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A B S T R A C T

Carboranes are chemically and biologically stable boron‑carbon clusters with promising applications in me
dicinal chemistry. While their use in boron neutron capture therapy (BNCT) has been extensively explored, 
recent attention has shifted toward understanding their interactions with biological macromolecules, particularly 
proteins. Here, we characterize the interaction between closo-ortho-carborane and lysozyme (LSZ) using NMR 
spectroscopy, molecular docking and molecular dynamics simulations, and enzymatic assays. Experimental data 
demonstrate that carborane forms a stable 1:1 complex with LSZ (Carborane@LSZ), retaining the monomeric 
state and the protein fold, with only a limited number of amino acids involved in the interaction. In particular, 
NMR chemical shift perturbations revealed specific binding near the substrate-binding pocket, a result corrob
orated by molecular docking and molecular dynamic simulations. Carborane fits into a hydrophobic pocket near 
the substrate-binding site, where the recognition process is driven by hydrophobic interactions complemented by 
classical hydrogen and non-standard dihydrogen bonding. Carborane-@LSZ complex partially inhibits enzymatic 
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activity (~33 %). Extending this approach to bovine serum albumin (BSA) revealed similar binding principles, 
underscoring the generality of carborane–protein supramolecular interactions. These findings provide funda
mental insights into pristine carboranes recognition by proteins and establish a foundation for designing 
carborane-based therapeutics and delivery platforms in nanomedicine.

1. Introduction

Carboranes are a class of boron‑carbon‑hydrogen clusters with 
unique structural and chemical properties, with the icosahedral “closo- 
carboranes” being the most common member of the family [1,2]. These 
clusters are characterized by their high aromaticity, hydrophobicity and 
consequent lipophilic nature, as well as high chemical and thermal 
stability. Such properties render carboranes attractive scaffolds in me
dicinal chemistry, as their abiotic nature, manifested by resistance to 
metabolic degradation and kinetic inertness, offers clear advantages 
over more traditional organic moieties [ 1–9].

The medicinal chemistry of carboranes has traditionally focused on 
their use in boron neutron capture therapy (BNCT).10 In BNCT, 10B- 
containing compounds are selectively delivered to cancer cells; upon 
irradiation with low-energy neutrons, the 10B atoms undergo a nuclear 
fission that generates 7Li together with high-energy α-particles and 
γ-rays capable of destroying the targeted tumour cells with minimal 
damage to surrounding healthy tissues. Carboranes are particularly well 
suited for BNCT because of their high boron content, chemical stability, 
and low toxicity.

Carboranes possess several pharmacophoric features, such as hy
drophobicity, aromaticity, and the ability to act as both hydrogen 
bonding donors and acceptors. Their structural rigidity is particularly 
advantageous for the development of protein inhibitors as it decreases 
the binding entropic penalty. These properties enable carboranes to 
expand the chemical space available for drug development [1–10].

Structurally, carboranes are isosteric with phenyl rings, and replac
ing aromatic groups with carborane cages often enhances drug potency 
by promoting stronger hydrophobic and dispersion-driven interactions 
[11,12], especially in proteins with concave, nonpolar aromatic binding 
sites [8]. Consequently, carborane-containing compounds have been 
successfully applied in therapeutic strategies targeting cancers, infec
tious diseases, and neurodegenerative disorders [1–11,13–41]. 
Recently, owing to their rigidity and hydrophobicity, carboranes have 
also been employed as hydrophobic tags for the degradation of various 
proteins [42].

The spherical polyhedral structure of carboranes allows them to fits 
snugly within protein cavities and concave binding pockets [1–10,13], 
thereby maximizing hydrophobic interactions. In addition, carboranes 
can interact strongly with aromatic residues via C–H⋅⋅⋅π and B–H⋅⋅⋅π 
interactions [ 11,12]. Beyond forming classical hydrogen bonds through 
their acidic C–H protons, carboranes are also capable of establishing 
dihydrogen bonds [43,44], wherein their hydridic B–H groups interact 
with hydrogen-bond donors in proteins, further expanding their reper
toire of molecular interactions.

In addition to their use in drug development, the interaction of 
carboranes with proteins can be exploited to improve their application 
in BNCT. In this context, proteins can serve as “Trojan horses” [45–47], 
facilitating the supramolecular dispersion of carboranes in physiological 
environments through host-guest interactions and enabling the targeted 
delivery of high boron concentrations to specific cells or tissues. This 
supramolecular strategy offers both structural and functional advan
tages for targeted delivery, imaging, and multimodal cancer therapy 
[48–50].

To date, studies investigating the interactions of carboranes with 
proteins have primarily relied on crystal structures and functionalized 
carborane derivatives [11,14–26], in which chemical pendants of the 
cluster typically dictate the binding to the protein. However, a 
comprehensive understanding of the binding interaction between non- 

functionalized carborane clusters and proteins in aqueous solutions re
mains incomplete.

In this study, we address this knowledge gap by using hen egg-white 
lysozyme (LSZ) as a model protein. LSZ is an ideal choice due to its small 
size (~14 kDa), high solubility in aqueous media, and consequent 
suitability for high-resolution NMR characterization under aqueous 
conditions, an approach generally not feasible for larger proteins. Here, 
we elucidate the binding mode and interaction dynamics of LSZ with 
pristine closo-ortho-carborane in aqueous solution by combining NMR 
chemical shift perturbation (CSP) analysis with computational model
ling. To further validate our methodology, we also examined a second 
model protein, bovine serum albumin (BSA). The results of this study 
provide new insights into the interaction properties of a carborane- 
protein complexes in a biologically relevant environment.

2. Materials and methods

Synthesis of the OCB@protein complex.
A 1 mL solution of lysozyme (Sigma-Aldrich, code L6876) at a con

centration of 1 mM in milli-Q water was gently added into a 2 mL 
Eppendorf containing approximately 1.5 mg of ortho-carborane (98 %, 
Thermo Scientific, code 35131).The samples were placed in an ice bath 
and sonication was performed with a probe tip sonicator (UP200St, 200 
W; Hielscher Ultrasonics) for 1 h at 32 % amplitude, resulting in a white 
milky suspension. The samples were then centrifuged at 10,000 rpm for 
10 min; the obtained clear supernatants were collected and stored in the 
dark at 3–5 ◦C until further use. The same approach was used for bovine 
serum albumin (Sigma-Aldrich, code A7030).

Characterization of the OCB@lysozyme complex.
Fast Protein Liquid Chromatography analysis. Fast Protein Liquid 

Chromatography (FPLC) analysis was carried out using an AKTA pure 
system (GE Healthcare) equipped with a size exclusion chromatography 
Superose 6 increase 10–300 GL column (GE Healthcare). The chroma
tography was carried out using a flow rate of 0.5 mL/min with an elution 
buffer of 50 mM sodium phosphate, 150 mM NaCl, pH 7.0 and injection 
volume of 120 μL. The UV detector was set at 280 nm.

UV–Vis spectroscopy analysis. UV–vis absorption spectra of proteins 
were recorded at 25 ◦C by means of an Agilent Cary 60 UV–Vis 
spectrophotometer.

Microwave plasma atomic emission spectroscopy analysis. Analysis of 
the boron content was performed following a previously reported pro
tocol [51]. Briefly, 0.4 mL of each sample was transferred in a tube 
subsequently filled with reagent grade HNO3 (1.5 mL, 65 %; Sigma- 
Aldrich), H3PO4 (0.5 mL, 85 %; Sigma-Aldrich) and H2O2 (0.5 mL, 30 
%; Sigma-Aldrich) and acid digestion was carried out at 80 ◦C for 8 h. 
The samples were diluted with milli-Q water before undergoing 
elemental analysis with microwave plasma atomic emission spectros
copy (4210 MP-AES, Agilent Technologies). The samples were injected 
at a flow rate of 0.4 mL/min and the boron was detected by monitoring 
the emission at 249.772 nm. Quantitation was achieved with external 
calibration in the 0.2–50 mg/L range, obtained from the dilution of a 1 
g/L boric acid commercial standard. Nitric acids blanks were run be
tween each sample to monitor the boron carry over in the instrument 
during the analysis and when needed a solution of acidified NaF at 0.6 
mg/mL was run to decrease the boron memory effect according to a 
preusly reported procedure [52].

Atomic force microscopy analysis. AFM images were performed by a 
Multimode VIII equipped with a Nanoscope V (Bruker AFM, Santa 
Barbara, CA, US) controller and operated in ScanAsyst mode. Images 
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were collected at a 1 line per second scan rate with ScanAsyst Fluid+
cantilevers (nominal spring constant k = 0.7 N/m). The samples were 
prepared as reported previously [53]; briefly 10 μL of the final dilutions 
(100 x and 1000 x) of the stock solution were spotted onto freshly 
cleaved mica and left 10 min at room temperature to adsorb. The sam
ples were then plugged in the AFM imaging cell avoiding any drying and 
imaged in milliQ water. Profile analysis of the AFM images was deter
mined using Gwyddion.

Nuclear Magnetic Resonance analysis. NMR experiments were con
ducted on 3.0 mM samples of unlabeled LSZ or the corresponding Car
borane@LSZ complex, prepared as described above, in 90/10 % H2O/ 
D2O at pH 3.8. The HSQCFPF3GPPHWG sequence was used to acquire 
1H,15N-edited natural abundance HSQC spectra on a Bruker Avance 900 
spectrometer operating at the proton nominal frequency of 899.78 MHz 
(21.1 T) and equipped with a 5-mm TCI-HCN z-gradient cryo-probe. The 
temperature was maintained at 308 K. 1H chemical shifts were refer
enced to 2,2-dimethyl-2-silapentane-5-sulfonic acid sodium salt (DSS), 
while 15N chemical shifts were referenced indirectly to DSS using the 
ratios of the gyromagnetic constants. The 1H,15N HSQC spectra were 
acquired with a total of 512 transients, spectral widths of 14,705.882 Hz 
(1H, 16.3 ppm cantered at 4.701 ppm) and 3649.635 Hz (15N, 40.0 ppm, 
cantered at 118 ppm), and maximal evolution times of 69.6 ms (1H, 
2048 points) and 19.2 ms (15N, 140 t1 increments in States-TPPI mode 
detection). The sequence was optimized with an INEPT delay 1/(4JNH) 
of 2.78 ms (JNH = 90 Hz). A recycle delay of 1.0 s was used, and 
decoupling during the acquisition time was achieved using a GARP4 
scheme.

All NMR spectra were processed using NMRpipe [54]. The raw data 
were zero-filled to 2048 × 1024 points, a cosine-squared apodization 
function was applied in both dimensions, and the SMILE algorithm [55] 
was used for processing the 2D NMR spectra after Fourier 
transformation.

Peak peaking and spectral analysis were carried out using POKY 
[56]. Resonance assignments for LSZ were based on the available 
chemical shifts (BMRB Entry 4831). Chemical shift changes upon com
plex formation with Carborane were reported as weighted average 
chemical shift differences Δδavg(HN) to account for differences in 
spectral widths between 1H and 15N resonances. Δδavg(HN) values were 
calculated as Δδavg(HN) = [(ΔδH [2] + (ΔδN/7) [2])]1/2 (or Δδavg(HN) 
= [(ΔδH [2] + (ΔδN/5) [2])]1/2 for glycines [57,58], where ΔδH and ΔδN 
are the chemical shift differences for 1H and 15N, respectively.

Enzymatic activity tests. The activity of the lysozyme was measured via 
turbidity-based activity assay [59], i.e. by monitoring the enzymatic 
degradation of a bacterial substrate suspension. A 0.015 % [w/v] stock 
solution of Micrococcus lysodeikticus (ATCC No. 4698, lyophilized cells; 
Sigma-Aldrich) was prepared in phosphate buffer at pH 6.2. Aliquots of 
the protein samples at 300 units/mL were added according to the pro
ducer's instruction and the UV absorbance at 450 nm (A450) was moni
tored over time. The UV–vis spectra for the enzymatic activity test were 
collected with a Cary 60 UV–vis Spectrophotometer (Agilent Technol
ogies).Lysozyme activity was measured by monitoring the release of 4- 
methylumbelliferone from the substrate 4-methylumbelliferyl β-D-N, 
N′,N′-triacetylchitotrioside hydrate ((NAG)3-MUF; Sigma-Aldrich, code 
M5639). A 100 μM stock solution of (NAG)3-MUF was prepared in an 
80:20 H2O:DMSO mixture. Sample solutions were prepared in 0.5 mL 
ammonium acetate buffer (25 mM, pH 4.6) by mixing 5 μL of the enzyme 
with increasing concentrations of (NAG)3-MUF in the 1–30 μM range. 
The incubation was carried out at 42 ◦C for 30 min and stopped by 
adding 60 μL of 1M NaOH. The released 4-methylumbelliferone was 
quantified by fluorescence emission spectroscopy using an excitation 
wavelength of 360 nm and detecting emission at 455 nm (EnSpire, 
PerkinElmer).

Computational Methods
Docking. Ortho-carborane was docked to LSZ (PDB ID = 1HEW) [60] 

and BSA (PDB ID = 4F5S) [61] crystallographic structures using 
Patchdock [62].

MM refinement. Carborane, adamantane and benzene were modelled 
using GAFF (General Amber Force Field) [63]. For the carborane, the 
previously developed ad hoc parameters were used [64]. LSZ and BSA 
were described using the FF14SB force field implemented in the 
Amber16 [65]. Each docking pose was optimized to relax the structure 
and remove steric clashes by 500 steps of steepest descend and addi
tional 500 conjugate gradient steps of minimization. Subsequently, MM- 
GBSA calculations were performed on the minimized structures to 
obtain a ranking of the carborane@LSZ and carborane@BSA in
teractions, providing a more accurate assessment than the initial dock
ing scoring function.

MD simulation. The carborane@LSZ and carborane@BSA complexes 
showing the largest binding energy were solvated using explicit water 
molecules (TIP3P) and the total charge of the systems was neutralized 
adding counterions. Periodic boundary conditions (PBC) and Particle 
Mesh Ewald (PME) with a cut-off radius of 8.0 Å were imposed. The 
systems were equilibrated through i) an initial heating from 0 to 298 K 
under constant volume (NVT), using Langevin dynamics and SHAKE to 
constrain bonds involving hydrogens, ii) a switch to NPT for pressure 
equilibration at 298 K, and iii) additional Langevin dynamics (NPT) to 
allow the system density to fully relax. After equilibration, 500 ns MD 
simulations were performed under isothermal-isobaric (NPT) conditions 
at 298 K and 1 atm, along with SHAKE constraints on hydrogen atoms.

Molecular Mechanics – Generalized Born Surface Area (MM-GBSA) 
calculations. The scoring of the docking poses and the calculation of the 
interaction between the carborane and LSZ or BSA during the MD 
simulation were obtained using CPPTRAJ [66]. 1000 snapshots were 
extracted from the MD trajectory and binding energy calculations were 
performed using the MMPBSA.py tool implemented in Amber16. Polar 
solvation energies were evaluated using the GBHCT model (i.e. igb = 1) 
[67,68] while the non-polar solvation term was computed based on the 
solvent-accessible surface area (SASA). Energy decomposition analysis 
on a per-residue basis was carried out to identify key residues contrib
uting most significantly to ligand binding.

Trajectory analysis. CPPTRAJ tool [66] was used to perform the 
hydrogen and di‑hydrogen bonds analysis on the trajectory.

QM/MM Calculations. Following the ONIOM approach [69,70], as 
implemented in Gaussian16 [71], the carborane@LSZ system was 
divided into two regions: a high-level (HL) region consisting of the 
carborane molecule and the residues forming lysozyme binding pocket 
(Glu35, Asp52, Leu56, Gln57, Ile58, Asn59, Trp62, Trp63, Ile98, 
Asn103, Ala107, Trp108, Val109, and Arg112), and a low-level (LL) 
region comprising the remainder of the protein. Link atoms [72] were 
introduced to cap the dangling bonds at the HL/LL boundary, and the 
electrostatic embedding scheme was used to account for inter-region 
interactions. The HL region was treated using density functional the
ory (DFT) with the ωB97X-D functional and the 6-31G* basis set, 
whereas the LL region was described using amber FF14SB. A set of 10 
representative frames was extracted from the MD simulation of car
borane@LSZ and subjected to full geometry optimization using the QM/ 
MM protocol described above to compute the binding energy between 
carborane and lysozyme.

3. Results and discussion

To overcome the intrinsic hydrophobicity and aqueous insolubility 
of carborane, we employed a hetero-phase synthetic method assisted by 
ultrasonication. Proteins can be used as supramolecular hosts for car
borane due to the presence of a non-polar cavities that are appropriately 
sized to accommodate the carborane cage, a recognition mechanism 
governed by concave–convex complementarity, and a high degree of 
binding-pocket preorganization, which minimizes the entropic penalty 
associated with guest binding. Ultrasonication transiently disperses the 
carborane into monomolecular units that can be captured in water by 
the proteins. Once the external stimulus ceases, the bound species fall 
into a kinetic trap, thereby yielding a stable adduct. Lysozyme already 
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demonstrated the ability to disperse in water hydrophobic molecules 
and nanoparticles such as fullerenes [73–75] and carbon nanotubes 
[76]. Briefly, LSZ dissolved in Milli-Q water was mixed with an excess of 
carborane powder (10:1 carborane:lysozyme molar ratio). The suspen
sion was subjected to probe-tip ultrasonication for 60 min, resulting in 
the dispersion of carborane into the protein solution. The resulting 
mixture was centrifuged to remove insoluble aggregates, and the su
pernatant, containing the solubilized carborane-lysozyme adduct, was 
collected for analysis. The concentration of the carborane@LSZ complex 
was determined using UV–visible spectroscopy (Fig. S1A), while the 
carborane content was determined by measuring boron levels using 
microwave plasma atomic emission spectroscopy (MP-AES) (Fig. S1B). 
The resulting molar ratio of carborane to lysozyme was 1.14 ± 0.31, 
consistent with the formation of a stable 1:1 carborane@LSZ complex.

Size exclusion chromatography (Fig. 1A) indicated that the carbor
ane@LSZ adduct is monomeric, thus excluding the formation of 
aggregates.

Atomic force microscopy (AFM) provided direct evidence of the 
carborane@LSZ dispersion at the nanoscale. AFM imaging revealed that 
the carborane@LSZ hybrids were uniformly and monomolecularly 
distributed across the mica surface (Fig. 1B). Height distribution anal
ysis (Fig. 1C) further confirmed the absence of aggregates or carborane 
nanoparticles, supporting the formation of discrete, singly adsorbed 
carborane@LSZ complexes. These observations are consistent with a 
well-dispersed, non-aggregated hybrid system.

To assess the structural changes induced by carborane binding to LSZ 
at the atomic level, 1H,15N HSQC NMR spectra of samples of free LSZ and 
carborane@LSZ were analysed and the chemical shift perturbations 
(CSP) of backbone amide 1H and 15N nuclei were determined. NMR 
spectroscopy represents a useful tool in nanomedicine to study the 
interaction between ions [77], molecules [73,74], nanoparticles [ 
78,79] and proteins.

Fig. 2A shows the 1H,15N HSQC spectrum of free LSZ, in which each 
cross-peak corresponds to a backbone NH group; in the spectrum, pro
line residues are not visible because they lack the backbone NH moiety, 
while the N-terminal NH3

+ group is not detected due to rapid proton 
exchange with water that shifts its signal under the large water enve
lope. In addition to backbone NH signals, the spectrum also includes 
signals from the indole NH group of six tryptophan residues, appearing 
in the 9–11 ppm 1H region, as well as twin cross-peaks from the side
chain NH2 groups of asparagine and glutamine, located in the 105–112 
ppm 15N region. A comparison with the 1H,15N HSQC spectrum of the 
carborane@LSZ complex reveals the same high spectral resolution and 
very similar positions of the NH signals, indicating that the overall fold 
of the protein remains intact upon complex formation. Indeed, small CSP 
values (Fig. 2B) are observed for most residues, suggesting the absence 
of major conformational changes. However, a limited number of back
bone NH groups exhibit significant chemical shift deviations, consistent 
with a localized and specific interaction between carborane and discrete 

regions of the LSZ surface.
Notably, the residues exhibiting the largest chemical shift changes 

are Phe34, Thr51 and Thr69, which are located within a specific region 
of the protein (Fig. 2A and 2B), surrounding the active site. Docking 
calculations (Fig. 2C) identify the same region as the most probable 
carborane binding site, which is fully accessible for supramolecular 
complex formation. All the possible geometries of interaction between 
carborane and lysozyme were identified and scored by MM-GBSA cal
culations (Fig. S2). In the most interacting pose, carborane is positioned 
in the substrate binding pocket of the enzyme, in a cleft that separates 
the α (residues 1–35 and 85–129) and β domains (residues 36–84) of 
LSZ, in close contact with the residues identified by NMR. Using the 
program CAVER [80], we mapped the protein tunnels (Fig. S3) to 
determine the accessible pathways that allow the carborane to reach its 
binding site from the solvent. The calculation clearly identified the 
accessibility of the binding site for the carborane.

The NMR analysis is limited to perturbations of backbone amide NH 
signals, primarily reflecting changes in the protein secondary and ter
tiary structure. Consequently, the possibility that other amino acids can 
bind the carborane through their side chains cannot be excluded. To 
explore these potential interactions at atomic resolution, a 500-ns mo
lecular dynamics (MD) simulation to investigate the behaviour of the 
carborane cage in complex with lysozyme was carried out.

The analysis of the secondary structure of the protein in the car
borane@LSZ adduct showed that during the MD simulations the sec
ondary and tertiary structures of the lysozyme were practically 
unaffected by the interaction with the carborane (Fig. S4), as also 
observed by NMR. The carborane is blocked between the rigid secondary 
structures of the α and β domains, in a pre-formed hydrophobic cavity, 
and the rearrangement of the protein is limited (Fig. 2C).

A Molecular Mechanics–Generalized Born Surface Area (MM–GBSA) 
analysis of the trajectories was performed to estimate the binding energy 
(Ebinding) that is − 16.8 kcal mol− 1 (Fig. 3A). The analysis of the energetic 
terms of the binding energy (Fig. 3A) between lysozyme and carborane 
allows the identification of the thermodynamics contributions that 
govern the binding of carboranes to proteins and supply guidelines of 
general applicability to understand their interactions.

The driving force of the binding between carborane and lysozyme is 
represented by the van der Waals term (EVDW = − 18.1 kcal mol− 1). It is 
important to highlight that in the MM-GBSA model this term considers 
also dispersion interactions, such as C–H⋅⋅⋅π and B–H⋅⋅⋅π interactions 
[11,12], that are crucial for the binding of the carborane cage to the 
protein. Due to its hydrophobic nature, the non-polar solvation term, i.e. 
hydrophobic effect, also promotes the binding of the carborane to the 
proteins (Esurf = − 2.6 kcal mol− 1), although this contribution is much 
smaller than EvdW. The existing surface complementarity between the 
carborane cage and the lysozyme binding pocket, that is a rapid way to 
estimate the stabilizing van der Waals and hydrophobic interactions, is 
clear in Fig. 3B.

Fig. 1. A) Size exclusion chromatography of LSZ (black line) and carborane@LSZ (red line). B) AFM image of carborane@LSZ, top view (500 nm × 500 nm); scale 
bar: 100 nm. C) Representative profile analysis of the AFM image: profile 1 (black line), profile 2 (red line) and profile 3 (blue line) in Fig. 1B. (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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Electrostatic interactions (Eel), that in the MM-GBSA model also 
include the formation of hydrogen/dihydrogen bonds, account for − 6.1 
kcal mol− 1 and are stabilizing. The only term that is detrimental to the 
binding is polar solvation (EGB = 10.0 kcal mol− 1). Carborane is hy
drophobic, but its binding occurs in the substrate binding pocket of the 
lysozyme, a region exposed to the solvent where amino acids with polar 
side groups are located to interact with the natural polysaccharide 
substrate. The hydrophilic portions of these residues are desolvated 
when the complex with carborane is formed and the system is globally 
destabilized (Fig. S5, see for example Glu35, Asp52, Arg61). This term 
takes also into account the desolvation penalty of polar atoms (N–H of 
Trp63 or C––O of Ala 107) involved in hydrogen/dihydrogen bonding 
(Fig. S4) with the carborane.

To further validate the MM-GBSA result, a benchmarking procedure 
was carried out by performing QM/MM calculations (Fig. S6) on 10 
structures sampled from the molecular dynamics simulation. The QM/ 
MM interaction energy between the carborane and the protein is − 15.2 
kcal mol− 1, a value fully comparable to the − 16.8 kcal mol− 1 obtained 
at the MM-GBSA level.

To determine the details of the binding process at the atomic level, 
we performed a “fingerprint analysis” to quantify the interaction of each 
amino acid with the carborane. Fig. 4 emphasizes the role of most 
interacting residues in the binding process.

Dispersion interactions between the indole groups of the tryptophan 
residues (Trp62, Trp63, and Trp108) and the carborane cage (mediated 
by C–H⋅⋅⋅π and B–H⋅⋅⋅π contacts) [11,12], together with hydrophobic 
interactions involving the aliphatic side chains of Ile58 and Ile98, are 
among the most stabilizing contributions to the binding. These in
teractions create an ideal hydrophobic binding site that accommodates 
the carborane, as shown in Fig. 4B.

A hydrogen bonding network is observed upon carborane binding 
and conserved along the MD simulation (Fig. 5 and Fig. S7). Interest
ingly, both “classical hydrogen bond” and “dihydrogen bonds” [ 43,44] 
are observed. In fact, the two acidic C–H bonds of the carborane 
interact with the carbonyl group of Ala107, while the hydridic B–H 
bonds engage interactions with the two Nε-H groups of Trp63 and 
Trp108 and with the peptide N–H bond of Asn59.

It is also noteworthy to underline the existing destabilizing 

Fig. 2. NMR chemical shift perturbation (CSP) analysis of LSZ upon interaction with carborane. A) Superposition of 1H,15N HSQC spectra of samples of free LSZ 
(blue) and carborane@LSZ hybrid (red). Black labels indicate cross-peak assignment of amino acid residues. B) CSP is given by the weighted average chemical shift 
differences Δδavg(HN) of cross-peaks in the 1H,15N HSQC spectra of free and bound LSZ. C) Docking of carborane in the LSZ structure (light blue: α domain, yellow: β 
domain). In red the residues undergoing major chemical shift changes upon carborane binding. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 3. A) Energy components of Ebinding. B) Surface complementarity between the protein and the carborane cage. Top view and front view.
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interactions of carborane with Glu35 and Asp52 (the catalytic residues 
of lysozyme): the molecular electrostatic potential of the carborane is 
dominated by the hydridic B–H, that are negatively charged, so 
repulsive electrostatic interactions are observed with the carboxylates of 
these two residues. These repulsive interactions are directly responsible 
for the chemical shift perturbations, observed in the NMR experiments, 
of the Phe34 and Thr51, linked with their peptide bonds to Glu35 and 
Asp52 and probably of a pushing effect on Thr69 (Fig. S8).

To improve the understanding of the dual nature of carborane, 
namely, its hydrophobic 3D cage and its ability to form both hydrogen 
and dihydrogen bonds, and how these features influence its binding 
preference and selectivity, we performed two additional MD simulations 
of lysozyme in complex with the isosteric adamantane (3D hydropho
bicity) and benzene (2D hydrophobicity) [8]. These compounds are 
purely hydrophobic and cannot form hydrogen bonds. The results 
indicate (Figs. S9 and S10) that the 3D hydrophobic structure of car
borane is crucial for binding: benzene rapidly leaves the binding site 
during the MD simulations, whereas adamantane exhibits a binding 
energy very similar to that of carborane (− 18.2 kcal mol− 1 vs − 16.8 
kcal mol− 1) and interacts with the same hydrophobic/aromatic residues 
(Ile58, Trp63, Ile98, Ala107, Trp108). Interestingly, Asn59 also interacts 
with both compounds; however, while it engages in a dihydrogen bond 
with carborane, in the case of adamantane it contacts the aliphatic 
portion of the side chain through hydrophobic interactions.

Although carborane can form hydrogen and dihydrogen bonds (Eₑₗ =
− 6.1 kcal mol− 1), the associated desolvation penalty (10.0 kcal mol− 1) 
outweighs the stabilizing contribution of these interactions. Conse
quently, the binding is primarily governed by hydrophobic forces, as 
demonstrated by the behaviour of adamantane in the simulations: 
despite lacking any capacity for hydrogen bonding, adamantane binds 
with an energy comparable to that of carborane and engages the same 

hydrophobic and aromatic residues within the pocket.
This region of LSZ also constitutes the binding site for several hy

drophobic dyes, including ANS (1-anilino-8-naphthalenesulfonate), 
Hoechst, and azo dyes, whose association is largely driven by hydro
phobic interactions [81,82].

The spectroscopic evidence that carborane binds in proximity of the 
catalytic site of LSZ prompted us to investigate the possible effects of 
such an interaction on the enzyme catalysis. LSZ catalyses the hydrolysis 
of the β-1,4-glycosidic bonds in peptidoglycan, the main structural 
component of the bacterial cell wall, thus leading to bacterial lysis. The 
activities of free LSZ and carborane@LSZ were determined by turbi
dimetry (optical density at 450 nm, OD450, see SI for details), namely by 
monitoring the integrity of Micrococcus lysodeikticus over time in the 
presence of the enzyme.

The carborane@LSZ loses ca. 33 % of its catalytic activity, when 
compared to the free enzyme (Fig. 6A), after ten minutes. These results 
are consistent with the NMR and MD studies in indicating the interaction 
of carborane with the enzyme active site pocket. The substrate binding 
pocket of LSZ consists of a cleft made up of six subsites that accommo
date six consecutive sugar moieties of the peptidoglycan chain. Car
borane binds to one of these subsites (Fig. 6B), partially clogging the 
binding pocket and hindering natural substrate access. However, due to 
its small size, carborane is unable to fully inhibit the enzyme activity.

Carborane binds to LSZ, and its insolubility in water may affect the 
equilibrium between the bound and free inhibitor. Under such condi
tions (tight-binding inhibition), and within the framework of classical 
Michaelis–Menten theory, its kinetic behaviour may resemble that of 
mixed or noncompetitive inhibitors [83]. To investigate whether this 
occurs, we measured LSZ activity in the presence and absence of car
borane across a range of substrate concentrations using a standard 
fluorimetric assay, in which 4-methylumbelliferone (4-MU) is released 
from the substrate 4-methylumbelliferyl β-D-N,N′,N″-triacetylchitotrio
side hydrate (NAG₃-MUF).

Considering that the inhibition studies yielded kinetic profiles 
consistent with mixed or noncompetitive inhibition (Fig. S11), and that 
NMR data showed that carborane binds within the substrate-binding 
site, these findings support the interpretation that carborane may 
inhibit lysozyme activity by binding strongly within the substrate- 
binding site.

To assess whether our experimental approach could be extended to 
other proteins, we selected a second model system, bovine serum al
bumin (BSA). As before, the adduct was obtained through ultra
sonication in a heterogeneous phase, followed by purification. The BSA 
concentration in the complex was measured using UV–visible spectros
copy (Fig. S12), while the carborane content was quantified by MP-AES 
(Fig. S1B). The resulting molar ratio of carborane to BSA, 2.7 ± 0.5, is 
consistent with the formation of a stable 3:1 carborane@BSA complex. 
This value aligns with expectations, as BSA contains multiple binding 
sites for hydrophobic compounds (namely, seven fatty acid FA binding 
sites and a cleft binding site). AFM images (Fig. S13) confirmed the 

Fig. 4. Carborane@LSZ interactions. A) Ebinding decomposed per residue.B) Structural representation of the interaction between Ile 58, Trp62, Trp63, Ile 98, Trp108 
and carborane.

Fig. 5. Hydrogen bond network formed by the carborane upon binding to the 
lysozyme. In red “classical hydrogen bonds”, in green “dihydrogen bonds”.
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absence of aggregate formation. Docking calculations identified the 
three most probable carborane binding sites in BSA: FA5, FA7, and the 
cleft binding site (Fig. 7). These pockets were further characterized by 
MD simulations followed by MM-GBSA calculations. The binding affin
ity of carborane for the three BSA binding pockets (Fig. S14) was even 
higher than that calculated for LSZ (Ebinding FA5 = − 21.7 kcal mol− 1; 
Ebinding FA7 = − 20.6 kcal mol− 1; Ebinding Cleft = − 18.3 kcal mol− 1). The 
trend of the various binding-energy components in the three BSA 
pockets is very similar among them and closely resembles that of LSZ.

The FA5 binding site is entirely hydrophobic. The most stabilizing 
contributions arise from dispersion interactions between the benzyl 
groups of the phenylalanine residues (Phe501 and Phe550) and the 
carborane cage, along with hydrophobic contacts involving the aliphatic 
side chains of Ala527, Leu532, and Ala575. The FA7 binding site, in 
addition to hydrophobic interactions with Leu218, Leu237, Leu289, and 
Ala290, features also dihydrogen bonds between carborane and Arg217. 
The cleft binding site is likewise purely hydrophobic. In addition to 
Ala209, Leu356, Leu480, and Ala481, Lys350 also interacts with the 
carborane cage through its hydrophobic aliphatic chain, engaging in a 
surfactant-like interaction. The same key interactions observed with LSZ 
are also present in BSA.

4. Conclusions

This study presents the first detailed characterization of the inter
action between a pristine closo-carborane and a model protein (lyso
zyme) in aqueous solution, shedding light on the molecular 
determinants that govern carborane-protein recognition process. Using 
a multidisciplinary approach that combines NMR spectroscopy, AFM 
imaging, MD simulations, and MM-GBSA binding energy analysis, we 
demonstrate that carborane selectively binds to a pre-formed hydro
phobic cavity in the substrate-binding cleft of LSZ without significantly 
altering its secondary or tertiary structure.

Binding is dominated by van der Waals and hydrophobic in
teractions, supported by dispersion forces mediated by C–H⋅⋅⋅π and 
B–H⋅⋅⋅π contacts, with additional stabilization arising from hydrogen- 
bonding and dihydrogen-bonding contributions. Key interacting resi
dues include aromatic residues and aliphatic side chains, which create a 
snug hydrophobic pocket ideally suited to accommodate the carborane 
cage. Despite partial activity inhibition due to obstruction of the active 
site, the enzyme retains most of its functionality, suggesting that the size 
of carborane and interaction mode allow for modulated interference 
rather than full blockage. Kinetic studies are consistent with carborane 
behaving as a tight-binding competitive inhibitor. These findings high
light the capability of carborane to engage in selective, non-disruptive 

Fig. 6. A) Lysis of Micrococcus lysodeikticus cell suspension by LSZ (blue line), carborane@LSZ (red line), control (in the absence of enzyme, gray line). B) Binding of 
carborane in the LSZ substrate binding pocket. Superposition of carborane with the NAG6 lysozyme substrate analogue (PDB = 1SFG). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. A) Most probable carborane-binding sites in BSA. B) Fingerprint analysis and 3D representation of the interactions between carborane and BSA in the FA5 
binding pocket (top), FA7 binding site (middle), and cleft region (bottom).
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protein interactions through its unique chemical features.
By applying our experimental approach to a second model protein, 

BSA, we demonstrated its broader applicability. The shared character
istics of the binding sites in both proteins suggest common features in 
the supramolecular binding of carborane to proteins. The implications 
extend beyond drug development to areas such as protein tagging, de
livery strategies for BNCT, and the rational design of carborane-based 
inhibitors. The ability of proteins to disperse carborane opens prom
ising opportunities for its application in nanomedicine, especially 
through the design of theranostic and multimodal protein-based nano
particles. Importantly, this work establishes a foundational framework 
for future studies aimed at exploiting pristine carboranes as versatile 
bioactive components in medicinal and structural biology.
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J. Sedláček’, H. G. Kräusslich, P. Hobza, V. Král, J. Konvalink, Design of HIV 
Protease Inhibitors Based on Inorganic Polyhedral Metallacarboranes, J. Med. 
Chem. 52 (2009) 7132–7141.

[17] S. Fujii, H. Masuno, Y. Taoda, A. Kano, A. Wongmayura, M. Nakabayashi, N. Ito, 
M. Shimizu, E. Kawachi, T. Hirano, Y. Endo, A. Tanatani, H. Kagechika, Boron 
cluster-based development of potent Nonsecosteroidal vitamin D receptor ligands: 
direct observation of hydrophobic interaction between protein surface and 
Carborane, J. Am. Chem. Soc. 133 (2011) 20933–20941.

[18] F. Heide, M. McDougall, C. Harder-Viddal, R. Roshko, D. Davidson, J. Wu, 
C. Aprosoff, A. Moya-Torres, F. Lin, J. Stetefeld, Boron rich nanotube drug carrier 
system is suited for boron neutron capture therapy, Sci. Rep. 11 (2021) 15520.

[19] R.L. Julius, O.K. Farha, J. Chiang, L.J. Perry, M.F. Hawthorne, Synthesis and 
evaluation of transthyretin amyloidosis inhibitors containing carborane 
pharmacophores, Proc. Nat. Acad. Sci. 104 (2007) 4808–4813.

[20] B. Grüner, M. Kugler, S. El Anwar, J. Holub, J. Nekvinda, D. Bavol, Z. Růžičková, 
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