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Here, we report computational studies of the SH3 protein domain interacting with various single-walled
carbon nanotubes (SWCNT) either bare or functionalized by mimicking the proline-rich motif (PRM)
ligand (PPPVPPRR) and compare it to the SH3-PRM complex binding. With prolines or a single
arginine attached, the SWCNT gained slightly on specificity when compared with the bare control,
whereas with multi-arginine systems the specificity dropped dramatically to our surprise. Although the
electrostatic interaction provided by arginines is crucial in the recognition between PRM and SH3
domain, our results suggest that attaching multiple arginines to the SWCNT has a detrimental effect on
the binding affinity. Detailed analysis of the MD trajectories found two main factors that modulate the
specificity of the binding: the existence of competing acidic patches at the surface of SH3 that leads to
“trapping and clamping” by the arginines, and the rigidity of the SWCNT introducing entropic
penalties in the proper binding. Further investigation revealed that the same “clamping” phenomenon
exits in the PRM-SH3 system, which has not been reported in previous literature. The competing effects
between nanoparticle and its functionalization components revealed by our model system should be of
value to current and future nanomedicine designs.

onventional drugs often suffer from low or limited sustained efficacy due to immune degradation and lack

of specificity'. In contrast, nanomedicines, such as SWCNT functionalized with various biomolecules,

may survive immune clearance and target malignant cells, making them very promising nanovectors® and
nanovaccines’. Examples include SWCNT-PTX conjugates for tumor suppression* and carborane-appended
SWCNTs for boron neutron capture therapy’.

The nanotoxicity of a bare prototypical carrier is, however, a big concern® . It has been reported that bare
SWCNT may induce very strong biotoxicity at different scales. For example, at the molecular level it can plug into
the hydrophobic core of WW domains and disrupt their active sites®. Its toxicity has also been identified at the
cellular and organ level through various experiments''~**. Other nanomaterials such as graphene share similar
toxicity-recent experiments showed that pristine graphene and graphene oxide nanosheets can induce the
degradation of the inner and outer cell membranes of Escherichia coli, thus reducing their viability'*"". As a
result, nanotoxicity alleviation has emerged as an important research direction for devising safer ways to wield
these man-made particles.

The Src homology 3 (SH3) protein domain is usually found at the downstream of signal transduction pathways,
and plays an important role mediating protein-protein interactions'®. This protein domain is known to bind with
high specificity to sequences rich in proline and other hydrophobic amino acids. One of such ligands, the proline-
rich motif (PRM, peptide sequence PPPVPPRR)" binds to the SH3 domain by following a two-step process™.
First, the two positively charged arginines at the tail of the PRM interact with the negatively charged acidic patches
around the binding pocket. This long-range electrostatic attraction connects the tail of the PRM to the acidic
patch, thus effectively reducing the overall search space. Once anchored, hydrophobic interactions between the
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PRM and the binding pocket induce a local interfacial drying
through strong hydrophobic packing, thus fixating the PRM into
the binding pocket.

Interestingly, recent studies showed that bare SWCNTSs could
compete with PRM in binding to SH3 domains’, which may in turn
interrupt the signal transduction and thus disrupt the biological
function of SH3 domain, ultimately leading to toxic effects.

Meanwhile, the technology for carbon nanotube functionalization
has made significant progress in the past decade. Strano et al.*' found
that diazonium reagents could functionalize single-walled carbon
nanotubes suspended in aqueous solution, achieving high selectivity
and controllability. Banerjee and his colleagues® investigated the
strategy of molecular metal complexation with SWCNT's to control
site-selective chemistry in the functionalization. These recent prom-
ising technologies for custom-functionalizing SWCNTSs can be
leveraged to investigate how different functionalizations affect the
nanotoxicity of the nano structures, with an ultimate goal of reducing
or completely eliminating the adverse effects of cell exposure to
nanomaterials. On the other hand, molecular dynamics (MD) simu-
lations are a remarkable tool for the detailed study of objects in
nanoscales. MD has been widely used in areas such as protein fold-
ing®”~, ligand-receptor binding’'~**, nanotoxicity®'***, nanomedi-
cine'**** and nanomachine development®”~*°.

In this study, we have functionalized short (3,3) SWCNTs by bio-
mimicking the PRM in four different models and compare their
binding with PRM and bare SWCNT. Since the prolines on PRM
provide hydrophobic interactions required for specific binding, we
attached 3 key proline residues* to the SWCNT according to their
relative position on the PRM (system referred as P3). Similarly, given
that the arginines play a crucial role in the initial SH3 domain recog-
nition, we attached arginines to the tail of the SWCNT in 3 different
scaffolds: one single arginine (system A1), two linked arginines (sys-
tem A2l), and two separate arginines (system A2s) [Figure 1]. The
results of each functionalization are then compared to a control
simulation consisting of a bare SWCNT (bare) and to another con-
trol simulation containing only the PRM (PRM).

We found that the functionalization strategies employed here gen-
erally failed to meaningfully improve the specificity of the SWCNT-
SH3 interaction, regardless of our great efforts in bio-mimicking
PRM faithfully. In some extreme cases, such as some arginine-based
functionalization, it even reduced the specificity significantly. These
surprising results suggest that the prevalence of intricate subtleties
underlying nanoparticle functionalization remains a major concern
in today’s nanomedicine design. Moreover, the same mechanism
leads to the failure of fCNT was also observed in the PRM-SH3
system and reported here for the first time. However, in this case,
the biological peptide has the flexibility to offset most of the negative
effect. Despite the unfavorable and unexpected outcomes, by elucid-
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ating the mechanism behind this specificity loss, our current findings
may help to identify potential new strategy to mitigate the risks of
nanotoxicity in nanomedicine design.

Results and Discussion

We carried out 10 X 100 ns simulations for each of the four f{CNT
models mentioned above, along with the two control systems (CNT
and PRM), in the presence of the SH3 domain (total six systems). In
general, a sufficient sampling is necessary for any meaningful con-
clusions. However, to guarantee a perfect ergodic sampling is very
hard or impossible for complex biological systems*>*. In this par-
ticular case, we performed 10 independent trajectories for each case
to collect data, which is better or comparable to many similar studies
in literature. The Cartesian distance between the geometrical center
of the binding pocket (defined as B-carbons of relevant residues of
F8, W36, P50, and Y53)* and the center of the f{CNT (Dpc), along
with another distance between the center of the binding pocket and
the longest end (tip) of the f{CNT (Dpg), were monitored to provide a
comprehensive description of the binding process.

Free energy landscapes (FEL) of all different systems using the
reaction coordinates mentioned above display successful binding,
marked by a large barrier separating “bound” from “unbound” on
each case [Figure 2]. The bound state is located in the lower-left
corner and labeled with a “B”, while a more extended and rough
“not bound” basin spans the middle of the landscape.

Comparison of all six systems demonstrate that the bound basins
in SWCNT, P3, Al and A2l all compete against the non-bound
basins, though they are all comparable with each other with no favor
for the functionalized systems. On the other hand, the bounded basin
in A2s system shows a radical recession in both size and depth,
making it a shallow local minimum. These observations indicate that
the functionalization has very limited positive contribution to the
recognition between SWCNT and SH3 binding pocket, and some
may even cause significant loss of specificity.

The bound and unbound basins are well separated in all cases
which suggests D, = 1.3 nm as an adequate cut-off distance to
distinguish the bound and unbound states in the time scales sampled.
Hence, we took the average D, of the last 5 ns for each trajectory as
an indicator for its final binding status, with Dpc =1.3 nm considered
bound. We then define the binding success rate of each system as 7,
= Nyyccess/ Naip which serves as a direct proxy to measure the binding
specificity for each system.

While the bare SWCNT is not guided by any electrostatic inter-
action, surprisingly, the super-hydrophobic SWCNT still provides
high specificity to the binding pocket. The bound basin is the global
minimum of the free energy landscape, with r, = 3/10. Interestingly,
due to the high hydrophobicity of the binding pocket, when the first

(d) (e) (f)

Figure 1| Six different “ligands” were simulated in presence of a SH3 protein domain. First two are the control systems—(a) the native ligand PRM and
(b) bare SWCNT. The rest are functionalized SWCNT systems, (c) P3-SWCNT with three prolines (d) AI-SWCNT with one arginine (e) A2I-SWCNT

with two linked arginines and (f) A2s—SWCNT with two separate arginines.
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Figure 2 | Free energy landscapes of (a) Bare SWCNT (b) SWCNT with 3 prolines (c) SWCNT with one arginine (d) SWCNT with two linked arginines
(e) SWCNT with two separated arginines. The reaction coordinate consists of the distance between the SWCNT center and binding pocket as the abscissa,
and the distance between the SWCNT tip and binding pocket as the ordinate. The lower-left areas marked with “B” represents the bound state. For the
first four systems the bound state is rather competitive, but for (e) A2s it has shrunk and shallowed significantly, which is consistent with the low binding

success rate.

contact between the SH3 domain and the bare SWCNT was not in
the binding site, the nanotube was able to roll to the proper position
[Figure S1]. This “rolling” can also be seen in its FEL [Figure 2(a)],
whose inverted L shape suggests SWCNT usually first moves in the
D, direction (find the pocket), then in the D, direction (adjust
position) to reach the bound state.

In turn, the P3 system displayed a slight boost on the binding
success rate, managing to reach r, = 4/10. The extremely hydro-
phobic SWCNT competed against the prolines for binding to the
protein domain, rendering the fCNT only slightly more specific than
the control system. Visual inspection of the trajectories showed that
steric effects were the main contributor to the disruption of better
binding. In our simulations, when the prolines made contact with the
binding pocket, the nearby SWCNT carbon rings would have hard
time making their own contacts with the pocket due to the rigidity of
CNT. This can also be seen in the FEL in terms of the separation of
both the bound and unbound basins, in smaller mutually exclusive
local minima. This is further observed in the free energy landscape of
P3 with the distance between prolines and binding pocket as second
reaction coordinate [Figure S2], where the bound basin is somewhat

divided diagonally, depending on whether the prolines or SWCNT
occupy the pocket.

The functionalized SWCNT with a single arginine (A1) displayed
the same binding success rate as P3. Even though steric effects were
not observed in the simulated trajectories, the existence of other
acidic patches with comparable size to the one near the binding
pocket (the right one for PRM, see Figure 3) provided the single
arginine some competing sites for the long-range recognition.
These surface charges effectively roughened the free energy land-
scape of binding by introducing competing local minima. While
modest, the inclusion of a single arginine did improve the SH3
recognition when compared to the control system.

Inclusion of a second arginine in the A2l system, which bio-
mimics exactly the original arginines of the PRM, was tried next.
To our surprise, with this exact-mimicking strategy providing
doubled electrostatic interaction the binding success rate dropped
to r=3/10. Visual inspection of the trajectories revealed that the
second arginine allowed for a newly emerging “clamping mech-
anism”. While in the single arginine case the binding between argi-
nine and the competing charged patches was short-lived, the doubly

| 4:7229 | DOI: 10.1038/srep07229

3



Ons

44 ns

Figure 3 | Screenshots of one representative trajectory of the A2s system
(SWCNT with two linked arginines) which shows successfully binding to
the SH3 domain. The acidic residues and functionalized arginines are in
Licorice representation, while key binding pocket residues are shown as
VDW spheres. (1) At first f{CNT was 30 A away from the SH3 domain. (2)
fCNT quickly found an acidic patch and clamps to it in 6 ns. (3) At 44 ns
the clamping broke and (4) fCNT were docking onto the binding pocket
sideway. (5) Two arginines made contact with two acidic patches
respectively and the entire complex stayed stable to the end of the
simulation.

functionalized A2l could clamp around the patch [Figure 3], result-
ing in very effective trapping with much longer residing time. This
mechanism explains the reduced binding specificity observed. In a
representative trajectory where A2l successfully located the binding
pocket [Figure 3], we observed a rapid establishment of clamping at
around 6 ns. The fCNT was trapped there for about 40 ns, then the
clamping contact broke and fCNT moved closer to the binding
pocket. In the following 50 ns, it was constantly adjusting its posi-
tion, until 94 ns into the simulation, when its two arginines managed
to make direct contact with the two acidic patches respectively.
Guided by the observations described above, we decided to utilize
and maximize the clamping effect by attaching two separate argi-
nines to the SWCNT (A2s). This time the clamping was greatly
favored by the flexibility of the two distant arginine arms, with 5
out of 10 trajectories adopting the clamping scenario and keeping
it to the end of the simulation, decreasing the binding success rate to
r=1/10. Figure S3 shows the free energy landscape with the distance
between the nitrogen atoms of the two arginine arms and the distance
between the pocket and fCNT as reaction coordinates. When pro-
jected to this new reaction coordinate with the distance between two
Arg arms, it is easy to see the bound basin displays a 0.5 nm larger
separation in the two Arg arms than the non-bound basin, meaning
in the unbound state the arginine arms are much closer to each other
[Figure S3]. In a typical trajectory, the f{CNT quickly finds some
acidic patches and stays there [Figure S4], which corresponds to

Figure 4 | The tail of PRM (blue) is clamping around an acidic patch, but
the main body (brown) manages to curl itself and find the binding pocket.

the two arginine arms clamping around respective patches simulta-
neously [Figure S5]. Meanwhile, the SWCNT, dragged by the two
arginines, also gets trapped far away from the binding pocket. All
these processes finished in less than 10 ns. The clamped complex was
also very stable, remaining unchanged for the next 90 ns.

To further validate the clamping mechanism, and given that A2l
was functionalized to mimic exactly the PRM arginines, simulations
of the PRM peptide in presence of the SH3 domain were performed
in order to assess whether this clamping mechanism is also present in
the biological system. Interestingly, the simulations showed that
PRM also displayed clamping in 3 out of 10 simulations [Figure 4].
However, the flexible backbone of the peptide allowed the PRM to
curl itself in order for the prolines to find the pocket. This flexibility
contrasts drastically with the case of f{CNT, where even clamping in
the vicinity of the pocket prevents successful binding.

Based on all the results we had obtained, we infer that there are
inherent subtleties underlying nanoparticle functionalization. This is
instructive for the future design of more complicated and realistic
systems.

First, the functionalization of nanoparticles must adopt a holistic
view. Today’s nanomedicines with specific targeting capability are
often functionalized with multiple components to be multi-func-
tional, which would enable them to work properly all the way from
administration to drug action®. These multiple components should
be designed to work cooperatively with each other, which could be a
big challenge as illustrated by the P3 system. Our systems indicated
that the flexibility of the substrate material, modification pattern and
the local environment of target protein surface were all important
factors.

Second, exact mimicking of the biological system will not neces-
sarily yield optimal design. Bio-mimicking is very prevalent in
today’s design of high efficacy anti-cancer drugs, like tagging the
nanocarrier with specific antibodies® or other small naturally arising
ligands**. From our model system, we observe that the original mech-
anism may not work well with the new substrate nanoparticle. Those
direct bio-mimicking products potentially need to be improved fur-
ther by carefully investigating and utilizing the molecular level inter-
actions in their specific environment as a whole.

Our approach for the A2s design is reminiscent of the “negative
design” in the field of protein design, where the unfavorable inter-
actions are removed to make the protein folding smoothely**, while
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here we were enhancing the competing interaction to alleviate the
nanotoxicity. This is different from the previous nanotoxicity alle-
viation methods, which often adopt the strategy of armoring
SWCNTs with other residues or functional groups by covalent bond-
ing (most frequently small hydrophilic groups like -OH and -NH3),
or proteins by non-covalent interaction®.

Finally, it should be noted that pristine SWCNTs are highly insol-
uble in water and thus not accessible to biomolecules in solution.
With sufficient functionalization to be water dispersible, it is then
important to make sure that the modified SWCNT still has large
enough exposed hydrophobic surface to bind to the pocket of SH3
domain. Fortunately, this seems not a problem at all. In a previous
study on SWCNT interacting with human serum proteins®, we found
that functionalized SWCNTs (so water dispersible) still have large
exposed hydrophobic surface areas that can absorb large amount of
serum proteins. In this particular case, we coat the (small-sized)
SWCNT with multiple charged residues, which should help the func-
tionalized SWCNT to be water dispersible, while still maintaining a
large exposed hydrophobic surface area.

Conclusion

We have carried out atomistic molecular dynamics simulations for
bare SWCNT, PRM and four different fCNTs interacting with a SH3
domain in explicit water. The SWCNTs were functionalized with
three prolines (P3), a single arginine (A1), two consecutive arginines
(A2]) and two separate arginines (A2s) respectively, and the resulting
binding properties were compared. For P3 and A1, the binding suc-
cess rate only improved slightly from 3/10 to 4/10. Our analysis
showed that steric effects hindered the specificity of P3, while the
competing interaction from non-relevant acidic patches lowered the
possibility of better binding in Al system. To our surprise, the spe-
cificity dropped back to 3/10 and 1/10 for the multi-arginine systems,
regardless of their increased electrostatic attraction and high resemb-
lance to the PRM. The deficient binding of the A2l and A2s systems
were due to the emerging “clamping mechanism” along with the
rigidity of SWCNT. This raised the question of whether or not the
clamping exists in the original biological system (PRM-SH3), which
was then confirmed in our simulation.

These subtleties raised questions about the linear thinking (inter-
polation) and faithful mimicking of biological system in nanoparticle
functionalization. A systematic view must be adopted, especially in
the design of multi-functional nano-systems, where the cooperation
between different components is crucial.

Methods

We used a 19.54 A long, (3,3) SWCNT in all our simulations, generated with the
VMD 1.9.1 package*. The small (3,3) nanotube was used mainly to mimic the size of
the natural proline-rich motif peptide in order to better fit into the hydrophobic
groove of SH3 domain. A slightly larger SWCNT, such as (4,4), (5,5) or (6,6), can in
theory also work, maybe to a less extent. In addition to size, the surface curvature can
also play a meaningful role as indicated in recent studies*>*'. The carbon atoms were
modeled as uncharged Lennard-Jones particles with a depth of potential well of

K .
«=0.36 —] and a cross section of .. = 3.40 A*. The structure of SH3 domain and

mol

PRM ligand were downloaded from Protein Data Bank (PDB code: 1CKB*). The
fCNTSs were positioned 30 A away from the SH3 domain in all the systems and the
initial relative position was chosen at random for each run.

To carry out the molecular dynamics simulation, we used the Gromacs package
4.5.5*. All the systems were modeled with the OPLSAA force field*’and solvated in
cubic periodic boxes filled with around 12,000 TIP3P water molecules, with the
minimum distance between solutes and the box boundary setas 10 A. We then added
Na* to balance the charge and carried energy minimization. After that, we equili-
brated all the systems at a 1 bar pressure and 300 K temperature for 400 ps using
Berendsen coupling. The production run were performed at 300 K with a time step of
2 fs, LINCS algorithm and particle-mesh Ewald method (PME) were adopted, and
the van der Waals interactions were treated with a smooth cutoff distance set to 12 A.
For each system we obtained 10 trajectories with 100 ns in length.
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