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Polyhydroxylated [60]Fullerene Binds Specifically to
Functional Recognition Sites on Monomeric and
Dimeric Ubiquitin

Serena Zanzoni,* Alberto Ceccon,” Michael Assfalg,” Rajesh K. Singh,” David
Fushman,” and Mariapina D’ Onofrio®

The use of nanoparticles (NPs) in biomedical applications requires an in-depth understanding
of the mechanisms by which NPs interact with biomolecules. NPs associating with proteins
may interfere with protein-protein interactions and affect cellular communication pathways,
however the impact of NPs on biomolecular recognition remains poorly characterized. In this
respect, particularly relevant is the study of NP-induced functional perturbations of proteins
implicated in the regulation of key biochemical pathways. Ubiquitin (Ub) is a prototypical
protein post-translational modifier playing a central role in numerous essential biological
processes. To contribute to an understanding of the interactions between this universally
distributed biomacromolecule and NPs, we investigated the adsorption of polyhydroxylated
[60]fullerene to monomeric Ub and to a minimal polyubiquitin chain in vitro at atomic
resolution. Site-resolved chemical shift and intensity perturbations of Ub’s NMR signals,
together with 'N spin relaxation rate changes, exchange saturation transfer effects, and
fluorescence quenching data were consistent with the reversible formation of soluble
aggregates incorporating fullerenol clusters. Specific interaction epitopes were identified,
coincident with functional recognition sites in monomeric and lysine48-linked dimeric Ub.
Fullerenol appeared to target the open state of the dynamic structure of dimeric Ub according
to a conformational selection mechanism. Importantly, protein-NP association prevented
enzyme-catalyzed synthesis of polyubiquitin chains. Our findings provide experiment-based
insight into protein/fullerenol recognition, with implications in functional biomolecular
communication, including regulatory protein turnover, and for the opportunity of therapeutic
intervention in Ub-dependent cellular pathways.

monomeric Ub or structurally diverse Ub chains elicits distinct
downstream responses which originate from molecular
recognition involving specific and distinct Ub surface patches.®

Life is sustained by a finely tuned network of biomolecular
interactions. Exposure of living organisms to exogenous agents
such as nanoparticles (NPs) may cause interfering associations,
sometimes leading to dramatic biological consequences.'™
However, the current knowledge on NP interactions with
biomolecules remains scarce. In this respect, particularly
relevant is the study of NP-induced functional perturbations of
proteins implicated in the regulation of key biochemical
pathways. Herein we focus on ubiquitin (Ub), a small protein
acting as a post-translational modifier upon covalent
conjugation to protein substrates and playing a central role in
numerous processes including protein degradation, cell
signaling, and DNA repair.*

Ub modifies target proteins via an isopeptide linkage
between its carboxyl terminus and a lysine residue of the
substrate. Additional covalent bonds between Ub monomers,
generally involving one of the seven Ub lysine residues, may
lead to polyUb chain formation.’ Substrate conjugation by
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For example, a hydrophobic surface patch including Leus,
Ile44, and Val70 mediates the interaction of Ub units in Lys48-
linked chains with Ub-binding motifs of partner proteins in the
Ub/proteasome proteolytic pathway.” Notably, ubistatin binding
to this hydrophobic patch was shown to interfere with its
recognition by Ub chain receptors of the proteasome, offering
an opportunity for cancer drug development.®

Monomeric Ub has a stable globular fold which has been
thoroughly characterized in solution as well as in crystal form.
Recent investigations made use of Ub as a test biomolecule to
describe NP-protein interactions. Ub was reported to interact
specifically with citrate-coated gold NPs® and to bind citrate-
coated silver NPs.'® The adsorption of Ub to uncoated silver
NPs resulted in the formation of insoluble aggregates
incorporating amyloid-like structures.'® Residues distributed
over the entire -sheet domain displayed the largest NMR
spectral perturbations in the presence of silver NPs. A recent
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computational study of the interaction between Ub and
hydroxylated [60]fullerene identified two specific binding sites
on the protein surface, mapping to the region around Tyr59 and
to the C-terminus."!

In this work we studied the interactions of fullerene NPs
with both monomeric and dimeric Ub in order to understand
their potential impact of carbon NPs on life-essential processes.
Fullerenes and their derivatives have attracted interest in
several areas of biology and medicine due to unique physical
and chemical properties.'> Potential biomedical applications
include their use as drug carriers, antiviral drugs, enzyme
inhibitors, contrast agents, antioxidants, and photosensitizers.'>
The most commonly occurring member of the family,
[60]fullerene (Cg), consists of sixty carbon atoms arranged in a
truncated icosahedron.'® Pristine Cg is essentially insoluble in
aqueous media, an unfavourable property for its release in a
biological environment. Exohedral functionalization with polar
groups has the advantage of increasing water solubility.
Hydroxylation of the carbon cage results in molecules known
as fullerenols or poly(hydroxy)fullerenes [Cgo(OH),], as well as
fullerenol salts ([Cs(OH), O, [K,Na*],).'*"

We describe the interactions between fullerenol and the Ub
system, providing atomic-level insight into the structural
organization of the formed soluble aggregates. We adopted site-
resolved NMR spectroscopy, which was recently introduced for
the characterization of nano-bio interfaces,”'*'® together with
fluorimetry and size-exclusion chromatography. We further
applied the recently described dark-state exchange saturation
transfer experiment as a unique tool to demonstrate the
reversibility of protein-nanoparticle association,'®* and used
nuclear spin relaxation to derive information about the
hydrodynamic properties of the nanoscale conjugates. For the
identification of surface patches on di-ubiquitin we adopted
segmental isotope labelling.?! The impact of fullerenol on
polyubiquitin chain synthesis was assessed by polyacrylamide
gel electrophoresis. We discuss the implications of our findings
in the context of Ub-mediated cellular signalling pathways.

Results and discussion

Fullerenol clusters adsorb reversibly to monomeric Ub

We investigated the association of fullerene NPs with Ub by
performing heteronuclear correlation NMR experiments.
Preparations of Ub in the presence of pristine Cgy, obtained
with the aid of ultrasonication, resulted in unperturbed 'H,5N-
HSQC (heteronuclear single quantum coherence) protein
spectra (not shown), ruling out any significant association with
the NPs. In the conditions used, we found no evidence to
support the prediction, based on discrete molecular dynamics
simulations, that Ub misfolds in the presence of pristine Cgp."'
We therefore decided to explore the interaction of Ub with
water soluble fullerene derivatives. As a compromise between
preserving part of the surface chemistry of pristine Cgy and
increasing  solubility we selected a medium-degree
hydroxylated derivative'* (24 OH/O" groups, hereafter referred
to as fullerenol, Figure la). These particles are reported to
occur in solution mostly as soluble clusters due to extended
hydrophobic and m-7 interactions.”> Consistently, by dynamic
light scattering we found a bi-modal particle-size distribution
with a major peak centered at 6 nm (Figure S1 in the Electronic
Supplementary Information (ESI)).
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The addition of fullerenol to Ub samples resulted in clear
solutions with no precipitates. In fluorimetric experiments, the
fluorescence emission intensity of excited Tyr59 decreased
progressively upon addition of fullerenol (Figure 1b). The
normalized intensity change displayed a nonlinear trend as a
function of total fullerenol concentration (Figure 1c),
attributable to a static quenching effect due to formation of a
nonfluorescent  ground-state complex.”> The protein-NP
interaction was further confirmed by size exclusion
chromatography (Figure S2).

To explore the hydrodynamic properties of the observable
species in solution we performed N longitudinal spin
relaxation rate measurements, "N R;, on Ub upon subsequent
additions of fullerenol. >N R, data were used to derive the
apparent rotational correlation time constant, t., at each titration
step (see Experimental Section for details). The t. value of Ub
increased progressively after the second addition until
fullerenol was in twofold molar excess, and at [fullerenol]/[Ub]
= 4 it reached the value of 9.5 ns, which is a factor of 2.2 larger
than the 1. of free Ub (Figure 1d). These results indicate that
the observed species in solution in advanced titration steps
departed from a simple binary complex formed by one Ub and
one fullerenol particle (expected to exhibit a t. below 4.5 ns),
instead the data are consistent with interactions involving
fullerenol clusters. The rotational correlation time observed at
saturation could originate from different protein/NP
stoichiometries. By approximating all molecules and
assemblies as spherical bodies, and applying the Stokes-
Einstein-Debye law, we estimated that an assembly formed by
one Ub molecule and 40 fullerenol particles would display a .
value of about 9.4 ns. A similar 1. value could be expected for a
complex comprising two Ub molecules and 10 fullerenol
particles, a more likely scenario based on our titration data.

The reversibility of the protein-NP interaction was inferred
from the hyperbolic-like trend observed for the global N R,
values plotted against the fullerenol concentration (Figure S3).
Additional compelling evidence was obtained from dark-state
exchange saturation transfer experiments (DEST).'" In the
DEST experiment, the >N magnetization of an observable
species undergoing reversible association with a slowly
tumbling aggregate is transferred by chemical exchange to the
NMR-invisible state, partly saturated, and transferred back
upon dissociation. The observation of a slightly broader
saturation profile for the 1D Hy envelope of the Ub spectrum in
the presence of fullerenol ([fullerenol]/[Ub] = 0.75, Figure le)
supported an equilibrium exchange process between free and

bound Ub forms occurring during the saturation time (0.9
20,24
s).”

Identification of the fullerenol binding epitope on monomeric Ub

To obtain atomic-level information about the interaction
between fullerenol and Ub, NMR 1H,lSN-HSQC spectra were
acquired for Ub alone and after stepwise addition of fullerenol
(Figure 2a). The '"Hy and N resonance frequencies (chemical
shifts) are sensitive to chemical environment and therefore can
serve as exquisite reporters of interactions. Several peak
position changes were observed during the titration (Figure 2).
Analysis of chemical shift perturbations (CSPs) resulted in the
identification of two mostly perturbed regions centered around
residues Ile44 and Val70, together forming a contiguous area
on the Ub surface defined by residues in strands B3-B5 (Figure
1f, 4a,4b). Concomitant with CSP, a decrease in peak
intensities was also observed (Figure 2c) and many signals
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became undetectable at [fullerenol]/[Ub] > 1.5. Intensity
perturbations varied along the protein sequence and matched
closely the CSP profile, although with a stronger effect around
Leu8.

The fullerenol contact surface on Ub consists of the
hydrophobic patch centered around Leu8, Ile44 and Val70,
extending to the C-terminus and part of strands 33 and PS5
(Figure 4a,b). The borders of this area include residues Phe45
and Leu71, belonging to the two non-contiguous fullerenol
binding sites predicted by computational studies.!' The side
chains present in this region likely establish hydrophobic
interactions with the fullerenol rings, supported by salt bridges
or cation-m interactions involving the guanidino groups of
Arg42 and Arg72 and the amino groups of Lys6 and Lys48, and
additional polar contacts with the hydroxyl groups of fullerenol.
His68 and Phe45 could provide additional stabilizing energy
through n-m interactions.

The side chains of amino acid residues forming the
fullerenol interaction epitope cover a molecular surface area of
~12 nm?, corresponding to the projection surface of a layer of
10-12 closely packed fullerenol particles. The soft, possibly
dynamic, nature of fullerenol clusters does not allow to
determine a precise stoichiometry on the basis of simple
geometric considerations or to distinguish unambiguously
whether one or two Ub molecules are involved in formation of
the assembly. Furthermore, we cannot rule out that Ub-Ub
contacts also contribute to the observed NMR perturbation
patterns. Nonetheless, it is clear that fullerenol clusters adsorb
to Ub differently than other hard NPs. The observed interaction
epitope differs in surface area and position from that reported
for the binding to citrate-coated gold nanoparticles (epitope
formed by residues GlIn2, Ile3, Leul5, Vall7 and Glu18).9 The
binding to uncoated silver NPs was shown to perturb a more
extended area than that interacting with fullerenol,lo more
closely resembling the surface involved in non-covalent dimer
formation at high Ub concentrations.”® Thus, distinct Ub
surface patches are selected by different NPs, depending on
particle surface chemistry and size.

Physiological relevance of fullerenol binding to Ub

Evidence has been accumulated that water soluble fullerene
derivatives can be taken up by cells®*° and that the efficiency
of fullerenol internalization can become significant in the
presence of polycationic transfection agents.” Ub is universally
distributed among eukaryotic cells and thus it is likely to
eventually associate with internalized NPs. The changes in '°N
R; value as a function of fullerenol/Ub molar ratio (Figure S3)
were used to evaluate the binding affinity. In a first analysis the
stoichiometry was introduced as an adjustable parameter and
was found to be close to 1:1. This apparent contradiction with
the proposed higher order stoichiometry (e.g. two Ub and ten
fullerenol molecules) can be explained by the fact that in the
present system affinity is dictated by the concentration of the
single fullerenol molecule, presumably as a consequence of a
highly dynamic equilibrium between monomeric and
aggregated states of fullerenol. This finding is in agreement
with the expectation that a model in which fullerenol clusters of
constant defined composition bind to the protein with fixed
stoichiometry is not realistic, given the dynamic nature of the
clusters. Therefore, assuming a simple two-state association
equilibrium between Ub and fullerenol, we estimated an
apparent dissociation constant, K43 = 200 = 88 uM. Although
crudely estimated, the strength of this interaction is comparable

This journal is © The Royal Society of Chemistry 2012
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with that of protein-protein complexes formed by Ub and
partner proteins. As an example, the binding of Ub with
isolated ubiquitin associated domains (UBA) was found to
display an affinity in the range 20-500 pM.*° Thus, fullerenol
particles may effectively interfere with protein-mediated
functional communication, eliciting cytotoxic effects.

We examined whether the interaction of fullerenol could
affect the formation of polyUb chains. The latter process can be
achieved in vitro after mixing Ub with small amounts of Ub-
activating enzyme E1 and the Ub-conjugating enzyme E2.*>' We
monitored the reaction products obtained in the absence and
presence of fullerenol using sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) and found that
fullerenol almost completely abolished formation of Ub, and
longer chains (Figure 5). This result can be explained by the
fact that the fullerenol contact surface on Ub includes the
regions around both residues involved in isopeptide bond
formation, Lys48 and Gly76 (Figure 4a,b), thereby preventing
molecular recognition. Because the use of sub-stoichiometric
fullerenol concentrations did not impair polyUb production, we
conclude that functional recognition during the reaction is
abolished by fullerenol binding to Ub.

Fullerenol particles bind specifically to dimeric Ub

We investigated the ubiquitin dimer, Ub,, formed by two Ub
monomers linked covalently through an isopeptide bond
connecting the carboxy-terminal Gly76 of the so-called distal
Ub and the g-amino group of Lys48 in the proximal Ub. The
fluorescence quenching effect produced by fullerenol on Ub,
was larger than that observed with monomeric Ub at the same
concentration of fluorophore (Figure 1c), suggesting a
cooperative binding with the dimeric form or the interaction
with a distinct surface patch. The binding affinity was reduced
(reduced quenching effect) in higher ionic strength condition
(Figure 1c¢), indicating that electrostatic interactions contributed
to the binding energy. Formation of soluble aggregates
containing Ub, was confirmed by the analysis of R; values
measured in the presence of increasing fullerenol concentration.
The corresponding 1. values show a very similar trend to that
observed for Ub (Figure 1d) and reach the value of >12 ns in
the presence of a fourfold excess of fullerenol.

To resolve the NMR signals of the two Ub units in Ub,,
which are almost indistinguishable due to their structural
identity, we adopted an established strategy of segmental
isotope labelling.?! Two different protein samples, in which
either the proximal [Ub,('N-P)] or the distal [Ub,('*°N-D)] unit
was enriched in '°N, were mixed with increasing amounts of
fullerenol, and 'H,'’N-HSQC spectra were recorded (Figure
3a,b). Peak position changes were observed for both samples
throughout the titrations (Figure 3c,d), indicating that the
chemical environments of both units were perturbed by the
presence of fullerenol. The strongest effects were observed in
discrete regions of the polypeptide chain, particularly around
positions 48 and 70. The CSP patterns appear similar for the
two Ub units, while the CSP magnitudes are somewhat stronger
for the distal than for the proximal Ub at equivalent amounts of
NPs, suggesting preferential binding to the former. A
differential behavior is particularly evident from analysis of
intensity perturbations. As in the case of Ub, NMR peaks
exhibited an intensity decrease upon addition of fullerenol, the
extent of this effect being region-specific and analogous to the
CSP pattern (Figure 3e-h). Therefore signal intensities not only
reported on a global population shift towards larger
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supramolecular species but also on specific association
equilibria occurring in an intermediate exchange regime.

Potential impact of fullerenol on the ubiquitin/proteasome
degradation pathway

The fullerenol binding surface on both the distal and proximal
units of Ub, maps to an analogous patch to that described for
Ub (Figure 4c,d). Importantly, however, there is a preference
for binding to the distal Ub, likely reflecting the asymmetric
modification of the chemical environment after conjugation of
the two monomers. As in the case of Ub, it cannot be ruled out
that Ub,-Ub, contacts may also contribute to the observed
NMR perturbations. Analysis of the '’N R, binding isotherm
(Figure S3) resulted in an apparent Ky = 75 = 40 uM, indicating
a stronger affinity of fullerenol for Ub, compared to Ub. A
similar trend was observed for the binding of Ub and Lys48-
linked Ub, to both UIM-2 of the proteasomal subunit S5a and
the UBA2 domain of the DNA repair protein HHR23A.%** In
the latter case, the stronger affinity of UBA2 for Lys48-linked
Ub, was attributed to the formation of a Ub-UBA2-Ub
‘sandwich-like’ structural arrangement, specific of polyUb
chains bearing a Lys48 linkage.™ A similar conformation could
be involved in cooperative binding to fullerenol clusters.

Ub, and higher order polymers are inherently dynamic and
are best described as ensembles of different conformations in
equilibrium.?'**>7 Lys48-linked Ub, was shown to adopt a
‘closed’ structure, where the Leu8-Ile44-Val70 hydrophobic
patches on each domain contact each other, and an ‘open’
conformation in which the two monomeric units are farther
apart. Because we did not observe additional perturbations
outside the interdomain surface, the hydrophobic patches also
serve as fullerenol binding sites. It seems likely that fullerenol
may interact with Ub, according to the same conformational
selection mechanism proposed for the interaction with Ub
interacting proteins,””*® targeting the Ub, epitope in the open
state and therefore competing effectively with functional
molecular recognition.

Cellular proteins conjugated to Lys48-linked polyUb chains
are targeted for proteasomal degradation, the principal
regulatory mechanism of protein turnover.”* Recognition of
poly-Ub tagged substrates by the proteasome appears to be
mediated by shuttle proteins bearing Ub-binding domains, such
as UBA in Rad23 proteins.*® Failure to form controlled protein
assemblies along the degradation pathway can result in
impaired function of the proteasomal machinery and
accumulation of polyubiquitinated substrates. In this regard, it
was previously shown that fullerenol treatment causes
accumulation of ubiquitinated proteins in cultured vascular
endothelial cells,”® confirming the impact of this NP on protein
degradation by the Ub/proteasome system. The latter has been
suggested as an attractive target for cancer drug development.
In analogy with Ub-chain-directed drugs, ubistatins, which
were shown to disrupt recognition by Ub-chain receptors,®
fullerenol NPs may provide an alternative scaffold for the
development of inhibitors of proteasome-dependent
degradation, leading to cell-cycle arrest, ultimately offering a
novel opportunity for the treatment of malignant tumours.
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Figure 1. Evidence of fullerenol binding to Ub and Ub,. a)
Chemical structure of the fullerenol particle used in this study.
b) Fluorescence emission spectra of Ub (Tyr59, excitation at
280 nm) in the presence of fullerenol. ¢) Normalized maximum
emission fluorescence measured on Ub at increasing fullerenol
concentration (lines serve to guide the eye). d) Rotational
correlation time for Ub and Ub, in the presence of fullerenol,
determined from "N spin relaxation measurements. e)
Saturation profile of the 1D Hy envelope of Ub by transfer of
SN saturation from the NP-bound state. The inset highlights the
intensity differences measured for Ub alone and in the presence
of NPs. Errors in intensities were estimated from spectral noise
and are about the size of the symbols. f) Cartoon representation
of Ub with secondary structure elements indicated.
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Figure 2. NMR signal perturbations of Ub in the presence of
fullerenol. a) Overlaid regions of 'H,"”>’N-HSQC NMR spectra
collected on 'N-Ub in the absence (dark grey) and presence
(red) of fullerenol at [fullerenol]/[Ub] = 1.5. b) CSPs measured
at the [fullerenol]/[Ub] molar ratios reported in the legend.
Secondary structure elements are reported on top of the panel.
c) CSPs and intensity perturbations measured at
[fullerenol]/[Ub] = 1.5. Intensity perturbation was computed as:
(ly-I)/1y, where [; is the signal intensity at titration step i, and I,
is the signal intensity of free Ub. d) Representative CSP-based
binding isotherms.
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Figure 3. NMR signal perturbations of Ub, in the presence of
fullerenol. a, b) Overlaid regions of 'H,’’N-HSQC NMR
spectra collected in the absence (dark grey) and presence (red)
of fullerenol at [fullerenol]/[Ub,] = 1.5. In the schematic
representation of Ub, on the right of each spectrum, the N-
labelled Ub unit is coloured in grey, the unlabelled unit is
displayed in white. ¢, d) CSPs measured at the
[fullerenol]/[Ub,] values indicated in the legend. e, f) CSPs and
intensity perturbations measured at [fullerenol]/[Ub,] = 0.75.
g,h) CSPs and intensity perturbations measured at
[fullerenol]/[Ub,] = 1.5. Panels a, c, e, g display data measured
on sz(lsN—D) while the data in panels b, d, f, h correspond to
Ub,("°N-P).
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Figure 4. Mapping of the fullerenol binding surface on
ubiquitin. a) Mapping of Ub residues (yellow sticks) displaying
greater-than-average intensity perturbations after addition of
fullerenol ([fullerenol]/[Ub] = 1.5); key interface residues are
indicated; asterisks indicate the sites of covalent modification
involved in formation of Lys48-linked chains; the shown
structure is 1UBQ. b) Ub molecular surface with the fullerenol-
binding epitope painted yellow. c) Mapping of Ub, residues
(yellow sticks) displaying greater-than-average intensity
perturbations after addition of fullerenol ([fullerenol]/[Ub,] =
1.5); yellow colored residues in the proximal Ub correspond to
an intensity attenuation > 0.95, the residues that exhibited an
intensity attenuation between 0.93 and 0.95 are shown in gray
sticks; the distal (carrying free Lys48) and proximal (carrying
free C-terminus) units are schematically depicted in the bottom;
the figure corresponds to the ‘open’ solution structure 2PE9. d)
Molecular surface of Ub, with the fullerenol-binding epitope
painted yellow. A fullerenol molecule is shown between panels
b and d in scale with all proteins displayed in the figure.
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Figure 5. PolyUb chain formation monitored by SDS-PAGE.
Ub and its mutants Ub(K48R) and Ub(D77) have a molecular
weight of ~8.5 kDa. Ub,, Ub;, and Ub, have molecular weights
of 17, 25.5, and 34 kDa, respectively. GST-E2 has a molecular
weight of about 50 kDa. Addition of fullerenol at the same
molar concentration as Ub abolished polyUb chain formation.
Results for Ub(K48R) and Ub(D77) are shown as these mutants
were used for Ub, production in all experiments described in
this work. These mutations prevent formation of chains longer
than the dimer.

Conclusions

In summary, we performed an atomic-level characterization of
a prototypical monomeric and multidomain protein modifier in
the presence of a water soluble fullerene. The combination of a
variety of NMR techniques proved a powerful tool to describe
in detail the formation of dynamic assemblies between
biomolecules and nanomaterials. Our findings support the view
that fullerenol NPs may affect fundamental interaction patterns,
with possible nanotoxic consequences on cell homeostasis. The
specific inhibition of critical Ub/proteasome interactions
through competitive binding of NPs to polyUb chains
represents a novel potential opportunity for pharmacological
intervention against cancer development.

Experimental

Chemicals

Fullerene (purity > 99.9 %) and fullerenol (purity > 95 %) were
purchased from Materials and Electrochemical Research Corporation
(Tucson, AZ) and examined by DLS. All other chemicals used in the
work were supplied from Sigma.

Protein expression and purification and polyUb chain synthesis

Unlabeled and uniformly '“N-labeled recombinant Ub and protein
mutants, Ub (K48R) and Ub (D77), were expressed and purified as
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described.*! Segmentally isotope-labeled Ub, chains were
synthesized as described in Varadan et al.?' using enzymes El and
E2 in overnight reactions at 37 °C added with ATP, TCEP, and an
ATP reconstituting cocktail. Products of polyUb synthesis were
identified by SDS-PAGE. Proximal "*N-labeled Ub, (here referred to
as Ub,-P) was synthesized by using 5N Ub (D77) and unlabeled Ub
(K48R); distal *N-labeled Ub, (Ub,-D) was synthesized using °N
Ub (K48R) and unlabeled Ub (D77). Ub, was separated from
unreacted Ub monomers at the end of the reaction by cation-
exchange chromatography and the Ub, concentration was
determined from UV absorbance. For all protein samples 'H-1D and
'H,"’N-HSQC spectra were acquired to confirm sample purity and
structural integrity.

Size exclusion chromatography

Ub samples and Ub adducts with NPs were analyzed by size-
exclusion gel-filtration chromatography through a Superdex G75 xk
16/70 column (GE Healthcare), equilibrated with 10 mM potassium
phosphate (K,HPO,/KH,PO,) buffer pH 6.8, 0.02% NaN;. Sample
concentration was the same used for NMR experiments. 2 ml
fractions were collected and size-separated by 15% SDS-PAGE
stained with Coomassie blue.

NMR experiments

All NMR spectra were recorded on a 600 MHz Bruker Avance III
spectrometer equipped with a triple resonance TCI cryogenic probe.
The measurement temperature was 25 °C for all experiments. NMR
samples were prepared in a 10 mM potassium phosphate buffer, pH
6.8, 5% D,0, 0.02% NaNj. The protein concentration was 0.4-0.8
mM.

Typical 'H,">N-HSQC experiments were recorded with a data
matrix consisting of 2048 (F2, 'H) x 128 (F1, N) complex points.
The number of scans was 16 and the relaxation delay 2 s. Spectral
windows of 9615 (F2) and 2067 (F1) Hz were used. Chemical shift
perturbations were calculated as CSP = [(ASE)*+( ASx/5)%1%, where
A8y and Ady are chemical shift changes detected for 'H and "N
signals, respectively.

Protein amide 'N-T, experiments were performed in an
interleaved fashion, recording only the first increment for each
relaxation delay. Optimal water signal suppression was obtained
with a flip-back pulse. The recycle delay was 3 s and T, relaxation
delays were 0.01, 0.18 (duplicate), 0.36, 0.54, 0.72, 0.90 (duplicate)
s. Relaxation times T; were determined by fitting the integral area of
the amide region of each experiment to a single exponential decay
using the computer program RELAXFIT.*> R, (= T,") binding
isotherms (Figure S3) were analyzed assuming the fast-exchange
condition: Ry, = Ryp x (1- f) + Ry, x f;,, where the observed
relaxation rate R; is a population weighted average of the
corresponding values for the free and bound states, and f is the
bound protein fraction.*? The dissociation constant, K, was obtained
by least-squares fitting of experimental data according to a 1:1
Ub:NP binding model. Relaxation time constants T, were finally
converted into rotational correlation time constants, 1., based on
known equations,” under the approximation of isotropic motion,
assuming a squared order parameter S* = 0.85 and a ">N chemical
shift anisotropy of -160 ppm. Predictions of 1. values based on given
volumes were calculated from the Stokes-Einstein-Debye law: 1. =
NnV/(kT) where n is the shear viscosity of the solution, V is the
particle volume, k is the Boltzmann constant, and T is temperature.
The isotropic radii of Ub and of a single fullerenol particle were
taken as 1.57 and 0.5 nm, respectively.
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N-DEST experiments were conducted at 25 °C using the pulse
sequence available from Dr. Clore’s laboratory
(http://spin.niddk.nih.gov/clore/), modified to obtain an interleaved
pseudo-3D version for direct processing with spectrometer
acquisition software (Bruker Topspin 3.2).2° 1D "“N-DEST
experiments were recorded by simply omitting chemical shift
evolution in the N frequency dimension. "N continuous wave
saturation (350 Hz) was applied for 0.9 s at 17 offset frequencies
distributed symmetrically around 0 Hz (-23.0, -19.0, -14.0, -9.0, -5.0,
-3.3, -2.3, -1.0, 0.0, 1.0, 2.3, 3.3, 5.0, 9.0, 14.0, 19.0, 23.0 kHz).
Forty-eight transients were recorded with an interscan delay of 1.3 s.
A 2.1 ms IBURP2 pulse was applied at 8.24 ppm to achieve amide
proton decoupling. Water flip-back pulses were used for optimal
water suppression. Serial FIDs with no time evolution in "’N were
extracted, processed, and integrated (6-10 ppm).

All data were processed and analyzed using TOPSPIN 3.2
(Bruker, Karlsruhe, Germany) and in-house programs written in
Matlab (The Mathworks).

Fluorescence spectroscopy

Fluorescence measurements were performed on a FP-8200
spectrophotometer (JASCO, USA) in 10 mM potassium phosphate
buffer, pH 6.8, 0.02% NaN;. The effect of ionic strength on the
binding affinity was investigated by adding 100 mM NaCl to the
buffer solution. Ubiquitin’s Tyr™ emission spectra in the presence of
fullerenol were recorded between 300 nm and 400 nm with
excitation at 280 nm, using 2.5 and 5 nm bandwidths in the
excitation and emission pathways, respectively. The concentration of
Ub monomer was maintained at 40 uM (protein dilution within 10%
v/v) during all the fluorimetric measurements. The experimental run
was performed in triplicate, and the results for each titration point
are reported as the average of the measurements.

Dynamic light scattering

To investigate the size and zeta-potential of the fullerenol
nanoparticles, 100 pM of fullerenol solution was prepared in 10 mM
potassium buffered solution, pH 6.8, or in pure water. The
measurements were performed at 25 °C using a Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK) operating at A = 633 nm and
equipped with a back scattering detector (173°). Samples were
allowed to equilibrate in the instrument holder for at least 10 min.
before starting measurements. For size analysis, measurements were
performed in triplicate. Correlation curves were converted into size
distribution plots (Figure S1A,B) using the non-negative least-
squares analysis method. The major peak was found to be centered at
5.9 £ 0.19 nm (intensity distribution). Electrophoretic light scattering
experiments were performed as seven replicate measurements. The
voltage was automatically set to 148 V. The {-potential was derived
from the electrophoretic mobility by means of the Henry equation.
The {-potential distribution (Figure S1C) displayed a single peak at -
59.4 +1.43 mV in water (-49.9 £2.96 mV in buffer).
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