0.9988¢

H1 HTG 261.0 12 39.9 0.9623

H1 OTG 300.0 17 42.1 0.9656
H1 OGP 302.3 19 47.1 0.9813

H1 NTM 333.7 56 50.8 0.9920

H1 FsOM 356.2 76 87.3 0.9957
H1(EY7NY) - 30.0 0.9758
H1(EY"7NY) OGP 303.5 9 50.6 0.9775
H1(EY7NY) FsOM 74 81.7 0.9942

H1(L"1NY) -

H1(L"1NY) FsOM 32 54.1 0.9885

aSolvent-accessible surface areas (SASA) of hydrophobic tails (oxygen and sulfur atoms were excluded, thus
only the alkyl tails were considered) were calculated using the get_area function in PyMOL using a 1.4 A probe
radius. For precise comparison, protons of hydrocarbon tails were generated using the h_add function in
PyMOL. Receptors and neighboring five ligands were removed to calculate SASA of each ligand. *% increase in
folding values (% increase of MREzo4 Of interest versus MREzo4 Of reference (i.e. MRE2o4 Of receptor alone)) at
a ligand concentration of 2 mM and receptor concentration of 0.2 mM. ‘The mid-point of the transition (T/2)
values were estimated by fitting temperature-dependent CD data to a simple two-state Boltzmann unfolding
model using OriginPro 9.0. 9Tz of apo-H1 is from reference4®. Note that Ti/> of H1(L"1N") could not be deter-

mined.

which the linear alkyl chain is buried within a hy-
drophobic pocket, which is in-line with our crys-
tallographic observations.

Ligand-dependent binding affinity and complex stability.
The characterization at high resolution of the re-
ceptor complexes with various ligands and the ev-
idence that recognition of alkyl glycosides might
also occur in solution encouraged us to investigate
these interactions in more detail with a focus on
how these interactions may vary with the nature
of the ligand. To facilitate the comparison of the
ligands which differ by both the length (C7 to C9)
and composition (alkyl and fluoroalkyl chain) of
their hydrophobic tail, we calculated the corre-
sponding solvent-accessible surface area (SASA)
of these ligands. Previous studies have shown that
free energy of interaction of alkyl and fluoroalkyl
chains with a protein surface correlates well with
their SASA48. The average values of SASA of the

hydrophobic tails of the ligands co-crystallized
with H1 are reported in Table 1 and reveal the fol-
lowing ranking: FsOM>NTM>OGP=OTG>HTG.
Thus, the hydrophobic effect of the FsOM tail
would be the strongest and that of the HTG tail
would be the weakest. The receptor-ligand inter-
actions were then investigated in water by moni-
toring helicity as a measure of bundle stability us-
ing circular dichroism (CD) (Table 1 and Fig. 5).
We first measured CD spectra of foldamers (Hi,
H1(E"7NY) and H1(L"1N")) at a concentration of
200 puM plus glycolipid-type detergents at a con-
centration of 2 mM (10 molar equivalents to folda-
mer) in pure water (Fig. 5a and Supplementary
Fig. S13). All CD spectra were recorded over a
wavelength range of 190 - 250 nm and showed
Amax around 204 nm, which is a characteristic of
the canonical oligourea helix conformation. This
is consistent with the crystallographic structures
showing that the presence of ligand does not alter



the helical structure of oligourea foldamers. The
value of the molar residual ellipticity (MRE, deg:

cm?-dmol*residue®) at 204 nm (MRE.o,), which
indicates helical stability (also, indirectly, bundle
stability) of oligourea foldamers, increased when
H1 is in the presence of the detergents and this
increment is different depending on the nature of
the ligand (Fig. 5a). For numerical comparisons,
we used % increase in folding values, which cor-
respond to % increase of the MRE,, value of in-
terest versus the MRE,y, value of the reference
(i.e. apo-bundle). % increase in folding of H1 in-
creased from 12% to 56%, as ligands changed
from HTG to NTM, respectively, i.e. with increas-
ing hydrocarbon length (and SASA) of ligands. The
highest value of 76% was obtained with FeOM
(bearing a fluorinated carbon chain). The trend in
ligand-dependent helix stability of foldamers sup-
ports our expectation that the hydrophobic effect
may drive the stability of the receptor-ligand com-
plexes.

We also conducted temperature-dependent CD-
experiments to investigate the receptor-ligand
complex stability as a function of the nature of the
ligand. Temperature-dependent MRE,o, values of
each foldamer-ligand combination (at the same
concentration as abovementioned CD analysis)
were recorded upon heating from 4 °C to 90 °C
with a heating rate of 1 °C/minute. Although these
data may not reflect a simple two-state equilib-
rium but a more complex system, the mid-point of
the transition (Ti/.) is a useful indicator for helix
unfolding and bundle disassembly which can be
used to compare receptor-ligand complexes (Fig.
5b and Supplementary Fig. S14). Ty, values deter-
mined from these temperature-dependent data
were shown to vary depending on the nature of
the alkyl glycoside ligands. For instance, both
NTM and FsOM significantly increase the T,,, of H1
by 9.3 °C and 45.8 °C, respectively, while HTG has
negligible effect on the T,,, of H1. The ligand-de-
pendent T,,, and MRE,y, value increases are di-
rectly correlated with the SASA of ligand tails.
Concurrently, we performed the same experi-
ments with the two H1 mutants to investigate in
more detail how sequence variations may affect
ligand recognition. The % increase in folding
(74% and 32%) and Ti/» (81.7 °C and 54.1 °C) val-
ues obtained for Hi(E"7N") and Hi1(L"1iNY), re-
spectively in the presence of FsOM indicate clear
differences in the behavior of the two mutants.
Whereas H1(E"7N") shows values very similar to
those measured with H1, the values recorded for
the loss-of-function mutant (H1(L"1N")) are sub-
stantially reduced. This is consistent with NMR
data and supports the view that H1(L"1N") has a
reduced ability to bind (fluoro)alkyl glycosides as
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Figure 5. CD-monitored biophysical analysis of
foldamer bundle receptor-ligand complexes. a, CD
spectra and b, Temperature-dependent CD experi-
ments with [H1] = 200 uM in the absence or presence
of ligands ([Ligand] = 2 mM). ¢ and d, CD-monitored
titration of foldamer receptor-ligand complex.
Curves represent Hill equation fitting. Error bars
represent standard deviation of three experiments.

a result of the lower hydrophobicity of the Leu"-
rich tunnel.

CD-monitored titration of ligands into foldamer
bundles was performed in order to understand
foldamer bundle receptor-ligand binding in more
detail. Ligand solutions were sequentially added
to a 200 pM foldamer solution to vary the molar
ratio ([ligand]:[foldamer]) from 5:1 to 1: 10 and
% increase in folding values at each molar ratio
were recorded. Unlike HTG, OTG and OGP whose
addition showed only a limited effect on the CD
signal, the titration with NTM and FsOM led to a
sigmoidal increase of the % increase in folding
values (Fig. 5¢c and Supplementary Fig. Si15). The
sigmoidal increment was also observed when
FsOM was added to the H1 analogues (Fig. 5d and
Supplementary Fig. S16). Hill plot fitting of the
CD-monitored titration data revealed a good fit
for the four receptor-ligand combinations (H1-
NTM, H1-FsOM, H1(E"7N")-FsOM and H1(L"1N"“)-
FsOM) with adj. R? values higher than 0.95. The
other CD-monitored titration data did not fit well
to the Hill equation (adj. R* values are lower than
0.9, Supplementary Fig. S15-S16). Although the
system is quite complex, we attempted in all four
cases to extract [L],2, which corresponds to the
ligand concentration needed to occupy half of the
binding sites, by assuming that the receptor state
is the 6-helix bundle. The lower [L],/, value (indi-
cating a higher binding affinity) with FsOM (0.95
mM) compared to NTM (1.79 mM) is consistent
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Figure 6. Comparison of crystal structures of a hu-
man glycolipid transfer protein
(GLTP)/glycosphingolipid complex!® (left, PDB ID:
1SX6) and urea foldamer bundle/n-alkyl glycoside
complex (right). Despite apparent differences, the
natural and unnatural systems share some common
features, such as hydrogen bond mediated head
group recognition and a hydrophobic compartment
for binding hydrocarbon chains. Helix cartoon repre-
sents the protein (or foldamer) and green sticks rep-
resent selected residues participating to intermolec-
ular hydrogen bonding (dashed lines) or involved in
van der Waals contacts. Guest molecules are shown
as magenta sticks.

with the above-mentioned experiments and SASA
analysis. Hill coefficients (n) of the four combina-
tions are around 2 ~ 3 (higher than 1, but lower
than the number of binding sites (6)), thus sug-
gesting that binding of the ligands within folda-
mer bundles is moderately cooperative. Consider-
ing that the foldamer bundle receptor has six
binding sites and that binding events may favor
foldamer bundle assembly into the holo form re-
quired to bind additional alkyl glycoside mole-
cules, the cooperative binding mode is consistent
with structures of the complexes obtained by crys-
tallography.

CONCLUSION

Supramolecular cavities and channels within arti-
ficial helix bundles assembled from amphipathic
peptide and foldamer helices provide privileged
environments for interacting with guest mole-
cules ranging from small organic ligands to lipo-
philic biologically active molecules!44042:49.50,
High resolution structural studies have revealed
cavities differing considerably in shape (e.g. open
or closed), volume and interior (polar versus hy-
drophobic). A common characteristic of the cavi-
ties of these systems, besides potential tunability
by sequence variation, is that they are generally
preformed, i.e. they exist in the apo-state. For ex-
ample, we have previously shown using X-ray
crystallography that the central non-polar cavity
formed within the H1 oligourea 6-helix bundle

(empty in the apo-form) can host simple alkanols
— with pentanol and hexanol showing the best
shape complementarity — and that this binding
does not affect the original structure of the bun-
dle374°,

Here, by using larger and more challenging guest
molecules (i.e. n-alkyl glycosides) that cannot fit
into this pre-existing cavity, we show that the pre-
viously described oligourea 6-helix bundle can re-
arrange into a closely related yet distinct bundle
to accommodate the new guest molecules. Struc-
tural studies of co-crystals formed between the ol-
igourea foldamer and various n-alkyl glycosides
allowed us to precisely identify and characterize
guest-mediated rearrangements of the quaternary
structure. Remarkably, all the structures show
that the hydrophobic compartments that host the
hydrocarbon chain of the ligands are not preexist-
ing in the apo-state but actually take shape in the
presence of the ligand, revealing adaptability of
the system. This is further supported by the tem-
perature-dependent CD profile of H1 in the pres-
ence of NTM (Fig. 5b), for example, which shows
a clear increase in thermal stability, with a more
pronounced transition indicative of adaptive lig-
and recognition and cooperativity. This process
necessitates concerted movements and reposi-
tioning of foldamer helices with the creation of
new ‘knobs-into-holes’ interactions compared to
the apo-form. The binding of the ligands involves
a combination of van der Waals interactions be-
tween the hydrocarbon tail and the hydrophobic
interior and a H-bond network between the carbo-
hydrate head groups and the solvent-facing polar
oligourea residues. Although this is a purely arti-
ficial system formed by a synthetic oligomer qua-
ternary structure and a non-ionic detergent, it is
striking how the general ligand binding principles
and reorganization of the hydrophobic pocket de-
scribed here are reminiscent, though at a much
simpler level, of human GLTPs (Fig. 6). GLTPs are
ubiquitous, highly helical, soluble proteins which
by reversibly and non-covalently associating with
glycosphingolipids enhance their aqueous solubil-
ity and accelerate intermembrane trafficking®8.
Although glycosphingolipids are unlikely to be ac-
commodated by the H1 helix-bundle, the crystal
structures reported here nevertheless suggest
that the hydrophobic pocket could accommodate
long aliphatic chains including perhaps some de-
gree of unsaturation. Comparative analyses of dif-
ferent ligands and the use of foldamer sequences
containing single mutations suggest that the com-
plementarity between the Leu"-rich tunnels and
the hydrocarbon tails is an important requisite for
the binding. Subtle modifications of the hydropho-
bic compartment using closely related and/or
chemically different residues may be a rational



route to modulate shape complementarity and af-
finity for the hydrocarbon chain and accommo-
date lipids with longer chains (>C10). Along these
lines, our studies of FsOM, as well as work by oth-
ers>5?  suggests that substituting the methyl
groups of Leu" residues within the bundle by tri-
fluoromethyl groups may be a fruitful avenue of
investigation to increase binding affinity as high
as natural GLTPs (Kp in the uM range)>3. Further-
more, the polar outer surface of the helix bundle
is expected to provide a modular environment to
preferentially anchor certain lipid polar head
groups via the formation of an optimal H-bond
network, allowing, potentially, the design of en-
hanced lipid binding selectivity, as in LTPs. This
could be tested by screening amphiphiles with a
wider range of hydrophilic head groups in terms
of stereochemistry and composition than those
tested here.

Adaptive binding is a key feature of the synthetic
system reported here. The changes in size and
shape of the hydrophobic pocket from the apo to
the holo form of the bundle certainly reflects the
intrinsic dynamics of the quaternary structure
formed by H13743) in which entities of various stoi-
chiometries and shapes may interconvert in a con-
tinuous assembly/disassembly process>4. This dy-
namic character makes water-soluble amphi-
pathic oligourea helical foldamers promising
building blocks to further develop artificial syn-
thetic protein-like assemblies with a diversity of
shapes and functions, including as new stimuli-re-
sponsive materials.
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