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cyclo-[Gly4] cyclo-[Pro-AlaLys-Ala] 

Cyclic Peptides 

• Some CPs are biologically active: 

– Trapoxin (cytotoxic, antitumor activity) 

– Cyclosporin A (immunosuppressant) 

– Gramicidin S (antibiotic) 
 

• Stable to proteolysis. 

• Can prepare multiple compounds with the 

same synthetic chemistry. 

• Can self-assemble into nanotubes. 

• Novel ligands for binding metals. 

• Can have unusual conformational dynamics. 

 

Trapoxin 

Cyclosporin A 

Gramicidin S 



Energy Landscapes of Cyclic Peptides 

• Energies of all structures 

were evaluated using the 

AMBER/ff03 force field with 

the GB/SA implicit solvent 

model. 
 

• FF parameters for β-Ala 

were fitted to DFT 

calculations. 
 

 

 

 

 

 

 

 

 

• Energy landscapes were explored with 

discrete path sampling within 

PATHSAMPLE. 
 

• A database of minima was generated 

using the Basin-hopping* algorithm in 

GMIN. 
 

• Pairs of minima were connected via 

doubly-nudged elastic band 

calculations in OPTIM. 
 

• Candidate transition states were 

optimised by hybrid eigenvector 

following in OPTIM. 
 

* D. J. Wales and J. P. K. Doye, J. Phys. Chem. A, 1997, 101, 5111. 

 

http://www-wales.ch.cam.ac.uk/software 

 



Comparison of BH Moves 

Move sets: 

• Cartesian displacements 

• Molecular Dynamics 

• Group Rotations 
 

Performance measured by mean time to first encounter of global minimum (100 searches) 
 

Starting structures generated from high-T MD runs.  



cyclo-[Gly4] 

M. T. Oakley and R. L. Johnston, J. Comp. Theory  
Comput., 2013, 9, 650-657.  



cyclo-[Gly4] 



Effect of Peptide Ring Size 

As the peptide ring size decreases: 

• cis isomers becomes more stable 

• cis-trans barriers decrease 

•  and  torsions become more hindered 



Effect of Solvation 

• In non-polar environments, non-polar conformers are most stable. 

 

• Polar solvents stabilise conformers with large dipole moments. 



DFT Calculations 
Relative energies (kcal/mol) 

• Cyclic tetrapeptides are strained.  

Does the AMBER/ff03 forcefield 

correctly represent this? 
 

• Cyclo-[Gly4] has a small number of 

stationary points.  The energies of 

all minima (red) and transition 

states (blue) were recalculated at 

the DFT-B3LYP/6-31G* level using 

NWChem. 
 

• Differences  between the AMBER 

and DFT GM in water (εr = 80) may 

be due to the different implicit 

solvent models used (GB/SA vs. 

COSMO). 



Sequence Effects 

cyclo-[AlaGly3] cyclo-[ProGly3] 



M. T. Oakley and RLJ, J. Chem. Theory Comput., 2013, 9 ,650. 

An Atlas of CP Energy Landscapes 



Cyclic -peptides 

• Cyclic tetra--peptides are strained and 

closure of the 12-membered ring is 

difficult.  CPs including some -peptides 

(with an extra CH2 group) are 

synthetically more accessible. 
 

• The backbone is similar to the widely 

used cyclam ligand. 
 

• Cis isomers of cyclo-[(-AlaGly)2] are 

less stable (3.9 kcal/mol) and separated 

by higher barriers (19.5 kcal/mol) than in 

cyclo-[Gly4].   Values closer to acyclic 

peptides.  

cyclo-[(-AlaGly)2] 

F (kcal/mol) as a function of number of cis bonds 

all-trans 



Synthetic Studies 

• Cyclo-[Pro-AlaLys-Ala] and cyclo-[Pro-AlaHis-Ala] have been 

synthesised* 
 

• CD spectra indicate both have the same conformations. 
 

• NMR spectra show two isomers for both species. 
 

• We have used cyclo-[Pro-AlaAla-Ala] as a model system, to reduce the 

number of degrees of freedom. 

* E. Oheix and A. F. A. Peacock (U. Birmingham) 

cyclo-[Pro-AlaLys-Ala] cyclo-[Pro-AlaHis-Ala] cyclo-[Pro-AlaAla-Ala] 



T-dependent NMR spectra show  

at least 2 sets of signals 

NOESY NMR is consistent 

with an all-trans structure of 

the major isomer 

NMR Spectra of cyclo-[Pro-AlaLys-Ala]  



cyclo-[Pro-AlaAla-Ala]  

all-trans 

cis-Pro Population of conformations 

M. T. Oakley, E. Oheix, A. F. A. Peacock and RLJ, 
J. Phys. Chem. B, 2013, 117, 8122. 



Circular Dichroism Spectra 

• CD spectra calculated using the exciton matrix method. 
  

• Peptide treated as collection of independent amide chromophores that 

couple electrostatically (no through-bond interactions).  
 

• Chromophores parameterised with CASSCF and CASPT2 calculations on 

small amide molecules. 

N. A. Besley and J. D. Hirst, J. Am. Chem. Soc., 1999, 121, 9636-9644. 
B. M. Bulheller and J. D. Hirst, Bioinformatics, 2009, 25, 539-540. 
http://comp.chem.nottingham.ac.uk/dichrocalc/ 



Circular Dichroism Spectra 

• Spectrum due to amide n→* (220 nm) 

and →>* (200 nm) transitions. 

• Calculated spectra are Boltzmann-

weighted sums of spectra of all isomers in 

each funnel. 

• Better agreement with trans than cis, but 

both can’t be ruled out. 



Calculations on cyclo-[Pro-AlaLys-Ala]  
  

• The number of possible conformations of 

the flexible Lys side chain makes 

complete sampling of the FE landscape 

difficult. 

• The landscape is qualitatively similar to 

that of the model molecule, cyclo-[Pro-

AlaAla-Ala], but with many more low-

energy barriers corresponding to torsions 

of the Lys sidechain. 

• The all-trans and cis Ala-Pro isomers are 

close in energy and separated by a barrier 

of 15.2 kcal/mol. 

• The calculated CD spectrum of the Lys 

(blue)  and Ala (red) analogues for cyclo-

[Pro-AlaXaa-Ala]are almost identical.  

(Solid lines = all-trans, dashed lines = cis 

Ala-Pro). 

 

 



Steric effects in cyclo-[Pro-AlaVal-Ala] 

• The isopropyl side chain in Val is less 

flexible than Lys, however it has greater 

steric bulk close to the peptide backbone. 
 

• The energy landscape for cyclo-[Pro-

AlaVal-Ala] is qualitatively similar to cyclo-

[Pro-AlaAla-Ala] (the conformers with all-

trans peptides and  those with a single cis 

Ala-Pro are close in energy, with a FE of 

cis-trans isomerisation of 15.2 kcal/mol). 
 

• However, there are some significant 

differences: 

– In the most stable all-trans isomer the Pro 

and Val side chains are both equatorial to 

the ring (for Ala these structures lie  2.8 

kcal/mol above the GM). 

– The most stable isomer with a second cis 

peptide (Ala-Val) is only 2.7 kcal/mol 

above the GM (c.f. 5.9 kcal/mol for Ala). 



E. Khurana et al., Nano Lett., 2008, 8, 3626. 

R. Chapman et al. Chem. Soc. Rev., 2012, 41, 6023. 

Cyclic Peptide Nanotubes (CPNTs) 

• Some cyclic peptides have been found to self-

assemble into nanotubes inside membranes. 
 

• Applications: 

– Antibacterial agents 

– Ion channels 

– Ion sensors 

– Gene delivery (antiviral) inhibitors 

– Responsive supramolecular polymers 
 

• Several groups have studied complete nanotubes 

with molecular dynamics. 
 

• However, the initial stages of self-assembly are 

less well studied. 

 



Self-Assembly of CPNTs 

• Landscape exploration: combine intramolecular 

group rotations and intermolecular rigid body 

moves. 

 

• Aggregates are expanded before intramolecular 

moves (EXPANDRIGID) to avoid clashes or 

catenation. 

 

• Aggregates are compressed before minimisation 

(COMPRESSRIGID). 

 



cyclo-[Gly6] 

• Monomer has multiple low-lying 

minima – located with discrete path 

sampling. 

 

• Dimer has multiple low-lying minima 

(with intra- and intermolecular H-

bonds) located with basin- hopping. 

 

• Cyclic polyglycines do not self-

assemble. 

 

 

Cyclic Polyglycines 

M. T. Oakley and RLJ, J. Chem. Theory 
Comput., 2014, 10, 1810. 



Cyclic Poly-D,L-peptides 

• Discrete path sampling shows 

a funnelled landscape for the 

monomer. 

 

• Dimer has only intermolecular 

H-bonds. 

 

• Cyclic D,L-peptides self-

assemble to form nanotubes. 

 

 

 cyclo-[(L-AlaD-Ala)3] 



parallel 

H-bonds 

antiparallel 

H-bonds 

cyclo-[(L-AlaD-Ala)3]2 



antiparallel 

H-bonds 

cyclo-[(L-AlaD-Ala)4]2 

cyclo-[(L-AlaD-Ala)4] 



 

• Perform a linear transformation of 
coordinates of energy minima and 
transition states (1st rank saddles). 

 

• Identify the principal components – 
coordinates that maximise the variance 
of the system. 

 

• PCA finds orthogonal lines of best fit 
through a data set. 

 

• These lines of best fit are used as 
coordinates to re-plot the data . 

 

• This analysis can be used to show and 
visualise trends in multi-dimensional 
data. 

 

Principal Component Analysis (PCA) 

G. J. Rylance, RLJ, Y. Matsunaga, C.-B. 
Li, A. Baba & T. Komatsuzaki, Proc. 
Natl. Acad. Sci. USA 2006, 103, 18551. 
 

L. C. Smeeton, M. T. Oakley & RLJ, J. 
Comput. Chem., 2014, 35, 1481. 



cyclo-[Pro-AlaLys-Ala]  

Free energy DG with entropy calculated from 

estimated density of states within the harmonic 

approximation at 300 K. 

3D free energy DG plotted against 

1st and 2nd PCs based on dihedral 

angles.  

Low energy structures on the landscape 

used as initial structures for MD runs. 

 

Initial structures with interesting/distinct 

order parameter values. 

 

Other interesting structures. 



AMBER MD simulation of 
cyclo-[Pro-AlaLys-Ala] 
in TIP3P water (300 K) 
 

Lewis Smeeton 



Projection of MD runs for cyclo-[Pro-AlaLys-Ala]/water 
onto 1st and 2nd PCs based on dihedral angles  



Conclusions 

• The energy landscapes of small cyclic peptides are very different from 

those of larger CPs and acyclic peptides. 

 

• For small ring sizes, isomers with cis peptide groups start to become 

more stable and cis-trans barriers become smaller. 

 

• Pro-containing CPs typically have cis Xaa-Pro peptide bonds for small 

ring sizes. 

 

• Solvation has a substantial effect on energy landscapes of CPs.  

Increasing the polarity of the solvent favours more polar isomers. 

 

• Intramolecular H-bonds are typically favoured only in low-polarity 

solvents, as these conformations are generally strained. 



• Cyclic tetra--peptides are less strained and have cis/trans 

conformational preferences intermediate between cyclic tetra--

peptides and acyclic peptides. 
 

• NMR measurements on cyclo-[Pro-AlaLys-Ala] show a mixture of 

conformers that do not interconvert on the NMR timescale.  The major 

isomer is all-trans.  
 

• Discrete pathsampling calculations on the FE landscape of the model 

compound cyclo-[Pro-AlaLys-Ala] show two energetically close 

funnels (separated by a barrier of 15.2 kcal/mol), corresponding to all-

trans and a single cis (Ala-Pro) peptide.  The cis and trans isomers 

are likely to be in equilibrium at 298 K but this may be slow on the NMR 

timescale. 
 

• The similarity of the calculated CD spectra for the Lys and Ala 

compounds indicates that Lys has little influence on the peptide 

backbone and justifies our use of the simpler model. 
 

• Cyclic (DL)N peptides (N  3) have funnelled monomer landscapes with 

GM with axially orientated C=O and N-H groups, which favour 

nanotube formation, with a preference for anti-parallel H-bonding. 

 

 

 

 



Future Work 

• MD simulations of CPNT formation in explicit solvent. 

 

• Coarse grained modelling of CPNT formation and interaction 

with membranes using the MARTINI model: collaboration with 

Giulia Rossi (Genoa). 
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