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A B S T R A C T

Microcystins (MCs) occur frequently during cyanobacterial blooms worldwide, representing a group of currently 
about 300 known MC congeners, which are structurally highly similar. Human exposure to MCs via contami
nated water, food or dietary supplements can lead to severe intoxications with ensuing high morbidity and in 
some cases mortality. Currently, one MC congener (MC-LR) is almost exclusively considered for risk assessment 
(RA) by the WHO. Many MC congeners co-occur during bloom events, of which MC-LR is not the most toxic. 
Indeed, MC congeners differ dramatically in their inherent toxicity, consequently raising question about the 
reliability of the WHO RA and the derived guidance values. Molecular dynamics (MD) simulation can aid in 
understanding differences in toxicity, as experimental validation for all known MC congeners is not feasible. 
Therefore, we present MD simulations of a total of twelve MC congeners, of which eight MC congeners were 
simulated for the first time. We show that depending on their structure and toxicity class, MCs adapt to different 
backbone conformations. These backbone conformations are specific to certain MC congeners and can change or 
shift to other conformations upon binding to PPP1, affecting the stability of the binding. Analysis of the in
teractions with PPP1 demonstrated that there are frequently occurring patterns for individual MC congeners, and 
that published PPP interactions could be reproduced. In addition, common but also unique patterns were found 
for individual MC congeners, suggesting differences in binding behaviour. The MD simulations presented here 
therefore enhance our understanding of MC congener-specific differences and demonstrated that congener- 
specific investigations are prerequisite for allowing characterisation of yet untested or even unknown MC con
geners, thereby allowing for a novel potential approach in support of an improved RA of microcystins in humans.

1. Introduction

Microcystin (MC) congeners are a group of structurally similar 
heptapeptide macrocycles [1], toxic to humans [2]. They are released 
during and post cyanobacterial blooms into the ambient water and thus 
can result in critical contamination of water, food and food-stuffs meant 
for human consumption as well as potentially acutely toxic contami
nants of surface waters used for recreational purposes [2–6]. Today, 
about 300 MC congeners are known, with continuously new congeners 
being discovered [7]. They consist of structurally closely related cyclic 

peptides with a common overall structure (consensus sequence: 
cyclo-[D-Ala1]-[L-X2]-[β-D-MeAsp3]-[L-Z4]-[Adda5]-[γ-D-Glu6]-[Mdha7]) 
[8,9].

Critical to MC toxicity are two components: toxicodynamic interac
tion of MCs with ser/thr phosphoprotein phosphatases (PPPs) [10–13] 
and toxicokinetics, e.g. cellular uptake [14–16]. The cellular uptake of 
MCs is predominantly mediated by organic anion polypeptides (OATPs) 
and is dependent on the type and expression level of OATPs in a certain 
cell, as well as by the affinity and transport capacity of each OATP for 
different MC congeners [14,15,17]. Once inside the cell, MCs act as 
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potent inhibitors of the catalytic subunits of PPPs, exhibiting varying 
inhibitory capabilities across different PPPs [10]. Nevertheless, for risk 
assessment (RA), up-to-date guidance documents of the World Health 
Organization (WHO) focuses nearly exclusively on the toxicity of MC-LR 
and does not consider other MC congeners [18] despite that a limited 
number of other congeners have been tested for toxicity [10,19,20]. 
Thereby, the current RA is primarily based on a 90-day toxicity study in 
mice in 1999 [21]. However, comparison between rodents and humans 
has shown that rodents are poor surrogates for humans due to differ
ences in the type of OATPs, expressed across tissues and in the affinity 
and transport capacity of these OATPs for specific MC congeners [17] 
Given that MC-LR is not among the most toxic congeners in terms of 
human PPP inhibition [10], cellular uptake and cytotoxicity [16], the 
Fawell et al. study [21] appears to be outdated and inadequate as a basis 
for RA. Instead, it underscores species differences between rodents and 
humans, highlighting the inadequacy of the current WHO guidelines and 
the urgent need for a comprehensive revision [2,10].

With serine and threonine residues accounting for 86.4 % and 11.8 % 
of phosphorylation sites, respectively, PPPs comprise the largest class of 
human phosphatases [22]. The PPP family in humans includes seven 
main members: PPP1, PPP2A, PPP2B (Calcineurin), PPP4, PPP5, PPP6, 
and PPP7, all of which share structurally similar catalytic subunits [22]. 
Most of the PPPs are expressed ubiquitously, albeit at different levels in 
the various organs and tissues, e.g. PPP2B is mostly found in the brain, 
while PPP7 is highly restricted to the retina [23]. Among all phospha
tases, PPP1 and PPP2A are particularly essential, performing over 90 % 
of protein dephosphorylation in eukaryotic cells and playing critical 
roles in cell cycle regulation, DNA maintenance, and glycogen meta
bolism [22,23]. As binding to the catalytic subunit and thus inhibition of 
ser/thr PPPs is the critical component of MC congener toxicodynamics 
[12,13] and our previous study demonstrated similarities between PPP1 
and PPP2A in their inhibition profiles across 18 structurally different MC 
congeners [10], PPP1 was chosen as representative human PPP for this 
study here. Due to the structural variability of MCs, high cost of 
obtaining sufficient amounts and purity of individual congeners for 
testing via synthesis [24] or isolation from natural resources, appro
priate toxicity testing of all the approximately 300 MC congeners is not 
feasible. On the other hand, computational methods as an alternative to 
in vivo and in vitro testing, can aid in exploring the toxins conformations 
and their interaction as ligands of different proteins and hence their 
influence on toxicokinetics and -dynamics. More specifically, the in
teractions of proteins with ligands as well as ligand conformation is 
critical for the understanding of binding characteristics and hence 
toxicity. Thus, employing 12 natural and de novo synthesised MC con
geners, representing the known spectrum of hydrophobicities and mo
lecular weights, and including both common and unusual modifications 
of the crucial Adda side chain, and for which in vitro data were available, 
allowed a more detailed investigation of the binding characteristics to 
PPP1 using computational methodology. Indeed, the naturally occurring 
MCs included the most common congeners MC-LR, MC-LF, MC-RR, 
MC-LY, and MC-YR, and thus showed the most interesting differences 
within their measured toxicity in inhibiting PPP1 and PPP5 in vitro [10]. 
In addition, specific modifications within the Adda side chain resulted in 
significant differences within the PPP binding and thus the inhibition 
capabilities of MC congeners [16].

Computational methods such as molecular dynamics (MD) simula
tions can aid in studying both: ligand conformation and interaction [25,
26]. Computational studies on other aspects of MC congeners have been 
proposed, e.g., covalent binding of MCs to ser/thr PPP1 [27], investi
gating the adsorption mechanism of MCs at the water-mineral interface 
[28], metal binding selectivity and coordination [29], MC-LR/MC-RR 
and disinfection by-products [30,31] or MC-LR/MC-RR and conjugates 
[32,33] binding to PPP1 [30,31]or PPP2A [34], or investigating the 
sensitivity and binding mode of MCs to antibody binding [35,36].

The focus of the work presented here was to investigate one of the 
most studied experimental factors, also critical for RA, which is the 

toxicodynamics of PPP1 inhibition. Despite acknowledging that PPP2A 
is of equal importance in the toxicodynamics of MCs, the work presented 
here had to be restricted to PPP1 due to the limited amount of preex
isting data available for PPP2A and simulation work and data processing 
involved. Studying the conformation of MC congeners (ligand) and their 
interaction with PPP1 has been limited, even though it is the best 
investigated factor in RA. For our use case, a crystal structure with PPP1 
was only available for MC-LR [26]. Because of the large size of MC 
congeners with more than 35 heavy atoms, predicting the correct 3D 
structure to study interaction is difficult [15]. In addition, the shallow 
binding site of PPP1 [27–29], made it unlikely that binding configura
tion of docking approaches were sufficiently accurate, as docking and 
scoring are very sensitive to changes in 3D structure [15]. Accordingly, 
docking was used only to generate an initial starting structure for MD 
simulations.

To characterise the current knowledge regarding ligand conforma
tion and interactions with PPP1 in more detail, a short overview of the 
published experimental and computational methods (e. g., nuclear 
magnetic resonance (NMR), docking, MD simulation) is provided: First 
efforts to understand the 3D structure of MC-LR were made in the early 
1990s whereby the backbone structure was predicted to be planar [37,
38]. Subsequent experimental studies with NMR spectroscopy by 
Rudolf-Böhner et al. [39] suggested, however, that MC-LY adopts a 
boat-like structure with the Adda and tyrosine side chain collapsing 
together, therefore restricting the movement of Adda. In contrast, 
MC-LR, where three conformational families of half-chair-like arrays 
were described, had a more compact structure than MC-LY. MC-LR, with 
its Adda and arginine side-chains facing outwards of the ring structure, 
consequently provided for more conformational freedom. Another NMR 
study by Bagu et al. [40] confirmed that Adda extends from the 
macrocyclic ring structure leading to conformational freedom but 
described MC-LR as a saddle-shaped structure. In 1995 a crystal struc
ture of PPP1 with MC-LR bound was resolved [11] and interactions with 
PPP1 were studied. The conformation of MC-LR was confirmed as 
saddle-shaped. MC-LR was suggested to interact with the hydrophobic 
groove of PPP1 via the Adda-side chain to coordinate with metal ions 
and water molecules via the carboxylate groups of the Glu residue and 
carbonyl oxygen between the Adda and Glu residue of MC-LR. In addi
tion, Tyr272 was suggested to interact with leucine, whereby Arg96 and 
Tyr134 form a hydrogen bond with the carboxylate group of Masp, and 
Cys273 to form a covalent bond via Mdha residue. In 1996 Trogen et al. 
[41] showed with NMR spectroscopy one conformational family of 
MC-LR backbone, which was saddle-shaped for water and DMSO. Based 
on the 3D structures generated, MD simulation as well as other tech
niques were used to study conformational exchanges. The MD simula
tion, run for 372 ps in DMSO, provided for only one conformational 
cluster.

In 1997 Bagu et al. [42] studied MC-LR and MC-LL in an NMR so
lution study. For both congeners, a similar saddle-shaped backbone and 
structure was identified, which was very similar to the crystal structure. 
MC-LL was docked into PPP1, resulting in a similar binding configura
tion as for MC-LR in the crystal structure. Therefore, Bagu et al. [42] 
assumed that both MC-LR and MC-LL have a similar structure and ligand 
interactions with PPP1, and that the high affinity towards PPP1 is 
caused by the rigid saddle-shaped conformation of the backbone, which 
does not change upon ligand binding. In addition, they described the 
Adda-side chain as a crucial anchor for correct placement in the binding 
site that facilitates interactions with other residues. In light of the fact 
that MC-LL did not lead to conformational changes, the authors 
concluded that other MC congeners will have a similar free and bound 
structure as MC-LR [42].

Lavigne et al. [43] docked an ensemble of MC-LR NMR structures 
into the catalytic centre of PPP1 to estimate the free energy of dissoci
ation and calculate PPP1 properties, thereby allowing a comparison 
with the crystal structure of PPP1 with bound MC-LR. They concluded 
that numerous docking configuration exist that have a comparable 
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dissociation energy when compared to the crystal structure, therefore 
suggesting structural variability and conformational flexibility of the 
complex. The first known MD simulation study of MC-LR bound to PPP1 
was carried out in the same year by Mattila et al. [44]. MC-LR with PPP1 
was simulated for 600 ps which did not lead to major structural changes 
in the binding mode, just minor conformational rearrangements of in
dividual residues. Indeed, four frequently formed hydrogen bonds, 
rather than three, were found in the crystal structures. The authors also 
identified other interactions in the crystal structures, e. g., metal coor
dination, hydrogen bonding with Arg96, Asp220, Arg221, and Gly274, 
an interaction with Asn124 and His125 via water molecules and an ionic 
interaction with Glu275, as well as coordination of His248, His66, 
Asp64 and Asp92. No significant interactions were found for leucine or 
arginine, while Adda ensured the correct orientation of the MC [44].

In conjunction with advancements in computational power, Jaeger- 
Honz et al. [45] revisited the MD simulation of MC-LR with PPP1, 
whereby three previously unstudied MC congeners (MC-LF, [enan
tio-Adda5]MC-LF and [β-D-Asp3,(E)-Dhb7]MC-RR) were simulated in 
addition to the previously studied MC-LR. All MC congeners were 
simulated in water as solvent (for a total of 45 ns) and in complex with 
PPP1 (for a total of 750 ns). The authors demonstrated that the PPP1 
structure is stable during the simulation and that the MC-LR backbone 
can adopt at least two conformations in water, rather than the one 
saddle-shaped structure that was previously reported. In addition, the 
other MC congeners simulated can adapt to a saddle-shape structure but 
were also capable of adapting to conformations different to those known 
for MC-LR. As some MC congeners simulated were moderately or 
non-toxic compared to MC-LR and MC-LF, the authors concluded that 
different backbone conformations may explain the differences in tight
ness of PPP1 binding. A follow-up study by Jaeger-Honz et al. [46], 
analysing the previously published MD simulation data set of MC-LR and 
MC-LF in complex with PPP1 [45], showed that these simulations 
reproduced the interactions with well-known residues described in the 
literature. Moreover, they were able to demonstrate that the known 
residues’ interactions never occur simultaneously, the existence of 
representative patterns of ligand interaction, and the presence of addi
tional residues (Phe276, Val223 and Gln249) that are likely to be 
important for ligand binding.

As only four MC congeners have been studied on a longer simulation 

timescale, the goal was to simulated eight new MC congeners in complex 
with PPP1 and water as solvent, in addition to the previously simulated 
MC-LR, MC-LF, [enantio-Adda5]MC-LF and [β-D-Asp3,(E)-Dhb7]MC-RR. 
To secure the experimental basis for all ensuing simulation studies, all 
MC congeners were analysed (identity, purity and quantity) using NMR 
[24] prior to their use in PPP1 inhibition assays. The aim of our MD 
simulations was to understand how conformation of the MC congener 
backbone and ligand interaction with PPP1 relate to different toxicity 
classes and ligand structural modifications. Therefore, MC congeners 
were selected based on structural variety and different toxicity classes 

Fig. 1. Consensus structure of the MC congeners used in this study. Dashed lines represent individual amino acids and corresponding position, adapted from Altaner 
et al. [10]. Further details in Table 1.

Table 1 
MC congeners used in this study with their structural modifications, adapted 
from Altaner et al. [10], Zemskov et al. [24], and Fotler [16]. The hypervariable 
positions X and Z are denoted in the three-letter amino acid code.

MC 
Congener

X Z R1 R2 Adda

MC-LR LEU ARG Methyl H normal
MC-LF LEU PHE Methyl H normal
[enantio- 

Adda5] 
MC-LF

LEU PHE Methyl H enantiomeric

[β-D-Asp3, 
(E)-Dhb7] 
MC-RR

ARG ARG Hydrogen CH3 normal

MC-RR ARG ARG Methyl H normal
MC-LY LEU TYR Methyl H normal
MC-YR TYR ARG Methyl H normal
MC-LY(Prg) LEU TYR with 

propargyl
Methyl H normal

[Anda5] 
MC-LY 
(Prg)

LEU TYR with 
propargyl

Methyl H (2S,3S,4E,6E)-3- 
amino-2-methylnona- 
4,6-dienoic acid

[Amba5] 
MC-LY 
(Prg)

LEU TYR with 
propargyl

Methyl H (2S,3S)-3-amino-2- 
methylbutanoic acid

[Apha5] 
MC-LF

LEU PHE Methyl H (2S,3S)-3-amino-2- 
methyl-7- 
phenylheptanoic acid

[Apda5] 
MC-LF

LEU PHE Methyl H (2S,3S)-3-amino-2- 
methyl-10- 
phenyldecanoic acid
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(Fig. 1, Tables 1 and 2 [10,16]). Two different MD simulation ap
proaches were chosen to study ligand conformations and interactions: 1) 
complex simulation of MC congeners with PPP1 for ligand conforma
tions and interactions, and 2) solvent (water) simulation to analyse MC 
congener conformation and their properties. As the parameterization 
procedure differs between the previous study by Jaeger-Honz et al. [45] 
and this study, MD simulations of previously simulated MC congeners 
were repeated.

2. Methods

2.1. Structure preparation

The crystal structure of PPP1 was downloaded from the protein data 
bank (PDB code: 1fjm [11]). To prepare the structure for MD simulation, 
hydrogens were added with Avogadro at a pH 7.4 [47] and the structure 
corrected with the SWISS-Model server [48–54] by adding 61 unre
solved atoms. Subsequently, Molprobity [55,56] was used to add hy
drogens and thereby adjusting the protonation, analyse the orientation 
of asparagine, glutamine and histidine residues, and perform the rec
ommended flips. The structure was then capped at the N- and C-terminus 
with an acetyl group and N-methyl amide group, respectively, by using 
PyMol [57].

MC congeners used for this study were selected from a wide range of 
PPP1 IC50 values. The MC-congener specific PPP1 IC50 values and 
structural differences are provided in Fig. 1, Tables 1 and 2. To achieve 
three-dimensional structures for MD simulation, MC-LR was taken from 
PDB structure 1fjm by deleting the bond between Cys273 of PPP1 and 
MC-LR. Hydrogen atoms for pH 7.4 were added with Avogadro [47]. The 
other MC congener structures were generated by modifying the MC-LR 
structure with PyMol [57] accordingly. UCSF Chimera was used for 
structure minimisation with 5000 steps and 500 conjugate steps with a 
step size of 0.01. This procedure removed structural clashes and resulted 
in an energy minimised structure [58]. The mol2 file was then refor
matted with Avogadro [47].

2.2. Docking

For MD simulation, a 3D complex structure of MC congeners with 
PPP1 must be provided. For MC-LR a complex structure with PPP1 was 
available in the PDB. For all other MC congeners, a 3D complex structure 
with PPP1 was generated by docking. An initial structure was built for 

each MC congener based on the X-ray structure of MC-LR. Since con
formations may differ from MC-LR, solvent MD simulation was used to 
generate a more diverse set of structures. The solvent simulation was set 
up as described in Section 2.3. On each solvent (water) simulation, a 
GROMACS cluster analysis [59] with a cut-off of 0.3 nm was performed 
and the average middle structures of the first two clusters was extracted. 
Therefore, a total of three different structures were available for dock
ing. To generate a structure suitable for docking with AutoDock Vina 
(v1.1.2) [60], bond order and connectivity were corrected, and explicit 
polar hydrogens were added with PyMOL [57]. The MC congener 
structures were then minimised with UCSF Chimera [58] as described in 
Section 2.1 and Avogadro [47] was used to reformat the mol2 file 
format.

Autodock Tools (v1.5.7) [61] was used to generate a pdbqt file of 
PPP1 and charges for manganese ions and water were corrected 
manually. A grid box was centred around the binding site of MC-LR at 
91.226, 23.163 and 24.424 with dimensions of 30 × 22.5 × 18.75 ◦A, in 
the x, y and z directions, respectively. The side chains of MC congeners 
were set flexible by using torsion trees and defining bond rotation and 
flexibilities for side chains. The exhaustiveness was set to 16. The se
lection of the binding configuration of a given MC congener with PPP1 
was based on: 1) the highest affinity value, and 2) when two identical 
affinities for two structures were present, an orientation similar to the 
conformation of MC-LR observed in the X-ray crystal structure was 
preferred, as Adda is a strong anchor of MC-LR in the binding site and 
strongly influences binding of MC congeners [62]. Table 2 delineates the 
structures upon which the selected configuration was based on and were 
subsequently used for further MD simulation.

2.3. Molecular dynamics simulation

The GROMACS version 2020.2 was used to perform MD simulations 
and Docker images [64] were downloaded from NVIDIA [65]. 
CHARMM36 force-field as published in July 2020 [66–72] was used for 
parameterization, which had to be adjusted for the PPP1 structure. Due 
to capping of PPP1 with N-methyl amide and acetylation caps (Section 
2.1), compatibility issues were incurred with GROMACS. Therefore, the 
atom nomenclature was changed for these residues, as suggested in 
GROMACS User discussions [59]. In addition, parameters for manganese 
ions are missing in CHARMM36 forcefield. However, previous MD 
simulations on MC congeners by Jaeger- Honz et al. [45] used param
eters of magnesium ions. As the latter are only slightly smaller than 

Table 2 
Data set of MC congeners with the structures on which the selected AutoDock Vina [60] configuration was based, with their respective PPP1 IC50 values [10,16] and 
binding energy.

MC Congener Selected Structure Binding Energy (kcal/mol) IC50 [nM] Cl95 [nM] Toxicity Class

MC-LR 1 – – 0.3 0.2–0.4 Toxic
MC-LY 6 Cluster 1 − 8.2 0.8 0.7–0.9 Toxic
MC-LF 2 X-ray − 8.2 2.0 1.5–2.6 Toxic
MC-YR 7 X-ray − 7.2 1.2 – Toxic
MC-RR 5 Cluster 1 − 7.5 1.5 1.3–1.8 Toxic
MC-LY(Prg) 8 Cluster 2 − 8.5 1.7 1.3–2.2 Toxic
[β-D-Asp3,(E)-Dhb7]MC-RR 4 X-raya − 6.9 62.0 51.7–74.3 Moderately Toxic
[Apda5]MC-LF 12 X-ray − 7.2 1280 1058–1926 Non-toxic
[Anda5]MC-LY(Prg) 9 Cluster 2 − 7.5 1724 1434–2072 Non-toxic
[Apha5]MC-LF 11 Cluster 1 − 8.1 138,261 – Non-toxic
[Amba5]MC-LY(Prg) 10 Cluster 1 − 8.7 520,817 449,800–603,048 Non-toxic
[enantio-Adda5]MC-LF 3 X-raya − 7.4 x – Non-toxic

Not applicable, crystal structure available.
X-ray: MC congener structure based on X-ray structure of MC-LR has the highest affinity.
Cluster 1: MC congener structure derived with cluster analysis from solvent (water) MD simulation that has the highest affinity. Cluster 1 is the average structure from 
the largest populated cluster.
Cluster 2: MC congener structure derived with cluster analysis from solvent (water) MD simulation that has the highest affinity. Cluster 2 is the average structure from 
the second largest populated cluster.
x: IC50 > 5 μM [10] and >250 μM of the enantio-cyclo[(D)Ala-Leu-(D)Asp-Phe-(L-β-homo-Phe)-(D)Glu-Gly], with a shortened ADDA side-chain [63].

a Identical affinity for two configurations, correct orientation preferred.

S. Jaeger-Honz et al.                                                                                                                                                                                                                           Chemico-Biological Interactions 407 (2025) 111372 

4 



manganese ions and have similar coordination preferences [45,73], the 
parameters for manganese ions were set to ϵ = 0.277000 kJ and σ =
0.01234280 Å [74], which led to a stable coordination of manganese 
ions in the PPP1 binding site. To parameterise MC congeners for MD 
simulation, the docked configurations or crystal structure was loaded 
with PyMOL [57] and bonds corrected before saving to mol2 file format 
with Avogadro. Then, atoms and bonds were sorted in ascending order 
[75] and the CHARMM General Force Field (CGenFF) version 2.4.0 [70,
72] was used to generate MC congener topology files and convert them 
to the GROMACS file format.

To model periodic boundary conditions, a dodecahedron was used 
with a distance of 1.0 nm between the solute and the box. The water 
solvent model applied was the TIP3P water model [76]. Na+ and Cl−

were used to neutralise the system and a Verlet cut-off-scheme [77] was 
applied with Particle-Mesh Ewald (PME) electrostatics [78]. The cut-off 
for van der Waals interactions was 1.2 nm with a leap-frog integrator 
and LINCS [79] to constrain bonds to hydrogens. The steepest descent 
algorithm with 50,000 steps and a step size of ≤ 0.01 with a tolerance of 
< 10.0 kJ mol− 1 was used to minimise the energy. Position restraints of 
1.000 kJ mol− 1 nm2 on all heavy atoms in all axes were applied to all 
simulations with an MC congener. To stabilise the temperature, an NVT 
equilibration was performed for 100 ps with a time step of 2 fs with 
randomised velocity rescaling [80] to 300 K. The Maxwell distribution 
at 300 K was used to generate initial random velocities. Afterwards, the 
pressure was stabilised using the Berendsen isotropic pressure coupling 
[81] to 1.0 bar with NPT equilibration, which was performed for 100 ps 
with a time step of 2 fs.

Different simulation types were set up for the production run: 1) MC 
congeners in water, 2) PPP1 in water and 3) MC-congener bound to 
PPP1 in water. From here onwards, we will refer to the MC congener in 
water simulation as the “solvent simulation”, PPP1 in water as the “apo 
simulation” and MC-congener bound to PPP1 in water as the “complex 
simulation”. For solvent simulation, three replicates were set up, as these 
simulations ran fast. For the first replicate, the docked structure of the 
complex was extracted and placed in solvent as the starting point. This 
simulation was used to get a GROMACS cluster analysis with the gromos 
method (pairwise distances) and a cut-off of 0.25 nm. The central 
representative structure of the two most populated clusters were then 
used as the starting point for replicate 2 and 3. Due to longer running 
time, one replicate was set up for “apo” and “complex simulation”, which 
was based on the crystal structure (available for MC-LR and PPP1) or 
docked complexes (other MC congeners, see Table 2). All simulations 
were run with a step size of 2 fs and the output logged every 10 ps. 
Parrinello-Rahman barostat [82] and randomised velocity rescaling 
[80] were used. The simulation types and their total simulation times 
were summarised in Table 3.

2.4. Analysis

To analyse well-equilibrated trajectories from MD simulation, the 
first 5 ns for solvent or 30 ns for apo and complex simulations were cut 
off from the trajectory. Subsequently, trajectories were centred on the 
protein structures and a least-squares fit applied to remove rotational 
and translational motions, as well as periodic boundary conditions. 
GROMACS functions were used to analyse the root-mean-square devi
ation (RMSD), volume, radius of gyration, and solvent accessible surface 
area for PPP1 and MC congener. Principal Component Analysis (PCA) 
[83] was applied to analyse the backbone of PPP1 and MC congeners.

The eigenvalues and eigenvectors for PPP1 backbone analysis were 
derived from the apo simulation and projected on all complex simula
tions. Normal Mode Analysis was performed in PyMOL [57,84]. This 
resulted in images (so-called porcupine plots) of the protein backbone 
with arrows visualising the movement and dynamics along the PCA 
derived eigenvectors 1 and 2 based on the first and last extreme 
conformation sampled during the simulation along the eigenvectors. 
The eigenvalues and eigenvectors for the MC congener backbone ana
lyses were derived from all solvent simulations and projected on the 
respective complex simulation. Eigenvector 1 and 2 of the PCA projec
tion were visualised with Mol2vec (v0.1) helper function [85], where 
eigenvectors were shown as scatter plots and were complemented by 
density histograms to analyse the distribution of the data. To analyse 
which conformations were at the peaks of the distribution, a 3D density 
mesh grid was calculated over the data points with scikit-image 
(v.0.22.0) [86]. For complex simulations, every 50th and for solvent 
simulations, every 5th data point was used, and the smoothing param
eter k was set to 25 and 20, respectively. The structure closest to the 
individual maximum was then used to determine the representative 
structure. The representative structures of the solvent and complex 
simulations were marked as circles and triangles, respectively, on the 2D 
scatter plot derived with the Mol2vec helper function. The 3D structures 
of representative MC congener backbones were aligned with Wizard Pair 
Fitting in PyMOL [57] with the MC-LR backbone observed in the X-ray 
crystal structure for visualisation.

To calculate further properties and to visualise the data, Python 
programming language [87] was used. NumPy (v1.21.2) [88] was used 
to calculate mean values and standard deviations over all replicates. To 
read and plot xvg files obtained by GROMACS, Jscatter (v1.2.7.2) [89] 
was used with Matplotlib (v3.5.1) [90]. Each 25th or 2nd data point was 
plotted for the complex and solvent simulations to reduce visual clutter 
in the time series visualisation.

To further analyse interactions with PPP1, an Interaction Fingerprint 
(IFP) analysis, as proposed by Jaeger-Honz et al. [46], was performed. 
For initial IFP calculation, MDAnalysis (v2.4.0) [91,92] was used to read 
trajectories and select atoms. In MDAnalysis, Mn2+ ions do not have a 
van der Waals radius assigned. As the parameters of Mn2+ for MD 
simulation were replaced with those of Mg2+, the van der Waals radius 
of Mg2+ was assigned to Mn2+. The IFP for each frame in the 
complex-simulations was calculated using ProLIF (v1.0.0) [93] and 
RDKit (v2021.03.5) [94]. All available interactions were used for cal
culations. However, test runs showed that van der Waals contact 
calculation between MC congeners and PPP1, H2O and Mn2+ resulted in 
all interactions being replaced with a van der Waals contact instead of 
more specific ones. Therefore, van der Waals contact was only analysed 
between MC congeners and Mn2+, as this interaction should be more 
unspecific. The resulting IFPs were then further processed with 
IFPAggVis (v0.1) [46] to aggregate and visualise the results of the IFP 
analysis. The sliding window filter (x1 filter) was set to 1.5 %, and the 
occurrence filter (x2 filter) to 20 % to stay within the recommended time 
window of approximately 1.5 ns for an interaction to be detected as 
present. To estimate similarity within an MC congener simulation, the 
number of differences between the IFPs was calculated. To estimate 
similarity between different MC congener simulations, the inverse 
Rogers–Tanimoto dissimilarity was calculated. As different interactions 
occurred between different simulations, it was not feasible to calculate 
the number of differences and interactions, and accordingly, they were 
combined and set to 0 when not present. As we simulated all MC con
geners with the same protein (i.e., PPP1), all MC congeners could 
theoretically all interact with the same residues. Therefore, it is a valid 
approach to set this interaction to 0 when absent. This procedure results 
in a vector of the same length, which is crucial for calculating similarity. 
A similarity threshold (x) of x ≥ 0.90 for an IFP was considered as 
identical, 0.80 ≤ x < 0.90 as similar, and x ≤ 0.50 as dissimilar an IFP. 
The interactions are represented as glyphs, see Fig. 2.

Table 3 
Summary of employed MD simulations and total simulation time.

Simulation Type System Simulation Time

Solvent MC-congener 105 ns
Apo PPP1 530 ns
Complex PPP1–MC-congener 530 ns
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3. Results and discussion

3.1. Structural stability

To estimate the structural stability of PPP1 and MC congeners during 
the simulation, the volume, solvent-accessible surface area, radius of 
gyration and root mean squared deviation were calculated. These 
properties helped to estimate the structural compactness, its accessi
bility to solvent and overall changes upon MC congener binding to PPP1.

3.1.1. Stability of PPP1
Overall, PPP1 had a high structural stability (Table S1) independent 

of MC congener binding. The volume of PPP1 in the apo simulation had 
a mean value of 60.97 ± 0.56 nm

S3N. In comparison, for complex simulation 
with MC congeners, PPP1 had a mean value ranging between 60.33 ±
0.52 and 61.42 ± 0.79 nm

S3N, thus in a similar range as the apo simulation 
volume. Moreover, the time series visualisation (not shown) did not 
show any major changes or jumps in volume, therefore suggesting the 
absence of a larger structural change in PPP1 upon MC congener 
binding.

Similarly, the solvent accessible surface area of PPP1 displayed no 
changes in the time series visualisations and provided for comparable 
mean values of PPP1 apo simulation (145.03 ± 2.70 nm

S2N) and complex 
simulations (mean values ranging between 139.44 ± 2.36 and 145.93 ±
4.53 nm

S2N).
The radius of gyration for PPP1 was also very stable for all simula

tions, with mean values ranging between 1.87 and 1.91 nm and standard 
deviations ranging between 0.01 and 0.02 nm.

The RMSD values of PPP1 backbone (Fig. 3 and Fig. S2d) increased 
for the apo and most MC-congener-complex simulations in comparison 
to the beginning of the simulation (reference structure). Irrespective of 
the latter, the RMSD was considered as highly stable because the values 
were overall low. For the apo simulation the mean value was 0.27 ±
0.03 nm, while for complex simulations the mean values ranged be
tween 0.19 and 0.28 nm with standard deviations between 0.01 and 
0.07 nm.

This comparatively high structural stability of PPP1 was already 
previously reported by Jaeger-Honz et al. [45] for MD simulations with 

four MC congeners. The calculated properties, however, were overall 
slightly lower than the values presented here and could have resulted 
from the different force fields employed. The increased RMSD was most 
likely the result of RMSD calculations against a reference structure or the 
start of the simulation, which was based on the crystal structure of PPP1. 
We therefore hypothesised that some structural rearrangement or 
further equilibration of the structure could have occurred, as we also 
noted this trend in the apo simulation. Structural rearrangement or 
further equilibration of the structure may have resulted from a deletion 
of the covalent bond of MC-LR in the binding sites, potentially allowing 
for minor rearrangements, as discussed in more detail in Section 3.2.1.

3.1.2. Stability of MC congeners
Time series visualisation of volume, radius of gyration and solvent- 

accessible surface area showed minor changes for solvent and complex 
simulation (data not shown), suggesting high MC congener stability. Our 
findings suggested that differences in size, compactness and solvent 
accessibility are likely caused by the different structural modifications 
(i.e., hyper-variable amino acids at position 2 and 4 or modification of 
the Adda-side chain) of MC congeners.

Indeed, as all three calculated properties (size, compactness and 
solvent accessibility) are related, similar trends were observed 
(Table S2). For these properties, an increase in mean values and stan
dard deviations was observed when comparing solvent to complex 
simulation, except for MC-LR, MC-LF and MC-LY, where we found 
similar values, and [Anda5]MC-LY(Prg) and [β-D-Asp3,(E)-Dhb7]MC-RR, 
where we observed a decrease. For all MC congeners, the mean values of 
complex simulation were nevertheless still within the range of the 
standard deviation of the mean value of the solvent simulation, thereby 
suggesting no significant differences of the mean values observed in the 
complex and the solvent simulation. The latter thus corroborated earlier 
reports suggesting that the structure of MC-LR does not change when in 
solvent compared to binding to PPP1 [11,41,44]. Accordingly, the dif
ferences we observed in mean values and standard deviation between 
individual MC congeners, are most likely explained by their structure 
rather than their toxicity class, which indeed was derived from the 
binding properties to PPP1. The latter findings stand in contrast to 
previous simulations of Jaeger-Honz et al. [45], where no increase in the 
calculated properties (size, compactness and solvent accessibility) was 

Fig. 2. Interactions encoded by glyphs for network representation of IFPs, VdW = van der Waals.

Fig. 3. PPP1 backbone RMSD in complex with different MC congeners. The MC congeners shown are: a) PPP1–MC-LR (grey), PPP1–[β-D-Asp3,(E)-Dhb7]MC-RR 
(blue), PPP1–MC-RR (orange) and PPP1–MC-YR (green), b) PPP1–MC-LF (grey), PPP1–[enantio-Adda5]MC-LF (blue), PPP1–[Apha5]MC-LF (orange) and PPP1– 
[Apda5]MC-LF (green), and c) PPP1–MC-LY (grey), PPP1–MC-LY(Prg) (blue), PPP1–[Anda5]MC-LY(Prg) (orange) and PPP1–[Amba5]MC-LY(Prg) (green). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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reported for MC-LF and [β-D-Asp3,(E)-Dhb7]MC-RR when binding to 
PPP1. However, when comparing the mean values of these properties of 
four previously simulated MC congeners (MC-LR, MC-LF, [β-D-Asp3, 
(E)-Dhb7]MC-RR, and [enantio-Adda5]MC-LF) in this simulation, they all 
reached similar or slightly higher mean values when compared to the 
simulations by Jaeger-Honz et al. [45], suggesting that these small dif
ferences were most likely caused by the use a different force field.

Previous structural investigations assumed that the hydrophobic 
hypervariable amino acid phenylalanine would result in a more coil-like 
structure in the solvent when compared to complex simulation, thereby 
shielding this residue from water [45]. In accordance with the 
assumption, the mean properties of MC-LF were more constant, with 
small increases for radius of gyration and solvent accessible surface area. 
Consequently, the findings reported here corroborate earlier structural 
investigations, as the structure did lose some compactness when binding 
to PPP1. In contrast, [enantio-Adda5]MC-LF increased in volume and 
solvent-accessible surface area upon binding to PPP1, thus suggesting 
that [enantio-Adda5]MC-LF was more exposed to solvent than its toxic 
entmer MC-LF.

The more hydrophilic MC congeners ([β-D-Asp3,(E)-Dhb7]MC-RR, 
MC-RR) had higher mean values for all three properties in the solvent 
and complex simulations, when compared to the hydrophobic MC con
geners (e. g., MC-LF, MC-LY). The more hydrophilic MC congeners also 
adopted a more open structure in the solvent due to the positively 
charged amino acid arginine that allowed for interaction with sur
rounding water molecules. MC-RR had an even more open structure 
when bound to PPP1, resulting from the arginines at positions 2 and 4 
which, in conjunction with the increased positive charge, led to a more 
open and water-accessible conformation.

MC congeners with modified Adda-side chains ([Amba5]MC-LY 
(Prg), [Anda5]MC-LY(Prg), [Apha5]MC-LF and [Apda5]MC-LF) had 
overall lower mean values for all properties in comparison to MC con
geners without modified Adda-side chain (MC-LY(Prg), MC-LF). This 
was expected for [Amba5]MC-LY(Prg), [Anda5]MC-LY(Prg), and 
[Apha5]MC-LF as the side chain of residue 5 is smaller compared to 
Adda and therefore should result in lower mean values of the three 
calculated properties. However, [Apda5]MC-LF had a size comparable to 
Adda but appeared to have a more compact folding, which could have 
resulted from the removal of side chains and double bonds in compar
ison to Adda.

The all-atom RMSD indicates a similar trend (Table S2, Figs. S4 and 
S5). For some MC congeners ([enantio-Adda5]MC-LF, [β-D-Asp3,(E)- 
Dhb7]MC-RR, MC-LY, MC-LY(Prg), [Anda5]MC-LY(Prg), and [Apha5] 
MC-LF) there was an increase in all-atom RMSD in the complex simu
lation (when compared to solvent simulation), which was also clearly 
visible in the all-atom RMSD time series visualisation (Fig. S5). A shift in 
the [enantio-Adda5]MC-LF congener structure in the complex simulation 
was also noted when compared to the reference structure at the begin
ning of the determination. With the expected exception of [enantio- 
Adda5]MC-LF, all MC congeners were coordinated within the binding 
site of PPP1. Accordingly, we assumed that the initial binding configu
ration determined by docking for [enantio-Adda5]MC-LF did not fit well, 
therefore suggesting that some structural rearrangements must have 
occurred. In contrast, the all-atom RMSD for MC-LR, MC-LF, MC-RR, 
MC-YR, [Amba5]MC-LY(Prg) and [Apda5]MC-LF decreased from sol
vent to complex simulation. While this was expected for MC-LR, due to 
the fact that the X-ray crystal structure was used as initial configuration 
for MD simulation where a good fit in the binding site is ensured, the 
initial docking configuration provided for a good fit for the other MC 
congeners as only very small structural rearrangements were needed.

3.2. Conformational space analysis

Principal component analysis (PCA) was used to analyse the 
conformational space of apo-PPP1 and MC congener backbone indi
vidually, and as a PPP1–MC complex. Due to the high structural stability 

of PPP1, normal mode vector analysis was performed to visualise 
extreme movement along the individual eigenvectors derived by PCA. 
The different conformations derived from the PCA analyses also repre
sented different energy states [95] of the different conformations.

3.2.1. PCA of the PPP1 backbone
The movements of PPP1 along the eigenvectors, of the complex 

simulations, i.e., when bound to MC congeners, were overall smaller, but 
scattered across the same conformational space (e.g., Fig. S6), and 
therefore less distributed than the movements of apo-PPP1 along the 
Eigenvectors of the apo simulation. The extreme movement of the PPP1 
backbone, determined with normal mode vector analysis, resulted in 
porcupine plots that visualised the movement along the individual ei
genvectors. The apo simulation (Fig. 4a and b) provided for the most 
extreme PPP1 backbone movement. The PPP1–MC congener complex 
simulations for all other MC congeners provided for similar but less 
extensive movements in the PPP1 backbone and therefore shorter 
normal mode arrows (data not shown). Movement along eigenvector 1 
demonstrated the outward bending of the A′ α-helix loop of the N-sub
domain to the 1′ β-sheet of the N-subdomain (Fig. 4c) at the bottom of 
PPP1 structure. Similarly, at the top of the PPP1 structure, the loop 
extending from the β-sheet 8 of the C-subdomain to the β-sheet 9 of the 
C-subdomain had some twisting movement which led to a horizontal 
instead of vertical orientation towards the binding site. On the top right 
side of the structure behind the H-α-helix of the C subdomain, the loop 
stretched at the same time towards the top. Movement along eigenvector 
2 (Fig. 4b) is similar to movement along eigenvector 1 located at the top 
and bottom parts of PPP1, as well as some movement of the C-terminus 
along eigenvector 2. In conclusion, PCA and normal mode analysis, in 
agreement with the calculated structural properties, indicated a very 
stable structure of PPP1 with only minor changes due to MC congener 
binding and no major structural rearrangements of the binding site.

3.2.2. PCA of the MC congener backbone
The MC congener backbone structure was also analysed using PCA 

(Fig. 5 and Figs. S7–S12) and showed comparable results to those re
ported in the literature [11,39–45].

Indeed, in the early 1990s, the backbone conformation of MC-LR was 
first predicted to be planar [37,38]. Subsequently, the backbone of 
MC-LR was described as saddle-shaped conformation in water [11,
39–42] and in the complex with PPP1 [11,44]. Lavigne et al. [43] 
described that various different structures of MC-LR can exist and bind 
to PPP1 and that the complex was flexible in solution. Later MD simu
lations could identify a second conformational cluster in solvent simu
lation which had a planar shape as well as saddle-shaped structures in 
complex and solvent simulations [45]. Corroborating the latter findings, 
we identified two major conformations in solvent that were 
saddle-shaped (orange circle, Fig. 5a) and planar (cyan circle, Fig. 5a), 
and a saddle-shaped conformation when bound to PPP1 (orange trian
gle, Fig. 5a and Fig. S7a).

For MC congeners (MC-LF, [enantio-Adda5]MC-LF and [β-D-Asp3,(E)- 
Dhb7]MC-RR) calculated backbone conformations were reported by 
Jaeger-Honz et al. [45]. While, for MC-LF the previous simulations 
showed two conformational clusters in solvent — one saddle-shaped and 
one slightly more stretched conformation, we derived one saddle-shaped 
conformation from the solvent (orange circle) and complex simulation 
(orange triangle) in this simulation, which was structurally almost 
identical with the conformations derived for MC-LR (Fig. 5e and 
Fig. S7b). The latter finding does not stand in conflict with the previous 
simulations, as Jaeger-Honz et al. [45] noted that the second, stretched 
conformation was presumed unstable, as it was very sparsely populated.

In contrast to the toxic MC-LF, the backbone structures of [enantio- 
Adda5]MC-LF were planar, irrespective of the simulation type (Fig. 5f 
and Fig. S8a). Apparently, the side-chain stereocenters in the Adda5 

residue influence the overall backbone structure and may explain the 
difference in toxicity. Jaeger-Honz et al. [45] described the backbone 
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conformation for solvent and complex as a stretched backbone, but not 
planar as shown here. The latter discrepancy most likely stemmed from 
the fact that structure processing was more detailed in the simulation 
reported here.

Similar to previous simulations [45] and to the simulations with 
[enantio-Adda5]MC-LF, simulations of the moderately toxic [β-D-Asp3, 
(E)-Dhb7]MC-RR provided for a widely distributed scatter plot in the 
2D projection (Fig. 5b and Fig. S8b). A saddle-shaped conformation was 
found for solvent and complex (orange circle and triangle), as well as a 
planar structure for solvent and complex (cyan circle and triangle). For 
the planar structure, the shape between solvent and complex simulation 
was slightly different. The cyan triangle of complex simulation occupied 

a conformational space, which appeared to be only accessible when 
binding to PPP1. Accordingly, it is suggested that [β-D-Asp3,(E)-Dhb7] 
MC-RR will undergo a conformational change when binding to PPP1. A 
third conformation was detected in the solvent simulation (red circle) 
which was more skewed and V-shaped compared to the other previously 
discussed MC backbone structures and was never reported before in the 
literature.

MC-RR (Fig. 5c and Fig. S9a), differing from [β-D-Asp3,(E)-Dhb7]MC- 
RR in residues 3 and 7 is a toxic MC congener. The simulation clusters in 
the 2D projection were less scattered and better defined and resulted in 
two structures that could be identified for solvent simulation: a major 
representative with V-shaped backbone (orange circle) and a minor 

Fig. 4. Porcupine plot of the backbone movement of PPP1 and its structural elements. a) and b) Porcupine plots of movement in PPP1 backbone of the apo simulation 
as projected in extreme conformations along eigenvectors 1 and 2, respectively, derived by PCA. Arrows indicate movements above 4 Å. c) Structural elements of 
PPP1 (image generated with PyMol [57]). Pink: A′ α-helix of the N-subdomain, cyan: β-sheet 1′ of the N-subdomain, green: H-α-helix of the C-subdomain, dark blue: 
β-sheet 8 of sheet 3 in the C-subdomain, orange: β-sheet 9 of sheet 3 in the C-subdomain, yellow: β-sheet 12 in sheet 2 of the C-subdomain, pale yellow: β-sheet 13 of 
the C-subdomain, marine: β-sheet 2 of the N-subdomain of sheet 1, and light blue: α-helix B in the N-subdomain. Structural element notation was taken from Goldberg 
et al. [11]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Representative conformations of MC congener backbone derived after analysis of the 2D principal component projection from solvent (circles) and complex 
(triangles) MD simulation in side and top view (see Figs. S7–S12). The colouring of the molecular structures should help to distinguish the individual structures 
within a complex or solvent simulation.

S. Jaeger-Honz et al.                                                                                                                                                                                                                           Chemico-Biological Interactions 407 (2025) 111372 

8 



representative (cyan circle) with a more planar structure with a down
ward bend to the right, which is surrounded by the complex cluster. The 
major structure of the complex cluster (orange triangle) was similar in 
shape to the minor conformational structure of the solvent (cyan circle). 
However, the structures are completely different to the ones reported for 
[β-D-Asp3,(E)-Dhb7]MC-RR, suggesting that minor modifications of side 
chains 3 and 7 highly influenced the shape of the overall backbone 
structure.

Two solvent clusters and a large, widely distributed complex cluster 
could be detected for MC-YR (Fig. 5d and Fig. S10a). The large solvent 
cluster had a boat-like structure (orange circle), which is similar to the 
structure observed for MC-LY (vide infra). The minor solvent cluster was 
V-shaped (cyan circle), similar to the structure observed for solvent 
cluster of MC-RR (orange circle in Fig. 5c). The backbone structure of 
MC-YR found in the complex simulation was also saddle-shaped, similar 
to MC-LR. Therefore, a conformational shift appeared to occur upon 
binding of MC-YR to PPP1.

MC-LY is a toxic MC congener with well overlapping clusters for 
solvent and complex simulation (Fig. 5i and Fig. S9b). One structural 
representative could be identified for each simulation type that looked 
overall very similar amongst solvent and complex simulations. The 
structure was mostly planar, but had skewed parts at both ends of the 
ring, resulting in a boat conformation. The latter is in agreement with 
the solvent simulation (cyan circle), but more bent down to the right. In 
contrast to the other toxic MC congeners MC-LR and MC-LF and 
moderately toxic [β-D-Asp3,(E)-Dhb7]MC-RR, the backbone structure of 
MC-LY was reported in an experimental study from 1994, where the 
structure of MC-LY in DMSO was determined with NMR spectroscopy 
[39]. Interestingly, MC-LY and MC-LF differ in only one hydroxy group 
but were completely different in their backbone conformation (boat 
shape vs. saddle shape), although both are toxic MC congeners.

For MC-LY(Prg) (Fig. 5j and Fig. S10b) the solvent structure was 
shaped like an inverted U (orange circle). In contrast, both structures for 
complex simulation were skewed upwards towards both ends of the MC 
congener backbones, leading to a boat-like or U-shaped structure (or
ange and cyan triangle). The small modification in comparison to MC-LY 
resulted in different backbone conformations, especially for solvent 
simulation.

[Anda5]MC-LY(Prg) is modified at the Adda-side chain compared 
to MC-LY(Prg) and is a non-toxic MC congener (Fig. 5k and Fig. S11a). 
The solvent conformation identified was also an inverted U-shape (or
ange circle), but not as bent as MC-LY(Prg). In contrast, the reported 
conformation detected in the complex simulation, was highly skewed 
(orange triangle) and more curved than the saddle-shaped backbone 
structures described above (vide supra). We therefore concluded that 
modification of the Adda-side chain influenced the backbone confor
mation. Therefore, binding to PPP1 may be altered and thus could 
explain the differences in binding to PPP1 when compared to the toxic 
MC-LY(Prg).

[Amba5]MC-LY(Prg) is also modified at the Adda residue (whole 
side chain removed) in comparison to MC-LY(Prg) and a non-toxic MC 
congener (Fig. 5l and Fig. S11b). Two conformational clusters were 
identified for the solvent simulations. One planar ring (orange circle) 
similar to the structures of solvent simulations already identified for MC- 
YR (orange circle), MC-LR (blue circle) and both structures of MC-LY 
(orange circle and triangle). The second conformation observed was 
V-shaped, similar to the solvent structures of MC-YR (cyan circle) and 
MC-RR (orange circle). The structure determined for complex simula
tion was also V-shaped (orange triangle). Accordingly, [Amba5]MC-LY 
(Prg) is not presumed to undergo conformational change upon binding 
to PPP1.

[Apha5]MC-LF is modified at the Adda-side chain when compared 
to MC-LF. In contrast to MC-LF, it is a non-toxic MC congener (Fig. 5g 
and Fig. S12a). Both structures determined for solvent and complex 
simulation were saddle-shaped, comparable to the structure of MC-LF. 
The modification of Adda to Apha5 apparently did not influence the 

backbone conformation of the MC congener but had an effect on its 
toxicity.

[Apda5]MC-LF (Fig. 5h and Fig. S12b) is also modified at the Adda- 
side chain when compared to MC-LF and is also a non-toxic MC 
congener. The major conformation identified for solvent simulation was 
also saddle-shaped (orange circle) as was the case for many other MC 
congeners. Nevertheless, we were able to identify a second conformation 
for solvent structures, as well as complex simulation, which was more 
planar and slightly skewed at both ends of the structures (cyan circles 
and triangles). The latter structure was similar to those of the solvent 
simulations for MC-YR (orange circle), MC-LR (blue circle), solvent and 
complex simulation of MC-LY (orange circle and triangle) and [Amba5] 
MC-LY(Prg) (orange circle). Consequently, the modification of the Adda- 
side chain in the backbone did lead to a conformational shift towards a 
more open or planar structure upon binding to PPP1.

In summary, the saddle-shaped structure could be identified for 
several MC congeners (i.e., MC-LR, MC-LF, [β-D-Asp3,(E)-Dhb7]MC-RR, 
[Apha5]MC-LF) in both solvent and complex simulations, whereas for 
[Apda5]MC-LF it was only observed in the solvent simulation. The 
modification of MC congeners at the Adda-side chain can result in a 
change of the overall conformation of the macrocyclic ring structure 
compared to their unmodified toxic MC congeners (i.e., MC-LF and MC- 
LY(Prg)), e.g. for [enantio-Adda5]MC-LF, [Anda5]MC-LY(Prg), [Anda5] 
MC-LY(Prg) and [Amba5]MC-LY(Prg). As the latter MC congeners are all 
non-toxic, one could presume that the changes in the Adda-side chain 
and thus backbone structure could be critical for toxicity. However, 
these conformations are not necessarily unique to non-toxic MC con
geners and can be also adopted by toxic MC congeners. Indeed, a pre
vious study by Bagu et al. [42] suggested that MC-LR and MC-LL have 
saddle-shaped structures with minor differences and proposed that 
docking suggested similar binding sites and conformations of MC-LL to 
MC-LR. They therefore proposed that all other MC congeners will have a 
similar structure in solution and in complex to PPP1. We found differ
ences in conformational behaviour of MC congeners, largely dependent 
on the amino acids at the hypervariable positions 2 and 4 but also of 
other structural modifications, such as [β-D-Asp3,(E)-Dhb7]. In addition, 
we were able to demonstrate that some MC congeners undergo confor
mational changes upon binding to PPP1 (e.g., MC-YR, [Apda5]MC-LF, 
MC-LY(Prg), [Anda5]MC-LY(Prg) and [Amba5]MC-LY(Prg)). However, 
conformational changes upon binding to PPP1 is not prerequisite (e.g., 
MC-LR, MC-LF, MC-LY). Moreover, multiple conformations can exist for 
individual MC congeners and hence may influence their binding 
behaviour.

3.3. Interaction fingerprints analysis

Although visual inspection of MD simulations suggests that [enantio- 
Adda5]MC-LF moves out of PPP1 binding site (i.e. is not binding to 
PPP1), while all other MC congeners remained stable in the binding site, 
the conformational analysis of MC congeners also demonstrated that 
conformations of toxic and non-toxic MC congeners partially overlap. 
Thus, conformational analyses in and of itself will not allow distinction 
of toxic from non- or moderately toxic MC congeners. Consequently, 
interaction fingerprints (IFPs) were employed to investigate the in
teractions of MC congeners with PPP1 in more detail.

3.3.1. IFP comparison within MC congener simulation
To allow evaluation of IFP development within one simulation, a 

combined visualisation of IFP similarity, number of differences, occur
rence of individual IFP and identical IFP was carried out (Fig. 6 and 
Fig. S13).

To enable identification of the most important representative IFP, 
occurrence visualisation of individual IFPs can be helpful, allowing 
determination of the most frequent IFPs, their appearance within the 
simulation, and their distribution over time. Indeed, matrix visualisation 
helped to identify regions of higher (dark blue) and lower similarity 
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(yellow). As changes occurred and accumulated over time, locally 
defined regions of higher similarity were identifiable, largely depending 
on the MC congener. IFPs that are revisited during the simulation, can be 
identified with the line plot via vertical connection of identical IFPs.

It is important to note that for some non-toxic MC congeners (i.e., 
[enantio-Adda5]MC-LF, [Anda5]MC-LY(Prg) and [Apha5]MC-LF), very 
few frequently occurring representative IFPs were identified, while the 
other moderately toxic and toxic MC congeners (i.e., MC-LR (Fig. 6), 
MC-LF, MC-RR, [β-D-Asp3,(E)-Dhb7]MC-RR, MC-LY, MC-YR, MC-LY 
(Prg), [Amba5]MC-LY(Prg), and [Apda5]MC-LF) had many frequently 
occurring representative IFPs. Moreover, the similarity matrix showed 
very few higher order arrangements for [enantio-Adda5]MC-LF, MC-RR, 
and [β-D-Asp3,(E)-Dhb7]MC-RR, while for other MC congeners many 
more clusters or higher order arrangements were visible.

To further analyse the interactions, we calculated the minimum, 
mean, and maximum of interactions for each IFP per MC congener 
(Table 4 and Fig. S14). The comparison of the mean of the number of 
interactions for each IFP of toxic to moderately or non-toxic MC con
geners demonstrated that the mean number of interactions of toxic MC 
congeners were higher when compared to their corresponding non- or 

moderately toxic structurally similar MC congeners (i.e., MC-RR versus 
[β-D-Asp3,(E)-Dhb7]MC-RR, MC-LF versus [enantio-Adda5]MC-LF, MC- 
LY(Prg) versus [Anda5]MC-LY(Prg) and [Amba5]MC-LY(Prg)). Overall, 

Fig. 6. Comparison of IFP similarity within one MD simulation of MC-LR. The occurrence and identical IFP (connected by vertical lines between a and b) are shown 
as a line plot. The occurrence plot shows how many individual IFPs were summarised, as they occurred immediately after each other and had identical interactions. 
The number of differences to all IFPs are shown as a histogram (top right), and as colour in the matrix visualisation. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)

Table 4 
Minimum, mean, and maximum number of interactions detected per IFP of MC 
congeners simulated with PPP1.

MC Congener Minimum Mean Maximum Toxicity Class

MC-LR 9 14.25 22 Toxic
[β-D-Asp3,(E)-Dhb7]MC- 

RR
3 8.28 18 Moderately toxic

MC-RR 13 17.30 22 Toxic
MC-YR 11 15.64 24 Toxic
MC-LF 12 16.36 21 Toxic
[enantio-Adda5]MC-LF 5 8.96 14 Non-toxic
[Apha5]MC-LF 8 13.65 19 Non-toxic
[Apda5]MC-LF 10 15.67 24 Non-toxic
MC-LY 6 14.41 20 Toxic
MC-LY(Prg) 9 15.84 28 Toxic
[Anda5]MC-LY(Prg) 7 11.40 16 Non-toxic
[Amba5]MC-LY(Prg) 5 11.36 16 Non-toxic
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the mean of interactions for non and moderately-toxic MC congeners 
tended to be lower than for toxic congeners, except for the non-toxic 
congeners [Apha5]MC-LF and [Apda5]MC-LF (Fig. S1). Indeed, when 
compared to its toxic structurally similar MC-LF, the mean IFP values of 
[Apha5]MC-LF and [Apda5]MC-LF were lower, albeit close to the 16.36 
of MC-LF.

As [Apda5]MC-LF merely differs from MC-LF by the missing side- 
chain of Adda while maintaining the overall size, a similar number of 
interactions would suggest that the size of the Adda-side chain influ
enced the overall backbone structure and thus also the number of in
teractions. Our PCA projections, however, suggested that the backbone 
conformations of MC-LF was saddle-shaped while [Apda5]MC-LF, a non- 
toxic MC congener, was suggested to be planar for complex simulations 
comparable to the non-toxic [enantio-Adda5]MC-LF.

Similar trends were observed for the number of interactions in the 
major representative IFP (Fig. 7 and Fig. S15, except for [Apha5]MC-LF, 
MC-LY(Prg), [Anda5]MC-LY(Prg), and [Amba5]MC-LY(Prg), where the 
number of interactions were similar to their respective mean value.

It is noteworthy that the interactions of at least two out of three most 
frequent IFPs were similar for all MC congeners. For [enantio-Adda5]MC- 
LF, we could determine that two were identical (Figs. S15m and n), 
leading to one very frequently occurring interaction pattern with only 7 
interactions. Although individual MC congeners showed different 
interaction patterns, we were able to identify several critical residues for 
nearly all MC congeners (exception: [enantio-Adda5]MC-LF and [β-D- 
Asp3(E)-Dhb7]MC-RR). Indeed, Fontanillo and Köhn [62]), already 
described interactions with residues of PPP1: hydrogen bonds (Arg96, 
Tyr134, and water (indirect coordination to manganese ions)), 
replacement of interaction with water (Asn124, His125, Ile130, Tyr134 
and Trp206), hydrophobic interactions (Cys127, Ile130, Ile133, Trp206, 
Tyr272 and Gly274), and a covalent bond (Cys273). Interestingly, the 
observed interacting residues never occurred together at the same time 
in one representative IFP. We therefore concluded that different inter
action patterns exist within each of the MC congener simulations when 
complexed to PPP1. In addition, individual residues were not limited to 
one type of interaction, thus potentially allowing identification of 
multiple interactions that can be formed with MC congeners.

3.3.2. IFP comparison amongst MC congener simulations
To compare the similarity of simulations amongst different MC 

congeners, interactions were merged to generate a vector with the same 
length to calculate similarity. The evaluation of similarity was then 
changed to the inverse Rogers–Tanimoto dissimilarity with an “identical 
IFP” threshold of x ≥ 0.90, “similar IFP” between 0.80 ≤ x < 0.90, and x 
≤ 0.50 as “dissimilar IFP” (see Fig. 8 and Table S3).

Line plots to visualise which IFPs were similar or identical are shown 
in Fig. 9 and Figs. S16–S33. While evaluating identical and similar IFPs 

with the highest occurrence in the simulations, we found that for almost 
all MC congeners (except for some frequent IFP of [enantio-Adda5]MC- 
LF and [β-D-Asp3,(E)-Dhb7]MC-RR), we could identify residues known to 
interact from Fontanillo and Köhn [62]).

Most MC congeners shared similar IFPs with MC-LR. However, 
identical IFPs could only be found with MC-LR. The latter was most 
likely due to the starting configuration of the MD simulation, as in most 
cases it was close to that of MC-LR. In addition, MC-LR and MC-LF had a 
high number of similar IFPs themselves (32.03 %), which was previously 
also described in Jaeger-Honz et al. [46]. Moreover, corroborating 
earlier work by Jaeger-Honz et al. [46], we were able to identify some or 
all of the interactions (Phe276, Val223, Gln249) that were proposed as 
important for many MC congeners and could also identify additional 
residues (His66, Val250, Tyr272) that we propose as being important for 
binding to PPP1. Indeed, substitution of Phe276 and mutation of Tyr272 
was suggested to reduce the ability of PPP1 to bind MC congeners [96,
97].

We were able to identify some MC congeners (MC-LF, MC-LY, 
[Apha5] MC-LF) that have a high proportion of similar IFP with MC- 
LR (32.02 %, 35.30 % and 40.39 %, respectively) and also have large 
areas of overlap in the line plot, indicating similar IFP patterns. For MC- 
LR and MC-LF, Fig. 9b and c show the two similar IFPs with the highest 
occurrence within the simulation. In comparison to other IFPs, both of 
them occurred frequently for both MC congeners, but did not belong to 
the most frequently occurring IFP. For MC-LR and MC-LY, a small pro
portion of identical (0.71 %) and a high proportion of similar IFPs (35.36 
%) were identified and overlapped in the line plot as well. However, the 
individual IFP had a rather low occurrence with a lower number of in
teractions (11 and 10, respectively) and were therefore less frequent. For 
MC-LR and [Apha5]MC-LF, we were able to identify a small proportion 
of identical (3.22 %) and the highest proportion of similar IFPs (40.39 
%) across the whole data set. The selected similar representative IFPs 
occurred frequently in both simulations and had 11 and 14 interactions 
with PPP1. Both MC congeners belonged to different toxicity classes, 
thereby providing an unexpected result. As we identified a similar 
saddle-shaped conformation of [Apha5]MC-LF when compared to MC- 
LR, it may be that the conformation of [Apha5]MC-LF did indeed 
favour a similar binding mode to MC-LR. Further simulations are 
therefore needed to assess this in more detail.

For other MC congeners, little, or some overlap between certain areas 
of the simulation could be observed. The similarity values ranged be
tween 10.40 % and 30.49 %. Depending on the simulations that were 
compared, we could show that for some IFPs a very low number of in
teractions were retrieved ([enantio-Adda5]MC-LF and [β-D-Asp3,(E)- 
Dhb7]MC-RR, [β-D-Asp3,(E)-Dhb7]MC-RR and MC-LY). Therefore, the 
high proportion of similar IFPs might be an artefact caused by the 
merging of two IFP sets. In other simulations, we could identify some 

Fig. 7. Three most frequent occurring IFP for MC-LR.
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similar IFP that had rather low occurrence within a simulation (e. g., 
MC-LR and [β-D-Asp3,(E)-Dhb7]MC-RR, [β-D-Asp3,(E)-Dhb7]MC-RR and 
MC-LY(Prg)). Also, MC-LF and [Apha5]MC-LF shared a number of 
similar IFPs (14.10 %), and a small area within the MC-LF region did 
map to a larger area in [Apha5]MC-LF simulation. Therefore, both MC 
congeners appeared to share some binding patterns, as they are also 
structurally very similar, but both of the MC congeners had their unique 
interaction patterns. As similarity may be dependent on simulation time 

and repetition, longer or higher numbers of simulations would also 
refine the grouping into identical, similar or dissimilar IFPs.

For a high number of comparisons of MD simulations carried out, the 
number of similar IFPs achieved was between 0.16 and 5.65 %, which is 
rather low. These MD simulations either provided for a low number of 
interactions thereby leading to the same effect as described above, or a 
medium number of interactions, which is in general lower than their 
respective mean value. In addition, the most common IFPs tended to 

Fig. 8. Summary of identical, similar and dissimilar IFPs of MC congeners interacting with PPP1. The number of IFPs in the respective category had been calculated 
as percentages which are encoded as indicated in the figure. The upper right and lower left of the diagonal represent similar and dissimilar IFP, respectively. Identical 
IFP are indicated by glyphs.

Fig. 9. Similarity calculation between IFPs of different simulations. a) MC-LR is shown in dark blue, MC-LF in light blue. Between a–b and e–f, identical IFPs within 
the same simulation are shown. Between b–c and d–e, similar IFPs within the same simulation are shown. Between c–d similar IFPs between simulations are shown as 
red lines. The most frequently occurring similar IFPs are shown in b) and c). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)
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occur infrequently within a given simulation, such that the similar IFPs 
did not represent a frequent interaction pattern and were therefore 
likely to be less relevant (Figs. S19, S20, S22, S27, S28, S29, S32, and 
S33).

MC-RR and [Apda5]MC-LF were the only MC congeners that did not 
share any similar IFP with other simulations. For MC-RR, the confor
mation identified when bound to PPP1 was unique and could not be 
found for any of the other MC congeners. Also, the conformation of 
[Apda5]MC-LF when bound to PPP1 was relatively planar, in compari
son to MC-LF, even though only side chains of Adda were removed. This 
seems to cause a conformational change and also a change in in
teractions, leading to unique IFPs.

In summary, we were able to show that changes in interactions 
accumulate over time and that for some MC congeners frequently 
occurring IFPs were suggested by modelling that can help to identify 
important interaction patterns. The analysis of the three most frequent 
IFPs per MC congener showed that the interactions between at least two 
of the three were similar for all MC congeners, and that residues, known 
to interact from Fontanillo and Köhn [62]), never occur simultaneously. 
In addition, the analysis of the average of the interactions per individual 
IFP showed that toxic MC congeners had a higher mean value than their 
respective structurally similar moderately or non-toxic MC congeners, 
and that the Adda-side chain modification may influence the average 
value. Consequently, average interactions per individual IFP allows to 
distinguish toxic from moderately or non-toxic MC congeners and thus 
may provide a better basis for the toxicodynamic part of risk assessment. 
Indeed, being able to distinguish problematic (containing predomi
nantly toxic MC congeners) from non-problematic (containing pre
dominantly moderately or non-toxic MC congeners) cyanobacterial 
blooms based on an improved RA model may have major health and 
economic implications in the near future [98].

4. Conclusion

We carried out MD simulations for twelve MC congeners, eight of 
which were simulated for the first time. We could show that the PPP1 
structure is stable upon MC congener binding, and that size, compact
ness and solvent accessibility of MC congeners were dependent on their 
structural modification.

The conformational analysis of MC congener backbones suggested 
that MC congeners partly adopted the saddle-shaped conformation 
previously reported for MC-LR, but that MC-congener-specific confor
mations (i.e., planar, inverted U-shape, V-shape or boat conformation) 
also exist. In addition, MC congeners can in some cases adopt different 
conformations in solvent and complex. Modification of the Adda-side 
chain can influence the backbone conformation as well. Therefore, we 
conclude that the backbone conformation influences the stability of the 
PPP1 binding but is unlikely to be the sole reason for binding.

Analysis of the IFP patterns of MC congeners led to the conclusion 
that for individual MC congeners, frequently occurring interaction pat
terns are present that could reproduce interactions with residues of PPP1 
described previously, but never appear to occur simultaneously. Non- 
toxic congeners had a lower number of interactions per IFP compared 
to their respective structurally similar toxic MC congeners. In addition, 
comparison across MD simulations showed similarities in binding pat
terns between some MC congeners, but overall MC congeners also had 
their own unique binding patterns. These patterns were not necessarily 
shared with other MC congeners, although we were able to identify 
common IFPs representatives and residues common to many IFP of 
different MC congeners.

We therefore conclude that MD simulations can aid in understanding 
the dynamics of MC congener binding to PPP1, as well as the confor
mational space of individual MC congeners. The simulations presented 
here indicate that a congener-specific investigation is necessary as, in 
contrast to most previous publications, MC congeners do not adopt a 
single conformation. MD simulations could also help to investigate other 

MC congener structures that so far have not been characterised, and 
therefore provide for an important step towards a robust MC congener- 
specific risk assessment. In addition, MD simulations with other protein 
phosphatases (e.g. PPP2A) may help to understand the selectivity pro
files. Thus, the protocol presented here can serve as a starting point for 
further simulations with more MC congeners or different protein phos
phatases to develop strategies to even better discriminate MC congener 
toxicity.
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