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ABSTRACT: Frustrated, or nonoptimal, interactions have been proposed to be essential to a protein’s ability to display responsive
behavior, such as allostery, conformational signaling, and signal transduction. However, the intentional incorporation of frustrated
noncovalent interactions has not been explored as a design element in the field of dynamic foldamers. Here we report the design,
synthesis, characterization, and MD simulations of the first dynamic water-soluble foldamer that, in response to a stimulus, exploits
relief of frustration in its noncovalent network to structurally rearrange from a pleated to intercalated columnar structure. Thus, relief
of frustration provides the energetic driving force for structural rearrangement. This work represents a previously unexplored design
element for development of stimulus-responsive systems that has potential application to materials chemistry, synthetic biology, and

molecular machines.

INTRODUCTION

A critical aspect of many proteins is their ability to exhibit com-
plex responsive behaviors such as allostery!, conformational
signaling®, and signal transduction®, which often involves
long-distance structural rearrangement. These responsive
events must be transmitted through the noncovalent network
(NCN) that makes up the tertiary structure of the protein. Wol-
ynes and coworkers developed a theoretical model based on re-
lief of frustration to describe how proteins respond to stimuli
invoking long distance transmission, the key feature being non-
optimal, or frustrated, local noncovalent interactions (NCls)
within the globally stable protein structure.”!! Coupling of a
stimulus, such as ligand binding or covalent modification, with
relief of frustration can provide the energetic driving force re-
quired for long-distance structural changes. Indeed, computa-
tional studies have shown that dynamic regions of the protein
that undergo conformational changes in response to a stimulus
exhibit weaker interactions and more frustration than those
within the core of the protein.’

Foldamers adopt well defined structures that provide the fea-
tures necessary to recapitulate such complex behavior observed
in proteins, providing an approach to create complex abiotic re-
sponsive systems. However, while dynamic foldamers that
mimic allostery'?!* and stimulus response'>!*2* have been re-
ported® 2, to the best of our knowledge, relief of frustration has

not been used as a design element to induce long-distance struc-
tural reorganization in abiotic systems to date. Currently, the
only reported example suggesting frustration as the driving
force for structural rearrangement is a self-assembled [2]-cate-
nane mutational study from our group®', however, frustration
was not intentionally incorporated in the system design as a
mechanism for complex behavior. Herein, we are the first to re-
port the design and evaluation of a novel water-soluble folda-
mer in which we intentionally incorporate frustration coupled
with a stimulus-responsive element to induce long-distance
structural reorganization. Using UV-Vis, NMR, and molecular
dynamics (MD) simulations, we demonstrate that the introduc-
tion of a stimulus weakens a favorable NCI allowing for the re-
lief of a frustrated NCI, together changing the balance of pow-
ers within the NCN and driving the adoption of a new folded
state. Thus, the frustrated interactions may be considered a
source of latent free energy that is mechanistically linked to the
stimulus.>® This work demonstrates frustration as a successful
design principle and represents a first step in incorporating frus-
tration as an intentional element in responsive foldamers, ulti-
mately increasing the toolkit for the construction of complex
supramolecular systems with potential applications to materials
chemistry, molecular machines, and synthetic biology.
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Figure 1. (a) Structure of DAN, NDI, AAN and AANH+ with their associated electrostatic potential maps (ESPs). ESPs of DAN, NDI, and
AAN are scaled from -115 to +115 kJ/mol, AANH+ is scaled 0 to +350 kJ/mol. ESPs were calculated using gas phase DFT B3LYP 6-31G*
with methyl groups in place of the sidechains (b) Structure of ADAM with AAN shown under neutral conditions (c) Cartoon representation
of ADAM showing the major predicted pleated stacking orientation under acidic conditions and the major pseudo-degenerate intercalated
stacking orientations under neutral conditions. Green dashed lines indicate optimized interactions and red dashed lines indicate frustrated

interactions.

RESULTS AND DISCUSSION

System Design. The design of a stimulus-responsive foldamer
with the potential to access two different folded states via the
relief of frustration, requires the following elements: (1) a high
degree of flexibility, (2) a site that will react with a stimulus,
and (3) intentional frustration in one state that can be relieved
in the second state in response to a stimulus. Additionally, to
increase biomimetic relevance, we wanted the foldamer to func-
tion in aqueous solution. To accommodate these criteria, our
foldamer design was adapted from Iverson’s aromatic electron
donor-acceptor foldamer,*? modified to incorporate a stimulus
responsive element and a frustrated site, which we call the
Adaptive Donor-Acceptor Motif (ADAM, Figure 1). Iverson’s
well-characterized system consists of -7 stacking interactions
between alternating 1,5-dialkoxynaphthalene (DAN) and naph-
thalene diimide (NDI) monomer units connected with flexible
peptidic linkers (Figure 1), and has been shown to fold in an
aqueous environment.>*3*

Furthermore, Iverson has shown that in a 3-subunit foldamer,
the 11-atom linkers allow for folding into either a pleated or
intercalative structure, depending on the ordering of NDI and
DAN. In the pleated structure all stacking interactions are

formed via adjacent monomers, while the intercalative structure
is formed via the stacking of nonadjacent monomers.>*> While
Iverson’s system provides an established backbone structure, it
was designed to exhibit only favorable donor-acceptor interac-
tions. We chose to introduce protonation as the switch in the
initial design of the frustrated foldamer by incorporating a novel
aromatic subunit, aminoalkoxynaphthalene (AAN), an adapta-
tion of DAN in which one of the naphthyl alkoxy groups is re-
placed with an amine. Protonation of the naphthylamine to
AANH+ reverses the electrostatics from an electron-rich donor
to an electron-poor acceptor (Figure 1a). We expected that this
would result in a change in its stacking preference: at acidic pH,
AANHH+ is electron deficient and is expected to prefer stacking
with DAN. Upon deprotonation, AAN becomes electron rich
and thus should prefer stacking with NDI over DAN. We envi-
sioned exploiting this change in stacking preference by mecha-
nistically coupling it with the relief of frustration to drive a
structural rearrangement.

The sequence of the ADAM foldamer, NDI1-NDI2-DAN3-
AAN4 from N- to C-terminus with a lysine residue linking each
aromatic subunit for water solubility, was designed to incorpo-
rate frustration in both acidic and neutral conditions (Figure 1b).
In an acidic environment where AAN4H+ is electron poor and
expected to stack with DAN3, NDII lacks an electron-rich



partner and thus is predicted to stack with NDI2 to minimize
solvent  exposed surface area.’® A pleated
NDI1<NDI2*DAN3*AAN4H+ structure (where ¢ indicates a
stacking interaction; Figure lc, left) is the expected minimum
energy structure. This represents a frustrated situation as
NDI*NDI stacking has been shown to be approximately 10-fold
weaker than NDI*DAN stacking.’” At neutral pH, when AAN
is not protonated and thus electron rich, we hypothesized it
would weaken the interaction with DAN3 and trigger a stimu-
lus-response in which AAN would induce long distance com-
munication through the NCN by favoring an AANNDI stack
that relieves the NDI1sNDI2 frustration. Three possible inter-
calative folds achieve this (Figure 1c, right): NDI1 can swing
up to insert between DAN3 and AAN4 (intercalative fold 1),
AAN4 can swing down to insert between NDI1 and NDI2 (in-
tercalative fold 2), or NDI1 can swing up to stack with DAN3
and AAN4 can swing down to stack with NDI2 (intercalative
fold 3). Thus, the ADAM foldamer demonstrates a second prin-
ciple of protein function, that of conformational dynamics,*®*’
since the requirement for a flexible foldamer results in several
pseudo-degenerate low-energy structures at neutral pH. These
intercalative stacks maintain the minimized solvent-exposed
surface area as well as the core NDI2*DANS3 stack while max-
imizing donor-acceptor interactions. In these states, we expect
that frustration arises from the entropic cost of the intercalative
stacking in which the linkers have less entropic freedom. Thus,
going in the reverse direction from the neutral to protonated
state, the AANH+*NDI interactions will be unfavorable, driv-
ing the foldamer back to the pleated structure.

Synthesis. Subunits AAN, DAN, and NDI were synthesized as
Alloc-protected amino acid derivatives for solid phase peptide
synthesis using modifications of literature procedures for DAN
and NDI (see SI) and the approach shown in Scheme 1 for Al-
loc-AAN-OH.*>* TInitial attempts to synthesize them as Fmoc-
protected amino acids resulted in poor solubility and thus poor
peptide incorporation. The ADAM foldamer and a series of
control peptides (Table 1) were synthesized by solid-phase pep-
tide synthesis (see SI).
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Scheme 1. Synthetic route of novel monomer Alloc-AAN-
OH.

Table 1. Peptide sequences and their associated abbrevia-
tions®

Abbreviation Peptide Sequence

NDI monomer Ac-K-NDI-K-NH>
Ac-K-DAN-K-NH>

Ac-K-AAN-K-NH>

DAN monomer

AAN monomer

NDI-AAN Ac-K-NDI-K-AAN-K-NH>
NDI-DAN Ac-K-NDI-K-DAN-K-NH>
NDI-NDI Ac-K-NDI-K-NDI-K-NH>
DAN-AAN Ac-K-DAN-K-AAN-K-NH>
ADAM Ac-K-K-NDI-K-NDI-K-DAN-K-AAN-K-K-NH>

(a) Lysine is represented by the letter K. Ac represents an acetyl
cap at the N-terminus. -NH, indicates that the C-terminus is an am-
ide. One additional lysine residue at each terminus was incorpo-
rated in ADAM to increase water solubility.

pH Dependence, UV-Vis and 'H NMR Spectra of AAN,
DAN, and NDI Monomer Peptides. To determine the pH at
which AAN becomes protonated, we measured the UV-Vis
spectrum of the AAN monomer peptide at various pHs. Proto-
nation of the naphthyl amine results in a characteristic blue shift
in the UV spectrum at pH 0 (Figure S20c), while no blue shift
is observed at pH 3. This is consistent with the literature pKa of
a similar amino acid, N-phenylglycine methyl ester (pKa 2.0).%
Based on this, all studies at neutral pH were performed in 50
mM sodium phosphate D,O buffer (pD 7, uncorrected), while
acidic studies were conducted in 1 M D,SO4 in D,O (pD 0, un-
corrected). We also verified that the DAN and NDI monomer
UV-Vis spectra are independent of pH, indicating that they do
not become protonated in this pH range (Figure S20a-b).

"H NMR studies further corroborated the pH-dependent proto-
nation of AAN and pH independence of DAN and NDI mono-
mer peptides, as peak shifting was observed for the AAN mon-
omer peptide when comparing the spectra at neutral and acidic
conditions, but not for the NDI or DAN monomer peptides (Fig-
ure S22). This verifies that AAN is the only monomer proto-
nated under acidic conditions and can behave as the sole pH
switch in the ADAM foldamer.

Dimer Peptide Control Studies. UV-Vis and 'H NMR studies
were also used to confirm stacking and folding of the NDI-
DAN, NDI-AAN, and NDI-NDI dimer peptides under both
conditions as simpler models for the ADAM foldamer. UV-Vis
analysis of the NDI-DAN dimer peptide confirmed the litera-
ture-precedented charge transfer (CT) complex between NDI
and DAN,*? appearing red in solution with a Ama at 514 nm in
both neutral and acidic solutions (Figure S21a). This supports
NDI*DAN stacking in both conditions. The NDI-AAN peptide
in neutral conditions exhibits a distinct CT band with a Amay at
613 nm, resulting in a visible green color, also indicating stack-
ing (Figure S21c). This CT band is lost upon protonation of
AAN under acidic conditions, as protonated AANH+ cannot act
as a donor for charge transfer. No other dimer peptides pro-
duced a CT band in either solution.

We observed upfield shifting of the 1H NMR aromatic region
of NDI-NDI, NDI-DAN, NDI-AAN and DAN-AAN dimer
peptides in both neutral and acidic solution relative to their re-
spective monomer peptides, as well as splitting of the NDI sin-
glet peak. This is expected for n-x stacking interactions and fur-
ther supports folding in all dimer systems (Figure S23). Addi-
tionally, the dimer spectra for NDI-NDI and NDI-DAN are



identical at both conditions, further demonstrating that NDI and
DAN are pH independent when stacked. In contrast, the 'H
NMR spectra for NDI-AAN and DAN-AAN dimers show dif-
ferences in chemical shifts between the spectra under acidic and
neutral conditions, supporting the conclusion that AAN is re-
quired for pH-dependent changes. In summary, only AAN
demonstrated pH dependent behavior. Information from the di-
mer peptides was used as a template to interpret the more com-
plex data from our ADAM foldamer.

Characterization of ADAM at pH 0. Dilution studies of
ADAM were performed in both acidic and neutral solution to
confirm the absence of aggregation. Using the Beer-Lambert
equation, we confirmed that absorbance and concentration of
ADAM are linearly correlated between 100 uM and 2 mM (Fig-
ure S43), suggesting aggregation is not present within this con-
centration range.

UV-Vis of ADAM in acidic solution confirms that ADAM con-
tains a DAN*NDI stack, as indicated by the red CT band at 514
nm (Figure 2a). However, since AANH+ cannot form a CT
complex in its protonated state, UV-Vis does not report on its
interaction.

We undertook NMR experiments, including variable tempera-
ture 'H NMR and NOESY experiments, to characterize the
folded state and provide insight into the stacking interactions.
The 'H NMR spectrum exhibits upfield shifting of all aromatic
peaks relative to the monomer peptides, demonstrating exten-
sive stacking of all residues. However, at 298 K, all peaks are
broadened, indicating intermediate exchange rates. Heating to
318 K results in significant sharpening with only minimal
changes in chemical shift indicating an increase in exchange
rates without disrupting stacking interactions.

b)

NDI-DAN pH 0
— ADAM pH 0

s — NDI-DAN pH 0 )

DAN-AANH+ pH 0

woenmapromtd e A s MM
ADAM pH 0

Absorbance
o

. - T :
450 500 550 600 650 700 750 8.5 8.0 75 7.0 6.5 6.0
Wavelength (nm) 1 (ppm)

) NDITNDIZ )
NDI1/NDI2
NDI1 NDI2 °
NDI1  NDI2
R Y]
DAN [ g
‘ . [%2 NprDI2 /’F} 78
__________ 2
AN 64_ o 16/@7 /
- £ N M =
: 2 g 0 (O g
= - =
6.8 — f 80 &
NDI1 / /L@/@ 0
7.0 (J/ o1
T T T T T T T 7.2 ——
8.10 8.05 800 7.95 7.90 7.85 7.80 8.1 80 79 78 77
12 (ppm) 2 (ppm)

Figure 2. (a) CT bands for NDI-DAN and ADAM under acidic
conditions (b) Stacked '"H NMR of NDI-DAN, DAN-AANH+, and
ADAM peptides in pD 0 solution at 298 K for NDI-DAN and
DAN-AANH+ and 318 K for ADAM; * indicates impurity. (c)
ADAM pD 0 2D NOESY spectrum highlighting crosspeaks be-
tween one of the NDIs and the DAN peak at 6.09 ppm, and the lack
of crosspeaks between NDI and AANH+ (d) ADAM pD 0 2D
NOESY NMR highlighting crosspeaks between both NDIs.
ADAM concentrations are ~1 mM for UV-Vis and 2 mM NMR
respectively. Dimer concentrations are 100 uM for NMR.

The NOESY spectrum at 318 K exhibits crosspeaks between
the most upfield aromatic peak at 6.09 ppm, corresponding to

DAN and only one of the two NDIs (Figure 2b,c). This is con-
sistent with DAN*NDI stacking that results in the red CT band
observed in the UV-Vis spectrum. In contrast, the aromatic peak
at 6.97 ppm, which corresponds to AANH+, does not exhibit
NOEs to any of the NDI peaks, consistent with the expected
pleated columnar fold in which AANH+ is distal from both
NDIs. Because of the overlap of DAN and AANH+ crosspeaks
between 6.50 — 6.62 ppm, we cannot determine whether there
are any NOEs between DAN and AANH+. Furthermore, the
most downfield NDI peak at 8.03 ppm does not exhibit cross-
peaks to DAN or AAN, but does exhibit NOEs to the other NDI
peaks (Figure 2d), consistent with the designed frustrated
NDI*NDI stack, suggesting it is the terminal NDI1. Combined,
these data support the pleated columnar folded state shown in
Figure 1c (left), in which the aromatic residues
NDI1-NDI2*DAN3*AAN4H+ stack in the order that they are
linked.

Characterization of ADAM at pH 7. To characterize the do-
nor-acceptor stacking interactions in ADAM under neutral con-
ditions, we compared its UV-Vis spectrum to those of the NDI-
DAN and NDI-AAN dimer peptides (Fig. 3a). The UV-Vis
spectrum of ADAM exhibits a distinct CT band with a Amax at
540 nm, corresponding to a black color in solution. This CT
band has the same Amax as the sum of the CT bands for NDI-
DAN and NDI-AAN, indicating that both DAN3 and AAN4
stack with NDI at neutral pH.
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Figure 3. (a) CT bands for NDI-DAN, NDI-AAN, NDI-
DAN+NDI-AAN and ADAM under neutral conditions, as well as
photos of NDI-DAN, NDI-AAN, and ADAM solutions. (b)
Stacked '"H NMR of NDI-DAN, NDI-AAN, and ADAM peptides
in pD 7 solution at 298 K for NDI-DAN and NDI-AAN and 318 K
for ADAM; * indicates impurity. (¢c) ADAM pD 7 2D NOESY
spectrum highlighting crosspeaks between both NDIs and DAN
and AAN peaks (d) ADAM pD 7 2D NOESY NMR highlighting
crosspeaks between the aromatic NDIs. ADAM concentrations are
~1 mM for UV-Vis and 2 mM NMR respectively. Dimer concen-
trations are 100 uM for NMR.

Analysis of the NOESY at neutral pH further supports the as-
sertion that both AAN and DAN interact with both NDIs (Fig-
ure 3c). The DAN peak at 6.13 ppm exhibits NOEs to both
NDIs, supporting NDI1 intercalation. The AAN proton at 5.67
ppm exhibits NOE crosspeaks to both NDIs, also suggesting in-
tercalated stacking of AAN4. These results are both consistent
with the observed CT spectrum that indicates both the
AANNDI and DAN<NDI stacks are present, as expected in the



intercalated columnar structures. The NOESY crosspeaks of
DAN and AAN to both NDIs are consistent with a conforma-
tional ensemble of more than one of the pseudo-degenerate
stacked structures. Additionally, the NOESY spectrum shows
crosspeaks between the two NDIs, suggesting some degree of
NDI1+NDI2 stacking (Figure 3d).

Molecular Dynamics (MD) Simulations. To gain insight into
the conformational preferences of the foldamer, we performed
MD simulations on the protonated and neutral ADAM folda-
mers in explicit water. Multiple starting structures and a simu-
lated annealing scheme were used to ensure sufficient confor-
mational sampling. The partial atomic charges of the aromatic
units were obtained by a multi-conformational RESP charge
derivation method.*! To analyze the aromatic stacking within
the foldamer, we calculated the distance between the center of
masses of two aromatic ring systems for all the possible pairs
of aromatics, as well as the angles between the two aromatic
planes for all structures in the MD trajectories. We then exam-
ined the distribution of distances and angles as a function of
simulation time and as an ensemble collective using histograms.
We observed distance distribution having peaks around 3 to 4
A and angle distribution having peaks around 5 to 10 degrees.
Both agree well with aromatic stacking; therefore, a combined
distance (< 5.5 A) and angle (< 25°) criterion was set based on
the distribution data. The aromatic stacking pattern was then de-
termined by applying the criterion to all the aromatic pairs.

Analysis of the pairwise stacking over all MD trajectories (Ta-
ble 2) under acidic conditions indicates that the predicted
NDI1NDI2 frustrated stack and NDI2*DAN3 stack are present
in the majority of structures, 80% and 75%, respectively. How-
ever, the predicted stacking of DAN3*AAN4H+ is lower than
expected at only 21%. Other interactions suggest a small degree
of misfolding, consistent with the flexible nature of this folda-
mer, allowing for conformational dynamics.

Table 2. Statistics of stacking. Percentage of stacking is cal-
culated based on MD trajectories totaling to 2800 ns at 300K
for each sequence.

Stacking Pair At acidic pH At neutral pH
NDI1-NDI2 80% 27%
NDI2:DAN3 75% 78%
DAN3*AAN4H+/AAN 21% 2%
NDI1*AAN4H+/AAN 6% 68%
NDI2:AAN4H+/AAN 25% 39%
NDI1-DAN3 25% 50%

Additional insight comes from analysis of the probabilities of
different folded conformations in acidic conditions (Figure 4).
At acidic pH, 58% of the time, the foldamer has the expected
NDI1+NDI2.DAN3 stack, with 18% also containing the
DAN+.AAN4H+ stack, and 40% with AAN4H+ frayed (Figure
4a). This preference for AAN4H+ to swing away from the
stacked system at the terminus explains why DAN3<AAN4H"
has a lower predicted stacked percentage at just 21% (Table 2).
However, upfield shifting of AAN4H+ aromatic peaks relative
to the AAN4H+ monomer peptide suggests that it may be more
significantly stacked than indicated in the MD simulations (Fig-
ure S25). Additionally, 7% contain an NDI2-NDI1-DAN stack,

in which the order of NDIs is reversed, again with fraying of
AAN4H+ (Figure 4b). Taken together, 65% of the protonated
computational structures adopt the designed pleated structure
(Figure 1c, left). The experimental data also revealed more var-
iability with respect to the order of NDI1 and NDI2 and more
fraying of AAN4H+ than was expected, attributable to confor-
mational dynamics. An additional ~13% of the protonated
foldamer “misfolds” into an NDI1*DAN3<NDI2 intercalative
stack, which lacks the frustrated NDI*NDI interaction, but has
the addition of a frustrated NDI*AAN4H+ interaction (Figure
4c). However, the lack of NDI-AANH+ NOEs indicates some
divergence between the MD simulations and experimental data.
Furthermore, ~10% of the protonated foldamer is a misfolded
NDI1*NDI2*AAN4H"*DAN3 stack which contains both
NDI1<NDI2 and NDI*AAN4H+ frustrated interactions (Figure
4d); this orientation is likewise not supported by experimental
NMR spectra.
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Figure 4. MD simulations of ADAM in the protonated state. Num-
bers indicate the order in which the four aromatic groups stack; per-
cents indicate the probabilities that ADAM adopts a particular
folded structure. (a) Major conformations that are consistent with
the system design. (b) Conformations where the expected interac-
tions are present but NDI1 and NDI2 are reversed. (c) “Misfolded”
conformations with intercalative stacking of DAN between NDI1



and NDI2 and a frustrated NDI-AANH+ interaction. (d) “Mis-
folded” conformations with a frustrated NDI-AANH+ interaction.

Under neutral conditions, analysis of the pairwise stacking over
all MD trajectories (Table 2) indicates a significant decrease in
the percent stacking for NDI1*NDI2, dropping from 80%
stacked at acidic pH to 27% stacked at neutral pH, suggesting a
change in folding with a relief of the NDI*NDI frustration. Ad-
ditionally, there is a 10-fold decrease in stacking between
DAN3 and AAN4 (from 21% to 2%), an 11-fold increase in
NDI1+AAN4 stacking (from 6% to 68%), and a two-fold in-
crease in NDI1*DAN3 percent stacked (from 25% to 50%),
consistent with intercalative stacking. This, coupled with the re-
tention of the core NDI2*DAN3 stack at 78%, supports the ex-
perimental evidence that a long-distance structural reorganiza-
tion takes place with a change in pH.

Analysis of the distribution of conformers under neutral condi-
tions (Figure 5) indicates that the three major species all repre-
sent intercalated folds (Figure 1c): NDI2.DAN3<NDI1-AAN4
(32%, fold 1), NDI1*AAN4+NDI2*DAN3 (17%, fold 2), and
NDI1+DAN3<NDI2¢AAN4 (11%, fold 3). These folded struc-
tures are pseudo-degenerate in terms of the number of donor-
acceptor interactions and the number of non-adjacent stacking
interactions. In each, the adjacent stacking of NDI2 and DAN3
is maintained. All three structures are consistent with the ob-
served NOEs and CT data. An additional 3% is in an extended
sheet-like conformation with greater solvent-exposed surface
area (Figure 5a).
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Figure 5. MD simulations of ADAM in the neutral state. Numbers
indicate the order in which the four aromatic groups stack; percents
indicate the probabilities that ADAM adopts a particular folded
structure. (a) Major conformations that are consistent with the

system design. (b) “Misfolded” conformations maintaining the
NDI-NDI stack.

Some minor species are also consistent with the observed ex-
perimental NDI1.NDI2 NOEs at neutral pH. An
NDI1+NDI2AAN4 stack with DAN3 outside of the stack ac-
counts for 10% of the computational structures, while 8% was
found to be in a misfolded NDI1<NDI2*DAN3 stack with AAN
frayed, (Figure 5b). All other species were < 4% of the total
structural data. Together, 63% of the computational structures
represent the designed order of interactions in which the central
NDI2¢DAN3 interaction is maintained, while frustration of the
NDI1+<NDI2 interaction is relieved and AAN4 provides a new
donor-acceptor interaction with NDI.

In sum, the MD simulations are consistent with the experi-
mental NMR and CT data and support the proposed design. The
several misfolded states suggest that the linkers between mon-
omers provide a wide range of possible folds and that the energy
differences between different stacking interactions are not large
enough to drive the equilibrium to a single folded state. This is
consistent with findings from dynamic combinatorial libraries
of DAN and NDI monomers, in which NDI-NDI stacking was
more prevalent than expected.’*** Taken together, these re-
sults suggest a complex energy landscape similar to those in
proteins, in which the lowest energy structures change in re-
sponse to the stimulus (Figure 6).
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pleated
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Figure 6. Cartoon energy landscapes for pleated versus intercalated
preferences under acidic and neutral conditions.

CONCLUSION

We have designed an abiotic, aqueous supramolecular folda-
mer, ADAM, that leverages frustration as a design element to
promote long-distance structural reorganization when presented
with an external stimulus. To our knowledge, we are the first to
incorporate strategic frustration into an abiotic scaffold to serve
as the source of latent free energy required for re-folding. In
agreement with computational studies of stimulus-responsive
proteins, our foldamer demonstrates both a stable, optimized
core structure, a central DAN-NDI stack, and a frustrated re-
gion. Under acidic conditions the frustration arises from the
NDI-NDI stack as well as a DAN-AANH+ stack, resulting in a
pleated columnar structure. At neutral pH, the interaction be-
tween AAN4 and NDI becomes more favorable and provides
the opportunity to relieve the NDI1*NDI2 frustration via inter-
calative folding. Due to the relatively long linkers in our design,
three possible pseudo-degenerate stacking arrangements can
occur, all involving intercalated stacking in which NDI1 and/or
AAN4 fold back to stack in an alternating donor-acceptor-do-
nor-acceptor geometry. The population of more than one folded
state under neutral conditions represents another feature of pro-
teins that is rarely mimicked in foldamers — that of conforma-
tional dynamics. For example, phosphorylation has been shown
to induce structure in an otherwise intrinsically disordered



protein that undergoes conformational signaling.* Likewise,
protonation of ADAM induces a dominant single fold as com-
pared to the conformational ensemble of folded states at neutral
pH.

The ADAM foldamer occupies a unique space in the body of
literature surrounding switchable foldamers. While there are ex-
amples of long-distance communication resulting in a change
of chirality or tautomeric state,'>!>?° the ADAM system demon-
strates a novel form of long-distance communication through
the NCN in which a stimulus input at the C-terminus results in
reorganization of the N-terminus residues while maintaining the
central core interaction in aqueous solution. In summary, the
ability to harness biological mechanisms such as frustration in
abiotic foldamers opens the possibility for increased complexity
in synthetic responsive systems.
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