














For example, the SAM-I riboswitch is based around an
elaborated four way helical junction (PDB code: 3NPB).
Several nucleic acids (notably C48, G79 and A111) in the
P1 and P3 helices, and the intervening J1/2 and J3/J4
joining regions of the junction interact with the C60
molecule thus creating a ligand binding pocket
(Figure 7A). This nanomolecule constantly sticks to this
binding site during the entire simulation (Figure 7B).
More interestingly, in the presence of C60, the riboswitch
is found to engage in the same conformation as the
binding of substrate S-adenosylmethionine, thereby
probably maintaining the folding of the expression
platform (33). Since the conformations of the expression
platform direct the transcriptional or translational
controls, the C60 has great potential to be a new type of
riboswitch substrate to regulate the gene expression.

dsRNA stabilization. It is commonly accepted that mo-
lecular recognition and formation of the noncovalent
complex are driven by non-speciEc interactions and
sequence-speciEc structural features along the major
groove of RNA (28). Figure 8A shows that the C60
molecule locates at the major grooves of RNA and
displays a modest selectivity for G-rich regions involving
at least four G bases (e.g. PDB codes: 1BYJ, 1EI2, 2JUK,
2FCX and 1FYD), which accounts for 35.6% of the
total systems. Once the binding sites have been identified,
the C60 molecule rapidly slides along the major groove
(Figure 8C). At �25 ns, this molecule turns out of
the groove to form a relatively stable complex through
hydrophobic interactions via its hydrophobic surface
and the end of the RNA strand (Figure 8B).
Interestingly, during the whole MD simulations, we do
not observe evident conformational changes of the RNA
fragments.

Since DNA with high GC content is more stable than
DNA with low GC content (34), it is possible that the
G-rich RNA sequences also adopt stable conformations
in spite of the interferences induced by the C60
hybridization. This indicates that the structural stability
of dsRNA relies on sequence specificity of nucleotides.

Statistical analysis of dynamic hybridization
In this section, we have statistically analyzed the final
stabilized sites of C60 in all the C60-dsDNA/dsRNA
dynamic interaction systems, and compared these sites
with the initial identified sites (Figure 1). Figure 9 shows
the four or three types of the hybridization modes of C60
with DNA/RNA. For the C60-DNA hybrids, the
nanomolecule is significantly preferred over the GC:AT
sites (40.8%). Although the specific recognition of
minor/major groove and the intercalation by C60 are
found in almost all DNA hybridization modes (GC:AT,
AT:AT and GC:GC), their preference in each can vary
dramatically. The GC:AT regions have a relatively high
percentage of 28.6% to form stronger hydrophobic inter-
actions with C60 in the minor grooves. Contrary to this,
the AT:AT and GC:GC regions have comparatively low

Figure 6. Interactions of C60 with double-stranded RNA in the 1AKX system. (A–C) show the conformational changes of dsRNA with the binding
of C60. (D) The RMSD of dsRNA versus simulation time in the 1AKX and 2AU4 systems. (E) reveals the time-dependent rotation of G33 and A35
about the (CD-ND-CA-CB) and (CB-CG-CD-CE) dihedral angles, respectively.

Figure 7. (A) Interactions of C60 with riboswitch RNA in the 3NPB
system. (B) Time evolution of the distance between C60 and the
riboswitch RNA fragment in the 3NPB and 3F4G systems.
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minor groove-recognition percentages of 7%, but high
percentages of 13% to hybrid with C60 by intercalating.
In the case of the C60-RNA hybrids, GC:AU sites are
highly favored over GC:GC regions (56.2% versus
18.7%), and show a strong preference for the major
grooves.
These results show the substantial differences between

the final stabilized sites of C60 and its initial identified
sites, which suggest the sequence-specific changes in real-
istic physiological circumstances.

Binding energy analysis

The above sections have revealed the dynamic interactions
of DNA/RNA with C60, and indicated seven unique types
of nucleotide conformations. Such observations strongly
indicate that the different interaction interfaces and
binding specificity of nucleotides may be coupled to
binding energies with enormous disparities. To examine
the hypothesis, we have thus selected two representative

systems from each binding mode, and estimated their
binding free energies with C60, respectively.

The data in Table 2 show the much higher binding
affinities (�10 kcalmol�1) of nucleotides in the dsDNA/
riboswitch stabilization and G-quadruplex disruption
modes compared with those in the other hybridization
models. Indeed, the C60 is found to constantly stick to
the nucleotides and remain in the stable state through
the whole simulation time in the above three modes.
Under such condition, the surface of nanomolecule pro-
vides more spaces for the hybrids of DNA/RNA, there-
fore aggrandizing the vdW interaction (�43 kcalmol�1).
In contrast, the nucleotides in the dsDNA twist, dsDNA
unwinding, dsRNA curling and dsRNA stability modes
display much weaker vdW energies (�30 kcalmol�1).
This is quite reasonable since the large and flexible move-
ment of these nucleotides enables to induce their less
favorable interactions with C60.

In addition, we notice that the C60 hybridization in all
cases is accompanied by the reduction of solvent accessible
surface area (SASA) due to the burial of large portions of
C60 surface through the stacking of DNA bases, thus
leading to a comparatively large, negative contribution
of the solvation free energies (Gsolv) to the binding free
energy. Closer inspection reveals that the systems in the
dsDNA twist, dsDNA unwinding, dsRNA curling and
dsRNA stability modes have relatively smaller Gsolv

(3–5 kcalmol�1) than those in the other binding modes.
Indeed, the C60 molecule has displayed different sliding
movements along the DNA/RNA axis in the above four
modes. Such unique motions probably significantly
decrease the SASA during the simulations, and thereby
lead to the smaller Gsolv.

Surprisingly, further comparison of the C60-nucleotides
binding affinities in the initial identified sites with those in
the final stabilized sites demonstrates a 2-fold difference
(Table 2), which implies that the hybrid-induced dynamics
of nucleotides significantly affects the hybridization modes
of C60, quite similar to the food intake process from the
mouth to the stomach.

Figure 9. Dynamics hybridization characteristics of C60-DNA/RNA complexes. (A) shows the percentages of representative DNA sequences derived
from the MD simulations that hybrid with C60 in the GC:AT, AT:AT, GC:GC and terminal regions, respectively. (B) The percentages of repre-
sentative RNA sequences derived from the MD simulations that hybrid with C60 in the GC:AU, GC:GC and terminal regions, respectively.

Figure 8. (A) Interactions of C60 with double-stranded RNA in the
1BYJ system. (B) Time evolution of the distance between C60 and
U5. (C) The time evolution of the distance between the base U5 and
the C60 molecule.
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CONCLUSIONS

In this study, we have investigated the static and dynamic
hybridization properties of C60 with DNA/RNA, and
analyzed the potential toxic effects of the nanomolecule.
Using statistical survey, MD simulations and thermo-
dynamic analyses, we have found that:

(1) In the C60–dsDNA hybrids, C60 prefers the minor
grooves of dsDNA involving three consecutive GC
base pairs (GC3), and the major grooves with three
consecutive AT base pairs (AT3). The presence of the
base pair AT in the binding sites plays a key role in
determining the groove binding specificity of C60.

(2) In the C60–dsRNA hybrids, C60 prefers the GC-rich
regions of RNA, especially the GC-GC-AU se-
quences. More strikingly, the nanomolecule binds
only to the major groove regions of RNA.

(3) The difference between the initial identified sites and
the final stabilized sites implies that C60 initially
binds to the initial identified sites of DNA/RNA to
induce the structural changes of the nucleotides, such
as DNA/RNA twist, unwinding and curling. Then,
the C60 molecule moves to the final stabilized sites,
which probably leads to potential toxic effects. This
is similar to the process of food intake by mouth
(initial) and then digestion in stomach (final).

(4) C60 hybridization enables to trigger the initiation of
dsDNA unwinding, which probably inhibits the
DNA discontinuous replication.

(5) C60 enables to disrupt the structure of G-quadruplex
DNA, and thereby provides a possibility to activate the
telomerase by facilitating its access to telomeres and in
this way promotes the proliferation of tumor cells.

(6) C60 induces the conformational transition of HIV
TAR RNA sequences from the stretch state to the
curling state, which probably inhibits the HIV reverse
transcription and represses the expression of HIV.

(7) C60 binds to the substrate-binding site of riboswitch
RNA, showing great potential to be a new type of
riboswitch substrate to regulate the gene expression.

(8) The nucleotides in the dsDNA stability,
G-quadruplex disruption and stabilized riboswitch
modes display much higher binding affinities to
C60 than those in other modes, mainly due to the
significant movement of C60, such as sliding.
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