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ARTICLE INFO ABSTRACT

Keywords: Lactoferrin (Lf), a bioactive milk protein, exhibits strong anticancer and antifungal activities. The search for Lf

Lactoferrin targets and mechanisms of action is of utmost importance to enhance its effective applications. A common

E'Agase feature among Lf-treated cancer and fungal cells is the inhibition of a proton pump called V-ATPase. Lf-driven V-
oCKIng

ATPase inhibition leads to cytosolic acidification, ultimately causing cell death of cancer and fungal cells. Given
that a detailed elucidation of how Lf and V-ATPase interact is still missing, herein we aimed to fill this gap by
employing a five-stage computational approach. Molecular dynamics simulations of both proteins were per-
formed to obtain a robust sampling of their conformational landscape, followed by clustering, which allowed
retrieving representative structures, to then perform protein-protein docking. Subsequently, molecular dynamics
simulations of the docked complexes and free binding energy calculations were carried out to evaluate the
dynamic binding process and build a final ranking based on the binding affinities. Detailed atomist analysis of the
top ranked complexes clearly indicates that Lf binds to the V; cytosolic domain of V-ATPase. Particularly, our
data suggest that Lf binds to the interfaces between A/B subunits, where the ATP hydrolysis occurs, thus
inhibiting this process. The free energy decomposition analysis further identified key binding residues that will
certainly aid in the rational design of follow-up experimental studies, hence bridging computational and
experimental biochemistry.

Molecular dynamics

1. Introduction

Lactoferrin (Lf) is a single-chain iron-binding protein with a molec-
ular weight of about 80 kDa that belongs to the transferrin family. It was
identified in several biological body fluids of mammalian species
including numerous mucosal surfaces and also in the specific granules of
neutrophils. However, its main sources are by far milk and colostrum,
reason why it is often called a milk-derived protein [1]. The tertiary
structure of the human Lf (hLf) was determined more than 30 years ago
and revealed that it is folded into two symmetric globular lobes (N and C
for N- and C-terminal lobes, respectively) that are connected by an
alpha-helix. Each lobe is further divided in two sub-domains (N1 and
N2; C1 and C2) [2]. Lf exhibits an overall high homology among species.
Indeed, the structure of bovine Lf is very similar to that of hLf [3] and
both proteins share 69% of sequence similarity [4]. Lf can exist in the

iron-free form (apo-Lf) or saturated with iron (holo-Lf). It has two very
similar iron-binding sites (one in each lobe), thus, in its holo-form, two
Fe®" ions are bound in association with two carbonate anions. One of the
most distinct features of Lf is its highly cationic character that has been
demonstrated to be crucial for its interaction with a variety of molecules
[5].

A myriad of biological activities have been attributed to Lf
throughout the years including immunomodulatory, antimicrobial, anti-
inflammatory, anticancer, among other functions, which are the basis of
its well-recognized multifunctionality [6]. In the search for the molec-
ular mechanisms underlying both the Lf anticancer and antifungal ac-
tivities, in our previous work, we identified for the first time the proton
pump V-ATPase as a Lf target [7-9]. V-ATPases are multi-subunit proton
pumping ATPases well conserved from prokaryotes to eukaryotes, which
are present in a diverse collection of biological membranes, coupling the
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energy of ATP hydrolysis to actively pump protons. They are divided in
two functional domains, the cytosolic V; domain, where the ATP hy-
drolysis takes place; and the membrane-embedded V, domain, where
protons are translocated. Each domain comprises different subunits with
defined stoichiometry that together form a complex of about 1 MDa with
30 subunits [10]. In yeast, the V; domain contains the subunits Ag, Bs, C,
D, Es, F, Gs, and H [11]; while the V, domain is composed by subunits a,
d, e, f, the assembly factor Voal, as well as a c-ring that consists of
subunits cg, ¢’ and ¢” [12]. Subscript numbers indicate the subunit
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stoichiometry. V-ATPases operate through a rotary mechanism in which
the chemical energy resulting from ATP hydrolysis at the AB subunits is
converted into mechanical energy to promote the rotation of a central
rotor (composed by subunits D and F from the V; domain as well as d and
the c-ring from the V, domain) [13]. This rotation, in relation to the C-
terminal membrane embedded part of the a subunit, prompts the proton
transport across the membranes by highly conserved glutamate residues
in the c-ring. These residues become protonated in a half channel
accessible from the cytosolic side and release the proton in the half
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Fig. 1. Flowchart of the computational pipeline used in this work. ns, nanoseconds; MD, molecular dynamics; HADDOCK, High Ambiguity Driven protein-protein

Docking; MM-GBSA, Molecular Mechanics/Generalized Born Surface Area.
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channel accessible from the other side of the membrane after rotation
[14]. Mutations or defects in V-ATPase have been associated with a
plethora of human diseases [15].

Regarding Lf anticancer activity, we found that this protein is
selectively cytotoxic to highly metastatic cancer cells displaying V-
ATPase at the plasma membrane. In contrast, lowly metastatic cancer
cells or non-cancer cells that exhibit only intracellular V-ATPase are
resistant to Lf. This selectivity was associated not only with the presence
of V-ATPase at the plasma membrane of highly metastatic cancer cells,
but also to its higher activity and expression in this type of cells.
Accordingly, the basal extracellular acidification rate, which is mainly
maintained by plasmalemmal V-ATPase, greatly decreased after Lf
treatment, leading to a concomitant intracellular proton accumulation
and cytosolic acidification. Furthermore, Lf also hindered lysosomal
acidification of highly metastatic cancer cells, suggesting that both
plasma membrane and lysosomal V-ATPases are inhibited by Lf, possibly
boosting the observed cytosolic acidification after Lf treatment. This
cascade of events culminates in apoptosis induction and cell death [7,8].
In addition, by isolating lysosomes from rat liver, which are enriched in
V-ATPase, we showed that Lf inhibits both the V-ATPase proton
pumping and hydrolytic activities [7].

More recently, we were focused on unraveling the molecular basis of
the antifungal activity of Lf, using the yeast Saccharomyces cerevisiae as a
model. We found that Lf induces vacuolar alkalinization, which is
largely ensured by V-ATPase, in whole cells as detected by the increase
in the fluorescence of a pH-sensitive probe. Moreover, by isolating yeast
purified vacuoles, we showed that the proton pumping activity of the
yeast V-ATPase was inhibited by Lf in a concentration-dependent
manner [9]. This Lf effect, together with its inhibitory action towards
the plasma membrane proton pump Pmalp and disruption of ergosterol-
rich lipid rafts [9], lead to an apoptosis-like cell death in yeast [16].

Though our previous studies identified V-ATPase as a Lf target in
both yeast and highly metastatic human cancer cells, the molecular basis
of this interaction is still unknown. Therefore, in this work, we sought to
develop a computational approach to understand how Lf and V-ATPase
interact and to shed light on the putative residues of both proteins that
are critical for the interaction. For this purpose, an in silico approach that
takes into account different conformational states of both proteins was
used to predict the protein-protein complexes by molecular docking,
followed by further refinement through molecular dynamics simulations
and free energy calculations.

2. Methods
2.1. Overview

The computational pipeline used in this work is depicted in Fig. 1.
Before performing molecular docking, which is a computational method
used to predict the preferred binding pose(s) between two molecules
[17], molecular dynamics (MD) simulations of V-ATPase and Lf were
carried out. MD is a technique that integrates the Newton's equation of
motion for predicting the movements of atoms given the position of the
surrounding atoms, as a function of time [18]. This generated a series of
conformations of both proteins in solution that were then clustered to
identify 10 representative structures of each protein, which were later
used in the molecular docking study. This approach allows the sampling
of several protein conformations and, consequently, of their interaction.
Afterwards, the molecular docking software HADDOCK (High Ambigu-
ity Driven protein—protein Docking) [19] was used to predict the
complexes between V-ATPase and Lf. The best scored 20 complexes
generated by HADDOCK were then embedded into a membrane bilayer
model and subjected to MD simulations. The Molecular Mechanics/
Generalized Born Surface Area (MM/GBSA) method [20] was next
applied to the equilibrated part of these MD simulations to rescore the
complexes based on the free binding energy. Moreover, it was used to
calculate the individual contribution of each amino acid and predict the
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residues from both proteins that are more important for the protein-
protein association.

2.2. Lactoferrin model setup and molecular dynamics simulations

After a literature review and search on the Protein Databank
(https://www.rcsb.org) of all available Lf structures, the 1LFG structure
of diferric human lactoferrin [21], obtained by X-ray crystallography at
a resolution of 2.2 A without any mutation, was chosen. The PropKA
server version 3.0 [22] was employed to predict the protonation states of
the different amino acid residues considering the physiological pH (pH
7). Lysine and arginine residues were modelled as positively charged,
while aspartate and glutamate residues as negatively charged. Histidine
residues were modelled as neutral, with a hydrogen at the epsilon-N or
delta-N according to the surrounding.

The 1LFG structure contains two iron-binding sites, where one Fe>*
and one CO% ions are present along with two tyrosine, one aspartate and
one histidine residues. The iron-coordinated tyrosine and histidine res-
idues (Tyr92, Tyrl92, His253, Tyr435, Tyr528 and His597) were
modelled as deprotonated according to the literature [23]. The iron
coordination spheres were parameterized using the python-based metal
center parameter builder MCPB.py with the bonded model approach
[24]. These calculations were performed by quantum mechanics using
the Gaussian 09 [25] software with Density Functional Theory (DFT)
and the B3LYP [26,27] functional and 6-31G(d) [28-32] basis set [33].
MCPB and the bond-model approach have been well validated in the
past for the simulation of several different metalloproteins and enzymes
[34,35]. The system was prepared using AMBER 19 software package
[36]. The LEAP program was used to add the hydrogen atoms and to
build the topology and parameters of the protein with the biomolecular
force fields ff14SB [37] for proteins, and the general amber force field
gaff2 [38] for organic molecules. Periodic boundary conditions were
applied in all directions using a cubic box with a minimum distance
between the protein and the box wall set to 12 A. Water molecules were
added to the system using the TIP3P function and the tip3p force field for
water and associated ions. K™ and Cl~ ions were randomly added to the
system to neutralize charges, as well as to achieve a 0.15 M concentra-
tion, which approaches the physiological regime. The dimension of the
system was 92,889 atoms. The system was then submitted to a 4-step
energy minimization process using the SANDER module from AMBER
19 to remove clashes before the MD simulation. Firstly, harmonic forces
were used to restrain all atoms positions except those from water mol-
ecules (5000 steps), then constrains were applied only to the heavy
atoms allowing the energy minimization of the hydrogen atoms (5000
steps), next only to the backbone alpha carbons (Ca) and nitrogens were
constrained (5000 steps), and finally all constraints were removed to
allow a full energy minimization (25,000 steps). A 20 ps equilibration
was subsequently performed in the canonical thermodynamic (NVT)
ensemble with constant volume, where the temperature of the system
was gradually increased to 303.15 K (30 °C) using Langevin thermostat
[39,40]. A 60 ns simulation was then conducted with Gromacs software
[41] in an isothermal-isobaric thermodynamic ensemble (NPT) at
303.15 K using the Berendsen temperature coupling scheme [42].
Pressure was maintained constant (1 bar) using the Parrinello-Rahman
barostat [43] with isotropic molecule-based scaling. Particle-Mesh
Ewald (PME) method was used for long-range electrostatics, and the
non-bond interaction cut-off radius was set to 10 A. The bond lengths
involving hydrogen atoms were constrained using the linear constraint
solver (LINCS) algorithm [44], allowing the integration of the equation
of motion with a 2 fs time step. The MD trajectory was sampled every 2
ps. The MD simulation was analysed in terms of backbone root-mean-
square deviation (Ca-RMSD), backbone root-mean-square fluctuation
(RMSEF), solvent accessible surface area (SASA), and principal compo-
nent analysis (PCA) for all heavy atoms of the protein using the
CPPTRAJ module of AMBER 19. Clustering was performed with values
retrieved from the last 55 ns of the simulation using the hierarchical
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agglomerative approach, which is based on the distance between frames
calculated via the Ca-RMSD, to obtain 10 representative structures of
the MD trajectory for further docking analysis.

2.3. Modeling of V-ATPase and molecular dynamics simulations

At the time this work started, no human V-ATPase structure was
available, thus a list of all V-ATPase structures from Saccharomyces
cerevisiae was compiled. From all those structures, only three contained
the biological assembly of the entire complex (3J9T-V, 607V-X and
5VOX-Z) obtained by cryo-electron microscopy (cryo-EM) with poor
resolution values (6.6-6.9 Io\). Structure 60TV [45], which has the better
resolution, has only backbone information and no sidechains. Thus, we
chose the 3J9T [11], which has backbone and sidechains of all residues.
However, this structure misses some subunits of the V, domain namely,
subunits e and the assembly factor Voal, and does not distinguishes
between c, ¢’ and ¢” subunits. In this sense, through molecular modeling,
we constructed a structure that contains the V; subunits of 3J9T and the
V, subunits of 607T [45]. The latter has a much better resolution (3.2 i\)
and all the subunits. Very recently, the first cryo-EM structure of human
V-ATPase at up to 2.9 A resolution was reported revealing an overall
similar structure with our model [46]. After building the system, the
PACKMOL-memgen tool [47] from Ambertools was used to build a
membrane lipid bilayer system, where V-ATPase was embedded and
positioned parallel to the vertical axis of the membrane. The choice of
the lipid types and ratios was based on a work performed by Jo and co-
workers [48], who built lipid bilayers that resemble yeast membranes.
Thus, the membrane is composed of dipalmitoyl phosphatidylcholine
(DPPC), dioleoyl phosphatidylcholine (DOPC), 1-palmitoyl-2-oleoyl
phosphatidylethanolamine (POPE), 1-palmitoyl-2-oleoyl phosphatidyl-
amine (POPA), 1-palmitoyl-2-oleoyl phosphatidylserine (POPS) and
cholesterol (CHL) in a ratio of 2:10:6:2:1, respectively. The system was
placed in a rectangular TIP3P water box with a minimum distance be-
tween the protein and the box boundaries of 15 A, and periodic
boundary conditions. Protonation states for all amino acids at pH 7 were
considered. The width of the leaflet was set to 23 A. K* and CI" ions were
included to neutralize the charges and to achieve a final concentration of
0.15 M, as above described for Lf. The size of the system was 1,802,167
atoms. In addition to the force fields used for Lf MD, the lipid17 force
field [49] was also used for the V-ATPase MD simulation. The system
was then subjected to a five-stage refinement protocol using the
SANDER module from AMBER 19, in which constrains in the protein/
lipids were progressively removed. In the first stage, constraints were
applied to all atoms expect water (5000 steps); in a second stage, the
constraints were limited to all heavy atoms allowing the hydrogens
added by the LEAP program from AMBER 19 to adjust (5000 steps); in a
third stage, constrains were removed from the lipid atoms to allow their
fine-tuning (5000 steps); in a fourth stage, only the backbone atoms
were constrained (5000 steps); and finally, in the fifth stage, all con-
strains were removed and a full energy minimization of the system
(50,000 steps) was performed. Next, the system was heated to 303.15 K
by two sequential equilibration runs keeping the lipids fixed by applying
a harmonic restraint of 10 kcal/(mol Az). The MD simulations were
carried out using the PMEMD module of AMBER 20 [50]. First the
system was heated to 100 K using a Langevin thermostat in a NVT
ensemble (50 ps); and, in the second step, heated to the production
temperature of 303.15 K using a semi-isotropic Berendsen barostat to
equilibrate the pressure in a NPT ensemble (50 ps). Aiming to equili-
brate the system's periodic boundary dimensions and density, a hold step
of 125 ps was performed before MD production, where the lipid re-
straints were removed and the width of the non-bonded “skin” was
increased to 5 A to cope with the changes in box dimensions during
simulation. All production MD simulations were done in the NPT
ensemble using the Langevin thermostat to maintain temperature at
303.15 K. Surface tension was kept constant in the xy plane using the
semi-isotropic Berendsen pressure coupling algorithm with the pressure
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set to 1 bar. The time step was 2 fs and the non-bonded interaction cut-
off radius was set to 10 A. Bond lengths using hydrogens were con-
strained using the SHAKE algorithm [51]. A total simulation time of 200
ns was reached. The trajectory was sampled every 10 ps. Analysis of the
MD simulation in terms of SASA, Ca-RMSD, RMSF, and PCA for all heavy
atoms of the protein was carried out with the CPPTRAJ module of
AMBER 19. Clustering was performed with values retrieved from the last
125 ns of the simulation using the hierarchical agglomerative approach
to obtain 10 representative structures of the MD trajectory to be used in
the docking step. Visual Molecular Dynamics (VMD) [52] was used for
all visualizations.

2.4. Protein-protein docking using HADDOCK

The HADDOCK 2.4 webserver [53] was used to predict the com-
plexes between V-ATPase and Lf. Each of the 10 representative struc-
tures of the Lf MD trajectory were docked with the 10 representative
structures derived from the V-ATPase MD. Due to the large number of V-
ATPase atoms, the protein was separated into the two domains (V, and
V1) and submitted for docking with Lf, which resulted in a total of 200
independent docking runs. Also, due to the large V-ATPase size, when
defining HADDOCK settings, the coarse grain option with Martini [54]
was activated. Since there is no data on the possible binding site, no
active or passive residues were defined. Instead, random patches, where
ambiguous interaction restraints (AIRs) are randomly defined from
accessible residues (>20% relative accessibility), were used. Since we
did not define semi-flexible segments, all accessible residues were
considered. For each docking trial, a different residue from both pro-
teins, as well as their neighbors within 5 A were selected. For this reason,
the sampling was increased to 10,000/400/400 structures for it0, itl
and itw stages, respectively. Clustering was performed using the fraction
of common contacts (FCC) with a cut-off of 0.6 and a minimum cluster
size of 4. The FCC clustering metric calculates the fraction of inter-
protein residue pairs which are common between complexes [55]. The
HADDOCK score (HS) was used to narrow down the large number of
possibilities of protein-protein interactions to a small subset. The HS
function is a linear weighted sum of energetic terms and buried surface
area (HS = 1Eyqy + 0.2Egec + 1Egesor + 0.1E4R), where each term cor-
responds to van der Waals, Coulomb electrostatics, desolvation and re-
straint energies, respectively [56]. The OPLS force field [57] is used to
calculate the non-bonded terms (E,g, and Eg,.), while the Egeo is
calculated via a SASA-dependent empirical term that estimates the en-
ergetic gain/penalty of burying specific parts of the protein when the
complex is formed [56]. The top 10 structures from each run were first
selected and, afterwards, only the solutions with HS below —150 and
whose Lf binding site was not located in the V-ATPase regions that are
embedded in the cellular membranes were considered. From those, the
top 20 were selected to proceed to MD simulations.

2.5. Molecular dynamics simulations of V-ATPase-Lf complexes

After being embedded into a lipid bilayer using PACKMOL-memgen
as aforementioned, the 20 top docked complexes were further refined
from their docking poses by 25 ns MD simulations using the same MD
protocol above described for V-ATPase. For the top 4 complexes, the MD
simulations were further extended to 50 ns. RMSD and SASA analysis
were performed as above stated with CPPTRAJ.

2.6. Binding free energies calculations by the MM-GBSA method

The MM-GBSA method was employed to calculate the binding Gibbs
free energy (AGping) of each docking solution and to rank them ac-
cording to their binding affinities. This method exhibits a good balance
between computational cost and accuracy [58], is widely used to predict
protein-protein binding affinities and to evaluate docking solutions
[59]. Moreover, it allows the identification of the dominant interactions
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in a given complex by performing free energy decomposition analysis,
which calculates the detailed energetic contributions of the individual
residues to the system binding [58]. The MM-PBSA.py script [60] from
AMBER 20 [50] was herein used to calculate the binding free energies of
each complex and the energy decomposition method was applied to all
residues. A total of 300 structures retrieved from the last 10 ns of each
complex MD simulation were used for the analysis of the top 20 com-
plexes. For the 50 ns simulations of top 4 docked complexes, additional
MM-GBSA calculations were performed with 600 snapshots retrieved
from the equilibrated region (15-50 ns). The AGy;nq for each complex, as
well as for the residues displaying a higher contribution for the top 4
complexes, are presented.

The free energy of binding is calculated from the difference between
the total free energy variation when molecules are in bounded or non-
bounded state (Eq. (1)).

AGbind = AGmmplm - (AGpmfeinl + AGprareinZ) (1)

If AG omplex is lower (i.e. more negative) than the sum of the AG of the
separated proteins, then the AGpinq is negative and the association of the
proteins is thermodynamically favorable. In the MM-GBSA method, the
AGping can be described by the sum of different energy terms (Eq. (2)):

AG = AE,, + AG,, — TAS @
AEy = AEj, + AEg + AEypw 3)
AG = AGgp + AGgyy @

These energy contributions were computed from the atomic co-
ordinates of the V-ATPase, Lf and the complex. The gas-phase interac-
tion energy (AEg,;) between V-ATPase and Lf is the sum of electrostatic
(AEggp) and van der Waals (AEypy) interaction energies. Since V-
ATPase, Lf and the complex V-ATPase-Lf were extracted from the same
trajectory, the internal energy change (AE;,) cancels out (Eq. (3)). Both
polar and non-polar solvation free energy terms contribute to the sol-
vation free energy (AGs,) (Eq. (4)). The polar solvation free energy
(AGgp) is calculated through a modified Generalized Born (GB) method
[20]. The non-polar contribution to the solvation free energy (AGsyy) is
based on the calculation of the SASA by the Linear Combinations of
Pairwise Overlaps (LCPO) method [61]. The entropy term (TAS) was
neglected in the calculation as it is computationally expensive for large
systems and tends to introduce low accurate approximations [60].

3. Results and discussion

Lf was shown to inhibit V-ATPase activity in three different models:
yeast [9], highly metastatic cancer cells and liver lysosomes [7]. How-
ever, the molecular basis of this interaction has not been disclosed being
the focus of this work. X-ray crystallography or cryo-EM provides static
pictures of the macromolecules that do not always represent the main
conformation of the proteins in solution [62]. Moreover, before
complexation with a binding partner, proteins undergo changes to
conformational states that are more predisposed to form a stable com-
plex [63]. In this context, one of the main bottlenecks of the docking
programs is to not take into account the full extent of conformational
changes exhibited by the unbounded proteins. To mitigate these pitfalls,
first, MD simulations of Lf and V-ATPase in water and clustering analysis
were conducted to obtain a robust sampling of the conformational
landscape of both proteins. Approaches with the same goal have been
previously shown to improve the reliability of the generated docking
poses [63].

3.1. General analysis of the Lf MD simulation
Prior to the docking study, an overall analysis of the MD trajectories

that generated different protein conformations to be used in the docking
study was performed. Lf structural behaviour along the trajectory was
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evaluated using the root-mean-square deviation (RMSD) of the protein
Ca. It raises in the first 2.5 ns and then reaches a plateau that exhibits
maximal values of deviation of 3-4 A (Fig. 2A), indicating that the
simulation is stabilized and that the overall structure of the protein was
well maintained. For this reason, the last 55 ns of the simulation were
considered for all the subsequent analysis. The simulation time
computed in this work is in accordance with previous reports
[23,64-66]. The behaviour of the individual amino acid residues was
also evaluated through root-mean-square fluctuation (RMSF) analysis,
where maximal values of 3 A were obtained, supporting that the Lf
structure does not suffer significant fluctuations throughout the MD
simulation (Fig. 2B). We also assessed the total solvent accessible surface
area (SASA) as a measure of the area of the protein prompt to interact
with other molecules. It is well stabilized since the beginning of the
simulation with an average of 27,202 + 376 A2 (Fig. 2C). The PCA for
the Lf MD simulation showed a first mode associated with a convergent
tilt of the two main protein domains (Fig. S1A). This movement accounts
for 65.45% of all the computed modes. The second most prevalent mode
accounts for 13.98% and it is widely sampled across the main mode
(Fig. S1B).

Afterwards, a clustering method based on the best-fit coordinate
RMSD was used taking into account the likeness and conformational
variability among the structures generated during the MD simulation,
important aspects for the subsequent stages. 10 clusters were created
and the total number of frames in each cluster as well as the distribution
of the cluster populations along the simulation is depicted in Fig. S2. A
representative/average structure from each cluster was selected and
used in the docking stage.

3.2. General analysis of the V-ATPase MD simulation

The V-ATPase model assembled in this study can be observed in
Fig. 3A, where all its 16 subunits are identified. The system was then
embedded into a lipid bilayer and subjected to a long MD simulation of
200 ns, which is in accordance with previous publications on membrane
transporters [67-69]. Since this system is much larger than that of Lf
(1,802,167 vs 92,889 atoms), a higher simulation time was required to
reach equilibrium. The Ca-RMSD undergoes a sudden augment in the
first ns of the simulation, then increasing slightly until 125 ns, moment
from which the trajectory stabilizes, and the model is well equilibrated
exhibiting an average deviation from the initial structure of 7 A for the
entire complex and of 6.5 A for the V7 domain. In contrast, the Ca-RMSD
of the V, domain atoms stabilizes right in the beginning of the MD
simulation, showing a much lower average deviation value — 4.0 A
(Fig. 3B; Table 1, 2nd column). Taking into account these observations,
the last 125 ns were considered for the clustering analysis. Regarding the
SASA of the entire complex, it increases in the first nanoseconds of the
simulation and then stabilizes to an average of 318,731 + 1394 Z\Z, with
no significant changes being observed along the simulation (Fig. 3C).
From these, an average of about 92,000 A2 is devoted to the V, domain,
while about 226,000 A2 are accessible to the solvent in the V1 domain
(Table 1, 4th column). From these data, it is clear that the majority of the
V-ATPase area available to interact with other molecules is located at
the cytosolic domain. As for the PCA for this simulation, the first PCA
mode is associated with an anticlockwise rotation of the cytosolic
domain (Fig. S3C). The second most important PCA mode has a com-
parable percentage of preponderancy and corresponds to a slight
adjustment of the V-ATPase membrane domain. The normalized histo-
gram of PCA1 vs PCA2 shows that both movements are not independent
(Fig. S3). On the other hand, the PCA3 seems to be widely sampled
across the PCA1 mode (Fig. S3B), suggesting uncoupled global drifts.

The analysis of the behaviour of the individual subunits along the
MD simulation revealed that E and G subunits are those that undergo a
higher deviation from the initial structure reaching an average Ca-RMSD
of 8.2 A and 8.7 A, respectively, in the last 75 ns of the simulation.
Subunits A, C, a and ¢” display an average Co-RMSD of about 4 A, while
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Fig. 2. Lactoferrin molecular dynamics simulation analysis. (A) RMSD values of the protein backbone Co atoms as a function of time for the 60 ns of the Lf MD
simulation, with the final minimized and equilibrated structure as a reference point. (B) RMSF values of the backbone atoms as a function of time for the equilibrated
region of the Lf MD simulation (last 55 ns). (C) Variation of the Lf solvent accessible surface area (SASA) along the 60 ns of the simulation.
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Fig. 3. V-ATPase molecular dynamics simulation analysis. (A) Structure of the V-ATPase model assembled in this work with each subunit identified in a different
colour. (B) RMSD representation of the protein Ca atoms as a function of time for the 200 ns of the simulation. The RMSD of atoms belonging to the membrane (V,,) or
cytosolic (V;) domains is also depicted. (C) Variation of the V-ATPase solvent accessible surface area (SASA) along the 200 ns of simulation. (D) Ca-RMSD of the
atoms belonging to the individual V-ATPase subunits. RMSD valued for subunits A, B, E and G correspond to atoms belonging to 3 different chains each whereas the c-
ring contains atoms of 8 different chains. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the values for the other subunits are below 3.5 A (Fig. 3D; Table 1, 2nd
column). Although these values are slightly high, they are acceptable for
regions that are very exposed to the solvent as it is the case of subunits A,
a, C, E and G, as it can be observed in Fig. 3A. Moreover, these values are
within the expected range for a protein that was modulated and whose
resolution is not the ideal. Contrary to this, no important variations were
observed when the average root mean square fluctuations (RMSF) for all
the residues of each subunit, which ranged from 2.0 to 4.1 .7\, was ana-
lysed (Table 1, 3rd column). The SASA values were in accordance with
the size of each subunit and remained almost constant along the last 75
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ns of the simulation as indicated by the low standard deviation values
(Table 1, 4th column).

From the last ns of the V-ATPase simulation, 10 clusters were
generated and a representative structure from each cluster was used in
the docking protocol. Fig. S4 shows the total number of frames in each
cluster and the distribution of the cluster populations during the simu-
lation time.
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Table 1

Analysis of the last 75 ns of the V-ATPase molecular dynamics simulation.
Average values of the backbone RMSD, RMSF and SASA calculated from the last
75 ns of the V-ATPase simulation for the whole system, the two domains and the
individual subunits. Values are A or A% + standard deviation.

V-ATPase/domain/subunit Ca-RMSD (A) RMSF (A) SASA (A%)
V-ATPase 7.0 £0.2 2.6 +0.6 318,731 + 1394
V, domain 4.0+0.1 2.4+04 92,727 + 884
V; domain 6.5+ 0.2 2.7 +0.7 226,005 + 1105
A 41+0.1 24+05 67,603 + 570

B 3.1+0.1 22404 45,713 + 529

C 44+03 32+0.6 20,027 + 331

D 2.8+0.1 41+17 9617 + 226

E 8.2+ 0.4 3.9+1.0 36,157 + 387

F 2.0 £0.2 2.0+0.3 5037 + 235

G 8.7 +0.4 3.6+0.8 19,630 + 233
H 3.0+0.1 3.0+0.6 21,993 + 328

a 49+0.1 23+0.3 29,098 + 515
c-ring 2.3+0.1 2.5+ 0.4 32,892 + 601

¢ 1.4+ 0.1 2.7+03 4351 + 172

¢ 48+0.1 2.5+ 0.4 5971 + 177

d 35+0.1 21+0.3 14,068 + 256

e 21402 25+0.3 1773 + 129

f 2.4 +04 2.7+05 1860 + 180
Voal 2.4+0.1 27405 2503 + 87

3.3. V-ATPase-Lf molecular docking

After clustering, the sampled structures from the Lf and V-ATPase
MD simulations were subjected to protein-protein molecular docking
with the HADDOCK 2.4 software using the ab-initio mode, which defines
random restrains considering all the solvent accessible residues with
relative accessibility higher than 20%. From these calculations,
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numerous complexes that predict the preferable binding pose between
Lf and V-ATPase were generated. Only the solutions obtained after the
final refinement in water were considered. The Haddock scoring func-
tion considers several aspects of biomolecular recognition by combining
van der Waals, Coulomb electrostatics, desolvation and restraint en-
ergies, and was used in this work to rank the complexes since it was
previously shown to have high success rates [56]. Considering the
Haddock score and the visual analysis to discard those complexes in
which Lf was docked in the V-ATPase membrane region, the top 20
complexes were selected (Fig. 4, Table 2). Consistently, all the best
scored complexes exhibited Lf docked in the cytosolic V; domain with a
good exploration of the conformational space (Fig. 4, Movie S1). All the
selected complexes showed a good (negative) Haddock score ranging
from —202.8 to —151.4 and a buried surface area that ranged from 3535
to 1733 A2 (Table 2, 2nd and 5th columns). Van der Waals and elec-
trostatic interactions seem to favor the binding in all cases (Table 2, 3rd
and 4th columns).

Taking a closer look to the Lf-binding subunit in each complex
(Table 2, 6th column), in 85% of the top 20 complexes Lf binds to the A
subunits, in 60% to E subunits, in 40% to B subunits, in 35% to G sub-
units and in 15% to the H subunit. Clearly, there is a Lf preference to
bind to the V-ATPase region responsible for ATP hydrolysis. Each V-
ATPase has three subunits A and B that together form the so-called
catalytic hexamer A3Bs. They are located in an alternating fashion
comprising three ATP-hydrolyzing catalytic sites in the AB interfaces.
During rotational catalysis, the AB pairs undergo conformational
changes to accomplish the ATP hydrolysis [11,45,46], adopting an
“open”, “loose” or “tight” conformation depending on whether they are
nucleotide-free, bound to ADP or to ATP, respectively [11]. Work per-
formed with the Enterococcus hirae V-ATPase shed some light on the

Fig. 4. Docking solutions provided by the HADDOCK software. The top 20 solutions were selected based on the Haddock score and visual analysis, and the 19
solutions that were further analysed are represented. V-ATPase is coloured in white while Lf, which adopts a different binding pose in each solution, is coloured
differently according to the solution as labelled. The membrane bilayer used in the MD simulations is also depicted and the following colour scheme was applied: dark
yellow for carbon, nitrogen and oxygen and red for phosphate. (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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Table 2

Protein-protein docking results. HADDOCK data highlighting the Haddock
score, the van der Waals and electrostatic energies, the buried surface area and
the V-ATPase subunit to which Lf binds in each docking solution, identified in
the first column. bs, best solution; au, arbitrary units.

Complex  Haddock van der Electrostatic Buried Binding
score (au) Waals energy (kcal/ surface subunit
energy mol) area (A%
(kcal/
mol)
bs1 —202.8 —129.5 —711.0 3176 Al, E1
bs 2 —188.9 —-92.5 —704.6 3020 gi’ E2,
bs 3 —183.5 -114.7 —486.6 3535 A2, G3
A2, B2,
bs 4 —-178.2 —-121.8 —354.6 3353 E3. H
bs 5 —-176.1 -96.9 —424.7 2723 Al
bs 6 -170.9 —84.9 —478.7 2364 Al, El1
A2, B2,
bs 7 —169.3 —83.2 —543.4 2865 E1, G1
bs 8 —164.8 -92.3 —514.8 2496 A3, B3
bs 9 —161.9 -103.7 —450.9 28,812 A3, B3
bs 10 —161.3 -111.2 —319.2 3065 B2, E3,
’ ’ : G3,H
bs 11 —158.1 —82.8 —-520.7 2756 A2, G2
bs 12 —157.0 —-113.2 —296.1 2968 A2, E3
bs 13 —156.4 —88.0 —435.3 2567 A2, E3
bs 14 —156.1 -99.9 —412.6 2617 A2, E3
bs 15 —156.1 -73.9 —456.0 2326 A3
bs 16 —154.6 —98.4 —374.9 2441 Al
bs 17 ~153.0 -65.2 ~606.7 1733 éi EL
bs 18 -152.9 -73.9 -370.0 2238 A3, B3
B3, E1,
bs 19 —152.8 -93.9 —509.6 2981 Gl
bs 20 —151.4 —-94.4 —355.6 2369 B2,E3, H

hydrolysis mechanism. Subunits A and B have an overall similar struc-
ture that consists of a N-terminal p-barrel domain, a central o/p domain
and a C-terminal helical domain. The C-terminal half of A subunits was
found to be the responsible for the different conformations of the AB
pairs. The nucleotide-binding site is composed by a phosphate-binding
loop known as P-loop with the consensus sequence GXXXXGKT(S)
(256-263) and Glu 285 and Arg286 both located at the central domain of
A subunits. Additionally, an arginine located at the B subunit (the so-
called Arg finger) is also involved [70]. Each V-ATPase pump has also
three subunits E and G that form three heterodimers. Their major
function is to connect the catalytic hexamer to subunits H and C and to
the N-terminal domain of a subunit of V, domain, connecting in this way
ATP hydrolysis to proton transport. They are known as “peripheral
stalks” and together with their associated subunits form a stator com-
plex, which ensures that only the central rotor rotates during catalysis,
preventing the catalytic subunits and the membrane embedded C-ter-
minal domain of a subunit to turn with the rotor [71].

3.4. Post-docking dynamic refinement of V-ATPase-Lf complexes

Given the well-known limitations of docking scoring functions to
predict the protein-protein binding affinity [reviewed by [72]], the
docked complexes were further refined and rescored through 25 ns long
MD simulations, which provides a dynamic perspective to the protein-
protein interactions, and binding free energies calculations (AGyping) by
the MM-GBSA method. Due to lack of convergence, complex bs13 was
discarded at this stage. Before simulations, all the complexes were
embedded into a membrane bilayer. This stage allowed structural
refinement and quality/reliability assessment of the docking poses. The
non-favorable binding poses/interactions would produce unstable tra-
jectories that would reflect significant changes in the RMSD and likely in
the SASA values; whereas stable complexes would lead to a constant
behaviour after an initial period of system equilibration [73]. All the

61

International Journal of Biological Macromolecules 186 (2021) 54-70

docked complexes' MD were equilibrated after the first 15 ns (Fig. S5). In
the following 10 ns, the Lf structural behaviour remained stabilized,
exhibiting average Ca-RMSD values that ranged between 1.7 and 3.4 A
among the different docking solutions (Table 3, 2nd column). Based on
the decrease in the Lf solvent accessible area in the complexes MD
compared to the MD of Lf alone, the mean area and percentage of Lf
buried in each solution was estimated. The buried area varied between
357 and 2281 A2, which corresponds to a percentage of 1.3 to 8.4% of Lf
buried (Table 3, 3-5th columns). These data indicates that all the
selected solutions form stable complexes, attesting the reliability of our
docking approach.

3.5. Binding free energy calculations and detailed analysis of the top four
docking solutions

Binding free energy calculations by the MM-GBSA method have been
previously shown to approach the experimentally determined binding
affinities [74-76]. Rescoring of docking solutions based on these cal-
culations is thus regarded as an excellent strategy to increase the reli-
ability of the final ranking [75,77]. For this reason, the AGppng was
calculated from the last 10 ns of the complexes MD trajectories. Looking
at the overall picture, the analysis of the individual energy terms sug-
gests that electrostatic and, to a lesser extent, van der Waals interactions
are the major driving forces for protein-protein binding, which are able
to compensate for the observed high penalty in polar solvation energy.
In total, with the exception of solution bs19, non-polar energies favor
the binding of Lf to V-ATPase over polar ones (Table 4).

Taking into account the total AGypig, there are clearly four docking
complexes that stand out, owing to their lowest binding free energies:
complexes bs3, bs7, bs8 and bs9 (Fig. 5; Table 3, 8th column). Complex
bs8 has the lowest AGpjng (—101.5 + 2.5 kcal/mol) and a HS of —164.8,
followed by complex bs9 (AG: —98.1 + 1.5 kcal/mol, HS: —161.9),
complex bs3 (AG: —88.8 + 2.8 kcal/mol, HS: —183.5) and finally,
complex bs7 (AG: —81.4 + 3.0 kcal/mol, HS: —169.3). The next solution
with more favorable AGpig has more 22.8 kcal/mol, therefore the mo-
lecular interactions of these four complexes were subject to a more
detailed analysis (Fig. 5B, Table 4). In order to further validate these
results, the MD simulations of the top 4 complexes were extended up to
50 ns (Fig. S6A,B) and the MM-GBSA calculations were extended in
these simulations to include 600 snapshots. The number of frames used

Table 3

Analysis of the last 10 ns of docked complexes molecular dynamics simulations.
The average RMSD, SASA as well as average area and percentage of lactoferrin
buried is given in comparison to the molecular dynamics simulation of lacto-
ferrin alone. Values are A or A% + standard deviation or percentage.

Lf/ Average Lf Average Lf Average Lf Average Lf
complex RMSD (A) SASA (A2 buried (A%) buried (%)
Lf 29+04 27,203 + 376 0 0.0
bs1 1.6 £0.1 24,922 + 350 2281 + 513 8.4
bs 2 1.7 £0.1 25,671 + 397 1531 + 546 5.6
bs 3 3.4+0.2 24,974 + 281 2229 + 469 8.2
bs 4 1.7 £ 0.2 25,236 + 306 1967 + 484 7.2
bs 5 1.6 £0.1 25,886 + 240 1317 + 446 4.8
bs 6 1.9+0.2 25,546 + 310 1657 + 487 6.1
bs 7 2.1+0.1 25,087 =+ 300 2115 + 480 7.8
bs 8 2.0 £0.3 26,223 + 263 980 + 458 3.6
bs 9 2.0+0.2 25,132 4+ 277 2071 + 467 7.6
bs 10 1.7+ 0.1 25,722 + 304 1481 + 483 5.4
bs 11 2.5+ 0.2 26,140 + 253 1062 + 453 3.9
bs 12 2.0+0.1 26,813 + 337 390 £ 505 1.4
bs 14 1.7 £0.1 25,837 + 260 1366 + 457 5.0
bs 15 1.9+0.3 25,783 =+ 265 1420 + 460 5.2
bs 16 2.1+04 26,325 + 462 877 £ 595 3.2
bs 17 2.2+0.2 26,334 + 317 869 + 491 3.2
bs 18 2.0 +£0.2 25,953 + 289 1250 + 474 4.6
bs 19 2.2+0.3 26,846 + 369 357 + 526 1.3
bs 20 2.2+0.1 26,100 + 309 1103 + 484 4.1
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Table 4

Binding free energies (AGping) and related energy terms calculated by the MM-GBSA method. Calculations were conducted in 300 structures of the last 10 ns of the
docked complexes MD simulations. The polar AG is the sum of polar contribution to the solvation free energy (AGgp) and electrostatic energies (AEg.g), while the non-
polar AG is the sum of non-polar contribution to the solvation free energy (AGs,) and van der Waals energies (AEypw). The four best solutions based on MM-GBSA
calculations that were analysed in more detail in this work are in bold. Values are kcal/mol + standard deviation.

Complex AEypw (kcal/mol) AEg; g (kcal/mol) AGgg (kcal/mol) AGgys (keal/mol) AG Non-polar (kcal/mol) AG Polar (kcal/mol) AGping total (kcal/mol)

bs1 —-1343 £ 1.6 —5878.6 + 15.0 5987.2 + 15.3 —22.0 +£ 0.2 —156.2 + 1.8 108.6 + 30.3 —47.7 £ 1.4
bs 2 —-126.7 + 2.6 —5310.5 + 25.2 5448.1 + 23.9 —18.7 + 0.4 —-145.4 + 3.0 137.6 +49.0 -7.8+ 1.8
bs 3 —197.9 + 1.8 —2687.7 + 19.4 2827.3 + 18.5 —30.4 + 0.2 —228.3 + 2.0 139.6 + 37.9 —88.8 + 2.8
bs 4 -161.0 £ 1.7 —2983.1 + 38.8 3144.1 + 38.3 —22.6 + 0.4 —183.6 + 2.1 161.0 + 77.0 —22.5+ 3.2
bs 5 —155.6 + 4.2 —6685.2 + 60.4 6804.3 + 62.2 —21.1 +£ 0.6 —-176.7 + 4.8 119.1 +122.6 —57.6 + 4.9
bs 6 —85.1 + 1.8 —3165.0 + 28.7 3214.3 + 26.5 —13.0 +£ 0.3 —98.1 + 2.1 49.3 + 55.2 —48.8 + 1.6
bs 7 —180.7 + 3.4 —5670.1 + 22.2 5800.0 + 21.4 —30.6 + 0.5 —211.3 + 3.9 129.9 + 43.6 —81.4 + 3.0
bs 8 —-111.9+ 1.7 —6392.3 + 24.3 6422.2 + 22.7 —19.4 + 0.1 —-131.3+1.9 29.9 + 47.0 —101.5+ 2.5
bs9 —129.1 + 1.5 —5851.7 + 26.6 5903.6 + 25.6 —20.9 + 0.2 —150.0 + 1.7 51.9 + 52.5 —98.1 + 1.5
bs 10 —153.9 + 2.2 —2945.6 + 41.1 3086.4 + 39.5 —21.0 + 0.4 —174.9 + 2.6 140.8 + 80.7 —34.0 + 2.3
bs 11 —-177.8 £ 2.4 —2817.4 £+ 26.9 2981.9 + 27.7 —-23.7 £ 0.4 —201.4 + 2.8 164.4 + 54.7 -36.9+1.9
bs 12 —-975+1.4 —3745.0 + 20.1 3832.7 + 20.1 —14.2 + 0.2 -111.6 + 1.6 87.7 + 40.2 —-239+1.1
bs 14 —143.5+ 2.4 —2698.2 + 39.7 2833.1 + 39.9 —19.2 + 0.4 —-162.7 + 2.8 134.9 + 79.6 —27.8+2.3
bs 15 —-129.3 +1.9 —4784.6 + 29.3 4877.8 +£ 27.3 —-21.2+ 0.3 —150.6 + 2.2 93.2 + 56.7 —-57.4 4+ 3.0
bs 16 —-114.4 £ 2.6 —5830.9 + 62.5 5904.4 + 60.8 -17.7 £ 0.6 —132.1 £ 3.2 73.5 +£123.3 —58.6 + 4.8
bs 17 —80.1 + 1.3 —5481.4 + 27.4 5533.3 + 26.7 —-12.7 £ 0.1 —-92.7+ 1.4 51.9 + 54.1 —40.2 + 1.7
bs 18 —135.1 £ 2.6 —2863.2 + 23.8 2968.1 + 23.5 —-19.4 + 0.4 —154.5 + 3.0 104.9 + 47.3 —49.5 + 2.9
bs 19 —-106.7 + 2.5 —4013.3 £ 27.8 4144.3 + 26.9 —-15.6 + 0.4 —-122.2 +29 131.0 &+ 54.7 8.7 +29
bs 20 —99.6 + 3.5 —2577.1 + 26.3 2668.5 + 27.5 —13.0 + 0.4 —-112.6 + 3.9 91.4 + 53.8 —-21.2+ 2.8
A bs7 B
200+ —200
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Fig. 5. Global analysis of the top four solutions. (A) Visual representation of the docking poses of the top four solutions (bs3, bs7, bs8 and bs9). V-ATPase is coloured
in gray whereas Lf is coloured differently according to the docking pose. A snapshot of the lipid bilayer is also represented. The following colour scheme was applied:
dark yellow for carbon, nitrogen and oxygen and red for phosphate. Water molecules are omitted for clarity. (B) Comparison between total, polar and non-polar
binding free energies calculated by the MM-GBSA method as well as Haddock score for the best four solutions. au, arbitrary units. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

is in accordance with other recent MM-GBSA applications [78-81]. binding subunits.
Results obtained with the extended MM-GBSA analysis were perfectly in Focusing on the top four docking solutions (Fig. 6, Movies S2-S5), in
line with the previous ones since very similar AGpipg values were ob- complexes bs8 and bs9, which have the lowest AGping, Lf binds to the
tained and the same ranking of the complexes was attained. Similarly to interface between subunits A3 and B3 through its highly cationic N-
the 25 ns simulations, non-polar contribution favors the proteins' terminal lobe (N-lobe). In complex bs3, Lf binds, once again through its
binding (Fig. S6C). N-lobe, in the interface between subunit A2 and G3, and finally, in
To identify the residues of both proteins, as well as the interactions complex bs7, both Lf lobes bind to the interface between subunits A2
critical for the protein-protein binding, energy per-residue decomposi- and B2, as well as to the interface between subunit B2 with subunits E1
tion analysis was performed also using the MM-GBSA approach. This and G1 (Fig. 6, Movies S2-S5).
analysis allows the calculation of the energetic contribution of the in- Based on the decomposition data and visual inspection, the atomistic
dividual amino acids to the total free energy. Fig. S7 shows the free interaction spectra for the top four docking complexes were scrutinized

binding energy of the three V-ATPase residues with higher contribution (Table 5, Movies S2-S5). Several salt bridges/ionic networks between
to the binding in each complex. Naturally, the residues belong to the the sidechains of oppositely charged amino acids (Asp, Glu vs Arg, Lys)

subunits already identified (Table 2) as the Lf-binding subunits in each connected with several hydrogen bonds can be observed in all com-
complex (subunits A, B, E, G and H). However, with this analysis, a finer plexes. Salt bridges are among the strongest non-covalent interactions,
level is achieved as the most contributing residues of each particular contributing to a strong binding between molecules. This, together with
subunit are identified. Importantly, about 49% of the residues belong to the observed high number of amino acidic interactions (Table 5), is
subunits A and 28% to subunits B, which are the V-ATPase nucleotide perfectly aligned with the very favorable free binding energies
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Fig. 6. Identification of the critical interacting subunits and most important residues in the top four docking solutions. Lactoferrin is coloured in purple, orange,
green or pink depending on the docked complex. Subunits A are coloured in blue, subunits B in cyan, subunits G in gray and subunit E1 in lilac. On the left, the Lf
binding poses in each docking complex as well as the binding V-ATPase subunits are depicted. The interacting residues of Lf and V-ATPase are coloured in yellow and
red, respectively. The Lf N- or C-terminal lobes (N- or C-lobe) are also identified. On the right, the interacting residues identified by both the decomposition analysis
by the MM-GBSA method and visual inspection of the interaction maps, are labelled according to the colour of the respective location. Interactive view QR code:
https://biosim.pt/lactoferrin/. (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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Table 5

Interactions formed between lactoferrin and V-ATPase in the top four docking solutions. The type of bond formed between the different amino acid pairs is indicated as HB for hydrogen bonds and SB for salt bridges.
Moreover, for each residue, it is indicated whether the bond is through its sidechain functional group (s) or its backbone (b) group. The letter after the number in V-ATPase residues corresponds to the chain to which the
residue belongs. The information regarding the V-ATPase subunit is also depicted.

‘1D 32 DJ12.434-SOIUDS "D

9

Lfresidue  V-ATPase V-ATPase Bond Lfresidue  V-ATPase V-ATPase Bond Lf V-ATPase V-ATPase Bond Lf V-ATPase V-ATPase Bond
residue subunit type residue subunit type residue residue subunit type residue residue subunit type
bs 3 bs 7 bs 8 bs 9
Glu85 (s) Lys52J (s) G3 SB Arg2 (s) Glu303C (s) A2 SB Arg2 (s) Glu205F (s) B3 SB Arg2 (s) Glu292E (s) A3 SB
Arg86 (s) Glu56J (s) G3 SB Arg86 (s) Leu190D (b) B2 HB Arg3 (s) Glu206F (s) B3 SB Glu296E (s) A3 SB
Glu53J (s) G3 SB Asp421D (s) B2 SB Arg325F (b) B3 HB Glu299E (s) A3 SB
Gly101 Tyr231C (s) A2 HB Glu456D (s) B2 SB Arg4 (s) Asp199F (s) B3 SB Arg3 (s) Glu389F (s) B3 SB
(b)
Ser103 Asn274C (b) A2 HB GIn87 (s) Thr197D (s) B2 HB Asp199F (b) B3 HB Glul48F (b) B3 HB
(s)
Ser103 Asn274C (b) A2 HB Asp220 Arg52K (s) El SB His201F (b) B3 HB Arg4 (s) Glu148F (s) B3 SB
(b) Asn349C (s) A2 HB (s) Asn56K (s) El HB Gly390F (b) B3 HB Glul48F (b) B3 HB
GIn105 Thr407C (b) A2 HB Lys241 Glu53L (s) Gl SB Arg4 (b) His204F (s) B3 HB Val322F (b) B3 HB
O] )
Asn107 Gly347C (b) A2 HB Glu56L (s) Gl SB Arg24 (s)  GIu309E (s) A3 SB Gly324F (b) B3 HB
)
Asnl107 Lys171C (s) A2 HB Arg249 Asp202D (s) B2 SB Arg27 (s) Glu296E (s) A3 SB Arg27 Glu149F (s) B3 SB
(b) s (s
GInl10 Leul66C (b) A2 HB Asp281 Lys394D (b) B2 HB Glu299E (s) A3 SB Val200F (b) B3 HB
(s) (b)
Arg224 Asp44J (s) G3 SB Ser482 Glul17C (b) A2 HB Lys28 (s) Glu296E (s) A3 SB His201F (b) B3 HB
(s) O]
Asp233 Thr407C (b) A2 HB Lys484 Glu118C (s) A2 SB Glu299E (s) A3 SB Asp202F (b) B3 HB
) O]
Thr407C (s) A2 HB Arg587 Glu221K (s) El SB Val29 (b)  Lys394F (s) B3 HB Arg30 Glu205F (s) B3 SB
Thr235 Lys397C (s) A2 HB (s) Gly224K (s) El SB Arg30 (s) Glu148F (b) B3 HB (s) Asp202F (s) B3 SB
O]
Lys241 Asp472C (s) A2 SB Lys676 Glu271D (s) B2 SB Gly388F (b) B3 HB Ser35 (s)  Glu389F (s) B3 HB
(s) O]
Arg690 Glu205D (s) B2 SB Glu389F (b) B3 HB Lys38 (s) Leu481F (b) B3 HB
O]
Glu684 Arg325D (s) B2 SB Lys263 Asp202F (s) B3 SB Asp482F (s) B3 SB
(s) (s)
Arg272 Glu483F (s) B3 SB Lys73(s)  Glu303F (s) A3 SB
(s)
Lys277 Thr533E (s) A3 HB Tyr301F (s) A3 HB
(s)
Lys516 Glu190F (s) A3 SB
)
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calculated by the MM-GBSA method (ranging from —101.5 £+ 2.5 to
—81.4 + 3.0) for these complexes. The network includes single, as well
as complex salt bridges that join more than two charged residues. In
complex bs3, Lf and V-ATPase interact through a salt bridge triad
Glu56J-Arg86-Glu53J, as well as 3 single salt bridges (Glu85-Lys52J,
Arg224-Asp44J and Lys241-Asp472C). A network of 11 hydrogen bonds
mainly involving polar amino acids further strengthens the proteins
interaction. In complexes bs7, bs8 and bs9 a strong salt bridge network
generally between the positively charged residues from Lf (Arg, Lys) and
the negatively charged amino acids from V-ATPase subunits A, B, E and
G (Glu, Asp) characterizes the interaction between the two proteins. In
bs7, 7 single and 5 complex salt bridges were identified, 6 single and 2
complex in bs8, and 5 single and 2 complex in bs9. Several backbone and
sidechain hydrogen bonds involving both charged and polar residues are
also present and reinforce the protein-protein interaction (5 in bs7, 9 in
bs8 and 10 in bs9) (Table 5).

3.6. Identification of critical V-ATPase and lactoferrin binding residues
and insights for future experimental studies

The free energy decomposition study allowed us to gather a detailed
atomistic analysis of the V-ATPase-Lf interactions in the different
docked complexes affording the identification of some important
protein-protein interaction patterns. Indeed, by performing an overall
analysis of the residues with more favorable free binding energies that
appear in more than one docking solution (Fig. 7), several residues
belonging to particular regions of both proteins were identified as those
that mainly contribute to the binding in several complexes, which
constitute prime candidates for future experimental work.

Almost all the Lf residues with a maximum contribution to the total
free binding energy below —8 kcal/mol that appear in more than one
solution are arginine residues with the exception of GIn666 (Fig. 7A, B).
Noticeably, three consecutive N-terminal arginine residues at positions
2-4 together with Arg27, which locates nearby, form a highly cationic
N-terminal stretch that seems to be involved in the binding of different
complexes as it can be observed in Fig. 5 for the top two solutions (bs8
and bs9). These residues exhibit a maximum contribution to the total
AGping below —10 kcal/mol and appear in more than 3 solutions
(Fig. 7A), being thus excellent candidates for mutagenesis studies. In
accordance, they are involved in different single and complex salt
bridges with the negatively charged amino acids from V-ATPase
(Table 5). Three additional arginine residues also located at the Lf N-
lobe (Arg86, Arg89 and Arg249) also display highly favorable AG
(below —8 kcal/mol). A special remark to Arg86 that appears as an
important binding residue in 8 of 19 solutions with a maximum
contribution bellow —10 kcal/mol and that forms salt bridge triads with
aspartates and glutamates from V-ATPase in solutions bs3 and bs7
(Table 5). In fact, due to its highly cationic nature, the N-terminal part of
Lf has been suggested to be responsible for the binding of Lf to a wide
collection of molecules and to be the source of strong antimicrobial
peptides [6]. In accordance with our results, two clusters composed by
the first 6 Lf amino acids (GRRRRS) and RKVR residues located at po-
sitions 28-31 were previously identified to be the Lf binding site for
some glycosaminoglycans (GAGs) including chondroitin sulfate [82]
and heparin [83]. The positively charged sidechains of the residues
belonging to these two clusters, which are juxtaposed in the folded
protein, were suggested to form a “cationic cradle” for the GAGs binding
[83]. Residues belonging to these clusters were also found to be
important for the binding of the pneumococcal surface protein A from
Streptococcus pneumoniae [84]. Residues 28-34 from hLf and the ho-
mologous region of bLf were also demonstrated to be important for the
binding of human to lipopolysaccharide (LPS), playing thus an impor-
tant role in Lf-driven host defense, particularly against Gram-negative
bacteria [85]. At the Lf C-lobe, three arginine residues (Arg587,
Arg608 and Arg652) as well as Gln666 appear as important interactors
in two or three docking solutions and exhibit maximum contribution
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bellow 8 kcal/mol. It is clear though from these data that the N-terminal
Lf lobe is enriched in residues that appear in more than one solution and
exhibit maximum contribution to the total AG below —4 kcal/mol
(Fig. 7A, B). The Lf C-lobe has previously been implicated in the binding
to different molecules including the Lf-binding proteins A and B from
Gram-negative bacteria [86,87] and some anti-inflammatory drugs
[88]. It is worth mentioning that three different drugs were found to
bind to the same ligand-binding site at the Lf C-lobe [88] that are near
the Arg652 and GIn666 identified in our study. Additionally, the same Lf
region was found to be a binding pocket for different sugars including
glucose, galactose, mannose and xylose [89]. Our results are thus in line
with published work, which attests the reliability of our computational
pipeline.

The V-ATPase portrait of residues that display a maximum contri-
bution to the total AG below —2 kcal/mol and appear in more than one
docking complex is enriched in charged residues. As for their location,
the great majority belong to subunits A and B (38% and 41%, respec-
tively), 15% to subunit E and only 1 residue to subunits G and H
(Fig. 7C). Looking at the overall picture and focusing on those with AG
below —5 kcal/mol, a group of four negatively charged amino acids
(Glul49F, Asp199F, Glu206F and Glu389F) together with Arg466F and
Phe484F located at subunit B3 immediately grabs our attention
(Fig. 7D). Some of those are involved in strong salt bridges with the
positively charged residues from Lf in the top four solutions (Table 5).
Subunit B3 comprises the only three residues with maximum contribu-
tion below —8 kcal/mol that appear in more than one solution (Glu206F,
Glu389F and Arg466F) (Fig. 7C, D) and is involved in the binding to Lf in
the top two solutions (Fig. 6). Site-directed mutagenesis studies target-
ing these residues, as well as deletion of subunit B are thus promising
approaches that can be further explored experimentally. Residues
Ser165C, Leul66A and Glu296E from subunits A, as well as Asp44L from
subunit G and Arg52K from subunit E also display a particularly favor-
able maximum contribution to the total AG (Fig. 7C, D) and participate
in salt bridges in the top four solutions (Table 5).

In summary, our energy decomposition study by the MM-GBSA
method allowed the identification of critical Lf and V-ATPase residues
that can greatly aid in the rational design of experimental studies.

Considering the overall docking results, Lf binds to subunits A, which
hold the nucleotide binding sites, in 85% of the solutions, suggesting
that the most probable mechanism through which Lf inhibits V-ATPase
activity is by interfering with the hydrolysis mechanism (Fig. 8).
Accordingly, in three of the four top solutions, Lf establishes a strong
interaction map that counts with several single and complex salt bridges,
as well as a hydrogen bond network with the central o/ domain of the
ATP-hydrolyzing interfaces of the AB pairs (where the key residues for
nucleotide binding are located), reinforcing our hypothesis. By binding
to the AB interfaces, Lf may (i) inhibit ATP binding by a competitive
mechanism or by (ii) limiting the accessibility of ATP to the catalytic
sites. Moreover, its binding may (iii) impair the conformational changes
of the AB pairs required to continue the rotational reaction after the ATP
hydrolysis and ADP release [90]. To try to clarify these hypotheses, we
performed an alignment of the four best solutions with the 6WM2
structure of V-ATPase that has ADP on the active site. In Fig. S8, it is
clear that, in three of the four top complexes, Lf blocks the active site of
V-ATPase located between subunits A and B, which would prevent ATP
from accessing the active center or ADP from exiting. Moreover, this
binding is likely to hinder the conformational changes required for
catalysis. Therefore, based on these data, hypotheses (ii) and (iii) are the
most probable explanation for the Lf-induced V-ATPase inhibition.
Depending on the docking solution, Lf binds to either AB pair 1, 2 or 3.
Therefore, similarly to the bacterial effector SidK from Legionella pneu-
mophila [91], different Lf proteins may bind to the same V-ATPase
complex further boosting the inhibitory activity. Indeed, the V-ATPase-
SidK complexes were determined by cryo-EM and showed that three
SidK molecules bound to the three A subunits reducing their flexibility in
both yeast and human [46,91]. Complementary in vitro experiments
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Fig. 8. Working model of the mode of V-ATPase inhibition by lactoferrin. (A) In physiological conditions, V-ATPase located either at the vacuolar, lysosomal or
plasma membrane couples the energy of ATP hydrolysis to pump protons from the cytosol (cyt) to the vacuolar (vac) or lysosomal lumen (lys) or to the extracellular
milieu (ext). (B) In the presence of Lf, it binds to the interface between the V-ATPase AB pairs, hindering ATP hydrolysis which, in turn, inhibits proton translocation,
leading to intracellular acidification and organelle/extracellular space alkalinization.

revealed that SidK reduces V-ATPase activity and decreases its affinity
for ATP [91]. In another study, the insecticidal compound celangulin V
was shown to inhibit ATP hydrolysis and, by a docking approach, sug-
gested to bind to the ATP binding site of the AB subunits [92].

4. Conclusion

Based on all the aforementioned evidence, we hypothesize that Lf
targets the AB pairs, hindering ATP hydrolysis by binding to their in-
terfaces and blocking the catalytic site, which, in turn, impairs proton
transport and the overall V-ATPase activity (Fig. 8). In agreement with
this model, in our previous work, we demonstrated that Lf inhibits both
the hydrolytic and proton pumping activities of V-ATPase in lysosomes
isolated from rat liver [7], and its proton pumping activity in vacuoles
isolated from yeast [9]. In the future, it would be interesting to study the
Lf effect on the V-ATPase hydrolytic activity in vacuoles isolated from
yeast. This Lf inhibitory activity towards V-ATPase culminates in lethal
pH perturbations in both yeast [9] and highly metastatic cancer cells
[7,8], as discussed in the Introduction section.

The computational strategy used in this work identified the V;
domain of V-ATPase as a Lf target, and allowed us to infer upon the
molecular basis of Lf-driven V-ATPase inhibition and to propose key
binding residues from both proteins that can be explored experimen-
tally. Taking into account our results and the fact that Lf was also shown
to inhibit the bacterial F-ATPase [93], which is functionally and struc-
turally similar to V-ATPase [94], a comparable mechanism may be
involved in the F-ATPase inhibition by Lf and may underly the anti-
bacterial activity of this protein. Indeed, ATP hydrolysis in F-ATPases
occurs in the catalytic hexamer a3p3 (A3Bs in V-ATPase) [94], which can
be a putative Lf target in bacteria.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2021.06.200.
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