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ABSTRACT 
Complement C5 is the target of the monoclonal antibody eculizumab, used in complement dysregu
lating disorders, like the rare disease Paroxysmal Nocturnal Hemoglobinuria (PNH). PNH is an acquired 
hematopoietic stem cell condition characterized by aberrant destruction of erythrocytes, chronic 
hemolytic anemia, and thromboembolism propensity. C5 is a protein component of the complement 
system which is part of the immune system of the body and plays a prominent role in the destruction 
of red blood cells, misidentifying them as a threat. This work describes the application of molecular 
dynamics simulations to the study of the underlying interactions between complement C5 and eculi
zumab. This study also reveals the importance of single nucleotide polymorphisms on C5 protein con
cerning the effective inhibition of the mAB, involving the mechanistic events taking place at the 
interface spots of the complex. The predicted conformational change in the C5 Arg885/His/Cys muta
tion has implications on the protein’s interaction with eculizumab, compromising their compatibility. 
The acquired insights into the conformational changes, dynamics, flexibility, and interactions shed light 
on the knowledge of the function of this biomolecule providing answers about the poor response to 
the treatment in PNH patient carriers of the mutations. By investigating the intricate dynamics, signifi
cant connections between C5 and eculizumab can be uncovered. Such insights may aid in the cre
ation of novel compounds or lead to the enhancement of eculizumab’s efficacy.
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Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired 
hematological disease that arises from a somatic mutation. 
The mutation primarily occurs in hematopoietic stem cells in 
the bone marrow. The disease is originated by phosphatidyli
nositol-N-acetylglucosaminyltransferase subunit A gene (PIG- 
A) mutation and consequent loss of function. PIG-A is a 
X-linked gene required for the biosynthesis of glycosylphos
phatidylinositol (GPI), that anchors important proteins on 
membrane blood cells surface (Bessler et al., 1994; Brodsky, 
2014; Takeda et al., 1993).

CD55 and CD59 are GPI-anchored proteins of the surface 
of red blood cells (RBCs). As complement-regulatory proteins, 
they can inhibit complement system attack, protecting cells 
from its destruction. CD55 blocks C3 convertase, while CD59 
blocks membrane attack complex (MAC) (Figure 1). The 
absence of GPI molecule leads to the absence of these pro
teins on RBCs surface. These RBCs are hence recognized as 
damaged, leading to hemolysis mediated by the comple
ment system, with release of the hemoglobin into the blood
stream (Schmidt et al., 2022).

The complement system is part of the innate immunity 
system that includes a set of plasma and serum proteins. 
Complement activation can be reached either by the clas
sical, alternative and lectin pathways. C3 convertases cleave 
C3 in C3a and C3b which leads to formation of C5 conver
tase. C5 is cleaved into C5a and C5b. C5b activates terminal 
cascade C6, C7, C8 and C9 forming C5b-9 complex MAC, that 
ultimately leads to cell destruction (Bektas et al., 2020). From 
the initial PIG-A mutation, a group of blood cells carrying the 
same genetic alteration emerges. These cells are called PNH 
clones and progressively establish dominance within the 
bone marrow, resulting in the distinctive characteristics asso
ciated with PNH (Brodsky, 2009; Heeney et al., 2003).

PNH is a life-threatening disease. Besides hemolytic 
anemia it can be related to bone marrow aplasia and 
thromboembolism (TE). TE is the most feared outcome, con
tributing to morbidity and mortality. In a relatively recent 
study, 29% of PNH patients without treatment have 10 years 
span of life after diagnosis (Fu et al., 2020).

The first approved treatment for PNH was the humanized 
monoclonal antibody (mAB), eculizumab. Eculizumab inhibits 
terminal complement factor C5, preventing its cleavage, 
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inhibiting complement-mediated hemolysis (Schrezenmeier & 
H€ochsmann, 2009; Figure 2). Response to anti-complement 
therapies, like eculizumab, lead to hemoglobin stabilization 
in most patients and represented a drastic change in the 
improvement of quality of life, life expectancy and in the 
control of symptoms and of clinical levels of patients with 
PNH (Brodsky et al., 2008; Hillmen et al., 2006, 2013).

PNH patients treated with eculizumab can have different 
responses to treatment. Most patients achieve transfusion 
independence. However, some may still require transfusions, 
and although hemoglobin levels can remain steady, they 
may still experience anemia (Risitano et al., 2009, 2019).

In some cases, eculizumab anti-complement therapy is 
inefficient. Activation of terminal pathway complement pro
teins can exacerbate in some health conditions, like severe 
infections, and thus, eculizumab is not sufficient to prevent 
intravascular hemolysis (Harder et al., 2019).

Single nucleotide variants (SNVs) are a prevalent form of gen
etic variation in the human population. The majority of these 
SNVs are benign and are referred to as single nucleotide poly
morphisms (SNPs). SNPs play a significant role in genetic variabil
ity and can be linked to physical traits, susceptibility to diseases, 
and how individuals respond to treatments (Katsonis et al., 2014).

In a study with Japanese patients with PNH, a small portion 
(3.2%) of the patients showed poor response to eculizumab. 
Genetic variants in complement C5 were searched and it was 
found a single missense heterozygous mutation, c.2654 G>A, 

which expresses the p.Arg885His variant. Another Asian descend
ent patient had shown a similar mutation, c.2653> T, which 
expresses p.Arg885Cys polymorphism (Nishimura et al., 2014).

A crystal structure of the complex between C5 and a Fab frag
ment with V region with the same sequence as eculizumab, dem
onstrated the importance of the interaction at this site. This 
mutation is located on the binding region of eculizumab to C5, 
so the resulting complex is thought to lose stability, resulting in 
weaker inhibition by the antibody (Schatz-Jakobsen et al., 2016).

Molecular dynamics (MD) simulations can be used to analyze 
structures and predict the molecular behavior of biological sys
tems (Elzaiat et al., 2020; Mahtarin et al., 2022; Mohamed et al., 
2020; Muthukumar, 2023). In this work, MD studies were per
formed to analyze from a dynamic perspective the recognition 
of eculizumab by C5 and to determine the molecular determi
nants for this interaction. The study was then extended to 
understand the structural and dynamic impact of p.Arg885His/ 
Cys variants in the stability of C5-eculizumab complex.

Methods

Parameters for the analysis of complement C5 in 
complex with eculizumab

The structure of the homo sapiens complement C5-eculizu
mab complex was obtained from the Protein Data Bank 
(Berman et al., 2000), entry 5I5K (Schatz-Jakobsen et al., 

Figure 1. Protection of GPI-anchored proteins CD55 and CD59 of red blood cells from complement system.

Figure 2. Eculizumab inhibition of C5 on terminal pathway of complement cascade.
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2016) corresponding to its Cryo-EM structure with a 4.2 Å 
resolution.

This structure was aligned with the complement C5 
model available at the alpha fold structural database 
(Jumper et al., 2021; Varadi et al., 2022). A full model was 
built starting from the 5I5K experimental structure with the 
missing amino acid residues modelled from the alpha fold 
structural database model. The protonation state of all amino 
acid residues at pH 7.0 was predicted using the PlayMolecule 
web server (Mart�ınez-Rosell et al., 2017).

The preparation of the system involved the use of the 
AMBER20 software package and Xleap. The system was 
described using the ff14SB force field (Maier et al., 2015). 
Using the LEAP module of AMBER software, charges on the 
complex system were neutralized through the addition of 
counter-ions (Cl−) and the system was placed in a TIP3P 
water model box with a minimum distance of at least of 
12 Å between the protein surface and the border of the box, 
treated with periodic boundary conditions.

The 3D figure structures were prepared with VMD 
(Humphrey et al., 1996).

Molecular dynamics simulations (MD) analyses of 
complement C5 complex with eculizumab

For the analyses of the p.Arg885His and the p.Arg885Cys var
iants, the wild-type complex was modeled with the muta
genesis feature in Pymol 1.7.2.1 software, using the 
Dunbrack rotamer libraries (Shapovalov & Dunbrack, 2011; 
Weiser et al., 1999). The dominant conformer predicted an 
initial amino acid conformation for each mutated structure. 
Conformers exhibiting clashes with the other residues of the 
protein were excluded. The computational mutagenesis 
protocol has been previously used with good results in other 
studies (Ferreira et al., 2017; Lapaillerie et al., 2022; 
Magalh~aes et al., 2022; Quelhas et al., 2021; Serrano et al., 
2021).

The solvation and neutralization protocol described were 
applied in both the wild-type system and the mutant sys
tems. The three systems were subjected to four consecutive 
energy minimization stages to remove clashes before the 
molecular dynamics (MD) simulation. In these four stages, 
the minimization procedure was applied to the following 
atoms of the system: (i) water molecules (2500 steps); (ii) 
hydrogen atoms (2500 steps); (iii) side chains of the amino 
acid residues (2500 steps); (iv) full system (10,000 steps). The 
energy minimized systems were then submitted to a two 
stages MD equilibration protocol: (i) the systems were grad
ually heated to 310.15 K using a Langevin thermostat at a 
constant volume (NVT ensemble) (50 ps); (ii) the density of 
the systems was equilibrated at 310.15 K (50 ps).

MD simulation runs were performed for 3 replicas of 
300 ns for the wild-type complex, and the 2 mutants, repre
senting a total of 2700 ns of simulation (3� 3 � 300 ns). 
These were performed in an NPT ensemble at constant tem
perature (310.15 K, Langevin thermostat) and pressure (1 bar, 
Berendsen barostat), with periodic boundary conditions, with 
an integration time step of 2.0 fs using the SHAKE algorithm 

to constrain all covalent bonds involving hydrogen atoms. A 
10 Å cut-off for nonbonded interactions was used during the 
entire molecular simulation procedure. Coordinates were 
saved at each 10 ps. Final trajectories were analyzed in terms 
of backbone root-mean-square deviation (RMSd), and root- 
mean-square fluctuation (RMSF).

Molecular mechanics/generalized born surface area 
(MM-GBSA)

The MM-GBSA method (Miller et al., 2012) was employed to 
predict the C5-eculizumab complex binding free energy. The 
contribution of all amino acid residues for each of these 
binding free energies was estimated applying the energy 
decomposition method. From each MD simulations trajec
tory, a total of 300 conformations taken from the last 300 ns 
of simulation were considered for each MM-GBSA calculation.

According to the MM-GBSA method the binding free 
energy can be decomposed as:

DGbind ¼ Gcomplex– GC5 þ Geculizumabð Þ

The internal energy change (DEint) is canceled because 
the structures of complex, C5, and eculizumab are extracted 
from the same trajectory.

DEgas ¼ DEint þ DEELE þ DEVDW 

DGsol ¼ DGGB þ DGSurf 

The gas-phase interaction energy (DEgas) between the com
ponents is calculated as the sum of electrostatic (DEELE) and 
van der Waals (DEVDW) interaction energies. The solvation free 
energy (DGsol) is written as the sum of the polar and the non- 
polar energy terms. The polar solvation energy (DGGB) is calcu
lated by using the Generalized-born (GB) model, proposed by 
Onufriev, Bashford and Case (Onufriev et al., 2004). The non- 
polar contribution is calculated based on the solvent-access
ible surface area (DGSurf), calculated with the LCPO method 
(Weiser et al., 1999). The binding free energy (DGbind) is writ
ten as the sum of the gas-phase interaction energy and solv
ation free energy. The DGbind values reported in this study 
exclude the entropy contribution, as it is known to introduce 
additional errors into the comparison data. Association free 
energies were calculated using this protocol in several other 
different biomolecular studies, with good results (Martins 
et al., 2021; Pereira et al., 2022; Pina et al., 2022).

Results and discussion

Mapping of the C5-eculizumab interface

To understand at the molecular level the structural determi
nants for C5-eculizumab binding in the wt protein, the MM- 
GBSA method was applied. In particular, a per-residue 
decomposition analysis of the complexation free energy was 
performed. The results show the amino acid contributing the 
most to the stabilization of the C5-eculizumab.

The amino acids with the largest contribution for the for
mation C5-eculizumab complex and to its stability are Arg885, 
Trp917, Gln854, Phe918 and Glu915. All these residues have a 
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free energy contribution of between −1.7 ± 1.1 and 
−8.8 ± 0.9 kcal/mol to the complex binding free energy (hot 
spots, the more negative, the highest the contribution to 
complex stabilization; Table 1).

The position of these residues in the 3D structure of the 
complex is highlighted in Figure 3.

Arg885 is the highest contributor to the complexation free 
energy (−8.8 ± 0.9 kcal/mol), followed by Trp917 

(−7.4 ± 0.8 kcal/mol). These results confirm these two amino 
acid residues as the major participants for eculizumab inter
action with C5. Gln854, Glu915 and Phe918 have a contribution 
to the complex free energy of −3.5 ± 1.5, −1.7 ± 1.1 and 
−1.8 ± 0.3 kcal/mol, respectively. The known eculizumab con
formational epitope is represented in Figure 4A and is com
posed of a b-strand (884–890) and a b-hairpin (913–922) 
containing these main residues. These residues are part of 
the C5 MG7 domain, which is the domain that interacts with 
eculizumab (Jore et al., 2016).

Our silico approach corroborates some aspects related to 
the complex interaction, mentioned before in other analyses 
(Brachet et al., 2016; Schatz-Jakobsen et al., 2016):

Table 1. Energetic contribution of most important residues as estimated by 
the MM-GBSA method.

Residues DGbinding (kcal/mol)

GLN854 −3.5 ± 1.5
ARG885 −8.8 ± 0.9
GLU915 −1.7 ± 1.1
TRP917 −7.4 ± 0.8
PHE918 −1.8 ± 0.3

Figure 3. Visual molecular dynamics (VMD) representation of the alignment of the representative structure of the C5-eculizumab complex. The five amino acids 
with major energetic contribution are highlighted.

Figure 4. Visual molecular dynamics (VMD) representation of the alignment of the representative structure of the C5-eculizumab complex. (A) Eculizumab epitope. 
(B) Interaction of C5 with a binding pocket region (101–107 residues of H-CDR3, 30–32 residues of L-CDR1 and 92 residue of L-CDR3) formed on the surface of 
eculizumab.
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The b-strand contains the key residue Arg885 which 
engages with the H chain of eculizumab (H-CDR3).

Another b-strand (851–858) and the previous b-strand are 
held by a disulfide bridge (856–883).

Tpr917 is part of the hairpin formed between residues 
Ser913 and Ile922 and “fits” inside a binding pocket region 
that forms in the eculizumab surface (defined by residues 
101–107 of the H chain, and 30–32 and 92 of the L chain) 
(Figure 4B). Tpr917 interacts with the phenol group of Tyr99.

Eculizumab interacts with these specific peptide regions 
of C5, acting as a competitor of C5 convertases. C5 conver
tase cleaves the scissile bond between Arg751 and Leu752, 
located distal to eculizumab epitope. Eculizumab can steric
ally block the access to convertases, interacting with the pre
vious residues mentioned above.

Mapping the structural and dynamic effect of mutants: 
(p.Arg885His and p.Arg885Cys interface)

To further analyze the importance of Arg885 in the formation 
of the C5-Eculizumab complex and to understand the effect 
of mutations on this position by histidine or cysteine, as in 
the reported genetic variants for complement C5, a compara
tive analysis of the structure, dynamics and associated ener
getics of the wild-type, p.Arg885His and p.Arg885Cys variants 
was performed.

Table 2 presents the average C5-Eculizumab complexation 
free energies determined for the three systems and corre
sponding non-polar and polar contribution. As expected, an 
analysis of Table 2 shows that both mutations lead to a less 
stable C5-Eculizumab complex than in the wild-type C5 
system.

In p.Arg885His the arginine alteration to histidine 
decreases the binding affinity of eculizumab, resulting in an 

increase in DGbind of 17.4 kcal/mol, from −69.8 to −52.4 kcal/ 
mol. For p.Arg885Cys, the DGbind difference was also signifi
cant, with an increase of þ9.4 kcal/mol, from −69.8 to 
−60.4 kcal/mol.

An analysis of the energetic components to the complex
ation free energy shows that the non-polar contribution to 
the eculizumab binding free energy in the mutated variants 
decreases when compared to the WT, representing an 
unfavorable energy change for the stability of the complex 
arising from a decrease in hydrophobic interactions. In add
ition, the polar contribution to the eculizumab binding free 
energy for the mutated variants increases, becoming more 
positive, also representing an unfavorable energy change for 
the polymorphic variants.

Figure 5 shows the energetic contribution of the most 
important amino acid residues to the formation of the C5- 
eculizumab in the WT and Arg885His and p.Arg885Cys 
variants.

As expected, the biggest difference is observed for pos
ition 885, where the different variants differ in amino acid. 
As mentioned before, the average binding energy of the 
amino acid Arg885 is −8.8 kcal/mol for the WT. For the histi
dine and the cysteine mutation, this value changes to −2.9 
and −2.9, respectively. The non-polar contribution is more 
favorable for histidine variant, but less favorable for cysteine 
mutation (−5.6 in wt vs. −6.1 and −3.4 kcal/mol for the His 
and Cys variants, respectively). The polar contribution (−3.2 
in wt vs. 3.2 and 0.5 kcal/mol for the His and Cys variants, 
respectively) also shows less favorable contribution for poly
morphic residues (Table 3).

This effect arises to a great extent from the elimination of 
the salt-bridge between Arg885 of C5 and Glu50 of the H 
chain of eculizumab. Variants p.Arg885His and p.Arg885Cys 
both lose this key interaction, weakening the eculizumab 
binding ability to C5.

Table 2. Energetic contribution of all system.

System DGbind (kcal/mol) Non-polar contribution (kcal/mol) Polar contribution (kcal/mol)

WT −69.8 ± 2.9 −119.5 ± 9.8 49.6 ± 7.1
p.Arg885His −52.4 ± 5.7 −110.9 ± 12.8 58.5 ± 7.6
p.Arg885Cys −60.4 ± 13.4 −112.6 ± 17.3 52.2 ± 5.9

Figure 5. Energetic contribution of most important amino acids to formation of C5-eculizumab.
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Figure 6 shows the difference in C5-eculizumab inter
action for position 885 in the three systems, as observed 
from the average structure of the dominant conformer 
obtained for each simulation. Average bond distance shows 
significant alterations between the three systems (4.0 ± 0.1 in 
wt vs. 5.8 ± 1.3 and 8.9 ± 1.3 Å for the His and Cys variants, 
respectively).

The average binding energy of Trp917 is −7.4 kcal/mol in 
its natural state. However, when Arg885 is replaced with 
Histidine or Cysteine, this energy value goes to −5.4 and 
−5.5 kcal/mol, respectively.

Regarding the non-polar component, both variants have 
less favorable energy values, yielding −8.3 and −8.1 kcal/mol 
(His and Cys, respectively), compared to the wild-type’s 
−10.5 kcal/mol. The polar component (3.1 in wt vs. 2.9 and 
2.6 kcal/mol for the His and Cys variants, respectively) does 
not represent a high variation.

The neighbor residue Phe918, did not significantly alter 
the energy input on polymorphic variants when compared 
with wild-type (−1.8 in wt vs. −1.6 and −1.9 kcal/mol for the 
His and Cys variants, respectively).

Other amino acids in the vicinity of these mutations, 
exhibit alterations that prove to be unfavorable for the bind
ing to C5, as they have less negative values in nonpolar con
tribution and higher values in polar contribution (Glu915 and 
Ser881).

However, the residues Val884, Thr878 and Lys887 appear 
to attempt to compensate for the destabilization of the 
complex in both mutated species, showing an increased 
contribution (more negative) when in comparison with the 
wild-type. The non-polar energetic contribution was favor
able to the bond connection of the complex for 
p.Arg885His and p.Arg885Cys variants, playing a predomin
ant role.

Table 3. Energetic contribution of most important amino acids of C5-eculizumab complex in wild-type and in p.Arg885His/p.Arg885Cys mutants.

Residue

DGbinding (kcal/mol) Non-polar contribution (kcal/mol) Polar contribution (kcal/mol)

WT p.Arg885His p.Arg885Cys WT p.Arg885His p.Arg885Cys WT p.Arg885His p.Arg885Cys

GLN854 23.5 ± 1.5 22.7 ± 0.4 24.0 ± 1.6 25.6 ± 0.6 24.7 ± 0.4 25.4 ± 1.0 2.1 ± 1.1 2.0 ± 0.6 1.5 ± 0.6
THR878 0.1 ± 0.1 −1.4 ± 1.2 −0.9 ± 0.4 −0.3 ± 0.2 −1.5 ± 0.8 −1.2 ± 0.1 0.4 ± 0.3 0.0 ± 0.5 0.2 ± 0.5
SER881 −1.0 ± 1.0 −0.1 ± 0.4 −0.3 ± 0.1 −1.4 ± 1.0 −0.5 ± 0.5 −0.8 ± 0.1 0.4 ± 0.0 0.4 ± 0.1 0.4 ± 0.1
VAL884 −1.0 ± 0.7 −2.8 ± 1.2 −2.8 ± 0.2 −1.4 ± 0.8 −3.2 ± 1.1 −3.4 ± 0.3 0.5 ± 0.2 0.4 ± 0.2 0.6 ± 0.2
AA885 28.8 ± 0.9 22.9 ± 1.1 22.9 ± 0.2 25.6 ± 0.7 26.1 ± 0.6 23.4 ± 0.2 23.2 ± 0.4 3.2 ± 0.5 0.5 ± 0.1
LYS887 0.1 ± 0.1 −1.5 ± 0.2 −2.0 ± 0.7 −2.0±-0.0 −2.8 ± 0.5 −3.3 ± 0.8 2.1 ± 0.0 1.4 ± 0.4 1.3 ± 1.1
GLU915 21.7 ± 1.1 20.6 ± 0.4 20.7 ± 0.7 22.1 ± 0.2 21.6 ± 0.3 21.4 ± 0.4 0.5 ± 1.2 1.0 ± 0.2 0.7 ± 0.3
TRP917 27.4 ± 0.8 25.4 ± 1.4 25.5 ± 1.4 210.5 ± 0.9 28.3 ± 1.8 28.1 ± 1.4 3.1 ± 0.9 2.9 ± 0.4 2.6 ± 0.2
PHE918 21.8 ± 0.3 21.6 ± 0.8 21.9 ± 0.4 22.8 ± 0.4 22.4 ± 1.0 22.8 ± 0.4 1.0 ± 0.1 0.8 ± 0.3 0.9 ± 0.3

The bold values represent the residues with major contribution for the complex interaction.

Figure 6. Visual molecular dynamics (VMD) representation of the alignment of the interaction between residue 885 in the wild-type, in the p.Arg885His and in the 
p.Arg885Cys.

6 V. P. PEIXOTO ET AL.



Gln854 energy supply turned from −3.5 to −4.0 kcal/mol, 
p.Arg885Cys variant (more favorable for the polymorphic pro
tein) and turned from −3.5 to −2.7, for p. Arg885His (less 
favorable).

RMSd and RMSF trajectories

RMSd trajectories can evaluate the deviation of atomic posi
tions. It measures the average distance between the atoms. 
RMSd values are considered as reliable indicators of variabil
ity when applied to very similar proteins, like these poly
morphic variations. As can be seen in Supplementary 
Material (Fig. S1 and Fig. S2), the complex adopts stable con
formations after the first 100 ns.

A single mutation on position 885 does not induce a high 
variation on the stability of the C5 protein (average RMSd C5 

4.2 in wt vs. 4.4 Å in mutants). However, an analysis of eculi
zumab reveals a significantly more drastic change in the 
average RMSd (6.0 in wt vs. 7.9 and 6.7 Å for the His and Cys 
variants, respectively). These results suggest that the studied 
SNP impacts the ability of C5 in stabilizing eculizumab, which 
comes to adopt a less stable bound conformation in the 
mutants (Table 4).

RMSF measures the average deviation of the residues 
over time from a reference position (Ca), analyzing the por
tions of the structure that are fluctuating from their mean 
structure the most. The comparison with the wild type shows 
that polymorphic variants result in an increase of the amino 
acid flexibility as the average RMSF shows (3.6 in wt vs. 4.0 
and 4.4 Å for the His and Cys variants, respectively; Table 4).

Figure 7A represents the RMSF of the Ca atoms of C5. 
The results presented are normalized, in the sense that they 
refer to the average mobility of the Ca on each amino acid 
residue, indicative of the flexibility of the different backbone 
positions. The results show that the more flexible regions of 
the C5 correspond to regions close to the N- and C- ter
minus. Residues 370–550 exhibit also high flexibility.

Analyzing Figure 7B, we can conclude that the 5 amino 
acids with major energetic contribution exhibit higher 

Table 4. RMSd and RMSF values.

System Av. RMSd C5 (Å) Av. RMSd Eculizumab (Å) Av. RMSF C5 (Å)

WT 4.2 ± 0.3 6.0 ± 0.7 3.6 ± 1.4
p.Arg885His 4.4 ± 0.2 7.9 ± 0.2 4.0 ± 1.3
p.Arg885Cys 4.4 ± 0.2 6.7 ± 1.0 4.4 ± 1.6

Figure 7. RMSF trajectories (A) RMSF trajectories of the Ca of C5 residues. (B) RMSF trajectories of Arg885, Trp917, Gln854, Phe918 and Glu915.
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flexibility after Arg885 substitution, indicative that their 
regions become less stabilized by eculizumab.

Figure 8 represents the change in RMSF that takes place 
with the mutation species, with values calculated from the 
difference between the RMSF of mutated and wild-type pro
teins. These representations illustrate the regions of the C5 
where the changes in flexibility are more significantly altered. 
The single amino acid mutation leads to significant conform
ational changes in the structure of C5. Mutation at 885 pos
ition have shown drastically alter the complex interaction. It 
can be observed that, overall, all residues in C5 exhibit more 
flexibility when compared to the wild-type. These changes 
are more pronounced in C- and N-terminal and in the 
regions bordering the eculizumab epitope zone (residues 
350–430 and 1131–1232, for His variant and residues 365– 
580 and 1150–1230, for Cys variant). The epitope region 
acquires more flexibility for mutated proteins, but it still does 
not show as much flexibility as the regions mentioned 
earlier.

Eculizumab, the first approved treatment for PNH, repre
sented a complete change in the prognosis and outcome of 
these patients. The poor response of some of them was asso
ciated with mutations in C5.

Using computational methodologies, we created a fully 
integrated analysis of the structural and dynamical behavior 
of C5 and eculizumab interaction and repeated the simula
tion with the mutant variants.

The set of results obtained in this study shows that a 
small change in one single amino acid can significantly 
impact the structure and flexibility of the enzyme C5. 
C5-eculizumab interface due to the histidine/cysteine alter
ations loses affinity.

It is concerning that the lack of effectiveness of the treat
ment in a disease like PNH can lead to the worsening of clin
ical, laboratory, and biochemical parameters, as well as the 
failure to prevent intravascular hemolysis or to provide pre
ventive anti-thrombotic effects. These clinical repercussions 

can result in an amplification of the overall debilitating 
symptoms associated with PNH.Several clinical trials are 
studying other C5 mAb, including crovalimab, which blocks 
different C5 epitope than eculizumab probably quelling the 
eculizumab non-responsive c.2654G>A and c.2653C> T 
mutations. The other C5 mAB approved for the treatment of 
PNH is ravulizumab, which has 4 amino acid substitutions in 
the structure of eculizumab, acting as a long-time inhibitor. 
Ravulizumab interacts with the same epitope as eculizumab, 
so it does not represent a good choice to replace eculizumab 
for patients carrying these variants. Also, pegcetacoplan—the 
first proximal complement C3 inhibitor approved for the 
treatment of PNH, and iptacopan—the first Factor B inhibitor 
approved, may represent a good solution for these patients.

Our studies suggest that the poor response to eculizumab 
in patients with PNH with Arg885His/Cys polymorphisms can 
be explained by a disturbed functioning of eculizumab 
blockade, leading to a breakdown in the usual process. This 
knowledge can be used to design variations in eculizumab 
that make it less sensitive to alterations in the C5 885 pos
ition, contributing to the design of a more universal antibody 
that could be used with success in patients with different 
genetic variants at this position.

Ultimately, this assessment can offer a deeper understand
ing of directed therapies and the development of ground
breaking medicines, highlighting the importance of 
pharmacogenetics and its role in individualized medicine and 
pharmacotherapy.
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