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Conformational inversion of foldamers has been shown to transmit signals across the lipid membrane.
Helicity switching is critical to fulfilling this function. Despite the importance of the conformational
inversion, the mechanism that underlies the helicity switching process remains unclear. In the present
contribution, a rigid two-tiered stacked architecture (2T) has been investigated at the atomic level using
molecular simulations. The architecture consists of two conjugated cores and three flexible side chains.
Two- and three-dimensional free-energy landscapes characterizing the isomerization of 2T reveal
a four-stage helicity switching process. Four stages involve the flipping of three peripheral aromatic rings
in the top tier and rotating of the bottom tier relative to the top one. The highest barrier hampering the
transition between right-handed and left-handed helices emerges as the second benzene ring flips.

Structural analysis shows that the ring flipping stretches the side chain, which leads to the deformation

Received 8th November 2018 . . . T . . . . .
Accepted 3rd January 2019 of conjugated cores, twist of dihedral angles within side chains, and the reorientation of amine moieties
attached to chains. By deciphering the intricate mechanism whereby the rigid stacked architecture

DOI: 10.1039/c8ra09226e isomerizes, our understanding of the helicity switching is expected to be improved, helping in turn the
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Introduction

Helicity is a property of asymmetry in molecules. Within helical
structures, a set of substituents is held about an axis in a spiral
arrangement that cannot be superimposed with its mirror
image. Spiral arrangements widely exist in biological macro-
molecules, such as DNA. The elaborate biological helices are key
structural motifs to store genetic information. Inspired by their
sophisticated design, chemists have synthesized a series of
artificial helical oligomers,* polymers,*> and supramolecules® in
the right-handed (P) or left-handed (M) state as optical mate-
rials,* chiral sensors® and asymmetrical catalysts.®
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1 Electronic supplementary information (ESI) available: Enumeration of 12
possible switching pathways in the helicity inversion of 2T. Distribution of the
spin angle of the bottom tier relative to the top tier in the 200 ns, 400 ns, 600
ns, 800 ns, and 1.0 ps trajectories of eABF calculations. Free-energy landscape
spanned by ¢, and 6, comparing the results of two- and three-dimensional eABF
calculations. Comparing of least free-energy pathways extracted from results of
two- and three-dimensional eABF calculations. Variation of collective variables
and the spin angle of the bottom tier relative to the top tier around the z axis
along the least free-energy pathway. Average solvent accessible surface area of
2T and its cores section in the helicity switching process. Variation of distances
between the center of mass of peripheral rings within the same side chain and
three dihedral angles about chemical bonds of the methylene amine moiety
with respect to s. See DOI: 10.1039/c8ra09226e
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construction of novel functional helices.

The property of helical architectures can be regulated by
inducing a conformational inversion triggered by external
stimuli, viz., high temperature,” salt enrichment,® and light
irradiation.® Inverting the helical direction can play an impor-
tant role to transmit information across the lipid membrane.*
To mimic the function of G-protein-coupled receptors, Clayden
and co-workers designed and fabricated helical foldamers."*
Binding of a chiral ligand with one terminal site inverts (P)- or/
and (M)-helix. The helicity inversion propagates along the full
length of foldamers and carries information to a reporter
located at another terminus.'” Further experiments show that
the helicity switching is critical for the communication between
compartments in artificial tissues.”® However, the mechanism
that underlies helicity switching is still an open question.

A two-tiered stacked architecture (2T) designed and fabri-
cated by Hartley and co-workers™ can be considered as a para-
digm for helical structures. This architecture was constructed
by assembling discotic cores functionalized with three arms
through imine formation. Based on "H NMR spectra and DFT
calculations, rotations of threes arms result in the helicity
switching process (see Scheme 1A) occured in toluene. The free-
energy barrier of activation, AGY was estimated as ca.
+7.0 keal mol !, assuming a negligible AS*. The primary thrust
of the present contribution is identifying the switching pathway
and understanding the underlying mechanism.

To the best of our knowledge, characterizing the helicity
switching process within multi-tiered architecture at the
molecular level is absent. To explore the unknown area, the
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Scheme 1

(A) Chemical structure and the helicity switching process of the two-tiered stacked architecture (2T) studied in this contribution. (B)

Definition of the reaction coordinate, 0y, 6>, and s, characterizing the rotational angle of the first (blue), second (green), and third (yellow)

aromatic ring around alkyne bonds in the top tier, respectively.

three-dimensional free-energy landscape characterizing the
rotational processes of three arms was determined. Inter-
mediated states were identified and classified. All possible
switching pathways share a four-stage pattern. These stages
were characterized by drawing additional two- and three-
dimensional free-energy landscapes in further. Analysis of
structural features together with the reconstruction of least free-
energy path help us to understand the helicity switching
process of 2T.

Simulation details
Molecular models

The structure of 2T presented in Scheme 1A was constructed
and immersed in a box of toluene. The initial size of the box was
70.0 x 70.0 X 69.3 A® with 1728 toluene molecules. To improve
the convergence of free-energy calculations, the top tier of 2T
was restrained to coplanar with the xy plane by means of
a harmonic potential with a force constant of 5.0 kcal mol™"
A~ In the subsequent molecular dynamics (MD) simulations,
the spinning of the top tier around the z axis was constrained.
For the system, a 200 ns equilibrium MD simulation was pre-
formed prior to the free-energy calculations.

Molecular dynamics simulations

All the MD simulations reported here were conducted employ-
ing the NAMD 2.12 program,*® with the CHARMM general force
field.'*" The temperature and pressure were maintained at
300.0 K and 1 bar, respectively, employing Langevin dynamics
and the Langevin piston method.'® The length of the covalent
bonds involving a hydrogen atom was frozen to its equilibrium
value by means of the Shake/Rattle and Settle algorithms." The
r-RESPA multiple-time-stepping algorithm was applied to inte-
grate the equations of motion with a time step of 2 and 4 fs for
short- and long-range interactions, respectively. Short-range van
der Waals and electrostatic interactions were truncated
smoothly by means of a 12 A spherical cutoff with a switching
function applied beyond 10 A. The particle-mesh Ewald® algo-
rithm was used to compute the long-range electrostatic inter-
actions with a mesh spacing of <1.0 A. Visualization and

1502 | RSC Adv., 2019, 9, 1501-1508

analysis of the MD trajectories were performed with VMD
1.9.3.%

Free-energy calculations

The free-energy landscapes in this contribution were gener-
ated using the extended adaptive biasing force (eABF) algo-
rithm**?* implemented within the COLVAR module* of
NAMD.?® Informed by MD simulations, the transition coordi-
nate, either two- or three-dimensional, was formed by reaction
coordinates 04, 6,, and 63, chosen as the spin angle of the first
(blue), second (green), and third (yellow) aromatic unit in the
top tier around the alkyne moieties, respectively (see Scheme
1B). Instantaneous values of the force were accrued in mesh
grids. The variation of the free energy, AG, was determined by
integrating the average force acting on the transition
coordinate.

In order to have a full view of the free-energy landscape
characterizing the helicity switching process, a coarse grid was
applied in the calculation of AG (64, 6,, 03). For each spin
angle, the full range of rotation (—90° to 270°) was explored
with a bin width of 6.0°. Further analysis reveals that 12
possible pathways of the helicity switching process share
a common four-stage pattern containing three different kinds
of stages, viz., stage I, stage II, and stage III. The first two stages
were investigated by drawing the two-dimensional free-energy
map along ¢, and 6,. These spin angles were explored in the
range of rotation of —90° to 270° with a bin width of 2.0°. The
spin angle #; was confined in the range of —90° to 30° by
a harmonic wall restraint with a force constant of
5.0 kcal mol™"' deg™'. The free-energy landscape describing
stage III was determined by applying eABF method on the
three transition coordinates 6,, #,, and 6;. The transition
pathway being explored spanned 60° = 6§, = 220°, 60° < 0§, =
220°, and —60° = f#; = 120°. A bin width of 2.0° was used for
each transition coordinate. Total simulation time amounted
to 1.0, 1.0, and 1.0 ps for the helicity switching process, the
first two and the third stages, respectively, representing an
aggregate time of 3.0 ps. The least free-energy pathways con-
necting minima of the two- and three-dimensional free-energy
landscapes were identified using the LFEP** and NMFEP*
algorithm. The concept of committor*"**> was utilized to prove

This journal is © The Royal Society of Chemistry 2019
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that the model reaction coordinates formed by collective
variable 6,, 6, and 6; correspond to an appropriate choice.

Results and discussion
Free-energy landscape

The three-dimensional free-energy landscape characterizing the
helicity switching process of 2T in toluene is depicted in Fig. 1A.
14 minima presented in the complete reaction coordinate space
can be classified into six categories, viz.,, (P)-2T,
(P)-2Tyy, (P)-2Tay, (M)-2T, (M)-2Tyy, (M)-2Ty,, representing
the (P)- and (M)-conformations with 0, 1, and 2 aromatic unit(s)
flipped, respectively. These minima are connected by 24 least free-
energy pathways. Based on these pathways, 12 possible helicity
switching pathways can be proposed. Enumeration of every
possible pathway can be found in the ESI (see Table S17}). Every
switching pathway contains four stages, viz.,, (P)-2T—
(P)-2T1y , (P)-2T1y — (P)-2Ty , (P)-2Tay — (M)-2Tyy and (M)-2Tyy
— (M)-2T or (P)-2T — (P)-2Tyu, (P)-2T1y — (M)-2Tsyu, (M)-2Tay
— (M)-2Ty, and (M)-2Ty, — (M)-2T. The first and fourth stages
are symmetrical. Hence, each helicity switching pathway contains
three different stages. In the following section, our attention was
focused on the first three stage of the switching path-
way  (P)-2Ti3 = (P)-2T123 — (P)-2T123 — (M)-2T153 — (M)-2T133

Fig. 1

View Article Online

RSC Advances

(marked by the red arrow in Fig. 1B). Involved conformers can be
found in Fig. 1C-G. To prove that the sampling in the 1.0 ps eABF
calculations is ergodic, the distribution of the spin angle of the
bottom tier relative to the top tier within 200 ns, 400 ns, 600 ns,
800 ns, and 1.0 ps have been calculated, respectively (see Fig. S17).
Two peaks around ca. —25° and 25° correspond to (P)- and (M)-
configurations. Increasing the sampling time only enhances the
sampling density. The two-peak pattern shared by five curves
remains unchanged. There results prove that the sampling is
ergodic.

Free-energy pathways

To examine the first two stages of the helicity switching process
in detail, a two-dimensional free-energy surface was generated
along 6, and 6, with confined 6; (see Fig. 2A). This map features
four  basins  corresponding to  (P)-2Ti23, (P)-2T123,
(P)-2T123, (P)-2T123. These basins are separated by four ridges.
One gap is found on each ridge. The least free-energy pathways
for (P)-2T153 — (P)-2Ty23 and (P)-2Ty,3 — (P)-2Typ3 were deter-
mined using the LFEP algorithm.

To prove that the confinement on #; does not bias calculated
results, the free-energy landscapes spanned by ¢, and 6, of two-
and three-dimensional eABF calculations were compared. For

(M)22T 53 (M)-2T

(A) Three-dimensional free-energy landscape characterizing the helicity inversion process of 2T. Free-energy isosurfaces are shown for

respective values of 1 (blue), 5 (green), 8 kcal mol™ (white). Fourteen local minima are located in the landscape. (B) The scheme representing
possible pathways connecting 14 local minima. One possible helicity inversion pathway is labeled by the red arrows. The involved conformers are
shown as Licorice and VDW representation. Conformers are labeled by capital letters: (C) (P)-2T123, (D) (P)-2T123, (E) (P)-2T123, (F) (M)-2T153, and

(G) (M)-2T123.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (A) Free-energy surface characterizing the transition from (P)-2T;,3 to (P)-2T123 with a confined 65 (—90° = s = 30°). (B) Free-energy
profile as a function of the position (s) along the least free-energy pathway connecting (P)-2T»3 (s = 0.0), (P)-2Tip3(s =1.0), and
(P)-2T123(s = 2.0). Inset: distributions of the committor, p,, at the positions near the saddle points around 6, = 61°, 6, = 3° and around §; = 121°,

6, = 55° in the free-energy surface.

the three-dimensional case, the landscape spanned by 6, and 6,
is calculated by integration over 63 (—90° < #; < 30°).** Relevant
results were gathered in Fig. S2.f Two landscapes are very
similar. Least free-energy pathways within two landscapes were
compared either. Two curves match well. These results prove
that the constraint imposed on ¢; does not bias free-energy
landscapes and least free-energy pathways.

The transition coordinates, #; and #,, used herein, were
checked by undertaking the committor analysis. Distributions
of the committor, p,, at the position near the free-energy
maxima, defined by (64, 6,) near the saddle points, ie., (/; =
61°, 6, = 3°) and (#; = 121°, 6, = 55°), were determined (see
Fig. 2B). The distributions are Gaussian-like and peaked at the
probability of 0.5. The transition coordinate, ¢, and 6,, repre-
sents a reasonable combination of the collective variables to
describe the first two stages of the helicity switching process.

As the helicity switches, the first ring in the top tier rotates
from a stable conformation (—20° = # < 20°) to a quasistable
one (100° = ¢ = 120°) in the first stage (Sp—1). Subsequent
rotation of the second ring from the stable conformation to
a quasistable one constitutes the second stage (S;—,,). Succes-
sively rotations of two peripheral rings in the top tier were
detected (see Fig. S3At). Meanwhile, no obvious rotation of the
bottom tier relative to the top tier was observed (see Fig. S3BT).
The free-energy profile for stage I and II as a function of the
position (s) is reported in Fig. 2B. s is the order parameter of the
pathway. The detailed definition can be found in the work of
Branduardi et al.** s = 0.0, s = 1.0 and s = 2.0 correspond to the
global minimum (P)-2Ty,; (61 = 5° 6, = 3° AGs=¢o =
0.0 kcal mol ") and two local minima (P)-2T1 23 (61 = 107°, 6, =
—11°, AGy=1 ¢ = 2.7 keal mol™") and (P)-2T1z3 (6; = 129°, 6, =
103°, AGy=5 o = 5.9 kecal mol ). Two peaks can be located in the
free-energy profile. The height of the peaks relative to the global
minimum, AG*, is estimated to be 4.9 keal mol™* in the stage
So—1 and 7.4 kecal mol~" in the stages Sy _.».

To examine stage III accurately, a three-dimensional free-
energy landscape was generated along 6,, 6,, and 6; within
shorter ranges and fine grids (see Fig. 3A). This landscape
features an asymmetrical dumbbell. Two minima were located

1504 | RSC Adv., 2019, 9, 1501-1508

at terminal spheres. The least free-energy path from one
minimum (P)-2Ty,3 (6, = 127°, 6, = 101°, §; = —15°) to another
(M)-2T1p; (01 = 171°, 6, = 205°, 6; = 85°) was determined.
Concomitant rotations of three peripheral rings in the top tier
were detected (see Fig. S3Ct). The third peripheral ring in the
top tier rotates from a stable conformation to the quasistable
state. The first and second rings in the top tier transform from
the quasistable state to another stable conformation (160° < ¢
= 200°). Meanwhile, an obvious rotation of the bottom tier
relative to the top tier around the z axis indicates an adjustment
of the framework for 2T (see Fig. S3D%).

To check the transition coordinate, 6, 6,, and 65, used
herein, a committor analysis was undertaken. Distribution of
the committor, p,, at the position near the free-energy
maximum (around 6; = 131°, §, = 113°, and 6; = 17°) was
determined (see Fig. 3B). This distribution is Gaussian-like with
a peak around p, = 0.5. It suggests that the combination of
collective variables, 6,, 6,, and 65, is a reasonable transition
coordinate to describe the third stage of the helicity switching
pathway.

The free-energy profile for the third stage of the switching
pathway as a function of s is reported in Fig. 3B. s = 3.0 corre-
sponds to the minimum (M)-2Tiy; (AGe=30 = AGe=2,
—3.7 keal mol ™" = 2.2 keal mol ™). This profile features a gentle
slope with a week barrier emerges around the point (ca. s = 2.3).
The height of the barrier, AG?, is estimated to be 0.6 keal mol ™!
in the stage S, 3 and 6.5 kcal mol " (AGs=,, + 0.6 kcal mol )
in the stages So_, 3.

Based on the observation in this section, a deeper under-
standing of the four-stage (helicity switching) process emerges.
Helicity switching of 2T involves rotations of three peripheral
rings in the top tier from one stable conformation (—20° = § =
20°) to a quasistable state (100° = # = 120°), and then to
another stable conformation (160° = # < 200°). There is a peak
in each stage. The highest peak appears in the second stage. The
height of the peak relative to the global minimum, AG*, equal to
7.4 kcal mol™', matches well with the experimental
measurement.'*

This journal is © The Royal Society of Chemistry 2019
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free-energy pathway. Inset: distribution of the committor, p,, at the positions near the peak point around (6, = 131°, 6§, = 113°, and 65 = 17°).

Interactions responsible for the helicity switching

To identify the interaction components that contribute to the
free-energy barrier, variation of constituent interactions of
different nature was examined. 2T intramolecular (2T-self)
interaction and 2T-solvent interaction were monitored along
the least free-energy pathway. The resulting interaction
components are gathered in Fig. 4A and B.

2T-Solvent. 2T-solvent term possesses three shallow valleys
spanning 0.2 <s < 0.7,1.2 =<s < 1.8,and 2.2 = s < 2.8 (with an
average depth of ca. 2.0, 2.0, and 1.5 kcal mol ™, respectively),
indicating a positive contribution to the helical switching
process. To delve deeper into the structural origin of 2T-solvent
term, the solvent accessible surface area of 2T has been

measured (see Fig. S4A and Bt). The barrier in the middle range
of each stage reveals an obvious increase of the contact area
between 2T and hydrophobic solvent molecules, resulting in
a decrease of 2T-solvent interactions.

2T-Self. As illustrated in Fig. 4A and B, the 2T-self component
features two high barriers in the first and second stages and an
obvious slope in the third stage constituting the dominating
contribution to the barriers and slope in the three stages of the
least free-energy pathways. To delve into this component, the
2T-self term was reconstructed by combining the bonded and
non-bonded interactions (van der Waals and electrostatic
interactions) for cores and side chains. Every core contains
three alkyne units attached to the same central aromatic unit.
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Fig. 4 (A) Reconstruction of the least free-energy pathway by combining 2T-solvent and 2T-self contributions in (A) stage |, Il, and (B) IlI.

Decomposition of 2T-self term into chains, cores, and cores—chains electrostatic terms in (C) stage |, II, and (D) IIl.

This journal is © The Royal Society of Chemistry 2019
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Each chain is composed by two benzene rings connected by
a linker containing an amine moiety. The cores—chains van der
Waals term is negligible (see Fig. S4C and D¥). Three compo-
nents, viz., (side) chains, cores, cores—chains electrostatic
interactions, were gathered in Fig. 4C and D.
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Fig. 5 Decomposition of the chains term into chainl, chain2, chain3 interactions in (A) stage |, I, and (B) Ill. Evolution of the average spin angles
of aromatic rings within the bottom tier around the alkyne bonds in (C) stage |, I, and (D) Ill. The variation of average distances between the COM
of the central benzene moiety and the plane spanned by the three alkyne units within the same tier in (E) stage |, II, and (F) lll. Evolution of 6y, as
a function of s, where 6, is the angle formed between the dipole moment of the amine moiety and vector that connects the nitrogen atom and
the central benzene moiety, in (G) stage |, Il, and (H) IlI.

Chains term. The chains term possesses a barrier in stage I
and II and a gentle slope in stage III. It indicates that the chains
term hampers the helicity switching in the first two stages. In
stage III, chains interaction slightly favors the helical inversion
process of 2T. Additional analysis was carried out by

This journal is © The Royal Society of Chemistry 2019
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partitioning the chains term into chain1, chain2, and chain3
terms. The corresponding components are depicted in Fig. 5A
and B. The chainl term and chain2 term contribute predomi-
nantly to the barrier of chains term in stage I and II, respec-
tively. In stage III, the decrease of chainl and chain2 terms
partially counterbalanced by the increase of chain3 term results
in the slope in chains term.

To delve deeper into this analysis, the spin angles of
aromatic rings within the bottom tier around the connected
alkyne units were measured. The evolution of the average spin
angles along s is shown in Fig. 5C and D. In stage I, the aromatic
ring (in the bottom tier) in chain1 rotates from the perpendic-
ular conformation (ca. 80°) to a horizontal conformation
(around 0°). Rings in chainl are pushed away from each other
(see Fig. S4E and Ff). The twist of dihedral angles within chain1
(see Fig. S5t) causes a barrier in chainl and chains term. No
rotation of rings in other chains was observed. In stage II,
rotation of the benzene ring (within the bottom tier) in chain2
from ca. 80° to 0° results in the barrier in chain2 term. Rings (in
the bottom tier) in chainl and chain3 maintain the horizontal
and perpendicular conformations, respectively. In stage III,
switching back to the perpendicular conformations for rings (in
the bottom tier) in chain1 and chain2 releases dihedral distor-
tions. Although the ring (in the bottom tier) in chain3 rotating
to the horizontal conformation causes novel twist, the dihedral
distortions within 2T are partially released, thus rationalizing
that chains term is favorable in stage III.

Cores term. As illustrated in Fig. 4C and D, a broad barrier
arises in the middle of each stage. The barriers in cores term
can be ascribe to the geometrical deformation of the cores
section. To monitor the degree of deformation, the distance
between the center of mass (COM) of the central benzene
moiety and the plane spanned by alkyne units within the same
tier was monitored. The evolution of average distances along
the least free-energy path are shown in Fig. 5E and F. The
pronounced peaks found at around 0.7 (pink curve), 1.7 (pink
curve), and 2.5 (dark cyan curve) correspond to the increase of
out-of-plane deviations for the central benzene units from the
conjugated aromatic cores, which is caused by the separation of
benzene rings within side chains driven by the concomitant
rotation of rings (see Fig. S41). The effect of such deformation
partially constitutes the contribution to the barrier in the free-
energy profile of stage I and II (no stage III).

Cores-chains electrostatic. As depicted in Fig. 4C and D, the
cores—chains electrostatic term features a barrier, a barrier, and
a gentle slope in stage I, II, and III, respectively. It suggests that
the cores—chains electrostatic term disfavors the first two stages
and favors stage III. To delve deeper into this observation, the
orientation of amine moieties was measured, as shown in
Fig. 5G and H. In stage I, rotating the first aromatic ring (blue,
in the top tier) is accompanied by the reorientation of the amine
unit within chainl. As the second benzene ring (green, in the
top tier) spins in stage II, amine moieties within chain2 and
chain3 alert their orientation separately. Reorientation of
polarized amine moieties is energetically unfavorable, causing
the barrier in the cores—chains electrostatic term of Fig. 4C. In
stage III, amine moieties within chain2 and chain3 return to its

This journal is © The Royal Society of Chemistry 2019
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initial orientation in stage III, rationalizing the former obser-
vation that the cores-chains electrostatic interaction favors
stage III.

Conclusion

In this contribution, the helicity switching process within a two-
tiered stacked architecture designed by Hartley and coworkers
was investigated. Three-dimensional free-energy landscape
characterizing the helicity switching was determined. The
helical inversion process is constituted by four stages contain-
ing three different kinds. The four stages correspond to the
spinning of three peripheral benzene rings in the top tier and
the rotation of bottom tier relative the top one around the z axis.
The height of the highest free-energy barrier located in the
second stage was estimated as high as 7.4 kcal mol~" matching
with experimental observations. Based on the geometrical
analysis and calculation of interactions, a switching mechanism
was proposed. Spinning peripheral rings in the top tier causes
the concomitant rotation of connected rings within the bottom
tier leading to the separation of rings in the same side chain.
The separation induces the geometrical deformation of the
connected conjugated cores section and twist of dihedral angles
within side chains. The twist reorientates polarized amine
moieties attached to side chains. These factors collectively
shape the least free-energy pathway in each stage.

The present results provide a complete understanding of the
helicity switching process, which is crucial for the rational
design of novel functional helices. The effects of structural
modifications on the function of helices can be evaluated in
silico. Attention of synthesis should be focused on the candi-
dates screened from a series of lead structures constructed from
fragment libraries. The invested effort and cost can be
dramatically decreased. Combination of experimental and
computational efforts is expected along this line.
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