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Crystal structure of a protein–aromatic foldamer
composite: macromolecular chiral resolution†

Jimi M. Alex, a Valentina Corvaglia, bc Xiaobo Hu,b Sylvain Engilberge, a

Ivan Huc *bc and Peter B. Crowley *a

Co-crystallization of a 2 kDa tether-free sulfonated foldamer and

the 13 kDa lysine-rich cytochrome c yielded a remarkable biohybrid

assembly with chiral resolution of the foldamer helix handedness. In

the crystal a B5 nm foldamer stack was surrounded by eight

molecules of protein. NMR and CD experiments suggest interesting

differences in the solution state recognition processes.

Supramolecular chemistry provides a repertoire of abiotic synthetic
receptors and ligands for protein recognition and assembly.1 These
properties have been illustrated for calixarenes,2 cucurbiturils,3

aromatic foldamers,4 suramin5 and tweezers,6 all of which
complement medchem products and peptidomimetics. Among
the supramolecular components, foldamers are unique in that
they form stably-folded architectures in solution.7 This feature,
arising from their resemblance to biopolymers, makes them
attractive candidates for protein recognition.8 Currently, there is
growing interest in helical aromatic oligoamides.9 The stability,
fold predictability and ease of synthesis/functionalization of
these foldamers have led to a wide range of applications.9b,10

Aromatic foldamers can be customized to enhance bio-
compatibility. For example, oligoamides of 8-amino-2-quinoline
carboxylic acid (Q, Scheme 1) were decorated with proteinogenic
side chains.4b Additionally, they can be endowed with a tether
functionality that confines the foldamer to a specific region of a
protein surface, enabling identification of weak interactions.4b,d,11

Thus, foldamers with a benzenesulfonamide were anchored to
the active site of human carbonic anhydrase II (HCA), to facilitate

recognition and assembly,4b,d,g while others were linked to cyclo-
philin A or interleukin 4.11 The ab initio design of foldamers
(without a tether) that can bind proteins is a challenging
task owing to the dearth of molecular recognition information.
Taking inspiration from the charge–charge multivalent com-
plexation between a cationic quinoline oligoamide and a DNA
G-quadruplex,12 the present work was carried out with the objec-
tive to demonstrate tether-free foldamer binding to a protein.

We explored the recognition properties of an anionic helical
quinoline oligoamide with a lysine-rich protein. The foldamer
was a B2 kDa octamer spanning three helix turns and function-
alized with sulfonate groups (1, Scheme 1). 1 could be synthesized
readily on solid phase using previously reported procedures.13 The
choice of sulfonic acid was motivated by its suitability to interact
with cationic residues.2b–d,5,14 Cytochrome c (cyt c, B13 kDa, pI
B9) was selected as its interactions with anionic receptors such as
sulfonato-, phosphonatomethyl- and phosphonato-calix[n]arenes
are well-established.2,14,15

A 2.1 Å resolution crystal structure provided a detailed view
of the protein–foldamer composite.16 Remarkably, the co-crystal
resulted in the chiral resolution of the P and M helices of 1, the
interconversion of which is kinetically hampered. NMR studies
were performed to characterize complexation in solution. Circular
dichroism (CD) experiments with 2, an analogue of 1 containing

Scheme 1 General structures of amino acid quinoline (Q) and pyridine (P)
monomers, and sequences of helical oligoamide foldamers 1 and 2. The
inner rim of the helix is marked in bold.
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flexible aminomethyl-pyridine units (P, Scheme 1), provided
insight into helix handedness induction by the protein.17

Crystallization trials were performed with the Jena
Bioscience JCSG++ screen and an Oryx 8 robot. Crystals of cyt
c – 1 grew only in condition C7, containing 10% PEG 3000,
0.1 M sodium acetate pH 4.5 and 0.2 M zinc acetate. Similar
conditions B7 and D4, lacking zinc, did not yield crystals. Rod-
like crystals (Fig. 1) were reproducible with 5–25% PEG 3350
and 4 eq. of 1 prepared in 1 M sodium acetate. Thin plate
co-crystals were obtained with 1 or 2, prepared in pure water,
but they diffracted poorly to 44 Å resolution. Data extending to
2.1 Å resolution was collected (SOLEIL synchrotron) from the
rod-like cyt c – 1 crystals, which belonged to trigonal space
group P3221 (Table S1, ESI†). The structure was solved by
molecular replacement with one cyt c in the asymmetric unit.
The cyt c fold was unaffected by foldamer binding (Fig. S4, ESI†).
Electron density was evident for two molecules of 1 arranged
as a stack, similar in dimension to cyt c (Fig. 1). Left-handed
M-helicity was assigned unambiguously to both foldamers.

In the stack, one foldamer was well-defined with the N-terminal
quinoline packed against the protein at Pro25 and Lys27. The
other foldamer was modelled in opposite orientations (each 50%
occupancy; Fig. S5, ESI†), arranged head-to-head or head-to-tail
relative to the well-defined foldamer. Zinc ions were modelled at
three separate sites involving His33, His39 or the foldamer–
foldamer interface (Fig. 1 and Fig. S6, S7, ESI†).

The curved surface of the cylindrical foldamer stack is anionic
owing to the sulfonates whereas the ends are mostly hydrophobic
(Fig. S5B, ESI†). Notwithstanding the 2.1 Å resolution, close
inspection of the crystal packing reveals multiple salt bridge
interactions. In the well-defined foldamer, seven of the eight
sulfonates make salt bridges to five lysine side chains (Nz� � �O–S =
2.8–3.4 Å) in four neighbouring proteins (Fig. 2B). Lys5 and Lys73
are salt bridged to two sulfonates while Lys86, Lys87 and Lys100
each interact with one sulfonate. Interestingly, Lys5 binds the
N-terminal quinoline (the cylinder base) in combination with
Pro25 and Lys27 from a neighbouring protein (Fig. 2B). These
contacts among others may have stabilized 1 in a single

orientation and more importantly, selected the M-helix. Pre-
viously, it was observed that in a stack of three foldamers the
central foldamer (lacking a tether for HCA binding) had negli-
gible protein interactions and was present in two orientations.4d

In the current structure the well-ordered foldamer interacted
with four protein surfaces, while the poorly-ordered foldamer
interacted with just two proteins.

We considered the protein–foldamer interactions in terms
of their interface areas. The 2 kDa foldamer 1 with a 1300 Å2

surface area might be expected to form large interfaces with the
protein. However, in the crystal, the well-defined foldamer
formed small interfaces, ranging in size from 100 to 180 Å2

with four neighbouring proteins (Fig. 2). The other foldamer
formed only two significant interfaces of 165 or 190 Å2 with cyt c,
which apparently was insufficient to dictate its orientation.
With o30% of its surface involved, this foldamer was bound
weakly. All of these interfaces were smaller than the main
protein–protein (270 Å2) and foldamer–foldamer (220 Å2) inter-
faces. The similarity with typical protein crystal packing
interfaces18 suggests that the protein–foldamer contacts are weak
and non-specific. Furthermore, the interface areas were compar-
able to those in protein–calix[4]arene complexes (200 Å2).14,15 The
considerably smaller calix[4]arenes (0.8 kDa) bear a cavity that
encapsulates individual lysine residues leading to larger interface
areas compared to the foldamer.

Comparisons with sulfonatocalix[8]arene (sclx8, 1.5 kDa)2b

and suramin (1.3 kDa)5b are also informative. While the largest

Fig. 1 Diffraction-quality cyt c – 1 co-crystals. The asymmetric unit
comprised one cyt c and a stack of two foldamers (PDB id 6s8y). Purple
spheres indicate zinc ions.

Fig. 2 (A) Crystal packing involved a B5 nm cylinder comprising 4
foldamers. A bridging zinc ion at His39 mediated assembly (inset). (B)
Protein–foldamer interfaces. The limited interactions of the second folda-
mer are evident, consistent with orientational disorder.

Communication ChemComm

Pu
bl

is
he

d 
on

 2
1 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 L

ud
w

ig
 M

ax
im

ili
an

s 
U

ni
ve

rs
ita

et
 M

ue
nc

he
n 

on
 9

/1
7/

20
19

 5
:0

6:
07

 P
M

. 
View Article Online

https://doi.org/10.1039/c9cc05330a


This journal is©The Royal Society of Chemistry 2019 Chem. Commun., 2019, 55, 11087--11090 | 11089

cyt c – 1 interface is 190 Å2, cyt c – sclx8 interfaces range from
400 to 550 Å2, as the calixarene moulds to the protein surface.
The even more flexible suramin forms interfaces up to 750 Å2.
Although smaller than foldamer 1, the calixarenes and suramin
form larger interfaces, facilitating their ‘molecular glue’ activity.
The compactness and relative rigidity of the helical foldamer
may diminish this ability. Nevertheless, the foldamer nestles
between four protein chains where its anionic surface comple-
ments the cationic patches of the surrounding proteins (Fig. 2).
The foldamer stack comprises 4 molecules in total, resulting in
a B4.6 nm long cylinder with a formal net charge of 36. The
surrounding 8 molecules of cyt c are bound loosely (small
interfaces) and the overall structure has large channels and a
50% solvent content (Fig. 2A). The role of zinc is noteworthy as it
bridges cyt c molecules via His39 coordination. Zinc is prevalent
in protein crystal structures as a mediator of assembly.19

Compound 1 lacks stereogenic centres and is synthesized as
a racemic mixture of P and M conformers. Helix handedness
inversion in water is extremely slow for such quinoline-based
octamers.17 Therefore, the exclusive occurence of the M conformer
of 1 in the crystal structure amounts to a spontaneous chiral
resolution. The resolution of racemic mixtures of chiral acids upon
crystallization with a chiral base is well-established.20 However,
chiral resolution between molecules as large as a protein and a
helical foldamer is, to the best of our knowledge, unprecedented. It
reflects diastereoselective interactions in the solid state that pre-
sumably are preceded by similar interactions in solution. We
attempted to observe handedness selection in solution by circular
dichroism using analogue 2. In this oligoamide, three quinoline
monomers were substituted by aminomethyl-pyridine units (P,
Scheme 1, see ESI† synthesis13,17). These flexible units enhance
the kinetics of helix handedness inversion making it possible to
observe handedness bias in solution due to preferential interactions
between one conformer and the protein.17 P monomers are isosteric
to Q (i.e. the same inner rim) but have additional rotatable bonds
(increased flexibility), and lack side chain functionality.

It was not possible to monitor solution interactions between
cyt c and 2 in the same buffer used to grow the co-crystals with 1.
Under these conditions, co-precipitation with 2 occurred. Raising
the pH to 5.4 and the addition of 25 mM sodium chloride facilitated
solubility. Equilibration of 2 in the presence of cyt c revealed a
positive band in the quinoline absorption region indicative of
P-helicity, which remained unchanged over 72 h (Fig. 3). This band
confirms diastereoselective interactions between 2 and cyt c in
solution. In contrast to earlier investigations,4b,d this selection
occurs in the absence of any tether between the foldamer and the
protein. However, the preferred handedness is opposite to that of 1
in the crystal structure. This change may be the result of the
different conditions used (e.g. pH, zinc acetate) or structural
differences between 1 and 2. Another explanation may be that
the strongest interactions in solution are not those that
favoured crystal growth, i.e. different binding modes in solution
and in the solid state.

NMR spectroscopy provided further insight into cyt c recognition
by foldamer 1 (see ESI† methods). 1H–15N HSQC-monitored titra-
tions revealed increasing chemical shift perturbations (Dd) and

some broadening as a function of the foldamer concentration,
consistent with fast-to-intermediate exchange (Fig. 4A). The binding
site in solution was a contiguous patch of B20 residues, which was
significantly different to the patches observed in the crystal structure
(Fig. 4B and Fig. S8, ESI†). For example, Lys11 and Thr12 do not
bind 1 in the crystal but their amide resonances were shifted and
broadened at 2 eq. foldamer. Differences in the NMR and X-ray
binding sites (Fig. S8, ESI†) are likely due to reorganization
during crystallization, in favour of the site around Lys27, and
facilitated by the zinc-mediated assembly (Fig. 2A). Interestingly,
the NMR-defined binding site for the foldamer is similar to typical
cyt c – calix[4]arene complexes.14 This observation suggests that
sulfonate–lysine interactions direct complexation (electrostatic
steering). The lysine-rich patch of cyt c is also prominent in
binding protein partners in solution.21

The cyt c – 1 crystal structure is an assembly of two entities
that differ strikingly in their chemical nature, size and shape.

Fig. 3 CD spectra of the cyt c – 2 mixture after equilibration at 20 1C. The
sample contained 0.09 mM protein–foldamer complex in 25 mM sodium
acetate, 25 mM sodium chloride at pH 5.4.

Fig. 4 (A) 1H–15N HSQC titration of cyt c with 1 (coloured scale). (B) Chemical
shift perturbations for cyt c backbone amides in the presence of 0.4 mM
foldamer. Blanks correspond to unassigned or broadened resonances.

ChemComm Communication

Pu
bl

is
he

d 
on

 2
1 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 L

ud
w

ig
 M

ax
im

ili
an

s 
U

ni
ve

rs
ita

et
 M

ue
nc

he
n 

on
 9

/1
7/

20
19

 5
:0

6:
07

 P
M

. 
View Article Online

https://doi.org/10.1039/c9cc05330a


11090 | Chem. Commun., 2019, 55, 11087--11090 This journal is©The Royal Society of Chemistry 2019

One is a highly cationic and globular biopolymer, the other is
an anionic and helical synthetic ligand. The crystal composition
of two foldamers (B4 kDa total) per protein (B13 kDa), results
in a 1 : 3 mass ratio of synthetic to biological molecules. Charge–
charge complementarity appears to facilitate the protein–foldamer
interaction, highlighting the ‘molecular glue’ potential of foldamers
to mediate interfaces and assembly. In view of these features, the cyt
c – 1 complex may be considered as a biohybrid material.16 In the
crystal, a cylindrical stack of four foldamers interacted with eight
proteins via small interfaces, suggestive of weak interactions.
While in solution a different binding mode occurred. The relatively
compact and smooth surface of the foldamer precludes inter-
digitation with protein side chains. More extensive interactions
with the protein surface may be achieved by a foldamer with
alkyl (–R) or alkoxy (–OR; R = –CH3 or –C2H5) linkers to the
sulfonate substituents.

The property of 1 to mediate protein assembly by interacting
with several surfaces hints at its application as a ‘molecular
glue’.2,14,22 Owing to the ease of functionalization, foldamers
can be tailored according to the chemistry of the target
protein4b,d,g,11 For example, the replacement of sulfonate with
amino substituents12 may facilitate recognition and assembly
of anionic proteins. Finally, this study highlights the potential
of quinoline oligoamides to generate protein-based composite
materials, for applications in therapeutics, sensors and nano-
architectures.4b,d,g,10e,16
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