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ABSTRACT: Some unnatural polymers/oligomers have been designed to adopt a well-defined, compact, three-dimensional
folding capability. Azobenzene units are common linkages in these oligomer designs. Two alternating pyridinedicarboxamide/m-
(phenylazo)azobenzene oligomers that can fold into both right- and left-handed helices were studied computationally in order to
understand their dynamical properties. Helical structures were shown to be the global minima among the many different
conformations generated from the Monte Carlo simulations, and extended conformations have higher potential energies than
compact ones. To understand the interconversion process between right- and left-handed helices, replica-exchange molecular
dynamic (REMD) simulations were performed on both oligomers, and with this method, both right- and left-handed helices
were successfully sampled during the simulations. REMD trajectories revealed twisted conformations as intermediate structures
in the interconversion pathway between the two helical forms of these azobenzene oligomers. This mechanism was observed in
both oligomers in current study and occurred locally in the larger oligomer. This discovery indicates that the interconversion
between helical structures with different handedness goes through a compact and partially folded structure instead of globally
unfold and extended structure. This is also verified by the nudged elastic band (NEB) calculations. The temperature weighted
histogram analysis method (T-WHAM) was applied on the REMD results to generate contour maps of the potential of mean
force (PMF). Analysis showed that right- and left-handed helices are equally sampled in these REMD simulations. In large
oligomers, both right- and left-handed helices can be adopted by different parts of the molecule simultaneously. The
interconversion between two helical forms can occur in the middle of the helical structure and not necessarily at the termini of

the oligomer.

I. INTRODUCTION

With well-defined secondary structures, including a-helices, f-
sheets, and coiled-coils, proteins possess stable tertiary
structures to carry out specific biological functions. It is of
great chemical and biological interest to understand the process
of folding a protein’s primary sequence into its secondary
structure and its eventual three-dimensional (3D) shape.
Besides working with natural amino acids as components of
protein-based biological polymers, great efforts have been taken
to design and synthesize unnatural oligomers that can fold into
helical structures that resemble the natural secondary structures
of proteins." "' These unnatural polymers/oligomers with a
well-defined, compact, three-dimensional folding capability are
also termed foldamers.'>~** The principle behind the design of
these oligomers is that natural secondary structural folding
driving forces, such as hydrogen bonding, Coulombic, hydro-
phobic, and van der Waals interactions, are universal. If
designed carefully, these interactions could also drive synthetic
structures being folded into well-defined structures. The folding
oligomers can be divided into two categories: bioinspired and
non-natural folded.> Most non-natural folding oligomers
include aromatic rings in the backbone, thereby applying
aromatic stacking effects as part of the forces for helical folding.

As with studies of protein structure, understanding the
folding and the interconversion of conformational forms is
essential for a rational design process of these folding
oligomers. Polymers and oligomers with helical structures
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have been studied for M-(minus, left-handed) and P-(plus,
right-handed) helical and helical-nonhelical conformational
transitions using circular dichroism and UV spectroscopy.'> >
Several studies suggested that the helix-handedness inversion
does not require a complete unfolding of a helical strand and
may occur locally through the propagation of handedness
changes.”' ~**

In a recent study by Parquette and co-workers,*® alternating
pyridinedicarboxamide/m-(phenylazo)azobenzene oligomers 1
and 2 were synthesized and studied (Figure 1). The crystal
structure of 1 has a two-turn helical conformation with a helical
pitch of approximately 3.4 A. "H NMR spectroscopy revealed
two well-separated doublets for the benzylic methylene
hydrogens at the two ends of the oligomer for both 1 and 2
at low temperatures. Increasing the temperature of the NMR
sample caused the two doublet peaks to gradually coalesce into
a singlet for the NMR signals. At temperatures lower than the
coalescence temperature, the equilibrium time scale of M—P
helical interconversion is slower than the NMR time scale.
When above coalescence temperature, the equilibrium time
scale of M—P helical interconversion becomes faster than the
NMR time scale, which causes the merging of two doublet
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Figure 1. Alternating pyridinedicarboxamide/m-(phenylazo)azobenzene oligomers 1 and 2.

peaks to one singlet NMR signal. Further evidence of the M—P
chirality was obtained from subsequent simulations of the
circular dichroism spectra and a comparison to experiment.®

Although experimental evidence suggested M—P helical
structures of folding oligomers and their interconversion in
these azobenzene oligomers, the mechanism of such a
conversion is difficult to study experimentally because of the
low barriers and the transient nature of intermediates along the
interconversion pathway. Despite these difficulties, under-
standing the mechanism of interconversion is critical in order
to optimize the folding process of non-natural helical folding
oligomers. Thus, a better understanding of the molecular-level
details for the interconversion process in these two oligomers,
specifically the critical transition-state structures and the
activation barrier for this interconversion, therefore, could
lead to better design of the next generation of folding
oligomers.

Computational methods can provide a complementary
approach to study the preferred conformations and the
interconversion processes of folding oligomers. We are
particularly concerned with methods that can assist in
understanding correlated motions in complex systems.”” > In
this study, Monte Carlo (MC) conformation searches and
replica-exchange molecular dynamics (REMD) methods have
been applied to study the folding and interconversion between
the M and P helical structures of 1 and 2, and these results are
then compared to the extant experimental results. Several single
temperature MD simulations were conducted for 1. Inter-
conversion was not observed in any of these simulations.
Because these simulations did not provide insight for the
interconversion process, they are not presented in this paper.

Il. COMPUTATIONAL METHODS

The systematic torsional sampling MC (SPMC)> search
protocol implemented in Macromodel version 8.5*" was used
to sample the conformational space of 1. A total number of 84
000 steps were performed in the MC search. The conformers
generated in each step were then optimized using the AMBER*
force field in water using the GB/SA solvation model.”* All
optimized conformers within 239 kcal/mol of the lowest energy
were saved to ensure the coverage of both right- (P) and left-
handed (M) helical structures in the conformational search.
This process resulted in a total of 70 207 conformations for 1.
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Due to the complex structure of 2, the systematic torsional
protocol is not applicable for a MC conformational search.
Therefore, for comparison, the MC multiple minimum
(MCMM)*>** search protocol was used to perform a
conformational search of 2. All of the optimized conformers
within 956 kcal/mol of the structure with lowest energy were
saved. This process resulted in 985S conformers of 2.

Single point density functional theory (DFT) calculations in
water using integral equation formalism polarizable continuum
model (IEF-PCM)* for selected conformers of oligomer 1
were carried out to assess the accuracy of MC energies. Two
hybrid DFT functionals, ®B97XD>® and M06,>” were applied
for each conformer. The triple-{ basis set 6-311++G(d,p) was
shown as an appropriate choice for DFT calculations of
building blocks in biomimetic systems containing aromatic
rings,38 and therefore, it was used for all the DFT calculations
in present study. The '"H NMR chemical shifts of the benzylic
methylene hydrogens at the two ends were calculated for 1
using gauge-independent atomic orbital (GIAO) method.*
The 6-311++G(d,p) basis set and two functionals, @B97XD*
and M06,”” were used for GIAO calculations. The chemical
shifts were calculated with respect to tetramethylsilane (TMS)
at the same level of theory. All the DFT calculations in the
study were carried out using the GAUSSIAN 09 package.*’

Replica-exchange molecular dynamics (REMD) simulations
were carried out on 1 and 2 using the AMBERS program
package.41 The general AMBER force field (GAFF)* was
applied to 1 and 2. The generalized Born (GB) solvation
model*** was used to simulate water as a solvent. The SHAKE
bond length constraints*® were applied on all of the bonds
involving hydrogen. The number of replicas of each molecule
was chosen based on the size of the molecule to ensure
coverage of the temperature range and exchange among
replicas.*® There were 12 replicas for 1 with temperatures set
at 230.0, 245.0, 260.9, 277.8, 295.9, 315.1, 335.6, 354.0, 380.7,
405.4, 431.8, and 459.8 K. Fourteen replicas were used for 2
with temperatures set at 230.0, 241.9, 254.3, 264, 281.2, 295.7,
311.0, 327.0, 343.8, 361.6, 380.2, 399.8, 420.4, and 442.1 K
These temperatures were exponentially spaced to ensure the
overlap of potential energy between two replicas with adjacent
temperatures. Exchange probabilities were calculated for every
10000 MD steps (10 ps), and there were 2200 attempts for
each replica pair, resulting in 22 ns of MD simulation for each
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replica. Overall, 1 had 264 ns MD simulations with 12 replicas,
and 2 had 308 ns MD simulations with 14 replicas.

Starting from representative geometries from REMD
simulations, transition pathways between right- and left-handed
helices were searched for both 1 and 2 using the nudged elastic
band (NEB) method.*” The simulated annealing version of
NEB* from AMBER12* was applied for such simulations. The
initial path was heated to 300 K in 20 ps with 0.5 fs time step.
Then, the path was equilibrated in 100 ps with 1 fs time step.
The equilibrated path was heated to 500 K before cooling back
to 300 K in 1 ns annealing simulation with 0.5 fs time step. The
final path was obtained by cooling the simulated path to 0 k in
320 ps with 1 fs time step.

The temperature weighted-histogram analysis method (T-
WHAM)> was used to combine the data of all of the replicas at
different temperatures to generate the potential of mean force
(PMF) of the simulated system. The WHAM method used in
this study was as described by Wang and his co-workers.”" The
formalism of WHAM can be briefly reviewed as follows.>> For a
given system, the Hamiltonian Hy(r) could be rewritten as a
modified Hamiltonian Hy(r):

H{ﬂ} = Ho(”) + Z /1iVi(7') = z )“iVi(”)

i=1

(1)
where 4, = 1 and V() = Hy(r). The coordinates of the system
are represented by r; V,(r) are the biasing potentials; and 4; are
the coupling parameters. For a total number of R simulations
with the ith simulation performed at a temperature f; =1/
(kgT;), the probability histogram Py 5({V},£) is given by

Ef:lNk({V}) f)eXP(_ﬁ Zfzo j';‘/1)

Py sV}, €) =
o 2t exp(f, — B, Ty dyY)
&)
with
exp(=f) = X Py (V) €)
(Vhe 3)

The {1}, are the coupling parameters, and n,, are the number of
snapshots taken. The braces {V} denote the set of restraining
potentials Vi, Vj, .., Vi. In the quantity f; = A, 4; is the
Helmholtz free energy for the jth simulation. These free
energies are obtained by iterating eqs 2 and 3. The ¢&
corresponds to the reaction coordinate, and N;({V},£) is the
value taken by the histogram at {V} and ¢ during the ith
simulation.

A principal component analysis (PCA) was carried to
generate “principal” coordinates, which describe the overall
conformational change of oligomers. A PCA method, called
quasi-harmonic analysis, provides an efficient and well-
established way to represent the conformational distribution
of multidimensional systems in terms of several “principal”
coordinates.”>”® It has been shown that a large part of the
system’s fluctuations can be described in terms of only a few
principal components.®>~°

lll. RESULTS AND DISCUSSION

A. Monte Carlo Conformational Searches of
Oligomers 1 and 2. From a MC conformational search of
1, the conformer obtained as the global minimum is a left-
handed helical structure (Figure 2). The central part of the
molecule, including seven aromatic rings, forms a compact left-
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side view top view

Figure 2. Left-handed helical structure for the global (AMBER*)
minimum of 1 (hydrogens are omitted for clarity). Side view (left) and
top view (right) of the structure.

handed helix. The two benzyl rings at the ends fold back toward
each other at the side of the helix. The top view of the helix
reveals that two terminal benzyl rings in each ring pair are not
exactly on top of each other.

The root-mean-square deviation (rmsd) of the global
minimum energy structure and the relative potential energies
of the 20 lowest energy conformers are listed in Table 1. There

Table 1. 20 Most Stable Conformers of 1 Obtained from the
SPMC Simulations

rmsd (A) chemical shift®
helical ~ potential energy
conformer  structure (keal/mol)* I I°  ®B97XDY Mo6°
1 left 0.0 3.1 2.0 4.81 4.66
2 left 1.8 32 2.0 4.84 4.69
3 right 2.0 3.4 2.0 5.13 4.95
4 left 2.1 3.5 2.0 4.91 4.91
S left 2.1 34 2.1 4.79 5.02
6 right 22 3.7 19 4.70 S.19
7 left 2.2 3.5 2.0 4.89 4.83
8 right 22 34 2.0 5.07 4.89
9 left 2.2 3.5 2.1 4.77 4.84
10 left 2.3 34 2.1 4.80 5.00
11 left 23 3.5 2.0 4.89 4.89
12 left 2.4 3.5 2.1 4.70 4.74
13 right 2.5 3.4 2.0 4.69 S.10
14 right 2.5 3.6 2.0 S.11 4.80
15 left 2.5 3.1 2.0 5.01 4.85
16 right 2.6 3.5 2.0 5.08 4.78
17 left 2.7 3.5 2.1 4.79 4.71
18 right 2.7 1.8 1.5 4.15 3.99
19 left 2.8 3.9 2.0 4.70 4.60
20 left 29 3.5 2.0 4.93 4.68
avg. 484 481

“Using AMBER* force field in Macromodel version 8.5. ’rmsd I and
I are for non-hydrogen atoms with reference to corresponding (right-
or left-handed helix) crystal structures® with full structure and
excluding two terminal benzyl rings, respectively. “Chemical shift were
calculated with respect to tetramethylsilane (TMS) at the same level of
theory. “GIAO method at IEF-PCM/@B97XD/6-311++G(d,p) level
of theory. “GIAO method at IEF-PCM/MO06/6-311++G(d,p) level of
theory.

are 13 structures among the top 20 structures, which have left-
handed structures, and seven conformers with right-handed
helices. These structures were superimposed on each other and
shown in Figure 3; hydrogen atoms were omitted for clarity.
Among these 13 left-handed conformers, four conformers have
at least one terminal benzyl ring folded toward the helical
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Figure 3. Overlay of the top 20 conformers of 1 as obtained from a
Monte Carlo search (hydrogens are omitted for clarity). (a) Overlap of
13 left-handed helices conformers of 1. (b) Overlap of seven right-
handed helices conformers of 1.

structure. The other nine structures with left-handed helical
folds have at least one terminal benzyl ring folded away from
the helical structure, in a manner that is similar to the available
X-ray crystal structure of 1.*° These right- and left-handed
structures showed similar flexibilities. Both terminal benzyl
rings could point either up or down with respect to the helix.
Of the 20 lowest energy structures, the seven right-handed
helices are evenly distributed within the left-handed structures
(Table 1). Both right- and left-handed structures are compared
using their X-ray crystal structures.”> Conformer 18 most
closely resembles the crystal structure of right-handed helix
with rmsd 1.8 A of non-hydrogen atoms (Figure 4a). The major

a

Figure 4. Superimposed crystal structures and Monte Carlo
conformers: (a) crystal structure of right-handed helix of 1 (red)
and conformer 18 (non-hydrogen atoms rmsd is 1.8 A); (b) crystal
structure of left-handed helix of 1 (red) and conformer 1 (non-
hydrogen atoms rmsd is 3.1 A).

difference between other helical structures and the crystal
structure came from two terminal benzyl rings. When excluding
two terminal benzyl rings, the non-hydrogen atoms rmsd
between seven right-handed helices and crystal structure range
from 1.5 to 2.0 A (Table 1). Conformer 1 most closely
resembles the crystal structure of left-handed helix with rmsd
3.1 A of non-hydrogen atoms (Figure 4b). When excluding two
terminal benzyl rings, the non-hydrogen atoms rmsd between
thirteen left-handed helices and crystal structure range from 2.0
to 2.1 A (Table 1). The '"H NMR chemical shifts of the
benzylic methylene hydrogens at the two ends were calculated
for all 20 lowest energy conformers of 1 (Table 1). The average
value was compared to the experiments. Two functionals,
®wB97XD and MO06, gave similar results as 4.84 and 4.81,
respectively. Both are close to the experimental value (5.16).*°
The calculated chemical shifts of individual hydrogens are listed
in Table SI in the Supporting Information.

Visual inspection revealed that the higher energy structures
are partially extended. One interconversion mechanism
between the right- and left-handed helical structures could
conveniently be proposed as a partially extended (unwound)
helical structure. By partially unwinding one end of a helix, the
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molecule 1 does not need to fully extend its helical structure for
interconversion between the two helical forms. Conformers
5808 and 6289 display such an unwinding trend at one end of
the right-handed helix (Figure Sa and b). Both conformers are
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Figure S. Conformer (a) 5808, (b) 6289, and (c) 10 000 of 1 from the
Monte Carlo (AMBER¥*) results. (d) Extended structure of 1.

right-handed helices; however, one end of the right-handed
helix in each conformer is partially folded into a left-handed
helix. If the rest of the molecule follows this trend for folding
into a left-handed helix dynamically, the whole structure will
convert from a right-handed to a left-handed helix. Conformers
5808 and 6289 have potential energies of 14.7 and 14.9 kcal/
mol (Table 2), respectively, relative to the global minimum.

Table 2. Relative Potential Energies (kcal/mol) of Selected
Conformers of 1¢

conformer Mc? wB97XD* Mo6?
1 0.0 0.0 0.0
5808 14.7 8.6 6.7
6289 149 6.8 4.8
10 000 27.3 16.6 14.5
extended® 60.4 64.9 59.5

“Conformer 1 is used as reference for relative potential energies.
“Level of theory: AMBER* force field in Macromodel version 8.5.
“Level of theory: IEF-PCM/wB97XD/6-311++G(d,p). evel of
theory: IEF-PCM/MO06/6-311++G(d,p). “A fully extended and
minimized conformer of 1 (Figure 5d).

The conformer with highest energy from MC search of 1 (27.3
kcal/mol relative to the global minimum) has half of the
molecule fully extended, and the other half of the molecule
folded (Figure Sc). Since no fully extended conformer of 1 was
observed in the MC search results, this indicates that
interconversion between right- and left-handed helices can go
through a half-extended conformer with a barrier that is not
higher than 27.3 kcal/mol, rather than a fully extended
conformer. To further validate this hypothesis, a fully extended
conformer of 1 was constructed and minimized (Figure Sd)
using the same level of theory in MC conformational search.
The potential energy of this extended conformer is 60.3 kcal/
mol higher than the global minimum. This energy gap is much
higher than the highest energy gap observed in the MC
conformational search.

To assess the accuracy of MC energies, the conformers 1,
5808, 6289, 10 000, and the fully extended conformer (Figure
5d) were submitted to DFT calculations. The potential energies
of these conformers calculated by DFT are compared with MC
results (Table 2). Two DFT functionals gave the same order of
energies for chosen conformers. The order of MC energies is
the same for DFT results, expect for the conformers 5808 and
6289, for which the MC energy difference is much smaller than
the DFT energies. Interestingly, the relative MC energy of
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extended conformer (Figure Sd) is very close to the one from
DFT calculations. The difference between MC and DFT
energies shows that MC mainly serves as a useful tool to
explore the conformational space of target molecules. To
reliably estimate the interconversion barriers in terms of free
energy, the combination of REMD and T-WHAM is applied to
simulate and analyze the folding process of both 1 and 2.

The complete pathway, however, could not be identified
based on the MC results, since MC simulations do not provide
trajectory information. Moreover, the SPMC method allows
only one variable to be randomized, and one can imagine that if
coupled, or correlated, motion of one segment of the oligomers
to another segment was critical. Therefore, such motion will be
poorly modeled by an MC approach.

Using the MC approach, we also studied the longer oligomer
2. The MC conformational search of 2 resulted in 9,855 unique
conformers, and the lowest energy conformation has a helical
structure (Figure 6). Interestingly, this helical structure is

a. side view

b. top view

Figure 6. Monte Carlo generated structure, with the top half being a
right-handed helix and the bottom half being a left-handed helix, which
has the lowest energy for 2 among other conformers (hydrogens are
omitted for clarity). Side view (left) and top view (right).

neither a uniformly right-handed nor left-handed helix. Instead,
the upper half (top segment in Figure 6a) has a right-handed
structure, and the lower half (bottom segment in Figure 6a) has
a left-handed structure. While either half of the molecule is a
well-defined helix, the whole structure is well aligned along the
central axis (Figure 6b). A conformer with the whole structure
uniformly folded as either a right- or left-handed helix was not
observed in this MC search. Careful visual investigation
revealed the partially extended conformer of 2 with lowest
potential energy (Supporting Information, Figure SS) is 20.2
above the minimum of MC results. There are certainly other
extended conformers with higher energies. However, this
observation indicates that if interconversion between different
helices goes through partially extended conformers, the barrier
for interconversion should not be lower than 20.2 kcal/mol.
According to the NMR study, the estimated interconversion
barrier for different helices of 2 is 13.8 kcal/mol.* Again, the
difference between MC simulation and experiment suggests a
nonextended interconversion mechanism of these helices.

B. REMD Simulation of 1. Since single-temperature MD
(300 K) simulations of both 1 and 2 did not show any
interconversion between the two helical forms (see the
Supporting Information), replica exchange molecular dynamics
(REMD) methods were applied to simulate the interconversion
of 1 with 12 replicas at different temperatures. The potential
energy histograms of these 12 replicas of 1 at each target
temperature are shown in Figure 7. The potential energy
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Figure 7. Potential energy histograms of 12 replicas in the REMD
simulation of 1.

distribution of each replica significantly overlaps with each
other, ensuring a high exchange rate. The average acceptation
ratio for exchange is 0.490 for REMD simulation of 1. The
acceptation ratio for each individual replica is listed in Table S2
in the Supporting Information. The Boltzmann distribution of
the potential energy of each replica also indicates that
equilibrium was achieved in this series of simulations.

After careful tracing of trajectories through different replicas,
the “mechanism” of interconversion between helical structures
of 1 was mapped, and these structures are illustrated in Figure
8. In this mechanism, 1 does not go through an extended
conformation in order to interconvert between helices. Instead,
a compact intermediate structure was observed as connecting
helices (Figure 8b). The conversion of a helix is mainly
involved with orientation of the two aromatic rings (Figure 8a—
¢, two highlighted rings). Originally, these two rings have the
same orientation as the rest of the molecule in a right-handed

b. Intermediate

a. Right-handed helix (P) c. Left-handed helix (M)

d. Right-handed helix e. Intermediate f. Left-handed helix

Figure 8. Mechanism of interconversion between the two helical
forms of 1 (hydrogens are omitted for clarity). Top row actually
contains structures of 1 from the folding path. Bottom row is the
cartoon illustration of the folding path. See text for a discussion of the
interconversion process and the Supporting Information for a movie
clip.
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helix (Figure 8a, two highlighted rings). During the conversion
process, these two rings, and the pyridinedicarboxamide linkage
between them, rotate counterclockwise to reach the inter-
mediate structure (Figure 8b), but no significant changes occur
in the syn—syn preference® of the pyridinedicarboxamide
linkage during this conversion. The intermediate structure is
still compact, but the helical structure of the central part is
unwound. Those two rings then keep rotating counter-
clockwise; the left-handed helix is thus formed, and the
interconversion is completed (Figure 8c). During this process,
the motions of the two terminal benzyl rings are coupled with
the conformational change of the central part. Along with the
helical interconversion of the central part of 1, the orientations
of the two terminal benzyl rings changed simultaneously from
right- to left-handed. The cartoon in the bottom row of Figure
8 illustrates this process.

To further illustrate this mechanism, several representative
snapshots from a continuous trajectory identified in REMD
simulations representing transition between two helices are
shown in Figure 9. It is clearly shown that, in the conversion
from a right-handed helix (Figure 9a) to a left-handed helix
(Figure 9f), oligomer 1 went through a series of compact
intermediate structures (in contrast to a fully extended
structure), which are mainly involved with rearrangements of
the central five six-membered rings. A short movie illustrating
this transformation (Figure 9c—f) is also available in the

Figure 9. Snapshots along the interconversion pathway between the M
and P configurations of 1 from REMD trajectories. (a) P configuration
(right-handed helix) of 1. (b) Bottom half of 1 is twisted. (c) 1 is
transformed into a twisted intermediate structure. (d) Rearrangement
of twisted intermediate structure of 1. (e) Twisted intermediate
structure of 1 changes to a more compact form before folding to left-
handed helix. (f) M configuration (left-handed helix) of 1. Atoms are
colored according to atom types (C, N, and O are shown in cyan, blue,
red, respectively). Hydrogen atoms are not shown for clarity. Different
parts of the molecule are shown in different forms for easier viewing:
the two terminal benzyl rings and carboxamide linkers are shown in
line format; the two benzyl rings next to the terminal benzyl rings and
all other linkages are shown in tube format; five central six-membered
rings are shown in ball-and-stick format. A short molecular dynamics
movie showing conformational change from twisted intermediate
structure to left-handed helix is provided in the Supporting
Information.
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Supporting Information. The observed helical structures of
REMD are compared with crystal structures of 1 (see the
Supporting Information, Figure S6).*° Non-hydrogen atom
RMSDs of right- and left-handed helices with reference to
corresponding crystal structures are 4.2 and 3.8 A, respectively.
When excluding two terminal benzyl rings, the RMSDs for
right- and left-handed helices are 2.7 and 2.8 A, respectively.
Because the structures from REMD simulations are generally
away from energy minima, these numbers are higher than rmsd
between MC conformers and crystal structures.

C. NEB Reaction Path for Helical Interconversion of 1.
The geometries shown in Figure 9 were used to construct the
initial path for NEB calculations of 1. A total of 16 replicas were
built for the NEB path by making multiple copies for initial
geometries. The final path demonstrates that the interconver-
sion between two helices could be achieved through the local
movement of structure (Figure S7 in the Supporting
Information).

D. Potential of Mean Force of 1. In helical structures, the
position and orientation of the central pyridinedicarboxamide
unit and the azobenzene rings are correlated to each other. Two
dihedral angles (7, and 7,), which are highly correlated to the

helical conformations, are defined in Figure 10. The

o

<

ELa
‘ k ‘
Figure 10. Definitions of dihedral angles (7, and 7,) of 1 for WHAM
analysis. The two dihedral angles are defined by two carbon atoms
adjacent to the nitrogen in the central pyridine ring (ring S) and the

centroids of two benzene rings next to pyridine on either side (ring 3,
4, 6, and 7).

’(

distribution of these dihedral angles reflects the distribution
in conformational space of 1. These two dihedral angles were
chosen for T-WHAM analysis to generate a potential of mean
force (PMF) for 1.

The PMF of the Gibbs free energy at 300 K projected onto
dihedral angles 1 (7;) and 2 (7,) are shown in Figure 1la.
There are two basins of attraction located on the diagonal line.
One basin is centered at the combination of both 7, and 7, with
values around —40°. This region is associated with an M
configuration (left-handed helix) of 1 (Figure 11b). The other
one is centered at the combination of two angles with values
around 40°. This region is associated with a P configuration
(right-handed helix) of 1 (Figure 11c). This potential energy
surface shows that the two helical structures are the two global
minima of 1. Both helices are energetically equivalent in the
simulation. There is no other attraction basin shown in this
surface, and the two attraction basins with low free energies are
symmetric with respect to the origin, 7, = 7, = 0 and the
diagonal, 7; = 7,. This symmetry reflects the fact that the M and
P configurations of 1 are mirror images of each other and
provides further confidence in the statistical sampling of these
REMD trajectories. The interconversion barrier between two
helices of 1 is approximately 10 kcal/mol according to the
potential energy surface shown in Figure 10a. This is in very
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Journal of Chemical Theory and Computation

(@)

Free Energy (kcal/mol)

(b)

P

Figure 11. Potential of mean force (PMF) from the REMD simulation of 1. (a) The contour plots of the Gibbs free energy (G) at 300 K projected
onto the dihedral angle 7, and dihedral angle 7, as “reaction coordinates” in 1 (see Figure 9). (b) M configuration (left-handed helix) of 1. (c) P
configuration (right-handed helix) of 1. The reaction barrier for interconversion between M and P configurations of 1 is ~10 kcal/mol according to

the PMF shown in (a).

good agreement with the experimental value of 11.1 kcal/mol
as determined by variable temperature NMR.*®

The allowance range of each dihedral angle is approximately
+80°, as shown in the PMF surface of 1. This indicates that
these two angles are strongly coupled to each other and cannot
arbitrarily reach any value as a combination. The most probable
pathway for a molecule converting between the M and P
regions is following the straight line directly through the origin,
and at the origin, both dihedral angles have values of zero. This
seems energetically unfavorable upon initial chemical intuition.
However, the PMF plot does not show this region as
unreachable for the molecule, but quite well populated
compared to other regions adjacent to the two basins of
attraction. Since these dihedral angles are defined by the
centroids of six-membered rings, those benzyl rings are not
necessarily in the same plane when the dihedral angles are zero.
Instead, these six-membered rings can rotate out of the plane at
zero or near zero dihedral angles to avoid steric clashes. This
pathway, therefore, is a very efficient mechanism for the two
helical structures to interconvert between each other. This
deduction also agrees with the suggested mechanism (Figure 8)
for the helical interconversion of 1, as directly observed by
visual analysis of the REMD trajectories (Figure 9).
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A PCA was performed on the REMD simulations of 1. This
analysis generated 369 components corresponding to the total
degrees of freedom for 1. All of the components were sorted in
terms of descending magnitudes by their eigenvalues (see the
Supporting Information, Figure S8). The first several
components contribute to the majority of the total eigenvalues,
and the first 4 eigenvalues contribute more than 50% to the
sum of all of the eigenvalues. Subsequent visualization of the
components with the largest eigenvalues by the Visual
Molecular Dynamics (VMD)®* program with the external
plug-in Interactive Essential Dynamics (IED)® revealed that
modes 1 and 3 are directly related to the interconversion
between right- and left-handed helices (Figure 12). For PCA
mode 1, two azobenzene rings, depicted with two arrows
pointing from right to left in Figure 12, carry the majority of the
motion of this mode. Following the motions labeled by the
arrows, the right part of the structure switches positions with
the left part. As a result, the right-handed helix in the figure will
change to a left-handed helix. In PCA mode 3, the pattern of
molecular movement is similar to mode 1, but the directions of
major movements are perpendicular to those in state 1. By
following the motion in mode 3, the conformation of the
molecule can change between the two helical structures.

dx.doi.org/10.1021/ct2009335 | J. Chem. Theory Comput. 2012, 8, 5137—5149
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PCA Mode 1 PCA Mode 3

Figure 12. Major displacement represented by principal component
analysis (PCA) modes 1 and 3 of 1.

Combined together, these two modes describe the inter-
conversion between the two helices.

E. REMD Simulation of 2. REMD simulations were applied
to simulate the interconversion of the longer oligomer 2. The
average acceptation ratio for exchange is 0.472 in REMD
simulation of 2. The acceptation ratio for each individual replica
is listed in Table S2 in the Supporting Information.

The starting geometry of the REMD simulation had half of
the structure being a left-handed and the other half being a
right-handed helix (Figure 6). A conformer with both segments
in a right-handed helical conformation was found among the
REMD trajectories (Figure 13a). The existence of this

Figure 13. Starting with the mixed (half right-handed and half left-
handed helical) structure from Figure 6, conformers of 2 obtained
from the REMD simulations are shown. (a) This conformer has both
halves of the molecule in a right-handed helical conformation. (b) This
conformer has both unfolded and extended structures as depicted by
the red and blue arrows, respectively.

conformer indicates that conversion from a left to a right-
handed helix occurred during the REMD simulations. The
conformer with an unfolded helix was also discovered from the

REMD trajectories of 2 (Figure 13b). The unfolded part in
Figure 13b is involved with rotation of the two six membered
(pyridine and phenyl) rings. This is similar to the intermediate
structure (Figure 8) for the helical interconversion observed in
the REMD simulations of 1. Thus, a similar mechanism is
operative for the helical interconversion of 2.

Six dihedral angles (7,—7¢) in 2 are defined in Figure 14, and
were used in the T-WHAM analysis. There are three pyridine
rings as linkages between the azobenzene units in 2. The free
energy contour plot at 300 K, as projected onto 7, and 7,, is
shown in Figure 15a. Two major attraction basins (& and f8) are
located on the diagonal line. This pattern is very similar to the
PMF contour of dihedral angles based on the REMD
simulation of 1 (Figure 11). The portion of the structure
related to 7, and 7, in 2 has the same structural unit as 1. This
observation indicates that this part of the molecule in 2 can fold
into either a right- or left-handed helix. The representative
conformers of & and § basins are illustrated in Figure 15b and ¢,
respectively. The portions of molecules defining 7, and 7, in 2
(this portion of molecule will be designated as upper part for
convenience) are shown in ball and stick mode for clarity.
Similar to the PMF of 1 (Figure 11), the lower left diagonal
basin (a) corresponds to the left-handed helix for the upper
part of 2. The upper right diagonal basin (f) corresponds to
the right-handed helix for the upper part of 2.

Besides the diagonal attraction basins, there is another major
off-diagonal basin (¥7), and one minor off-diagonal basin (8).
Interestingly, the representative conformers of both basin ¥
(Figure 15d) and basin 6 (Figure 15e) have the upper part of 2
in a twisted intermediate conformation of 1 (Figure 8b). In
both conformers, as shown in Figure 15d and e, the rings that
rotate away from the helical structure (shown with arrows) are
those that define dihedral angle 7, (Figure 14). On the
contrary, rings defining 7, remain as in the helical structure.
The difference between 7, and 7, is that rings 6 and 7, which
define 7y, are closer to the molecular center than rings 3 and 4,
which define 7, (Figure 14). Rings with arrows in Figure 15d
and e correspond to rings 6 and 7 in Figure 14. This
observation indicates that rings 6 and 7 are more likely rotated
into a twisted intermediate structure than rings 3 and 4.

The PMF of the free energy at 300 K projected onto 7; and
7, are shown in Figure 16a. Similar to the PMF of 7, and 7,, two
major diagonal attraction basins (¢ and £) are shown in this
plot. The representative conformers of € and ¢ basins are
illustrated in Figure 16b and c, respectively. The molecular
portions that define 7; and 7, in 2 (we will refer to this region
as the lower part for convenience) are shown in ball and stick
for clarity. The lower left diagonal basin (¢) corresponds to the
left-handed helix of the lower part of 2. The upper right

Figure 14. Definitions of dihedral angles in 2 for subsequent T-WHAM analysis. The six dihedral angles (7,—7;) are defined by two carbon atoms
adjacent to the nitrogen in the central pyridine ring (ring S, 9, and 13) and the centroids of two benzene rings next to pyridine on either side (ring 3,
4,6,7, 8,10, 11, 12, 14, and 15).
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Figure 15. The potential of mean force (PMF) contour plots at 300 K projected onto the dihedral angles 7, and 7, (see Figure 14) for the REMD
simulation of 2: (a) PMF plot; (b) representative conformer of attraction basin @ (highlighted segment is a left-handed helix); (c) representative
conformer of attraction basin # (highlighted segment is a right-handed helix); (d) representative conformer of attraction basin y (highlighted
segment is a twisted intermediate structure); (e) representative conformer of attraction basin 6 (highlighted segment is a twisted intermediate
structure). Different parts of molecule 2 are shown in different forms for clarity: Rings defining 7; and 7, are shown in ball and stick. Carboxamide
and N=N linkers among those rings and two adjacent phenyl rings are shown in tube format; all of the other parts are shown in line format. Atoms
are colored according to atom types (C, N, and O are shown in cyan, blue, and red, respectively). Hydrogen atoms are not shown. The same color

scheme is also used in Figures 16, 17, and 18.

diagonal basin (&) corresponds to the right-handed helix of the
lower part of 2.

One major off-diagonal attraction basin (77) is shown in the
plot with a representative conformer illustrated in Figure 16d.
The n conformer is also a twisted intermediate with two phenyl
rings rotating away from a helical structure (shown with arrows
in Figure 16d). Interestingly, these two rings are rings 11 and
12 in Figure 14, and define the dihedral angle 7,. Rings 14 and
15 remain as in the helical structure in this conformer. This
indicates that rings 11 and 12 are more likely rotated into
twisted intermediate structures than rings 14 and 18.

It is a very interesting coincidence that, in both upper and
lower part of 2, rings that are close to the molecular center
(Figure 14: 6—7 and 11—12 pairs) are more likely to rotate
away from a helical structure into a twisted intermediate than
rings that are close to the molecular termini (Figure 14: 3—4
and 14—15 pairs). This counterintuitive observation provides
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an important hint for the helical interconversion process, in
which the interconversion is more likely to start from the
central part of the molecule instead of the two termini.

The PMF plot of 2 with respect to 75 and 74 is plotted in
Figure 17a. The PMF contour plot is significantly different from
the earlier ones for 7, through 7,. In Figure 17a, there is no
diagonal attraction basin. Two major attraction basins (@ and
A) correspond to 75 near 0° and 7, in the ranges from —150° to
—100° and 50° to 100°. The representative conformers of the @
and A basins are illustrated in Figure 17b and ¢, respectively.
The portion of the molecule that defines 75 and 74 in 2 (we will
refer to this region as the central region for convenience) is
shown in ball and stick mode for clarity. This central region
contains the parts of 2 from ring 7 to 11 (Figure 14). As shown
in Figure 17b and c, the central region does not adopt a helical
structure at either attraction basin. The pyridine ring in the
central region (ring 9 in Figure 14) divides 2 into two parts

dx.doi.org/10.1021/ct2009335 | J. Chem. Theory Comput. 2012, 8, 5137—5149
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Free Energy (kcal/mol)

Figure 16. Potential of mean force (PMF) contour plots at 300 K projected onto the dihedral angles 7; and 7, (see Figure 14) for the REMD
simulation of 2: (a) PMF plot; (b) representative conformer of attraction basin & (highlighted segment is a left-handed helix); (c) representative
conformer of attraction basin ¢ (highlighted segment is a right-handed helix); (d) representative conformer of attraction basin # (highlighted
segment is a twisted intermediate structure). Different parts of molecule are shown in different form for clarity: Rings defining 7; and 7, are shown in
ball and stick. Carboxamide and N==N linkers among those rings and two adjacent phenyl rings are shown in tube format; the rest of the molecule is

shown in line format.

(upper and lower, as discussed above). These two parts do not
correlate to each other strongly and can adopt helical structures
independently. In addition, the interconversion between
different helices in these two parts is not strongly correlated
either. Both upper and lower parts of 2 are approximately of the
same size as 1. The behavior of 2 suggests that oligomer 1 is the
approximate unit size for helical structure formation and
interconversion. It is also suggestive that the interconversion
between different helical structures is more likely to start from
the middle of the oligomer rather than from the ends. Since the
upper and lower parts of 2 are structural units for helical
conformations, the central region, which connects these two
units, behaves more like a linker than a helical structure unit.
Several typical conformers of 2 (see the Supporting
Information, Figure S9) show the mutual independence
between the two halves of 2. However, because of the limited
size of 2, it is not conclusive that the center unit defined by
angles @ and A could not behave as a structural unit, or fold into
a uniform helical structure. The observation of 2 only indicates
that having two halves independently fold into helical structures
is energetically more favorable than having central structural
unit fold into helical structure. It is likely that arbitrary
segments within long strand of helical structure could
somewhat independently fold into either M or P helical
structure. To investigate this issue, simulation and analysis of
larger oligomers than 2 are necessary in future study.

No single pair of dihedral angles alone can fully describe the
interconversion process of 2. Thus, no single interconversion
barrier can be obtained from the PMF analysis of 2. However,
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the barriers for local conformational changes of 2 can be
estimated and compared to experimental values. On the PMF
projected onto 7; and 7, (Figure 15a), the system needs to
overcome three barriers to reach the attraction basin.
Interestingly, The barrier between two major basins (& and
B) is around 7 kcal/mol. This is much lower than the barriers
between basins & and ¥ and basins & and 8, which are 11 and
14 kcal/mol, respectively. In fact, the latter two barriers are
comparable to the experimental value of 13.8 kcal/mol, as
determined by variable temperature NMR.*> On the PMF
projected onto 75 and 7, (Figure 16a), the barrier between two
major basins (¢ and &) is 9 kcal/mol and is lower than the
barrier between basins ¢ and 5 (11 kcal/mol). The PMF
projected onto 75 and 74 (Figure 17a) has two large major
attraction basins (€ and A) with barrier around 16 kcal/mol
between them. As summary, the highest barriers for system to
reach each attraction basins on three PMF surfaces discussed
are 14, 11, and 16 kcal/mol, respectively. All the differences
between these numbers and experimental values are less than 3
kcal/mol.

Several conformers were selected to represent the
intermediates among attraction basins on PMF projected
onto 7; and 7, (Figure 18). Since basin a directly connects with
other three basins (Figure 15a), the selected intermediate
conformers represent the pathways of local conformational
changes from basin & to other basins on the surface. Conformer
r connects basins & and f. The structure of this half of the
molecule in r is quite similar to the intermediate conformer for
the helical interconversion of 1 (Figures 8 and 9). This
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(a)

Figure 17. The potential of mean force (PMF) contour plots at 300 K projected onto the dihedral angles 75 and 74 (see Figure 14) for the REMD
simulation of 2: (a) PMF plot; (b) representative conformer of attraction basin 6; (c) representative conformer of attraction basin #. Different parts
of molecule 2 are shown in different forms for clarity. Rings defining 75 and 7 are shown in ball and stick. Carboxamide and N=N linkers among
those rings and two adjacent phenyl rings are shown in tube format; the rest is shown in line format.
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Figure 18. Representative conformers that connect basin ¢ to basins
B, 7, and 8 on 7, and 7, PMF (Figure 15a). Conformer r connects two
major basins (@ and f#), and the structure of the highlighted half is
similar to the intermediate conformer for the helical interconversion of
1 (Figures 8 and 9). Conformers s and t connect basin ¢ to ¥ and &,
respectively, through local conformational changes.

observation strongly supports that the helical structure
interconversion of these oligomers are localized through a
uniformed mechanism. The other two intermediate conformers
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s and t are also involved local changes to connect basin ¢ to two
minor basins (y and §).

Thus, the REMD simulations of 1 and 2 reveal that the
dynamic unit of these oligomers is roughly the size of 1, or one-
half of 2. This structural unit can independently convey
information about the helical fold. Essentially, the two
structural subunits in 2 can fold into different helices, and do
not show strong coupling with each other. The interconversion
mechanism observed in the REMD simulation of 1, therefore,
was also applicable to either the upper or the lower subunit of
2.

F. NEB Reaction Path for Helical Interconversion of 2.
To demonstrate the independence between two structural units
in 2, the NEB calculations were carried out to search an
interconversion pathway for only one unit. The geometries
shown in Figure 15 were used to construct the initial path. A
total of 16 replicas were built for the NEB path by making
multiple copies for initial geometries. The final path
demonstrates that the interconversion between two helices
for one structural unit has no significant effect on the other unit
(Figure S10 in the Supporting Information). The helical
interconversion of the target unit is achieved through the local
movement similar to those shown in the NEB path of 1, while
the other unit remains essentially intact throughout the
transition.

IV. CONCLUSIONS

This study has focused on the interconversion between the
right- and left-handed helices of alternating pyridinedicarbox-

amide/m-(phenylazo)azobenzene oligomers. The systematic
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torsional sampling Monte Carlo method was used to sample
both right- and left-handed helices of 1. Most of the MC-
generated conformers with high energies have extended
structures, and the low-energy conformers have helical
structures. However, due to the correlated motion of these
units, information about the mechanism of interconversion
between helical conformations cannot be obtained from MC
sampling approach. The MC multiple minimum (MCMM)
search algorithm was employed for the conformational search
of 2. The interconversion between helices was not observed in
the MC simulations of 2 either.

Replica-exchange molecular dynamics (REMD) was applied
to simulate the interconversion process for oligomers 1 and 2.
Indeed, interconversion between the two helices was observed
in both REMD trajectories and has calculated barriers for
interconversion that are very similar to the experimental values.
The right-handed helix of 1 changed to a left-handed helix
through a mechanism involving the rotations of the central
pyridinedicarboxamide ring and one adjacent benzyl ring. The
rotational motion of these two aromatic rings leads to
unwinding of the helical structure and eventually conversion
of the helix from one handedness to the other. This conversion
is relatively local and does not go through a fully extended
structure of 1. The intermediate structures along the conversion
path are rather compact (Figures 8 and 9). The localized
conversion mechanism is supported by several studies that
showed that the barriers of interconversion between M and P
helical structures are independent of the size of helical
structures.?>>*?°

Conversion of a helix was also observed in the simulations of
2. The interconversion between two helices of 2 is also involved
with the rotation of two pyridinedicarboxamide moieties, which
is similar to the conversion mechanism observed for 1. The
potential of mean force analysis of 2 indicates that the
interconversion between two helices is more likely to start from
the central part of the helix than a segment closer to a terminus
of the oligomer. REMD simulations of 1 and 2 indicate that the
relatively independent structural unit for folding and structural
interconversion is roughly the size of oligomer 1. The structural
unit of this size can convert to a different helix without
necessary coupling to adjacent structural moieties. This
observation is in good agreement with the observation of M
and P segments packing in helical polymers in a two-
dimensional (2D) crystal state™ and indicates that the helical
structures with different handedness interconvert through a
compact and partially folded structure instead of a globally
unfold and extended structure. This finding provides insight
into the structural and dynamical properties of non-natural
oligomers and could aid in the design of new oligomers with
helical structures. Moreover, the T-WHAM and PMF analyses,
as utilized here, may be of great value in the analysis of
interconversion processes for larger folding oligomers.
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