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Residue Specific and Chirality Dependent
Interactions between Carbon Nanotubes
and Flagellin

Isaac G. Macwan, Zihe Zhao, Omar T. Sobh, Ishita Mukerji, Bhushan Dharmadhikari, and Prabir K. Patra

Abstract—Flagellum is a lash-like cellular appendage found in many single-celled living organisms. The flagellin protofilaments
contain 11-helix dual turn structure in a single flagellum. Each flagellin consists of four sub-domains - two inner domains (DO, D1) and
two outer domains (D2, D3). While inner domains predominantly consist of «-helices, the outer domains are primarily beta sheets with
D3. In flagellum, the outermost sub-domain is the only one that is exposed to the native environment. This study focuses on the
interactions of the residues of D3 of an R-type flagellin with 5nm long chiral (5,15) and arm-chair (12,12) single-walled carbon
nanotubes (SWNT) using molecular dynamics simulation. It presents the interactive forces between the SWNT and the residues of D3
from the perspectives of size and chirality of the SWNT. It is found that the metallic (arm-chair) SWNT interacts the most with glycine
and threonine residues through van der Waals and hydrophobic interactions, whereas the semiconducting (chiral) SWNT interacts
largely with the area of protein devoid of glycine by van der Waals, hydrophobic interactions, and hydrogen bonding. This indicates a
crucial role that glycine plays in distinguishing metallic from semiconducting SWNTs.

Index Terms—Bacterial flagellum, flagellin domain, molecular dynamics, nanotube sorting, chirality

1 INTRODUCTION

ONE of the important aspects of the nano-bio-fabrication
is the precise control of the atomic scale assembly by
which organic and inorganic molecules are bound with
each other. This requires insight into the detailed interactive
forces that help forming such an assembly. Owing to rap-
idly changing conformations of proteins it is very challeng-
ing to experimentally quantify the interactions between
proteins and nanomaterials hence molecular dynamics
(MD) simulations can be efficiently utilized to study such
interactions. A single unit cell of the flagellum is made up
of protein flagellin (shown in Fig. 1) and in an 11-helix dual
turn of a single flagellum, there are 11 such protofilaments
[1]. The size of each flagellin is 140 A in length and 110 A
in width. And each flagellin monomer is in a position

o [.G. Macwan is with the Department of Biomedical Engineering,
University of Bridgeport, 126 Park Avenue, Bridgeport, CT 06604.
E-mail: imacwan@bridgeport.edut.

e Z. Zhao is with the Department of Computer Science, University of
Bridgeport, 126 Park Avenue, Bridgeport, CT 06604.

E-mail: zihezhao@my.bridgeport.edut.

o O.T. Sobh is with the Biology Department, University of Pennsylvania,
102 Leidy Laboratories, 433 S. University Avenue, Philadelphia, PA
19104. E-mail: osobh@sas.upenn.edu.

o I Mukerji is with the Molecular Biology and Biochemstry Department,
Wesleyan University, 45 Wyllys Avenue, Middletown, CT 06459.

E-mail: imukerji@uwesleyan.edu.

e B. Dharmadhikari is with the Department of Computer Science and
Engineering, University of Bridgeport, 126 Park Avenue, Bridgeport, CT
06604. E-mail: bdharmad@my.bridgeport.edu.

e P.K. Patra is with the Departments of Biomedical and Mechanical
Engineering, University of Bridgeport, 126 Park Avenue, Bridgeport, CT
06604. E-mail: ppatra@bridgeport.edu.

Manuscript received 9 Mar. 2015; revised 7 July 2015; accepted 15 July 2015.
Date of publication 0 . 0000; date of current version 0 . 0000.

For information on obtaining reprints of this article, please send e-mail to:
reprints@ieee.org, and reference the Digital Object Identifier below.

Digital Object Identifier no. 10.1109/TCBB.2015.2459696

perpendicular to the filament axis [2]. There are two major
conformations of flagellin, L (Left) -type and R (Right)
-type. During the normal bacterial motion called ‘run’, the
flagellar filament forms a left-handed supercoil made of
L-type and R-type flagellin. However, when the bacteria
encounters an unfavorable condition such as increased oxy-
gen levels or increased temperature, they often ‘tumble’
resulting in abrupt changes in their direction of motion.
During such an event, the usual anti-clockwise motion of
the flagellum is suddenly converted to clockwise. The sud-
den abruption in the flagellar motor twists the filaments,
which loses their co-ordination converting the conformation
of some L-type molecules to R-type [1] and convert tempo-
rarily the left-handed to right-handed supercoils. The
molecular structure of both L-type and R-type flagellin
monomers are already known from electron cryomicro-
scopy [1], [2]. Some of the investigations in the past based
on MD simulations of the bacterial flagellum involved the
motion of a rotating bacterial flagellum [3], the domain
movement of the cap protein HAP2 from the viewpoint of
flagellum growth [4] and the transportation of flagellin
through the central channel for flagellar assembly [5]. Even
though there are elegant reports on structure specific recog-
nition and separation of SWNT using techniques such as
DNA sequencing [6], [7], gel chromatography [8] and struc-
ture-discriminating surfactants [9], so far there is little to
none information available on residue specific and chirality
dependent interactions of SWNT and flagellin. Further-
more, previous studies involving MD simulations on
the interaction of SWNTs and proteins involved protein
domains such as YAP65WW [10], human serum albumin
[11], signaling and regulatory protein domain SH3 [12] and
also human blood serum proteins [13]. However, to the best
of our knowledge, this is the first report on the use of MD
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Fig. 1. Flagellin monomer portraying N- and C- terminals and the four
domains DO, D1, D2, and D3. Domains DO and D1 are predominantly
made up of a-helics and domains D2 and D3 consists primarily of
extended beta sheets.

simulations to study the residue specifc interactions between
flagellin and SWNTs. The purpose of this work is to gain
insights on the interactive behavior of flagellin with metallic
(arm-chair) as well as semiconducting (chiral) SWNT from
the perspectives of addressing the differences in the type
and extent of interactive forces depending upon the chirality
and size of the SWNTs. There are a few contradictory reports
of the interaction of individual amino acids in general and
glycine in particular with CNTs, where efforts were made to
know the nature of binding between the amino acids and
intrinsic as well boron-doped SWNTs [14], [15]. In this study,
however, the role of glycine as a component of flagellin
monomer is investigated by considering the way it interacts
with (12,12) and (5,15) chirality SWNTs. This further leads to
an interesting possibility that the position of glycine in the
amino-acid sequence of flagellin might play a role in the way
it interacts with different chirality nanotubes. The CNT-
flagellin interation may pave the way for precise navigation
and selective deposition of electronics. The larger goal of this
research is to focus on the interaction of the magnetotactic
bacteria with the carbon nanotubes by way of understanding
as to how the flagellum of these bacteria would interact with
CNTs. Furthermore, this gave an opportunity to understand
as to why the growth of magnetotactic bacteria along with
CNTs was successful in our culturing experiments and the
intact motility of the bacterial cells in the presence of the
CNTs validates the data that we find in this analysis that fla-
gellin as a protein of the flagellum in the magnetotactic bacte-
ria did not loose its function as a motility protein hence
giving us some hints towards the toxicity of the CNTs to the
magnetotactic bacteria as well.

2 MATERIALS AND METHODS

MD simulations were prepared and analyzed using visual
MD (VMD) [16] and are carried out using NAMD [17].

R-type flagellin filament pdb file (1UCU) was obtained from
protein data bank (pdb) and an inbuilt nanotube builder
plugin in VMD was used to create SWNTs of metallic
(12,12) (m-CNT) as well as semiconducting (5,15) (s-CNT)
nature with a length of 5nm. With simulations utilizing
domain D3 (97 residues), both (12,12) m-CNT as well as
(5,15) s-CNT were used and the simulations were carried
out for a time period of 50 ns. In order to compare the
changes in the conformation of D3, 50 ns runs were also per-
formed on D3 alone with identical conditions as in the pres-
ence of CNTs. All simulations used the CHARMM force
field [18] along with TIP3 water model [19] with a neutraliz-
ing salt concentration of NaCl for effective polarization of
water molecules. Dell Studio XPS 9100 system with 8-core
Intel i7 CPU and 16-core CUDA acceleration capability is
utilized to perform all-atom simulations.

In each simulation, temperature was maintained at 300 K
by Langevin thermostat and pressure of latm was main-
tained through Nose-Hoover Langevin-piston barostat with
a period of 100 ps and a decay rate of 50 ps; periodic bound-
ary conditions were assumed. Multiple time stepping was
employed using an integration timestep of 2 fs, with short-
range forces evaluated every time step and long range elec-
trostatic forces evaluated every two timesteps. Short range
forces were smoothed with a cutoff between 10 and 12 A,
while long range electrostatic forces were calculated using
the particle-mesh Ewald algorithm. A salt strength just
enough to neutralize the charge of the system was assumed.
All-atom simulations of the interactions between D3 and
SWNT and between R-type flagellin monomer and SWNT
were performed in a periodic water box. The analysis plu-
gins for root mean square deviation (RMSD) and NAMD
energy were utilized to further investigate the nature of
interactive forces and associated energies. TCL scripting
language was utilized to query the different binding events
in order to gain the insights about the binding interactions,
number of atoms/residues involved and secondary struc-
ture conformations comparing the differences between
binding of m-CNT and s-CNT with domain D3.

3 RESULTS

Fig. 2 shows the ball and stick representations of the begin-
ning and end of run for both m-CNT and s-CNT and pro-
vide a visual understanding of the nature of interaction
between D3 and CNT (refer Table 1 for the exact number
and type of residues).

A detailed RMSD analysis (Fig. 3) was performed to
ensure stable protein conformation for both m-CNT and
s-CNT interactions with D3 and was compared with D3 in the
absence of the CNT for every frame upto the period of 50 ns
(2,500 frames). It is seen that based on the stability of the
domain D3, m-CNT is adsorbed at ~4ns (solid vertical line)
whereas s-CNT is adsorbed at ~14 ns (dotted vertical line).
This is comparable to the Fig. 52 showing the timeframe for
the onset of adsorption (taken as less than 5 A of the distance
between the atoms of the D3 residues and CNT atoms) as
early as 2.62 ns (frame 131) for m-CNT and 14.72 ns (frame
736) for s-CNT. The stability of the domain D3 after the
adsorption is understood through reduced deviations in cases
of m-CNT and s-CNT whereas in the absence of CNTs, D3
experiences uncertain increased deviations.
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Fig. 2. Ball and stick representation of (A) m-CNT with D3 domain of fla-
gellin before and after a simulation run of 50 ns, (Total atoms: 22,188).
(B) s-CNT with D3 domain of flagellin before and after a simulation run
of 50 ns. (Total atoms: 21,869). Water and neutralizing molecules of
NaCl are not shown for clarity. The residues participating in the binding
are shown using the VDW graphical representation.

The attraction events that occur during each timeframe
for individual residues for 50 ns of time period are also cap-
tured through RMS deviation/fluctuation of the adsorbed
residues (Figs. 4A, 4B, 4C) and a relative movement of the
center of mass for D3 with respect to the CNTs is plotted

TABLE 1
Residues within 5A of CNT Surface
(Criteria for Adsorption in the Present Study)

Type of Residue Residue ID Residue
CNT Name Type
m-CNT  Threonine 201,207,212, Polar uncharged
239,263
Glycine 208, 210, 211, Aliphatic, non-polar
237,238, 260, 261
Lysine 241 Basic, polar, positively
charged
Alanine 204, 262 Hydrophobic side-chain
Leucine 209 Hydrophobic side-chain
Serine 205, 248, 264 Polar, uncharged
s-CNT Threonine 1,193,194,252  Polar, uncharged
Alanine 191, 196, 284 Hydrophobic side-chain
Aspartic Acid 192.198 Acidic, negatively charged
side-chain
Isoleucine 195 Hydrophobic side-chain
Valine 283 Hydrophobic side-chain
Asparagine 253,280 Polar, uncharged
Lysine 279 Basic, polar, positively

charged
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Fig. 3. RMSD for domain 3 in the absence and presence of m-CNT and
s-CNT.

(Fig. 4D). It is found that in the presence of m-CNT (4A), the
increased RMSD and RMSF (figures on the left and right of
4A) for the residues involved in the binding gets stabilized
and there is a stable D3/m-CNT complex at the end of 50ns.
Furthermore, Glycine plays a crucial role in binding with
the m-CNT, which is also evident from Fig. S2 showing the
presence of GLY starting about 3 ns until the end of the
50 ns. In comparison, for s-CNT there is no strong RMSD or
RMSEF seen indicating that s-CNT searched for an area of D3
that is devoid of GLY residue and in doing so ended up
binding with D3 through strong hydrophobic and hydrogen
bonds. It is also seen from the Fig. S2 that there is an abso-
lute absence of GLY in case of s-CNT for all the 50 ns
although about 15 residues of GLY are evenly distributed
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Fig. 4. Root mean square deviation (left)/ root mean square fluctuation
(right) for the respective adsorbed residues onto (A) metallic (m-) CNT,
and (B) semiconducting (s-) CNT. (C) RMS deviation (left)/ RMS fluctua-
tion (right) for D3 in the absence of CNTs. (D) Center of mass variation
of D3 with respect to m-CNT (blue) and s-CNT (red).
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Fig. 5. (A) Plot showing number of atoms as a function of distance from
the surface of SWNT for m-CNT and s-CNT including and excluding
hydrogen. Inset: Difference in number of atoms including and excluding
hydrogen between m-CNT and s-CNT. (B) Interaction energy as a func-
tion of cut-off distance for m- and s-CNT with and without hydrogen
atoms. (C) Interaction energy/Number of atoms as a function of cut-off
distance for m- and s-CNT with and without hydrogen atoms. Inset: Per-
centage hydrogen atoms as a function of cut-off distance.

on the D3 surface (Fig. S1). The Van Der Waals did play a
role in binding of s-CNT as well but with an equal measure
as that of hydropobic and hydrogen bonds. On the other
hand, the instability of D3 in the absence of CNTs can be
seen explicitly from Fig. 4C, where both RMSD and RMSF
kept on increasing without a stable D3 state, which can be
attributed to the interaction of D3 residues with salt ions
and water molecules present in the media. Also from
Fig. 4D, it is seen that the distance between the center of
mass for both m-CNT as well as s-CNT and D3 is reduced
from ~48 to ~28 A, thereby confirming the attractive nature
of the binding events. Both m-CNT and s-CNT were kept at
~20 A away from D3 at approximately the same co-
ordinates and hence this also confirms that the displace-
ment of D3 is indeed towards m- and s-CNTs. The glitches
are the result of rapidly changing conformations of the fla-
gellin monomer as it is adsorbed on the CNT surface.

Number of atoms of D3 actively involved in the interac-
tion phenomena are also found (Fig. 5A). The difference
between the number of atoms interacting between CNT and
D3 for m-CNT and s-CNT is consistent and it is further
found that m-CNT binds with a slightly larger surface area
as compared to s-CNT.

The interaction energy, IE (van der Waals + electrostatic)
between m- as well as s-CNT and D3 was analyzed and IE
as a function of cut-off distance was plotted (Figs. 5B, 5C).
Based on this, the interaction per atom as a function of cut-
off distance is also plotted and the effect of hydrogen atoms
is analyzed (Fig. 5C).

In order to understand the reason behind a slightly stron-
ger m-CNT binding with D3 compared to s-CNT, interac-
tion energy analysis of all the residues involved in the
interaction was done and was compared to the interaction
energy of D3 as a whole with respect to m- and s-CNT

000 2500
Timestep (175 = 20ps)

Interaction Energy (kal/mol)

———SWNT[5,15) 14 residues

=—5WNT[5,15) entire protein

(A)

Interaction Energy (kCalfmol)

—S5WNT[12,12) 19 residues

= SWNT([12,12) entire protein

-60
Timestep (175 = 20ps) ( B )

Fig. 6. Interaction energy as a function of time for (A) s-CNT showing the
interaction solely based on the residues, whereas in (B) m-CNT showing
the interaction energy arising also from long-range electrostat-ic energy
from the remaining residues in D3.

(Fig. 6). Based on the electrostatic analysis (Fig. 7) of the D3
domain with respect to both m- and s-CNT, it can be seen
that there is a distinct change in the electrostatic energy of
D3 when it interacts with m-CNT whereas no such change
is seen in case of s-CNT. For distances below 4 A, hydrogen
bonds were analyzed and it was found that the number of
hydrogen bonds in s-CNT (Fig. 8B) are relatively more and
having longer lifetimes compared to m-CNT (Fig. 8A).

z

Electrostatic Energy (KCal/mol)

—(5,15)

1200 Timeframe (1 frame = 20ps)
(B) 650
‘L 500 1000 1500 2000 2500

-700 | Timeframe (1 frame = 20ps)

—(12,12)

Electrostatic Energy (KCal/mol)

Fig. 7. Electrostatic energy of all the residues of D3 as a function of time
for (A) s-CNT showing a constant average of —950 KCal/mol, whereas in
(B) m-CNT showing the average electrostatic energy changing from
~900 to ~1000 KCal/mol around 25 ns (frame 1,250)
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Apart from van der Waals and hydrogen bonding,
hydrophobic interactions also played very important role in
binding between CNT and flagellin. Out of all the residues
that came in contact with both m-CNT and s-CNT, ALA204,
LEU209 and ALA262 are the hydrophobic residues in case
of m-CNT (Fig. 9A) and ALA191, ILE195, ALA196, VAL283
and ALA284 are the hydrophobic residues in case of s-CNT
(Figs. 9B, 9C). The analysis revealed that Alanine plays a
crucial role in hydrophobic interactions in case of m-CNT
(25-28 kCal/mol) and both Alanine and Valine play signifi-
cant roles in case of s-CNT (26-28 kCal/mol), thereby show-
ing that s-CNT uses the hydrophobic interactions more
effectively compared to m-CNT.

4 DISCUSSION

MD is used to study the interactive forces between m- and s-
CNT and it is found that residues GLY and THR are the
most favorable ones that are adsorbed on the m-SWNT
within the first 4 ns of the simulation run (Fig. 3). In con-
trast, it takes ~10 ns more with effective adsorption only
after ~14 ns for D3 in the presence of s-CNT for the surface
area devoid of glycine to be adsorbed. Both arm-chair
(12,12) and chiral (5,15) carbon nanotubes were placed at
approximately the same co-ordinates before the initial mini-
mization and subsequent production runs. 15 Glycine
(GLY) residues are evenly distributed on the D3 domain of
the flagellin monomer (Fig. S1). Starting at the same co-
ordinates, D3 took a different approach to bind with the
arm-chair and chiral carbon nanotubes, which is evident
from the Fig. S2, where even though GLY residues are
evenly distributed over the surface, chiral carbon nanotube
did not pick the surface of D3 that consisted of GLY. Also,
from Fig. 1, it is confirmed that the residues participating in
the binding between D3 and (5,15) nanotube are the ones
located at the exact opposite side of the placement of the

* " (a)

Interaction Energy (kCal'mol)

Teneraction Encray (kCalmel)
E o ¥ g

Time (ns)

Fig. 9. Hydrophobic interactions between D3 and m-CNT (A) and
between D3 and s-CNT (B), (C).

chiral nanotube unlike the (12,12) nanotube. Furthermore,
looking at the S2, we confirm that out of the 15 GLY resi-
dues, none came closer to a distance less than 5A showing
any adsorption with the chiral nanotube. This fact alone
indicates that due to the chiral twist of the nanotube, the
semiconducting nature of the nanotube prevented any
favorable interactive forces to exist between the chiral
nanotube and GLY residues. In order to investigate
whether the even distribution of GLY over the surface of
the flagellin monomer does play a crucial role in the bind-
ing mechanism, additional 50 ns simulations were per-
formed with three different orientations of the s-CNT with
respect to the terminal end of the D3 domain—s-CNT
above the terminal end of D3, S-CNT below the terminal
end of D3 and s-CNT towards the terminal end of D3. It
was found that indeed the surface of D3 devoid of GLY
binds with a stable conformation with s-CNT (Fig. S5)
whereas any presence of GLY is seen as an unstable ground
for the s-CNT to bind with D3 (Figs. S3 and S4). Further-
more, the adsorption time (when any atom is at a distance
<5A from the surface of the nanotube) is determined pri-
marily from the timeframes using a TCL script that deter-
mines the number of residues, type of residues and
number of atoms at every timeframe for all 2,500 frames of
the 50 ns run. In Fig. 3, the ~4 ns adsorption for (12,12) -
metallic CNT and ~14 ns adsorption for (5,15) - semicon-
ducting CNT was confirmed from the data shown in S2,
where no residues came close to <5A for (12,12) CNT until
~3 ns (frame 131) and in case of (5,15) carbon nanotube
until ~14.72 ns (frame 736). This was also confirmed from
the RMSD of D3 in the absence and presence of (12,12) and
(5,15) CNTs as shown in Fig. 3, where the deflection of D3
is considered to point a stable complex of D3/CNT. The
lesser the deflections, the more stable the complex.

Based on our previous report [20], it was found that in
case of m-CNT (6,6) with a length of 1.2 nm, the effective
adsorption takes place at ~5 ns comparable to the present
case of m-CNT (12,12) having length of 5 nm. This indicates
that the length of CNT, atleast in the metallic case, do not
affect the adsorption time.
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It is known that the interaction energy is part of the total
potential energy according to the equation:

Potential Energy (U) = Ubonded"_Unonbonded 6))
Ubonded = Ubonds +Uangles +Udihe(lmls (2)
Unonbondea= Interaction Energy = U_ 4+ Uelec- 3)

Equation (2) is the bonding energy function that consists
of energies composed of bonds, angles and dihedrals of the
molecule under consideration. Similarly, Equation (3) is the
non-bonding energy or interaction energy term that is com-
posed of van der Waals and electrostatic energy between
the two interacting entities. Out of these energies, the
adsorption phenomena, which in this study is taken as the
interactions at the length scales shorter than 5 A, includes
forces such as van der Waals, hydrogen bonding and hydro-
phobic interactions, whereas at scales larger than 5 A, long
range electrostatic forces are considered. It is found that
even though D3 is adsorbed effectively both on m-CNT as
well as s-CNT, it is bound to m-CNT with a slightly larger
number of atoms (larger surface area) as compared to s-
CNT (Fig. 5A) with an exception that at distance ~3 A, the
number of hydrogen atoms involved are more in case of s-
CNT compared to m-CNT elucidating the reason for
increased hydrogen bonds in case of s-CNT with longer life
times (Fig. 8). The total interaction energy (van der Waals +
electrostatic) was found to be more in case of m-CNT com-
pared to s-CNT (Fig. 5B) and similarly, the interaction
energy for each atom was found by taking a ratio of total
interaction energy to the number of atoms within 5 A of dis-
tance from the surface of the CNTs (Fig. 5C). This ratio gave
significant insights into the optimal distance (~4 A) at
which the interaction energy per atom is the highest. Fur-
thermore, a comparison between interaction energy for the
residues within 5 A distance to both m-CNT as well as s-
CNT to thatdue to the rest of the D3 residues revealed that
in case of s-CNT, there is no significant difference in the
interaction energy values between the 14 adsorbed residues
and rest of the residues of D3 indicating that these 14 resi-
dues solely govern the interaction phenomena (Fig. 6A).
However, in case of m-CNT, there is a significant difference
between the interaction energy values due to the 19
adsorbed residues and the rest of the D3 residues indicating
that apart from van der Waals, hydrogen bonds and hydro-
phobic interactions that occur within the distances of 5 A
and below, there is another source of interaction energy that
binds m-CNT and D3 (Fig. 6B). The potential source of inter-
action may be electrostatic, which due to its long distance
nature would aid in the interactions between residues at
distances larger than 5 A and m-CNT. Interestingly, in case
of s-CNT, such difference was not found indicating that s-
CNT might not be interacting with D3 through electrostatic
interactions. Hence, it is noted that the lack of interaction
energy that s-CNT experiences due to the absence of electro-
static interactions is compensated through larger (and lon-
ger life time) hydrogen bonds and also through more
hydrophobic residues playing an important role in interac-
tions compared to m-CNT.

One of the challenges while studying the interactive force
patterns through MD simulations is to differentiate between
the binding events that occur when a protein comes in con-
tact with a carbon nanotube especially with respect to its
metallic and semiconducting chiralities. The role of the dom-
inant geometric prtein sequences in D3 is crucial for differen-
tiating the interactive binding with m- and s-CNT. For
example, a glycine that is flanked by a threonine on one end
and a tyrosine on the other may give rise to interaction events
that are different from the viewpoint of the non-binding
energy and chirality of the nanotube as compared to a gly-
cine that is flanked by an asparagine on one end and gluta-
mic acid on the other. This is precisely what is observed in
Fig. 9A, where ALA262 residue has a slightly larger interac-
tion energy and more fluctuations compared to ALA204
even though both are at the same distance from the surface
of the m-CNT. The only difference between these two resi-
dues is the way they are flanked. ALA262 is flanked by
GLY261 on one end and THR263 on the other end (both are
the favored residues for m-CNT), whereas ALA204 is
flanked by LYS203 on one end and SER205 on the other.

As a proof for the CNT-bacterial protein binding, ultravio-
let circular dichroism (UV-CD) experiments were performed
on Nanotubes, Bacteria and nanotube-bacteria mixed sys-
tem. The variarion of protein secondary structure (as shown
in supplementary figure S3, which can be found on the Com-
puter Society Digital Library at http://doi.ieeecomputerso-
ciety.org/10.1109/TCBB.2015.2459696) in case of only the
bacteria and the CNT-bacteria is observed with in the wave
length range of 250-275 nm in the spectral pattern. This
shows the binding of the bacterial proteins with CNT.

Finally, in the presence of m-CNT, the residues undergo
large fluctuations initially resulting in large RMSD but these
fluctuations die down as the m-CNT form stable complex
with the D3 (Fig. 4A). However, in case of D3 alone, these
fluctuations do not die down, rather they continue to
increase (Fig. 4C) validating a stable binding in case of m-
CNT. On the other hand, in case of s-CNT, there are little
RMSF signatures (Fig. 4B) indicating that due to the semi-
conducting nature of the CNT, the optimum potential for
utilizing electrostatic interactions has not yet been reached.

5 CONCLUSION

MD simulations are performed on an isolated domain D3 of
flagellin monomer in the presence of both metallic (12,12) as
well as semiconducting (5,15) SWNT. Based on the simula-
tion runs for 50 ns, it is observed that SWNT most favorably
interacts with GLY as well as THR residues. Furthermore,
m-SWNT stabilizes twice as fast as semiconducting SWNT
as evident from the RMSD analysis. Other non-binding
interactions such as van der Waals, hydrophobic interac-
tions and hydrogen bonding confirm stable binding
between D3 and m-CNT as well as s-CNT. Metallic and
semiconducting carbon nanotubes are found to interact in a
different manner with flagellin, which may provide a basis
for efficient sorting of CNTs based on the presence or
absence of glycine residue. It is also found that electrostatic
interactions play a significant role in binding phenomena in
case of metallic but not in case of semiconducting carbon
nanotubes for pristine CNTs. Glycine plays a dominant role
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in the interaction mechanism, where metallic carbon nano-
tubes bind with D3 in as small as ~4 ns placed at an initial
distance of ~20 A. On the contrary, semiconducting carbon
nanotubes take ~14 ns for the onset of D3 adsorption and
totally avoid the vicinity of glycine indicating that the chiral
twists of the CNT may have a threshold voltage constraint
for the onset of the electrostatic interactions.
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