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A
ccess to adducts of carbon nano-
particles (CNPs) and proteins bears
on a variety of areas that range

from nanotechnology to nanomedicine to
nanotoxicology.1 From the point of view of
nanotechnology, it is possible to use pro-
teins to solvate2 and even sort CNPs accord-
ing to their morphology.3 The combination
of the peculiar properties of CNPs with
those of proteins can also be used to create
new functional materials exploitable to
develop new biomedical and electronic
devices, such as sensors.4 In the context of
nanomedicine, it may be possible to use
fullerene as an innovative scaffold for drug
design5 or to use CNPs/protein hybrids to
develop technologies for the simultaneous
diagnosis, transport, and targeted delivery.6

These nanoscale hybrids are able to assem-
ble in an ordered and hierarchical manner6

that can be used to develop new functional
materials. In addition proteins can improve
the dispersion of CNPs in nanocomposite,
e.g., for solar cells applications, preventing
aggregation. The “dark side” of CNP�protein

hybrids is the possibility that in vivo the
CNPs presence alters the protein conforma-
tion andperturbs its functioning,8whichmay
trigger unexpected biological reactions and/
or lead to (nano-)toxicity.9

The full comprehension of CNP�protein
interactions requires the still-missing iden-
tification and characterization of the
'binding pocket' for the CNPs. Once known,
it could offer the possibility of guiding the
design of new hybrid materials where the
interaction is enhanced or diminished.
To simplify the problem, we focus on C60

interaction with proteins.10 This fullerene
can be considered a representative model
system for CNPs, in general, but at the same
time it offers the opportunity to work with a
well-characterized system.
The ability of C60 to interact with proteins

was demonstrated for the first time by
pioneering work that reported its inhibiting
activity on HIV-proteases.11 Protein inter-
action of fullerene-based compounds
was later identified in other proteins as pro-
teases,12 anti-Buckminsterfullerene antibody
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ABSTRACT Integrating carbon nanoparticles (CNPs) with proteins to form hybrid functional

assemblies is an innovative research area with great promise for medical, nanotechnology, and

materials science. The comprehension of CNP�protein interactions requires the still-missing

identification and characterization of the 'binding pocket' for the CNPs. Here, using Lysozyme

and C60 as model systems and NMR chemical shift perturbation analysis, a protein�CNP binding

pocket is identified unambiguously in solution and the effect of the binding, at the level of the

single amino acid, is characterized by a variety of experimental and computational approaches.

Lysozyme forms a stoichiometric 1:1 adduct with C60 that is dispersed monomolecularly in

water. Lysozyme maintains its tridimensional structure upon interaction with C60 and only a few

identified residues are perturbed. The C60 recognition is highly specific and localized in a well-defined pocket.
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Fab fragment,13 acetylcolinesterase,14 human and
bovine serum albumin,15,16 lysozyme,17 etc.18�32

To date, the identification of the fullerene binding
site in these proteins, and the subsequent protein
structural and functional modifications, has relied
only on indirect techniques.8�32 As a rule, tryptophan
quenching and computational studies are put to hard
work when trying to identify unambiguously a binding
site. Infrared spectroscopy, circular dichroism and
other spectroscopic techniques can monitor changes
in the secondary structure of proteins, but give only
limited information at the level of individual amino
acids. Activity assays are per se also partly informative if
the binding site of the CNP is unknown, since direct
inhibition, allosteric effects or perturbation of the
enzyme structure can all be responsible for changes
in the enzyme activity. To complicate matters, it is not
clear if themeasured effects rely on (i) the formation of
a 1:1 adduct, (ii) binding of the protein with fullerene
aggregates, or (iii) average effects deriving by the
binding of fullerene/fullerenes to multiple protein
binding sites.
Here, for the first time, using NMR chemical shift

perturbation analysis, a protein�CNPbinding pocket is
identified unambiguously in solution and the effect
of the binding, at the level of the single amino acid, is
characterized by a variety of experimental and com-
putational approaches. As a model protein we choose
lysozyme (LSZ). It is one of the less expensive, more
deeply understood, andmost used proteins in research
(it is very resistant and stable, easy to modify geneti-
cally to create mutants, very simple to crystallize
and perfectly known from the biological point of
view). Lysozyme is the ideal workhorse to unravel the
underlying principles of protein structure, function,
dynamics, and folding.
NMR can provide high-resolution information on

protein structure and changes occurring in protein�
CNP complexes formed in aqueous environment.
Chemical shift perturbation (CSP) is a well-established
technique used tomonitor protein�ligand,33 protein�
protein,34 and protein�nanoparticle35 interactions.
Two-dimensional 1H�15N NMR experiments are used
to detect, at the atomic level, the interaction between
LSZ and C60. The NMR investigation is complemented
with spectroscopic studies and activity assays that for
the first time can be interpreted on the basis of the
knowledge of the C60@LSZ interaction site.

RESULTS AND DISCUSSION

C60@Lysozyme. Proteins and LSZ, in particular, are
able to disperse pristine single-wall nanotubes in water
with the aid of ultrasonication.2,3 A similar approach is
used to create a hybrid C60@LSZ complex (seeMethods
section). The UV�visible spectrumof C60@LSZ (Figure 1)
revealed features that belong to both components
of the adduct, showing the distinctive absorption of

fullerene (341 nm) and protein (281 nm). On the basis of
the photophysical data reported for fullerene,36 the
absorbance is compatible with a concentration of solu-
bilized C60 quite similar to that of lysozyme as expected
in the case of the formation of a stable 1:1 complex
between the two species. To explore whether the
interaction of LSZ with C60 causes a conformational
change in the protein, we performed circular dichroism
measurements (inset Figure 1). The global structure of
theprotein is only slightly perturbed uponbinding. SDS-
PAGE (Figure S1) and size exclusion chromatography
(Figure S2) revealed that LSZ is in a monomeric form,
thus excluding, respectively, covalent and noncovalent
aggregation phenomena that could occur in the ultra-
sonication process.

NMR Chemical Shift Perturbation Analysis. Two-dimen-
sional 1H�15N NMR experiments were used to detect
changes in the chemical environment of all coupled H
and N atoms of the protein upon formation of protein
complexes (chemical shift perturbation analysis, CSP).
Figure 2 shows the superposition of 2D 1H,15N HSQC
spectra of free LSZ and C60@LSZ hybrid. Each cross-
peak represents a NH group of the protein backbone
(one per amino acid residue, excluding Pro residues)
and of a Trp indole ring. Cross-peaks, corresponding
to NH2 groups of Asn and Gln side chains, are also
present. Even after complex formation the spectral
resolution remains very high, indicating that theprotein
retains its folding.

Only a few NH backbone groups undergo signifi-
cant change in chemical shift upon binding to C60, with
the majority of them remaining unaffected. This find-
ing indicates that the interaction of C60 with LSZ is very
specific and affects only a few amino acids.

The chemical shift perturbation for each amide NH
group of the protein backbone is shown in Figure 3a.
The residues that undergo the largest changes,
not contiguous in the sequence, cluster in a specific
region of the three-dimensional structure of the pro-
tein (Figure 3b). These residues (4, 19, 43�46, 50�54,

Figure 1. Spectroscopic characterization of C60@LSZ hybrid.
UV�visible spectra of monomeric LSZ protein (black line)
and purified C60@LSZ hybrid (red line). The inset shows the
circular dichroism spectra ofmonomeric LSZ (black line) and
C60@LSZ hybrid (red line).
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58�61, 102�107, 121�122, 129) are most likely in-
volved in the interaction with C60. The chemical shift
of the NH group of Trp 108 indole ring (HNε1) is also
sensitive to complex formation (Figure 3a).

A docking protocol10,25 recently validated to detect
fullerene protein binding pockets identifies the same
region of the NMR as the most likely binding site. In
Figure 4a the C60 localization resulting from the dock-
ing calculations and the residues undergoing the
largest chemical shift changes identified by NMR are
mapped on the 3D structure of LSZ (red area).

LSZ structure consists of two domains (R and β).
The R domain contains residues 1�35 and 85�129
(four R helices and a short 310 helix), while the β
domain contains residues 36�84 (a triple-stranded
antiparallel β sheet, a long loop, and a 310 helix).

C60 is wedged in the cleft between the R and β
domains (Figure 4b), in proximity of the catalytic site.

Fluorescence Spectroscopy. The fluorescence spectrum
of LSZ upon excitation at 280 nm shows an emission
band with a maximum at 334 nm and a fluorescence
quantum yield Φ = 0.28. The emission is due to the
presence of six tryptophan residues. The fluorescence
of LSZ overlaps with the electronic transition of C60
at 341 nm.36 The corresponding excited state of C60
is expected to quench the emission of the protein
via fluorescence resonant energy transfer (FRET). As a
consequence, the complexation of C60 may be con-
firmed by the quenching of the Trp fluorescence
(Figure 5a).

Steady-state and time-resolved fluorescence spec-
tra were analyzed taking into account the position of

Figure 2. Superposition of 2D 1H,15N HSQC spectra of samples of free LSZ (blue) and C60@LSZ hybrid (red). Black labels
indicate cross-peak assignment of residues undergoing chemical shift perturbation upon interaction with C60.

Figure 3. NMR chemical shift perturbation analysis of LSZ upon interactionwith C60. (a) CSP is given by theweighted average
chemical shift differences Δδavg(HN) of cross-peaks in the 1H,15N HSQC spectra of free and bound LSZ (see equation
embedded in the figure). (b) 3D representation of the residues undergoing chemical shift changes (red region) upon C60
binding.

A
RTIC

LE



CALVARESI ET AL. VOL. 8 ’ NO. 2 ’ 1871–1877 ’ 2014

www.acsnano.org

1874

C60 binding site. The main emitters, responsible for
more than 80% of LSZ fluorescence, are Trp62 and
Trp108.37,38 C60 binds in their proximity. In comparison
to free LSZ, Figure 5a shows that, in the spectrum of
C60@LSZ, Trp fluorescence is almost completely
quenched. Time correlated single photon counting
(TCSPC) experiments allowed to investigate the
quenching process in more detail.

The excited state decay of pristine LSZ was fitted by
a triexponential model (χ2 = 1.025).37,38 The associated
lifetimes were τ1 = 2.73 ns (f1 = 0.20), τ2 = 1.37 ns (f2 =
0.42) and τ3 = 0.46 ns (f3 = 0.38),37,38 where fi = Bi/(B1þ
B2 þ B3) is the population of the emitter, and Bi is the
pre-exponential term relative to the lifetimes τi; τ1 and
τ2 were attributed to Trp62 and Trp108, respectively,
while τ3 was attributed to the convolution of the other
four tryptophans present in LSZ.37,38 Upon inclusion
of C60, the excited state decay is dominated by a very
fast component τ10 ∼ 0.1 ns (f1 = 0.99). Two residual
components τ20 = 2.92 ns (f2 = 0.003) and τ30 = 1.17 ns
(f3 = 0.007) due to a small fraction (∼1%) of uncom-
plexed LSZ can be still detected. These results demon-
strate that about 99% of LSZ in solution hosts a C60 in a
1:1 adduct.

To investigate the origin of the residual emission,
we first calculated the distance between donors (the
tryptophan residues) and acceptor (C60) at which the

efficiency, ηRET, of energy transfer is 0.5. This distance is
conventionally called Föster radius, r0, and depends
on the spectral properties of donor and acceptor. The
value we found is r0 = 30.2 Å. As shown in the Methods
section, it can be used to calculate the actual distance
between the donor and the acceptor once ηRET is
known. According to the Föster model, the shortest
and predominant component of the excited state life-
time, τ10 ∼ 0.1 ns, is relative to the tryptophan residues
closest to C60. Assuming that these residues are Trp62
and Trp108, we determined ηRET ∼ 0.97 and ηRET ∼
0.91, which imply a distance from C60 of r = 16.9 and
20.5 Å (see Methods). Notice that ηRET depends on the
excited state lifetime of the nonquenched residues.

The calculated distances are not consistent with
those (considerably smaller) resulting from the NMR
analysis and the docking calculations, which are 8.8 and
9.3 Å.We deduce that the excited tryptophanmolecules
that decay with τ10 ∼ 0.1 ns are not Trp62 and Trp108
but the other TRP residues further away from C60 (see
Figure 5b). Similar considerations apply to the other two
components of the decay τ20and τ30 that are due to the
poorly quenched Trp units more distant from C60. On
the basis of these observations, we conclude that the
fluorescence of Trp62 and Trp108 is quenched to such
an extent to become undetectable by the time-resolved
measurements of our experimental conditions.

Figure 4. Identification of the C60 binding pocket. (a) Docking of C60 in the LSZ structure; the red area corresponds to
the residues undergoing the largest chemical shift changes in the NMR measurements; (b) LSZ R (red) and β domains (blue).
The active site residues (Glu35 and Asp 52), critical for the catalytic activity of the enzyme, are shown in yellow.

Figure 5. Quenching of the LSZ fluorescence by C60. (a) Steady-state fluorescence (λexcitation = 280 nm) of solutions of
monomeric LSZ (black line) andC60@LSZ hybrid (red line); (b) TRP locations in the LSZ structure.
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Determination of Enzyme Activity. Since C60 binds in
proximity of the catalytic site, the activity of free
LSZ and C60@LSZ was determined fluorimetrically
by following the glycolysis of 4-methylumbelliferyl
β-D-N,N0,N00-triacetylchitotrioside (a fluorogenic sub-
strate that has been used for the detection of lysozyme,
peptidoglycan, muramidase, and endochitinase activ-
ity, see Figure S3).39 The activity is quantified by
monitoring the release of 4-methylumbelliferone after
30 min of incubation. The C60@LSZ retains 53% of
activity of the free enzyme. This finding can be ex-
plained by considering that in its activity LSZ hydro-
lyzes a number of structurally similar substrates, such
as alternating polysaccharide copolymers of N-acetyl
glucosamine (NAG) and N-acetyl muramic acid (NAM)
(Figure S3). LSZ cleaves the β(1�4) glycosidic linkage,
connecting the C1 carbon of NAM to the C4 carbon of
NAG. The active site of LSZ consists of six subsites,
designated as “A” to “F”, that can accommodate six
sugarmoieties (Figure 6). LSZ preferentially cleaves the
glycosidic bond connecting ring “D” to ring “E”. C60
binds to the saccharide binding sites “C”, which clogs

the binding site of the substrate, making difficult its
binding, without completely inhibiting its activity
(Figure 6). Functionalization of the fullerene cage,
to make it more hydrophilic and/or charged, offers
the possibility to modulate its inhibitory activity, as
observed in similar systems.14,32

CONCLUSION

NMR and spectroscopic data show, unequivocally
and for the first time, that it is possible for LSZ to form a
stoichiometric 1:1 adduct with C60. Circular dichroism
indicates that LSZ maintains its tridimensional struc-
ture upon interaction with C60. Chemical shift pertur-
bation (CSP) analysis confirms that the 3D structure
remains largely unaffected by the C60 binding, and only
a few well-identified residues are perturbed. The C60
recognition is highly specific and localized by NMR in a
well-defined pocket. Enzyme activity assays show that
C60@LSZ retains 53% of activity of the free enzyme.
Several consequences of these findings can be en-

visaged. LSZ provides a simple way to disperse pristine
C60 in water in monomolecular form in alternative to
well-knownmacrocyclic receptors.41 Knowledge of the
specific recognition pocket of LSZ for C60 may also
allow the design of new functionalization patterns of
the cage able to modulate the interactions of CNPs
with LSZ. Notice that LSZ recognition pocket of fullerene
is different from LSZ recognition pocket of carbon
nanotubes.42,43 Therefore, in principle, LSZ, and possibly
other proteins, could be used to sort different CNPs or to
assemble them in a controlled way.
Establishment of a simple procedure to prepare and

characterize protein�CNP hybrids can be used in the
future to (i) improve the coupling between the two
types of moieties for sensor or for targeting applica-
tion,44 or (ii) to use fullerene and fullerene derivative as
innovative scaffolds for inhibiting compounds.5 It can
also be envisaged that the procedure can be used to
develop functionalized CNPs with smaller interactions
and reduce the toxicological risk connected to the
exposition to CNPs.45

METHODS

C60@Lysozyme Preparation. C60@LSZ hybrid was prepared by
addition of C60 powder (Sigma-Aldrich, code 572500, used as
commercially available, without any additional purification), in 2:1
excess with respect to the stoichiometric relationship, to 3 mL of a
10�3Msolutionof LSZ (Sigma-Aldrich, codeL6876) inMilli-Qwater.

After sonication for 60 min using a probe tip sonicator
(Misonix XL2020; 500 W, 40% power) in an ice bath, C60 was
dispersed in the LSZ solution forming a dark brown mixture.
A dark-brown solution was obtained after centrifugation at
5000g for 10 min and collection of the supernatant. These
conditions were optimized to maximize the concentration of
C60@Lysozyme inwater, at the same time avoiding aggregation,
therefore, affording homogeneous and stable solutions.

Gel Electrophoresis. The aggregation state of LSZ upon inter-
action with C60 was monitored by SDS-PAGE. Briefly, samples of

LSZ (500 μM), prepared either in the absence or in the presence
of C60, were mixed with an equal volume of Laemmli buffer.
Each sample was boiled for 5min. Samples were loaded on 15%
polyacrylamide gels and run in TGS 1� buffer at 100 V. After
running the gel was silver stained.

Size Exclusion Chromatography. Samples of LSZ (500 μM), pre-
pared either in the absence or in the presence of C60, were
analyzed by SEC using an AKTA Purifier UPC900 FPLC instrument
(GE Healthcare) equipped with a Superdex 75 10/300GL column
(GE Healthcare). An elution buffer of 50 mM sodium phosphate,
pH 7.0, containing 150 mM NaCl was used. The flow rate was
0.5 mL/min. The UV detector was set at 280 nm. With the use of
SEC calibration standards (Sigma-Aldrich), the peak eluting at
15mLwas consistentwith themolecularweight of LSZ (14.4 kDa).

Nuclear Magnetic Resonance Spectroscopy. NMR experiments
were performed at 25 �C on 3.0 mM samples of unlabeled LSZ

Figure 6. Binding of C60 in the LSZ substrate binding
pocket. Superposition of C60 with a NAG6 lysozyme sub-
strate analogue, PDB file 1SFG,40 where the NAG6 molecule
is bound to sites ABCDE, leaving the F site empty with the
remaining saccharide ring located in a solvent region
adjacent to the A site. In red, catalytic residues Glu35 and
Asp 52. LSZ cleaves the glycosidic bond connecting ring “D”
to ring “E”.
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in 10% D2O, in the presence or absence of C60. The C60@LSZ
complex was prepared as described above. Natural abundance
2D 1H,15N-edited HSQC spectra were collected on a Bruker
Avance 600 spectrometer using a triple-resonance probe
equipped with pulsed field gradients along the z-axis. HSQC
spectra were acquired using a gradient-enhanced sequence in
which coherence selection and water suppression are achieved
via gradient pulses. A total of 512 transients were acquired
over an F2 (1H) spectral width of 14 ppm into 2048 complex
data points for each of 256 t1 increments in TPPI mode with
an F1 (15N) spectral width of 40 ppm centered at 118 ppm.
The sequence was optimized with an INEPT delay 1/(4JNH) of
2.78ms. A recycle delay of 1.0 swas used. Decouplingduring the
acquisition time was achieved using a GARP scheme. Data zero-
filled in F1 were subjected to apodization using a squared
cosine bell function in both dimensions prior to Fourier trans-
formation and phase correction. Data were processed using the
Bruker software TOPSPIN and analyzed with the program CARA
(The Computer Aided Resonance Assignment Tutorial, R. Keller,
2004, CANTINA Verlag). Resonance assignment of LSZ was
performed using available chemical shifts data (BMRB Entry
4831) with the aid of 2D TOCSY and NOESY, and 3D 15N-edited
NOESY spectra. Chemical shift changes upon complex forma-
tion with C60 were reported as weighted average chemical shift
differences Δδavg(HN) to account for differences in spectral
widths between 1H and 15N resonances. Δδavg(HN) were calcu-
lated as described elsewhere46 (i.e., Δδavg(HN) = [(ΔδH2 þ
(ΔδN/5)2)/2]1/2, where ΔδH and ΔδN are chemical shift differ-
ences for 1H and 15N, respectively) and plotted as a function
of the protein sequence.

Photophysical Measurements. Photophysical studies were car-
ried out in ultrapure water solutions (Milli-Q system byMillipore
was used forwater purification). The LSZ and C60@LSZ solutions
were kept refrigerated at 4 �C. To perform photophysical
measurements, the solutions were diluted to 2:300 with pure
water. UV�vis absorption spectra were recorded at 25 �C by
means of Perkin-Elmer Lambda 45 spectrophotometer. The
fluorescence spectra were recorded with an Edinburgh FLS920
fluorimeter equippedwith a photomultiplier Hamamatsu R928P.
The same instrument connected to a PCS900 PC card was
used for the Time Correlated Single Photon Counting (TCSPC)
experiments.

Circular dichroism spectra were obtained with a Jasco J-810
spectropolarimeter.

The Föster distance r0, at which the efficiency of energy
transfer is ηRET = 0.5, is calculated from the spectral data
according to eq 1.

r0 ¼ 9:78� 103[K2n�4ΦDJ(λ)]
1=6 (Å) (1)

where κ2 = 2/3 is an orientation factor, n is the refractive index,
ΦD is the fluorescence quantum yield of the donor and J(λ) is
the spectral overlap according to eq 2.

J(λ) ¼
Z
fD(λ)EA(λ)λ4 dλ (2)

where ɛA(λ) is the molar absorption coefficient of the acceptor
and fD is the normalized fluorescence spectrum of the donor
obtained from the experimental one FD(λ) according to eq 3.

fD(λ) ¼ FD(λ)Z
FD(λ) dλ

(3)

Equation 4 was used to calculate the average tryptophan�C60
distance r in case that τ10 was related either to the decay of
Trp62 (ηRET ∼ 0.97) or of Trp108 (ηRET ∼ 0.91)

ηRET ¼ r60
r6 þ r60

(4)

Activity Assay. The activities of LSZ and of C60@LSZ were
measured following the release of 4-methylumbelliferone from
thesubstrate4-methylumbelliferylβ-D-N,N0 ,N0-triacetylchitotrioside
hydrate (Sigma-ALdrich, code M5639). A stock solution of 87 μM
4-methylumbelliferyl β-D-N,N0 ,N0-triacetylchitotrioside hydrate

was prepared following the manufacturer's instruction. The
substrate concentration was calculated from the absorbance
at 316 nm (molar extinction coefficient of 12.3 mM�1). Two-
milliliters sample solutions were prepared mixing either 27.4 μL
of 1 mM LSZ or 27.4 μL of 1 mM C60@LSZ with 1.7 μL of 87 μM
substrate in 25 mM ammonium acetate buffer, pH 4.6, and the
solutions were incubated for 30min at 42 �C. The reactions were
stopped by adding 240 μL of NaOH 1 N. The release of free
4-methylumbelliferone was recorded by emission fluorescence
spectra (Spectrofluorimeter Jasco FP-770), using an exciting
wavelength of 360 nm and measuring the emission at 455 nm.
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