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Abstract 

Plectasin is a small, cysteine-rich peptide antibiotic, which belongs to the class of antibacterial peptides (AMPs) and 

has potential antimicrobial activity against various gram-positive bacteria. Groups of AMPs reported previously 

have shown that pH can modulate the antimicrobial mechanisms. In the current study, the effect of pH ranging from 

4 to 9, and NaCl concentrations of 70mM, and 140mM on conformational stability of Plectasin, and three variants 

have been investigated. We show that at all studied physiochemical conditions, peptide secondary structures are 

intact during the 100ns simulations. However, flexibility in the loop close to the N-terminus increases with pH due 

to the change in electrostatics around the distinct anionic tetrapeptide stretch (residue numbers 9-12). Furthermore, 

Plectasin interactions with NaCl were measured by determining the preferential interaction coefficients, . 

Generally, sodium ions have a high preference for the wild-type as residue 9ASP is mutated in all the three-peptide 

variants. Overall, the trend of  with pH for the two salt conditions remain the same for all Plectasin variants and 

the common trend is that accumulation of sodium ions are observed for 10GLU and 12ASP. Insignificant changes in 

the overall peptide conformational stability is in agreement with the fact that Plectasin has three cystines. 

Thermodynamic integration molecular dynamics simulation supplemented with NMR chemical shift assays were 

employed to determine the degree of involvement of three different cystines to the overall structural integrity of the 

peptide. Both methods show the same order of cystines reduction and complete unfolding is observed only upon 

reduction of all cystines. Further, quantitative disulfide bond reduction assay shows a single transition of bond 

breakage with a significant lag phase implying breaking of the lowest energy cysteine bond is enough to drive the 

breaking of the remaining two-disulfide bonds.  

Introduction 

Peptide therapeutics are of interest for many pharmaceutical companies due to their potential to alleviate numerous 

severe diseases. They are highly specific with excellent efficacy, potency, and low toxicity as compared to small 
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molecule drugs.1 Furthermore, peptide therapeutics are associated with lower production complexity, and hence 

their lower cost compared to protein therapeutics.2 However, their formulation poses various challenges, including 

self-association and aggregation, which can potentially lead to gel formation.3 Furthermore, peptides adopt multiple 

conformers and also exhibit a high degree of chemical instability.3 To overcome these issues, various stabilizing 

agents are used in an effort to stabilize peptides without losing structural integrity and biological activity. A 

common approach often includes a vast screening of different physiochemical conditions such as pH, buffer 

systems, and addition of excipients. The challenge still remains to relate physiochemical conditions to structural 

properties of bio-molecules. Molecular dynamics (MD) simulation techniques have become an important method for 

bridging macroscopic solution properties with microscopic structural properties that allow for characterizing the 

physical basis of biomolecules’ conformational stability and their biological functions.4 In the current study, the 

focus is on a therapeutic peptide called Plectasin, which belongs to the class of antibacterial peptides (AMPs). 

Amphipathic and cationic nature of AMPs allows them to interact with negatively charged bacterial surface 

components, leading to disruption of structural and functional integrity of membranes.5,6 Plectasin is the first 

defensin to be isolated from a fungus; the saprophytic ascomycete Pseudoplectania nigrella5 found on the ground of 

northern European pine forests. Plectasin has a tertiary structure that closely resembles those of defensins found in 

spiders, scorpions, and mussels5. Studies have shown that it is effective against several gram-positive bacteria, for 

example, Streptococcus pneumoniae, exerting bactericidal effects and curing pneumococcal peritonitis and 

pneumonia with low toxicity in mice5. Previous studies have shown that Plectasin binds directly to the 

pyrophosphate moiety of lipid II precursor constituting the cell well via hydrogen bonds with the amide hydrogens 

of 2PHE, 3GLY, 4CYS, and 37CYS.7 Plectasin is a 40-amino acid long peptide that consists of an α-β motif 

comprising an α-helix and two antiparallel β-strands (Figure 1). The structure is stabilized by three disulfide-bonds 

(4CYS-30CYS, 15CYS-37CYS, 19CYS-39CYS). Plectasin has a distinctive tetrapeptide stretch of anionic amino 

acids (residue numbers 9-12).  

In the present study, MD simulation methods are explored to develop a computational approach that will provide the 

molecular understanding of the effect of pH and ionic strength (IS) on peptide structural dynamics. The effect of pH 

and IS on the wild-type Plectasin (hereafter referred to as PP40), and the three variants are investigated. These 

variants are i) ASN5SER ASP9ALA LYS26ARG, ii) ASP9SER GLN14LYS VAL36LEU and iii) ASP9ASN 

MET13LEU GLN14ARG which will hereafter be referred to PP41, PP42, and PP43, respectively. Additionally, the 

contribution of the three disulfide bonds to the conformational stability of wild-type Plectasin was investigated 

further using molecular dynamics simulation combined with thermodynamic integration methods in order to 

determine the free energy contribution from each of the cysteine bridges to the overall peptide stability. The 

computational study was complemented by a NMR titration study and a quantitative disulfide bond reduction assay. 

Good agreement is found between the computational and experimental results providing molecular insight into the 

order of cystines reduction and how cystines contribute to the overall structural integrity. 

Methods and Materials  
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1. In-silico methods 

1.1 Constant pH MD simulations 

The Plectasin crystal structure of the wild-type (PDB ID: 3E7U8) was used as a template to introduce point 

mutations to construct models of the three Plectasin variants. In all mutants, certain residue was mutated to either a 

positive charged polar amino acid or a hydrophobic amino acid in an attempt to improve its ability to bind to the 

negatively charged gram-positive microorganisms.2,9 Additionally, PP43 has 13MET mutated to LEU making it less 

prone to oxidation.10,11 Figure 1A shows the sequence alignment of Plectasin variants along with disulfide bonds 

connectivity and secondary structure assignment. 

 

Figure 1: A. Sequence alignment of wild-type Plectasin and the three mutants. Residues are colored based on 

hydrophilicity, and mutations are marked in green. The disulfide bridges (SSBOND) are shown as black lines, and 

secondary structure assignment (SSA) shows position of secondary structural elements. Alpha helix is shown as red 

cylinder, beta strands as blue arrows and loop regions as black lines.  

Peptide structures were minimized with the PrepWiz tool from Schrödinger release 2016-3 (Schrödinger, LLC, New 

York, NY, USA).12 The protonation state of the titratable amino acids at different pH and IS values were calculated 

using the H++ server (http://biophysics.cs.vt.edu/H++ ).13 The server settings were adjusted to an internal dielectric 

constant of 10 which is appropriate for residues close to the surface and external dielectric constant of 80 for water, 

respectively.13 The pH range was from 4 to 9 (∆pH = 1) with salinity adjusted to 0 mM, 70 mM, and 140 mM. The 

topology and coordinate files generated as output in Amber format were used to generate the PDB structure file 

using ambpdb tool implemented in Amber.14 The PDB file was used as the starting structure for molecular dynamics 

simulations in Amber. All-atom classical constant pH molecular dynamics (MD) simulations15 in explicit solvent 

were carried out with the Amber 16 program16 employing the amber force field ff99SB17 for proteins. Water 

molecules were represented using the TIP3P18 water model. All bonds to hydrogen atoms were constrained using the 

SHAKE algorithm.19 For each of the peptide systems, 18 different physicochemical conditions were tested. Each 

system was neutralized using either sodium or chloride ions depending on the overall charge state and solvated in a 

truncated octahedron water box with a 15 Å padding in all directions. IS was adjusted to 70 mM and 140 mM by 

additions of equal number of sodium and chloride ions. To adjust the IS to 70mM and 140mM, 9 and 18 ions were 
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added to the system, respectively. In total, the solvated system contained approximately 7100 atoms. The particle 

mesh Ewald method20 was employed to determine the non-bonded electrostatics energies with a real-space cutoff of 

8 Å. The system was minimized for 5000 steps. The first 1500 steps were performed using the steepest descent 

method followed by the conjugate gradient method for the remaining steps. Subsequently, the system was heated 

linearly from 10 K to 300 K within 1ns using Langevin thermostat21 with a collision frequency of 5 ps−1. Berendsen 

barostat22 was used to control pressure dynamics. The systems were then equilibrated for 4 ns at constant 

temperature (300 K) and pressure (1 bar). Coordinates were saved every 5 ps for further analyses. Finally, constant 

pH simulations were performed for 100 ns and coordinates were saved every 10 ps. The protonation state of 

titratable residues were fixed during the simulations since the initial peptide variants were modeled at the desired pH 

and ionic strength. Each system at a particular physiochemical condition was simulated in duplicates for 100 ns 

starting from a random seed number to estimate the statistical uncertainty of the results.  

Analyses were performed with CPPTRAJ23 in Amber16, and VMD 1.9.324. Clustering method was employed as a 

mean of grouping similar objects into one cluster. In the perspective of MD simulations, conformations generated 

over time were grouped into distinct clusters depending on the conformational similarity. In this study, the 

agglomerative hierarchical clustering approach has been incorporated that start with treating each data point as a 

singleton cluster and then successively merge nearest clusters until all clusters have been grouped into the desired 

number of clusters.25,26 The cluster proximity is defined based on average-linkage, where the inter-cluster distance is 

defined as the average root mean square deviation (RMSD) distance measured between every data point from one 

cluster to all points in the other cluster. Additionally, principal component analysis (PCA)27–29 was employed to 

explore the dynamics of the peptides. PCA was extended further to obtain free energy landscapes as a function of 

the first few principal components, in our case, PC1 and PC2. Two-dimensional histogram analysis is performed on 

the PCs data points and free energy for each bin is estimated using  

Gi=kBTln      (1) 

Where T is the temperature in Kelvin, kB is the Boltzmann constant, and P(PC1, PC2) is the probability distribution 

of the sampled structures along the first and second eigenvectors.  

1.1.1 Preferential Interaction Coefficient ( ) 

The preferential interaction coefficient was used to estimate the binding capacity of ions to surface of Plectasin 

variants. The measure of preferential interactions between co-solvents and peptide have been used to deduce the 

effects of co-solvents on the molecular systems30. In this study, the statistical mechanics definition of  is used to 

describe peptide co-solvent interactions31. 

 

  

=            (2)
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where n denotes the number of specific molecules. Subscript 1, 2 and 3 stand for water, peptide, and co-solvent, 

respectively. Superscript I represents a bulk region, which is outside of the vicinity of the peptide. Superscript II 

represents a local region located near the peptide, and angled brackets denote an ensemble average. Favorable 

peptide co-solvent interactions result in a positive  implying the concentration of the co-solvent is higher in the 

local domain as compared to the bulk domain and vice-versa when  is negative. A cutoff of 8Å was used to 

differentiate local from the bulk domain based on g(r) calculation for Cl-/Na+ with respect to charged and polar parts 

of the peptide (data not shown). Trajectories of the production runs were divided into smaller parts each containing 

50 frames (5 ns), standard error of the means of these several parts is the estimated error in  

1.2 Disulfide bonds contribution to the conformational stability 

Classical all-atom MD simulations were performed on wild-type Plectasin where each of the cystine bonds was 

individually broken or all cystines at the same time. The same MD setup was used as for constant pH MD 

simulations described above. Simulation conditions were chosen to be pH 4 and 0 mM IS corresponding to the 

experimental conditions used in NMR. This study was complemented with TI-MD simulations to estimate the 

relative free energy cost of breaking the disulfide bonds. The free energy change for breaking the disulfide bonds is 

estimated by transforming from cystines (State A) to free cysteines (State B), by coupling the two states via a 

parameter . The free energy difference in going from State A ( =0) to State B ( =1) is computed as follows: 

                   (3) 

The change in free energy is computed from the integral of the ensemble averaged derivates of the potential energy 

function with respect to . Five independent simulations were performed to study the energetic cost for 

breaking the disulfide bonds. Different scenarios were tested, and simulations were carried out where each of the 

disulfide bonds was broken independently, and where all three bonds were broken. The parameter  was varied 

successively over 11 values (0.005/0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95/0.995) where each  was 

simulated for 20 ns. It is crucial to chose the end  points close to 0 and 1 carefully to allow smooth extrapolation. 

The system with  = 0.5 was minimised, heated linearly to 300K over a period of 400ps. This structure was 

subsequently used for the equilibration and production runs for all . The bond dissipating the least energy during 

the TI-MD breaks first. Consequently, to understand the sequential breaking, bond with least energy penalty is kept 

broken through out the next simulations, each of the remaining two cysteine bridges were transformed linearly as 

described above in independent simulations. Surface accesibile surface areas (SASAs) were calculated for each 

representative structure of the simulated system using GetArea32 with a probe radius of 2.8 Å corresponding to the 

effective radius of the reducing agent used in the experiments.  

2. Experimental methods 

2.1 Quantitative assay to measure free cysteines 
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Plectasin samples were provided by Novozymes A/S. The assay was developed after the protocol of Thanhauser et 

al.33 Plectasin was dialyzed into 10 mM Histidine buffer pH 4.5 as peptide is stable only at low pH, at 4°C using 

slide-a-lyzer 2000 MWCO dialysis cassettes (Thermo Scientific) for 20 hours with two times buffer exchange after 

2 and 4 hours, respectively. The final concentration of the dialyzed sample was determined by measuring UV 

absorbance at 280 nm with a Nanodrop™ spectrophotometer (Thermo Scientific), using an extinction coefficient of 

2.24.  

A final peptide concentration of 200 µM was prepared by diluting the dialyzed peptide using buffer from the last 

dialysis reservoir. Half of the prepared 200 µM peptide sample was denatured using 3M GnHCl. A concentration 

series of 25-200 µM with increments of 25 µM of the native and the denatured sample were prepared in duplicates 

in a microtiter plate. As a control, a concentration series with the same concentrations of oxidized glutathione 

(Sigma-Aldrich) was prepared. The baseline was determined using H2O instead of protein stock solution. 250 µl of 

the NTSB (disodium 2-nitro-5-thiosulfobenzoate) assay solution (200mM TRIS, 100mM Na2SO3, 3mM EDTA pH 

9.5 plus 1% NTSB stock solution (100 mg DTNB (Sigma-Aldrich) dissolved in 10 ml 1M Na2SO3 pH 7.5; oxygen 

bubbled through at 38°C)) was added to the peptide samples. The reaction was monitored by recording the 

absorption at 412 nm. 

2.2 NMR experiments 

The peptide sample was extensively dialyzed into 20mM citrate buffer, pH 4.0, at 4 °C using slide-a-lyzer 2000 

MWCO dialysis cassettes (Thermo Scientific) until the original formulation components were no longer detectable 

in the 1H NMR spectrum. After dialysis, 5% 2H2O was added to the sample. The final concentration of Plectasin was 

2mM as determined by measuring UV absorbance at 280 nm (ε = 2.24) with a Nanodrop™ spectrophotometer 

(Thermo Scientific).  

All NMR experiments were acquired on Bruker 800MHz Avance III spectrometer equipped with 5mm TCI 

cryoprobe and temperature control unit at 25 °C. The Cα assignments of Plectasin were transferred from BMRB 

entry 16739 to the 2D 1H-13C HSQC, then the side chain assignment of each amino acid was achieved using a 2D 
1H-13C heteronuclear single quantum correlation - total correlated spectroscopy (HSQC-TOCSY) spectra of 

Plectasin. 2D data matrices with 8k x 1k complex points were collected for both experiments with a spectral width 

of 16.0 and 165 ppm for 1H and 13C dimensions, respectively. All signals, except Hα atoms of 4CYS, 8TRP, 10GLU, 

11ASP, 15CYS, 25TYR, 29TYR, and 31ALA, were ¸unambiguously assigned. Gradual reduction of disulfide bonds 

was achieved by stepwise addition of tris(2-carboxyethyl)phosphine (TCEP) to the plectacin sample from a 1M 

stock solution, to minimize dilution effects. TCEP was used since the strong reducing agent is still effective at pH 

4.0. 

At each point of the titration, one dimensional (1D) proton (1H) experiment with excitation sculpting water 

suppression and two dimensional (2D) 1H-13C- HSQC experiment with sensitivity enhancement, gradient coherence 

selection, and multiplicity editing was acquired. For all 1D 1H experiments, 32k complex points were collected with 
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spectral window 16.0 ppm, while 2D data matrix of 4k x 512 complex points with spectral windows 16.0 ppm for 1H 

and 165 ppm for 13C dimension were acquired. Intensity data as a function of concentration of TCEP for all the 

Plectasin assigned peaks were then fitted to the logistic function: 

                                                                                                      (5) 

where c is the concentration of TCEP, c1/2 is the midpoint of the sigmoidal curve, p is the steepness of the curve, and 

A1 and A2 are lower and upper asymptotes, respectively. in this case indicates the concentration of TCEP 

needed for 50% transition of each amino acid into the unfolded state, also known as EC50.  

Results and Discussion 

1.1  MD simulation 

To map the conformational properties of Plectasin, MD simulations of Plectasin were performed at different pH and 

ionic strengths. This amounted to eighteen different physiochemical conditions, where each system was simulated in 

duplicates for 100 ns to estimate for statistical uncertainty of the results. The overall stablity of Plectasin was 

assessed by calculating the root mean square deviation (RMSD). For all simulations at the different physicochemical 

conditions, the RMSDs converged after ~25 ns reaching plateaus in the range 0.5-3Å. There was no correlation 

between the overall RMSDs and pH and ionic strengths.  

Effect of pH  

The effect of pH on the conformational stability was studied using the constant-pH MD protocol in Amber version 

16. For all the Plectasin variants, at pH 4 peptide prefers to be in its “native crystal structure conformation”. On the 

other hand, at higher pH, peptides were more flexible. Figure 2 represents the free energy landscape (FEL) for the 

peptides at pH 9. The surface has multiple well-defined basins indicating different conformations that the peptides 

explore during the course of the simulations. However, the energy barriers between the basins are small, and the 

peptide can leap from one conformation to the other. The motion of the flexible regions are shown as mode vectors 

in Figure S1. A major contribution to flexibility comes from the loop region close to the N-terminus, which stays 

almost intact at low pH (data not shown). The loop dynamics could be due to the change in the protonation state of 

titratable residues. In the working pH range, a change in the protonation state of 10GLU, 16HIS, and 18HIS is 

observed. While both histidines are charged at pH 4, 16HIS deprotonates already at pH 5, and 18HIS deprotonates at 

pH 9. Whereas, 10GLU is deprotonated at pH 4, and is protonated already at pH 5. This leads to a noticeable change 

in the surface electrostatics (Figure 3). At pH 4, all variants, except PP42, have conformations present in one well-

defined basin, while for the PP42 variant, the FEL has two basins (Figure S2), but the conformations are very 

similar with low RMSD of less than 1Å.  
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Figure 2. Three-dimensional FEL displayed as a function of the first two principal components for all the four 

Plectasin variants at pH 9. 
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Figure 3. Electrostatic surface representation 

of structures at pH 4 (left) and pH 9 (right) 

respectively for PP40. At pH 9, electrostatic 

surface coloration shows accumulation of 

electronegative charges and reduction of 

positive charges in the tetrapeptide segment 

(ASP-GLU-ASP-ASP) and histidine region, 

respectively. The same change in electrostatics 

is observed for PP41, PP42 and PP43 (data not 

shown). PDB2PQR34 server was used to 

generate electrostatic surface plots. 

 

 

 

 

 

 

 

 

Effect of NaCl  

The preferential interaction coefficient (  was used to estimate the binding capacity of ions to surface of Plectasin 

variants. The measure of preferential interactions between the co-solvents and peptide have been used to deduce the 

effects of co-solvents on the molecular systems.30 Plectasin variants have different preferential interaction with 

sodium and chloride ions. The trend of  with pH remains the same for the two salt concentrations, i.e., 70mM and 

140mM NaCl (Figure 4). Generally, differences in the are arising from the change in the electrostatics of the 

ASP-GLU-ASP-ASP segment. For all variants, the interaction scores are high for the GLU-ASP-ASP compared to 

the other residues, which implies preferential interactions of sodium ions with this region. Moreover, ASP-GLU-

ASP-ASP stretch and other loop segments are more exposed compared to the residues that constitute αβ secondary 

structures. Interaction of lysines with chloride ions are also observed, but interactions are lower as compared to 

sodium ions which reflects that sodium ions have a higher attraction for negatively charged residues than chloride 
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ions for positively charged residues. In other words, chloride ions do not prefer to be on the peptide surface, which is 

also observed for other proteins.35 In the following, the differences in  for each of the peptide variants is 

discussed.   

Figure 4.  of all the Plectasin variants are displayed as a function of pH for the two salt conditions, 70mM (red) 

and 140mM (green) NaCl.  

In the case of PP40, a noticeable increase in  is observed between pH 5 and 6, which is less pronounced for the 

other Plectasin variants. To further investigate the contribution of residues to , an interaction score ( ) was 

defined as follows:  

     (4) 

where  denotes the number of times either sodium or chloride was in contact with a certain residue over simulation 

time,  is for a total number of frames,  is a normalization factor which ensures that the interaction score is 

converted into probability. Note that  defines the overall accumulation of salt to the protein surface, whereas 

 defines interactions per residue. Uncertainties seen in  are due to conformational flexibility of the 

peptides, which is dependent on the physiochemical conditions and the dynamics of ion’s absorption and desorption. 
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are depicted in Figure 5, and indicate that residues 9ASP, 10GLU, 11ASP, 12ASP, 23LYS, 30CYS, 

32LYS, 38LYS have increased preference for co-solutes at higher pH as compared to pH 4. In particular, the ASP-

GLU-ASP-ASP (9-12) region shows relatively high scores. This is expected, since this region forms a negatively 

charged patch on the peptide surface attracting positively charged sodium ions. The electrostatic properties of this 

region can also explain the change in  between pH 5 and 6. Due to the cluster of negatively charged residues, the 

pKa of 10GLU is shifted upwards; i.e. that 10GLU becomes deprotonated (i.e. charged) when the pH is changed 

from 5 to 6. The change in  is less pronounced for PP41, PP42 and PP43 than PP40 since 9ASP is mutated to 

either a polar or hydrophobic amino acid leading to a decrease in  at this position.  

Considering the statistical uncertainties,  for PP40, PP41 and PP43 are comparable at 70 mM and 140 mM NaCl 

implying that the peptide surface is not saturated. In the case of PP42, values are lower for 140 mM in 

comparison to 70mM, implying that salt prefers to be in the bulk. Looking at eq 2,  (salt in the bulk) increases 

leading to lowering of  The common trend seen for all variants is that 10GLU and 12ASP are the common 

residues of interaction with sodium ions. 

Figure 5: Interaction score calculated per residue for 140mM NaCl salt concentrations to have sufficient crowding 

for all the Plectasin variants for pH 4 (black), pH 6 (red) and pH 9 (green). The interaction score is calculated as an 

average over two replicates. 

PP40 PP41 

PP42 PP43 
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1.2 Role of cystines in conformational stability of Plectasin 

 MD simulations at different physiochemical conditions showed that the peptides undergo moderate flexibility in the 

loop region, which is in connection with the fact that Plectasin has three cystines. In this section, the contribution 

from each of the disulfide bridges on the overall conformational stability was explored using classical all-atom MD 

and thermodynamic integration molecular dynamics (TI-MD) simulations in Amber16.36,37 This work is 

complemented with NMR titration experiments and a quantitative assay, which measures change in absorbance upon 

formation of free cysteines in solution.  

 From the TI-MD simulations  was extracted for each of the simulated systems and are summarized in table I. 

The least  of 0.04 kcal/mol is obtained for the system, which is transformed linearly from three pairs of cystines 

to the system where 15CYS-37CYS is broken. SASA of 15CYS-37CYS is 16.5 Å2, which is higher compared to 

4CYS-30CYS and 19CYS-39CYS having SASA of 12.1 Å2 and 8.0 Å2, respectively. Further, breakage of 15CYS-

37CYS bond does not lead to significant structural changes, which is also reflected in low RMSD (Figure 6A). 

Furthermore, the change in loop entropy is minimal upon reduction of 15CYS-37CYS as the other two cystines are 

present keeping structure rather intact. Breaking of 15CYS-37CYS leads to insignificant change in exposure of the 

apolar surface area, which is 2245 Å2 as compared to the 2210 Å2  for the WT. Upon reduction of 15CYS-37CYS, 

the polar SASA increases by ~6%. The relatively low reduction in the apolar SASA, indicates that the reduction of 

the cystine is enthalpic driven rather than entropic driven.38  

Considering the aforementioned information, keeping 15CYS-37CYS broken throughout the simulation, linear 

transformation of the systems where the other two cystines are intact to a system where either of the two cystines are 

broken shows that the second preferential bond to break is 4CYS-30CYS. Moreover, comparing the accessible 

surface area of the structure with 15CYS-37CYS broken 

shows that, 4CYS-30CYS has a SASA of 47.1 Å2 compared 

to  4.9 Å2 for 19CYS-39CYS. Upon breaking of the second 

cystine, there is an increase in exposure of polar surface area 

to 2598 Å2. Therefore, the order of sequential breaking is 

15CYS-37CYS, 4CYS-30CYS, and 19CYS-39CYS. Figure 

S3 shows the curves of  as a function of  step for the 

systems simulated using TI-MD method. Independently, 

classical all-atom simulations were performed on systems 

having each of the cystines broken. Simulations showed that 

breaking of all three cystines initiates peptide unfolding, and 

breaking of each of the three bonds independently does not 

lead to loss of secondary structural components during the 

simulation (Figure 6B). The relatively high RMSD for the 

Table I.  derived from TI-MD simulations for 

the different scenarios of breaking disulfide bonds. 

System   (kcal/mol) 

All 3 bonds broken  3.56 

4CYS-30CYSbroken  2.16 

15CYS-37CYS broken  0.04 

19CYS-39CYSbroken  0.35 

 15CYS-37CYS broken throughout TI-MD 

4CYS-30CYS broken  4.65 

19CYS-39CYS broken  4.91 
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system where 4CYS-30CYS is broken origins from the free end at the N-terminus, however, the secondary 

structures stay intact (Figure 6B). 

Figure 6: A. Plot showing average RMSD based on two replicate runs of the simulated systems, i.e., all cysteine 

bonds are broken (gray), 4CYS-30CYS broken (black), 15CYS-37CYS broken (red), and 19CYS-39CYS broken 

(cyan), respectively. B. Shows final structures after 150ns of simulation for each of the simulated systems. Broken 

disulfide bonds are marked in black (4CYS-30CYS), red (15CYS-37CYS), and cyan (19CYS-39CYS). 

2.1 Monitoring disulfide reduction 

Initially, the disulfide breakage reaction was performed at 25°C. However, the kinetics of reaction were too slow to 

be observed within the experimental time frame. Therefore, the temperature was raised to 40°C (comparison of the 

two temperatures measurements is discussed briefly in supporting information; Figure S4). Noticeably, Figure 7 

shows an initial lag phase for the Plectasin that reflects a delay in the breakage of one or more disulfide bonds. The 

lag phase is reduced in the denatured Plectasin as the disulfide bridges are more exposed than in the native Plectasin. 

This result reveals that the lag phase could be due to the steric protection of the disulfide bridges, which disappears 

with the breakage of the first disulfide bond, eventually leading to the breakage of the remaining disulfide bridges. 

Another reason could be the change in hydration entropy of loops upon the breakage of the first disulfide bond 

leading to a destabilization of the remaining disulfide bonds.38–40 Upon breakage of the first cystine which 15CYS-

37CYS, SASA of the other two cystines, i.e. 47.1 Å2  for 4CYS-30CYS compared to  4.9 Å2 for 19CYS-39CYS, 

increases making it more accessible to NTSB, which in turn increases the apolar surface area leading to change in 

B. A. 
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hydration entropy, and thus, reduction of other two cystines.38 Moreover, smooth transition from native bonded state 

to broken cysteines indicates a bond energy for the breaking of three cystines are close.  

Oxidised glutathione, that has one disulfide bridge, was used as the reference in order to correlate concentration with 

the number of disulfide bridges broken, and the plateau at 30 µM of NTB corresponds to the breakage of one 

disulfide bridge (Figure 7). From this, the number of disulfide bridges in Plectasin is calculated as 2.6. In this assay, 

a value of approx. 2.6 of disulfide bridges for both the native and denatured form of Plectasin is observed. This is 

close to the expected value of 3 disulfide bridges. The difference could arise from experimental uncertainties with 

respect to protein and NTSB concentrations.  

 

Figure 7: Kinetics of the disulfide bond breakage in native and denaturated Plectasin with Ellman reaction sulfite at 

40°C. The total number of disulfide bonds of the native and the denatured Plectasin shows a value of 2.6 with 

glutathione as a reference. The disulfide bridge in glutathione is almost instantaneously broken which is due to its 

high solvent exposure. In case of denatured versus native Plectasin, one can observe a difference in kinetics, and this 

is most likely due to differences in solvent accessibility where in the denatured state the disulfide bonds are highly 

exposed, resulting in faster kinetics. Both samples show a smooth transition from the bonded to the broken disulfide 

bridges.  

2.2 NMR study 

The unfolding of Plectasin upon gradual addition of TCEP to the final concentration of 80 mM was followed by a 

series of 2D 1H-13C HSQC, recorded after each addition of TCEP. Majority of peaks were in slow exchange, which 

means that during the course of titration the chemical shifts of folded peptide do not change in position, but rather 

slowly disappear. Therefore, the fraction of folded peptide can be monitored by measuring the intensity of peaks 

during titration. For all assigned Plectasin peaks, intensities were plotted against the concentration of added TCEP. 
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Data, where the adjusted R2 values of the fit were less than 0.8 where discarded. For each amino acid, EC50 values of 

all peaks were averaged (Figure 8A) and mapped to the Plectasin structure (Figure 8B). Examining the normalized 

peaks intensities corresponding to individual cysteine residues suggest that the disulfide bond between 15CYS and 

37CYS breaks first upon TCEP addition (Figure 9), with structural changes occurring only in the immediate 

neighbors as evident from chemical shift changes (Figure S5, S6). Based on EC50 values, the disulfide bond between 

30CYS and 4CYS breaks next, followed by the disulfide bond between 39CYS and 19CYS. Only upon breakage of 

all three disulfide bonds does the structure completely unfold.  

Upon addition of small concentrations of TCEP (up to 8 mM) to Plectasin, a decrease in 15CYS and 37CYS signal 

intensities are observed which are accompanied only by chemical shift perturbation of 36VAL Cα and gradual 

decrease of intensity of their other neighboring amino acids. Lack of structural changes indicates that the native-like 

fold of Plectasin is retained even after the disulfide bond between 15CYS and 37CYS is broken. This complements 

the simulations results where no significant structural changes upon breakage of the 15CYS-37CYS bond as 

reflected by the low RMSD observed throughout the simulation (Figure 6A). At concentrations of TCEP higher than 

20 mM, several new peaks with low intensity emerge in the HSQC spectra. The appearance of these new peaks 

correlates with reduction of the disulfide bond between 4CYS and 30CYS, however, the majority of Plectasin 

remains in the native-like fold as evident from 1H and HSQC spectra. A number of new peaks that correspond to the 

Plectasin unfolded state and their intensity further increase when more TCEP is added and the fraction of the 

unfolded state increases. Complete unfolding of Plectasin is observed only after addition of 80 mM TCEP, which is 

well beyond the concentration needed to reduce disulfide bonds. Therefore, one can conclude that all three disulfide 

bonds have to be reduced in order for Plectasin to completely unfold as also seen in MD simulations with all the 

three disulfide bridges broken (Figure 6B). 

Figure 8: A) TCEP EC50 values for individual amino acids in Plectasin. Data denoted in red were obtained by fitting 

signal intensities to a sigmoidal function. B) Structure of Plectasin (PDB ID: 3E7R8) colored by TCEP EC50 value. 
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For 27GLY and 28GLY peaks (denoted in grey), no changes in intensity were observed during the course of 

titration. For 3GLY and 9ASP, no reliable data were obtained due to low signal intensities.  

 

Figure 9: Plot of the normalized average peak intensity of cysteine pairs against the concentration of TCEP added, 

together with a fit to the sigmoidal function (lines) and EC50 values with erorrs (squares).The colors correspond to 

cysteine pairs involved in disulfide bonds.  

Conclusions 
Our computational study is the first reported study on the effect of pH and salt concentrations on the conformational 

stability of Plectasin and the three variants, thereof referred to PP40, PP41, PP42, and PP43. In this study, the 

working range for pH and salt concentrations were decided based on the conditions generally used to investigate the 

behaviour of potential protein/peptide biopharmaceuticals. The simulations predict that all Plectasin variants are 

conformationally stable at pH 4. With an increase in pH, native structures explore different conformers due to 

flexibility in the N-terminal loop containing the ASP-GLU-ASP-ASP stretch. Effect of different salt concentrations 

were studied by measuring the . In general, NaCl has a high preference for PP40 as residue 9ASP is mutated in 

the other three variants. For all the Plectasin variants, sodium ions have higher tendency to adsorb to the peptide 

surface as compared to chloride ions. Equivalent  values for PP40, PP41 and PP43 at 70 mM and 140 mM NaCl 

imply that peptide surface is not saturated-. However, for PP42, lower  values are observed for 140 mM NaCl as 

compared to 70 mM NaCl indicate that surface saturation with NaCl has reached. Overall, the trend of  for the 

two salt concentrations remains the same for all Plectasin variants, and the common residues interacting with the 

sodium ions are 10GLU, and 12ASP. At the different physiochemical conditions, peptide conformational stability is 

not affected significantly, which is in line with the fact that Plectasin has three disulfide bridges. The computational 
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predictions of degree of involvement of three different disulfide bonds to the overall structural integrity of the 

protein was compared with experimental results. Quantitative assay were performed to study the time course of 

disulfide bond reduction. A lag phase with a single transition in the profile is observed which shows that it takes a 

relatively long time to break the first disulfide bond, and breaking of the first bond is enough to drive the reduction 

of the remaining two disulfide bonds. TI-MD simulations were performed to access the bond dissipation energy 

from each of the disulfide bonds. The first disulphide bridge to break is 15CYS-37CYS, which required 0.04 

Kcal/mol dissipation energy. This correlates well with classical all-atom MD simulations where low RMSD for the 

system with broken 15CYS-37CYS was observed indicating that structural integrity is maintained even though the 

cystine is reduced. TI-MD order of disulfide bond breaking is in good agreement with NMR, and the order of 

breaking is first 15CYS-37CYS, followed by 4CYS-30CYS, and last 19CYS-39CYS. 

Supporting information 

Figure S1, direction of motion of the Plectasin variants at pH 9; Figure S2, FEL displayed as a function of PC1 and 

PC2 for all Plectasin variants; Figure S3, profiles of derivates of the potential energy function with respect to 

; Figure S4, comparison of the kinetics of the disulfide bond breakage in native and denatured Plectasins at 25°C 

and 40°C; Figure S5, overlap of 1H-13C NMR-HSQC spectra of Plectasin at different concentration of TCEP; Figure 

S6, 1H spectra of Plectasin at different concentrations of TCEP. 
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