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Thermodynamics of Binding Between Proteins and

Carbon Nanoparticles: The Case of Cgo@LYysozyme

Matteo Calvaresi, "% Andrea Bottoni, " Francesco Zerbetto'

TDipartimento di Chimica “G. Ciamician”, Alma Mater Studiorum — Universita di Bologna, via

F. Selmi 2, 40126 Bologna, Italy

ABSTRACT. The analysis of the interaction between Cep and lysozyme provides general rules to
identify the forces that govern the thermodynamics of binding between proteins and carbon
nanoparticles. The main driving force of the binding are van der Waals interactions. Polar
solvation and entropy, contributions that are often neglected, are strongly detrimental to the
binding. These energetically relevant terms must be taken into account when protein/CNPs

hybrids are designed.



INTRODUCTION

The integration of carbon nanoparticle (CNPs) with proteins to form hybrid functional
assemblies is an innovative research area with promise for medical, nanotechnological, and
materials science applications.'” The specifics of molecular recognition and catalytic activity of
proteins combined with the peculiar chemical-physics properties of CNPs provides opportunities
to develop new nanomachines, sensors and theranostic platforms.'” The ability of CNPs to
interact with proteins was demonstrated for the first time by pioneering work that reported the
Cgo inhibiting activity on HIV-proteases.® Protein interactions with fullerene-based compounds
were later identified in many other systems both experimentally’>” and computationally.>***. It
is generally hard to ascertain if the protein-CNP interactions result in (i) formation of a well-
defined stoichiometric adduct, (ii) binding of the protein with CNPs aggregates, or (iii) average
effects due to binding of CNPs to multiple protein binding sites. Recently, NMR chemical shift
perturbation analysis identified unambiguously a CNP-protein binding pocket in solution.*' The
NMR and spectroscopic data showed unequivocally that lysozyme forms a stoichiometric 1:1
adduct with Cgp where lysozyme maintains its tridimensional structure with only a few well-
identified residues that are structurally perturbed.*' The Cgo binding pocket is highly specific and
localized in the catalytic site of the protein.*' In spite of these very important structural data little
is known about the thermodynamics of binding between proteins and carbon nanoparticles.
Molecular dynamics (MD) simulations have already provided precious information regarding
interactions of CNPs with proteins showing the dynamics at the molecular level and addressing
the effects of surface chemistry on the adsorption of proteins.”®*® The intent of this work is to lay
the ground for a computational approach able to identify the thermodynamics contributions

responsible for the interaction between proteins and CNPs. The analysis of the energy



contributions to the binding between lysozyme, usually considered the ideal workhorse to study

21,41,46-53

protein-CNP hybrid systems, and Ceo can supply guidelines for the general applicability

and understanding of protein—CNP interactions.

COMPUTATIONAL DETAILS
Setting the simulation.

Experimental restraints data from NMR and a docking protocol>2*3¢:41:46->4

recently validated for
the study of interaction between proteins and nanoobjects were used to generate the initial
coordinates of the adduct between protein and Cgy. Using lH,ISN HSQC NMR spectra the most
perturbed amide NH groups of the protein backbone were identified. The residues that undergo
the largest changes cluster in a specific region of the three-dimensional structure of the protein
that we identified as the fullerene binding pocket. We cannot exclude that other residues
participate to the binding, because in the NMR study we investigated only the perturbation of
NH amidic bonds. Other residues can interact with their side chains. For this reason we carried
out MD simulations to study the interaction of the amino acid side chains of lysozyme with the
Ceo cage. Chloride counterions were included to exactly neutralize the positively charged
lysozyme. All simulations were performed with explicit solvent by using the TIP3P water model
(7605 water molecules).”” The ff10 force field was used to model lysozyme.”® The Ce atoms
were modeled as uncharged Lennard—Jones particles by using sp2 carbon parameters from the
ff10 force field.”®

Minimization and equilibration.

About 1000 steps of steepest descent minimization were performed with SANDER.’® The

minimized structure (only cleared from severe sterical clashes) was considered for a 3 step



equilibration protocol. Particle Mesh Ewald summation® was used throughout (cut off radius of
10 A for the direct space sum). H-atoms were considered by the SHAKE algorithm®® and a time
step of 2 fs was applied in all MD runs. Individual equilibration steps included (i) 50 ps of
heating to 298 K within an NVT ensemble and temperature coupling according to Berendsen.s1
(i1) 50 ps of equilibration MD at 298 K to switch from NVT to NPT and adjust the simulation
box. Isotropic position scaling was used at default conditions. (iii)) 400 ps of continued
equilibration MD at 298 K for an NPT ensemble switching to temperature coupling according to
Andersen.

Production MD.

MD simulation was carried out for the equilibrated system using SANDER.”® Simulation
conditions were identical to the final equilibration step (iii). Overall sampling time was 100 ns.
Snapshot structures were saved into individual trajectory files every 1000 time steps, i.e. every 2
ps of molecular dynamics.

Post processing of trajectories, MM-PBSA Molecular Mechanics/ Poisson Boltzmann (or
Generalized Born) Surface Area.

MM/PB(GB)SA calculations is a post-processing method in which representative snapshots from
an ensemble of conformations are used to calculate the free energy change between two states
(typically a bound and free state of a receptor and a ligand).”®>’ Free energy differences are
calculated by combining the gas phase energy contributions that are independent of the solvent
model as well as solvation free energy components (both polar and non-polar) calculated from an
implicit solvent model for each species.”® The molecular mechanics energies are determined with
the SANDER” program from Amber and represent the internal energy (bond, angle and

dihedral), and van der Waals and electrostatic interactions. An infinite cutoff for all interactions



is used. The electrostatic contribution to the solvation free energy is calculated with a numerical
solver for the Poisson-Boltzmann (PB) method, as implemented in the PBSA programs®"’ or by
generalized Born (GB) methods implemented in SANDER.

The nonpolar contribution to the solvation free energy has been determined with solvent-
accessible surface-area dependent terms. Individual snapshot structures of all trajectories were
analyzed with program PTRAJ.*® MMPBSA’®*7 analysis was carried out to estimate the binding
free energy of the Cgp when complexed to Lysozyme. Continuum solvation contributions were
estimated by either using the PB or the GB module.’®” To obtain an estimate of the binding
entropy, the normal modes for the complex, receptor and ligand are calculated and the results are

averaged, using the PTRAJ program’® (Normal Mode Analysis) via MMPBSA .py.>®

RESULTS AND DISCUSSIONS

Starting from the NMR data,*' the geometry of Cgo-lysozyme complex was built. Subsequently,
100 ns of molecular dynamics simulations were carried out (see Computational Details). To
estimate the binding energy between lysozyme and Cgp, a molecular mechanics/Poisson—
Boltzmann Surface Area (MM-PBSA) analysis of the trajectories was finally performed.”” The

interaction energy (AGpinding) between Cgp and lysozyme is -18.5 kcal mol ™.
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Figure 1. a) Binding pocket of C¢o in lysozyme. b) Energy components of [ Gpinding

Analysis of the binding components of the energy (Figure 1) shows that van der Waals
interactions are the driving force to the binding (-45.1 kcal mol™). Hydrophobic interactions, i.e.
non-polar solvation, assist the binding, even if the corresponding value (-4.3 kcal mol™) is far
smaller than that of the vdW interactions. Interestingly, polar solvation and entropy are
detrimental to the binding and their contribution is positive. The entropic term is often neglected
when protein-CNPs interactions are analyzed because of the rigidity of the CNPs. However, this
term, which is here estimated at 18.1 kcal mol'l, is energetically relevant and should be taken
into account when protein-CNPs hybrids are designed. This large value arises from the fact that
binding of Cy to the protein cavity causes a marked decrease in amino acid mobility:*® as Cgo
approaches its binding site, protein residues stick to its surface to maximize vdW interactions
and become glued to the fullerene cage.”® The polar solvation term (12.8 kcal mol™) is also rather
important and deserves an accurate analysis. We carried out a decomposition analysis of the

57,58

trajectory according to the MM-PBSA scheme and obtained the contribution to the binding

of each amino acid.
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Figure 2. a) Lysozyme/Cg interactions. AGpinding decomposed per residue. b) Interaction

between Trp62, Trp 63 and Cgy.

Figure 2 emphasizes the role of Trp residues in the binding process (Trp62 and Trp63).
Experimentally, Trp fluorescence is almost completely quenched upon Cgy binding, confirming
the important role of Trp residues.*' Protein adsorption onto CNPs improves with the increase of
the content of aromatic residues in the protein sequence.®”® Among the aromatic amino acids,
tryptophan possesses the highest affinity for CNPs, followed by tyrosine, phenylalanine, and
histidine.®”® n-stacking contacts between the indolic group of Trp residues and the cage of the
CNPs, which is sandwich-like for Trp62 and T-shaped-like for Trp63, govern the interactions, as
shown in Figure 2. A crucial role in the binding of lysozyme to Cg, and in general of proteins to

CNPs, is played by amphiphilic residues such as glutamine, asparagine, aspartic acid, glutamic

acid, arginine and lysine that quantitatively provide significant contributions (Figure 2).



Figure 3. Interaction between Asn59, Arg61, Asn46 and Asp48 with Ceo.

Inspection of the binding mode of Asn46, Asp48, Asn59, and Arg6l (Figure 3) shows that the
hydrophobic methylenic groups of these residues interact with Cgp, whereas the hydrophilic
groups point toward the water environment. This behavior is similar to that of the hydrophilic

4,

head of a surfactant, generating surfactant-like interactions,**® whose importance was also

independently confirmed by other groups studying protein-CNP interactions.'”*%’

Purely
hydrophobic residues, such as Alal07 and Vall09, play an important role via vdW interactions
and hydrophobic effects (Figure S1). The per-residue decomposition of AGyinging helps
understanding the chemical origin of the various contributions. The vdW components, which
follow the global AGyinging decomposition (see Figure S2 and Figure S3), play the most important
role in the binding between lysozyme and Cg and govern, in general, the recognition and binding
processes between proteins and CNPs. We recently demonstrated that the interaction between
Ceo and K" channels is exclusively controlled by shape complementarity and, as a consequence,
by vdW interactions.” This phenomenon resembles the well-known encapsulation of pristine Cgo

68,69

molecules by macrocyclic receptors, where concave—convex complementarity is the driving

force to the binding.”

We also analyzed the effect of CNP binding in terms of solvation contributions. Perhaps

naively, it is reasonable to expect that moving a CNP from aqueous solution toward a protein



binding pocket should be a favored process. Actually, polar (12.8 kcal mol™") and non-polar (-4.3
kecal mol™) solvation energies have opposite trends (Figure 1). As hydrophobic Ce occupies the
protein binding site, it sheds water molecules (hydrophobic effect), as underlined by the analysis
of the Solvent Accessible Surface Area (SASA in Figure S4), with an energy gain of -2.4 kcal
mol”(see Figure S5). This term, i.e., non polar solvation, takes into account, even if not entirely
accurate, the entropy increase due to the water molecules in the first hydration shell that are
tightly bound to the protein and are set free upon non-covalent interaction with the fullerene. The
small variation of SASA during the MD suggests that Cgy binds with a pre-formed pocket able to

recognize the fullerene shape (Figure 4).

Figure 4. Surface complementarity between the protein and the Cg cage.

Smaller contributions for the non-polar solvation also originate from the hydrophobic parts
(aliphatic chains) of some amino acids, that, upon Cg binding, come to be in contact with the
hydrophobic surface of the Cgp cage instead of water that interacts unfavorably with these
regions (0.32 kcal mol™ for Trp62, 0.24 kcal mol™ for Alal07, 0.23 kcal mol™ for Asp48 and
0.20 kcal mol™' for Asn46). On the other hand the binding of CNPs usually occurs in substrate
binding pockets (or channels), that are regions exposed to water and where amino acids with

polar side groups are commonly located.
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Figure 5. Contributions to polar solvation per residue.

The hydrophilic parts of these residues, upon formation of the complex with Ce, are forcedly
desolvated, causing a destabilization of the system (Figure 5a). This is the case of the charged
residues Asp48 or Argl12 (Figure 5b): these are less favored residues after interaction with Cgy,
because they are screened with respect to water molecules, thus reducing the corresponding
solvation energy. These residues, in the presence of the hydrophobic Cgy molecule, are no longer
able to interact with water molecules usually present in the binding pocket. The various specific
contributions are energetically relevant and the solvation energy of several residues decreases by
more than 1 kcal mol™ (Figure 5). The overall effect to solvation after Cgy binding is that polar
solvation effects overcome the non-polar ones and on the whole the binding is less favored. A
crucial role of the solvation free energy was previously described also for thermodynamic

stability of Cgo and y- cyclodextrin complex in aqueous solution.”
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CONCLUSION

In conclusion, we described a computational procedure that provides a detailed analysis of the
various components of the binding energy and quantify the protein-CNP interaction at the level
of single residues. This approach allows to determine “hot” and “cold” spots for the protein-CNP
interaction and to design new functionalization patterns of the CNPs or, alternatively, design

protein mutants able to modulate their interactions with the CNP.

ASSOCIATED CONTENT

Supporting Information. Binding of Cg with Alal07 and Vall09 (Figure S1); per residue
decomposition total binding energy (Figure S2); per residue decomposition vdw binding energy
(Figure S3); variation of SASA as a function of time (Figure S4); per residue decomposition non

polar solvation energy (Figure S5).
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