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ecent advancement of nanotechnol-

ogy in imaging, sensing, and medi-

cine and the mass production of
nanomaterials presents a crucial need for
fundamental research centered on the be-
haviors of nanomaterials in biological and
ecosystems.' Fullerenes are a major class
of carbon-based nanoparticles that have
found applications in materials research,
photodynamic therapy, HIV-1 protease in-
hibition, and facilitated electron transport
across a lipid bilayer.>® Once surface func-
tionalized, fullerene derivatives such as Cgo-
(OH),0 acquire good water solubility while
still maintaining their small hydrodynamic
diameter.’ The toxicities of fullerenes and
their derivatives have been examined in
vitro, in vivo, and in silico, with consistent
conclusions yet to be drawn. Notably, Ober-
dorster reported'® the accumulation of full-
erene Cgo in the brain of bass and the
induced toxicity in the aquatic organism.
Sayes et al. delineated'' the differential
cytotoxicities of pristine versus functiona-
lized fullerenes, which was further corrobo-
rated by Qiao et al.'? using atomistic
molecular dynamics simulations. Wong-
ekkabut et al. illustrated'® through coarse-
grained simulations that fullerenes of high
concentrations could induce changes in the
structural and elastic properties of the lipid
bilayer without causing much mechanical
damage, consistent with the observation of
cell contraction induced by fullerene Cyq
coated with phenolic gallic acid."* Gharbi
et al. reported'* that fullerenes were power-
ful antioxidants with no acute or sub-
acute toxicities in mice. Others'®'” and our
group'® showed that fullerene derivatives
could inhibit polymerase chain reaction
(PCR) through their interaction with Taq
DNA polymerase. Regarding the ecological
fate of carbon nanoparticles, we recently
mapped'® the biodistribution of fullerene
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ABSTRACT Fullerene derivative Cgo(OH),o inhibited microtubule polymerization at low micro-
molar concentrations. The inhibition was mainly attributed to the formation of hydrogen bonding
between the nanoparticle and the tubulin heterodimer, the building block of the microtubule, as
evidenced by docking and molecular dynamics simulations. Our circular dichroism spectroscopy
measurement indicated changes in the tubulin secondary structures, while our guanosine-5'-
triphosphate hydrolysis assay showed hindered release of inorganic phosphate by the nanoparticle.
Isothermal titration calorimetry revealed that Cso(OH), binds to tubulin at a molar ratio of 9:1 and
with a binding constant of 1.3 &= 0.16 x 10° M ™", which was substantiated by the binding site and
binding energy analysis using docking and molecular dynamics simulations. Our simulations further
suggested that occupancy by the nanoparticles at the longitudinal contacts between tubulin dimers
within a protofilament or at the lateral contacts of the M-loop and H5 and H12 helices of
neighboring tubulins could also influence the polymerization process. This study offered a new
molecular-level insight on how nanoparticles may reshape the assembly of cytoskeletal proteins, a
topic of essential importance for illuminating cell response to engineered nanoparticles and for the

advancement of nanomedicine.

KEYWORDS: fullerene derivative - tubulin - hydrogen bonding - molecular dynamics
simulation - circular dichroism spectroscopy - isothermal titration calorimetry

C5o in rice plants and reported the genera-
tional transfer of C;o through the plant
progeny assisted by natural organic matter
(NOM). On the cellular level, we showed®
the retention of the C;o-NOM assembly by
the Allium cepa plant cell wall and permea-
tion of Cgo(OH),o through the cell wall to
produce a mechanical damage; this trend
was reversed for HT-29 mammalian cells,
where the amphiphilic C;o-NOM assembly
induced notable cell damage, while the
better suspended Cgo(OH),o nanoparticles
were mostly excluded by the cells.

Despite these ongoing research efforts, it
is apparent that little is understood regard-
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ing the molecular level interaction between
nanoparticles and cell organelles. Microtu-
bules (MTs) are a major component of the
cell cytoskeleton and play essential roles in
maintaining cell shape, rigidity, motility, ve-
sicle and organelle transport, cell signaling,
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and cell division in eukaryotes. Under favorable in vivo
or in vitro conditions MTs can be polymerized from
tubulin heterodimers of o and  subunits into a
cylindrical nanostructure of ~25 nm in diameter and
up to micrometers long. Physically MTs can be viewed
as polymers possessing a great persistent length and
an exceptionally high bending rigidity to suit their
versatile bioactivities. Defined by a dynamic instability
that s still not well understood, the MT ends can switch
abruptly from persistent slow growth to persistent
shortening under solution conditions that support
assembly.

The assembly of MTs has recently been examined
with the introduction of nanoparticles. Specifically,
Gheshlaghi et al?® showed that TiO, nanoparticles
could alter the MT steady-state equilibrium and change
tryptophan positions in tubulins to move them toward
GTP binding sites. Apopa et al. found?' that iron nano-
particle-induced reactive oxygen species (ROS) produc-
tion could regulate cell permeability through remode-
ling of MTs in human microvascular endothelial cells.
Using surface-enhanced Raman spectroscopy, Zhou
et al. identified? a variety of tubulin functional groups
including imidazole, sulfur, aromatic rings, amine, and
carboxylate, which interacted with gold nanoparticles,
with the imidazole ring in the histidine acting as the
most prominent functional group for the binding.

In view of the ubiquitous structural and functional
roles of cytoplasmic proteins and the prevalent synth-
esis of carbon nanoparticles in research laboratories and
by the industry, this paper examines the in vitro polym-
erization of MTs in the presence of Cgo(OH),0. Specifi-
cally, in the following sections we present our study
based on the methodologies of fluorescence imaging,
circular dichroism (CD) spectroscopy, isothermal titra-
tion calorimetry (ITC), guanosine-5'-triphosphate (GTP)
hydrolysis, and docking and atomistic molecular dy-
namics computer simulations. Our results indicate that
Co0(OH),o inhibits MT assembly via the formation of
multiple hydrogen bonds between the nanoparticle
and its neighboring tublin subunit. The binding be-
tween Cgo(OH), and the nucleotides, both exchange-
able during GTP hydrolysis and immutable in o units, is
another possible cause for the changes in the tubulin
secondary structures and inhibited MT polymerization.

RESULTS AND DISCUSSION

Inhibition of Tubulin Polymerization by Cgo(0H)z. As the
concentration of Ceo(OH),o was increased from 1 to
30 mg/L, the average length of polymerized MTs was
shortened accordingly (Figure 1). Both bimodal and
normal single-peak distributions were shifted to the
left with the addition of the nanoparticles, indicating
inhibition of MT polymerization. Specifically, the presence
of the highest Cgo(OH),o concentration of 30 mg/L
led to the shift of the single-peak distribution to be
centered at 3 um, indicating that most of the polymerized
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MTs were shorter than the ones for the control, where
two distribution peaks were observed at 5 and 20 um.
Also, we observed that the quantity of polymerized MTs
per field of view was reduced under the fluorescence
microscope with the addition of Cgo(OH),0, and smaller
broken segments of MTs were frequently observed
(Figure 1B). To quantify this phenomenon, we further
counted the number of polymerized MTs on each cover-
glass substrate, and the average number of polymerized
MTs was obtained for 20 slides of each sample condition.
The MTs shorter than 1 um or with a curvature/bending
of more than 30° were not taken into consideration to
eliminate error introduced by the instrument resolution
and diffraction limit. As shown in Figure 2, the amount
of polymerized MTs was significantly reduced with
Ce0(OH),0 concentrations at or above 5 mg/L. Specifi-
cally, the presence of the highest Cgq(OH),o concentra-
tion of 30 mg/L led to a 50% decrease in the number of
polymerized MTs.

Three interactions could have contributed to the
hindered MT polymerization. One is that the hydroxyl
groups of the nanoparticles could form hydrogen
bonding with the electronegative elements on the
tubulin surfaces, similar to that described for the
interaction between free dNTPs and Cgo(OH),q in the
PCR process;'® the other is the electrostatic interaction
between the negatively charged Cgo(OH),o in the
reaction buffer—according to the zeta potential mea-
surement—with the abundant amine groups on the
protein surfaces. However, since the two carboxyl
termini of each tubulin carry a significant electric
charge, electrostatic binding between Cgo(OH), and
assembled MTs is unlikely due to their mutual repul-
sion, although short-range hydrogen bonding be-
tween the nanoparticles and the GDP in the MT
protofilaments could still take place to facilitate their
close contact. Furthermore, due to the steric hindrance
of the hydroxyl moieties of the nanoparticles, 7z-stack-
ing between the sp? electrons in the Cgo(OH)5 and the
aromatic groups on the tubulin surfaces is not ex-
pected to be a contributing factor. In addition to the
above two interactions, a third plausible cause for the
hindered MT polymerization is that Cgo(OH), could be
involved in the biochemical process of GTP hydrolysis,
through either forming hydrogen bonds with the free
nucleotides in the reaction or altering the length and
structure of the GTP cap at the growing ends of the MT
to impact the polymerization; in either case the con-
formational changes in the tubulins or in the nucleo-
tides could disrupt the vertical assembly of the tubulins
into protofilament or the lateral weak bonds between
the tubulins into a sheet that is subsequently curled
into a tube.

Cs0(0H), Binding Induced Secondary Structural Changes in
Tubulin. To delineate the binding mechanisms for tu-
bulin and Cgo(OH),0, CD spectra of the protein were
acquired at room temperature. As illustrated in Figure 3,
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Figure 1. (A) Control polymerization of MTs. (B) MT polymerization in the presence of C¢o(OH)0 of 15 mg/L. Scale bars: 20 um.
(C) Length distribution of polymerized MTs (normalized by peak values) vs C5o(OH),0 concentration. Approximately 200 MTs

were analyzed for each sample condition.
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Figure 2. Number of polymerized MTs (normalized by the E 3 . 0 o
control) vs Ceo(OH),0 concentration. Statistically significant § 'uu.': . *
differences between the samples and the control were <5 5
determined by the Student t test (*p < 0.05). .2 'g .
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the far-UV circular dichroism spectrum of the tubulin,
indicating that Cgo(OH),o indeed bound to the protein
to induce a conformational change in the latter. The
mathematical method SELCON?*%* was used to calcu-
late percents of the secondary structures of the protein,
based on the linear dependence between structural
fractions and the spectra (see Figure 3). As Cgo(OH),g
concentration increased, more a helices were turned
into /5 sheets or denatured further into linear structures
since the total percent of acand /5 sheets was decreased
by 6.9% when Cgo(OH),o concentration was increased
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Figure 3. (A) Circular dichroism spectra in the presence of
Cs0(OH)50. (B) Percent of secondary tubulin structures vs
Cs0(OH),0 concentration. Statistically significant differences
between the samples and the control (0 mg/L) were deter-
mined by the Student t test (*p < 0.05).

from zero to 100 mg/L. The CD spectra of pure proteins
incubated under the same conditions were acquired,
which showed no significant changes in their secondary
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Figure 4. Calorimetric titration of tubulins with C4o(OH),, at
25 °C. The upper panel shows raw data, obtained from 22
injections (14 uL each) of Cso(OH),0. The lower panel shows
the plot of total energy exchanged (as kcal/mol of injectant)
as a function of the molar ratio of Cgo(OH),0 to tubulin.
The theoretical curve fitted to the intergraded data yields
AG = —6.343 kcal/mol and AH = —2.648 kcal/mol. On
average nine Cg(OH),o moleules were bound to one tubulin
monomer, and the binding constant K was determined as
(13+£0.16) x 10° M.

structures. This step confirmed that changes in the secon-
dary structures of the tubulin were induced by the binding
of the nanoparticle, not by protein denaturation, through
the first or second mechanism previously described.

ITC of Tubulin—Cgo(OH),o Binding. The inhibition of mi-
crotubule polymerization can be attributed to the
binding of Cgo(OH),o with tubulin. Figure 4 shows a
serial titration analysis of the interaction of Cgo(OH),
and tubulin. Since ITC measurements require high
protein concentrations, the measured parameters are
independent of the state of the tubulin. The titration
consisted of addition of small aliquots of Cgo(OH),q per
shot per 4 min interval to 0.7 M tubulin in PEM buffer
without GTP at 298 K. The titration showed monotonic
decrease in the exothermic heat of binding with
successive injections until saturation. The upper panel
of Figure 4 displays raw data in power versus time prior
to baseline subtraction. The area under each injection
peak is proportional to the heat produced. The lower
panel of Figure 4 displays the binding isotherm created
by plotting the integrated peaks against the molar ratio
of Cgo(OH),0 added to the tubulin. The heat of diluting
Coo(OH)0 in the buffer was taken into account for calculat-
ing the thermodynamic parameters. The theoretical curve
fitted to the intergraded data yields AG = —6.343 kcal/mol
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Figure 5. GTP hydrolysis (phosphate release) vs C5o(OH)5o
concentration. Statistically significant differences between
the samples and the control were determined by the
Student t test (*p < 0.05).

Figure 6. Eight binding sites of C5o(OH),, on tubulin dimer
(o subunit on the left side and j3 subunit on the right side)
identified from docking simulations. The GTP/GDP binding
E-site in the  subunit and the N-site in the o subunit are
indicated by arrows and highlighted in blue. No binding was
observed near the E-site.

and AH = —2.648 kcal/mol. On average nine Cgo(OH)50
moleules were bound to one tubulin monomer, and
the binding constant K was determined as (1.3 +
0.16) x 10° M.

Effect of Co(OH),o on GTP Hydrolysis. Tubulin is a GTPase
that hydrolyzes its bound nucleotide triphosphate.>®
During MT polymerization, both the a and /3 subunits
of a tubulin dimer are bound to a GTP molecule, and
the tubule elongates from the minus end to the plus
end. While the GTP bound to o tubulin is stable, the
GTP bound to f tubulin may be hydrolyzed by the
protein to GDP and an inorganic phosphate shortly
after assembly. A GDP-bound tubulin subunit is prone
to depolymerization and will fall off at the tip of an MT
or remain integrated if it resides in the middle of the
tubule.>® Once a GTP-bound tubulin is added to the tip
of the MT, a new cap is formed to stimulate the growth
of the tubule. When hydrolysis catches up to the plus
end of the MT, polymerization is switched to shrinkage
through the process of catastrophe.*°

As shown in Figure 5, the release of inorganic
phosphate during GTP hydrolysis was impaired by the
presence of Cgo(OH),o at concentrations of 25 mg/L
and above. Interestingly, such inhibition did not in-
crease much for higher nanoparticle concentrations of
50 and 100 mg/L, by ~5% respectively in comparison
with the control. The reduced release of phosphate
during MT polymerization is a direct indication of the
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TABLE 1. Eight Most Important Binding Sites and Their Properties Predicted by Docking Simulations

lowest binding

site  energy (kcal/mol)  population
1 —6.45 85
2 —4.05 60
3 —4.03 91
4 —3.72 57
5 —3.34 97
6 —2.65 86
7 —3.97 33
8 —2.99 45
“ Alpha subuint residues in normal and /3 subunit residues in italic typeface.
4 T T T
~ 3 1
g
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Figure 7. Minimum distances between 10 Cgo(OH);o mol-
ecules and tubulin in a simulation and their average.

shrinkage of the GTP cap length at the growing ends of
the MT, which would give rise to increased instability in
the MT architecture.

Binding by Docking and MD Simulations. The 1000 con-
formations from docking were analyzed to identify the
most important binding sites of Cgo(OH),0 on tubulin
dimer. The conformations were grouped into dif-
ferent clusters based on root-mean-square deviations
(rmsd's) of their coordinates. Conformations with their
mutual RMSDs within 0.8 nm were considered to be in
the same cluster. Different conformations in the same
cluster thus represent different binding modes at the
same binding site. Eight binding sites were identified
as the most important ones based on the binding
energy, population of the cluster, and relevence of
the site for polymerization (Figure 6). Table 1 sum-
marizes the binding energies and molecular popula-
tions of these eight sites. The obtained binding energies
range between —6.45 and —2.99 kcal/mol for the eight
most prominent sites. These values are in a reasonable
agreement with the ITC data analysis based on the
single-site binding model (—6.34 kcal/mol, see above).

The MD simulations started with 10 Cgo(OH),0
molecules positioned randomly around the tubulin
dimer. In all the simulations, it was observed that
Ceo(OH),0 binds to different locations around the
protein. That is, as in the docking simulations, a single
predominant binding site seems to be absent. Instead,
Co0(OH)yo prefers sites with many charged or polar
residues. Both of these are consistent with the ITC

RATNIKOVA ET AL.

residues” within 0.7 nm of Cso(0H),,

Asn 102, Glu 411, His 406, Arg 158, Asp 163, Asn 197, Thr 198, Asp 199, Val 257, Phe 262, Arg 264, His 266

Pro 89, Asp 90, Asn 91, Phe 92, Val 93, Phe 94, Leu 114, Ser 117, Asp 120, Val 121, Lys 124, Arg 79

Phe 49, Asn 50, Phe 53, Arg 123, Asp 127, Cys 129, Leu 130, Phe 135, Tyr 161, Lys 163, Lys 164

Lys 336, Thr 337, Lys 338, Arg 339, Thr 340, GIn 342, Phe 343, Asp 345

Thr 257, Asn 258, Val 260, Pro 261, Tyr 262, Trp 346, Cys 347, Pro 348, Thr 349

Val 177, Ser 178, Thr 180, Val 181, Val 182, Glu 183, Pro 184, Tyr 185, Arg 390, Glu 393, Gln 394, Phe 395, Phe 404, Lys 176
GIn 176, Arg 390, His 393, Lys 394, Leu 397, Leu 333, Gln 336, Asn 337, Glu 345, Trp 346, lle 347, Pro 348, Asn 349, Asn 350
Tyr 36, Asp 39, Ser 40 Asp 41, Leu 42, Gln 43, lle 358, Pro 359, Arg 369

100

80

60

40

Hydrogen bonds

20

Time (ns)

Figure 8. Number of hydrogen bonds between 10 Cg(OH)50
molecules and tubulin in four independent simulations.

measurements, which showed that up to nine
Ce0(OH),0 molecules bound to each tubulin dimer.

Once anchored at these binding sites, Cgo(OH)5o
remained bound throughout the simulations. This is
illustrated in the plot of minimum distances between
10 Ceo(OH),o molecules and one tubulin (Figure 7).
Upon binding to the tubulin, Cgo(OH),o molecules form
a number of hydrogen bonds with charged or polar
residues. Figure 8 shows the number of hydrogen
bonds as a function of time for four simulations. On
average, each Cgo(OH);o molecule forms approxi-
mately six hydrogen bonds with the tubulin.

It was observed in our experiment that the total
percent of a helices and 8 sheets was decreased by
6.9% as Ceo(OH),o concentration was increased from
zero to 100 mg/L (Figure 3). To check this, the second-
ary structure of tubulin was analyzed for two, set / and
set I, simulations (sets without and with Cgo(OH),q
molecules, respectively) using the secondary structure
assignment algorithm DSSP.*' First, there was an over-
all tendency (for both sets) for a decrease in the
number of o helix residues and increase in 3 sheet
residues due to the inherent nature of the Gromos force
field*? The number of residues forming 3 sheets was
slightly larger [(1.9 & 1.7)%] in set Il simulations compared
to set | simulations. Similarly, the number of a helix
residues was slightly smaller [(1.8 £+ 1.1)%] in set /I
simulations compared to set | simulations. Although these
observations are consistent with the experimental results,
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Figure 9. Contact between a tubulin dimer (orange) and its longitudinal neighbors (blue) in a protofilament. All the C¢o(OH)50
binding sites at the two longitudinal interfaces predicted by MD are shown.

Figure 10. Interaction between the M-loop of one dimer (blue) and the helices H5 and H12 (purple) in a neighboring dimer
contribute most to the interdimer lateral contacts in zinc sheets. C¢o(OH),o was observed to make contacts with these

structures in MD simulations.

the differences are very small. Futher, between the two
sets, there was no noticeable difference in the total
number of residues forming a helix or 3 sheets.

The binding of Cgo(OH), to tubulin-bound GTP/
GDP can affect the GTP hydrolysis or GDP/GTP ex-
change and thus MT dynamics. It has been shown that
Cs0(OH)»0 can bind to the triphosphate tail of dNTP,
with a binding energy greater than 10 kJ/mol.'® Since
dNTPs and nucleoside triphosphates (NTPs) share the
same structures, except that the 2’ hydroxyl group is
replaced by a hydrogen atom in the former, C5o(OH)0
should bind to GTP with a similar binding energy.
However, Cgo(OH)5 was not found to bind to tubulin-
bound GTP/GDP in either MD or docking studies. This is
probably due to the size and shape of the GTP/GDP
binding site of the tubulin, which is not favorable for
hosting large spherical molecules such as Cg(OH),0.
Conceivably, such steric hindrance could be further
reinforced by the prevalent binding of Cgo(OH),o on the
tubulin. Furthermore, the number of GTP molecules in
the reaction buffer was 2 to 3 orders of magnitude

RATNIKOVA ET AL.

higher than that of C¢o(OH),0 in the experiment, imply-
ing that it was far more likely for Cso(OH),0 to bind to the
free GTP/GDP molecules in the buffer than with the
bound nucleotides in the tubulin.

Additional new insight has been obtained from the
simulations. First, a tubulin dimer makes a number of
contacts with its neighboring dimers when inserted
into a MT. If Cgo(OH), molecules bind to these contact
regions as indicated by docking and MD simulations,
they can also prevent the incorporation of the dimer
into a MT. The crystal structure of tubulin is obtained
from zinc sheets in which the protofilaments are ar-
ranged similar to that in a MT, but the protofilaments
are antiparallel in zinc sheets.** Thus, the longitudinal
contacts seen in zinc sheets?® are the same as thatin a
MT, but the lateral contacts could be different. Figure 9
shows a tubulin dimer with its longitudinal neighbors.
The locations of the Cgo(OH),o molecules that bind at
these contact regions in MD simulations are also
shown. It is possible that the binding of nanoparticles
at these sites could impede MT polymerization or
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cause MT aggregation, as indicated in Figure 1B. Sec-
ond, in MD simulations, Cgo(OH),o was also seen to
bind the M-loop and H5 and H12 helices (Figure 10).
The interaction between the M-loop in one dimer and
helices in a neighboring dimer is a major contributor to
lateral contacts between tubulin dimers in zinc sheets.
Although the lateral contacts in MTs do not necessarily
have to be the same as that in zinc sheets, the M-loop is
involved in lateral contact in MTs. Thus Cgo(OH), could
also affect the lateral contacts and thus MT assembly if
bound to these motifs.

CONCLUSIONS

Our experimental and computer simulation studies
have shown that C4o(OH), can inhibit MT polymerization,

EXPERIMENTAL AND COMPUTATIONAL METHODS

MT Polymerization. Taxol-stabilized fluorescent MTs were po-
lymerized using a Fluorescent Microtubules Biochem Kit
(#BKOO7R, Cytoskeleton). Specifically, MT polymerization reac-
tions (3 ul) were prepared, each consisting of 2.5 uL of un-
labeled tubulin (#TL238, Cytoskeleton, 0.045 mM) and 0.5 uL of
rhodamine-labeled tubulin (#TL331M, Cytoskeleton, 0.11 mM)
suspended in the general tubulin buffer (or PEM buffer) (80 mM
Na-PIPES pH 6.9, 1T mM MgCl,, and 1 mM EGTA; #BSTO1,
Cytoskeleton) to form a stock solution of one dye per three
tubulin subunits (MW: 110 kDa). The general tubulin buffer also
contained 0.03 uL of 100 mM GTP (#BST06, Cytoskeleton) for
tubulin assembly. Prior to polymerization, fullerene derivative
Ce0(OH) 20 (BuckyUSA) was suspended in Milli-Q water (pH 6.5)
to form a stock concentration of 100 mg/L, filtered, and
sterilized using Anotop 10 filters (0.2 «m, Whatman). Approxi-
mately 0.5 uL of Cgo(OH)z (6.6—198 uM) was added to 3 ul of
MT polymerization reactions to obtain final Cgo(OH),o concen-
trations of 1—30 mg/L (or 0.94—28.2 uM), respectively, and the
mixtures were incubated at 35 °C for 20 min. Small aliquots of
the polymerized MTs, each added with 1x antifade solution
(#BSM02, Cytoskeleton), were examined by fluorescence micro-
scopy (Imager A1, Zeiss), and approximately 200 MTs were
measured for each sample condition to establish sufficient
statistical distributions. Statistically significant differences be-
tween the samples and the controls were determined by the
Student t test.

Characterization of C4o(OH),o Suspension. The hydrodynamic size
of Cgo(OH),o was measured at room temperature using a
dynamic light scattering device (Malvern, nanosizer S90, range:
0.3 nm to 5 um). Single peaks at ~1.0 nm (polydispersity index:
0.141) and 5.7 nm (polydispersity index: 0.443) were identified
for the nanoparticles in Milli-Q water and in the PEM buffer. The
stability of the Cgo(OH),0 suspension was further confirmed by
its negative zeta potential of —34.3 mV in Milli-Q water and
—22.0 mV in the PEM buffer. Such changes in the physicochem-
istry (size, polydispersity, and charge) of the nanoparticles are
attributed to the presence of Na* and Mg?" in the PEM buffer.

Circular Dichroism Spectroscopy. To probe the conformational
change in the tubulin secondary structures due to Cgo(OH),o
binding, circular dichroism spectroscopy measurements were
performed at room temperature using a Jasco J-810 spectro-
polarimeter (Easton, MD) with a constant temperature water-
circulating bath over the wavelength range 200—300 nm. The
structural contents of the tubulins were measured using 0.25
mg/mL tubulin solutions in Milli-Q water loaded into 0.10 mm
path length high-transparency quartz cuvettes (Starna Cells,
Inc., Atascadero, CA). Milli-Q water was used as the buffer due to
the high transparencies of the samples. To prevent possible
protein denaturation in the absence of salt, an obervation time
of 1 h or less was ensured. The spectrum of each sample was
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mainly through the formation of hydrogen bonding
between the nanoparticle and the tubulin dimer. The
binding of the fullerene derivative has been shown
experimentally to alter the secondary structures of the
tubulin and impede the release of inorganic phosphate
in GTP hydrolysis. Additional simulations have unra-
velled occupancy of the contacts between adjacent
tubulin dimers within a protofilament and between
neighboring tubulins by the nanoparticles, which
should conceivably also influence the assembly of
tubulins into MTs. Since MTs are important organelles
whose structure and dynamics are essential to many
functionalities and activities of the cell, this study
facilitates our understanding of the biological response
to engineered nanoparticles on the molecular level.

averaged over three scans taken at a speed of 50 nm/min and
subtracted by the blanks of Milli-Q water. The ellipticity value
(@, in mdeg) provided by the instrument was converted to
standard units of deg'cmz/dmol (designated as [#]) using the
equation [0] = (6 x Mo)/(10000 x Cyoin % L),**>** where My is the
mean residue molecular weight (118 g/mol), Csq, is the tubulin
concentration in solution (g/mL), and L is the path length
through the buffer (cm).

The molar ellipticities as a function of wavelength that were
obtained from the CD scans were deconvoluted using the SP-
22X algorithm and analyzed using the SELCON and CONTIN/LL
software®® packages. Such deconvolution yielded the percents
of secondary structure components (a helices and S sheets) in
the protein samples. These programs analyze the ellipticity
values at each wavelength and compare them with a library
of proteins with known secondary structures. The percents of
various secondary structural components are then derived on
the basis of the comparisons.

Isothermal Titration Calorimetry. To provide detailed informa-
tion on the binding of Cgo(OH),o with tubulin, ITC measure-
ments were performed on a VP-ITC microcalorimeter (MicroCal
Inc, Northampton, MA). Tubulins were dialyzed extensively
against PEM buffer without GTP to avoid microtubule poly-
merization, to a final concentration of 0.7 «M. The syringe content
was 0.2 mM Cgo(OH),0 dissolved in the last dializant.

A typical titration involved 22 injections of Cgo(OH),0 (14 ul
aliquots per shot) into the sample cell at a 4 min interval, each
containing 1.46 mL of tubulin. The titration cell was kept at 298 K
and stirred continuously at 300 rpm. The heat of diluting
Ce0(OH) 0 in the buffer alone was subtracted from the titration
data when the thermodynamics parameters were calculated. All
the data were analyzed to determine binding stoichiometry (N),
affinity constants (K), and thermodynamic parameters of the
reaction, using Origin 5.0 software.

GTP Hydrolysis. To detect the release of inorganic phosphate
during the GTP hydrolysis that is associated with MT polymerization,
a SensoLyte MG phosphate assay kit (AnaSpec) was used. This kit is
based on the quantification of the blue-green complexes formed by
Malachite Green, molybdates, and free orthophosphates, which are
released during MT polymerization. The rapid color formation from
the reaction was measured on an absorbance microplate reader at
630 nm (uQuant, BioTek Instuments, Inc.).

Computational Methods. Two computational methods, namely,
molecular docking and molecular dynamics (MD), were used to
find out (i) the possible binding sites of Cgo(OH), on tubulin
o—f dimer and (ii) how the binding of Cgo(OH),, affects the
structure and dynamics of the tubulin dimer. The molecular
structure of the dimer was obtained from protein data bank
(PDB ID: 1JFF?%). The missing residues in the PDB structure were
added using MODELER 9v7,%” and the complete dimer was
energy minimized using a steepest descent algorithm.
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Docking Simulation. Molecular docking is a computational
method used to assess the binding modes and affinities of
small molecules (e.g., drugs) on larger molecules such as
proteins. Here, docking of Ceo(OH),0 was carried out on tubulin
to predict the possible binding sites and binding affinities. One
of the most popular docking software packages, AutoDock*®
(version 4.2), was used. The PDB structure may not represent the
actual protein structure, which constantly undergoes confor-
mational changes due to thermal motion. For a more realistic
approach, docking can be performed on conformations ob-
tained from MD simulations. Here we performed docking
calculations on the conformation at 10 ns of the MD simulation
in addition to the PDB structure. Default AutoDock force field
parameters® were used, setting all bonds rigid except the C—O
bonds of Cgo(OH),0, which were made rotatable. Fifty docking
runs with 10 trials in each run were performed for both dimer
conformations, resulting in a total of 1000 docked structures.

MD Simulation. The binding of Cgo(OH),o may affect the
secondary, tertiary, and quaternary structures of tubulin dimers
and hence their polymerization into MTs. Since MD simulations
are capable of capturing such structural changes, two sets of
simulations were carried out to examine this aspect. In the first
set (referred to as set | in the following) a tubulin dimer was
simulated with GTP and guanosine diphosphate (GDP) bound
toitasin the PDB crystal structure (PDB ID: 1JFF). In the other set
(set ), the dimer—GTP—GDP complex was simulated with 10
Ce0(OH),0 molecules placed randomly around it. In both sets,
the protein complex (with or without Ceo(OH),0 as the case may
be) was placed at the center of the simulation box. The size of
the box in each case was decided so that the distance from the
protein complex (or Ceo(OH),0) to any edge of the box was at
least 0.9 nm. The number of water molecules added was
approximately 40000. Thirty-six Na* ions were added for
charge neutrality. In addition, 122 Na* and Cl™ ions were also
added such that the salt concentration in the simulation box
was about 100 mM. Each of these steps was followed by energy
minimization using a steepest descent algorithm, as implemen-
ted in GROMACS 4.5.%°

Four independent simulations were carried out for each set.
Each simulation was initiated with a 50 ps long NVT thermaliza-
tion run, followed by a 100 ps long NPT simulation, during which
the protein/GTP/GDP/Cgo(OH),o heavy atoms were position
restrained. Finally, a 50 ns long unrestrained production run
was carried out at T=298 Kand P =1 bar.

The simulations were carried out with the GROMACS simu-
lation package, version 4.5.3° The Gromos 53A6 force field*' was
used with the SPC model for water.3> The parameters for GTP
and GDP were obtained by augmenting the guanine model of
Gromos 53A6 with the triphosphate side chain parameters of
ATP in the same force field.3! For charge states of —4 and —3 for
GTP and GDP, respectively, the terminating phosphate group
charges were set as in our previous study with dGTP."® The
model for Cgo(OH),o was adapted from ref 18.

The LINCS algorithm*® was used to restrain all the bonds,
and an integration time step of 2 fs was used. Long-range
electrostatics was treated with the particle-mesh Ewald>* meth-
od. In all the simulations, the system temperature was main-
tained at 298 K by using the velocity rescaling algorithm by
Bussi et al>® The system pressure was controlled by using the
weak coupling algorithm by Berendsen et al,® with a coupling
time constant 7= 0.5 ps in the restrained NPT simulations, and
the Parrinello—Rahman barostat®”>® (z7= 2.0 ps) in the unrest-
rained production runs.
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