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ABSTRACT  

In this work, we investigate the conformational properties of unguisin A, a natural macrocyclic 

heptapeptide that incorporates a γ-aminobutyric acid (Gaba), and of four of its difluorinated 

stereoisomers at the Gaba residue. According to nuclear magnetic resonance (NMR) 

experiments, their secondary structure depends dramatically on the stereochemistry of the 

fluorinated carbon atoms. However, many molecular details of the structure and flexibility of 

these systems remain unknown so that a rationale of the conformational changes induced by the 

fluorine atoms in the macrocycle is still missing. To fill this gap, we apply enhanced molecular 

dynamics (MD) techniques to explore the peptide conformational space in dimethyl sulfoxide 

solution followed by 4-8 µs of conventional MD simulations that provide extensive equilibrium 

sampling. The simulations, which compare reasonably well with the NMR-based observations, 

show that the secondary structure of the macrocycle is altered substantially upon fluorination, 

except for the (S,S) diastereomer. It also turns out that the conformations of the fluorinated 

peptides are visited during the enhanced MD simulation of natural unguisin A, suggesting thus 

that conformations accessible to the unsubstituted macrocyclic peptide may be selected by 

fluorination. Therefore, the computational characterization of the macrocyclic peptides could be 

helpful in the rational design of stereoselective fluorinated peptides with fine-tuned conformation 

and activity.  
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INTRODUCTION 

Peptides in drug design offer new opportunities for therapeutic intervention.1 Besides 

presenting a low toxicity and high affinity, they are well suited for binding to relatively large and 

shallow protein surfaces like those involved in protein-protein interactions, thus widening the 

accessible targets for clinical applications.2, 3 But peptides are susceptible to proteolytic 

degradation, present a low membrane permeability and unfavorable oral adsorption profiles. 

These weaknesses can be effectively overcome by using different strategies.4 Particularly, 

macrocyclization is a well-established approach to increase peptide stability against proteases 

and, simultaneously, improve their transfer across membranes.5 Numerous bioactive macrocyclic 

peptides with antibacterial, anticancer, antifungal, antiviral, and anti-inflammatory properties 

have been discovered.3  

Drug molecules are expected to have well-defined bio-active conformations to maximize 

favorable binding enthalpy and minimize binding entropy penalty. In this respect, 

macrocyclization restraints the conformational space accessible to linear peptides and pre-

organizes functional groups, improving target engagement due to stronger and more selective 

interactions.6 However, macrocycles should also retain some conformational flexibility (e.g. by 

transiently forming intramolecular hydrogen bonds), which improves aqueous solubility, cell 

permeability, and oral absorption profiles.5, 7-9 Thus, to optimize the biological activity of peptide 

macrocycles, it is important to understand the structural factors that stabilize their conformations 

and control the rate of interconversion among them. Unfortunately, conformational analysis in 

macrocycles is still a challenging problem due, in part, to a strong interplay between bond 

rotations and intramolecular interactions. In addition, numerous examples show that relatively 
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small structural modifications in a macrocycle result in local conformational changes that 

propagate along the ring to affect distal structural features.10  

Another strategy adopted in the design of bioactive molecules with well-defined conformations 

consists of the selective fluorination of C-H bonds. For example, some of the best performing, 

top-selling drugs on the market, contain fluorine atoms in their structures.11. The inclusion of 

fluorine atoms improves the metabolic stability and increases the lipophilicity of lead molecules. 

In addition, fluorine modifies the pKa values of adjacent functional groups and plays an 

important and unique role in influencing molecular conformation.12 The conformational effects 

exerted by fluorine atoms stem from both electrostatic and stereoelectronic effects, like the so-

called gauche effect, which is defined as the preferential stabilization of a gauche arrangement in 

a two carbon unit with F bonded vicinally to electronegative elements (i.e. F-C-C-X angles 

around ± 60º).13, 14 However, predicting the impact of fluorine in the conformation and other 

properties of complex molecules remains also as a challenging problem.15, 16  

In this work, we analyze the conformational effects associated to sterically conservative H→F 

substitutions in unguisin A, a heptapeptide macrocycle isolated from the marine fungus 

Emericilla unguis that incorporates a quite flexible γ-aminobutyric acid (Gaba) residue within 

the ring.17, 18 Nuclear magnetic resonance (NMR) experiments performed for unguisin A and its 

four diastereomers fluorinated at the Cα and Cβ backbone atoms of the Gaba residue (see 3-7 in 

Scheme 1) have confirmed that the presence of the fluorine atoms modifies the secondary 

structure and dynamical properties of the various difluorinated macrocycles. The NMR coupling 

constants (3JH,H and 3JH,F) reported for the Gaba residue are consistent with a gauche F-Cβ-Cα-F 

arrangement, with compounds 4, 6, and 7 in Scheme 1 presenting some degree of 

interconversion between the two gauche forms (i.e. g+/g- disorder).19, 20 In contrast, the coupling 
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between the α-fluorine atom and the adjacent NH proton (4JH,F) has not been observed for 4-7, 

suggesting that expected anti-parallel C-F/C=O alignment is lacking. Taking into account that, in 

simple models, the energetic preference for the gauche F-C-C-F arrangement is substantially 

lower than that of the anti-parallel F-C-C=O one (e.g., 0.8 kcal/mol in 1,2-difluoroethane vs 5.6 

kcal/mol in 2-fluoro-N-methylacetamide),21 it turns out that the conformational influence of 

fluorine atoms in unguisin A is poorly understood.  
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Scheme 1 

Herein, we characterize in detail the molecular structure and dynamics of unguisin A and its 

difluorinated derivatives by means of extensive molecular dynamics (MD) simulations. More 

specifically, we take advantage of the large conformational sampling and various MD tools 

analysis to help disentangle the various factors that determine the conformations adopted by the 

cyclic polypeptides (solute entropy, gauche effect, intramolecular interactions, solvation, …). To 

this end, we derive first new molecular mechanics (MM) parameters for the Gaba residue from 

high level ab initio calculations. Then we resort to enhanced sampling MD methodologies, which 

have been shown as a reliable tool to gather a diverse and thermodynamically meaningful 
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conformational ensembles for cyclic peptides.22-24 In particular, we explore the phase spaces of 

unguisin A and its four difluorinated 4-7 variants by carrying out Gaussian-accelerated molecular 

dynamics (GaMD) simulations (2.0 µs) followed by extended conventional molecular dynamics 

(cMD) simulations (4.0/8.0 µs). To validate the significance of the simulations, we carefully 

address our computational results about intramolecular H-bonding and NMR coupling constants 

with the available experimental data. To assess in detail the effects associated to fluorine 

substitution, we perform comparative analysis of the cMD trajectories complemented with 

entropy and molecular mechanics calculations. Overall, our results not only provide further 

molecular details about the structure and dynamics of the unguisin A macrocycle, but also 

suggest that computational modeling may yield useful guidelines for the de novo computational 

design of fluorinated polypeptides with targeted conformational properties. 

 
METHODS 

Set up of the systems  

Initial coordinates for unguisin A (3 in scheme 1) were obtained from the ChemSpider 

chemical structure database (identifier 8828057).25 After reordering and grouping the atoms 

according to the Val1-Ala2-Trp3-Gaba4-Ala5-Val6-Phe7 sequence, the structure was relaxed with 

the Avogadro program26 to alleviate some structural problems. Subsequently, four difluorinated 

variants of unguisin A were obtained by replacing the appropriate H atoms in the Gaba residue of 

3 by F atoms. This resulted in molecule 4 with an (R, R) stereochemistry at the Cβ and Cα atoms 

of Gaba, the alternative syn structure 5 with an (S, S) stereochemistry, and the two possible anti 

configurations (R, S) in molecule 6 and (S, R) in molecule 7. 
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Standard residues in the 3-7 compounds (i.e., Val, Ala, Trp and Phe) were described with the 

ff14SB force field.27 For the non-standard Gaba residue and its fluorinated variants in molecules 

4-7, appropriate atom types were selected from the ff14SB force field (see Table S1). Atomic 

charges were computed using the Restrained Electrostatic Potential (RESP) methodology.28, 29 

To this end, the various -NH-CH2-(CHX)2-CO- Gaba residues were capped with terminal acetyl 

(Ace) and N-methylamine (Nme) groups. Then 50 conformers were generated for each molecule 

with the Ms-dock program.30 Structural and energetic filters were applied to remove high energy 

and redundant conformers. For each Ace-Gaba-Nme molecule, the selected conformers were 

optimized at the HF/6-31G* level of theory using the Gaussian03 package.31 The HF/6-31G* 

electrostatic potential of all the conformers were processed with the Antechamber software32 in 

order to derive the RESP atomic charges for the five different Gaba residues in 3-7. 

Taking into account that the placement of a fluorine atom adjacent to a carbonyl group has a 

remarkable conformational influence,21 we refined the dihedral parameters for rotation around 

the Cα-C bond in Gaba (see Scheme 1) using the Paramfit program included in the Amber16 

package.33 The Gaba conformers utilized for the RESP calculations were reoptimized at the RI-

MP2/aug-cc-pVTZ level of theory with the Orca program.34 The 4-5 most stable conformers 

were then perturbed by rigid rotation around the Cα-C bond in 30º steps. After removing the 

geometries with steric clashes, the quantum mechanical (QM) energies of the remaining 

structures were evaluated by means of single-point RI-MP2/aug-cc-pVTZ calculations, and the 

energies and geometries were introduced into Paramfit to optimize the Cβ-Cα-C-N and F-Cα-C-

N terms by applying a least-squares fitting procedure. To include the refined dihedral parameters 

without affecting the standard CT-CT-C-N torsion, a new atom type termed CG was defined and 
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assigned to the Cβ of Gaba (see Scheme 1). All the refined parameters are collected in Table S1. 

The Amber prep and frcmod files are also included in the Supplementary Material. 

Previous NMR experiments were performed for unguisin A and its four difluorinated 

derivatives in dimethyl sulfoxide (DMSO).20 For this reason, the initial structures of 3-7 were 

surrounded by an octahedral box of DMSO molecules that extended 16 Å from the solute atoms 

using the tLeap program in Amber16.35 For the DMSO solvent, the parameters by Fox and 

Kollman36 and the box available in the Amber parameter database were loaded into tLeap. 

 

Molecular Dynamics simulations 

Energy minimization and molecular dynamics (MD) simulations were carried out using the 

Sander and Pmemd programs included in the Amber16 suite of programs.33, 35 The DMSO 

molecules were initially relaxed by means of energy minimizations and 200 ps of MD. Then the 

full systems were minimized and heated gradually to 300 K carrying out 60 ps of constant 

volume (NVT) MD with a 1 fs time step. Subsequently, the density was adjusted by means of 2.0 

ns of constant pressure (NPT) MD with a 2 fs time step and using the Monte Carlo barostat as 

implemented in Pmemd. Langevin dynamics was employed to control the temperature (300 K) 

with a collision frequency of 2 ps-1. The SHAKE algorithm37 was employed to constraint all the 

R-H bonds, and periodic boundary conditions were applied to simulate a continuous system. A 

non-bonded cutoff of 10.0 Å was used whereas the Particle-Mesh-Ewald method38 was 

employed to include the contributions of long-range interactions.  

The conformational space of the unguisin 3-7 models was initially explored by Gaussian 

Accelerated Molecular Dynamics (GaMD),39 which performs an enhanced and unconstrained 

sampling of the systems thanks to harmonic boost potentials that smooth out the potential energy 
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surface. We applied a dual potential boost on the torsion and potential energetic terms. The upper 

limits of the standard deviation of the total and dihedral boost potentials were set to their default 

values (6.0 kcal/mol). The parameters that define the boost potentials, a threshold energy E and a 

harmonic force constant k, were estimated in preliminary MD and GaMD runs from the average 

and standard deviation of potential energies. The number of simulation steps (NTAVE) used to 

update the potential energy statistics was 50000. The preliminary MD run comprised a total of 

18xNTAVE simulation steps, yielding an initial guess of the E and k parameters. After an 

equilibration GaMD phase (2xNTAVE steps), E and k were refined during a GaMD run with a 

length of 10x18xNTAVE steps. Finally, the production phase of the GaMD NTP simulations 

performed for 3-7 was extended up to 2 µs. Cartesian coordinates and the values of the boost 

potentials were saved for analysis every 1250 simulation steps (2.5 ps). The graphics-processing-

unit (GPU) accelerated version of the Pmemd code40 was employed both in the conventional MD 

and in the GaMD runs. 

To characterize the shape and conformation of 3-7 along the production GaMD simulations, 

we monitored the evolution of two dihedral angles, Val1@Cα-Ala2@Cα-Trp3@Cα-Gaba4@Cγ 

(RC1) and Gaba4@Cα-Ala5@Cα-Val6@Cα-Phe7@Cα (RC2). These two angles were used to 

reweight the GaMD simulations and estimate 2D free energy maps for 3-7. We use the python 

scripts developed by Miao et al., selecting the exponential average reweighting and 60 bins along 

each RC coordinate.41  

Each GaMD simulation revealed 2 or 3 highly-populated basins in the 2D free energy maps. 

To further sample the equilibrium properties of the conformational GaMD basins, we performed 

conventional MD (cMD) simulations that were started by randomly selecting a structure within 

the corresponding basins. After minimization, thermalization and pressurization of the selected 
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structures, the cMD simulations extended up to 4 or 8 µs depending on the flexibility displayed 

by the macrocycle. More specifically, two 8 µs simulations named 31 and 32 were run for 

compound 3, two 4 µs simulations (41 and 42) for 4, two 4 µs simulations (51 and 52) for 5, one 4 

µs  ( 61 ) and one 8 µs ( 62 ) simulation for 6 and, finally, three 8 µs simulations ( 71, 72, and 73) 

were run for 7. This combination of multiple MD trajectories performed for long simulation 

times should provide a good sampling of the conformational space accessible to these relatively 

small and rigid macrocycle peptides.42  

Analysis of the simulations 

Structural analyses of the simulations were performed using the Cpptraj module of Amber16,43 

and other specific software developed locally. The coordinates of 3-7 along the MD trajectories 

were clustered using Cpptraj with the average-linkage clustering algorithm and a sieve of 50 

frames. The distance metric between frames was calculated via best-fit coordinate root-mean-

square deviation (RMSD) using all the backbone heavy atoms, and the clustering was finished 

when the minimum distance between clusters was greater than 1.0 Å.  

Intramolecular H-bonds were characterized along the cMD simulation of 3-7. Cutoffs of 3.5 Å 

in the N···O distance and 110º in the NH···O angle were defined as the geometric criteria for the 

occurrence of a H-bond.44 H-bonds between the backbone amido groups of 3-7 and solvent 

molecules were also counted considering the same geometric criteria. Spin-spin coupling 

constants were estimated for the Gaba residue using Karplus-type relationships. For the 3JH,H 

values, we use a Karplus-type relationship that expressed the coupling constant as a function of 

the H-C-C-H torsion angle. It includes three adjusted parameters with values C0=6.01 Hz, C1=-

1.37 Hz, and C2=3.61 Hz.45 For the 3JH,F constants, we implemented the seven-parameter 

function proposed by Thibaudeau et al.46 Besides the H-C-C-F torsion angle, this Karplus-type 
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function makes use of correction terms for the substituent electronegativity as well as for H-C-C 

and F-C-C bond angles. We selected λ1=1.4, λ2=0.9, λ3=0.9, and λ4=0.0 for the substituent 

electronegativities of the fluorine, carbon, and hydrogen atoms present in the CHF-CHF moiety 

of the Gaba residue in 4-7. Torsion angles were computed along the cMD simulations with 

Cpptraj. The Probability Density Functions (PDFs) of the different torsions were obtained from a 

histogram representation and a von Mises kernel estimator. For a particular torsion angle, the 

location of the maxima and minima of the corresponding PDF allows to split the sampled 

configurational space in different conformational states that interchange along the dynamic 

simulation.47 The Chimera visualization system was employed to compute molecular areas and 

draw molecular models.48  

MM-PBSA and Entropy Calculations 

Molecular Mechanics-Poisson Boltzmann Surface Area (MM-PBSA) calculations49 were 

carried out on 1500/3000 equally-spaced snapshots along the 4/8 µs cMD trajectories. The MM-

PBSA energy of the solute atoms was computed as: 

PB non polar
MMPBSA MM solv solvG E G G −= + ∆ + ∆      (1) 

where MME  is the molecular mechanics energy of the solute molecule including the 3RT 

contribution due to six translational and rotational degrees of freedom, PB
solvG∆  is the electrostatic 

solvation energy obtained from Poisson-Boltzmann calculations,50 and non polar
solvG −∆  is the non-

polar part of solvation energy due to cavity formation and dispersion interactions between the 

solute and the solvent molecules. 
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The MME  term in eq. (1) was calculated with no cutoff. The PB
solvG∆  term was obtained by 

solving the non-linear Poisson-Boltzmann (PB) equation51 on a cubic lattice with a grid spacing 

of 0.33 Å and using an iterative finite-difference method. The solute is represented by the atomic 

charges and radii taken from the Amber/ff14SB representation (εin=1). The DMSO solvent was 

represented with εout=46.1 and the solvent accessible surface was constructed considering a 

solvent probe radius of 2.1 Å. The non-polar solvation non polar
solvG −∆ was estimated using the 

approximation introduced by Gohlke and Case,52 

non polar vdW
solv solute solventG H MSAγ−

−∆ = ∆ +  

where vdW
solute solventH −∆  is the van der Waals interaction energy between solute and the DMSO 

molecules within a shell of 15 Å thickness, while the cavitation free energy contribution to the 

non-polar solvation energy is determined by a molecular surface area (MSA) dependent term. 

For the DMSO solvent, γ was determined by applying ( )o DMSO watγ γ γ , where γo is the original 

surface tension parameter (0.069 kcal / mol Å2) proposed for aqueous solutions.52 All these 

energy components were evaluated with the Sander and Pbsa programs included in the Amber16 

suite.  

Assuming that the potential energy surface of the solute can be described as a collection of 

harmonic wells, the absolute entropy can be estimated as: 

RRHO conformS S S≈ +
  

where RRHOS is the average entropy derived from statistical mechanics within the rigid-rotor 

harmonic-oscillator approximations (RRHO), and Sconform is the conformational contribution to 

the total entropy that arises from the population of the different energy wells.53  
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The RRHO entropy calculations were performed on the 1500/3000 MD snapshots extracted 

from the cMD trajectories which were post-processed through the removal of all solvent 

molecules. Prior to the normal mode calculations yielding the harmonic frequencies, the 

structures were subject to geometry optimization setting a tight tolerance in the energy gradient 

and using the Hawkins, Cramer, and Truhlar generalized Born (HCT-GB) implicit solvent model 

for removing the explicit consideration of solvent degrees of freedom. The geometries of the 

systems were minimized in the implicit solvent until the RMSD in the gradient elements was 

below 10−6 kcal mol-1 Å-1. These GBSA minimizations were carried out via the Sander program 

while the second derivatives of the MM and GBSA energies included in the Hessian matrix were 

calculated analytically with the Nab program.54  

The instantaneous values of the MM-PBSA components and SRRHO entropies oscillate on the 

sub-nanosecond time scales and exhibit lower-amplitude oscillations on longer time scales. The 

statistical uncertainty of their average values was determined by computing the block-averaged 

standard error of the mean.55 Thus, the MD frames were divided into segments (“blocks”) with a 

block size M that ranges from 1 up to a quarter of the total number of frames and the limiting 

value of the block-averaged error is reported as an upper limit to the statistical uncertainty. 

We estimated the conformational entropies (Sconform) of the macrocycles using the Cencalc 

program.56 For each rotatable dihedral angle of the heptapeptide molecules, which are selected 

using the Amber parameter file, Cencalc discretizes its time evolution by evaluating the 

continuous PDFs represented by a von Mises kernel density estimator, which depends on a 

concentration parameter κ (a κ=0.50 value was chosen here). By finding the maxima and minima 

of the PDF, the time series containing the values of the corresponding dihedral angle during the 

MD simulation is transformed into an array of integer numbers labelling the accessible 
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conformational states along the MD trajectory. Then, Cencalc calculates the unidimensional 

probability mass functions pi of each torsion angle and computes the corresponding first-order 

Sconform contribution as lnconform B i i
i

S k p p= − . Correlation entropy among the torsional degrees 

of freedom was taken into account using a reformulated expansion technique termed correlation-

consistent multibody local approximation (cc-MLA),57 which is effectively independent of any 

expansion order and can be formally expressed as a sum of conditional entropies that closely 

resembles the so-called Maximum Information Spanning Tree (MIST) approach.58 The bias of 

the cc-MLA entropy due to finite sampling was minimized by shuffling the elements of the 

arrays of integer numbers labelling the conformational states prior to the entropy estimations.  

 

RESULTS 

Preliminary GaMD sampling  

There is no experimental structure available for unguisin A or for any of its 4-7 

difluoroderivatives. In addition, it has been noted that, although macrocycles are 

conformationally-restricted molecules, they can still be flexible and exist as ensembles of low 

energy conformations connected by relatively high-energy barriers.10 For these reasons, the 

GaMD enhanced sampling technique was selected to initially explore the conformational space 

of 3-7 in DMSO solution. From the GaMD trajectories, we obtained 2D free energy maps by 

estimating the canonical probability distribution using the 

Val1@Cα−Ala2@Cα−Trp3@Cα−Gaba4@Cγ (RC1) and 

Gaba4@Cα−Ala5@Cα−Val6@Cα−Phe7@Cα (RC2) torsions as reaction coordinates. The maps, 
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shown in Figure 1, exhibit well-defined minima, which in turn, delineate the most-likely 

macrocyclic conformations defined in terms of the selected backbone dihedral angles.  

<Figure 1 here> 

The comparison of the free energy maps suggests that the different fluorination 

stereochemistry at the Gaba residue of 4-7 modifies the conformational dynamics of the unguisin 

A ring. In terms of the global bending of the macrocycle described by the RC1 and RC2 

coordinates, the difluorinated derivatives 6 and 4 present a less flexible macrocycle than that of 

the non-fluorinated compound 3 (see Figure 1). In contrast, 7 would be quite flexible as 

suggested by the presence of several low-energy basins throughout the RC1/RC2 phase space. 

Further insight into the conformations sampled by the GaMD 3-7 simulations can be obtained 

from clustering calculations based on the RMSD of the backbone heavy atoms (see Table S2). 

Considering an RMSD threshold of 1.0 Å, a large number of clusters is obtained for each 

trajectory, confirming thus that the GaMD simulations effectively explored multiple regions in 

the conformational landscape of the 3-7 macrocycles. Moreover, the total number of clusters and 

the percentage of abundance of the most populated ones differ across the GaMD simulations, 

which indicate a different dynamical behavior in 3-7. The clustering results also point to 7 as the 

most flexible difluorinated variant of unguisin A. 

Basing on the free energy maps shown in Figure 1, we carried out conventional MD 

simulations of 3-7 aimed to sample the equilibrium states of the unguisin macrocycle. Thus, one 

GaMD snapshot was randomly selected from each of the two lowest free energy basins of 3-6 

(see Figure 1) to start the 31/32, 41/42, 51/52, and 61/62 cMD simulations. For the highly flexible 

compound 7, we selected three different basins to randomly extract the initial point for the 71, 72, 

and 73 cMD simulations. Visual inspection of the initial structures, which are shown in Figure 
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S1, confirm that they correspond to different arrangements of the unguisin macrocycle. Even for 

the structures with similar RC1/RC2 values (see for instance structures 31, 62, and 73 in Figure 

S1), the specific orientation of some peptide bonds results in different intra-molecular H-bonds.  

 

cMD simulations: Evolution of the trajectories  

To analyze the conformational space preferentially sampled by 3-7 during the cMD 

simulations, we built again 2D histogram representations of the RC1/RC2 torsion angles of the 

macrocycle (see Figure 1). Overall, the comparison between the GaMD and cMD histograms 

points out that the main GaMD basins were exhaustively sampled during the cMD simulations, 

allowing thus to characterize their equilibrium properties. A closer inspection of these plots 

shows that some of the cMD simulations (42, 51, and 52) maintain their RC1/RC2 coordinates 

around those of the starting GaMD structures, revealing that their secondary structures are quite 

stable and/or that the energy barriers for the conformational interconversion are relatively high, 

perhaps due to the restraints imposed by the macrocycle. In contrast, the initial structures in the 

31, 32, 62, 71, 72, and 73 cMD simulations evolved to sample other regions in the RC1/RC2 phase 

space, and they populate different conformational basins in the same cMD trajectory. It is also 

interesting to note that several compounds preferentially sample the same conformations in terms 

of the RC1/RC2 coordinates. For instance, RC1 and RC2 values around 100º are highly 

populated along the 31, 51, 71, and 73 simulations, that is, the fluorinated 5 and 7 derivatives 

populate macrocycle conformations characteristic of the native unguisin A. 

<Figure 2 here> 

The time evolution of the macrocycle conformations along the cMD simulations was 

monitored in terms of their backbone RMSD values. The length of simulations (4.0 µs or 8.0 µs) 
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was decided depending on the persistence (or not) of specific conformers along the first 4.0 µs. 

Figure 2 presents the final RMSD plots, colored for the most abundant clusters as obtained by 

accumulating all the sampling obtained for each compound. For the non-fluorinated molecule 3, 

the RMSD plots reveal that the initial configurations extracted from the GaMD calculations can 

interconvert on the µs scale with configurations that are structurally quite different (i.e. with 

RMSD > 2 Å) and that the 32 trajectory evolves after 3.3 µ towards the configurations appearing 

along the 31 simulation. Considering the two syn-difluorinated variants of unguisin A, 4 (R,R) 

and 5 (S,S), the structure of the macrocycles remained very close to the initial GaMD structures 

and the time evolution of the RMSD values was quite steady along the cMD simulations. There 

is a rapid interconversion on the ns-time scale between different clusters along 41 that, according 

to the RMSD values, correspond to structurally similar conformations of the backbone atoms. In 

contrast, only one major conformer is observed for the 42 (91%), 51 (99%), and 52 (89%) 

trajectories. The coloring pattern in Figure 2 further emphasizes that the main 42 conformer 

differs from the 41 ones. Similarly, the most abundant conformers of 51 and 52 are also 

structurally different (see below). Concerning the anti-difluorinated variants of unguisin A, 

compound 6 (R,S) seems to be more rigid. On one hand, a highly abundant conformation (93%) 

was observed during the 4.0 µs of the 61 simulation. On the other hand, the alternative 62 

trajectory, which explored other conformations during the first 4.7 µs, displays again the 61 

conformation during the last 3.3 µs. For the other anti-difluorinated derivative, compound 7, 

three independent 8-µs long simulations were required to better characterize its phase space. 

According to the 71 RMSD plot, the cyclic peptide drastically changed its initial configuration 

during the first 1.4 µs of the cMD and, thereafter, it adopted a quite stable conformation that 

undergoes only small structural fluctuations (see Figure 2). A similar behavior is observed along 
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the 73 trajectory, with a first part of intense conformational change, while the last 4.0 µs mostly 

sampled the same type of configurations than in 71. In contrast, trajectory 72 displayed frequent 

transits between conformations with low abundance (< 15%), which also appear in the first part 

of the 71 and 73 simulations. Curiously, the most abundant conformation in 71 and 73 (in red in 

Figure 2) is only marginally observed in 72 after 8.0 µs of simulation time. 

 

cMD simulations: MM-PBSA and entropy calculations 

To complement the structural characterization of the cMD simulations with an energetic 

assessment of their relative stabilities, we computed the MM-PBSA energies and the solute 

entropies as described in Methods.  Table 1 collects the resulting G values obtained from the 

average MM-PBSA energies and the SRRHO and Sconform entropies, while Figures S3 and S4 

display the time evolution of the MM-PBSA values and the Sconform convergence plots, 

respectively.  

<Table 1 here> 

For the unfluorinated unguisin A, the G scorings for the whole trajectories indicate that the 31 

ensemble is 1.9 kcal/mol more stable than 32, which results from more favorable MM-PBSA and 

entropy contributions. In addition, the MM-PBSA plot along the first half of the 32 trajectory 

exhibits a pronounced lowering drift whereas the 31 MM-PBSA energy seems better 

equilibrated, fluctuating around the mean value. These observations suggest that the first half of 

the 32 simulation corresponds to a search phase throughout high energy conformations and, 

therefore, only the trajectory 31 was considered to characterize the equilibrium properties of the 

native unguisin A. 
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For the fluorinated derivatives 4 and 5, the time evolution of their MM-PBSA values displays 

a steady evolution along the simulations and the conformational entropy plots are well-

converged. In terms of the G-scoring difference (with statistical uncertainty in parentheses), 41 is 

only 0.3 (0.2) kcal/mol more stable than 42 while 52 is more stable than 51 by 0.7 (0.4) kcal/mol. 

These are quite small differences so that all the conformers sampled by these trajectories would 

be significantly populated at room temperature. Therefore, we accumulated the 41 and 42 

trajectories, on one hand, and the 51 and 52 ones, on the other, in order to characterize the 

equilibrium properties of the 4 and 5 difluorinated compounds.  

For the first anti-difluoro derivative, the ensemble of structures sampled by the 62 simulation 

turns out to be 2.3 kcal/mol more stable than that of 61 owing to the larger Sconform of 62, which 

presents several conformational changes in contrast with the rigidity of 61 (see Figure 2). As 

noticed above, the last 3.3 µs of 62 matches the conformation observed in 61. The MM-PBSA 

plot in Figure S3 and Table 1 indicate that this 61 conformation would be slightly stabilized by 

1.5 kcal/mol in terms of the MM-PBSA energies, although this difference would be compensated 

by entropic contributions favoring the other 62 conformations. Therefore, we considered that the 

whole 62 trajectory would provide a more complete energetic and entropic description than 61.  

The cMD simulations of compound 7 may deserve a more particular attention. The three 

trajectories 71, 72, and 73 present a similar stability in terms of the G scorings collected in Table 

1, the corresponding differences being below 0.5 kcal/mol, close to their statistical uncertainties. 

The average MM-PBSA values and the time evolution plots show a slightly stabilization of the 

peptide macrocycle along the 71 and 73 simulations, but such stabilization is accompanied by a 

reduction in the conformational entropy occurring upon removal of the other conformations (1.5 

µs for 71 and 4.0 µs for 73). Overall, the conformational entropy plots are reasonably converged 
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in the three trajectories. Consequently, the three simulations 71, 72, and 73 were considered to 

analyze the structure and dynamics of compound 7, which turns out to exhibit a similar 

flexibility as that of the parent unguisin A peptide. 

 

cMD simulations: Structural features of the most populated conformers  

Figure 3 displays the cluster representatives of the backbone conformations adopted by the 3-7 

systems. For the simulation 31, which describes the most likely conformations of unguisin A, 

three major conformations (31A, 31B, and 31C) account for 41%, 21%, and 14% of the MD frames. 

It turns out that 31C exhibits an open macrocycle ring structure whereas 31A and 31B adopt a more 

compact shape stabilized by intramolecular H-bonds involving backbone peptide groups. The 

most persistent H-bond interaction corresponds to Val1@NH···O-Ala5 H that is observed in 60% 

of the whole 31 simulation. Other less abundant H-bonds link the Ala2/Ala5 and Gaba4/Val1 

residues in the 31A and 31B clusters, respectively (see Figure 3 and Table S3).  

<Figure 3 here> 

As noticed above, the 41 simulation of the syn-R,R difluoro-peptide fluctuates between two 

clusters that are similarly populated 43% (41A) and 36% (41B). The second simulation, 42, which 

is slightly less stable in terms of the MM-PBSA/entropy scoring, is dominated by a single 

conformation (91%). The three conformers are relatively compact and some intramolecular H-

bonds are present in two of the three conformers (e.g., Val1@NH···O-Ala5 in 41A and 41B; 

Gaba4@NH···O-Val1 in 41A and 42A; see Figure 3). However, given that the approximated free 

energy difference between the 41 and 42 ensembles is very small (0.4 kcal/mol), it is not feasible 

to highlight a particular H-bond interaction as being highly persistent in all the conformations 

adopted by 4. 
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According to the GaMD/cMD simulations, the syn-R,R difluoro derivative can access to two 

different backbone conformations, 51A that accounts for 99% of the 51 MD frames and 52A that is 

also highly abundant (89%) in the other trajectory. Although the 51A and 52A representative 

structures differ in their backbone arrangement (RMSD =1.94 Å), the two conformers exhibit an 

extended Gaba residue with a g- conformation at the F-C-C-F moiety and the same 

Val1@NH···O-Ala5 intramolecular contact, which turns out to be highly abundant (~90% ) in the 

two trajectories. 

Basing on the MM-PBSA and entropy calculations, the equilibrium properties of the anti-(R,S) 

stereoisomer (6) are better described by the 62 simulation alone, which populates two major 

clusters, 62A with 40% of the frames and 62B with 33%. These clusters present a quite different 

pattern of H-bond contacts (see Figure 3). Thus, Val1@NH···O-Ala5 (32%) and 

Gaba4@NH···O-Val1 (30%) are the most relevant interactions in 62A, while the Trp3@NH···O-

Phe7 (32%) and Gaba4@NH···O-Ala5 (27%) contacts predominate in 62B.  

From the extended GaMD/cMD simulations, the (S,R) difluorination at the Gaba residue 

would result in a flexible macrocycle. For example, in terms of the total number of different 

clusters, 7 has more conformational variability than unguisin A (see Table S2). Considering just 

the most abundant cluster representatives shown in Figure 3, it turns out that Val1@NH···O-Ala5 

(46%), Ala2@NH···O-Ala5 (67%), and Gaba4@NH···F2-Gaba4 (68%) are the most abundant 

contacts in 71A (similar percentages are computed for 73A). In 73B, the Ala2@NH···O-Val6 (24%) 

and Val6@NH···O-Ala2 (25%) H-bond contacts are also relevant. 

Some structural features of the computationally-predicted structures may be addressed against 

experimental data. More specifically, the temperature gradients of the 1H-NMR chemical shifts 

(∆δ/∆Τ) have been determined for the backbone NH groups of 3-7.20 Since the presence of stable 
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intramolecular H-bonds is usually ascribed to ∆δ/∆Τ values below 3·10-3 ppm/K, NH···O=C 

intramolecular contacts have been assigned for Val1@NH in 3, Ala2@NH and Val6@NH in 5, 

Val1@NH, Gaba4@NH, and Val6@NH in 6, and Val1@NH in 7. However, a certain over-

interpretation of chemical shift/temperature coefficients as arising exclusively from 

intramolecular hydrogen bonding effects may be possible, as noticed in the literature.10, 59, 60 

Nevertheless, there is a partial agreement between the intramolecular H-bonds characterized by 

the cMD simulations and the assigned NH···O=C intramolecular contacts in ref. 20. For 

example, the 31 simulation and the NMR ∆δ/∆Τ values measured for 3 agree in pointing to 

Val1@NH as the amido group preferentially involved in an intramolecular H-bond contact. On 

the other hand, the ∆δ/∆Τ values obtained for 4 have been considered compatible with the lack 

of persistent intramolecular H-bonds, what might be explained in terms of a mixture of 

conformers of similar stability as suggested by our simulations and the absence of a common 

intramolecular H-bond contact among them. For the other difluoro derivatives 5, 6, and 7, there 

are some coincidences between the identity of the interacting NH groups signaled-

experimentally and the most populated H-bonds characterized in silico (e.g., Ala2@NH in 5, 

Val1@NH and Gaba4@NH in 6, and Val1@NH in 7). However, the overall abundances of the 

corresponding H-bonds during the MD simulations are below 50% (see Figure 3) and/or the 

accurate weight of the corresponding MD ensemble is not known. Therefore, a closer 

comparison between computational and experimental observations seems not feasible at this 

point. 

 

Conformational properties of the Gaba residue  
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Further structural and dynamical details on the effects associated to the fluorine atoms can be 

obtained from the analysis of the backbone torsion angles involving the Gaba residue. Hence, we 

first analyzed whether or not the usual conformational preferences associated to the presence of 

fluorine atoms operate in 4-7. The PDF plots and the time evolution of the conformational states 

sampled by the N-Cγ-Cβ-F, F-Cβ-Cα-F and F-Cα-C=O torsion angles of the Gaba residue are 

collected in the Supporting Information (Figure S5).  

Considering the N-Cγ-Cβ-F torsion, the expected gauche arrangement is the most abundant 

conformation in the 42, 52, 62, 71, 72, and 73 simulations, while 41 presents an important 

interconversion between gauche and anti forms and 51 is mainly fixed in an anti-alignment. The 

two fluorine atoms in the F-Cβ-Cα-F moiety are preferentially placed in the gauche relative 

orientation in all the simulations. There is a frequent interconversion between both gauche forms 

(g+ and g−) in 4, while the g+ conformer is preferred in 42 and 62 and g− is the main form in 51, 

52, 71, 72, and 73.  

In principle, adjacent C-F and C=O bonds are expected to adopt an anti-parallel arrangement 

(i.e., F-C-C=O angle of 180º), what is rationalized by invoking the high polarity of the C-F bond. 

However, we found that the PDF for the F-Cα-C=O torsion angle in the 41, 51, 52, and 62 

simulations clearly deviates from the anti-arrangement. Along the 42, 71, 72, and 73 trajectories, 

the Cα-F and C=O bonds present dihedral angles around 200-250º, which are somehow closer to 

the anti-arrangement (180o). In this respect, we note that none 4JH,F couplings between the α-

fluorine atom and the adjacent Ala5@NH proton has been observed in the NMR experiments 

performed for 4-7.20 This result suggests that the expected anti-parallel C-F/C=O alignments 

cannot be realized in 4-7 in consonance with our cMD results. 

<Table 2 here> 
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From the simulation of the 1H NMR spectra of 3-7, the 3JH,H and 3JH,F coupling constants have 

been obtained for the Gaba residue.20 In principle, these 3JH,X coupling constants reflect the 

underlying H-C-C-X conformation, with torsion angles close to 0º/180º resulting in larger spin-

spin couplings than values close to 90º. To compare with these results, we provide in Table 2 an 

estimation of the selected Gaba coupling constants computed in the cMD simulations by means 

of Karplus-type relationships. The 3JH,H and 3JH,F values in Table 2 are given for each cMD 

simulation as well as their Boltzmann-averaged values.  

For unguisin A (3 in Table 2), all the 3JH,H values computed for the 31 trajectory are close to 

the results obtained from the 1H NMR spectrum. In addition, the Boltzmann-averaged 3JH,H and 

3JH,F values computed for compounds 4 and 5 also show a good agreement with those derived 

from the experimental 1H NMR data. Thus, the average 3JH,F values resulting from the 41 and 42 

simulations (21.0/20.1) are very close to the coupling constants reported by Hu et. al. 

(20.8/20.0). Their intermediate magnitude evidences g+/g− disorder associated to H-C-C-F 

angles around 180º having a high coupling constant (g+ in the syn-R,R stereoisomer 4), and to 

H-C-C-F angles around 60º with a low coupling constant (g- in 4). In fact a high degree of g+/g− 

interconversion is observed all along the 41 simulation (see Figure S5) and further g+/g− 

interconversion may result from the conformational exchange between 41B (g−) and 42A (mostly 

g+). On the other hand, the large 3JH,F average values obtained for 5 (23.6/23.2) are also close to 

those of Hu et. al. (27.6/25.0). In our simulations, these coupling constants result from the high 

abundance of g− conformers both in 51 and 52 (see Figure S5) that, combined with the (S,S) 

stereochemistry of Gaba, determine an almost unimodal distribution of the H-C-C-F torsions 

centered around 190-200º values. 
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When comparing our estimations of the 3JH,X coupling constants for compounds 6 and 7 with 

those of Hu et. al. data, we find significant deviations, specially for the F-Cβ-Cα-H coupling 

constant (see Table 2). For instance, the 71, 72 and 73 simulations give unimodal H-C-C-F PDFs 

that peak at low (~70o for F-Cβ-Cα-H) and high torsion (~190o for H-Cβ-Cα-F) angles resulting 

in Boltzmann-averaged 3JH,F values of 7.2 and 25.2, respectively. The corresponding Hu et. al. 

values are 18.3 and 21.5 indicating some degree of g+/g- disorder at the Gaba residue. Although 

a few g+/g− interchanges occur during the cMDs of 6 and 7 (see Figure S5), their frequency is 

low and the dominant F-C-C-F conformations (g+ for 6 and g− for 7) determine the appearance 

of a pair of low and high 3JH,F values. However, our computational results coincide with the 

NMR data in the sense that both sets of data show nearly identical 3JH,F values for 6 and 7, 

suggesting that the dynamics at the Gaba residue would be similar in the two anti-diastereomers. 

Our results also agree with the NMR ones in showing that the F-Cβ-Cα-H and H-Cβ-Cα-F 

coupling constants turn out to be dissimilar, although the difference in the 3JH,F values of the 

same compound is clearly more accentuated in our calculations.  

 

Overall similarities and differences between unguisin A and its difluoro-derivatives 

The 2D histogram plots of the torsional coordinates RC1 and RC2 delimit the phase space 

regions for the various macrocyclic conformations produced by the GaMD/cMD simulations (see 

Figure 1). As aforementioned, the peptides 3-7 tend to populate distinct RC1/RC2 areas although 

there are noteworthy exceptions (i.e., 31A, 51A, 71A). The cluster representatives in Figure 3 

further illustrate the unique structural features of the 3-7 conformers, but they also exhibit some 

similarities concerning the identity of intramolecular H-bonds and the compactness of the 

structures. To further assess to what extent the difluorination at the Gaba residue modifies the 
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structure of the unguisin A macrocycle, we computed the backbone RMSD values between the 

most populated cluster representatives of 4-7 with respect to those of 3 (see Table S4). 

Considering a 0.5 Å RMSD threshold as indicative of close structural proximity, it turns out that 

the macrocycle conformation in 51A matches that in 31A (0.3 Å). In addition, 71A is similar to 31A 

(0.7 Å) while clusters 52A and 62A resemble the 31B structure (0.9 and 0.8 Å, respectively). The 

rest of the RMSD values are well above 1.0 Å showing that, in general, the stereoselective 

fluorination of unguisin A alters substantially the geometry of this cyclic peptide, yielding new 

structures as previously claimed.20 However, it is equally important to note that exceptions arise 

and that specific difluorination patterns (e.g., syn-(S,S) in this case) may retain a structural 

similarity with the parent system. 

We also evaluated whether or not the GaMD ensemble of the non-fluorinated unguisin A (3) 

includes the conformations favored by the fluorination patterns in 4-7. Inspection of the lowest 

RMSD values obtained by superposing all the clusters produced by the GaMD simulation of 3 

onto the cluster representatives obtained from the cMD simulations of 4-7 (Tabe S5), shows that 

the majority of the backbone conformations of 4-7 for were also sampled during the enhanced-

sampling simulation of 3, specially when considering the syn derivatives 4 and 5. Most 

remarkably, the syn-(S,S) 5 presents again a high similarity (0.3 Å for 51A) with the most 

abundant cluster from the 3 GaMD simulation. This comparative analysis further confirms the 

ability of GaMD to yield extensive sampling of the macrocycle conformations, but it also 

suggests that fluorination of unguisin may filter out specific areas of the phase space available to 

the unsubstituted peptide.  

The computational prediction of the possible conformational filtering/stabilization (or 

complete backbone rearrangement) induced by fluorination, basing only on the knowledge of the 
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phase space of the unsubstituted cyclic peptide, could help in the rational design of fluorinated 

peptides. In this respect, we applied the MM-PBSA protocol described in Methods in order to 

score the stability of the structures that result after having mutated the corresponding H atoms 

into F atoms at the Gaba residue on the frames from the 3 GaMD trajectory. In this way, a series 

of unrelaxed fluorinated structures (3GaMD→4, 3GaMD→5, …) were obtained. Prior to the MM-

PBSA calculations, the coordinates of the solute molecule and those of a 15 Å solvent cap were 

optimized via 1000 conjugate-gradient steps in order to relax the fluorinated Gaba residue and 

remove any structural influence of the GaMD bias potential. For each fluorine substitution 

pattern, the calculated GMMPBSA energies were averaged assuming the cluster distribution derived 

from the 3 GaMD trajectory (only the 50 most populated clusters and 500 snapshots within each 

cluster were considered).  

< Figure 4 here > 

Using the MM-PBSA scoring function, it becomes feasible to assess the relative stability of the 

fluorinated 3 GaMD conformations grouped into the various cluster ensembles. These scorings 

were plotted against the minimum backbone RMSD distances between the corresponding cluster 

representatives in the 3 GaMD simulation and those of the fluorinated systems in the cMD 

simulations (see Figure 4). Interestingly, we found that, in the case of the syn-(R,R), syn-(S,S) 

and anti-(R,S) derivatives (4-6), there exists a significant correlation (r=0.4-0.6) between the 

cluster-averaged GMMPBSA energies and the RMSD distances, in such a way that the lowest 

GMMPBSA values correspond to those fluorinated 3 GaMD frames that effectively match the 4-7 

conformers (i.e. 41A, 42A, 51A, etc.). In the case of the anti-(S,R) (7) stereoisomer, however, the 

GMMPBSA /RMSD data are essentially uncorrelated. Nonetheless, the MM-PBSA scoring of the 

fluorinated GaMD ensemble of the natural unguisin A suggests that the conformational effect of 
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fluorine largely consists in selecting particular conformations accessible to the unsubstituted 

macrocylic peptide.  

 

DISCUSSION 

Our understanding of peptide macrocycles may benefit from an extensive conformational 

sampling of their phase space. Many different computational tools have been proposed and/or 

specifically designed for this task. In this respect, our simulations further support the general-

purpose accelerated MD technique as a robust and straightforward approach to calculate free 

energy maps of the conformational landscape of the macrocycles. Although costly simulations 

on the µs time scale are required for convergence, the GaMD calculations can be efficiently run 

on GPU devices. However, an adequate force field parameterization is a prerequisite for the 

application of GaMD or other methods, what is particularly relevant for fluorinated residues 

and/or non-standard amino acids that are generally missing in conventional force fields. Indeed it 

must be emphasized that the modelling of the unguisin A peptides depends critically on the 

development of specific torsional parameters for the Gaba residue, as they largely determine the 

preferred conformations for such residue. On the other hand, we note that conventional MD 

simulations play an equally important role in the characterization of the peptide macrocycles 

because they confirm and refine the conformational search performed by the GaMD calculations. 

It is worth mentioning that the various GaMD minima were probed by the cMD simulations in 

order to achieve a more exhaustive conformational search. Thus, in our modelling of unguisin A 

(3) and its difluorinated derivatives (4-7), the majority of the macrocyclic GaMD conformations 

turned out to be essentially stable along the µs cMD trajectories (e.g., the conformers of 4-6 ). 

Moreover, the extensive cMD equilibrium sampling can help unveil other alternative 
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configurations (e.g., the 31B conformer) as well as to assess the flexibility of the macrocycles. 

The cMD simulations also allowed us to estimate the relative stability of the conformational 

ensembles by applying approximate end-point free energy methods, which, in turn, can largely 

benefit from the inclusion of conformational entropies of the peptidic solutes. Therefore, we 

conclude that the combined GaMD + cMD protocol can be a powerful computational tool, 

particularly suitable to predict the most likely conformations of cyclic peptides in aqueous and 

organic solvents. 

The experimental pieces of information about the secondary structure of the unguisin A peptide 

and its four difluoro-derivatives have been obtained indirectly from NMR data.19, 20 Although 

static molecular models have been reported in ref. 20 (built from short 1 ns constrained MD 

simulations followed by MM relaxation), they yield little or no insight into the conformational 

properties of the systems. We believe that these static models are now superseded by our 

parameterization work and the combined GaMD + cMD simulations, which convincingly show 

that two or more conformations become structurally and energetically accessible to each of the 3-

7 macrocycles.  

The structural features of the cMD conformers are in consonance with the experimental 

NMR-based evidences. For instance, the variations in the 1H-NMR chemical shifts with T 

(∆δ/∆Τ) point out that each cyclic peptide has certain NH protons involved in intramolecular H-

bonds, and several empirical and computational H-bond assignments coincide. A more direct 

comparison between the experimental data and our simulations is outlined in terms of the NMR 

J-based analysis of the conformations of the –CβHX-CαHX− moiety of the Gaba residue, which 

maintains a gauche orientation between the two F atoms in all the simulations. For compounds 3, 
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4 and 5, there is a good quantitative agreement in the 3JH,H and  3JH,F  (F-Cβ-Cα-H and H-Cβ-

Cα-F) constants . The analysis of the torsion angles during the cMD simulations further reveals 

the degree of conformational disorder at the Gaba residue (e.g., the fast g+/g− rearrangement in 

41). In the case of 6 and 7, the comparative analysis indicates that the current force-field 

representation underestimates the g+/g- disorder, what results in the overestimation of the 

difference between the two 3JH,F constants. However, the simulations reproduce satisfactorily the 

lack of an anti-parallel alignment of the F-Cα-C=O moiety as experimentally confirmed by the 

absence of the 4JH,F couplings.   

The experimental proposal that the fluorinated peptides adopt dramatically different secondary 

structures seems, to a large extent, corroborated by the GaMD+cMD protocol given that the 

simulations of the 4-7 cyclic peptides lead to distinct conformational preferences. However, 

when we compare in detail the 4-7 cMD structures with the major cluster representatives of 3, an 

important caveat arises, that is, the (R,R), (R,S) and (S,R) substitutions alter substantially the 

secondary structure of natural unguisin, but the (S,S) stereochemistry is more prone to select the 

unguisin A conformations (31A and 31B). In addition, the majority of the preferred backbone 

structures of the fluorinated peptides are significantly sampled during the enhanced GaMD 

simulation of natural unguisin A. Furthermore, it may be possible to rank the GaMD 

conformations of 3 in terms of their propensity to become stabilized by selective fluorination as 

suggested by the MM-PBSA scoring calculations. These interesting results suggest that, 

depending on the stereochemical pattern, fluorine substitution may destabilize or stabilize 

particular conformations of the cyclic peptides. It turns out also that some a priori knowledge of 

the fluorine effects could be gained by fluorinating the enhanced conformational space of the 

unsubstituted peptide molecules. 
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In principle, several factors (gauche effect, intramolecular contacts, solute-solvent interactions, 

solute entropy, etc.) may affect the conformational changes in the unguisin A macrocycle upon 

fluorination. The preference for gauche conformations in the Gaba residue of 4-7 points towards 

the gauche effect as the main factor in dictating the overall conformations, what would be in line 

with former proposals suggesting that a low energy fluorine gauche interaction can trigger a 

drastic reorganization of the macrocycle backbone.10 However, other factors, like steric effects, 

have been also shown to operate in multi-vicinal fluoroalkanes that result in an unexpected 

strong propensity for anti C-F/C-F alignments.16 In this respect, we have found that 

understanding the fluorine effects in terms of conformational energies requires both a physically-

based scoring function (e.g., MM-PBSA with explicit non-polar solute-solvent interactions) and 

significant amounts of sampling (e.g., µs-length GaMD /cMD), suggesting thus that a complex 

interplay among various enthalpic and entropic factors controls the macrocycle conformations.   

 

CONCLUSIONS 

In this work, we provide further evidence that the prediction of macrocyclic structures like 

unguisin A in its fluorinated derivatives is computationally feasible thanks to the application of 

enhanced-sampling MD methods using an explicit solvent representation. Our results also 

suggest the convenience of carrying out extensive cMD trajectories to refine the GaMD 

conformers and characterize their equilibrium properties. The relative stability of the cMD 

ensembles can be estimated using average MM-PBSA energies augmented with conformational 

entropy estimations. The MM-PBSA energies as computed in this work could also be useful to 

guess the conformational preferences of fluorine substitution utilizing the GaMD/cMD structures 

of the unsubstituted systems.  
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According to the GaMD+cMD protocol, the unguisin A macrocycle and the series of 

difluorinated derivatives are relatively flexible molecules in DMSO solution that can adopt two 

or more conformations depending on the fluorination pattern. All of the conformers present both 

fluorine atoms in gauche and, remarkably, the anti-planar C-F/C=O alignment is not observed. 

The computational predictions, which are validated by a direct comparison with the experimental 

NMR J-based analysis of the Gaba conformations, confirm that, in general, the fluorinated 

peptides possess secondary structures that deviate significantly from that of the natural unguisin 

A, excepting for the syn-(S,S) derivative that remains structurally close to unguisin A. Finally, 

we conclude that the conformational effect of the F atoms cannot be predicted only in terms of 

the gauche effect at the Gaba residue and that, most likely, the macrocycle conformations are 

determined by a subtle enthalpy-entropy balance Therefore, the GaMD + cMD or similar 

computational protocols seem required to yield reliable predictions about the fluorine 

substitution effects. 
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Table S1 with the MM parameters for the Gaba residues. Table S2 with results of the clustering 

analysis of the GaMD and cMD trajectories. Figure S1 with ball-and-stick views of the selected 

GaMD structures. Figure S3 showing the time evolution of the MM-PBSA energies. Figure S4 
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with convergence plots of conformational entropy. Figure S5 with PDF and time evolution of 

selected torsions. Table S3 with information for the most abundant H-bonds. Tables S4 and S5 

with RMSD values computed between cluster representatives. Amber prep and frcmod files for 

the different Gaba residues. 
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Table 1. Average values for the MM-PBSA energies (in kcal/mol) and absolute entropies (SRRHO in cal/mol K) of the polypeptide molecules in 

the various cMD trajectories. The limiting values of the conformational entropies (Sconform) are also included. Block average errors are indicated 

in parentheses. 

 
MMPBSAG   RRHOS   Sconform G (*) 

31 (8.0 µs) -31.9 (0.9) 317.0 (0.8) 38.7 -138.6 (0.7) 

32 (8.0 µs / last 4.0 µs) -31.4 (1.8) / -35.0 (0.2) 312.9 (0.8) / 314.2 (0.2) 38.1 /  23.8  -136.7 (1.6) / -136.4 (0.2) 

41 (4.0 µs) -26.1 (0.2) 320.0 (0.1) 28.5 -130.7 (0.2) 

42 (4.0 µs) -27.9 (0.3) 316.3 (0.1) 25.3 -130.4 (0.2) 

51 (4.0 µs) -27.5 (0.2) 321.0 (0.1) 20.4 -129.9 (0.3) 

52 (4.0 µs) -27.2 (0.3) 321.5 (0.6) 23.2 -130.6 (0.2) 

61 (4.0 µs) -26.6 (0.4) 322.0 (0.1) 20.1 -129.2 (0.3) 

62 (8.0 µs / last 3.0 µs)  -25.1 (0.8) / -26.3 (0.3) 319.9 (1.1) / 321.3 (0.3) 34.7 / 23.2 -131.5 (0.8) / -129.9 (0.6) 

71 (8.0  µs  / last 6.5  µs) -27.4 (0.6) / -28.4 (0.2) 320.6 (0.3) / 321.0 (0.2)  33.2 / 27.7 -133.5 (0.5) / -133.0 (0.2) 

72 (8.0 µs)  -24.2 (0.4) 322.2 (0.8) 41.4 -133.3 (1.0) 

73 (8.0 µs / last 4.0 µs) -25.4 (1.2) / -27.7 (0.3) 322.0 (0.9) / 321.2 (0.3) 35.9 / 29.7 -132.8 (0.2) / -133.0 (0.2) 

(*)  The global G scoring is obtained by combing the MM-PBSA and entropic terms: MMPBSA RRHO conformG G TS TS= − −   
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Table 2. Mean values and standard deviations of the 3JH,H and 3JH,F spin-spin coupling constants 

(Hz) estimated from the cMD simulations of 3-7 using Karplus relationships for selected bond 

and torsion angles in Gaba. The standard error of the mean values is below 0.01 Hz in all cases. 

The mean values correspond to the weighted average using the G scorings of the cMD 

simulations. Previously reported values for 3-7 obtained from the simulation of the 1H NMR 

spectra (ref. 19 and 20) are also given in Italics.  

 3JH,H 

(H4-Cβ-Cα-H6) 

3JH,H 

(H4-Cβ-Cα-H7) 

3JH,H 

(H5-Cβ-Cα-H6) 

3JH,H 

(H5-Cβ-Cα-H7) 

31 

NMR 

4.2 ± 2.5 

5.2 

8.7 ± 3.1 

8.0 

8.7 ± 3.1 

7.7 

5.0 ± 2.5 

5.8 

 3JH,F 

(F-Cβ-Cα-H) 

3JH,F 

(H-Cβ-Cα-F) 

3JH,H 

(H-Cβ-Cα-H) 

 

41 

42 

Average  

NMR  

16.9 ± 14.2 

27.7 ± 10.4 

21.0 

20.8 

16.6 ± 13.6 

25.9 ± 10.2 

20.1 

20.0 

6.1 ± 3.6 

3.3 ± 1.1 

5.0 

4.0 

 

51 

52 

Average  

NMR  

23.1 ± 10.1 

23.8 ± 10.4 

23.6 

27.6 

22.7 ± 10.0 

23.4 ± 10.1 

23.2 

25.0 

2.9 ± 1.3 

2.9 ± 1.2 

2.9 

1.0 

 

62 

NMR  

8.0 ± 6.5 

18.4 

25.8 ± 10.6 

21.1 

3.8 ± 1.3 

-- 

 

71 

72 

73 

Average  

NMR  

6.2 ± 4.4 

8.8 ± 6.0 

7.0 ± 5.2 

7.2 

18.3 

25.2 ± 9.8  

25.3 ± 9.9 

25.3 ± 9.9 

25.2 

21.5 

4.2 ± 1.0  

3.5 ± 1.0 

4.0 ± 1.1 

3.9 

2.6 
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Figure 1. Left) Free energy maps obtained for compounds 3-7 after reweighting the GaMD simulations using the RC1 

(Val1@Cα−Ala2@Cα−Trp3@Cα−Gaba4@Cγ) and the RC2 (Gaba4@Cα−Ala5@Cα−Val6@Cα−Phe7@Cα) coordinates. The red squares 

within the free energy maps delimitate the regions for which structures were randomly selected to start the cMD simulations. The square 

numbering correspond to the cMD numbering. Right) 2D histogram representations of the population of the RC1 and RC2 values sampled 

along the GaMD and the cMD simulations. For each cMD histogram, the conformational regions are labelled accordingly. 
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Figure 2. Time evolution of the root mean squared deviation (RMSD in Å) computed 

for the backbone heavy atoms along the different cMD simulations. In the RMSD 

calculations, the reference structure is the representative of the most populated cluster. 

The color of the data points denotes cluster membership ordered in terms of abundance 

(red>blue>dark magenta>orange>green>magenta; grey denotes other lowly populated 

clusters). The percentages of abundance within each individual trajectory are also 

indicated. 
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Figure 3. Stick models of the cluster representatives obtained for Unguisin A (3) and its 

four difluorinated derivatives (4-7). Fluorine atoms are represented as green balls. The 

percentage population (%) of each cluster within the corresponding cMD simulation are 

indicated. The more abundant intramolecular hydrogen bonds are marked with red lines 

and their abundances (%) in the corresponding trajectory are also displayed. The 

molecular surface area (A) is also given. 
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Figure 4. Correlation plots between the average GMM-PBSA values of the fluorinated 

3GaMD clusters (i.e., 3GaMD→4-7, see text for details) and the minimum RMSD distances 

between the major 4-7 cMD clusters and the 3GaMD cluster representatives. Coloring of 

the data points denotes logarithmic abundance of the 3GaMD clusters (black=most 

populated, yellow=least). Pearson correlation coefficients (r) are also given. The 

correspondence of some data points with the structurally-closest 4-7 clusters is indicated 

for specific data points. The ball-and-stick models display members of the cluster 

signaled with a red arrow.  
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