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Abstract

Protein–protein interactions are vital to biological processes, but the shape and size of their 

interfaces makes them hard to target using small molecules. Cyclic peptides have shown promise 

as protein–protein interaction modulators, as they can bind protein surfaces with high affinity and 

specificity. Dozens of cyclic peptides are already FDA-approved, and many more are in various 

stages of development as immunosuppressants, antibiotics, antivirals, or anticancer drugs. 

However, most cyclic peptide drugs so far have been natural products or derivatives thereof, with 

de novo design having proven challenging. A key obstacle is structural characterization: cyclic 

peptides frequently adopt multiple conformations in solution, which are difficult to resolve using 

techniques like NMR spectroscopy. The lack of solution structural information prevents a 

thorough understanding of cyclic peptides’ sequence–structure–function relationship. Here we 

review recent development and application of molecular dynamics simulations with enhanced 

sampling to studying the solution structures of cyclic peptides. We describe novel computational 

methods capable of sampling cyclic peptides’ conformational space and provide examples of 

computational studies that relate peptides’ sequence and structure to biological activity. We 

demonstrate that molecular dynamics simulations have grown from an explanatory technique to a 

full-fledged tool for systematic studies at the forefront of cyclic peptide therapeutic design.
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1. Introduction

1.1. Cyclic peptides

In the study of amino acid polymers, linear peptides and proteins could be described as the 

“default”. The ubiquity of linear peptides and protein chains in biological systems, as well as 

their high level of involvement in biological processes, have led to these systems being 

immensely well-studied. However, peptides certainly come in other “flavors” – and the 

biological and medicinal utility of cyclic peptides, in which the peptide chain is closed (e.g. 

head-to-tail, or via a disulfide bond), is becoming increasingly well-recognized.1 Many 

cyclic peptide hormones participate in important signaling pathways – somatostatin,2 

vasopressin,3,4 and oxytocin,4,5 to name a few. Cyclic peptide natural products such as 

cyclosporin A (an immunosuppressant),6–8 gramicidin S (an antibiotic),9,10 and vancomycin 

(an antibiotic),11 have also found important medicinal use. The biosynthesis of cyclic 

peptides occurs along diverse pathways, being either non-ribosomal or following a series of 

post-translational modifications on precursor proteins.12–15

The unique and interesting properties of cyclic peptides have captured many scientists’ and 

pharmaceutical companies’ attention.1 With sizes situated in between those of small 

molecules and antibodies, peptides can selectively and effectively target receptors and 

modulate protein–protein interactions. However, owing to their structural flexibility, linear 

peptides typically have relatively poor affinity, selectivity, and bioavailability. In contrast, 
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cyclic peptides are more rigid and exhibit desirable druglike properties, including high 

affinity for protein surfaces, increased specificity, and improved enzyme stability. Over the 

last several decades, more than 40 cyclic peptide therapeutics have been approved for 

clinical use by the FDA and the EMA, with dozens more in clinical trials or early stages of 

design.16–18 However, an overwhelming majority of cyclic peptide therapeutics currently on 

the market or undergoing testing are natural products or their derivatives.16,19 This group 

includes some of the best-known cyclic peptide drugs, such as cyclosporin A, isolated from 

Tolypocladium inflatum, or vancomycin, biosynthesized by Amycolatopsis orientalis. It is 

important to note that relatively few well-characterized natural cyclic peptides remain 

available for research, and fewer still can be easily adapted to new functions. On the other 

hand, many protein–protein interactions have been identified as potential therapeutic targets 

and the ability to use cyclic peptides to modulate these protein–protein interactions will 

provide a transformative means to control cellular functions for both fundamental research 

and therapeutic intervention. De novo design of cyclic peptides, however, has proven 

substantially more difficult, especially in comparison to the design of small molecules and 

antibodies.1 One of the primary challenges encountered, in both cyclic peptide drug design 

and the study of naturally occurring cyclic peptides, is an inability to establish the cyclic 

peptides’ sequence–structure relationships.

1.2. The elusive solution structures of cyclic peptides

When designing inhibitors for protein–protein interactions, occasionally the structures of the 

target interactions are available. In some cases, X-ray structures of cyclic peptides bound to 

their target proteins may exist.20 This information on the “end-point” or desired 

conformations should, in principle, enable structure-based rational design of excellent cyclic 

peptide binders and inhibitors. However, such a strategy requires that we also know the 

solution structures adopted by cyclic peptides to understand how different modifications 

change the peptide structure and their binding affinity for the target. While X-ray structures 

may be obtained for some cyclic peptides,21–86 they can be different from the solution 

structures, meaning that the X-ray structures of cyclic peptides cannot be used as surrogates 

of their solution structures.81,87–90 While solution NMR spectroscopy is the standard 

method to derive a structural model for a molecule, cyclic peptides typically exhibit few 

relevant NOE cross-peaks due to their low core-to-surface ratio, and in the case of N-

methylated residues, which are commonly observed in cyclic peptide natural products and a 

popular means to improve membrane permeability, important NH–Hα couplings are absent 

altogether.91 Even more importantly, cyclic peptides tend to adopt multiple conformations in 

solution, making the development of a structural model using NMR spectroscopy extremely 

difficult, if not impossible, as most protocols assume the existence of a single conformation 

and collect time- and ensemble-averaged data.92–107 This issue isn’t specific to synthetic 

peptides either. The study of cyclic peptide hormones and natural products can also be 

complicated by limited utility of NMR in structure determination of disordered molecules.
108–112 The inability to experimentally observe and distinguish the relevant conformations of 

a cyclic peptide in solution prevents scientists from both understanding and optimizing 

natural cyclic peptides and establishing a clear sequence–structure–activity relationship for 

de novo cyclic peptide designs. In this review, we focus on exactly this fundamental obstacle 

to the rational design of cyclic peptides: their elusive solution structures.
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1.3. Simulations of cyclic peptides

Because of the therapeutic potential of cyclic peptides, many computational design 

platforms have been adopted to treat cyclic peptides. Tools like I-TASSER,113 PEP-FOLD,
114–116 Peplook,117 PEPstrMOD,118 OMEGA,119,120 MacroModel,121 Rosetta,122–124 

BRIKARD,125 or EGSCyP,126 to name a few, can be used to generate many structures for 

docking. However, the behavior of a peptide in a biological system can only be adequately 

predicted if we know its solution structural ensemble, necessitating solvated simulations, 

particularly using explicit solvent. Experiments and simulations both show that solvent plays 

a critical role in cyclic peptide structures – at times, even water molecules bridged or caged 

within a cyclic peptide have been observed.88,127–131 Because of their small size, closed 

topology, and the abundance of solvent-exposed H-bond donors and acceptors, accurate 

modeling of cyclic peptides is difficult using implicit-solvent models, which do not account 

for these consequential and direct interactions with solvent molecules.132

Molecular dynamics (MD) simulations are a powerful tool to understand the properties of 

peptides and proteins.133–163 In MD simulation, water molecules can be explicitly 

incorporated to accurately describe the solution behaviors. However, because explicit-water 

MD simulations are computationally expensive, they are rarely used in peptide design, 

which requires screening of many variants. Furthermore, when it comes to cyclic peptides in 

particular, their ring strain slows down the dynamics, making it difficult to sample cyclic 

peptides’ free-energy landscape effectively using MD simulation.

To address the sampling issues, a number of methods have been applied to or developed 

specifically for cyclic peptides to enhance their conformational sampling. As enhanced 

sampling in MD simulations is a topic of considerable breadth, in this review we describe in 

detail only those methods used in simulation work featured in this review. Following this 

theoretical overview, we review the latest studies focused on developing or using MD 

simulation with enhanced sampling as a powerful strategy to study the solution structures of 

cyclic peptides. Herein we define cyclic peptides as molecules that are solely or mostly 

composed of peptide moieties, linked via head-to-tail or other cyclization, and display no 

regular secondary structures of an α helix or a β sheet. In Section 2 we first discuss several 

enhanced sampling techniques used for sampling cyclic peptide conformations. In Section 3 

we focus on the development of simulation methods, evaluation of force fields, and general 

approaches to modeling the solution structures of cyclic peptides. In Section 4 we review 

recent applications of MD simulations with enhanced sampling methods to understand or 

design cyclic peptides for specific targets. A summary focused on the computational 

performance of the cyclic peptide simulations discussed here is provided in Table 1 at the 

end of the review as well.

2. Molecular dynamics methods

2.1. Replica exchange molecular dynamics (REMD)

First implemented by Sugita and Okamoto164, the replica exchange molecular dynamics 

(REMD) method simulates multiple copies, i.e. replicas, of the same system simultaneously 

at a series of temperatures. The exchanges between replicas of neighboring temperatures 
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enable the higher-temperature replica to enhance the sampling of the lower-temperature 

replica.165 In the simulation process of REMD, two different types of steps are performed as 

shown in Figure 1: First, all replicas are run independently and simultaneously at their 

specified temperatures for a certain number of MD steps; then, a pair of replicas at 

neighboring temperatures are exchanged according to the Metropolis criterion (Eq.1) to 

ensure that the detailed balance condition is satisfied:

A = min 1, e
1

kBTi
− 1

kBTj
Ei − Ej , Eq. 1

where A is the exchange probability, kB is the Boltzmann constant; (Ti, Ei) and (Tj, Ej) are 

the temperatures and potential energies of the two replicas i and j, respectively. The 

temperature range and the number of replicas to use need to be chosen carefully. The highest 

temperature must be high enough to ensure that MD simulation at this temperature is not 

trapped in local energy minima; the lowest temperature is usually near the temperature of 

interest.166 A variant of REMD named reservoir REMD also includes a reservoir of 

structures generated beforehand using MD simulations at a high temperature; by allowing 

replicas at the highest temperature to exchange with this reservoir, the sampling efficiency 

can be further improved.167

While REMD is likely one of the most popular enhanced sampling methods, if not the most 

popular enhanced sampling method, in an REMD run the number of replicas should be 

chosen carefully so that the potential energy distributions at neighboring temperatures 

overlap sufficiently to ensure a large enough exchange rate, as is shown in Figure 1.168 As 

the average potential energy of a system varies as N (the number of particles in the system), 

while the width of the potential energy distribution is proportional to N, the number of 

replicas one needs for sufficient potential energy overlap increases as N. Therefore, a large 

number of replicas are needed for biological systems that have many particles, which can 

make running REMD prohibitive. When it comes to using REMD simulations to sample 

conformations of cyclic peptides, the ring strain of cyclic peptides, in particular those of 

small sizes, can impose large energy barriers for conformation changes. These large barriers 

can potentially require very high temperatures in REMD to effectively enhance 

conformation sampling of cyclic peptides.

2.2. Metadynamics and bias-exchange metadynamics

2.2.1 Metadynamics—Metadynamics is a technique used to enhance sampling in MD 

simulations. Developed by Laio et al.,169 metadynamics assumes that a few coordinates 

(typically termed “collective variables”) could provide an essential description of the 

simulated system. Collective variables used to describe the conformational space of cyclic 

peptides are usually a number of selected degrees of freedom, such as backbone dihedral 

angles,169–172 which are assumed to direct the conformational changes of interest and 

progress along the free-energy landscape. During a 1-D-metadynamics simulation along a 

given collective variable (s), 1-D Gaussian potentials of defined width (σ) and height (w) 

centered at s(t) are added at a certain deposition rate (τG) to discourage the system from 

revisiting the same spot (Figure 2). As the simulation proceeds, more Gaussian potentials are 
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deposited, filling the minima in the free-energy landscape. This process thus creates a 

history-dependent biasing potential, VG, i.e. the sum of all the previously deposited 

Gaussians. The full free-energy landscape can be explored and reconstructed as the opposite 

of VG, once the simulation reaches convergence:173

F (s) = − V G(s, t) = − ∫
0

t
dt′ w

τG
e− s(x) − s x t′ 2

2σ2 Eq. 2

Here, x corresponds to the Cartesian coordinates of the atoms in the system; s is the defined 

collective variable as a function of x; VG is the summation of the Gaussians; τG, w, and σ 
are the deposition rate, height, and width of the Gaussians, respectively. If more than one 

collective variable is needed to describe the free-energy landscape, multidimensional 

metadynamics with n-D Gaussian potentials can be performed.

Although metadynamics simulations can be powerful sampling methods, their performance 

highly depends on the proper choice of collective variables, which is critical, but not always 

evident a priori. The selection of collective variables is usually based on the researcher’s 

chemical intuition for the system. Development of algorithms that can help design optimal 

collective variables is an active research area and it is important to note that finding simple 

and effective collective variables is nontrivial and can impact the efficiency of metadynamics 

simulations.174–178

2.2.2 Well-tempered metadynamics—Ordinary metadynamics bears potential 

challenges: It is often challenging to identify when the simulation has converged, and 

running the metadynamics simulation excessively long can push the system into an 

unphysical configurational space.179 In addition, free energy never truly converges to one 

value; instead, it fluctuates around the correct value, introducing an error proportional to the 

square root of the bias deposition rate. Lowering the error thus requires decreasing the bias 

deposition rate and inevitably increases the time it takes for the free-energy surface to be 

filled.179

To overcome these issues, well-tempered metadynamics was developed.179 With well-

tempered metadynamics, the height of the Gaussians decreases with simulation time, 

allowing a smooth convergence of VG. It is important to note, however, that well-tempered 

metadynamics still relies on a history-dependent potential bias. Consequently, the presence 

of slow degrees of freedom outside the chosen collective variables could introduce hidden 

barriers and statistical errors associated therewith.180 Moreover, under the well-tempered 

metadynamics scheme, the rate of change of VG(s,t) decreases as 1/t. The idea of well-

tempering is that the rate of change decreases fast enough for the bias to converge, but 

slowly enough that the resulting bias is independent of the initial condition VG(s,0). The 

proportionality to 1/t makes for mathematically simple scaling, but is not necessarily 

optimal.181

The ensemble generated by metadynamics or well-tempered metadynamics, i.e. well-

tempered ensemble (WTE), can be subjected to further enhanced sampling using parallel 

tempering (PT).182,183 In parallel tempering, the simulation is run simultaneously using a 
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number of replicas at different temperatures, which exchange similarly to REMD, but with 

the Metropolis criterion adjusted for the different bias potentials experienced by the replicas:

A = min 1, exp 1
kBT j

− 1
kBT i

E xj − E xi

+ 1
kBT i

V G
i s xi − V G

i s xj + 1
kBT j

V G
j s xj − V G

j s xi
Eq. 3

where x stands for the coordinates, E is the potential energy, and VG is the bias potential 

defined on collective variable s. The combined approach of well-tempered metadynamics 

and parallel tempering is referred to as PTWTE (parallel-tempering well-tempered 

ensemble).183

2.2.3 Bias-exchange metadynamics (BE-META)—Bias-exchange metadynamics 

(BE-META) is another variant of metadynamics.173 It is similar to REMD insofar as it also 

uses several replicas of the system in parallel, as is shown in Figure 3. However, in contrast 

to REMD, the replicas are simulated at the same temperature, but each replica is biased 

along different collective variables by time-dependent potentials according to the 

metadynamics scheme. The conformations of the replicas are exchanged periodically 

according to the Metropolis criterion (Eq. 4):184

A = min 1, e
1

kBT V G
i xi, t + V G

j xj, t − V G
i xj, t − V G

j xi, t , Eq. 4

where kB is the Boltzmann constant; T is the temperature; V G
i  and V G

j  are the summation of 

Gaussians for replica i and j, respectively; and xi and xj are the Cartesian coordinates of the 

system in replicas i and j before exchanges, respectively. A large number of collective 

variables can thus be simultaneously biased in this way, which enables efficient exploration 

of a high-dimensional free-energy space. One or multiple neutral replicas that are not biased 

by any time-dependent potential can also be added and allowed to exchange with the other 

replicas. When the ratio of the Gaussian height and the rate of deposition (w/τG) is small, 

the neutral replicas can be used to approximate the canonical distribution of states and thus 

can be analyzed to compute any equilibrium properties directly.173

2.3. Multicanonical molecular dynamics (McMD)

In a canonical MD simulation, the conformations of a system are sampled under an NVT 
ensemble and the partition of all the possible states in thermal equilibrium follows the 

canonical distribution:

Pc(E, T ) = n(E)e− E
kBT

Zc
, Eq. 5

where E and n(E) are the potential energy and density of states, respectively, and Zc is the 

canonical partition function: Zc = ∑E n(E)e− E
kBT . At a specific temperature T, Pc(E, T) 

displays a Gaussian-like distribution centered around 〈E〉. At low temperature, the 
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probability of sampling a high-energy state is low, and thus it is difficult for the system to 

overcome an energy barrier (Figure 4A). At high temperature, Pc(E, T) shifts to higher 

energy, indicating that the system now samples high-energy states better and has a higher 

chance of crossing energy barriers (Figure 4A). However, at high temperature the sampling 

of low-energy states, which are the states most simulators are interested in, is poor. Inspired 

by the multicanonical Monte Carlo method developed by Berg and Neuhaus,185 Nakajima et 
al. developed multicanonical MD (McMD) to solve this conundrum, with the goal of 

enhancing the conformational sampling of peptides.186 McMD aims to flatten the energy 

landscape by modifying the potential energy of the system to Emc = E + kBTln[Pc(E, T)]. 

With this modified potential energy, the distribution of states in McMD is

Pmc(E, T ) = n(E)e−
Emc
kBT

zmc
= constant, Eq. 6

where Zmc = ∑E n(E)e−
Emc
kBT . McMD typically starts with a preliminary canonical simulation 

at a high temperature T0 to obtain Pc(E, T0). If a range of E wider than that sampled by Pc(E, 

T0) is desired, the modification to the potential energy can be refined to reach a flat sampling 

of states by iterating over several McMD runs at T0. The canonical distribution Pc(E, T) at 

any temperature can be obtained by reweighting Pmc(E, T0) (Figure 4B),

Pc(E, T ) = n(E)e− E
kBT

Zc
= Pmc E, T0 Zmce

Emc
kBT0

e− E
kBT

Zc

= Zmc
Zc

Pmc E, T0 e
Emc
kBT0

− E
kBT .

Eq. 7

Variant methods of McMD have been developed to further improve sampling. A McMD 

simulation can be coupled with a virtual system, in a protocol termed V-McMD.187,188 In V-

McMD, a few virtual states are initialized with a modified potential energy. The virtual 

systems are held constant while the real system is in time evolution, and vice versa. 

Neighboring states’ energy distributions overlap and transition between the states occurs per 

the Metropolis criterion, similar to REMD. However, the probability of transition can be 

arbitrarily set by modulating the energy distribution function of the virtual system(s). 

McMD simulations can also undergo trivial trajectory parallelization (TTP), in a method 

named TTP-McMD.189 In TTP-McMD, multiple McMD runs starting from different 

coordinates are conducted independently and the resulting trajectories are concatenated in 

any order. The main goal of TTP-McMD is to increase computational efficiency by 

parallelizing trajectory calculations. V-McMD simulations can be parallelized in similar 

fashion (TTP-V-McMD).190 Even with these improvements, the large barriers imposed by 

ring strain in small cyclic peptides likely challenge McMD and its variant methods in much 

the same way they challenge REMD.

2.4. Accelerated molecular dynamics (aMD)

Accelerated molecular dynamics (aMD) simulations present another approach to 

overcoming the issue of systems being trapped in local free-energy minima. This method 
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aims to increase the frequency of transitions across energy barriers by introducing a bias 

potential such that the potential surfaces near minima are raised, while those surfaces near 

the barriers or saddle points are left unmodified or less-modified, thus decreasing the barrier 

heights (Figure 5).191 During an aMD simulation, an energy boost is introduced when the 

system’s potential energy falls below a chosen threshold. The added bias potential, ΔV, 

depends on the system’s potential energy V:

ΔV (r) =
0 V (r) ≥ V threshold

V threshold − V (r) 2

α + V threshold − V (r) V (r) < V threshold
Eq. 8

where Vthreshold is the threshold boost energy, V(r) is the original potential, and α is a tuning 

parameter that determines the depth of the modified potential well. This expression for ΔV 
ensures that the bias potential mimics the shape of the underlying potential minima. The 

original free-energy landscape can be reconstructed using reweighting algorithms.192

One noteworthy caveat is that aMD is not a fully standalone method – the boosting 

parameters α and Vthreshold are system-specific and have to be tuned, which is typically done 

based on the number of atoms or residues, as well as the average energies from prior 

conventional MD runs.193 One must also be careful when choosing the reweighting 

algorithm, as exponential-average reweighting (Boltzmann reweighting) is known to 

introduce high energetic fluctuations caused by a small number of high-boost-potential 

frames dominating the reweighting factors.192 This problem can be avoided by using a 

Maclaurin expansion,193 though this expansion does not always give the correct energy 

minimum positions.192 Cumulant expansion tends to avoid these issues and commonly 

proves to be the best choice for a wide array of biomolecules.192,194,195

2.5. Complementary-coordinates molecular dynamics (CoCo-MD)

Complementary-coordinates molecular dynamics (CoCo-MD) is a conformational sampling 

method developed by Shkurti et al. by combining the CoCo (“complementary coordinates”) 

method with MD simulations.196 CoCo is an ensemble enhancement method based on 

principal-component analysis (PCA) and initially built to increase the conformational 

variability of NMR-derived structures.197

The workflow of CoCo-MD consists of a number of iterative cycles (Figure 6).196 Starting 

with N short independent MD simulations, in each cycle, the CoCo method is used to 

generate N new starting structures for subsequent MD simulations. Specifically, Cartesian 

PCA is performed on the original MD trajectories and the structural ensemble is projected 

onto the first few principal components (PCs). The boundaries are then chosen in the PC 

space to include all the data points (Figure 6A). The data points are then binned into a 

multidimensional histogram, where N unoccupied bins are chosen iteratively such that the 

bin chosen in each step is the one most distant from all occupied or prior chosen bins 

(chosen bins are shown as crosses in Figure 6). The PCs of the centers of the chosen bins are 

then converted back into Cartesian coordinates to produce N new conformations. Because 

these new conformations might not be physically realistic, N short restrained MD 
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simulations need to be performed, starting from the well-equilibrated initial structure with 

these new conformations as target structures, to generate conformations that can be used as a 

new starting point. N short MD simulations are then run, the trajectory data are saved as 

sampled conformations (Figure 6B), and the cycle (PCA→new start points→short MDs) 

repeats.

Notably, the structures sampled by CoCo-MD do not follow the Boltzmann distribution, and 

thus must be unbiased to recover the equilibrium structural ensemble. Two methods were 

proposed by Shkurti et al. to obtain such an ensemble using conformations sampled by 

CoCo-MD.196 The first method is to use the structures sampled by CoCo-MD as the highest 

temperature reservoir in reservoir REMD.167,198 The other method is to reweight the 

structures sampled by CoCo-MD to match the potential energy distribution of conventional 

MD. The first method is computationally more intensive; on the other hand, the latter 

method relies on a short conventional MD run for its energy distribution, and does not 

necessarily offer rigorous free-energy estimates.196

3. Using MD simulations to elucidate the solution structures of cyclic 

peptides: Development of methods, evaluation of force fields, and general 

approaches to modeling cyclic peptides

3.1. Coupled two-dihedral motions for efficient metadynamics simulations of cyclic 
peptides [BE-META]

A key challenge in using metadynamics simulations to enhance conformation sampling lies 

in the selection of biasing coordinates. Ideally, the selected coordinates represent the slow 

degrees of freedom and describe the transition of interest. In recent published work, 

McHugh et al. investigated how cyclo-(GGGGGG) (cyclo-G6) and several other cyclic 

peptides switch conformations.172 It was found that the conformational switches of the 

cyclic peptides consistently require simultaneous changes of two dihedrals, either (ϕi, ψi) or 

(ψi, ϕi+1). The latter type of changes, involving the movement of ψi and ϕi+1 in opposite 

directions, is consistent with a rotation of the peptide plane around the axis between two 

consecutive Cα atoms, and is commonly referred to as a crankshaft flip.199,200 By targeting 

(ϕi, ψi) and (ψi, ϕi+1) using 2-D collective variables with bias exchanges, the time required 

to converge was significantly reduced (by 2–4×) for model cyclic peptides, cyclo-

(AAAAAA) and cyclo-(YNPFEEGG) compared to standard BE-META targeting individual 

ϕ and ψ dihedrals.

3.2. Test of accelerated MD for cyclic peptide sampling [aMD]

To test whether accelerated MD (aMD) simulations with an explicit-solvent model could 

sample the conformational space of constrained systems such as cyclic peptides, Kamenik et 
al. used three small cyclic peptides as benchmarks: cyclo-(PSlDV), cyclo-(RGDfV), and 

cyclo-(RRWWRF) (Figure 7; in the peptide sequences, lowercase letters denote D-amino 

acids and underline denotes N-methylation).201 All three cyclic peptides have potential 

therapeutic applications: cyclo-(PSlDV) is an integrin binder,106 cyclo-(RGDfV), also called 

cilengitide, is a former anticancer drug,90,202–205 and cyclo-(RRWWRF) is an antimicrobial 
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peptide.107 Moreover, solution NMR studies had been reported for all three cyclic peptides.
90,106,107 NMR analysis of cyclo-(PSlDV) found up to five conformers in slow exchange. 

The two most abundant components were found to have a cis- and trans- amide bond 

between Pro1 and Val5, respectively, with all other bonds being trans. Their relative 

abundance was found to be 16% trans to 66% cis.106 No cis peptide bonds were observed in 

the NMR studies of the other two peptides.90,107 Cyclo-(RRWWRF) was determined to be 

highly flexible in aqueous solution, only assuming a more rigid structure when bound to a 

micelle.107

Accelerated MD simulations were carried out using the AMBER-14SB force field206 with 

the TIP3P water model.207 In the case of cilengitide, additional parameters for N-methylated 

amino acids were taken from Forcefield_NCAA.208 One-microsecond trajectories of both 

conventional MD and aMD were collected; for cilengitide, the authors performed twenty 50 

ns simulations, combining them into a 1 μs trajectory. All aMD simulations used the dual-

boost algorithm implemented in the Amber16209 software package – in other words, a bias 

was applied to the total potential, along with an additional bias component on the dihedral 

term.191,210 The global structural ensemble was analyzed using dihedral principal-

component analysis211 and cluster analysis, following a Boltzmann reweighting process192 

to recover the unbiased results. In order to make data analysis faster and more robust, the 

cluster analysis was performed on the 2,000 snapshots with the highest boosting potential, 

i.e. the lowest potential energy (0.4% of all trajectory snapshots).201

Kamenik et al. first showed that while a 1 μs conventional MD simulation exhibited limited 

sampling of cyclo-(PSlDV), aMD was able to explore both the cis and trans isomers for the 

amide bond between Pro1 and Val5 (ω15).201 The cis:trans distribution of ω15 in the 

reweighted aMD results was 25:75, which is consistent with the ratio reported in the solution 

NMR study.106 All average interproton distance restraints for the trans structures were 

satisfied; for the cis structures, 17 out of 18 NOE restraints were met, with one distance 

found to be 0.2 Å too small in the simulation. The cluster analysis showed cyclo-(PSlDV) 

adopted three distinct conformations, which was consistent with NMR findings. For 

cilengitide, all NOE restraints but one were met, with a small violation of 0.24 Å. The 

conformational landscape of cyclo-(RRWWRF) exhibited a large number of minima, which 

is, again, consistent with the NMR results, which had suggested that this cyclic peptide was 

highly flexible in aqueous solution.107 All NOE restraints were met for average interproton 

distances; however, individual structures show large violations, further supporting the idea 

that the experimental NOE distances resulted from averaging. While aMD simulations 

seemed to reproduce the experimental NOE results, the 3J(HN, Hα) coupling constants for 

cyclo-(PSlDV) determined from aMD were not found to be in good agreement with NMR-

derived ones. The authors noted that this discrepancy suggests that as a result of energetic 

noise introduced in the reweighting step, aMD does not provide a high resolution when it 

comes to subtle differences between dihedral distributions, potentially.201

3.3. CoCo-MD: Development and benchmark on cyclosporin A [CoCo-MD]

Shkurti et al. tested CoCo-MD on several molecules, including cyclosporin A, which is an 

N-methylated cyclic peptide used as an immunosuppressant drug, well known for its good 
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bioavailability (Figure 8).196 Witek et al. had previously performed 100×100 ns (10 μs in 

total; GROMOS-54a7 force field212 with the SPC water model213) conventional MD (cMD) 

simulations beginning with 100 diverse structures to investigate the membrane-permeating 

mechanism of cyclosporin A.214 Shkurti et al. also performed cMD, together with CoCo-

MD and accelerated MD (aMD), and compared results to those obtained from Witek et al.’s 

10 μs simulation. Parameters from the General Amber Force Field215 and the work of 

Khoury et al.208 were used, along with the TIP3P water model;207 the total lengths of MD 

simulations for CoCo-MD, cMD, and aMD were all 20 ns. Within this time scale, it appears 

that cMD and aMD failed to sample the conformations produced in Witek et al.’s 10 μs cMD 

simulation, while CoCo-MD sampled a wider conformational space than that sampled by 

Witek et al. The conformational space sampled by CoCo-MD included a number of rarely 

observed, but thermally accessible states.196 When conformational states were labeled by 

values of dihedrals ϕ (g+, t, or g−), ψ (g+, t, or g−), and ω (cis or trans), it was found that 

CoCo-MD identified 9,822 conformational states, while cMD identified 2,224 states, and 

aMD found 5,912 states.196

3.4. Evaluation of residue-specific force fields for cyclic peptides [REMD]

The development of robust and reliable computational methods for cyclic peptide structure 

prediction has faced a number of challenges. For one, cyclic peptides require high accuracy 

in free-energy determination, as they can assume distinct conformations with small free-

energy differences.92–105 Moreover, sufficient conformational sampling is often necessary to 

gain insight into their biological activity. To that end, Geng et al. used REMD simulations to 

evaluate the performance of four force fields: OPLS-AA/L216+TIP4P-Ew217 and 

AMBER-99SB-ILDN218+TIP3P,207 as well as two residue-specific force fields, RSFF1219 

and RSFF2,220 which were based on OPLS-AA/L and AMBER-99SB, respectively. The 

residue-specific modifications were added in order to reproduce the rotamer-dependent 

Ramachandran plots for each amino acid type. The benchmarks consisted of 20 cyclic 

peptides selected from the Cambridge Structure Database. These cyclic peptides were 5–12 

residues in length, all-trans, head-to-tail cyclized, and without non-natural amino acids 

(Figure 9). REMD simulations were performed with 24–32 replicas spanning temperatures 

from 300 K to 600 K (300–500 K for four cyclic peptides susceptible to cis/trans 
isomerization under RSFF2). Simulations were found to have reached convergence within 

100–200 ns.221 For each cyclic peptide, the 300 K trajectory was analyzed by first 

performing a cluster analysis of each residue’s backbone dihedrals (ϕ, ψ) using a density-

based algorithm.222 Discrete conformations were then defined by a string of the cluster 

indices of all residues in the sequence, and their populations computed.

In real-life scenarios, without knowing the experimental structure, the most populated 

cluster is generally taken as the basis for a structure prediction. The authors found that the 

most populated clusters obtained from simulations using RSFF2 match the crystal structures 

with backbone+Cβ RMSD < 1.0 Å for 15 cyclic peptides, compared to about 10 for the other 

force fields.221 The authors also reported the RMSD of the most crystal-like conformations 

observed in the REMD simulations. Crystal-like conformations with RMSD < 1.0 Å were 

observed for 17 cyclic peptides in simulations using OPLS-AA/L, whereas the other three 

force fields met this condition for 19 cyclic peptides.221 The most crystal-like conformations 
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correspond to the global energy minima for 12 and 13 cyclic peptides under RSFF1 and 

RSFF2, respectively; this is only the case for 7 cyclic peptides under the other two force 

fields. Geng et al. also investigated the effect of water model, using RSFF2 with TIP4P-Ew. 

One fewer cyclic peptide met the RMSD cutoff under these conditions, suggesting that the 

water model used does influence simulations, but not as much as force field choice.

Geng et al. also compared the sampling of backbone dihedrals in cyclic peptides to that in 

linear peptides and globular proteins, in order to determine whether cyclic peptides are more 

likely to sample less-favored values of ϕ and ψ and whether residues in cyclic peptides are 

more conformationally rigid. The overall findings, based on local conformational free 

energies and backbone entropies, suggested that the backbone sampling of residues in cyclic 

peptides was more similar to that in globular proteins than that in linear peptides.221

3.5. Force field evaluation using cyclo-(YNPFEEGG) [REMD, BE-META]

The performance of popular force fields in simulating linear peptide and protein systems is 

quite well-documented.154,223,224 However, their ability to model cyclic peptides has yet to 

be thoroughly examined. The performance of six force fields (AMBER-96225+TIP3P,207 

AMBER-99SB-ILDN218+TIP3P, AMBER-03226+TIP3P, OPLS-AA/L216+TIP4P, 

GROMOS-53a6227+SPC,213 and RSFF1219+TIP4P-Ew217) was recently tested on a 

benchmark cyclic peptide, cyclo-(YNPFEEGG) (Figure 10A).171 This cyclic octapeptide 

was designed to bind the EH domain of EHD1, and a structural model in water had been 

determined via NMR spectroscopy (Figure 10B).228 Yu et al. first found that REMD 

simulations were unable to consistently provide converged results even after 300 ns.

To more efficiently explore the conformational landscape of the cyclic peptide, Yu et al. 
instead used BE-META to enhance sampling.173,229,230 Eighteen collective variables were 

used, targeting ϕ/ψ/χ1 of Tyr-1, Asn-2 and Phe-4, ϕ/ψ/χ1/χ2 of Glu-5 and Glu-6, and ψ of 

Pro-3; the simulations were performed for 300 ns. To obtain an equilibrium structural 

ensemble for further analysis, the biased trajectories were “unbiased” using Boltzmann 

reweighting, where the k-th frame of the i-th replica is either kept or discarded based on the 

Boltzmann probability criterion:

pk
i = e

−ΔGi sk
i

kBT , Eq. 9

where ΔGi is the free-energy profile along collective variable i, and sk
i is the value of 

collective variable i in the k-th frame. Dihedral principal-component analysis211 and 

modified density-based cluster analysis222 were subsequently applied to characterize the 

structural ensemble. To verify whether convergence was reached, two sets of simulations 

starting from two significantly different initial structures were performed, and convergence 

was assumed to be achieved upon the two simulations yielding similar conformational 

density profiles after the principal-component analysis. The authors found that, instead of a 

single highly populated structure, as observed in NMR, results from all six force fields 

showed that cyclo-(YNPFEEGG) adopted multiple conformations with significant 

populations. In addition, none of the identified conformations matched the NMR-derived 

structure well.171 At first glance, these results suggest that further reparameterization of 
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force fields is needed to robustly predict structures of cyclic peptides in solutions. It is not 

out of the question, however, that a single-conformation NMR model does not provide as 

accurate of a picture as the simulation conformational ensemble. A more detailed 

comparison, looking at, for instance, NOE-derived interproton distance restraints, may shed 

more light on the cause of the observed discrepancies.

3.6. Force field evaluation for cyclic peptides containing N-methylated residues [BE-
META]

N-methylation has proven a popular and useful tool for structural design of cyclic peptides 

and optimizing their pharmacological properties. N-methylation has been found to increase 

membrane permeability,231 achieve better bioavailability,232,233 and improve the affinity and 

selectivity of receptor binding.234 Replacing the amide hydrogen with a methyl group 

increases the likelihood of observing a cis isomer for the amide bond preceding the N-

methylated residue.235 The elimination of the amide proton on the N-methylated backbone 

also incurs a nonlocal effect by disenabling it from forming transannular hydrogen bonds.235 

Therefore, with N-methylation of appropriate residues, cyclic peptide backbones can be 

rigidified to predominantly adopt bioactive conformations by allowing the cyclic peptides to 

only form certain hydrogen bonds.231

Computational methods have been used to predict the effects of N-methylation on various 

aspects of cyclic peptide structures and function – and membrane permeability in particular.
231,236–238 These studies demonstrated the applications of established computational 

framework, such as BE-META sampling with cluster analysis,236 PLOP sampling with 

solvation-free-energy calculation,231 or extensive MD simulations with Markov state 

models,237,238 in studying N-methylated cyclic peptides. An issue that presents itself, 

however, is that N-methylation can lead to formation of cis peptide bonds, and thus, a well-

designed computational model will need to include a reasonable prediction of the cis/trans 
isomer ratio. With that in mind, a major challenge is to accurately reproduce the 

experimentally determined structures with the correct cis/trans preferences, given only the 

sequence information.

In a recent study, Slough et al. examined the accuracy of two force fields, RSFF1219 with 

TIP4P-Ew water217 and RSFF2220 with TIP3P water,207 in recapitulating the structures of 

two N-methylated cyclic peptides, with an emphasis on the ability of the force fields to 

predict the isomerization states of N-methylated amide bonds.239 The two benchmark cyclic 

peptides were cyclo-(aAAAAA) and cyclo-(aAAAAA), where “a” in the sequences stands 

for D-alanine, and the underlined residues are N-methylated (Figure 11). The solution 

structures of these two cyclic peptides had been previously determined using NMR.104 In 

cyclo-(aAAAAA), residues 1 and 6 were N-methylated and the two N-methylated amide 

bonds both adopted a trans configuration (denoted as t1t6). This cyclic peptide formed two 

type-II β turns at residues 6–1 and at residues 3–4 with two transannular hydrogen bonds. In 

contrast, in cyclo-(aAAAAA), residues 1 and 5 were N-methylated and the N-methylated 

amide bonds adopted a trans and cis configuration, respectively (denoted as t1c5). This cyclic 

peptide formed a type-VIa1 β turn at residues 4–5.
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To enable simulations of these two cyclic peptides, the authors first developed parameters 

that were compatible with the RSFF1 and RSFF2 force fields for the N-methylated alanine.
239 BE-META was used to sample the structural ensembles of these two benchmark 

peptides. In the first set of simulations, the authors tested whether the two force fields were 

able to reproduce the NMR structures when the correct isomer states were given. In the 

initial structures, cyclo-(aAAAAA) was prepared in the t1t6 state while cyclo-(aAAAAA) 

was prepared in the t1c5 state. 2-D biases on all pairs of (ϕi', ψi') and (ψi', ϕi+1') were used as 

collective variables to enhance conformational sampling. Here, ϕi' is the dihedral Hi/CNi–Ni–

Cαi–Ci (Hi for nonmethylated amino acids and CNi for N-methylated ones) and ψi' is the 

dihedral Ni–Cαi–Ci–O. Instead of (ϕi, ψi) and (ψi, ϕi+1),172 (ϕi', ψi') and (ψi', ϕi+1') were 

used as collective variables here to minimize artificial cis/trans isomerization due to the 

added biasing potentials in BE-META simulations. In the second set of simulations, 1-D 

biases on ω angles involving the N-methylated amino acids were also applied as part of the 

collective variables to evaluate whether the force fields could accurately predict the correct 

isomer states as well. In both sets of simulations, five neutral replicas with no bias were 

added to enable analysis of the equilibrium structural ensembles. The simulations were run 

for 100–250 ns, until convergence was achieved.

When the correct isomer states were provided and maintained through improper-dihedral 

restraints (without biasing the ω angle), RSFF2 was able to reproduce the structures 

observed in NMR for both cyclic peptides, while RSFF1 was only successful in the case of 

cyclo-(aAAAAA).239 It is worth noting, however, that unintended cis/trans isomerization 

was still observed in these simulations without directly biasing the ω angle. The (ϕi', ψi') 

and (ψi', ϕi+1') bias potentials added to the backbone atoms during BE-META may have 

compromised the improper dihedrals’ ability to maintain amide bond planarity.239

When the simulations needed to also predict the isomer states, it was found that both RSFF1 

and RSFF2 were able to accurately predict the isomer state and the structure of cyclo-

(aAAAAA). Notably, the most populated structure in RSFF2 simulations (>50% population) 

resembles the NMR structure, with the correct t1t6 configuration for the N-methylated 

residues. However, both force fields were unable to reproduce the NMR structure of cyclo-

(aAAAAA). Unlike the t1c5 configuration observed in the experiments, the top clusters in 

the simulations adopted a t1t5 configuration. For the RSFF2 simulations, only 3.1% of the 

population had the correct t1c5 configuration. Although the top cluster of those 

conformations with t1c5 did resemble the NMR structure, its population was only 1.0%. 

Switching to other solvent models such as RSFF2 with SPC/E240 (1.5%), TIP4P/2005241 

(3.3%), TIP4P-Ew217 (1.5%) did not improve matters, although the total population of the 

correct t1c5 isomer increased to 10.5% with DMSO in comparison to 3.1% in TIP3P.239 

These results suggest that while the recently developed residue specific force fields are 

promising at predicting conformations of N-methylated cyclic peptide when the correct 

isomer states are given, further development is needed for complete de novo structure 

predictions.
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3.7. Systematic study of cyclic pentapeptides [BE-META]

The BE-META sampling protocol targeting the (ϕi, ψi) and (ψi, ϕi+1) essential transitional 

motions of cyclic peptides172 enables rapid convergence of simulation results, which 

allowed Slough et al. to simulate >70 cyclic pentapeptides to study how sequences control 

their structures.132 First, simulation of cyclo-(GGGGG) was performed and the results 

showed that cyclic pentapeptides typically adopt a β turn (βI, βI’, βII, or βII’) and a tight turn 

(αR, αL, γ, or γ’) at the position opposite the β turn. Then, to understand how a single 

amino acid affects the cyclic peptide structural ensemble, simulations of cyclo-(X1AAAA) 

were performed, where X1 was one of the 20 standard amino acids. The most favorable turn 

combination among these CPs was found to be βII’+αR (a type-II’ β turn with a tight αR 

turn opposing it). The top cluster of these cyclic peptides typically had a population <30%, 

except for cyclo-(AAAAA), whose top cluster adopts the βII’+αR conformation with a 

population of ~53%. The structural ensembles of cyclo-(X1AAAA) allowed the authors to 

analyze the structural preference of each of the 20 standard amino acids. Based on the 

results, they predicted a sequence, cyclo-(GFSEV), to be most likely well-structured with a 

βII’+αR conformation. BE-META simulations showed that cyclo-(GFSEV) indeed adopts 

the βII’+αR as the most populated conformation, but the population (~55%) appeared to be 

only marginally improved compared to the ~53% for cyclo-(AAAAA) already present in the 

cyclo-(X1AAAA) database. This observation implies that the preferences of single amino 

acids are non-additive and neighboring residues likely play a part in determining the 

structures cyclic peptides adopt. To capture the influence of neighboring residues, the 

authors simulated and analyzed the structural ensembles of cyclo-(X1X2AAA), where X1, 

X2 were each one of the eight amino acids A, D, F, G, N, R, S and V. These amino acids 

were chosen as representatives of the different types among the 20 standard amino acids to 

reduce the number of sequences involved. With these data, the authors developed a scoring 

function that estimates cyclic peptides’ structural preference.242 Using this scoring function 

to enumerate all possible cyclic peptide sequences, cyclo-(GNSRV) had the highest score for 

the βII’+αR conformation (Figure 12). BE-META simulations showed that cyclo-(GNSRV) 

was indeed well structured in this conformation, with a population of 67%. This result was 

further supported by NMR experiments.242

3.8. Systematic study of cyclo-(GnA6–n) and cyclo-(GnV6–n) [BE-META]

Using an optimized BE-META simulation protocol they had previously developed, McHugh 

et al. systematically explored the global structure ensembles for two families of cyclic 

peptides: cyclo-(GnA6-n) and cyclo-(GnV6-n) to gain further insight into the sequence–

structure relationship of cyclic hexapeptides.243 Using (ϕi, ψi) and (ψi, ϕi+1) as 2-D 

collective variables in BE-META, the simulations were able to achieve superior sampling 

and reach convergence sooner than targeting ϕ and ψ dihedrals individually. In all these BE-

META simulations, five neutral replicas with no bias were added to obtain unbiased 

equilibrium structural ensembles.

These two families of cyclo-(GnA6-n) and cyclo-(GnV6-n) contain a total of 27 cyclic 

peptides, with sequence permutations and symmetry taken into account. Most of the cyclic 

peptides tested adopted multiple conformations in solution. However, one of the cyclic 

peptides, cyclo-(VVGGVG), exhibited a single highly populated conformation: ~80% of the 
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population adopts two βII turns at residues 2–3 and residues 5–6 (Figure 13).243 This 

sequence is unique among the 27 cyclic peptides, as all the others (including, e.g., cyclo-

(VVGVGG), which has the same amino acid composition but different ordering of residues) 

adopted multiple conformations with small populations in solution.

In a recent study, Cummings et al. synthesized cyclo-(VVGGVG) and cyclo-(VVGVGG), 

and experimentally verified the respective structure predictions using NMR spectroscopy.244 

Cyclo-(VVGGVG) showed a wide spread in the amide region of 1H NMR, indicating a well-

defined structure; unique NOE patterns were observed and in agreement with the prediction 

of two βII turns at residues 2–3 and residues 5–6. On the other hand, cyclo-(VVGVGG) had 

a much narrower span in its amide 1H chemical shifts and exhibited multiple weak–strong 

NOEs, suggesting that the cyclic peptide adopts multiple conformations in solution.

To understand the importance of each Val residue at stabilizing the βII+βII structural motif 

adopted by cyclo-(VVGGVG), simulations were performed where each of the three Val 

residues was replaced with Ala. It was found that Val at position 1 was the most important at 

stabilizing this structure. Additional simulations of V1I, V1L, V1T, and V1S mutants 

suggested a critical role of β branching at position 1. These simulation predictions were also 

supported by experimental data from NMR spectroscopy.244

3.9. Cyclic peptoids [REMD]

Peptoids (poly-N-substituted glycines) are peptidomimetic oligomers in which side chains 

are appended to the backbone nitrogen, rather than connected to the Cα atoms, as they are in 

peptides. It is relatively easy to use various amines as monomers to incorporate a diverse 

range of side chains during peptoid synthesis, and even though peptoids do not have any 

backbone NH groups, they can fold into specific structures.245–249 Furthermore, peptoids are 

resistant to proteolysis,250 which makes them highly appealing as potential peptidomimetic 

therapeutics. While the trans isomer is generally preferred in most amide bonds in peptides 

(except those preceding a proline), cis amide bonds are frequently observed in peptoids, 

owing to the backbone N-substitution.128 Currently, the conformational landscape of 

peptoids is not as well understood as that of peptides, and the applicability of physical 

modeling to predicting the structures of peptoids has not been widely demonstrated. The 

work of Voelz et al.251 and Butterfoss et al.128 exemplifies the merit of REMD simulations 

in exploring the energy landscape of linear and cyclic peptoids. In these REMD simulations, 

to attain sufficient sampling across the cis/trans isomerization barrier, 800 K was chosen as 

the highest temperature; the number of replicas ranged from 8 to 24; each replica was run 

for 500 ns. It was shown that the General Amber Force Field (GAFF)215 and a Generalized 

Born/Surface Area (GBSA-OBC) implicit-solvent model252 were in general able to 

reproduce the experimental dihedral preferences of peptoids and the lowest-energy QM 

structures for small linear peptoids.251,253 However, acetyl-(S)-N-(1-phenylethyl)glycine-

dimethylamine (Ace-Nspe-NMe2) showed the opposite ϕ angle preference compared to the 

QM results, likely due to the inability of GAFF/GBSA-OBC to describe the n→π* 

interaction well.251 Furthermore, REMD simulations were performed on three peptoids 

whose experimental structures were known, including one cyclic peptoid, cyclo-(sarcosine8) 

(i.e. cyclo-octa-NMeGly) (Figure 14). The REMD simulation of cyclo-(sarcosine8) showed a 
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heterogeneous free-energy landscape with close to 30 cis/trans isomers present within 5 

kcal/mol of the lowest free energy. The most populated cis/trans isomer state in the REMD 

simulation was cttttttt (c: cis; t: trans), while ccttcctt, the cis/trans isomer state seen in the 

crystal structure of cyclo-(sarcosine8)254 was the third lowest free-energy state with a heavy-

atom RMSD of 0.64 Å from the experimental crystal structure. This computational 

prediction was consistent with the ambiguous isomeric states observed in NMR.254 Later on, 

Butterfoss et al.128 used REMD combined with QM refinement to predict the structure of 

three peptoids, including a cyclic peptoid cyclo-(Nspe)9, an (S)-N(1-phenylethyl) glycine 

nonamer. The predicted structure after QM refinement had the same cis/trans pattern of 

cccctccct and distorted planar amide bonds as the crystal structure, with a backbone RMSD 

of 1.0 Å. However, some discrepancy was observed between the experimental and predicted 

ϕ angles, likely due to crystal packing and the presence of a bound solvent molecule 

observed in the crystal structure.128

3.10. Water solubility and membrane permeability of cyclic peptidomimetics [McMD]

To investigate the relationship between the structural ensembles of cyclic peptides and their 

cell membrane permeability, Ono et al. simulated eight cyclic hexapeptides in explicit water, 

chloroform, and cyclohexane.190 For all the model cyclic peptides, residues 1, 2, and 6 were 

D-Pro, D-Leu, and L-Tyr, respectively; on the other hand, residues 3, 4, 5 could be D- or L-

Leu, yielding a total of 8 diastereomers (Figure 15). Even though these cyclic peptides had 

the same molecular weight, their cell permeability varied by more than two orders of 

magnitude.190 To understand the origin of such differences in cell permeability, the 

structural ensembles of these cyclic peptides were simulated in water, chloroform, and 

cyclohexane using McMD186 coupled with virtual systems187,188 and trivial trajectory 

parallelization (TTP-V-McMD).255 Eight virtual states were employed and a flat potential-

energy distribution between 280 K to 1525 K was obtained after 5–6 iterations. It was noted 

that although McMD simulations were usually performed to reach a flat potential energy 

distribution between 280 K to 700 K,256–261 1525 K was used as the highest temperature in 

this study to enhance the sampling of cyclic hexapeptides, which were expected to have 

higher energy barriers than linear peptides, as well as to sample the cis/trans isomerization 

of Pro. The AMBER-03 force field was used for the peptides;226 for the solvents, the TIP3P 

model was used for water,207 parameters from AmberTools 17262 were used for chloroform, 

and parameters derived from the Lipid14 force field263 and RESP264 charges were used for 

cyclohexane. The total length of the simulations was 6.72 μs for each system. The authors 

assessed the correlation between the cell permeability determined in a low-efflux MDCK 

cell line265 and the calculated structural properties of the cyclic peptides: intramolecular 

hydrogen bonds, solvent-accessible surface area (SASA), free-energy landscapes 

represented by molecular shapes (rod, sphere, and disk), and principal components from 

principal-component analysis of backbone RMSD. It was found that the average SASA in 

cyclohexane correlated well with the experimental cell permeability (R2=0.872). It was 

noted that, although chloroform was commonly used as a membrane mimetic, the 

correlation between the average SASA in chloroform and cell permeability was much 

weaker (R2=0.390). This observation is consistent with a previous finding that cyclohexane 

can serve as a good membrane-mimetic solvent.266 In addition, solubility in water was found 

to correlate with the average SASAs in explicit water (R2=0.755).
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Very recently, the same group studied the role of chameleonic properties in the membrane 

permeability of cyclic peptide-peptoid hybrids.267 It was previously proposed that 

macrocycles can adopt more polar conformations in water while adopting more nonpolar 

conformations in low-dielectric environment, and such chameleonic properties underpin 

their high water solubility and membrane permeability.268–270 By studying two libraries of 

cyclic peptide-peptoid hybrids, Furukawa et al. found that it is possible for both chameleonic 

and nonchameleonic compounds to achieve high membrane permeability and good water 

solubility.267 McMD was used to study the structural ensembles of two cyclic peptide-

peptoid hybrids that both showed high membrane permeability. The simulation results 

confirmed that one compound was indeed nonchameleonic, adopting similar, rigid 

conformations in chloroform, acetonitrile, DMSO, and water, while the other compound was 

chameleonic, adopting different conformations in different solvents and also becoming more 

heterogeneous as the solvent polarity increased.267

3.11. Disulfide-bonded Boc-Cys-Pro-Xaa-Cys-OMe tetrapeptides [REMD]

Disulfide-bonded cyclic tetrapeptides with the sequence of Boc-Cys-Pro-Xaa-Cys-OMe 

have been shown to typically adopt a β turn at the Cys-Pro-Xaa-Cys motif (Figure 16), 

where Boc is a tert-butyloxycarbonyl protecting group, OMe a methoxy group, and Xaa a 

natural or artificial amino acid.271–273 The small size of these model peptides facilitates the 

use of spectroscopy analysis, including NMR, IR, CD, and VCD, as well as simulation 

methods, to characterize their structures. Merten et al. and Li et al. conducted a series of 

studies to characterize the conformational landscape of disulfide-bonded Boc-Cys-Pro-Xaa-

Cys-OMe, with Xaa being glycine (peptide 1), L-leucine (peptide L-2) or D-leucine (peptide 

D-2) (Figure 16).131,272,274 The authors utilized REMD with quantum mechanics/molecular 

mechanics for conformation sampling and energy evaluation, together with a number of 

experimental techniques to investigate how solvent and the change of a single stereocenter 

(from L-Leu to D-Leu) affect the structures of these model peptides.131,272,274 For REMD 

simulations, the OPLSAA/L force field216 and a polar solvent, acetonitrile (CH3CN), were 

used; 23 replicas were spread in the temperature range of 290–400 K; the replica lengths 

ranged from 60 to 120 ns for different systems.131,274 The simulations showed that at 300 K, 

peptide 1 in Figure 16 predominantly adopts a type-II β turn (βII turn) at Pro2–Gly3, with a 

small population (7%) adopting a type-I β turn (βI turn) at the same location.131 On the 

other hand, peptide L-2 was found to adopt both the βI and βII conformations near 300 K, 

but the population of the βII structure decreased to 84%. A single stereocenter change of 

substituting Leu2 with a D-Leu, however, led to a well-structured peptide, which exclusively 

adopted the βII conformation at 300 K.274 These results were consistent with the NMR, IR 

and CD observations.272,274 VCD results suggested that peptide 1 notably adopted both βI- 

and βII-turn structures; L-2 predominantly adopted the βI-turn structure and D-2 

predominantly adopted the βII-turn structure.131 Compared to the VCD results, REMD 

overestimated the amount of the βII-turn structure for peptides 1 and L-2, but recapitulated 

the relative trend that the likelihood of adopting the βII-turn structure was D-2>1>L-2.131,274 

When it comes to the effects of solvent, MD simulations on peptide 1 in the gas phase, in 

acetonitrile, and in water revealed that the conformer group with a longer Cys1…Cys4 

hydrogen bond distance (3.0 to 4.0 Å) was preferred (66.2%) in the gas phase. However, in 

solvent, the most preferred conformer group had a Cys1…Cys4 hydrogen bond length 
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between 2.2 and 3.0 Å, showing the effect of peptide-solvent interactions. Differences 

between solvents were observed—in water, the population of the most preferred conformer 

group is lower than in acetonitrile (73.4% vs. 78.7%). The authors interpreted this to be a 

result of strong cooperative effects between the water molecules, which can form more 

hydrogen bonds, weakening the peptide–solvent interaction.272

3.12. Sequence reversal effect on cyclic peptide structure [PTWTE]

The asymmetric structure of the amide bond (CONH) means that peptides are 

nonpalindromic; in other words, reversing the sequence of a peptide yields a different 

compound from the original peptide. While this observation may be trivial, it raises the 

question of whether there is a relationship between a peptide’s structural preferences, and 

those of its retroisomer. Retroisomerization is commonly applied in conjunction with 

chirality change, as part of retro-inverso drug design to achieve the same sidechain 

orientation as the original peptide but with improved enzyme stability.275–277 It is thus 

important to understand the impact sequence reversal has on peptide structure. An early 

hypothesis that retroisomers would assume structures that are mirror images of one 

another278 has since been disproven by CD, NMR, and X-ray crystallography 

experiments279,280.

Recently, Zerze et al. investigated the effect of sequence reversal on the conformational 

preferences of a number of peptide systems, including two cyclic peptides: cyclo-

(GHGAYG) and cyclo-(GRCTKSIPPICFPD), the latter of which also contains a disulfide 

bridge between the cysteine residues.281 The authors performed PTWTE simulations using 

the AMBER-03w force field282 and the TIP4P/2005 water model.241 Seven replicas in the 

300–450 K range were used for each system, with a bias factor of 10 for cyclo-(GHGAYG), 

and 16 for cyclo-(GRCTKSIPPICFPD); the replicas were run for at least 300 ns for each 

system. The same simulation parameters were used for their respective retroisomers.

The authors assigned structural features to the peptides’ residues based on the values of the 

backbone dihedral angles in the most populated cluster. The hexapeptide cyclo-(GHGAYG) 

and its retroisomer cyclo-(GYAGHG) displayed different conformational preferences 

between the two cyclic peptides when comparing residues 1–6 of cyclo-(GHGAYG) to 

residues 6–1 of cyclo-(GYAGHG). Both cyclic peptides were found to form type-I β turns at 

their respective residues 3–6, further suggesting that retroisomerization didn’t lead to a 

symmetric transformation of structural preferences. For cyclo-(GRCTKSIPPICFPD), Zerze 

et al. found that the retroisomer showed local α-region dihedral preferences centered at 

Lys-10, as well as polyproline-II-region dihedral angles at residues Ile-5 to Pro-7. Neither of 

these features were observed in cyclo-(GRCTKSIPPICFPD) itself, which predominantly 

assumed β-strand-like dihedral angle values. These findings suggest that, in retro-inverso 

drug design, it is important to consider structural changes brought about by 

retroisomerization, in addition to the impact of chirality change.
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4. Using MD simulations to elucidate the solution structures of cyclic 

peptides: Target-focused studies

4.1. α-Fetoprotein-derived cyclic peptides [REMD]

REMD has been applied to enhance the conformational sampling of cyclic peptides and 

provide structural insights to help understand and design antiestrogenic peptides.283,284 

These peptides are derived from α-fetoprotein, which displays antiestrogenic activity and 

can inhibit estrogen-dependent breast cancer.285,286 Further studies suggested that an 

octapeptide EMTPVNPG, residues 472–479 of the human α-fetoprotein, was the minimal 

sequence that afforded the antiestrogenic activity.287–289 Unfortunately, rational design of 

more lead compounds is challenging because little structural information is available on how 

α-fetoprotein interacts with its receptors. Nonetheless, it was reported that EMTPVNPG, 

EMTPTNPG, cyclo-(EMTPVNPGQ), cyclo-(EKTPVNPGQ), and cyclo-(EKTPVNPGN) all 

displayed antiestrogenic activity and were able to inhibit breast cancer to an extent 

comparable to the full α-fetoprotein (residues the same as those in the original octapeptide 

sequence are underlined).290 To identify common structural features these five active 

peptides share and help design more active compounds, Shields and coworkers used REMD 

simulations to characterize the solution structural ensembles of these peptides.283,291,292 The 

REMD simulations were carried out using the AMBER-99SB force field and an implicit 

water model,293,294 with 8 replicas spanning temperatures from 265 K to 700 K for 20 ns. 

Shields and coworkers found that all five of these active peptides adopted a type-I β turn at 

residues TPXN (Figure 17).283 To further test the importance of this β-turn motif, REMD 

simulations of EMTPVNP, TPVNP, TPVN, and PVNP were performed and their ability to 

inhibit estrogen-stimulated growth of immature mouse uterus was measured. Shields and 

coworkers found that the inhibition activity correlated with the extent to which the peptide 

forms the β-turn conformation at TPVN.

4.2. Apelin-derived cyclic peptides [REMD]

The apelin receptor (also known as the APJ receptor) is a G protein-coupled receptor that is 

involved in a number of physiological functions, including the control of blood pressure and 

cardiac contractility.295 Apelin peptides are endogenous peptide ligands for the apelin 

receptor and exist in several isoforms, corresponding to C-terminal segments of varying 

lengths of the initial 55-residue proprotein. One of these peptides is apelin-13, a 13-residue 

peptide with the sequence QRPRLSHKGPMPF.296 Alanine-scanning studies on this peptide 

have shown that residues 2RPRLS6 and 8KGPM11 are the most important with regard to 

binding to the apelin receptor.297,298 NMR experiments on apelin-17, a 17-residue isoform 

of apelin-13, suggest that the 2RPRL5 residues adopt a type-IV β turn in solution and a type-

I β turn in the presence of micelles.299,300 To understand the role of the RPRL motif in how 

the peptide binds to the apelin receptor, Macaluso and Glen designed 4 head-to-tail cyclic 

peptides, cyclo-(1QRPRLS6), cyclo-(1QRPRLSH7), cyclo-(1QRPRLSHK8), and 

cyclo-(1QRPRLSHKG9).301 REMD simulations were used to characterize the structural 

ensembles adopted by these cyclic peptides. The REMD simulations were carried out using 

the OPLS-AA force field and the TIP3P water model,207,302 with 16 replicas spanning 

temperatures from 298.0 to 352.8 K for 25–35 ns. Dihedral analysis showed that 
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cyclo-(1QRPRLS6) and cyclo-(1QRPRLSH7) predominantly adopted β turns at residues 

RPRL (Figure 18), with 90% of cyclo-(1QRPRLS6) forming a type-II β turn and 51% and 

10% of cyclo-(1QRPRLSH7) forming a type-II and type-I β turn, respectively, at residues 

RPRL during the simulations. In contrast, cyclo-(1QRPRLSHK8) and 

cyclo-(1QRPRLSHKG9) tended to adopt a β turn at residues RLSH instead, with 49% and 

21% cyclo-(1QRPRLSHK8) forming a type-II and type-I β turn, respectively, and 21% of 

cyclo-(1QRPRLSHKG9) forming a type-I β turn at residues RLSH during the simulations 

(Figure 18). In vitro experiments showed that cyclo-(1QRPRLS6) and cyclo-(1QRPRLSH7) 

displayed much stronger inhibition than cyclo-(1QRPRLSHK8) and 

cyclo-(1QRPRLSHKG9), suggesting that a β turn at residues RPRL is indeed vital to 

binding to the apelin receptor. It was also noted that, although the larger cyclic peptides had 

more residues derived from apelin-13, the head-to-tail cyclization stabilized a β turn at 

residues RLSH via a side chain–backbone hydrogen bond. The subsequent absence of a β 
turn at residues RPRL led to a decrease in binding affinity for the apelin receptor.

Later on, to facilitate the design of bivalent ligands for the apelin receptor, REMD 

simulation was used to verify that disulfide-bonded CRPRLC also adopted a β turn at 

residues RPRL.303 Two disulfide-bonded CRPRLC motifs were then connected with various 

linkers, generating [CRPRLC]-A-[CRPRLC], [CRPRLC]-AA-[CRPRLC], [CRPRLC]-GG-

[CRPRLC], [CRPRLC]-HK-[CRPRLC], and [CRPRLC]-KH-[CRPRLC]. REMD 

simulations showed that all these bivalent designs formed multiple structural clusters in 

solution but tended to adopt a β turn at residues RPRL. Experimental competition and 

affinity assays found that [CRPRLC]-KH-[CRPRLC] to be a promising competitive 

antagonist for the apelin receptor.303 In a later study, [CRPRLC]-KH-[CRPRLC] was shown 

to suppress glioblastoma growth, by preventing apelin-regulated expansion of glioblastoma 

stemlike cells.304

4.3. LapD-derived cyclic peptides [REMD]

Simulating the behavior of proposed candidate molecules can help streamline the process of 

designing and screening peptides or peptidomimetics that primarily adopt desired 

conformations. To demonstrate the potential usefulness of MD simulations in cyclic peptide 

design, Razavi et al. used REMD simulations to efficiently sample the conformational space 

and computationally screen 20 cyclic peptidomimetics designed to mimic a β-hairpin 

structure of the bacterial protein LapD.305 This β hairpin of LapD is critically involved in 

the interaction between LapD and LapG, a key protein–protein interaction for bacterial 

biofilm formation.306,307 Inspired by the hairpin sequence VSRGWEQAA of LapD from P. 
fluorescens, two scaffolds were designed to preserve its hydrogen bonding pattern and the 

salt bridge between the Arg and Glu residues. The first scaffold is a doubly cross-linked 9-

mer bearing the same 9-amino-acid sequence 1VSRGWEQAA9, with one central linker 

connecting the side chains of Ser2 and Gln7, and a peripheral linker connecting the 

backbones of Val1 and Ala9 (Figure 19). For this scaffold, four stereochemical and 

substitutional effects were investigated: L- or D-valine at residue 1, E or Z double bond in 

the central linker, E or Z double bond in the peripheral linker, and H or CH3 as the R group 

of the peripheral linker, resulting in a total of 16 designs, herein called L-Val-E-E-H, L-Val-

E-E-CH3, etc (Figure 19). The second scaffold contained only the middle seven residues, 
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SRGWEQA, with a single peripheral linker connecting the backbones of Ser and Ala. For 

this scaffold, the double bond in the peripheral linker could be in the E or Z form and the R 

group of the peripheral linker was chosen to be either H or CH3, resulting in a total of 4 

designs.

All 20 of these cyclic peptide designs were first simulated using REMD with implicit 

solvent. The AMBER-96 force field225 was used for the standard amino acids and the GAFF 

force field215 for other moieties of the cyclic peptide molecules, along with the GBSA-OBC 

implicit solvent;252 24 replicas spanning in the temperature range of 300–1000 K were used 

and each replica was run for 1–2 μs. Because the high temperatures used in the REMD 

simulations caused trans/cis isomerization of the backbone amide bonds, only all-trans 
configurations were selected for analysis.

To screen for cyclic peptide designs that best mimic the target β-hairpin structure, the free-

energy profile of each system was generated with respect to the RMSD from the X-ray 

structure, calculated using the backbone and Cβ atoms of the six residues in the hairpin, 

SRGWEQ. It was found that while none of the 7-mer designs mimicked the target β-hairpin 

structure well, the free-energy profiles of the 9-mer designs did show a basin near an RMSD 

of 1.5 Å (called “near-native”) and a basin with RMSD <1 Å (defined as “nativelike”). 

Among all the sixteen 9-mer designs, L-Val-E-Z-H, L-Val-E-Z-CH3, D-Val-E-Z-H, and D-

Val-E-Z-CH3 sampled the highest percentage of the nativelike structures at 300 K. It was 

also noticed that while changing the R group from H to CH3 as in the L-Val-E-Z-H and L-

Val-E-Z-CH3 designs resulted in a destabilization of the nativelike conformation relative to 

the near-native conformation by ~0.5 kcal/mol, changing the R group from H to CH3 as in 

the D-Val-E-Z-H and D-Val-E-Z-CH3 designs resulted in a stabilization of the nativelike 

conformation relative to the near-native conformation by ~1 kcal/mol.

The four best designs (L-Val-E-Z-H, L-Val-E-Z-CH3, D-Val-E-Z-H, and D-Val-E-Z-CH3) 

were then subjected to large-scale parallel explicit-solvent MD simulations using 

Folding@home.308 The AMBER-99SB-ILDN force field218 with the TIP3P water model207 

was used and a total of over a millisecond of simulation trajectory data were collected. 

Markov state models built from these simulations verified that these designs indeed adopted 

native or nativelike conformation with significant populations. Although these designs and 

insight were purely computational, the study demonstrated how MD-based methods can be 

applied to characterize and understand the conformational space of cyclic peptides and aid 

their screening and rational design.305

4.4. Lens epithelium-derived growth factor-derived cyclic peptides [metadynamics]

The viral enzyme HIV integrase is considered an anti-HIV drug target due to its involvement 

in HIV replication.309,310 More specifically, the entry of the HIV pre-integration complex 

(PIC) and its localization to host DNA is mediated by the interaction between HIV integrase 

and the lens-epithelium-derived growth factor (LEDGF).309,311 LEDGF contains a hot loop 

in the form of a type-I β turn at residues 364–367 (sequence KIDN). Northfield et al. 
designed four cyclic peptides with the goal of mimicking this hot loop: disulfide-bonded 

Ace-CKIDNC-NH2, cyclo-(PKIDNp), cyclo-(PKZDNv), and cyclo-(PKIDNG), with 

lowercase letters denoting D-amino acids, and Z denoting norleucine.312
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X-ray structures of the peptide–integrase complex showed that these peptides bound to the 

HIV integrase via conformations closely matching the shape of the LEDGF binding loop; 

however, the measured affinities were > 10 mM for cyclo-(PKIDNG), and in the low 

millimolar (3–6 mM) range for the other peptides.312

To explain the extremely low binding affinity of cyclo-(PKIDNG), Northfield et al. 
calculated its binding free energy by first performing umbrella sampling simulations to 

gradually pull the ligand from its binding site, leading to a projected Kd of 2.49 mM at 300 

K. However, as umbrella-sampling simulations can overestimate free energies due to 

insufficient sampling and underestimation of the entropic cost of binding, the authors further 

conducted well-tempered metadynamics simulations to characterize the cyclic peptide’s 

conformational ensemble in solution. Three transpeptide distances were used as the 

collective variables, and the simulations were run under the GROMOS-54a7 force field with 

SPC/E water for 100 ns.212,240 The conformation that had the lowest energy in solution had 

a backbone RMSD of 1.63 Å from the bound pose. In solution, the bound pose was 6.77 

kJ/mol higher in energy compared to the lowest-energy solution conformation. The 

calculated Kd of 30.1 mM agreed with the experimental value. These results show that it is 

critical to know the solution structural ensembles adopted by cyclic peptides to understand 

their binding affinity.

4.5. Neuropeptides: oxytocin, vasopressin, and urotensin II [REMD, metadynamics]

Oxytocin and vasopressin are two cyclic peptide hormones that are involved in social 

cognition and bonding, with vasopressin also acting as an antidiuretic hormone.4 While their 

primary biological roles are distinct, both oxytocin and vasopressin are nonapeptides with a 

six-membered tocin ring formed by a Cys1–Cys6 disulfide bond and a three-residue-long 

amidated tail. The sequences of oxytocin and vasopressin, CYI3QNCPL8G-NH2 and 

CYF3QNCPR8G-NH2, respectively, differ in only two residues at positions 3 and 8 (Figure 

20). Oxytocin and vasopressin are secreted by the posterior pituitary gland in complex with 

their neurophysin (NP) carrier proteins (oxytocin with NP I and vasopressin with NP II),
313,314 which shepherd the peptide hormones to their corresponding target receptors. The 

oxytocin receptor is a G-protein coupled receptor, notably expressed in the mammary glands 

and the uterus at the end of pregnancy. The oxytocin pathway is involved in inducing 

contractions during birth. The oxytocin receptor is also expressed in the central nervous 

system and regulates a variety of social behaviors – bonding, anxiety, sexual and aggressive 

behavior, among others. Vasopressin, on the other hand, binds to a number of receptors, 

classified into three main subtypes – V1 (or V1A), V2, and V3 (or V1B). The V2 receptor is 

expressed in the kidney tubule, and loss of its function is associated with nephrogenic 

diabetes insipidus.315–317

Owing to their sequence similarities, it is not surprising that oxytocin and vasopressin can 

also interact with each other’s receptors.318 Similar to other intrinsically disordered 

peptides, the spectroscopic characterizations of these two cyclic peptides in solution suggest 

averaging over a number of conformations,108,109 and crystal structures have only been 

resolved for deamino-oxytocin,319 for the cyclic moiety of vasopressin,320 or in complexes 

with their carrier proteins.313,314 In addition, a crystal structure has been obtained for a 
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trypsin–vasopressin complex, suggesting vasopressin could be used to inhibit this enzyme.
321 Therefore, to better understand the solution structures adopted by these two peptide 

hormones and the effects of mutations, various computational methods including molecular 

mechanics, Monte Carlo, MD, REMD, and metadynamics have been employed.322–325 

Below we focus on discussing recent computational studies that used modern force fields 

and enhanced sampling methods to characterize the solution structural ensembles of 

oxytocin and vasopressin.323–325

To characterize the solution structural ensemble of vasopressin, Haensele et al. used 

microsecond MD simulations and well-tempered metadynamics.323,324 In a 23 μs long MD 

simulation with the AMBER-99SB force field and the TIP4P-Ew water model,217,294 four 

major conformations of the tocin ring, open, saddle, clinched-open, and twisted saddle, were 

identified, while the three-residue tail was found to switch between an extended and a folded 

conformation frequently. Using these conformations as a path variable, Haensele et al. 
performed well-tempered metadynamics simulations to calculate the relative free energies 

for these four conformations, which showed that the saddle and clinched-open structures 

predominate in solution with ~70% and ~30% of the total population, respectively.324 DFT 

calculations were then performed on the representative structures for each conformation to 

calculate the isotropic magnetic shielding for 1H and 13C, which was then converted to 

chemical shifts and weighted by the equilibrium population from the metadynamics 

simulations. The calculated 1H chemical shifts reproduced the experimental values with a 

standard error of < 0.24 ppm, whereas the error was < 2.2 ppm for 13C chemical shifts.

In addition to the oxytocin receptor, it is known that native oxytocin is capable of interacting 

with the V2 receptor for vasopressin.326 Studies aiming to develop more specific agonists for 

these receptors have shown that the single mutation Q4T increases oxytocin’s binding 

affinity and activity for the oxytocin receptor twofold, but reduces the activity for the V2 

receptor for vasopressin to 10–25% of that of native oxytocin.327–329 On the other hand, the 

double mutation Q4T/P7G reduces the activity for the oxytocin receptor to < 1/3 of native, 

and the activity for the V2 receptor for vasopressin to essentially zero. Additionally, two rare 

vasopressin mutations have been implicated in different mechanisms of the pathogenesis of 

diabetes insipidus.330 The Y2H mutant likely does not bind to the carrier protein NP II 

correctly, which makes it difficult for it to leave the posterior pituitary. P7L can bind NP II, 

but has a lower receptor binding affinity.331

Hypothesizing that geometric features of the solution structure of intrinsically disordered 

peptides like oxytocin and vasopressin may influence their binding affinity and specificity 

for receptors, Yedvabny et al. performed reservoir REMD simulations on the native and 

mutant sequences of these two cyclic peptides, i.e. oxytocin, oxytocin Q4T, oxytocin Q4T/

P7G, vasopressin, vasopressin Y2H, vasopressin Y2H+ (where the histidine was 

protonated), and vasopressin P7L.325 Twenty-four replicas ranging from 298.15 to 442.45 K, 

and a reservoir of structures pre-equilibrated at 450 K were used. The production run was 50 

ns long for each replica, under the AMBER-99SB-ILDN force field, with ϕ and ω 
corrections, and TIP4P-Ew water.217,218,332,333
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The simulation results showed that both oxytocin and vasopressin adopt two sub-ensembles, 

one with a compact C-terminal tail, and another where the tail is extended. There were 

indeed differences in the populations of different transannular hydrogen bonds within the 

tocin ring between vasopressin and oxytocin. However, overall, both peptides adopted a β 
turn and an α turn within the tocin ring, stabilized by backbone hydrogen bonds between 

residues 2 and 5 and between residues 2 and 6, explaining the cross-agonism oxytocin and 

vasopressin display with each other’s receptors.

As mentioned above, the Q4T mutation of oxytocin results in a higher binding affinity for 

the oxytocin receptor, but a lower binding affinity for the V2 receptor for vasopressin, while 

Q4T/P7G mutations severely reduce the affinity for both receptors, virtually eliminating it in 

the case of the V2 receptor for vasopressin.327,328 In the simulations, oxytocin Q4T was 

found to be more rigid than native oxytocin, adopting a higher percentage of the compact 

structure and forming 6–9 and 7–9 hydrogen bonds more frequently. The double mutant 

maintained the canonical ring structure; however, the 6–9 β-turn population decreased to 

11% (compared to 50% and 71% for the native and single mutant forms, respectively), 

meaning that the tail adopts a variety of other interactions with the tocin ring. These 

observations suggest that rigidity of the tocin ring and the tail compactness are factors which 

influence oxytocin binding affinity.

Simulations of vasopressin mutants also yielded results consistent with hypotheses based on 

experimental results. The Y2H mutant was found to frequently (82%) form a hydrogen bond 

between the His side chain and the tocin backbone, making it unlikely for the side chain to 

be exposed and available for neurophysin binding. The P7L mutant showed no distinct 

compact or extended conformations, and instead formed an evenly distributed ensemble. It 

also failed to maintain the canonical tocin ring, much like the Y2H+ mutant. These two 

mutants were found to have a much higher population within a 2.5 Å RMSD to a trypsin-

inhibiting vasopressin structure than the others, lending support to Christensen et al.’s 

hypothesis that the P7L mutant could prevent enzymes from excising the hormone from the 

proform.325,330

Yedvabny et al. also showed that the predicted structural ensembles strongly depend on the 

force fields used.325 For example, while the AMBER-99SB-ILDN force field with ϕ and ω 
corrections218,332,333 predicted that oxytocin would adopt two subensembles with Rg 

centered around 4.3 Å and 5.4 Å, the AMBER-99SB294 force field predicted an additional 

structure with a much more extended tail conformation. This new structure lacks the typical 

2–5 and 2–6 hydrogen bonds seen in a tocin ring.

The 6-membered disulfide-bridged ring is also seen in other neuropeptides, notably in 

urotensin II — the strongest known vasoconstrictor, involved in the function of the 

cardiovascular, endocrine, and renal systems.334–337 In addition to the 6-membered ring, it 

also contains an N-terminal tail, the length of which varies among species.335,337 Replacing 

the tail with a single alanine residue yields urotensin-related peptide (Figure 21), which 

displays similar binding affinity for the urotensin II receptor.338,339
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Haensele et al. performed conventional MD and REMD simulations of both human 

urotensin II and urotensin-related peptide in solution in order to determine their 

conformational equilibria, and elucidate the effect of the tail presence on conformational 

behavior of urotensin II.340 The conventional MD simulations on the 10 μs scale (35 μs for 

urotensin II and 22.8 μs for urotensin-related peptide) yielded few interconversions between 

states, suggesting enhanced sampling was needed to exhaustively explore the conformational 

space of these peptides. To that end, for each peptide, the authors performed three sets of 

500 ns REMD simulations with different initial conformations. 64 replicas were used, 

spanning a temperature range from 298 K to 543 K, using the AMBER-99SB force field294 

and the TIP3P water model.207 Proton chemical shifts were calculated based on the 

equilibrium populations, and compared to NMR experimental data.

Both peptides were found to assume multiple conformations in solution but unlike 

vasopressin, urotensin II and urotensin-related peptide preferred an open-ring conformation 

than a folded-ring conformation (open: with no or sparsely populated transannular hydrogen 

bonds; folded: with highly populated transannular hydrogen bonds). The ratio of 

open:folded ring conformation was 72:28, 71:29, 79:21 from the three sets of REMD 

simulation for urotensin II and 86:14, 94:6, 91:9 for urotensin-related peptide, suggesting 

that the folded conformation is more stable in urotensin compared to urotensin-related 

peptide. By calculating the chemical shifts from each of the three sets of REMD simulations 

and comparing the results to the experiments, the authors found that the REMD simulation 

with 72:28 open:folded for urotensin II and the REMD simulation with 86:14 open:folded 

for urotensin-related peptide were the most consistent with the NMR results. It was noted 

that there were multiple subtypes of conformations within the open and folded states and it 

was rather challenging to converge the population distribution of these subtypes.340

When it comes to tail conformations, principal-component analysis results implied 

covariance between ring (open and folded) and tail (folded and extended) conformations in 

most cases. This correlation could potentially explain the differences in bioactivity between 

urotensin II and urotensin-related peptide. This behavior also distinguishes urotensin II from 

vasopressin,323 likely due to urotensin II’s longer tail enabling ring–tail interactions such as 

hydrogen bonding.340

4.6. Photoswitch-embedded cyclic peptides [REMD]

As peptides become increasingly promising inhibitors of protein–protein interactions, 

further incorporating a photoswitch linker in the construct has been proposed to reversibly 

control the structures and functions of the molecules.341–347 For example, Moroder and 

coworkers used ACATCDGF, residues 134–141 in the active site of thioredoxin reductase to 

develop photoswitchable cyclic peptides.348–351 In thioredoxin reductase, these 8 residues 

are disulfide-bonded and form a 310 helix;352 the octapeptide fragment in its oxidized form 

retains such helicity.353 Because of its high helix propensity, the sequence ACATCDGF was 

chosen to study the effects of embedding an azobenzene photoswitch. The backbone of the 

octapeptide was cyclized with 4-(4-aminomethyl)phenylazobenzoic acid to create a bicyclic 

peptide (bcAMPB in Figure 22). NMR experiments showed that the cis- and trans-azo-

isomers of this photoswitch-embedded cyclic peptide had different flexibility.350 Using the 
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NMR restraints, 10 lowest-energy structures were derived. The 10 structures of the trans-

azo-state formed a rather tight ensemble with a backbone RMSD of 0.19 Å. On the other 

hand, the cis-azo-state appeared frustrated and adopted multiple conformations (backbone 

RMSD 1.54 Å).

To test whether simulations can be used to predict the structures of such photoswitchable 

cyclic peptides, Nguyen et al. used REMD simulations to sample the structural ensembles of 

both the trans- and cis-azo-isomers and characterize their free-energy landscapes.354 Twenty 

eight replicas ranging from 295 K to 453 K were used and each replica was run for 10 ns. 

The GROMOS96–43a1 force field was used for the peptide,355 and united-atom DMSO by 

Liu et al. was used for the solvent.356 The parameters for the azobenzene unit were derived 

using Gaussian98.357 Two separate sets of REMD simulations were performed for the cis- 

and trans-azo-isomers, respectively. It was found that the REMD replica at 295 K agreed 

well with the experimentally derived NMR interproton distance restraints. The trans-azo-

isomer was shown to be rather well-structured, adopting two states differing in the dihedral 

preference of residue Gly7. The simulated cis-azo peptide depicted a “frustrated” picture, in 

which at least four conformers were identified. Nguyen et al. further pointed out that REMD 

simulations were necessary to obtain the correct structural ensemble for bcAMPB. For 

example, the cis-azo-isomer was clearly trapped during the conventional MD simulation at 

295 K; on the other hand, while the peptide sampled the free-energy landscape better during 

the conventional MD simulation at 453 K, the resulting conformational distribution did not 

resemble the results at room temperature.

4.7. RGD-related peptides [REMD, metadynamics, BE-META]

Integrins are transmembrane α/β heterodimer receptors and they interact with many proteins 

in the extracellular matrix (ECM). These integrin–protein interactions are critically involved 

in cell adhesion and migration, and their importance in cancer progression and metastasis 

makes integrin antagonists promising anticancer therapeutics.358 The tripeptide Arg-Gly-

Asp (RGD) motif, first discovered in the FN-III10 repeat of fibronectin (FN),359 is found in a 

number of ECM proteins and is identified as an important motif that binds to several 

members of the integrin family, notably integrins αIIbβ3, αvβ3 and αvβ5.360–364 Various 

designs of RGD-containing cyclic peptides have since been developed to selectively target 

specific integrins.203,234,365,366 Among the cyclic peptides studied, cilengitide, cyclo-

(RGDfV), where the lowercase f denotes D-Phe and the underlined V denotes N-methylated 

Val, had previously drawn special attention. Designed by Kessler et al.234,367, cilengitide had 

been shown to be a selective inhibitor for integrin αvβ3 in vitro234,367,368 and had 

demonstrated efficacious tumor regression in vivo, though clinical trials were eventually 

unsuccessful.204,205,369 The crystal structure of cilengitide in complex with a segment of 

integrin αvβ3 has also been resolved (PDB ID: 1L5G).202

The primary focus of a number of studies on RGD-containing peptides has been the extent 

to which the desired bioactive conformation is stabilized in solution. These efforts have 

resulted in a rich amount of information on the structural features of these peptides and 

provided ideal benchmarks for testing computational methods for structure prediction of 

cyclic peptides. For example, to verify whether simulation could be used for modeling cyclic 
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peptides, Wakefield et al. performed REMD simulations of 18 RGD-containing cyclic 

pentapeptides (Figure 23).370 These cyclic peptides, including cilengitide, contained D-

amino acids, N-methylated amino acids and/or other non-natural amino acids, and NMR 

data had been previously published for 13 of them.234,366,371,372 The REMD simulations 

were carried out using the AMBER-96 force field225 (with GAFF215 for non-standard amino 

acids) and the GBSA-OBC solvation model,252 with 8 replicas spanning temperatures from 

300 K to 450 K and a simulation time of 2.4 μs for each replica. For the 13 cyclic peptides 

for which NMR results were available, the average violations against the experimental NOEs 

were all reasonably small (<0.4 Å) with R2 of 0.444–0.805. It was found that although 

cilengitide was not as well-structured as most of the other cyclic peptides, the most 

populated cluster (5.3%) of cilengitide indeed resembled the structure of cilengitide bound 

to integrin (PDB ID: 1L5G), consistent with its strong binding affinity. It was also observed 

that, although N-methylation has the potential to increase backbone flexibility by increasing 

the amide cis/trans isomer ratio, in the cyclic peptides tested N-methylation in general 

reduces the conformational entropy by about 0.5 kcal/mol.370

One of the greatest obstacles to effective therapeutic use of cyclic peptides is the difficulty 

associated with determining their structures, and additionally, the effects of popular 

modifications commonly used to fine-tune cyclic peptide properties, such as N-methylation. 

To examine the impact of N-methylation on cyclic peptide structure and binding affinity, 

Paissoni et al. simulated an RGD-containing cyclic hexapeptide, cyclo-(GRGDfL), along 

with four derivatives with various N-methylation patterns (Figure 24) using BE-META, 

docking, and Prime/MM-GBSA rescoring.236 More specifically, the sequences of the five 

cyclic peptides were: (1) cyclo-(GRGDfL), (2) cyclo-(GRGDfL), (3) cyclo-(GRGDfL), (4) 

cyclo-(GRGDfL), and (5) cyclo-(GRGDfL), where f denotes D-Phe, and N-methylated 

amino acids are underlined. The IC50 values for integrin αIIbβ3 of all five cyclic peptides 

had been previously published.373 Out of these five cyclic peptides, cyclic peptides 2 and 5 

were the most potent binders for integrin αIIbβ3 with IC50 on the order of 10−8 M (Figure 

24).373 To determine whether simulation could be used to characterize the structural 

ensembles of these cyclic peptides and rationalize their different binding affinity for integrin 

αIIbβ3, Paissoni et al. first used BE-META to exhaustively sample the conformational 

landscape of the cyclic peptides. Six replicas were used to bias the ϕ and ψ angles of non-

glycine residues, and each replica was run for 320 ns. The all-atom OPLS force field216 and 

the TIP3P water model207 were used. Four major conformations (called minima A–D) were 

identified from the BE-META simulations and cluster analysis, and the populations of each 

minimum for the five cyclic peptides were calculated. It was found that cyclic peptides 2 and 

5, the two cyclic peptides that have the lowest IC50 values, both favored minimum B 

(population of minimum B was 0%, 73%, 0%, 37%, and 82% for cyclic peptides 1–5, 

respectively).

To understand how these structural differences affect the cyclic peptides’ binding affinity for 

integrin αIIbβ3, the structures sampled from the four minima discovered in the BE-META 

simulations were then docked to the crystal structure of integrin αIIbβ3 (PDB ID: 2VDN374) 

using the Glide software tool to generate decoy poses.375 The decoy poses were then 

clustered based on RMSD and ranked using Prime/MM-GBSA, which had been shown to 

give more accurate binding affinity predictions for polypeptides than Glide.376 As a result of 
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docking and Prime/MM-GBSA rescoring, the canonical interactions between Arg and Asp 

in the RGD motif and the integrin αIIbβ3 binding surface374 were reproduced in the three 

top-ranked clusters with the best cluster exhibiting additional stabilizing hydrophobic 

interactions compared to the other two. Importantly, all the conformations in the best cluster 

originated from minimum B. This finding is consistent with the observation that cyclic 

peptides 2 and 5, which strongly favored (>70%) conformation B, showed the highest 

affinities for integrin αIIbβ3 (Figure 24).

isoDGR.—Recently, another peptide sequence, Asn-Gly-Arg (NGR), located in the FN-I5 

and FN-I7 repeats of fibronectin, has been found to also be able to bind to integrin αvβ3 

upon deamidation of the asparagine residue into isoaspartate (isoD) (Figure 25A).377 The 

resulting isoD-Gly-Arg (isoDGR) motif binds to the RGD binding sites and can therefore 

inhibit endothelial cell adhesion.377 To gain structural insights that would help explain why 

the RGD and isoDGR motifs can bind to integrin αvβ3 while NGR and DGR cannot, 

Spitaleri et al. used REMD simulations to model four disulfide-bonded cyclic peptides: 

CRGDCGVRY (named RGD-2C), CisoDGRCGVRY (isoDGR-2C), CDGRCGVRY 

(DGR-2C), and CNGRCGVRY (NGR-2C) (Figure 25B).378 The REMD simulations were 

carried out using the OPLS force field302 and the SPC water model,213,379 with 16 replicas 

spanning temperatures from 293 K to 353 K, and a sampling time of 2 ns per replica. The 

initial structures for REMD simulations were the lowest-energy NMR-derived structures. It 

was found that, during the REMD simulations, RGD-2C and isoDGR-2C adopted a more 

extended conformation and placed the positive and negative groups at a distance of ~13–14 

Å from each other, while this distance was shorter (~12–13 Å) in DGR-2C and NGR-2C. 

Furthermore, replacing Asp with Asn greatly reduced the magnitude of the negatively 

charged area in the calculated electrostatic surface potentials for the cyclic peptide. Docking 

simulations showed that for both RGD-2C and isoDGR-2C, the top cluster sampled in the 

REMD simulations was able to form highly favorable interactions with integrin αvβ3, and 

their binding poses captured the typical RGD–αvβ3 interactions. However, for DGR-2C and 

NGR-2C, no cluster sampled in the REMD simulations showed such favorable interactions.
378

Short REMD simulations, however, do not necessarily provide complete insight into 

conformational equilibria of cyclic peptides, due to the complex nature of their free-energy 

surfaces. Spitaleri et al. thus extended their previous work on isoDGR-related disulfide-

bonded cyclic peptides,378 and used well-tempered metadynamics to explore the cyclic 

peptides’ rugged energy landscapes in a later study.170 They first simulated cilengitide, 

cyclo-(RGDfV), and two disulfide-bonded cyclic peptides, CisoDGRC and CDGRC, to 

compare their free-energy landscapes (Figure 26). The well-tempered metadynamics 

simulations were carried out for 10 ns using the OPLS-AA force field216 and the TIP3P 

water model,207 with ϕ and ψ angles of the central Gly used as a 2-D collective variable. By 

examining the calculated free-energy surfaces along this 2-D collective variable for cyclo-

(RGDfV), CisoDGRC, and CDGRC, it was found that the central Gly in cyclo-(RGDfV) 

mainly populated the βL region (97.0%) in the Ramachandran plot, while in CDGRC the 

central Gly mainly occupied the αL region (90.0%), and in CisoDGRC it adopted the βL, βP, 

and α regions with 42.5%, 38.3%, and 18.4% population, respectively. Docking results 
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showed that structures with the central Gly in the βL region were able to form favorable 

interactions with integrin αvβ3. The authors then showed in simulation that N-terminal 

acetylation of CisoDGRC led to an increase in population in the βL region (83.0%), thus 

suggesting that Ace-CisoDGRC would have an improved integrin αvβ3 binding affinity over 

CisoDGRC. Indeed, experimental results showed that cyclo-(RGDfV) had the highest 

binding affinity for integrin αvβ3, followed by Ace-CisoDGRC, CisoDGRC, and CDGRC.
170

When it comes to drug development, isoDGR-containing ligands could be explored as a way 

to mitigate the severe side effects of RGD-containing peptides, believed to be due to 

conformational changes in integrin upon binding with the RGD motif.380 With this in mind, 

Nardelli et al. recently analyzed the behavior of several isoDGR-containing cyclic peptides, 

none of which were found to induce such conformational changes.381 Starting from the 

head-to-tail cyclized peptide cyclo-(CGisoDGRG), the authors previously found that the 

conjugation of this peptide with 4-(N-maleimidomethyl)cyclohexane-1-carboxamide 

(MCCA) at the cysteine thiol (resulting in a peptide labeled conjugate 2), yielded improved 

selectivity and binding affinity.382 This improvement is thought to result from the additional 

polar interactions brought about by the presence of the succinimide ring in MCCA. The 

authors used the AMBER-99SB force field and TIP3P water to carry out BE-META 

simulations of cyclo-(CGisoDGRG) and conjugate 2;207,294 GAFF was used for missing 

parameters.215 In the simulation of cyclo-(CGisoDGRG), all the backbone dihedrals with 

the exception of w, were used as collective variables. The results yielded 4 main minima in 

the conformational space. Because the NMR results suggested that the MCCA linker did not 

affect the conformation of the cyclic peptide system, in the simulations of conjugate 2, 

backbone dihedrals were restrained at each of the four detected minimum conformations of 

cyclo-(CGisoDGRG). Five dihedrals along the Cys side chain and the MCCA linker were 

used as collective variables to sample the linker conformations. Eight hundred 

conformations of conjugate 2 were selected from these BE-META trajectories for 

subsequent docking calculations, which further illustrated the stabilizing role played by the 

succinimide ring in MCCA.381

Since the force fields most commonly used for peptide simulations were not parameterized 

for β-amino acids such as isoD, their utility for in silico structure prediction of these 

compounds remains to be determined. In a recent work, Paissoni et al. evaluated the 

performance of eight force fields in simulating five cyclic peptides containing the isoDGR 

motif.383 The eight force fields tested were: AMBER-99SB,294 AMBER-99SB-ILDN,218 

AMBER-99SB*,384 AMBER-14SB,206 OPLS-AA/L,216 OPLS-AA/LSTD,383 

CHARMM-27,385 and GROMOS-54a7.212 The five benchmark cyclic peptides included two 

disulfide-bonded pentapeptides: CisoDGRC and Ace-CisoDGRC, and two head-to-tail 

cyclized hexapeptides: cyclo-(CGisoDGRG), cyclo-(GCisoDGRG), and cyclo-

(CphgisoDGRG), where phg denotes phenylglycine (Figure 27). BE-META simulations 

were performed with 1-D biases of all backbone dihedrals except the ones associated with 

peptide bonds. The replica lengths varied between 30 and 60 ns for different systems. The 

authors found that, in terms of 3J(HN, Hα) prediction, the three AMBER force fields (99SB, 

99SB-ILDN, and 99SB*) performed the best (χ2 < 1.6); AMBER-14SB, CHARMM27, and 
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GROMOS-54a7 performed satisfactorily (χ2 < 3.0), while OPLS-AA/L and OPLS-AA/

LSTD did not perform well (χ2 > 5.0). When it comes to the 3JisoD(Hα, Hβ) prediction, 

deviations > ±2 Hz from experimental values were observed for all eight force fields, 

suggesting that further force field improvement is necessary to accurately describe cyclic 

peptides containing β-amino acids.

5. Conclusions and future prospects

The ability of cyclic peptides to target protein surfaces and protein–protein interaction 

interfaces makes them an attractive drug modality. Capturing the solution structure of a 

cyclic peptide is a crucial step toward any quantitative understanding of its properties. 

However, cyclic peptides tend to adopt multiple conformations in solution and such a feature 

makes it difficult to characterize their solution structures using traditional means such as 

NMR spectroscopy. This review shows that MD simulations with enhanced sampling 

techniques are capable of characterizing the solution structures of cyclic peptides and 

providing a rationale for their sequence–structure–activity relationships.

As simulation performance is an important aspect when applying enhanced sampling 

methods to studying cyclic peptides, Table 1 provides a summary focused on the 

computational performance of the cyclic peptide simulations discussed in this review. These 

enhanced sampling methods often take advantage of using multiple replicas, and some cyclic 

peptide systems could require ≤100 ns per replica to achieve convergence. We hope to 

encourage computational chemists to take on simulating this challenging class of molecules 

and also to consistently apply measures to verify simulation convergence. As computational 

tools tailored to simulations of cyclic peptides become more readily available, the utility of 

MD simulations in solving this problem continues to increase. Already, targeting cyclic 

peptides’ essential transitional motions using BE-META has enabled studies of dozens of 

sequences at a reasonable timescale.172,242 Further improvements on this front will be 

critical in enabling MD simulation to be used for systematic studies of large cyclic peptides 

to establish sequence–structure relationships, and for computational screening for 

therapeutic designs.

Cyclic peptides typically have fewer than 20 residues and a small modification in sequence 

oftentimes leads to a big change in structure and activity. The small sizes of cyclic peptides 

require high force field accuracy for each amino acid and residue-specific force fields 

provide more flexibility to achieve this goal.220,221 Further improvement of force fields to 

simulate cyclic peptides with N-methylated amino acids and artificial amino acids, along 

with the ability to predict cis/trans isomers, will enable MD simulation to model cyclic 

peptides with even more therapeutic relevance.

In addition to being used to explain known experimental results, we have recently seen MD 

simulation take a leading role in making predictions followed by experimental verification.
242,244 Providing easy-to-follow, streamlined protocols will further enable researchers other 

than computational chemists to apply MD simulation with enhanced sampling as a routine 

method for studying cyclic peptides. MD simulation with enhanced sampling has proven to 
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be a powerful tool to elucidate the elusive solution structures of cyclic peptides and we 

expect that its use will soon become a trend in cyclic peptide designs.
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ABBREVIATIONS

MD molecular dynamics

REMD replica exchange molecular dynamics

META metadynamics

PTWTE parallel-tempering well-tempered ensemble

BE bias-exchange

McMD multicanonical molecular dynamics

aMD accelerated MD

CoCo-MD complementary-coordinates molecular dynamics

RMSD root-mean-squared deviation

PCA principal-component analysis
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Figure 1. 
Schematic view of the REMD algorithm.164 An exchange between replicas at different 

temperatures is attempted every set number of steps of MD simulation. The right side shows 

the potential energy distributions for a model system at five different temperatures. The 

potential energy distributions of replicas at adjacent temperatures must have sufficient 

overlap to ensure reasonable exchange rates.
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Figure 2. 
Schematic view of metadynamics.169 Gaussian potentials along a collective coordinate are 

deposited over time (bell-shaped curves changing from red to green to blue with time) to 

discourage the system from revisiting the same spot. The free-energy profile can be inferred 

by adding up the deposited Gaussian hills and inverting the result.
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Figure 3. 
Schematic diagram of the BE-META algorithm.173 Each of the replicas in BE-META 

(shown in different colors) is a metadynamics (MetaD) simulation biased along a different 

collective variable (CV). Unlike in REMD, exchanges in BE-META can happen between 

any two replicas. and are not limited to just the neighboring replicas.
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Figure 4. 
Schematic view of multicanonical MD.186,190 (A) In a conventional canonical MD, a 

simulation at low temperature can be trapped in a local minimum while a simulation at high 

temperature might not sample low-energy conformations that are of interest. (B) In a 

multicanonical MD simulation, the potential energy of the system is modified to sample 

conformations with a wide range of potential energy evenly. The canonical distribution at a 

specific temperature is then obtained by reweighting.
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Figure 5. 
Schematic view of accelerated MD.191 The true potential is shown as a solid line. Boost 

potentials are added when the potential energy is below the threshold (dashed line). The 

modified potentials with various values of the tuning parameter α are shown in dotted lines; 

the smaller the α, the more significant the added biasing potential.
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Figure 6. 
Schematic view of the CoCo-MD algorithm.196 (A) In this example, starting from the initial 

configurations (black dot), 4 short, independent simulations are run (red curves). Principal-

component analysis is performed using the Cartesian coordinates of the trajectories and 

boundaries in the principal-component space are chosen to include all the data points 

(dashed lines). The selected principal-component space is then binned and 4 unoccupied 

bins are chosen iteratively to be the most distant from all occupied or prior chosen bins 

(green ×’s). (B) The 4 points in the principal-component space are mapped back to the 

Cartesian space to generate 4 new structures. After equilibration, 4 short, independent 

simulations starting from these 4 new structures are run. A similar process is repeated to 

generate 4 new starting points (blue ×’s) for the next iteration.
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Figure 7. 
Cyclo-(PSlDV), cyclo-(RGDfV), and cyclo-(RRWWRF) were simulated using accelerated 

MD simulations.201 Accelerated MD showed superior sampling compared to conventional 

MD and the simulation results were able to reproduce some NMR observations. However, 

the energetic noise introduced in the reweighting step of accelerated MD might prevent 

resolving subtle differences in dihedral distributions.

Damjanovic et al. Page 61

Chem Rev. Author manuscript; available in PMC 2022 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Cyclosporin A was studied using conventional MD, accelerated MD, and CoCo-MD.196 N-

methylated residues are underlined; Bmt: butenyl-methyl-threonine; Abu: aminobutyric acid. 

With the same total simulation lengths (20 ns), CoCo-MD identified 9,822 conformational 

states, while conventional MD identified 2,224 states, and accelerated MD found 5,912 

states.
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Figure 9. 
Twenty cyclic peptides were simulated using REMD simulation and four force fields. 

Residue-specific force field 2 was the best at recapitulating the X-ray structure of the cyclic 

peptides. D-amino acids are listed in lowercase and shown in red; Pro is colored in gray.221
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Figure 10. 
(A) Cyclo-(YNPFEEGG) was simulated using AMBER-96, AMBER-99SB-ILDN, 

AMBER-03, OPLS-AA/L, GROMOS-53a6 and RSFF1.171 (B) Previous NMR results 

suggested the cyclic peptide adopted one dominant structure in water.228 Simulations 

showed that the cyclic peptide formed multiple conformations that do not recapitulate the 

NMR-derived structural model well. The results might suggest further re-parameterization 

of the force fields is needed, assuming the NMR structure is accurate.
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Figure 11. 
Cyclo-(aAAAAA) and cyclo-(aAAAAA) were simulated using BE-META.239 D-amino 

acids are listed in lowercase and shown in red; N-methylated amino acids are underlined and 

shown in blue. In cyclo-(aAAAAA), residues 1 and 5 were N-methylated and the N-
methylated amide bonds adopted a trans and cis configuration, respectively (denoted as 

t1c5). In cyclo-(aAAAAA), residues 1 and 6 were N-methylated and the two N-methylated 

amide bonds both adopted a trans configuration (denoted as t1t6). It was found that if the 

correct isomer states were given, the RSFF2 force field was able to reproduce the solution 

NMR structures for both cyclic peptides; however, when the correct isomer states were not 

given, the RSFF2 force field was unable to predict the t1c5 isomer of cyclo-(aAAAAA).
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Figure 12. 
By combining 57 BE-META simulation results of cyclo-(X1X2AAA), where X1, X2 were 

one of the eight amino acids A, D, F, G, N, R, S and V, a scoring function that can be used to 

predict the likelihood of a cyclic pentapeptide adopting a specific structure was developed.
242 Cyclo-(GNSRV) was predicted to be well-structured with a type-II’ β turn at GN 

(backbone highlighted in blue) and an αR tight turn at R (backbone highlighted in magenta). 

This prediction was supported by experimental NMR results.
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Figure 13. 
Among all the 27 cyclo-(GnA6-n) and cyclo-(GnV6-n) cyclic hexapeptides simulated using 

BE-META, cyclo-(VVGGVG) was the only cyclic peptide that showed a dominant structure 

in solution with population >50%.243 It was predicted that ~80% of the population of cyclo-

(VVGGVG) adopts two βII turns (backbone highlighted in green) at residues 2–3 and 

residues 5–6, which was later supported by NMR experiments.244
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Figure 14. 
Cyclo-(sarcosine8) adopted a heterogeneous structural ensemble in the REMD simulations 

with about 30 cis/trans isomers within 5 kcal/mol, consistent with the ambiguous isomeric 

states observed in NMR.251,254
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Figure 15. 
Eight cyclic hexapeptide diastereomers were simulated using McMD simulation to 

characterize their structural ensembles in water and in organic solvents to explain their 

different water solubility and membrane permeability.190
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Figure 16. 
Structure of the disulfide-bonded model cyclic tetrapeptide used to model a β turn.131 

Residue 3 is Gly for peptide 1 and L-Leu and D-Leu for peptides L-2 and D-2, respectively. 

Consistent with the experiment,272,274 in REMD simulations, the propensity of adopting a 

type-II β turn at Pro–Gly is D-2>1>L-2.
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Figure 17. 
Representative structure of cyclo-(EMTPVNPGQ) in REMD simulation.283 The sequence 

(EMTPVNPG) derived from α-fetoprotein is underlined; type-I β turn at TPVN is 

highlighted in red.
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Figure 18. 
Cyclic peptides derived from apelin-13.301 (A) Sequence of apelin-13. (B) In REMD 

simulations, cyclo-(QRPRLS) and cyclo-(QRPRLSH) adopted a β turn at residues RPRL 

and showed stronger inhibition in experiment. (C) In contrast, cyclo-(QRPRLSHK) and 

cyclo-(QRPRLSHKG) adopted a β turn at residues RLSH and showed weaker inhibition in 

experiment.
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Figure 19. 
Sixteen cyclic peptide designs derived from LapD. REMD simulation results show that L-

Val-E-Z-H, L-Val-E-Z-CH3, D-Val-E-Z-CH3, and D-Val-E-Z-H are the best at mimicking 

the target β-hairpin structure.305
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Figure 20. 
Oxytocin and vasopressin. Well-tempered metadynamics simulations show vasopressin 

adopts two structures in solution with 70% and 30% populations.324 Reservoir REMD was 

used to simulate oxytocin and vasopressin, along with various variants to understand how 

mutations affect their structural ensembles and the different binding affinities.325
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Figure 21. 
Human urotensin II and urotensin-related peptide. REMD simulations showed that both 

peptides adopted multiple conformations in solution with the open:folded ring conformation 

of 72:28 for urotensin II and 86:14 for urotensin-related peptide.340
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Figure 22. 
Structure of the bicyclic peptide bcAMPB (ACATCDGF with a disulfide bond and a cis/

trans isomerizable photoswitch embedded). REMD simulations show that the trans-azo-

isomer is well-structured, while at least four conformers are identified for the cis-azo-

isomer, consistent with the NMR results.350,354
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Figure 23. 
Eighteen RGD-related cyclic pentapeptides were simulated using REMD simulation.370 D-

amino acids are listed in lowercase and shown in red; N-methylated amino acids are 

underlined and shown in blue; artificial amino acids are shown in green. All cyclic peptides 

formed multiple clusters in the simulations. The most populated cluster of cilengitide 

resembled the structure of cilengitide bound to integrin.
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Figure 24. 
Five RGD-related cyclic hexapeptides were simulated using BE-META simulation.236 D-

amino acids are listed in lowercase and shown in red; N-methylated amino acids are 

underlined and shown in blue. The IC50 values for integrin αIIbβ3 are listed. Four major 

conformations (called minima A–D) were identified. Cyclic peptides 2 and 5, the two cyclic 

peptides that have the lowest IC50 values, both favored minimum B (population of minimum 

B was 0%, 73%, 0%, 37%, and 82% for cyclic peptides 1–5, respectively).
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Figure 25. 
(A) Chemical structure of isoaspartate. (B) Four RGD and isoDGR-related disulfide-bonded 

cyclic peptides were simulated using REMD simulation. RGD-2C and isoDGR-2C adopted 

a more extended conformation and placed the positive and negative groups at a distance of 

~13–14 Å from each other, while this distance was shorter (~12–13 Å) in DGR-2C and 

NGR-2C.378
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Figure 26. 
Cyclo-(RGDfV) and disulfide-bonded CisoDGRC and CDGRC were simulated using well-

tempered metadynamics simulations.170 The central Gly in cyclo-(RGDfV) mainly 

populated the βL region (97.0%); in CisoDGRC it adopted the βL, βP, and α regions with 

42.5%, 38.3%, and 18.4% population, respectively; in CDGRC it mainly occupied the αL 

region (90.0%). Docking results showed that structures with the central Gly in the βL region 

were able to form favorable interactions with integrin αvβ3.
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Figure 27. 
Five isoDGR-containing cyclic peptides were simulated using BE-META simulation to 

evaluate how well eight force fields could model isoD and recapitulate the 3J couplings 

measured in NMR.383
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