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Abstract

It is widely accepted that structural rigidity is required to achieve high levels of asymmetric 
induction in catalytic, enantioselective reactions. This fundamental design principle often does not 
apply to highly selective catalytic peptides that often exhibit conformational heterogeneity. As a 
result, these complex systems are particularly challenging to study both experimentally and 
computationally. Herein, we utilize molecular dynamics simulations to investigate the role of 
conformational mobility on the reactivity and selectivity exhibited by a catalytic, β-turn-biased 
peptide in an atroposelective bromination reaction. By means of cluster analysis, multiple distinct 
conformers of the peptide and a catalyst-substrate complex were identified in the simulations, all 
of which were corroborated by experimental NMR measurements. The simulations also revealed 
that a shift in the conformational equilibrium of the peptidic catalyst occurs upon addition of 
substrate, and the degree of change varies among different substrates. On the basis of these data, 
we propose a correlation between the composition of the peptide conformational ensemble and its 
catalytic properties. Moreover, these findings highlight the importance of conformational 
dynamics in catalytic, asymmetric reactions mediated by oligopeptides, unveiled through high-
level, state-of-the-art computational modeling.
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INTRODUCTION

Nature has evolved a diverse assortment of enzymes that catalyze biochemical reactions with 
superb efficiency and selectivity. The well-defined, folded structures of enzymes often 
contribute to their efficacy as catalysts by enabling their substrates to bind with high 
affinities and in precise orientations that ultimately give rise to highly stabilized transition 
states.1 The design of small-molecule peptides that preserve key features of enzymatic active 
sites within a considerably simplified chiral environment has emerged as an effective 
strategy in the field of asymmetric catalysis.2 Such oligopeptides present a variety of 
opportunities for catalyst development. The wide array of readily available amino acid 
residues makes peptidic catalysts quite modular and tunable. In addition, the high density of 
stereogenic centers and the myriad functional groups inherent to peptide sequences provide 
possibilities for multidentate interactions with the substrate, often through noncovalent 
interactions,3 leading to significant stereo-, regio- and site-selectivity in catalytic reactions.
2,4 Over the years, peptide-based catalysts have been developed for a variety of 
mechanistically distinct, asymmetric reactions, including oxidations,5 reductions,6 group 
transfers,7 and C–C bond forming reactions,8 among others. Inspired initially by their 
ubiquity in biological systems and by their often predictable and well-characterized 
conformations,9 β-turn motifs have emerged as promising scaffolds within catalytic 
peptides. The well-defined geometry of the β-turn, as well as the related β-hairpin,10 has 
been found to be responsible for the efficient relay of stereochemical information during 
catalysis.7,11

Due to the close relationship between structure and activity of catalysts in asymmetric 
reactions, it has often been observed that highly selective catalysts are structurally quite 
rigid, as is the case with many chiral transition metal complexes, including the archetypical 
catalysts based on BINAP-type ligands among many others.12,13 However, a number of 
recent studies show that very high levels of enantioselectivity can be achieved with 
organocatalysts that are themselves flexible.14 These studies reveal that a variety of 
conformational states can coexist in solution and that the presence of a substrate can trigger 
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a shift in the conformational equilibrium toward a geometry that stabilizes catalyst-substrate 
interactions in a manner analogous to allosteric enzymes. Recent findings by Jacobsen and 
co-workers also underscore that a small-molecule catalyst may interact with multiple states 
along a complex reaction coordinate.15,16

Structural studies of designed tetrapeptides that exhibit β-turn secondary structures have 
shed new light on the importance of catalyst dynamics. These tetrapeptides often share an 
internal Pro–Xaa sequence, where Pro is D- or L-proline, and Xaa is a locally achiral, α,α-
disubstituted amino acid. We recently expanded the purview of Pro–Xaa peptide-based 

catalysts to include the atroposelective bromination of 3-arylquinazolin-4(3H)-ones (e.g., 1) 

to the corresponding tribromides (e.g., 2) with high levels of enantioselectivity (Scheme 1).
17 Using a combination of X-ray crystallography, NMR spectroscopy, and DFT 
computational techniques, the study revealed 53 discrete peptide conformational states for 
35 unique sequences that span a diverse range of ground state structures beyond what might 
have been originally expected from the design principles.18 Moreover, conformational 
changes induced by substrate association were also observed through NMR titration 
experiments. Nevertheless, these experimental techniques could only offer limited 
information on stationary conformations or averaged structural signals, while a more 
detailed assessment of conformational mobility, transition dynamics, and substrate binding 
remained elusive.

Among catalytic peptides examined, peptide 3 stands out as a particularly interesting system 
owing to its ability to provide high levels of enantioselectivity despite its demonstrated 
structural flexibility.17,18 The primary sequence of the peptide contains a catalytically active, 
tertiary amine-containing L-β-dimethylaminoalanine (Dmaa) residue at the N-terminal 
position and a β-turn-biasing D-Pro-Acpc (Acpc = 1-aminocyclopropyl-1-carboxamide) 

sequence in the loop region. Three distinct conformers of 3 were observed 

crystallographically (Figure 1). Conformers 3a and 3b, which are both characterized as type 

II′ β-hairpins, differ primarily in their degree of backbone bending, while conformer 3c 
displays a pre-helical type I′ β-turn geometry. NMR analyses suggest that multiple 
conformations of the peptide may be populated simultaneously in solution under 
catalytically relevant conditions.

Different substrates are processed by catalyst 3 with varying levels of enantioselectivity.17 

The substituent at the 2-position of the quinazolinones scaffold, in particular, is shown to 
have a significant effect on the atroposelective bromination reaction. As shown in Scheme 1, 

while peptide 3 is able to process quinazolinone 1a (R = Me) with high levels of 

enantioinduction, the substrate 1b (R = CF3) is significantly less selective under these 
conditions. Thus, it seems that the electrostatic perturbation in the substrate is responsible 

for the poorer selectivity observed with 1b. Additionally, the appearance of intermolecular 
nOes and changes in the intramolecular signals were observed when different substrates 

were added to a solution of peptide 3. Specifically, when associated with 1a, the 

conformational profile of 3 becomes more homogeneous compared to the peptide alone; 

however, the opposite trend is observed in the presence of 1b.18

Yan et al. Page 3

ACS Catal. Author manuscript; available in PMC 2019 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Though such dynamic aspects of peptide-based catalysts have been proposed to be important 
to the mode of binding and activation, experimental study of these subtle mechanistic details 
remain elusive. Computational modeling can provide atomic-level descriptions for catalyst 
design and structure-function relationships.19 Of course, many challenges currently exist, 
including the particular difficulty associated with modeling dynamic systems that populate 
multiple conformations in the ground state, as well as in reaction transition states.20,21 

Nonetheless, significant insight can be derived from multiparameter analysis of features 
associated with the substrates and catalysts.22 In fact, it is even possible to correlate 
selectivity outcomes with different conformations of the same catalyst, suggesting that 
different transition state ensembles can contribute to the overall selectivity.23 Yet, the 
explicit treatment of the conformational dynamics in such flexible catalysts remains a 
tremendous challenge and currently represents a gap in the field.

Herein, we utilize molecular dynamics simulations to investigate the conformational 

dynamics and substrate binding of peptide 3 with an emphasis on understanding their roles 
in asymmetric catalysis. The effects of substrate association and detailed binding 

mechanisms were explored through the comparative study of substrates 1a and 1b as they 

each dock with 3. The present study makes extensive use of multidimensional clustering 
techniques to analyze the conformational states and catalyst-substrate complexes from 
simulation trajectories. Various through-space interaction distances were compared to the 
solution phase NMR measurements to validate the computational predictions and unravel the 
complexity inherent to the experimental observations. These results provide opportunities to 
expand understanding of the role of dynamics in peptide-based catalysts and showcase the 
potential application of state-of-the-art computation in catalyst design, optimization, and 
study.

METHODS

Molecular dynamics (MD) simulations were carried out using the NAMD software package 
version 2.10 with CUDA GPU acceleration.24, 25 OPLS-AA/M force field parameters were 
used to describe the peptide;26 the OPLS-AA force field27 together with the 1.14*CM1A-
LBCC charge models28, 29 were used for solvent and substrate molecules. The development 
of OPLS-AA/M force field parameters for the Dmaa χ1 dihedral and the Acpc backbone 
dihedrals based on QM calculations is described in the Supporting Information. In each 
simulation, the solute was solvated in a large cubic cell of organic solvent with length of box 
edges ranging from 32 to 35 Å, and subject to periodic boundary conditions. For all 
simulations, a temperature of 300 K and pressure of 1 atm were maintained using the 
Langevin thermostat with a damping coefficient of 1 ps−1 and Nose–Hoover Langevin piston 
barostat30 with a piston period of 100 fs and a damping time scale of 50 fs. The Lennard–
Jones (LJ) interactions were truncated at 12 Å with a smoothing function beginning at 10 Å. 
The particle-mesh Ewald (PME) method was used to treat long-range electrostatic 
interactions.31 During the simulation, a 2 fs integration step was employed in conjunction 
with the SHAKE algorithm to constrain all covalent bonds containing hydrogen atoms.32

Two organic solvents, benzene and chloroform, were used for the MD simulations of the 
peptide alone. In each solvent system, MD simulations were performed starting from the 
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crystal structures of conformers 3a, 3b, and 3c. The systems were first energy minimized for 
5000 steps, and then the solvent was equilibrated for 500 ps before a full equilibration of the 
entire system over 5 ns. Finally, three replicate 200 ns production runs with different initial 
velocity assignments were performed, adding up to an aggregated simulation trajectory of 
600 ns per starting conformer and 1.8 μs per solvent.

Simulations of the peptide-substrate complexes (3+1a and 3+1b) were carried out in 
benzene. Each atropisomeric form of the quinazolinone substrates (aR- or aS-configuration 
about the chiral anilide bond) was separately subjected to the MD simulations in order to 
explore possible origins of the observed enantioselectivity in the atroposelective bromination 
reaction.17 The initial structures of the complexes were prepared by docking the substrate 

with each of the three crystallographic conformations of 3 using AutoDock Vina.33 The nine 
highest-ranked catalyst-substrate complexes were post-ranked based on the computed 
binding energies from conjugate gradient optimization and molecular mechanics (MM) 
calculations, as well as the root mean square errors (RMSE) of intermolecular nOe distances 
relative to experimental data. The best binding pose overall was selected for MD 
simulations, during which the solvent was first equilibrated for 500 ps while the geometry of 
the complex was fixed. The entire system subsequently underwent two stages of 500 ps 
equilibration with 10 and 5 kcal/mol nOe harmonic restraints on key interaction pairs 
corresponding to through-space interactions. Lastly, the equilibration was extended by 5 ns 
before three replicas of 200 ns production were run.

Multidimensional cluster analyses were employed to identify unique conformational states 
of the peptide from MD simulation trajectories. The clustering was based on various 
structural descriptors, including the backbone dihedral angles ϕ and ψ of the loop region 
residues (D-Pro and Acpc), the root-mean-square deviation (RMSD) of the structure with 
respect to the crystallographic geometry of the three conformers, the donor-acceptor 
distances of H-bonding pairs, the virtual dihedral angle (ϖ) comprised by the α-carbon 
atoms of the four residues, and the degree of backbone bending at N- and C-termini (Figure 
S3). Each descriptor serves as one dimension in the vector space that characterizes the 
structure at a certain point in time, while a 200 ns simulation trajectory contains 100,000 
such snapshots. The vectors were normalized by each dimension to ensure all descriptors 
weigh equally in Euclidean space. The clustering was performed using the k-means++34 and 
BIRCH35 algorithms implemented in the scikit-learn machine learning package.36 The 
number of clusters and clustering parameters were chosen to ensure that the separation 
coefficient of the resulting clusters is less than 0.3.37 If a cluster was not sufficiently 
homogenous, clustering was repeated using additional descriptors such as the RMSD of 
residues or a subset of descriptors to further divide the cluster into unique subclusters. The 
centroid of each cluster was computed as the average of all data points (snapshots) in the 
cluster. Subsequently, the clusters formed were matched to known conformers from 
crystallographic studies based on the centroid coordinates; otherwise, the cluster was 
identified as a new unique conformer. The cluster analysis and conformation identification 
were performed on a trajectory-by-trajectory basis, and the overall results were then 
combined for each system. Cluster techniques were also applied to categorize the binding 
poses of substrates, for which the RMSD of the substrate and the geometric centers of the 
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phenol and benzo moieties of 1 were chosen as the clustering criteria. A maximum 
separation coefficient of 0.4 was used for clustering due to larger variations in the binding 
geometries. Once the binding poses were categorized, the conditional probability for the 
occurrence of a peptide conformer given a specific binding pose as well as ensemble 
averaged through-space distances of atom pairs were computed according to methods 
specified in the Supporting Information.

RESULTS & DISCUSSION

Peptide Conformations in the Absence of Substrates.

Key structural features were analyzed based on 1.8 μs of aggregated MD simulation results 

for peptide 3 in benzene. Figure 2 shows the joint distributions of backbone dihedral angles 
ϕ and ψ in the loop region colored by density. Two regions of high probability are observed 
in the neighborhood of the crystal values in each ϕ,ψ plot. However, the distributions around 

the crystal values of conformers 3a and 3b appear to have merged into a single peak with a 

significantly lower intensity than the one near the crystallographic values of 3c. The center 
of the distribution at large, positive ϕ values of the i+2 residue are in close agreement with 
the optimized geometry from MM calculations (Table S2), while deviating from the 

crystallographic value of 3c by about 15°. It is noteworthy that the four major joint 
distributions span a region of 20–50° in each dimension, suggesting that there is still 
structural flexibility around the local minima despite the general tendency for the peptide to 
fold into stable secondary structures. The histograms in Figure S4 illustrate the 
intramolecular H-bonding distances between the donor-acceptor pairs. Although the 
majority of the H-bond length distributions are in the vicinity of the crystal values, 
additional peaks appear at longer distances of N(i)⋯O(i+3) and N(i+3)⋯O(i). Given that 
these H-bonding pairs are located within the terminal residues, it can be inferred that the 
distal regions of the peptide undergo larger structural movements in the simulations. Figure 
S5 shows a series of histograms of the virtual dihedral angle ϖ, which is comprised by the 
α-carbons of each of the four residues, and dihedral angles ϕ(i) and ϕ(i+3) that characterize 
the bending of terminal residues. Most of the torsional angle distributions from the 
simulations are in accord with the crystallographic observations. In the plots of ϖ and ϕ(i
+3), one crystallographic measurement disappears in the simulations, while an additional 
peak arises, suggesting the occurrence of new conformers.

Cluster analysis was performed on the MD simulation trajectories, and the various clusters 
generated were either associated with known conformers or classified as new ones. Overall, 
four primary conformers were identified from the clustering. Among them, two of the 

conformers correspond to 3a/b (Figure 3a) and 3c (Figure 3b), respectively. There was no 

statistically significant structural distinction between conformers 3a and 3b in the cluster 
analysis. The mean and one standard deviation of the geometric descriptors for each 
conformer are reported in Tables S5 and S6, together with the crystallographic 

measurements. For conformer 3a/b, the two H-bonds, NH(i+3)⋯O(i) and NH(i)⋯O(i+3), 
that stabilize the β-hairpin secondary structure, are maintained in the simulations. The 
cluster average of virtual dihedral ϖ exhibits better agreement with the conformer in the 

crystal structure of 3a than the more twisted geometry observed in 3b. For the cluster that 
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corresponds to conformer 3c, all geometric properties compare well with the 
crystallographic data. In addition to the two stable H-bonds, NH(i+3)⋯O(i) and NH(i
+2)⋯O(i−1), it is interesting to note that the close contact between N(i) and O(i+3) as 
observed in the DFT and MM optimizations (Table S3), turns out to be unstable in the 
simulations. This suggests that this H-bond might be enthalpically stable but entropically 

disfavored. Two additional conformers, 3d, which resembles 3c, and a new, unique 

conformation 3e, are also found in simulations (Table S7, S8). As illustrated in Figure 3b, 

conformer 3d differs from 3c primarily by a 55° rotation about the backbone dihedral ψ(i
+3). Due to this change, the distance between N(i) and O(i+3) increases by 3 Å with respect 

to conformer 3c, and the virtual dihedral ϖ is ~20° more twisted. In comparison, the 

geometric distinction between 3e (Figure 3c) and the other three conformers is more 

pronounced. As shown in Figure 4, the loop dihedrals ϕ,ψ(i+1) of 3e are located in a similar 

region as those of 3c, while ϕ,ψ(i+2) more closely resemble conformer 3a/b. This unique 
preference of the dihedrals does not match any of the canonical β-turn potentials.9 Short 

contacts between NH(i+2)⋯O(i−1) and NH(i+2)⋯O(i) are observed in 3e, although the first 

pair complies better with the ideal directionality of H-bonding.38 Conformer 3e exhibits a 
positive and notably twisted virtual dihedral ϖ.

Figure 5a shows the conformational composition of peptide 3 from the clustering analysis of 

aggregated simulation trajectories, as well as from each starting geometry, 3a, 3b, or 3c. The 

pie charts of the global average demonstrate that 3c is the predominant conformation in 
simulations of the free peptide in benzene solution, accounting for about 75% of the overall 

population. The second largest cluster belongs to 3e (19%), which is followed by a much 

smaller share (5%) of corresponding to conformer 3a/b. The remaining ~1% of the 

population are divided between the 3d conformer and others. Analyzing the population 
according to the starting conformation shows that the results are generally independent of 

the starting geometry. Consistent with the global average, conformer 3c dominates each 

individual average, and the trajectories starting from conformers 3a or 3b do not seem to 
bias the population towards the initial geometry. Overall, the simulation results support the 
experimental observation of multiple conformational states in solution. The simulation 

results of peptide 3 alone in chloroform can be found in the Supporting Information.

Peptide Conformations in the Presence of Substrate 1a.

To study the effects of substrate binding on the dynamics of the catalytic peptide, MD 

simulations were carried out for 1:1 mixtures of 3 and quinazolinone 1a in benzene. 

Although the rotational barrier about the chiral anilide axis of 1a is expected to be quite low 

(~19 kcal/mol),17 1a was predisposed in the (aS)-configuration for the simulations, in 

accordance with the observed absolute configuration of the product, 2a. It is noteworthy that 
no enantiomerization from (aS) to (aR) was observed over the course of the simulations. The 
joint distributions of the loop region dihedral angles ϕ and ψ reveal a substantial population 
shift in simulations of the 1:1 mixture from those of the peptide alone (Figure 6). 

Specifically, the region that corresponds to the type II′ β-hairpin conformation (i.e., 3a/b) 
becomes much more densely populated than the prehelical, type I′ β-turn conformation 

(i.e., 3c) in the presence of (S)-1a. Nevertheless, the locations and variances of the 
distributions are quite similar in simulations with and without the substrate. Analogous 
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distributional changes are observed in the histograms of other characteristic dihedral angles 
(Figure S5). Again, the peaks occur in similar positions for simulations in the presence and 
absence of the substrate, but the intensities are rather different. In simulations of the 1:1 
mixture, the distributions of H-bonding pairs also change in favor of a close contact between 
N–H(i)⋯O(i+3), while weakening the NH(i+2)⋯O(i−1) interaction that stabilizes the 
prehelical conformation (Figure S4).

The results of the cluster analyses are reported in Tables S5, S6, and S8. Three distinct 

clusters that correspond to conformers 3a/b, 3c, and 3e are identified from the simulations. 
The geometric descriptors in each cluster take nearly identical mean values to those in the 
substrate-free simulations, while the standard deviations are found to be smaller. Notable 
changes are found in the composition of conformers upon the addition of the substrate. As 

shown in Figure 5b, conformer 3a/b becomes significantly stabilized in the presence of 

(aS)-1a, comprising 75% of the entire population. In contrast, the formerly predominant 

conformer 3c is reduced to 19%, while conformer 3e takes 5% among the remains. Again, 
the cluster results computed for trajectories with different starting geometries reveal 
comparable compositions. It is important to note that there is still a 62% chance that the 

peptide will take the 3a/b conformation, even when starting from 3c. These results imply 
that the presence of substrate considerably alters the conformational landscape of the 

peptide, shifting the secondary structural equilibrium towards conformer 3a/b and away 

from 3c.

Substrate Binding Mechanism and Impact on Peptide Dynamics.

To investigate how substrate 1a associates with peptide 3, a multidimensional cluster 
analysis was performed to identify the major binding orientations. Visualization of the 
simulation trajectories shows that the movement of the substrate is much more pronounced 

than that of the peptide; 1a is constantly associating with and dissociating from 3. These 
dynamics are accompanied by changes in intermolecular interactions. Some key 

intermolecular distances in various binding poses of the 3+1a complex are summarized in 
Table 1. Among all clusters, pose A demonstrates short intermolecular contacts and the 
smallest standard deviations, indicating tight binding. In other poses, the intermolecular 
contacts occur at much longer distances and have larger variation. Structural inspection 
confirms that the peptide–substrate association is looser, or more dissociative, in poses B–I 
and is more susceptible to thermal fluctuations. The heatmap of intermolecular contacts 
between substrate atoms and peptide residues (Figure S10) for each cluster reveals a diverse 
array of binding mechanisms. Population analysis shows that pose A occupies the largest 
percentage of 39% (Figure 7a), confirming that it is the most stable binding mode among all 
alternatives.

Figure 7c depicts a representative snapshot of the 3+1a complex in pose A, in which the 
binding pattern of the complex is found to be very similar to the one proposed based on the 
experimental observations.17 Specifically, the substrate interacts with the peptide in a 
multidentate mode, with H-bonds formed between the phenol of the substrate and the 

Brønsted basic tertiary amine moiety of peptide 3, as well as between the carbonyl of the 
quinazolinone and the backbone amide N–H bond of the Acpc residue. These interactions 
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corroborate the downfield shifts of the NH(Acpc) and α-CH/β-CH2(Dmaa) signals in NMR 
titration experiments.17,18 The phenol ring of the substrate is disposed directly above α-H of 
the i+1 D-Pro residue, which corroborates the upfield shift of this NMR signal in the titration 
experiments, possibly due to anisotropic effects. Moreover, pose A shows that the ortho-C-

atom of 1a is oriented in close proximity to the peptide backbone, as evidenced by the close 

contacts between α(D-Pro) of 3 and Hortho of 1a. As this position has been shown to be the 
site of stereodetermining bromination,17 these data are possibly consistent with a mechanism 

of bromination wherein peptide 3 delivers bromenium ion to 1a, possibly with the aid of the 
proximal Lewis basic carbonyls.39 The benzo ring of the quinazolinone substrate is situated 
above the Leu residue, which might also explain the upfield shifts of multiple Leu signals 
caused by the arene ring current when the substrate is added to the solution.

Typically, the peptide is found to adopt a type II′ β-hairpin conformation when the substrate 
is in pose A. Quantitative analysis shows that the probability of the peptide being in 

conformation 3a/b when pose A occurs is 98%, revealing a close correlation between the 
binding mechanism and peptide conformational dynamics. Visualization of the MD 
simulation trajectories suggests that the substrate associates with the peptide in a manner 
similar to an “induced fit” model.1 The close contacts between the peptide and the substrate 
encourage ϕ(i+2) to adopt values consistent with the type II’ β-turn conformation during the 

formation of the C=O(1a)⋯H–N(Acpc) H-bond. At the same time, the formation of the O–

H(1a)⋯ NMe2(Dmaa) and N–H(i)⋯O(i+3) H-bonds leads to a concerted rotation of the 
Dmaa side-chain. According to QM torsional scans of the peptide alone, the two-
dimensional energy profile of ϕ,ψ(i+2) is generally symmetric between the canonical values 
of type I’ and II’ β-turn structures. The binding of the substrate breaks this symmetry and 
bias the peptide conformation in favor of type II’ β-hairpin secondary structure (Figure S2).

Effects of Substrates on Peptide Dynamics and Catalytic Activity.

Previous experimental studies show that peptide 3 catalyzes the bromination of multiple 
substrates with varying levels of enantioselectivity. Of the 14 substrates examined initially, 

only quinazolinone 1b, which possesses a trifluoromethyl group (CF3) at the 2-position, was 
believed to give modest enantioselectivity (63:37 er) due to poor peptide–substrate 

association.17 In the present study, simulations were carried out for the 3+1b complex in 

benzene and compared with the results for 3+1a to investigate the influence of substrates on 

peptide dynamics and catalytic activity. Again, 1b was originally predisposed in the (aS)-

configuration. The joint distributions of loop region dihedral angles ϕ and ψ of peptide 3 in 

the presence of (aS)-1b are plotted in Figure 8. The distributions populate similar regions as 

in the plots of the 3+1a complex, although the density increases to some extent in the 
regions representing the prehelical, type I’ β-turn geometry. Evidence that supports an 

increasing occurrence of conformer 3c is also detected in histograms of N(i+2)⋯O(i−1) 
distances, virtual dihedral ϖ, and dihedral angle ϕ(i) (Figures S11 and S12). These 
observations are validated by the composition profile of conformers (Figure 5c), in which 

the percentage of conformer 3a/b decreases from 75% in simulations of 3+1a to 51% in the 

3+1b variant. Concurrently, the population of conformer 3c and 3e nearly doubled in the 

presence of substrate 1b. Nevertheless, there is a high degree of similarity in structures of 
the same conformer among simulations with different substrates (Tables S5, S6, and S8).
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The mechanism of association for the 3+1b complex was studied via cluster analysis of the 
substrate and examining the binding pose in each cluster. Among the ten major clusters, 
pose A displays short contacts that are in line with catalyst–substrate titration studies.18 

Referring to the pie chart of the binding pose composition (Figure 7b), pose A accounts for 
31% of the population, which is 8% lower than the proportion of the primary binding pose in 

the 3+1a mixture. The composition analysis also reveals a higher occurrence of small 
clusters and the appearance of a larger, unclassified cluster. Structural overlay of the 

representative binding pose of 3+1a and 3+1b systems (Figure 7c) suggests that the binding 
sites, absolute stereochemical configuration of the substrate, and intermolecular interactions 
are highly conserved between the two poses. Specifically, the average intermolecular 

distances observed in pose A of the 3+1b system (Table S9) compare well the corresponding 

values in the 3+1a system, although the standard deviations are slightly higher. To 
summarize, the comparative study established that there is an increased structural diversity 

in the 3+1b system, which is exhibited in both peptide conformational space and substrate 
association mechanisms. Based on the similarity in the bidentate binding pose of the 
complex in the two systems, we can hypothesize that the decrease in selectivity observed for 

substrate 1b can be attributed mainly to the availability of multiple binding modes and 
weaker intermolecular association, which perhaps relate to the enhanced structural mobility 

of peptide 3 in the 3+1b mixture. The poorer association may arise from either unfavorable 

electrostatic interactions between the CF3 group of 1b and the peptide backbone, poorer H-

bonding between 3 and 1b as a result of decreased Lewis basicity of the quinazolinone 
carbonyl, or a combination of the two.

Implications of Structural Dynamics on Enantioselectivity.

Based on DFT computed barriers to rotation about the chiral anilide axes of quinazolinones 

1a and 1b,17,40 substrate enantiomerization (i.e., atropisomerism) is expected to occur on the 

timescale of seconds (1a, ΔG‡ = 18.8 kcal/mol; 1b, ΔG‡ = 19.3 kcal/mol), which is well 
beyond the length of the simulation. Thus, in order to investigate the mechanism of 
enantiodiscrimination, simulations of the (aS)- and (aR)-atropisomeric forms of substrates 

1a and 1b were carried out separately. Figure S13 shows the joint distributions of loop 

region dihedral angles ϕ and ψ of peptide 3 in the presence of (aR)-1a. A major increase of 
population is observed in the vicinity of the prehelical, type I’ β-turn secondary structure 

(e.g., 3c), in comparison with the distribution of the (aS)-atropisomer (Figure 8). The 
population shift is also observed in the histograms of the N(i)⋯O(i+3) and O(i−1)⋯N(i+2) 
distances, twisting angle ϖ, and dihedral angle ϕ(i), suggesting that the individual 

atropisomers of 1a induce very different distributions in the structural features of 3 (Figures 
S14 and S15). Evaluation of the conformer populations illustrates that there is a substantial 

enhancement in the structural diversity of the peptide in the 3+(aR)-1a complex (Figure 5d). 

The population of conformer 3a/b diminishes from 75% in the presence of (aS)-1a to 27% 

in the presence of the (aR)-atropisomer. In contrast, the percentage of conformer 3c 
increases from 19% to 43%, making it the predominant conformer. Moreover, there is also a 

five-fold rise in the population of 3e in the presence of (aR)-1a in comparison with its 
enantiomer.
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As for the comparative study of 3+(aR)-1b and 3+(aS)-1b complexes, the differences in 
conformational ensembles are revealed to be much subtler. As shown in the joint 
distributions of loop dihedrals (Figure S16) and histograms of inter-residue distances and 
dihedrals (Figures S17, S18), both the locations and intensities of the distributions align very 

well between the two atropisomers of 1b. These observations are further backed by the 
cluster results, which exhibit very similar conformational profiles; there is only a minor 

decrease in the population of conformer 3a/b and an increase in unclassified conformations 

with (aR)-1b (Figure 5e). This lack of conformational differentiation between the 

atropisomers of 1b may be a source of the poor selectivity observed in the 3-catalyzed 
bromination of this substrate.

Important changes in the binding mechanism and strength of association were identified 

when the (aR)-atropisomers of 1a or 1b associate with the peptide. Cluster analysis of the 

binding poses shows that the (aR)-atropisomers tend to interact with peptide 3 with a higher 
level of heterogeneity than the (aS)-atropisomers. As shown in Figure S19, the percentage of 

unclassified binding poses increases from 15% and 25% in 3+(aS)-1a and 3+(aS)-1b 
systems, to 44% and 31%, respectively, in their (aR)-counterparts. Among all categorized 
binding poses with the (R)-atropisomers, pose A forms the most short, intermolecular 
contacts. However, both the averages and standard deviations of these intermolecular 
distances are 1–2 Å greater than in the corresponding pose with the (aS)-atropisomers 

(Tables S14 and S15). Visualization of the structures reveals that (aR)-1a and (aR)-1b 
associate with peptide 3 in very similar bidentate modes (Figure S19). In this binding pose, 
the peptide displays a β-hairpin secondary structure and the two intermolecular hydrogen 
bonds O–H(substrate)⋯NMe2(Dmaa) and C=O(substrate)⋯NH(Acpc) are identical to those 

formed in the 3+(aS)-1a and 3+(aS)-1b complexes. However, the (aR)-atropisomers are 
unable to align the quinazolinone rings with the loop region residues, D-Pro and Acpc, to 
gain the additional hydrophobic stabilization observed in the (aS)-counterparts. Due to the 

different binding mode of the (aR)-1a and 1b, pose A only accounts for 4% and 8% of the 
total population, respectively. The weaker peptide–substrate association in turn reduces the 
impact of substrate on peptide conformational landscape, giving rise to a higher degree of 
variability in the peptide geometry.

The results of computational modeling suggest that the enantioselectivity exhibited by 

catalytic peptide 3 is closely related to its structural dynamics, which in turn influences the 
precise mechanism of interaction with the substrate and the strength of that association. For 
a substrate to exhibit good levels of enantioselectivity in the atroposelective bromination 

reaction, a significant change in the conformational dynamics of peptide 3 is expected with 
respect to the discrete atropisomeric forms of the substrate.

Comparison with NMR Measurements.

The through-space distances of between pairs of protons were computed from MD 
simulations and compared to the corresponding solution phase nOe measurements.18 The 

results for peptide 3 in benzene solution are reported in Figure 9a. A majority of the 
computed intramolecular distances agree well with those derived from NOESY experiments, 
which confirms that computer simulations describe a similar conformational ensemble as in 
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the NMR experiments. It is also noteworthy that the correlation is better for shorter-distance 
interactions. At larger distances, most of the through-space interactions involve multiple 
chemically-equivalent hydrogen atoms on the side-chains of the Dmaa or Leu residues, 
whose pairwise distances may vary widely depending on the precise orientation of the side-
chain. Past research has shown that, in those scenarios, the effects from internal motion of 
the peptide will have a substantial impact on nOe measurements, thus making the r−6 

averaging scheme in the current computation less accurate.41, 42, 43 A detailed comparison of 
the through-space distances in each cluster is shown in Table S16. A closer examination of 
the table shows that a majority of the experimental observations decently corroborate the 
computed values from some individual clusters, and the alignment varies from case to case. 

For example, conformer 3a/b satisfies the nOe measurements for NH(Dmaa)↔NH(Leu) and 

NH(Acpc)↔α(D-Pro) much better than others, while conformer 3c fits the nOe signals of 
NH(Acpc)↔δ(D-Pro), Boc(Dmaa)↔β(Acpc). Other pairs, such as NH(Acpc)↔NH(Leu) 
and NH(Leu)↔α(D-Pro), are found to be consistent with all clusters. In general, all major 
conformers partially comply with the experimental nOe measurements, and no clear 
conclusions can be drawn about which one dominates the solution population. This 
comparison reinforces the claim that multiple conformers coexist in solution.18

Upon the addition of substrate (aS)-1a, reasonable correlations between the computed and 
experimental data have been identified (Figure 9a, Table S17). Notably, the significantly 

better alignments between conformer 3a/b and nOe values for NH(Leu)↔NH(Dmaa), 
NH(Acpc)↔α(D-Pro), NH(Dmaa)↔Me2Ncis(Leu), α(D-Pro)↔β(Acpc), and β(Dmaa)
↔α(Leu) supports the experimental statement that the peptide adopts a more organized, 
homogeneous conformation akin to type II′ β-hairpin. Meanwhile, there is still evidence for 

the presence of conformer 3c due to agreements in through-space interactions, the computed 
values determined for most of the binding poses are much larger than the experimental 
estimates. The only exception is pose A, for which two-thirds of through-space interactions 
agree to the nOe values within 1 Å (Figure 9b). Particularly, close contacts between α(D-

Pro)↔ortho-H(1a), β(Acpc)↔5-H(1a), and δ(Leu)↔6-H(1a) lend credence to the 
proposed association mechanism and distinguish pose A as the primary binding mode. The 

computed intramolecular through-space interactions for the 3+(aS)-1b complex are 
compared to the NOE measurements (Figure 9a and Table S18). Excellent correlations with 
experimental values are observed for both the global averages and averages within each 

individual cluster, validating the hypothesis that the conformational profile of peptide 3 in 

the presence of 1b is highly diverse. The predicted binding pose A is again validated by the 
NOESY distance comparison shown in Figure 9b, as the differences in most of the 

intermolecular distances are less than 0.5 Å. For complexes 3+(aR)-1a and 3+(aR)-1b, the 
computed intramolecular distances of the peptide compare reasonably with experimental 
values (Figure S20a, Tables S19, S20). However, large deviation from nOe measurement is 
found for intermolecular distances of peptide and the (aR)-quinazolinones in pose A (Figure 
S20b). These data confirm that the (aR)-atropisomer is the less favored substrate for binding 

and interaction with peptide 3.
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CONCLUSION

This study comprehensively and systematically examined the conformational dynamics of a 

β-turn-biased catalytic peptide (3) and its role in substrate binding and enantioinduction 
using computational modeling. By means of cluster analysis, multiple stable conformers 
have been identified from the MD simulations, including ones that were previously observed 
crystallographically and two that were heretofore unidentified. Despite the fact that 
simulations of the peptide alone and various peptide–substrate complexes share similar and 
well-defined conformers, the relative populations of conformers vary drastically across the 

different systems. For peptide 3–substrate 1a mixture, the conformational dynamics of the 
peptide are proposed to be quite important for catalytic activity and enantioselectivity in the 
atroposelective quinazolinones bromination reaction. Computational modeling also confirms 
the proposed association mechanism, in which the (aS)-enantiomer of the quinazolinones 

substrate binds favorably to the type II’ β-hairpin conformer of the peptide 3 with bidentate 

H-bonding interactions. In the presence of 1b, a poorly performing substrate, the enhanced 
structural mobility of the peptide and the smaller changes in conformational distribution 
from upon complexation with the (aS)- and (aR)-atropisomeric forms of the substrate are in 
line with the reduced yield and enantioselectivity observed in the catalytic reaction. Despite 
having a similar binding pose, the considerable differences in conformational dynamics 

between complexes 3+1a and 3+1b demonstrate that catalyst dynamics are important to 
enantioselectivity. Furthermore, the simultaneous existence of multiple conformers of 

peptide 3 and the optimal mode of substrate binding and activation are validated by the good 
correlation between the computed through-space interactions and NMR experimental values. 
Overall, the study highlights the fluxional nature of peptide-based catalysts and the crucial 
role of conformational dynamics in catalytic activity and enantioselectivity for this reaction. 
These results provide a detailed view of the advantages of flexible catalysts for asymmetric 
reactions. Notably, well-defined, rigid structures appear to play a role at various points in the 
reaction coordinate. Yet, MD simulations reveal that these structures may indeed differ 
substantially from those in a diverse conformational ensemble for the catalyst ground state. 
Overall, this study may provide a roadmap for the implementation of rigorous computational 
modeling of catalyst dynamics and may also enable more precise designs based on expanded 
understanding of the structure-function continuum.
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Figure 1. 
Three distinct conformers of peptide 3 observed in crystal structures. Based on the ϕ and ψ 
dihedrals of the loop region residues and the internal H-bonding network, conformers 3a and 

3b are classified as type II′ β-hairpins. Conformer 3c classifies as a type I′ β-turn that is 
pre-helical in geometry.
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Figure 2. 
Joint distribution plots of backbone dihedral angles ϕ and ψ in the (a) i+1 and (b) i+2 

residues of peptide 3 from MD simulations in benzene. The crystallographic values are 
marked by triangles.
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Figure 3. 
Representative structures of the confonners identified from the cluster analysis: (a) 

Conformer 3a/b, (b) overlay of confonners 3c (blue) and 3d (green), and (c) confonner 3e.
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Figure 4. 
Scatter plots of backbone dihedral angles ϕ and ψ in the (a) i+1 and (b) i+2 residues of 

peptide 3 from MD simulations in benzene (colored according to cluster). The 
crystallographic values and centroids of clusters are denoted by red triangles and black dots, 
respectively.
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Figure 5. 
Conformational composition from cluster analysis. (a) Peptide 3 alone in benzene. (b) 

Peptide 3 in the presence of substrate (aS)-1a. (c) Peptide 3 in the presence of substrate 

(aS)-1b. (d) Peptide 3 in the presence of substrate (aR)-1a. (e) Peptide 3 in the presence of 

substrate (aR)-1b.
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Figure 6. 
Joint distribution plots of backbone dihedral angles ϕ and ψ in the (a) i+1 and (b) i+2 

residues of peptide 3 in the presence of substrate (aS)-1a from MD simulations in benzene. 
The crystallographic values are marked by triangles.
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Figure 7. 
Composition of binding poses in the cluster analysis of (a) 3+1a complex and (b) 3+1b 
complex. (c) Overlay of binding pose A in the 3+1a (grey) and 3+1b (cyan) complexes.
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Figure 8. 
Joint distribution plots of backbone dihedral angles ϕ and ψ in the (a) i+1 and (b) i+2 

residues of peptide 3+1b from MD simulations in benzene. The crystallographic values are 
marked by triangles.
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Figure 9. 
Plot of through-space distances from NOESY measurements versus simulations, (a) 

Intramolecular interactions in peptide 3. (b) Intennolecular interactions between peptide 3 
and substrates in binding pose A.
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Scheme 1. 
Peptide-catalyzed, atroposelective bromination of 3-arylquinazolin-4(3H)-ones 1.
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Table 1.

Key Intermolecular Distances (in Å) in Different Binding Poses of the 3+1a Complex

binding pose d1: N(Acpc)⋯O=C(1a) d2: α(Pro)⋯Hortho(1a) d3: Nγ(Dmaa)⋯HO(1a)

A 3.18±1.18 3.73±1.05 3.26±1.58

B 8.94±2.36 6.23±2.58 6.51±2.38

C 12.36±4.44 10.09±4.63 7.54±5.05

D 11.77±3.78 10.04±4.09 6.89±4.25

E 9.55±2.72 8.25±3.10 8.72±3.93

F 6.55±3.48 6.16±3.58 7.54±3.90

G 10.39±4.58 10.76±5.08 13.33±5.36

H 8.92±3.80 8.06±4.24 11.46±4.88

I 11.12±4.07 12.12±4.89 13.51±5.43
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