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Background

Cyclic peptides (CPs) have applications as pharmaceuticals, agricultural chemicals,

and nanomaterials.[1–4] CPs often take specific, interchanging 3D structures (con-

formations). The activity of CPs depends on their atomic-level structures and con-

formational dynamics. Characterising these properties is important to a fundamental

understanding of CP function but has historically proven difficult.

Molecular dynamics simulations (MDS) represent each atom of the system of

interest explicitly and propagate each atom with Newtonian dynamics. MDS allow

characterisation of 3D structures of molecules like CPs with atomic-level and

femtosecond-level detail. However, systems simulated using conventional MDS can

become stuck in free energy minima (Fig. 1), meaning that they are challenged in

capturing long-timescale (microsecond and above) CP conformational changes.

A special kind of MDS, temperature replica exchange MDS (TREMDS),[5] have

increasingly been used to study CPs. TREMDS have the advantage of maintaining the

atomic-level detail of MDS and capturing long-timescale peptide conformational

changes. TREMDS involve concurrently running a series of MDS at various tempera-

tures and swapping between them every so often, allowing enhanced conformational

sampling at the lower temperature of interest compared with MDS (Fig. 1).[5]

TREMDS are publicly available within several MDS engines, including

GROMACS,[6] GENESIS,[7] CHARMM,[8] and NAMD.[9] We note that other kinds

of replica exchange MDS also exist; for example, see refs [10–12].

Several studies have reported the remarkable accuracy of TREMDS in the structure

prediction of CPs. Geng et al. conducted TREMDS of 20 CPs with known crystal

structures.[13] Depending on the simulation parameters (i.e. ‘force fields’), approxi-

mately half to 15 of the CP crystal structures were predicted by TREMDS with sub-

angstrom accuracy.[13] A separate TREMDS study by Hu et al. found that the most

populated conformation observed in the TREMDS of Ac–(cyclo-1,5)-[CAAIS5(2-Me)

(R)]–NH2 (S5, (S)-pentenylglycine) was ‘almost identical to its solved structure.’[14]

Zhao et al. calculated the 3JNHCHa couplings and NOEs from TREMDS simulations

of Ac–cyclo(Asp–Ala–Ala–Dap)–Ala–Ala–NH2 and Ac–cyclo(iso-Asp–Ala–Ala–

Dap)–Ala–Ala]–NH2 (Dap, 2,3-diaminopropionic acid); these agreed with NMR

measurements.[15]

Applications

TREMDS have recently supplemented experimental studies. Berger et al. used

TREMDS to understand different solvent-dependent and temperature-dependent

conformational effects of two CPs observed by NMR and FT-IR spectroscopy.[16] Hou

et al. used TREMDS in conjunction with CD spectroscopy on two CP epimers to

determine the relationship between chirality and helicity of the two peptides.[17] Hyung

et al. studied several cyclosporin CPs using TREMDS and ion mobility mass spec-

trometry (IM-MS); the TREMDS simulations enabled conformational interpretation of

the IM-MS collision cross-section profiles.[18]

TREMDS have been used to predict conformational determinants of CP activity,

allowing the development of new, active compounds. Macaluso et al. studied four CP

analogues of a vasoactive peptide. Using TREMDS and binding affinity experiments,

they determined a conformational motif important for the target binding affinities of

these CPs.[19] Kirschner et al. used TREMDS to characterise the conformations of

active, antioestrogenic peptides (both cyclic and linear).[20] TREMDS then identified

analogues with similar conformational motifs to the active peptides. These new

TREMDS-identified analogues were synthesised and found to be active.[20]

Conclusion

TREMDS have shown success in studying of the conformation of CPs and their

structure–function relationships. With increasing computational power and improved

methodologies, we believe that TREMDS will be increasingly important for CP

development.
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Fig. 1. Schematic of MDS (top) compared with TREMDS (bottom). As an illustra-

tion, a free energy profile with two conformations of the CP cyclosporinA are shown for

each free energy minimum (right: PDB ID 2Z6W; left: CCDC ID DEKSAN). The

unbiased MDS remains stuck in a local free energy minimum, with other regions of the

CP conformational space unable to be explored. In TREMDS, the simulation can

exchange with higher temperature replicas and escape from local free energy minimum

into other functionally relevant regions (as indicated by the black arrows).
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