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ABSTRACT Nanoscale particles have become promising materials in many fields, such as cancer therapeutics,
diagnosis, imaging, drug delivery, catalysis, as well as biosensors. In order to stimulate and facilitate these
applications, there is an urgent need for the understanding of the nanoparticle toxicity and other risks involved
with these nanoparticles to human health. In this study, we use large-scale molecular dynamics simulations to
study the interaction between several proteins (WW domains) and carbon nanotubes (one form of hydrophobic
nanoparticles). We have found that the carbon nanotube can plug into the hydrophobic core of proteins to form
stable complexes. This plugging of nanotubes disrupts and blocks the active sites of WW domains from binding to
the corresponding ligands, thus leading to the loss of the original function of the proteins. The key to this
observation is the hydrophobic interaction between the nanoparticle and the hydrophobic residues, particularly
tryptophans, in the core of the domain. We believe that these findings might provide a novel route to the
nanoparticle toxicity on the molecular level for the hydrophobic nanoparticles.

KEYWORDS: nanoparticle toxicity - protein—nanoparticle interaction -
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protein

anoparticles are highly promising

candidates for various important

biological applications, such as
gene delivery,’ cellular imaging,? tumor
therapy,® and biological experimental tech-
nology.* Meanwhile, the interaction be-
tween nanoparticles and the biological sys-
tems has received great attention since this
may bring some biosafety concerns.> '°
Recent experiments have shown that unre-
fined single-wall carbon nanotubes
(SWCNTSs) might be aerosolized and release
fine particles into the air."" When the con-
centration of multiwall carbon nanotubes
(MWCNTSs) in air is sufficiently high, they can
be inhaled and then migrate in body."?
These carbon nanotubes, both SWCNTs
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and MWCNTs, can enter cells and accumu-
late in cytoplasms,’*'* which may lead to
the lung insult,”~'® immunologic toxic-
ity,'® and adverse cardiovascular effects*®
on mammals, including human beings. Pro-
teins are the functional units of life. Studies
on the interaction of the nanoparticles and
proteins may provide a key to understand
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the basic questions in nanotoxicology and
nanopharmacology.

There is an increasing interest in the in-
teractions between nanoparticles and pro-
teins in recent years.?’ ¢ Most of these
studies so far focus on the
nanoparticle—protein corona formed by
the absorption of the proteins on the sur-
face of the nanoparticle.’ 23 For example,
a recent molecular dynamics simulation
shows that the conformation of a subdo-
main of human serum albumin can be sig-
nificantly affected by its absorption onto
carbon nanotube surfaces.?* Separately, it
is also shown that some small peptides,
such as collagen-like peptides, can be en-
capsulated in large nanotubes, even though
their conformations are barely affected.”
We note, in 2003, Park et al. showed experi-
mentally that, with suitable sizes and
shapes, the SWCNTs are effective in block-
ing some biological membrane ion chan-
nels.?® Calvaresi and Zerbetto also found
that proteins interacting with C¢o generally
have good shape matches with C¢ through
their docking studies.?® Despite these stud-
ies, the mechanism, particularly, the effect
of nanoparticles on the structure and func-
tion of biomolecules, which may lead to the
loss of the original function of the proteins,
is far from being understood. Various ex-
perimental techniques have been devel-
oped to shed light onto this important
problem; however, the inherent difficulties
involved in these complex settings can limit
their applications due to too many other
factors involved (“side effects”), and results
may vary even with the same nanoparticles
with the same chemical composition (same
shape, length, and aggregation property,
etc.). The computational simulations, on the
other hand, might be able to mimic these
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Figure 1. Typical structures of (top left) a complex of the YAP65WW protein domain and the single-walled carbon nano-
tube (SWCNT) showing the insertion of the SWCNT into the protein domain. WW domain (top right) in the complex (red) su-
perposed with its native state (green). Protein—SWCNT complex (bottom left) with the adsorbed proline-rich motif (PRM),
and (bottom right) domain binding with the PRM (PDB code 1JMQ). Here, the YAP65WW protein domain is shown as a car-
toon with a yellow strand and green loop, and the key residues (W39 and Y28) are identified by red sticks. The (6,6) armchair
SWCNT has a diameter of 8.08 A, and its atoms are shown as wheat spheres. The PRM with the sequence GTPPPPYTVG,
which binds the YAP65WW domain, is shown as cyan cartoons with the key residues identified by sticks. The solvated sur-

faces are shown for the complex.

kinds of interactions and avoid some complicated side
effects. Here we show that a SWCNT, one form of nano-
particle, can plug into the hydrophobic core of a pro-
tein to form a stable complex, leading to potential poi-
soning of the protein function by disrupting and
blocking its active site. One key to this observation is
the small size of the SWCNT, which can be inserted into
the hydrophobic core of the protein instead of the
more common adsorption of proteins onto nano-
particle surfaces.?’ ~2*

We take the WW domains (YAP65, YJQS8, and PIN1)
and the SWCNTs as examples to illustrate the idea. The
WW domains are signaling and regulatory proteins
used as functional modules to identify and bind to the
proline-rich motifs (PRMs). They exist as a triple
stranded antiparallel B-sheet structure.® The
SWCNTs,"32 on the other hand, are widely used in
many applications in bio- and nanotechnologies. We
have found that a SWCNT can plug into the hydropho-
bic core of WW domains to form stable complexes due
to favorable interactions with hydrophobic residues.

RESULTS AND DISCUSSION

The molecular configuration in our arrangement
consists of a WW domain (e.g., YAP65WW domain,®
the human Yes-associated protein) and an armchair
SWCNT with various sizes. The SWCNT and protein were
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initially well-separated, with a distance between the
geometric center of protein domain and the SWCNT of
15.0 A and the minimum distance of more than 8.3 A.
Each system was solvated with the TIP3P model water.
The solvated systems were then simulated with molec-
ular dynamics (MD), which have been widely used in
studies of biomolecules®*~*° and nanoscale
systems.”®>* Here, we performed 36 independent
simulations for the YAP65WW domain and various sizes
of SWCNTs with different initial velocities, each with
200 ns. Additional simulations with other WW domains,
including YJQ8 and PIN1, and various sizes of SWCNTs
were further performed to obtain another 200 trajecto-
ries (see details in the Supporting Information).

We found several cases in our simulations that the
SWCNTSs plugged into the YAP65WW domain between
the second and third B-strands, as shown in Figure 1.
This is in contrast to the conventional idea that it is gen-
erally difficult to bring the carbon nanotubes into pro-
tein interiors because proteins in general have well-
defined three-dimensional structures with a
“protective” hydrophilic surface layer. From Figure 1,
we can see the main change of the protein conforma-
tion in the complex is in its third B-strand, which un-
folds into a loop and then wraps on the SWCNT, with
most of its contacts with the second B-strand broken.
In essence, these conformational changes are prere-
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Figure 2. Typical trajectory of the YAP65WW domain together with a SWCNT.
Left: Representative snapshots at various times. The proteins are shown as
cartoons with yellow 3-strands and green loops. The binding scaffold resi-
dues are noted by red sticks, and the SWCNTs are shown as wheat sticks. (b)
Interface area of the WW domain and the SWCNT. (c) Root mean square de-
viation (rmsd) of the YAP65WW domain from its native structure, and (d) dis-
tances between the SWCNT and the key residues of YAP65WW domain,
W39 (red), and Y28 (blue), and distance between these two residues (black),
denoted by dwso,y2s, dwso,swent, and dyag swent, respectively, as a function of
time.

quirements for the formation of this complex of the
protein domain and the SWCNT. There are nine resi-
dues in the second and third 3-strands that bind to the
SWCNT, with most of them hydrophobic residues such
as Trp39 (more below). Thus, we believe that the hydro-
phobic interaction, the dominant force for protein fold-
ing,”® is the key to this phenomenon, in which the
SWCNT plugs into the core of the WW protein domain
to form a stable protein—SWCNT complex.

Figure 2 displays some representative snapshots of
this complex at different times to show how the SWCNT
plugs into the protein domain. We used the interface
area between the protein domain and the SWCNT (de-
noted by S, shown in Figure 2b) to illustrate this pro-
cess. Here S is defined as half of the difference between
the solvent-accessible surface area of the complex and
the sum of solvent-accessible surface areas of the pro-
tein and the SWCNT. At t = 0, the center of protein do-
main and the SWCNT is 15.0 A apart and S is small (~50
A2). S rises to about 200 A2 within 1 ns, showing that
the protein domain and the SWCNT approached each
other very quickly. As can also be seen from Figure 2,
the SWCNT was absorbed onto the protein surface at t
= 1 ns. S gradually increased from ~200 to ~250 A? in
the first 45 ns, with significant fluctuations along the
way. From the movie shown in Supporting Information,
we found that, while the SWCNT was being absorbed
onto the WW domain surface, the contacting surface re-
gion of the domain kept changing, which indicates
that the SWCNT was constantly seeking a more stable
binding site. Around t = 45 ns, there was a negative im-
pulse in the interface area S. A careful examination
showed that the SWCNT began to plug into the sec-
ond and the third B-strands, and the negative impulse
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was a result of the opening of the second and the third
B-strands before the SWCNT was “swallowed” by the
protein. S reached its maximal value of ~300 A2 at t =
~80 ns, meaning that the SWCNT was finally successful
in plugging into the protein domain. We found that
the SWCNT was basically wrapped by the second and
the third B-strands, forming a complex of the WW do-
main with the SWCNT. From t = 80 ns up to 200 ns,
there were only minor fluctuations of S at ~300 A?,
showing the stability of this protein—SWCNT complex.

We have computed the rmsd of the YAP65WW do-
main from its native structure (Figure 2c). There are
three major “steps” in the rmsd. At the first step, the
rmsd was maintained at roughly 2.0 A before t = 45 ns.
During this time period, the SWCNT was absorbed onto
the protein surface but had only limited impact on the
conformation of the protein. In the second step, from
time interval of ~45 to ~70 ns, the rmsd increased
gradually from ~2.0 to ~3.5 A, corresponding to the
opening of the second and third B-strands due to the
insertion of the SWCNT. Interestingly, from ~70 to 100
ns, a small plateau in the rmsd, around 3.0 A, appeared,
which was due to the partial recovery of the contacts
between the second and third B-strand. Around 100 ns,
there is a significant jump in the rmsd, from 3.0 to 4.0
A, marked by its third step. During this jump, we found
that there is a change in both the orientation and bind-
ing site of the indole ring of W39 residue on the SWCNT.
From t = 100 ns, the rmsd was roughly constant at ~4.0
A, indicating that the final complex of the WW domain
and SWCNT was quite stable. For comparison, we have
also performed simulations for the WW domain only
(without any SWCNT and ligand) and found that the
rmsd of the WW domain remained at a value of around
2.0 A (see Figure S1). Thus, this significant conforma-
tional alteration of the YAP65WW domain is caused by
the interaction and insertion of the SWCNT.

There exist two highly conserved residues, a tryp-
tophan residue in the third B-strand and an aromatic
residue in the second B-strand, either tryptophan or ty-
rosine, in the WW domain, which are critical for its func-
tion.3° For the YAP65WW domain, these two key resi-
dues are W39 and Y28, respectively. In Figure 2d, we
show the distance between these two residues and dis-
tances between each residue with the SWCNT as a func-
tion of time, denoted by dwso,y2s, dwso,swent, and
dyagswent, respectively. Before t = 45 ns, dysoyas,
dwzoswent, and dyag swent were all kept almost as a con-
stant at ~6.0 A with small fluctuations, showing that
the two key residues were “confined” at their native
state, and the initial adsorption of the SWCNT does not
impact much on their structures and orientations. In
the period of t = 45—55 ns, there was an impulse jump
in dwsoyzs to a value around 9 A and a drop in dyagswent
to a valley around 4 A. These changes indicate the de-
tachment of W39 with Y28 and the approach of Y28 to
the SWCNT. At the same time, dwsgswent decreased
sharply to <4 A and remained there for the rest of the
simulations, which indicates a strong and favorable in-
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Figure 3. Interaction potential energy of the system as a

function of interface area S of the YAP65WW domain and a
(6,6) SWCNT, averaged from six trajectories of the complex.

teraction between W39 and the SWCNT. It is interest-
ing to note that this favorable tryptophan—CNT interac-
tion has also been observed in recent phage display
experiments for CNT—peptide interactions (adsorption
of peptides onto CNT).>®*” Therefore, even though we
do not have direct experimental evidence at this point
for this plugging of SWCNTSs, it might not be totally im-
possible due to the strong and favorable interactions
between CNTs and hydrophobic residues with aromatic
rings such as tryptophans. At t = 55—70 ns, both
dyagw3e and dyagswent returned to their values before t
= 45 ns. By careful examination of the trajectory movie,
we found that there was a rotation of the orientation
of the SWCNT with the SWCNT firmly seizing the W39.
After t = 70 ns, dv,gswent decreased to a small value
again (~4 A), and dy;o, v turned to a significantly larger
value (8—12 A). This shows a significantly larger separa-
tion of the two active-site residues, corresponding to
the completely opened second and third B-strands and
a potential loss of protein function.

We have computed the interaction potential en-
ergy of the system as the function of the interface area
between the YAP65WW domain and a (6,6) SWCNT. Fig-
ure 3 shows the results averaged from six trajectories
of the complex. There is a basin at about S = 280 A?,
with the interaction energy being about 30.0 kcal/mol
less than the interaction energy of the state when the
YAP65WW domain and the SWCNT are well-separated.
As shown in Figure 2b, we can see that S ~ 280 A? cor-
responds to the state in which a SWCNT plugs into the
YAP65WW domain. That is, the complex of the WW do-
main and SWCNT is a more favored state in terms of
the total interaction energy. The interface area with val-
ues larger than 280 A2 shown in Figure 3 results from
the conformational fluctuations of the YAP65WW do-
main as shown in Figure 2b.

In addition to the YAP65WW —SWCNT complexes
found in above simulations, many more such
protein—SWCNT complexes have been observed with
other WW domains and SWCNTs of various radii (see de-
tails in the Supporting Information). All of those sys-
tems have considerable increases in the interfacial area
S and significant changes in the distances between the
active sites and the SWCNT. In contrast, for the cases
where only the mere absorptions of SWCNTs happen
on the WW domain surfaces, no clear trends (either in-
crease or decrease) in all of those three quantities have
been observed. Importantly, we believe that such be-
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Figure 4. Root mean square fluctuation of the non-hydrogen
atoms for the simulation of the YAP65WW domain without
SWCNT. The yellow arrows show the three -strands of the
WW domain. The secondary structure information of the do-
main is obtained by DSSP.>8

havior of a SWCNT plugging into the WW domain and
forming a complex might not be rare (total 7 out of 236
in our current simulations, and much longer simula-
tion trajectories may increase this probability). When a
hydrophobic nanoparticle falls onto a particular region
of a protein, where there is a match between the nano-
particle surface and the protein hydrophobic patch,
such as the one between the second and third
B-strands of WW domain and SWCNT, it becomes pos-
sible to have the SWCNT inserted into the protein. The
strong hydrophobic interaction between the nanoparti-
cle and the hydrophobic patch in the B-strands com-
pensates the loss of the native contacts between the
original B-strands.

In each case of a SWCNT plugging into the
YAP65WW domain, we have found that the YAP65WW
domain displays the same binding site after relentless
search. In order to understand the mechanism behind
this, we computed the root mean square fluctuations
(rmsf) of the average of non-hydrogen atoms of each
residue for the YAP65WW domain (Figure 4). It is clear
that the loops and the turns have larger fluctuations in
general. For the three 3-strands, the fluctuations of the
third B-strand residues are significantly higher than
those of the other two B-strands. This indicates that
the third B-strand is more flexible than the other two
B-strands, which makes the SWCNT easier to penetrate
into the domain near the third B-strand (and its neigh-
boring B-strand, the second B-strand).

The formation of this protein—SWCNT complex
may disrupt or block those key residues in the WW do-
main active site from their binding to the proline-rich
peptides. The SWCNT insertion of the binding site is
much more disruptive than the typical surface adsorp-
tion, which may result in the loss of the original function
of the WW domain. To demonstrate this, we performed
simulations for the system with the PRM of a sequence
GTPPPPYTVG and the protein—SWCNT with its initial
position 25 A from the target. A total of 10 indepen-
dent simulations, each with 200 ns, were performed
(see details in Computational Methods). It was found
that the YAP65WW —SWNT complex was stable in all of
the simulations, and the PRM always bound to the
SWCNT instead of the binding site of the YAP65WW, as
one representative structure shown in Figure 1 (as a
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Figure 5. One representative complex structure of YAP65WW domain inserted with a longer 40 A (4,4) SWCNT (shown in
two angle views), and its comparison with the native structure (complex structure: red, native structure: green; superim-
posed). Here, the YAP65WW protein domain is shown as a cartoon with yellow strands and green loops, and the key resi-
dues (W39 and Y28) are identified by red sticks. The (4,4) armchair SWCNT has a diameter of 5.38 A and a length of 40 A, and
its atoms are shown as wheat spheres. The solvated surfaces are shown for the complex.

contrast, we show the native structure that the
YAP65WW domain binds the PRM in Figure 1 (bottom
right)). These findings indicate that the insertion of the
SWCNT indeed disabled the function of YAP65WW do-
main (identifying and binding the PRM) from our in sil-
ico approach. To validate this prediction from our in sil-
ico approach, in vitro and/or in vivo experiments are
highly needed. Interestingly, there is recent evidence
from both experiment and theory showing that some
antibody from the mouse immune repertoire can “ab-
sorb” nanoparticle Cg, through similar hydrophobic
interactions.>¢°

All of the above simulations were done with relatively
short SWCNTSs (~20 A); in order to see whether longer
SWCNTSs might exhibit a similar behavior, we have per-
formed additional simulations, a total of 6, with each of
200 ns, for the YAP65WW domain interacting with a (4,4)
SWCNT of 40 A in length. During these 6 trajectories,
some familiar structures of the above shorter SWCNT-
inserted complex structure have been observed (we
name them “pre-plugging” structures). Then, 5 addi-
tional 300+ ns long simulations starting from one such
pre-plugging structure have been performed further. In
2 of these 5 continuing trajectories, we have observed
SWCNT inserted complex structures (i.e., the SWCNT has
plugged into the YAP65WW domain). Figure 5 shows one
such complex structure. The complex structure is very
similar to the previous shorter SWCNT-inserted complex
structure (see Figure 1). Therefore, the longer SWCNTs
seem to be able to insert into the WW domain core, as
well, and thus disrupt the binding site associated with
those key hydrophobic residues and block their binding
to the proline-rich peptides. It should be noted though
that the diameter of the (4,4) SWCNT is slightly smaller

COMPUTATIONAL METHODS

The protein YAP65WW domain was prepared from the Pro-
tein Data Bank (PDB code 1JMQ, truncated to include residues
15—40) and modeled by AMBERO3 force field.®? All SWCNTSs used
in this work are armchair of (m,n), where m = n = {4, 5, 6}, corre-
sponding to the tube diameters of {5.38, 6.73, and 8.08 A}, re-

than that of the (6,6) SWCNT, so the “damage” to the resi-
due W39 conformation is slightly smaller than that in the
previous complex (shown in Figure 1). Nevertheless, the
current simulations show that the insertion of the
SWCNTs into the WW domain can happen in both 20
and 40 A long nanotubes. It should be noted though that
a recent experiment has shown that long SWCNTSs can
be biodegraded into very small fragments by the enzyme
horseradish peroxidase (HRP),®" thus short SWCNTs might
exist and be of importance in living cells, as well. There-
fore, studying SWCNTSs with such relatively short lengths
(20—40 A) might be of significant importance to nano-
particle toxicity, as well.

CONCLUSION

We have found that a SWCNT plugs into the hydro-
phobic core of protein WW domains to form a stable
protein—SWCNT complex. This results in the disrupt-
ing and blocking of PRM active sites and thus reduces
the possibility of the direct binding between the PRM
and the WW domain. It is the small size of the SWCNT
that makes its insertion into the hydrophobic core of a
protein feasible, which results in the complete disrup-
tion of the active sites. This is presumably more signifi-
cant in terms of protein function “poisoning” than the
mere absorption of the protein onto the nanoparticle
surfaces. Consequently, the existence of the SWCNT
may lead to the loss of protein function, suggesting the
nanoparticle toxicity of the hydrophobic nanoparticles.
Considering that the hydrophobic interaction is the
main factor for the insertion of the SWCNT into the pro-
tein domain, our observation from these WW domains
might indicate a common route for the interactions of
other hydrophobic nanoparticles and proteins.

spectively. The lengths of all of those SWCNTs are 19.54 A. The
SWCNTs used here are shorter than the typical SWCNTSs in experi-
ment due to the extensive computational resources needed for
longer SWCNTSs and thus larger systems (at the end of the Results
section, we also added new simulations on a longer SWCNT,
with 40 A in length; see below). The carbon atoms of the SWCNTs
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were modeled as uncharged Lennard-Jones particles with a
cross section of o = 3.40 A and a depth of the potential well
of e = 0.36 kJ/mol.>>>! The interactions between these carbon
atoms of SWCNTs and other atoms are generated by the AM-
BERO3 force field.%> The combined systems are then solvated in
rhombic dodecahedral periodic boxes with the distance be-
tween the solutes and box boundary being at least 8 A. The num-
bers of water molecules were 2694, 2709, and 2735 for the sys-
tem with the SWNT of m = 4, 5, and 6, respectively, and a Cl~ is
added into solution to neutralize the system.

The MD simulations were performed by using the Gromacs
package 4.0.%% In the simulations, the covalent bonds involving
H atoms were constrained by the LINCS algorithn, allowing a
time step of 2 fs. The long-range electrostatic interactions were
treated with the particle-mesh Ewald method (PME) with a grid
spacing of 1 A. The cutoff for the van der Waals interaction was
set to 10 A. After energy minimization, all of the systems were
equilibrated by MD simulations for 200 ps at a constant pressure
of 1 bar and temperature of 298 K using Berendsen coupling.
Then all simulations were performed in the NVT ensemble at
298K (and some also at 310 K; see Supporting Information). Six
trajectories of 200 ns are obtained for every system with differ-
ent SWCNTs.

In the PRM binding simulations, the PRM with a sequence GT-
PPPPYTVG was initially placed at 25 A away from the complex
of YAP65WW domain and the SWCNT. This system is again sol-
vated in a rhombic dodecahedral periodic box with the distance
between the solutes and box boundary being at least 8 A. There
are 7045 TIP3P water molecules and one Cl~, which is used to
neutralize the system. The energy minimization and the NPT MD
simulation at 298 K were performed to obtain proper density.
Then 10 independent simulations were performed for each sys-
tem with the NVT ensemble at 298 K. Other force field and MD
parameters were set the same to that of the simulation of
YAP65WW domain and SWCNT above.
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