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ABSTRACT

The primary sequence in biopolymers carries the information to direct folded secondary
structures, modulate their stabilities, and control the resultant functions. Our ability to
encode such information into non-biological oligomers and polymers, however, is still
limited. Here, we describe a C, symmetric aryl-triazole foldamer that assembles into a
chloride-templated 2:2 double helix and the discovery that its interconversion with the
simpler 1:1 single helix can be driven by solvent quality, temperature, and concentration.
We use single-site substitutions in the 13-residue sequence (two terminal sites and one
central site) to reveal that the stability of the double helix is largely dictated by the
differences in the anion binding power between single and double helices as well as the
location of the modified residues. Specifically, placement of stabilizing CHe+*Cl~ hydrogen
bonding interactions at the chain ends in the form of bisamide phenylene residues is found
to highly favor the double helix. While the burial of = surfaces and the solvophobic effect
also helps to stabilize the double helix, their role was found to be less sensitive to the
modifications considered. This understanding of how chemical information is programmed
into the primary sequence provides a powerful tool for controlling structure and properties

of abiological foldamers.

2

ACS Paragon Plus Environment

Page 2 of 29



Page 3 of 29

oNOYTULT D WN =

Journal of the American Chemical Society

INTRODUCTION

Nature uses helical structures for information storage and readout. Double helix DNA both stores
and relays the genetic information in its sequence, and its high-fidelity interstrand recognition
supports sequence-programmable structures to produce next-generation nanoscale materials, like
DNA origami.!-> Inspired by these functions, synthetic versions of double helices derived from
abiological foldamers have been considered as platforms for a range of functions, such as, host-
guest recognition,®® molecular switches,”!3 and self-replicating systems.!¢ These behaviors,
however, have yet to be correlated to the information contained in the primary sequence. We use
single-site substitutions in the linear sequence as an untapped approach to help identify the
factors controlling duplex stability and thus to understand an unprecedented mode of switching
between single and double helices that rely on n:n chloride complexation (Figure 1a).

The formation of synthetic double helices typically involves the use of specific
interactions.!” Early examples made use of strong metal-ligand contacts,'3-1? followed by designs
bearing direct interstrand interactions, e.g., hydrogen bonds, n-m interactions, and salt bridges.?’
Systems that utilize anion-receptor interactions have also emerged,”!’ e.g., bicyclic
guanidiniums,? iodo-pyridinium ethynylenes,?? diammonium bis-pyridiniums,**
isophthalamides,> oligo-ureas,? oligo-pyrroles,?’-?® and aryl-triazole foldamers,?® which have all
been stabilized with various anions. Solid state forms of these double helices?*?> 27 are more
common than those in solution.???3- 26 Futhermore, despite the various examples of single helices
that are responsive3?-32 and switchable,33-33 examples of ion-bound foldamers displaying facile
and reversible conversion between double and single helices are unknown, and this is true for

either anion- or cation-stabilized helices.
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Figure 1. (a) Cartoon representation of the switch between two 1:1 single helix and one 2:2
double helix. (b) Single-site A«<>P substitutions of aryl-triazole foldamers generate four different
sequences: PAP, PPP, APA, and AAA. (c) Colour-coded formulae and associated letters of the
sequence elements for aryl-triazole foldamers. The inner rim of the helix is marked by thick
bonds. (d) Chemical structure of foldamer PAP showing an array of hydrogen bond (HB) donors
towards the central anion, in which (e) stabilizing and (f) destabilizing interactions are encoded
by A and P, respectively. (g) The organization of sequence elements in the 2:2 PAP:CI~ double

helix (DFT-optimized geometry).

A range of design features are known to support double helices. When these helicates
involve two anions, strong driving forces, such as charge-assisted halogen bonds*® or charge-
assisted hydrogen bonds,?? have been used and presumably help offset charge-charge repulsions.
These add to the growing examples of receptors capable of recognizing multiple anions**#! in a
well-defined fashion.?! In cases of guest-free double helices, hydrophobic driving forces can be
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used in which the burial of n surfaces is greater in double helices than singles.*? In either case,
use of longer aromatic moieties better accomodates smaller torsion angles to help lower strain in
the double helices.** Residues that support additional ©t-n contacts external to the main chain can
also enhance stability in polar solvents.** To complement these prior works, we present a novel
sequence that is both capable of encoding a multitude of noncovalent interactions and which is
readily modifiable. We seek to use sequence variation as a means to test and then reveal how the
driving forces encoded into the foldamer’s primary sequence are responsible for the secondary
structure and for the emergent switching properties.

Encouraged by recent work showing that sequence variation can control the shapes of
abiological helices*-4¢ and host-binding cavities,*’ we use single-site substitutions (Figure 1b—c)
to understand the identity and location of residues to modify in order to control the stability of
double helices. This approach was undertaken in an effort to help rationalize the discovery,
reported herein, of a novel stimuli-responsive switch (Figure 1a) between a 2:2 foldamer-anion
duplex and a 1:1 single helix. Furthermore, while the aryl-triazole foldamers we used (Figure 1d)
are known to form double helices,?® they are discovered for the first time to form complexes with
two chloride anions instead of just one ion. The presence of two anions inside the double helix
alters the admixture of driving forces defined by the foldamer’s linear sequence. This knowledge
of how driving forces can be altered by the content of the primary sequence will eventually allow

for the emergence of tailored structures and functions in abiological foldamers.

RESULTS AND DISCUSSION

Design and Synthesis. The 13-subunit foldamers incorporate six triazoles and seven

aryls in an alternating aryl-triazole sequence. The triazoles serve as both inter-aryl linkers and
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the principal hydrogen bonding residues for stabilizing chloride anions using CH donors:#8-3

CHeeeCI". There are four types of aryl units: pyridyl (P, orange), bisamide-functionalized

phenylene (A, blue), bridging meta-phenylenes (h, gray), and end capping para-phenylenes (e,

green). The bisamide phenylene and pyridyl groups were varied in our studies. They confer

opposite characteristics (Figure le and f) upon the foldamer for anion binding: the electron

withdrawing amides on the phenylene polarize the CH donors and produce a large 8-D dipole

moment to stabilize anions, while pyridyl displays a 3-D dipole and a lone pair that destabilize

anions.

Scheme 1. Synthesis of the Central (top) and Terminal (bottom) Building Blocks”
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Stabilization of the double helices is believed to depend on a variety of non-covalent

driving forces: the CHee*Cl~ hydrogen bonding (Figure 1d—e) and ion-dipole interactions (Figure

11), just described, as well as « stacking (Figure 1g). Variations in the linear sequence between
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the “good* bisamide phenylene and “bad* pyridyl residues can be used to alter the role of these

driving forces in controlling the stability of double helices over a pair of single helices.

Scheme 2. Planning Table for the Synthesis of the Sequence-defined Foldamers
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aSynthetic conditions: Cul, DBU (1,8-diazabicyclo-(5.4.0)undec-7-ene), PhMe, 60 to 80 °C.

Yields: 81% for PAP, 75% for AAA, 83% for PPP, 85% for APA.

The foldamers were prepared convergently using Cu(l)-catalyzed azide-alkyne

cycloaddition to link building blocks together. The C,-symmetric sequences were chosen here
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for their short synthetic routes, which are easy to modify and their simplified NMR spectra for
complete peak assignments. All the bisamides and pyridines incorporated in the synthetic
workflow were derived from bis-alkynes (Scheme 1). The foldamers were prepared (Scheme 2)
from two equivalents of the appropriate monoalkynyl trimer endgroups with one equivalent of
the central bisazido pentamer. The order of introduction of the alkyne-derivitized bisamides and
pyridines in the sequences of the foldamers provides access to precise, single-site modifications.
Thus, systematic A<>P substitutions of the sequence takes advantage of the modular synthesis of
the C,-symmetric aryl-triazole foldamers. The sequence positions subject to substitution (Figure
1d, Schemes S1-S4) are two terminal sites and one central position, generating foldamers with

modified sequences designated as follows: PAP, PPP, APA, and AAA (Figure 1b).

Characterizations of 1:1 Single and 2:2 Double helix. Initially we saw formation
of the single helix with 1:1 stoichiometry, PAP+Cl-, by 'H NMR spectroscopy. Titration of
foldamer PAP (1 mM, Figure S1) with chloride as the tetraecthylammonium salt (TEACI) in
dichloromethane shows moderate binding affinity. Consequently, all structural analyses were
conducted with excess anion to ensure saturation as the complex. The NMR spectrum (Figure 2a)
of the 1:1 complex PAP+CI displays an average C, symmetry in solution. The downfield shifted
positions of the triazole resonances (11.1, 10.2, and 9.6 ppm) confirm hydrogen bonding from all
six triazole CH donors to CI~. Consistent with other aryl-triazole foldamers,3*>> sharp proton
signals can only be observed after forming the complex. Complete peak assignments were done
using 2D 'H-'H ROESY (Figure S6) and DQCOSY (Figure S7). The folded geometry of the 1:1
complex was confirmed by the NOE cross peaks from protons on the terminal phenylenes, H™, to

central triazole CH protons, HP.

8

ACS Paragon Plus Environment

Page 8 of 29



Page 9 of 29

oNOYTULT D WN =

Journal of the American Chemical Society

10 mM H","Nr" C
2==3 2 o
f ’
m N
0.2 meM ’é b
NI S |V U |

g
Noe  do
bde ! Y J/(N“
i c s
5mM
1 10 9

CD,CN™ 15
Chemical Shift (ppm)
@
(b) & ® .. o °
L__® | TS
| ; : D,,=1.5+0.1

=D

1, 0 o
r | E Dy =1.9+0.1

/x10-10m2g-1

12 11 10 9
Chemical Shift (ppm)

Figure 2. (a) '"H NMR spectra of PAP (15 eq. TEACI, 298 K, 500 MHz) in CD,Cl, (5 mM; blue

fonts) and CD;CN (0.2, 0.8, and 5 mM; magenta fonts). Increased number of scans (10,240) was
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used to improve the data quality at 0.2 mM. Characterizations of the double helices: (b) DOSY
(1,2-C,D4Cl,, 5 mM, 15 eq. TEACI, 258 K, 500 MHz, diffusion delay 300 ms, error bars are
shown in shades), (c) The inter-strand region in ROESY (CD;CN, 5 mM, 15 eq. TEACI, 298 K,
500 MHz, mixing time 300 ms) showing spatial proximity unique to double helix based on the

DFT-optimized geometry.

Emergence of the double helices was discovered when the foldamer was studied in both
polar acetonitrile solvent and in low-temperature nonpolar media. Compared to the room
temperature spectrum in dichloromethane (Figure 2a), a new 'H NMR spectrum emerged in
acetonitrile with the majority of proton signals shifted upfield. These shifts, together with
retention of the overall C, symmetry, strongly indicate intertwined helices. The number of
intertwining strands was determined to be two as based on diffusion coefficients measured by
diffusion-ordered NMR spectroscopy (DOSY; Figure 2b) and using the Stokes-Einstein
relationship to calculate the volume ratio (Figure S8). The DOSY measurement was performed
in cold 1,2-dichloroethane (DCE) instead of acetonitrile in order to sharpen NMR peaks for more
accurate integrals. The involvement of two anions was revealed by high-resolution electrospray
ionization, time-of-flight mass spectrometry (ESI-TOF-MS, Figure S26). The ability to include
two anions differentiates this newly designed primary sequence from our previous work?® 34
where only one chloride was hosted by the aryl-triazole double helices. In these previous cases,
meta-substituents directed phenyl groups into the top region of the anion-binding cavity to
sterically reduce the size of the binding pocket. In the present case, we believe that the para-
substituents used with the terminal phenylenes provided sufficient space in the cavity to

accommodate two anions.
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The 2:2 stoichiometry was supported by a variable-concentration NMR experiment
conducted in acetonitrile (Figure 2a). Disassociation of the 2:2 complex into a 1:1 helix upon

dilution matches expectation from the associated equilibrium’® (Kg4;,,; Equation 1).

(PAP),*(Cl), ==  2PAP-Cl Kgim (Eq. 1)

The dimerization constant was determined from the variable-concentration 'H NMR spectra in
acetonitrile to be Ky, = 13,000 + 6,000 M (log Kgir, = 4.1 £0.2).

The water content was found to be relatively constant (0.9 £0.1% v/v) for PAP in
acetonitrile. As a consequence, when we evaluated Ky, for PAP at two different concentrations,
5 mM and 0.2 mM, the water content increased from being a 20-fold excess relative to the
foldamer to 400-fold. Nevertheless, there was no difference in the observed Ky, suggesting
water has a negligible role under the condition of our experiments.

The structure of the double helix was further characterized by 2D NMR (Figure 2c) and
corroborated with a DFT-optimized geometry of an idealized model (Figure 1g).5” Spectral
features unique to the intertwining geometry of the double helix were identified in the 2D
ROESY spectrum. Specifically, we see cross peaks that are possible (HH distances <3.5 A) in
the double helix but are highly unlikely in the single helix (HH distances > 4.6 A). These all

support the DFT structure (Figures 1e and S11-S13).

Stimuli-responsive Interconversion between Single and Double helix. The
initial discovery of 2:2 double helices was made by changing solvent or temperature, which also

helped identify the external stimuli available for controlling the interconversion between the two
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1:1 single helices and the 2:2 double helix. The enhanced stabilization of the 2:2 double helix
over the single helix with increasing acetonitrile in chloroform (Figure 3a) suggests that
solvophobically-driven w stacking is an essential factor. The population of the double helix
increases modestly with polarity until the solvent mixture is dominated by acetonitrile. The
enhanced stability of double helices in polar solvents is consistent with burial of a greater
number of 7 surfaces inside the double helix.?>#? Deprived of solvent, e.g., during the ESI-TOF-
MS experiment, the double helix loses stability even when the sample was injected as
concentrated acetonitrile solutions. One difference to prior work with 2:1 double helices of aryl-
triazole foldamers around chloride? is that the chloride complex of PAP allows for double helix
formation with solvophobic driving forces in polar aprotic solvents’® instead of requiring water.
The thermal properties of the 2:2 double helix show the 1:1 helix is favored at elevated
temperatures and that the transition temperature (7;) is solvent-dependent. Upon heating, we see
the signature for the double helix gives way to the single helix (Figure 3b). A competing
transition could be an unfolding of the helix.*> On account of the fact that both helices are
stabilized by chloride binding, however, the unfolding and loss of the chloride is not observed
across the temperatures examined. Consistently, the 'H NMR signature of the 1:1 helix alone is
invariant with temperature elevations when examined in DCE (Figures 3b and S14) and in any of
the other solvents (Figures S16, S18, and S20). Thus, the transition temperature exclusively
corresponds to the thermodynamic signature for exchange between single and double helices.>’
The 2:2 duplex gained thermal stability in polar solvents (Figure 3c). E.g., the transition
temperature increases from —40 °C in nonpolar DCE to an estimated 100 °C in acetonitrile; ~20

°C above the boiling point of the solvent at ambient pressure. Overall, single helices dominate at
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room temperature in DCE (log K4 = 1.2 £0.2) while double helices pervade in polar acetonitrile

(log Kdim =4.1 il.l).60
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Figure 3. Double helix formation of PAP (5 mM, 15 eq. TEACI, 500 MHz) in response to (a)

solvent polarity at 298 K, (b) temperature in 1,2-C,D4Cl, (DCE), and (c) two factors combined

showing maximal solvent-induced swings in double helix population around ambient

temperatures (orange shade). The intermediate solvents are 1:1 DCE:CD;CN and 1:2

CDCl5:CD;CN. Curves calculated at 5 mM using corresponding AH and T AS values (Table 1)

from (d) van’t Hoff analysis. Shaded areas represent fitting with 99% level of confidence.
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The enthalpic and entropic contributions to the dimerization of the single helix into the
duplex (Figure 3d; Table 1) were determined by van’t Hoff analysis (Section S6).6! The double
helix benefits from enthalpic stabilization and suffers from an entropic penalty. The enthalpic
stabilization can be attributed to a greater number of hydrogen bonding interactions and of m-nt
contacts upon double helix formation while the relatively small entropic penalty is consistent
with bringing two helices together into one species. These two factors increase in magnitude
with solvent polarity and we see that the growth in the enthalpy contribution dominates. As a
consequence, the room temperature data show the single helix dominates in DCE while the
duplex dominates in acetonitrile. Therefore, the largest solvent-driven swing in dimerization

occurs around room temperature when changing from DCE to acetonitrile.

Table 1. Thermodynamics of single-to-double helix equilibrium in various solvents for PAP.“

1,2-C,D4Cl, 1:1 1:2
CD;CN
(DCE) DCE:CD;CN  CDCl;:CD;sCN
AH? ~7.840.6 ~7.9+0.4 9.3 +0.6 ~15 %1
ASe 2142 ~16 %1 2042 3144
AG? _1.6+0.3 3.0 +0.4 33406 5.6+40.3
log K 1.2 0.2 2.2+0.3 2.4+0.4 4.1£0.2
74 244 10 294 +7 303 £10 374¢

aConditions: 5 mM, 15 eq. of TEACI, 298 K. Solvent ratios are indicated in volumes. All errors
are presented in 2c. ?Unit: kcal mol~!. “Unit: cal mol~! K-!. “Unit: K. ¢A hypothetical value that

exceeds the boiling temperature of acetonitrile at 1 atm.
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Single-site Sequence Substitutions (A<—P). Prior anion-bound double helices
were found to be either too stable, and therefore largely insensitive to solvent,?>2% 26 or to be too
unstable in solution;?*2% 27 thus no interconversion was seen. The large solvent response of the
2:2 double helix with foldamer PAP is unique. In order to further investigate this behavior, we
sought to identify the driving forces governing the stabilization of the double helix using single-
site A«<>P substitutions.

The bisamide phenylene (A) and pyridyl (P) groups are expected to play complementary
roles in stabilizing the helices. These roles can be considered relative to a “blank” sequence
consisting of only unsubstituted phenylenes alternating with triazoles.*® (1) Interactions with
anionic guests will be enhanced by A residues and impaired with P (Figure 1e). (2) The strength
of interstrand 1 stacking, which is only accessible in the double helices, will be tuned by the
dipole-dipole interactions between stacked rings. Thus, a n-stacked pair of AP residues stabilize
the helix with favorable dipole-dipole interactions (Figure 1f), but the double helices will be
destabilized when the stacks involve like contacts, e.g., AA and PP. With the role of these two
competing forces in question, we edited the original PAP sequence with A« P substitutions as a
means to examine which of them dominates stabilization of the double helix and can be used to
tune the foldamer’s properties.

Systematic A«<P substitutions in the original sequence yielded three additional
sequences: PPP, APA, AAA (Figure 1a; Scheme 2). The modified sequences were shown to be
strong anion receptors in dichloromethane (Figures S3—S5). The apparent binding affinities
(Table 2; Figures S37-S40) showed that PAP is the weakest and AAA is the strongest. The

dimerization constant followed a slightly different trend with APA being the most stable and
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PAP being the least. Interestingly, the high 2:2 stability of foldamers APA and AAA further

allows observation of the 2:1 intermediates (Figures S39 and S40).

Table 2. Apparent stability constants for 1:1 (Ki.), 2:1 (fs.1), and 2:2 (f».,) species for all

sequences in comparison with the dimerization constant (Kg;y,).4

Foldamer Solvent PAP PPP APA AAA
log K. CD,Cl, 50£0.5 55 £0.5 6.0 £0.5 7.5 £0.5
log /.1 CD,(Cl, - - 11.0 £1.0 11.0 £0.5
log /> CDy(Cl, 11+1 13+£1 17+1 18+1
log Kgim CDCl; 1.2+0.2 22+0.2 4.7+0.4 3.2+0.3

aK;.; represents: F + CI- == F+Cl; £ represents: 2 F + ClI- == F,*Cl; /., represents: 2 F + 2

Cl- == (F+Cl"),; Kgim represents: FeCl- = (FCl),.

The emergence of 2:2 double helices for all new sequences was verified using the
chloroform-acetonitrile solvent series (Section S7). The double helix was seen in up-field shifts
of proton peaks relative to the single helix (Figures S22—S24), and corroborated by ESI-MS for
PAP and AAA. The stability of the double helix with PPP is the lowest and it did not survive in

the gas phase (Section S8).
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Interrogating Driving Forces based on Sequence Variations. The 'H NMR
patterns of 1:1 and 2:2 helical complexes provided well-resolved peak intensities to characterize
the impact of sequence variations on solvent-driven stability of the double helices (Figure 4).

We first examined whether solvophobic driving forces are playing a role in stabilizing
double helices. Following the methods developed by others’® 9270 to diagnose the solvophobic
effect we changed the solvent quality from good (chloroform) to bad (acetonitrile). We saw that
all the foldamer sequences have their equilibrium shifted from single to double helices in
acetonitrile. Similar approaches have been used before for other aryl-triazole foldamers: in one
case the amount of water was increased in acetonitrile to favor a chloride-stabilized 2:1 double
helix over a single helix,? and in another the amount of acetonitrile was increased in THF to
drive folding.> These aryl-triazole foldamers all showed the classic signature for the
solvophobic effect despite differences in the sequence and aromatic compositions. That is, poor
solvents help promote burial of m surfaces and consequently the folding of aryl-triazole
foldamers and the formation of double helices.

While it may seem unusual for the solvophobic driving forces to apply to © surfaces as
polar as triazoles and pyridines (5 and 2 Debye dipoles, respectively), similar findings have been
reported by Diederich,%¢3 Cram,%* Moore,*® ¢ Hunter,% ® Huc,®” and Cockroft.®7 The
aromatic rings examined in those reports, e.g., methoxylbenzene,% nitrodiazines,* and benzoate
esters,’® also carry dipole moments ranging from 2 to 5 Debye.

Finally, the total & surface areas remain the same between sequences we examined herein.
Thus, the solvophobic effect must be considered as a background factor for all the foldamers on

top of which we see a sequence dependence (Figure 4), which must also be evaluated.
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Figure 4. '"H The phase diagram of double helix population vs. solvent polarity for PPP, PAP,

APA, and AAA (1 mM, 298 K).

To our surprise, we find that the significant differences in the dimerization stability of
double helix between sequences are dictated by anion binding, not dipolar stacking.”! The phase
diagram shows big differences between two pairs of sequences separated by the large blue gap in
Figure 4. First consider the expectation that increasingly polar solvent mixtures will enhance 7-
stacking. We would thus expect for a mixture of P and A residues in the sequence to produce the
PA stacks and contribute greater stability than PP or AA stacks. If dipolar stacking dominated,
the APA and PAP sequences should have a stability gap relative to AAA and PPP. This is not
what we see. Instead, the stability difference is determined by the identity of the terminal
residues; the large blue gap in the phase diagram separates the AXA from PXP sequences.

Despite these differences, double helix stability was also found to be enhanced with
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solvophobically-driven 7 stacking as the solvent mixture was made more polar; nevertheless,
anion-stabilization still dominated at the end with the 20% difference between AXA and PXP.

We also considered the role of anion-anion repulsions on the stability of the double helix.
We expected that the double helix would be more stable when the anions were further apart, as
measured from the DFT-optimized structures. We see sequence variations in the CleeeCl™
distances, with the shortest corresponding to the weakest double helix, PAP at 4.7 A; a distance
that is longer than the sum of the vdW radii of 3.5 A, but similar to Maeda’s 2:2 CI- complex in
the solid state (4.6 A).27 Nevertheless, there is no clear correlation between the inter-anion
distances and log Kg,. Instead, a more complex relationship emerges in which we find that
duplex stability depends on sequence.

The location of the stabilizing residues within the sequence also matters. Double helices
can be biased over singles by strategically placing favorable CHee*Cl~ contacts near the end of
the sequence, i.e., substituting P residues with A residues at the terminal sites. For example, we
observed a dramatic enhancement in stability on going from PXP to AXA, (X = P or A);
whereas substitutions in the central residues failed to provide significant improvements from
PPP to PAP and even lowered the stability from APA to AAA in nonpolar solvents (Figure 4).

Instead of being dominated by anion-anion repulsions, we found a strong correlation
between the stability of double helices and the electrostatic stabilization of anions inside the
helices. DFT calculation shows that formation of every double helix enhances the electrostatic
potentials (ESP; Figures S29-S36) at the Cl~ binding sites relative to their respective single helix
(AESP = 18 — 60 kJ mol™!; Table S2). This enhancement is more significant (Figure 5a) when the
terminal residue is A rather than P and attributed to favorable and unfavorable anion stabilization,

respectively. We see that a larger increase in ESP (AESP) upon dimerization enhances the
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stability of the double helix (log K4m) in a low dielectric solvent, chloroform, where

electrostatics dominates.33:7%73

(a) (b)
604 °
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Figure 5. (a) The stabilization (log K4;) 1s greater for A-terminated sequences, correlating with
(b) the enhancement in electrostatic potential (AESP = ESP,., — ESP;.;) upon dimerization. (c)
The solvent exposure is higher for P-centered sequences, correlating with (d) longer HB
distances to the central donors, ARyg = ARyg (central site: CHeesCl") — ARy (terminal site:

CHee<CI).
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We also evaluated the impact of the deformation energy penalty that is incurred during
the formation of double helices from single helices by using the calculated geometries. Among
the various deformations is the expansion of torsion angles* known to be a considerable
enthalpic cost to double helix formation. While we might expect higher deformation penalty to
result in lower stability of the double helix, we found no linear correlation between deformation
energy and the relative stability of the double and single helices (see Table S3).

Interestingly, the stability of P-centered sequences (APA and PPP) displayed a U-shaped
solvent dependence (Figure 4); in contrast, the stability of AAA and PAP show a simple
correlation with stability following solvent polarity. A similar U-shape in solvent dependence
was seen by Hamilton when folding a 17-residue peptide’™ by increasing water in
trifluoroethanol. Hamilton reasoned that this U-shaped dependence emerged from the competing
roles that the two solvents have on the driving forces: the loss of hydrogen bonds upon partial
hydration is compensated for by the hydrophobic effect upon further addition of water. Huc also
observed the weakening of double helices that are preorganized by intramolecular hydrogen
bonding when the polarity of the solvent is increased,*® and that the weakening occurs despite the
underlying importance of intramolecular n-mt stacking. Presumably, the same applies for APA
and PPP. The initial loss in stability with addition of 25% acetonitrile may arise from the
increasing dielectric constant that impairs the CHe**Cl~ hydrogen bonds.>? One might also expect
the Cle++Cl™ and pyridine+**Cl™ repulsions to be weakened; but these interactions are buried
deeper inside the cylindrical cavity of the double helices and are less exposed to solvent than the
CHee+Cl" interactions (Figures 5a and 5c). As a result, the loss in hydrogen bonding strength is

still expected to dominate the solvent dependence of APA and PPP. As the acetonitrile content is
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increased further and surpasses 50%, however, solvophobic driving forces increase to help
stabilize the double helix and are then able to compensate for the weaker hydrogen bonding.

We only see this behavior with P-centered sequences suggesting they are more
susceptible to dielectric screening by the solvent than A-centered ones. DFT calculation shows
that when a P residue is present in the central residue, CI~ anions are more exposed to the solvent
environment (Figure 5c¢). This higher exposure is reflected in the longer CHee*Cl~ hydrogen
bonds seen with the central residues than with those involving terminal residues (Figure 5d; a
positive ARyg). The fact that the important terminal donors (Figure 5a) are more exposed to the

solvent agrees with the higher dielectric susceptibility seen in the P-centered sequences.

CONCLUSIONS

We demonstrated that interconversion between chloride-stabilized double and single helices
can be both understood and controlled by sequence modification strategies. Switching from
the 1:1 single helix to the 2:2 duplex at room temperature could be promoted with solvents
of greater polarity. Single-site A«<>P substitutions on three synthetically accessible positions
were applied in the sequence to understand these trends. We found that while
solvophobically-driven 7 stacking is essential, the inclusion and location of anion-stabilizing
(A) and anion-destabilizing (P) residues dictate the stability differences between sequences
and their different solvent-dependences. We found that the double helices dominate over
single helices when the stabilizing A residue is present at the ends. The stability profile of P-
centered sequences has a U-shape dependence on solvent polarity that likely reflects the
details of the anionic guest‘s location relative to the solvent environment. Overall, we
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anticipate that the 2:2 anion-templated double helices will provide a useful platform to
understand how abiological sequence controls the emergence of complex structures and
functions.”> Being able to encode information by placing residues at different locations of
the sequence provides a powerful tool for controlling strutcure and properties of abiological

foldamers.
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