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ABSTRACT  

Two FtsZ targeting cyclic peptides 1 (Ac-[Orn-Leu-Met-Asp]-Ala-Phe-Arg-Ser-NH2) and 2 (Ac-Ser-Leu-Met-

[Asp-Ala-Phe-Arg-Orn]-NH2) were found to be inhibitors of FtsZ polymerization, that makes them excellent 

starting point for the future development of a new class of antimicrobials. We investigated their solution 

structure by means of nuclear magnetic resonance (NMR) and molecular dynamic simulations (MD). 

Deep analysis of 2D NMR spectra (COSY, TOCSY and NOESY), recorded in DMSO-d6, allowed the assignments 

of all peptide signals and suggested the presence of strong turn structures. We also noticed that the 

guanidine group of Arg significantly affects the spectral properties and the chromatographic behavior of 

these peptides depending on whether it makes part of the cycle or not. MD simulations allowed to investigate 

the conformational preference of the two cyclic peptides and to associate diversity in their structure and 

dynamics to their different behavior.  In particular, peptide 1 showed enhanced flexibility and structural 

variance with respect to peptide 2. 
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INTRODUCTION 

Tuberculosis is infectious disease caused by Mycobacterium tuberculosis (Ahmad 2016). Due to the fact that 

pathogen strains very quickly develop resistance to current antibiotics (Wang 2003), there is an urgent need 

of new antibacterial targets and drugs with novel mechanism of action (Payne 2008, Marcelo 2013). The 

tubulin homologue FtsZ, present in most prokaryotes, is considered an attractive target for the development 

of effective antibiotics against tuberculosis (Ahmad 2016) because of its essential role in cell division 

(Läppchen 2005) and its known biochemical activity (White 2000). Thus, inhibition of FtsZ polymerization 

would prevent cells from dividing, leading to cell death. 

Sironi et el. (2013) investigated the network of interactions between two bound monomers of 

Mycobacterium tuberculosis FtsZ through molecular dynamics and free energy calculations. Such in silico 

study led to the design of two cyclic peptides 1 and 2 (Fig. 1) which were synthesized by solid phase peptide 

synthesis (SPPS) and investigated in vitro for their influence on FtsZ polymerization. Although both peptides 

were found to be active in inhibiting GTPase activity, thus affecting the FTsZ dynamycs, a detailed structural 

knowledge of their conformation is lacking.   

In recent years, structure-based drug design (SBDD) has become a crucial method for modern drug discovery 

since it permits the identification and validation of drug leads and reduce the cost and times for drug 

research. Improvement of NMR techniques and rapid advancement in computational chemistry make a 

combination of these two methods extensively used to assist the development of new drugs in various stages 

of the SBDD process. For this reason we investigated the conformational preferences of the two bioactive 

cyclic peptides 1 and 2 through an integrated molecular modeling - NMR spectroscopy approach.  This work 

reports the results of such structural analysis. 

 

RESULTS AND DISCUSSION 

The peptides 1 and 2 (Fig. 1) were synthesized by standard fluorenyl-9-methoxycarbonyl (Fmoc) solid-phase 

synthetic protocol on Rink Amide resin support using HOBt/HBTU as the condensing agents, purified by semi-

preparative RP-HPLC and checked for purity by analytical RP-HPLC as previously reported (Sironi 2013). Their 

identity and molecular weight were confirmed by ESI-MS (in both positive and negative modes) and MALDI 

TOF mass spectrometry (Fig. S1 – S3).  

      

 

Fig. 1 Structure of peptides 1 and 2 
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It is worth noting that, despite the presence of only one couple of scrambled amino acids in the sequence, 

the two peptides showed a very different chromatographic behavior in RP-HPLC under the conditions used 

for their purification and analysis [elution at 64% and 85% solvent B for 1 and 2, respectively, (see Materials 

and Methods and Fig. S4, Supp. Info)]. This prompt us to investigate in more detail their conformational 

properties by NMR and molecular modeling. 

NMR spectra of peptides 1 and 2 were recorded in DMSO-d6 at room temperature. Complete assignments of 

chemical shifts were made using the total correlation spectroscopy (TOCSY) NMR spectra (Table S1, Supp. 

Info). Fig. S5. shows α-protons /side chains – NH region of the TOCSY spectra of both peptides. 

In the 1H NMR spectra of both peptides less intense peaks, representing no more than 10% population, can 

be observed. This percentage was obtained integrating the total peak areas of the major and minor 

populations and calculating their ratio. Such signals can be attributed to isomers arising from a racemization 

process in the course of the cyclization step and were not considered for our assignments.  Spin system 

identification was accomplished using TOCSY spectra, taking into account the chemical shifts patterns 

reported in the literature (Wüthrich 1986). 

It is known that the NMR-based solution structure determination of small peptides is challenging due to fast 

interconversion among various conformers (Ramirez 2019, Montelione 1989 ). In Fig. 2 the deviation of the 

observed chemical shifts of the α-protons from random coil values (Wishart 1992) for proteinogenic amino 

acids is reported.  Chemical shift index (CSI) calculations are commonly used to detect secondary structure 

elements (Schwarzinger 2001, Wishart 1992). In particular, for α-protons, negative differences (upfield shifts) 

suggest the presence of a helix or turn, whereas positive differences (downfield shifts) are indicative of 

extended conformations (corresponding to ß-strands/ß-sheets). The chemical shifts of NH protons are also 

linked to the secondary structure, but their changes are not so significant as for Cα. In addition, NH proton 

chemical shifts are significantly dependent on the solvent and temperature and for this reason we didn’t take 

them into consideration. 
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Fig. 2 Chemical shifts of the α-protons of peptides 1 and 2 from random coil values 

 

Analysis of CSI indicates that for all residues the deviations from the random coil follow the same trend except 

for Asp which has a very small positive value (0.03) in peptide 1 and a negative value (-0.22) in peptide 2 

suggesting that a well-ordered conformation may exist around this residue.  In addition, in both peptides Leu 

show positive difference (0.1), being negative the differences for the remaining residues. In peptide 2, the 

deviation from random coil is greater for Ala and Phe, the residues close to Asp and part of the cycle, with 

respect to other amino acids. By contrast, in peptide 1 the highest deviation value is found for the C-terminal 

capped residue, Ser, while for the residues inside the cycle, Leu and Met, opposite deviations are observed. 

As for Arg, the difference is close to zero (-0.04) in peptide 1 and significantly negative for peptide 2 (-0.21) 

indicating that Arg in peptide 1 is highly dynamic with no secondary structural preference while in peptide 2 

has a limited conformational freedom. These results are in a good agreement with those obtained by MD 

simulations.  Considered all this, for both peptides the observed deviations from random coil values suggest 

a preference for organized rather than random conformations. 

The notable difference in the chemical shift of Arg peaks between 1 and 2 can be attributed to the effect of 

the different interactions in solution of the guanidine groups in the two peptides. In fact, in peptide 2 Arg is 

part of the cycle and interactions of its side chain with the remaining cycle constituents are detectable (see 

below). By contrast, in peptide 1 guanidine group is out of the cycle and more prone to interactions and 

formation of hydrogen bonds with the solvent (Burgess 1995).  

Nuclear Overhauser effect (NOEs) is the most important source of structural information to define the 

peptide geometry due to the dependence of the cross peak intensity on the distance between nuclei. Both 

short range [dNN(i,i+1)] and [dαN(i,i+1), [dαN(i,i+2) and dαN(i,i+3)] NOEs are observed when the peptide has 

a significant population of turns or helices.  
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Fig. 3 Portions of NOESY spectra of peptide 1 (a) and 2 (b)  

 

The aliphatic-NH region of the 2D NOESY spectrum of the peptide 1 and the complete list of the observed 

NOE signals are reported in Fig. 3a and in Table S3 (Supp. Info), respectively. The presence of all sequential 

short range dNN(i,i+1) NOEs of amino acids within the cycle as well as of all expected dαN(i, i + 1) and some 

dαN(i,i+2) NOE cross-peaks is indicative of a turn structure.   

Ala, that is the first amino acid outside the ring, shows strong interaction with Asp, while for the three 

remaining residues out of the cycle (Phe, Arg and Ser) it was not possible to attribute sequential dNN(i,i+1) 

NOE connectivities but only strong sequential dαN(i,i+1) NOEs are observed. Such a result is indicative of a 

well-defined conformation (Type I β-turn) (Desai 2002) for this segment of the molecule in agreement with 

previous studies showing that homochiral sequences (Brenner 2007) as well as those containing Asp 

predominantly accommodate Type I β-turn (Mukrasch 2007).  The absence of any interaction of the 

guanidine group NH protons of the arginine residue with the other residues suggests that Arg side chain is in 

totally free motion. By contrast, a strong interaction of Hα protons of Asp with NH protons of Orn’s side chain 

occurs. Fig. 3b shows the aliphatic-HN region of the 2D NOESY spectrum of the peptide 2. It is worth noting 

that NH protons of Ser interact with Arg (β and γ hydrogens), Ala (α and β hydrogens) and Asp (αH) suggesting 

the formation of a strong turn structure. Side chain NH protons of Arg, at the same time, show contacts with 

α and β protons of Asp as well as with NH protons of Ser. Even in this case the presence of the interactions 

of Hα protons of Asp with NH protons of Orn’s side chain is observed. 

 

Scalar coupling constants were calculated using the backbone amide region of the 1H NMR spectrum (for the 

complete list of J3 values see Table S4, Supp. Info). The 3JHN-αH coupling constants is a valuable NMR parameter 

to distinguish the secondary structure in proteins. For small peptides, the backbone coupling constants are 

usually around rotationally averaged values (7 Hz) (Dyson 1991). Thus, values between 6 and 8 Hz are usually 

not included in the structure calculations. For peptide 1 large value of coupling constants for Leu and Asp 

(9.4 and 8.8 Hz, respectively) suggested an ordered structure. For peptide 2, only coupling constant of serine 

has a higher value (8.7 Hz) than the conformational average indicating well-defined local structure around 

this residue. 

 

a) b) 
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In order to get an atomic level insight into the preferred conformations of peptides 1 and 2 in solution, 

molecular dynamics simulations in explicit DMSO solvent were performed. DMSO was chosen in order to 

reproduce the conditions of NMR spectra registration. To have a general idea of the conformational 

preferences of the two peptides, a cluster analysis on each of the MD trajectories was performed, based on 

the root mean square distance matrix of heavy atoms. In this way, it has been possible to outline the different 

families of conformations (clusters) assumed by each peptide. Two threshold values were employed for 

clustering, 0.1 nm and 0.2 nm respectively, corresponding to a fine discrimination between distinct structural 

families and to a more coarse grain evaluation. The gromos clustering method (Daura 1999) has been 

employed. The results are shown in Tables 1, 2, 3 and 4. 

 

Table 1 Peptide 1 cluster analysis with cut-off of 0.1 nm 

 

 

 

Table 2. Peptide 1 cluster analysis with cut-off of 0.2 nm. 

 

Table 3. Peptide 2 cluster analysis with cut-off of 0.1 nm. 

 

Table 4. Peptide 2 cluster analysis with cut-off of 0.2 nm. 

cutoff 0.2 

Number of clusters Population first 5 clusters Cluster's Weight (%) 

3 4541 90.80 

  367 7.34 

  30 0.60 

cutoff 0.1 

Number of clusters Population first 5 clusters Cluster's Weight (%) 

75 798 15.96 

  613 12.26 

  405 8.10 

  403 8.06 

  272 5.44 

cutoff 0.2 

Number of clusters Population first 5 clusters Cluster's Weight (%) 

4 3060 61.19 

  1633 32.65 

  286 5.72 

  22 0.44 

cutoff 0.1 

Number of clusters Population first 5 clusters Cluster's Weight (%) 

32 2307 46.13 

  444 8.88 

  383 7.66 

  348 6.96 

  338 6.76 
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Concerning the finer clustering, corresponding to the 0.1 nm threshold, we observed that peptide 2 shows a 

fairly smaller number of clusters with respect to peptide 1 (32 vs 75), indicative of a more restrained 

conformational space associated to a more rigid structure. The same tendency is observed with the 0.2 nm 

threshold. In particular, it is worth noting that the dominant cluster of peptide 2 in this case comprises more 

than 90% of the structures observed during the simulation, while for peptide 1 it comprises slightly more 

than 60% of the structures.  These results are in agreement with the CSI analysis. 

To get a further insight into the structural features of peptides 1 and 2, we considered the central structure 

of the most populated clusters obtained with a cutoff of 0.2 nm (Fig. 4).  Such structures are those exhibiting 

the smaller average distance with respect to all the members of their cluster and can be considered as 

representative of its most relevant structural characters.  

 

 
Fig. 4 Central structure of the most populated clusters. Peptide 1 (up) and peptide 2 (down) 

 

The identification of secondary structure elements on short peptides comprising a cyclic moiety is somehow 

problematic. Anyway, 2D Ramachandran plots derived from the central structure of the principal clusters 

(Fig. 5) show a limited propensity for helical conformation in residues Phe, Arg and Orn belonging to the cyclic 

moiety in peptide 2 while the remaining residues (Met, Asp, Leu, Ser and Ala) show a β-sheet like 

conformation. Peptide 1 on the other hand shows Ser, Arg and Leu residues in helical conformation while 

Met, Ala, Asp, Orn and Phe assume a β-sheet conformation.  The 3D Ramachandran plots (Fig. S6, Supp. Info) 

give a further pictorial representation of the limited conformational variability of peptide 2 in comparison to 

1 

2 
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peptide 1. Analysis of the per residue root mean square fluctuation (RMSF) shows a significantly reduced 

RMSF value for Arg in peptide 2 with respect to peptide 1 (0.16 nm vs 0.31 nm), clearly indicating its lower 

flexibility when comprised into the cycle, in agreement with NMR data. A parallel, slight reduction in the 

average number of Arg -solvent hydrogen bonds per simulation snapshot is also observed (0.53 vs 0.57 HB).   

 

  
Fig. 5 Ramachandran plot. Peptide 1 on the left and peptide 2 on the right 

 

 

 

CONCLUSIONS 

The solution structure of two FtZ targeting cyclic peptides (1 and 2) was investigated using an integrated MD 

– NMR approach.  Both peptides, which differ only for a scrambled residue, show a defined structures with 

residues inside the cycles adopting turn conformations. Differences in the chromatographic and spectral 

properties of 1 and 2 are mainly attributable to the position of the Arg residue along the sequence.   Indeed, 

the guanidine group is rigid when Arg makes part of the cycle as in 2 while it is more prone to interactions 

with the surrounding molecules when Arg is outside the cycle as in 1. Both peptides were found to inhibit 

FtsZ polymerization and can be considered excellent candidates for development of therapeutic agents 

against bacterial proliferation. 

 

MATERIALS AND METHODS 

NMR experiments were performed at 298 K on 400 MHz Bruker NMR spectrometer (Bruker Corporation, 

Billerica, MA, USA) equipped with a z-gradient coil probe. All NMR samples were prepared by dissolving 

lyophilized peptides in DMSO-d6 with a peptide concentration of ca. 20 mg/mL. Chemical shifts (δ) are given 

in parts per million and were referenced to the solvent signal (δH 2.50 ppm for DMSO-d6). All 1D and 2D NMR 

spectra were collected using the standard pulse sequences available with Bruker Topspin 1.3. 2D TOCSY and 

2D NOESY were recorded with short mixing times: 60ms and 600ms respectively. Proton resonances were 

assigned using standard methods. 

Matrix assisted laser desorption/ionization spectra (MALDI-TOF) were acquired on a Bruker Microflex LT 

Spectrometer. 
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Electrospray ionization mass spectra (ESI-MS) were recorded on a Thermo Finnigan LCQ Advantage 

spectrometer (Hemel Hempstead, Hertfordshire, UK). 

HPLC were performed using an Amersham Pharmacia Biotech (P900) liquid chromatographer connected to 

an UV-VIS detector; chromatographic conditions were set as follows: column for analytical HPLC, Jupiter RP-

18 (10 µm proteo 90A size: 250x4.60 mm, Phenomenex); column for semipreparative HPLC, Jupiter RP-18 

(10 µm proteo 90A size: 250x10 mm, Phenomenex); detector λ 226 and 280 nm; mobile phase: A (0.1 % 

TFA/H2O) and B (CH3CN) gradient elution from 5 % to 100 % B in 60 min.  

Molecular modeling. Peptide 1 and 2 were modeled in explicit solvent with periodic boundary conditions 

using molecular dynamics (MD) simulations. The peptides where solvated in a box of ~80 nm3 with DMSO to 

reproduce the NMR experiment conditions. Every system has been submitted to geometry optimization with 

the steepest descent algorithm with a convergence of 100 kJ mol−1 nm−1. Then a 1 ns equilibration in NVT 

conditions at 300 K was performed, followed by a 1 ns NPT equilibration at the 1 bar and at the same 

temperature. After the equilibration phase, a 100 ns MD simulation was run, at a reference temperature of 

300 K.  Peptides 1 and 2 have been described using the Amber99SB-ILDN Force Field (Hornak 2006) and 

parameterized according to standard procedures as explained in reference (Gandini 2018). During the 

simulations temperature was held constant with the v-rescale algorithm (Bussi 2007) while pressure was kept 

constant through the Berendsen barostat (Berendsen 1984). MD simulations were performed using the leap-

frog algorithm with 2 fs time-step, with holonomic constraints on every bond enforced using the LINCS 

algorithm. Simulations and subsequent analysis were performed with the GROMACS 5.0.4 (Van Der Spoel 

2005) program suite.  
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