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Abstract: Proteins with large and flat binding sites as well as protein–protein interactions are considered ‘undrug-
gable’ with conventional small-molecule drugs. Cyclic peptides have been found to be capable of binding to 
such targets with high affinity, making this class of compounds an interesting source for possible therapeutics. 
However, the oftentimes poor passive membrane permeability of cyclic peptides still imposes restrictions on the 
applicability of cyclic peptide drugs. Here, we describe how computational methods in combination with experi-
mental data can be used to improve our understanding of the structure–permeability relationship. Especially the 
conformational dynamic and chameleonic nature of cyclic peptides, which we investigate by a combination of 
MD simulations and kinetic modeling, is important for their ability to permeate passively through the membrane. 
The insights from such studies may enable the formulation of design principles for the rational design of perme-
able cyclic peptides. 

Keywords: Cyclic peptides · Kinetic modelling · Membrane permeability · Molecular dynamics

1. Introduction
Studies based on the sequence and structural similarity of the 

human genome estimate that traditional small-molecule drugs 
can only target 10–15% of human genes.[1] Small-molecule 
drugs primarily bind to deep and relatively narrow binding pock-
ets.[2] Many potential targets such as protein–protein interfaces 
or class B G-protein coupled receptors (GPCRs) have, however, 
large and flat binding sites and are thus considered ‘difficult-to-
drug’. To address this issue, increasing efforts in pharmaceuti-
cal research focus on the discovery of new compounds beyond 
small-molecule drugs. Cyclic peptides (and macrocycles in gen-
eral) have been shown to be capable of binding to large and flat 
binding sites with high affinity,[3] making them possible thera-
peutics for difficult targets. In addition, cyclic peptides display 
low toxicity due to their amino acid makeup.[4] Although first 
cyclic peptide drugs – like the immunosuppressive cyclosporin 
A[5] or the anti-cancer drug romidepsin[6] – are already on the 
market, more insights into the mode of action and pharmacoki-
netics of cyclic peptides are needed.

The therapeutic application of cyclic peptides is often limited 
by their low cell permeability and oral bioavailability.[7] In order 
to reach intracellular targets, cyclic peptides need to cross the cell 
membrane barrier. Although cyclic peptides show an improved 
membrane permeability in comparison to their linear counter-
parts, most cyclic peptides are still not permeable enough for oral 
administration.[7] In general, passive permeability decreases with 
increasing size of the peptide.[8] In this article, we focus on cyclic 
peptides that are small enough to potentially cross membranes 
passively. A prominent example is the natural product cyclospo-
rin A,[5,9] which has a medium to good membrane permeability. 
Both experimental and computational efforts aim to learn from the 

known examples, understand the structure–permeability relation-
ship, and derive design principles for bioavailable cyclic peptides. 

The predominant strategy to distinguish permeable and im-
permeable compounds is to synthesize a series of cyclic pep-
tides and experimentally determine their membrane permeabil-
ity. Typical approaches to improve the permeability in a given 
compound series are to investigate different backbone N‐meth-
ylation patterns, side chain modifications, and stereochemical 
changes.[10] In some cases, the addition of a cell-penetrating 
peptide that triggers endocytosis was found to improve bio-
availability.[11] However, these changes are often applied in a 
time-consuming trial-and-error process and improvements in 
permeability may come with loss in binding affinity. Therefore, 
demands and efforts have increased to develop computational 
models to rationalize membrane permeability and support the 
development of bioavailable cyclic peptide drugs. 

2. Computational Approaches for Cyclic Peptides 
Calculation of the membrane permeability of small mol-

ecules ranges back to Meyer and Overton.[12] The calculated 
lipophilicity measure AlogP[13] is often used as a heuristic for 
the passive permeability of drug-like molecules. However, such 
simple cheminformatics models based on the 2D topology of 
molecules do not apply to the more complex cyclic peptides, 
where properties become conformation-dependent. This confor-
mational flexibility has been found to be crucial for permeabil-
ity.[9,14–17] Indeed, the relationship between size and permeability 
differs distinctly between small molecules and macrocycles, an 
effect that cannot be explained with traditional permeation mod-
els.[8] As a result, the focus shifted to computational methods 
that can take into account the flexibility of molecules.



Peptide Chemistry in Switzerland� CHIMIA 2021, 75, No. 6  519

studies, we could show how the change affects the conformational 
ensemble of the macrocycles and through this the population of 
conformations with a maximal number of intramolecular hydro-
gen bonds in the apolar (chloroform) environment. 

The findings described in these studies would not have been 
possible without the atomistic insights on the cyclic peptides pro-
vided by MD simulations. Furthermore, computer simulations 
may not only help to improve the permeability, but also to identify 
peptide candidates for specific targets. For example, MD simula-
tions have been used to pre-select cyclic peptides drug candidates 
for targeting protein-protein interfaces.[24]

2.2 Kinetic Models of Cyclic Peptides
As discussed above, conformational flexibility of cyclic pep-

tides is a crucial determinant for their membrane permeability. 
Kinetic information is needed to fully account for the dynam-
ics of cyclic peptides. In contrast to many other computational 
techniques, MD simulations can provide such kinetic information. 
The MD procedure we have developed for permeability analysis 
is shown in Fig. 3.[21,25] First, a diverse conformer set is generated 
for a cyclic peptide of interest. When an experimental structure 
(X-ray or NMR) is available, this can be done by taking snapshots 
from an enhanced sampling simulation starting from the experi-
mental structure. Alternatively, in silico conformer generators can 
be used. Due to their size, cyclic peptides span a far larger confor-
mational space than can be exhaustively sampled. It is therefore 
instrumental to bias sampling towards the more relevant phase 
space. We recently improved the RDKit conformer generator 
ETKDG[26] specifically for macrocyclic species by incorporating 
experimental torsion information as well as shape and interaction 
heuristics.[27] Once selected, each conformer is solvated in wa-
ter (mimicking the polar extracellular condition) and chloroform 
(mimicking the apolar dielectric environment within the lipid 
core). Next, extensive simulations are performed in parallel in 
the two solvents, starting from the conformer set. The individual 
simulations are typically on the order of hundreds of nanoseconds 
and total sampling time on the order of tens of microseconds per 
solvent. The parallel trajectories are used to build Markov state 
models (MSMs).[28–31] MSMs extract metastable conformational 
states and the interconversion rate between them, and enable the 
comparison of the conformational behavior of structurally simi-
lar compounds. They are therefore a valuable tool to rationalize 

Fig. 2. Two semi-peptidic macrocycles, Nleu-5S and Nleu-5R, differ only 
in the stereochemistry of the methyl group in the alkyl linker (golden and 
purple spheres). The shown structures are snapshots from our extensive 
MD simulations representing the differences in the hydrogen-bond pat-
terns of the two compounds in apolar environments.[23] 

2.1 Molecular Dynamics Simulations of Cyclic Peptides 
Molecular dynamics (MD) simulations use Newtonian phys-

ics to simulate the motion and interaction of molecules. They are a 
widely used tool to study kinetics, energetics, and conformations 
of biological and chemical systems (for a review see e.g. ref. [18]). 
Using MD, the dynamics of cyclic peptides can be analyzed in 
atomic detail, a resolution that cannot be achieved with experi-
mental techniques. The hypotheses generated based on the simu-
lations are then tested and validated in experiments. Therefore, it 
is common practice to combine MD simulations and experimental 
techniques to obtain a holistic picture.

Combinations of NMR and MD studies revealed that cyclic 
peptides display a chameleonic behavior.[9,19–21] Cyclic peptides 
can form intramolecular hydrogen bonds, leading to a so-called 
closed conformation, where most polar groups are shielded from 
the apolar environment. Thanks to the conformational flexibility, 
cyclic peptides can also adopt open conformations forming hydro-
gen bonds with surrounding water molecules (Fig. 1).

Due to the shielding of polar groups in the closed conforma-
tion, the peptide has a lower desolvation energy barrier for mov-
ing into the membrane. Therefore, the closed conformation (also 
termed low-permittivity conformation[14]) is considered the main 
permeable ‘species’.[14] However, the existence of the closed con-
formation is a necessary but not sufficient condition for perme-
ability.[17] Other properties like side chains, size, and the polar 
or hydrophobic surface area heavily influence the permeability 
of cyclic peptides. A recent study combining MD simulations, 
NMR and permeability assays showed that the size of the largest 
connected hydrophobic surface of the cyclic peptide is decisive 
for its permeability.[22] To increase the membrane permeability 
of cyclic peptides, the authors suggest to place N-methylations or 
hydrophobic residues in positions where they connect two sepa-
rated hydrophobic surfaces. Recent work in our group revealed 
how a change in only a single stereocenter in two semi-peptidic 
macrocycles (Fig. 2) leads to a ‘permeability cliff’ in experimen-
tal permeability assays.[23] Using a combination of NMR and MD 

Fig. 1. Model for the passive membrane permeability of cyclic 
peptides.[9,14] In solution, cyclic peptides are assumed to adopt predomi-
nantly open conformations, forming hydrogen bonds with the solvent. 
The closed conformation is characterized by intramolecular transannular 
hydrogen bonds, which shield the polar groups from an apolar environ-
ment. This conformational flexibility is thought to make cyclic peptides 
membrane permeable.



520  CHIMIA 2021, 75, No. 6� Peptide Chemistry in Switzerland

mational flexibility is important for membrane permeability and 
the authors hypothesized that a higher flexibility of the peptide 
leads to a higher permeability. Simulations of unbiased systems 
at room temperature systems are needed to gain insights into a 
physically realistic permeation process. Our research is currently 
aiming to fill this gap. Preliminary results suggest that efforts to 
optimize permeability should not only focus on the properties of 
cyclic peptides in solvents but also consider the peptide’s interac-
tions with interfaces.

3. Conclusions and Outlook
MD simulations yield atomistic insights into the conforma-

tional dynamics of cyclic peptides. Together with experimental 
efforts, the findings have already helped to improve our under-
standing of the passive membrane permeability of cyclic peptides. 
Future research will focus on the role of the membrane in the per-
meation process and on further unveiling the complex relationship 
between structure and conformational behavior of cyclic peptides. 
This knowledge will help to improve the rational design of pep-
tidic drug candidates and the development of novel therapeutics 
for currently undruggable targets.
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