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The reconstitution of apo-glucose oxidase (apo-GOx) on single-walled carbon nanotubes (SWNTs)
functionalized with the cofactor, flavin adenine dinucleotide (FAD), greatly improved electron transfer
turnover rate of the redox reactions in glucose sensing with glucose sensors. The research reported here
is aimed to better understand molecular details of affection of the charging SWNT to the conformational
changes of FAD, in order to find a rational design and selection scheme of SWNT which is suitable for the
FAD and apo-GOx to perform their reconstitution. In this report, molecular simulations of FAD func-
tionalized differently charged SWNTs were carried outin an aqueous environment, with counterions to
maintain total charge neutrality. The conformation and orientation changes were observed by both
trajectory and quantitative analyses. The simulation results showed that in both uncharged and posi-
tively charged SWNT situations, FAD adsorbed onto SWNT at the end of the simulations, which increased
the steric resistance of molecules and hindered the reconstitution of apo-GOx and FAD to some degree.
By contrast, FAD functionalized negatively charged SWNT maintained its original conformation largely. In
addition, negatively charged SWNT may be the best choice for electron transfer mediator for the
reconstitution of apo-GOx on relay-cofactor units associated with electrodes.

© 2012 Elsevier Ltd. All rights reserved.
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reconstituted system was greatly improved due to the existence
of the SWNTs which acted as conductive nanoneedles that elec-

1. Introduction

During the past few decades, carbon nanotubes (CNTs) have
attracted wide attention owing to their unique structures and
properties (optical, mechanical, electronic, thermal etc.) since their
discovery in 1991 [1] and recent studies have demonstrated the use
of single-walled carbon nanotubes (SWNTs) in nanodevices and
sensors [2—6]. As a promising biomaterial, biomolecules covalently
functionalized SWNTs have been intensively investigated [1,7—11]
for several proteins-material systems, for example, glucose
oxidase (GOx). Redox sites in glucose GOx lack direct electrical
contact with electrodes due to the insulation of the redox center by
the GOX, so that electron transfer between the enzyme redox center
and electrodes cannot be detected accurately [12]. The investiga-
tions showed that electron transfer turnover rate of the apo-GOx
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trically wired the enzyme redox-active site to the transducers
surface by Itamar Willner et al via an actual system [13]. Recon-
stitution of apo-GOx with semi-artificial FAD cofactor comes out as
a solution that the most difficult challenge is how to maintain the
activity of the enzyme and make electron transfer from the catalytic
center to electrodes quickly and efficiently [14—17].

It has been proved that doping in CNTs can enhance the elec-
trical conductivity in the systems [18—20]. Carbon nanotubes can
be doped in various ways, which can change the electrical prop-
erties of CNTs, such as by doping nanotubes with p-type dopants to
produce positively charged nanotubes and by doping n-type
dopants to produce negatively charged nanotubes [21—24]. Doping
of CNTs can be realized by the substitution of carbon atoms with
foreign atoms such as phosphorus, boron or nitrogen; or by
adsorption of some molecules with appropriate functional groups,
such as NADH and viologen, on the nanotubes [23,25—30]. And the
doping type is decided by the direction of electrons transferring
between carbon nanotubes and dopants. When the electrons
transfer from dopants to CNTs, which makes the Fermi level shifted
toward the conduction band, the nanotubes are n-type doping.
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On the contrary, when the electrons transfer from CNTs to dopants,
which make the Fermi level shifted toward the valence band, the
nanotubes are p-type doping. It has been proved that chemical
doping can substantially increase the density of free charge carriers
and enhance the electrical conductivity in the systems based on
carbon nanotubes both in experiments and molecular simulations
[18—20].

But research about how the charged carbon nanotubes affect
immobilization of biomolecule is still quite few. In order to solve
this problem, we choose flavin adenine dinucleotide, a mostly
discussed biomolecule in glucose biosensors, as our object to reveal
how the different electrical properties carbon nanotubes affect the
conformational and orientation changes for a rational design of
biosensors. These investigations above make it possible to recon-
stitute GOx and maintain its activity properly in the experiment
and turn the ‘electroenzyme’ into reality. Nevertheless, the atomic
details of fundamental interactions between SWNTs and FAD at
molecular level are still unclear, owing to the limitation of the
experimental methods. For example, the details of conformation
changes of FAD due to its combination with SWNTs cannot well
explored via these techniques, which are of great importance to
have a better understanding of the reconstitution of apo-GOx with
semi-artificial FAD cofactor. Molecular dynamics (MD) simulations
can provide insights into the ultimate details of fundamental
interactions at molecular level and it is also an excellent method for
imaging in bionanotechnology, covering the space scale rather well
and the time scale up to many nanoseconds. They can be utilized to
study specific properties of a molecular system and also perform
more easily than experiments on actual systems most of the time.
Of course, experiments also play an essential role in promoting
simulation methodology and they verify the errors of simulations
and provide more accurate parameters for the semi-empirical
methods.

In this paper MD and SMD simulation results for conformational
changes of FAD covalently functionalized differently charged
SWNTs in an aqueous solution were reported. The questions we
address here are focused on a) molecular details of affection of the
charging SWNT to the conformational changes of FAD; b) rational
design and selection of SWNT which is suitable for the FAD and
apo-GOx to perform their reconstitution. Our molecular simula-
tions provide a detailed look at FAD-SWNT interactions for a simple
model systems consisting of a FAD covalently functionalized
differently charged SWNTs in a solution of water and counterions.

2. Material and method

GOx, a homodimer with a molecular weight of 160kDalton, can be decomposed
into an apo-GOx and an embedded coenzyme, FAD. The x-ray structure of FAD of
GOx was derived from the protein data bank (ID code 1GAL) [31]. In this study, all
MD simulations were performed by NAMD [32] program with the force field
CHARMMZ27 [17]. The FAD coenzyme was selected to explore the dynamics behav-
iors when FAD functionalized charged or uncharged SWNTs. We have generated an
‘armchair’ SWNT, 1 nm in diameter and 3.45 nm in length containing 600 carbon
atoms using the program Tubegen [31]. The FAD was covalently linked to a —CH,—
CH,—NH; group according to the literature [13]. Then the —CH,—CH,—NH; group
was covalently linked to a —COOH group which covalently functionalized con-
structed SWNTs. The whole structure of the FAD—CH;—CH;—NH—CO—SWNT
molecular system is displayed in Fig. 1c.

Our simulations were performed in the following manners:

a) The energy minimization and energy equilibration of FAD were performed. The
FAD was solvated in water molecules, with a typical starting simulation cell of
about 18.82 x 19.23 x 31.44 A>. The system underwent a 5000 steps energy
minimization. A molecular dynamics run of the system was carried out for
200 ps until the Root-Mean-Square Deviation (RMSD) of FAD fluctuated around
a constant value, which indicated that FAD came to an equilibrium status. Then
the conformational orientation of FAD was used as the initial status for the
FAD—CH;—CH;—NH—CO—SWNT hybrid system.

b) Three SWNT models [31] with nominal charges on each carbon atom of
q =0.00e, g = +0.10e, and q = —0.10e were built. Thus, the total charges on the
nanotubes were Oe, +60e, and —60e, respectively. We covalently linked the —
NH; terminal of —CH,—CH,—NH; group to the —COOH group which covalently
linked to each SWNTs. Then we used FAD to link the other terminal of —CH,—
CH,—NH; group. After that, we solvated the hybrid system in a TIP3 water box
of size of 44.76 x 35.23 x 79.34 A3. Then we added 60 sodiums to the nega-
tively charged hybrid system and 60 chlorines to the positively charged hybrid
system to maintain the charge of these systems neutrality.

c) Thirdly, a 5000 steps energy minimization of the whole system (containing the
SWNT, —CH,—CH—NHy, FAD, counterions and water molecules) was per-
formed. Then 18 ns MD runs were done. The main goal of the simulations
focused on the dynamic features of the FAD and how the different electrical
properties of SWNT affected the behaviors of FAD in the MD runs.

We employed the CHARMM_27 force field [17], and the force field of the cofactor
FAD was empirically constructed from a combination of FMN and ATP in GROMACS
[32]. The parameters for the Lennard-Jones potential for the cross interactions
between non-bonded atoms were obtained from the Lorentz—Berthelot combining
rule. All simulations were performed with a time step of 2 fs, and a cut-off was set
with a switching function starting at a distance of 10 A and reaching zero at 12 A. A
particle mesh Ewald (PME) summation was used to calculate the long-range elec-
trostatic interactions, with a cut-off distance of 12 A for the separation of the direct
and reciprocal space. During the MD simulations, the Langevin method was used to
ensure a constant temperature of 310 K and a constant pressure of 1 atm. Periodic
boundary conditions were applied for all the simulations. Visualization and analysis
of the configurations were performed with the VMD [33] packages and the utility
packages included in NAMD [32]. And there are some parameters which do not exist
in the standard parameter files, so we have built some parameters for the hybrid
system according to existing parameters of the same structure.

The time-dependent interaction energy Eint (t) for the systems in MD simula-
tions is defined by the Equation (1):

Eint(t) = Eswnt+Fap(t) — Eswnt(t) — Erap(t) (1)

where Ejn (t) stands for the total interaction energy between the FAD and the SWNT
at time t during the MD simulation, and Eswnr.rap (t), Eswnr (t), Erap (t) are the total
potential energy of the SWNT plus FAD, of the SWNT, and of the FAD at time t during
the MD simulation, respectively. The vdW interaction energy and the electrostatic
interaction energy were defined similarly to the total interaction energy [16,34].
These data were saved every 500 steps and derived from the saved frames in the
18 ns simulations.

After the MD simulations, we went through steered molecular dynamics (SMD)
simulations to understand the kinetics and the structural determinants of the all
three systems. In principle, SMD simulation is carried out by attaching a harmonic
restraint to one or more atoms in the system, and then varying either the stiffness of
the restraint or the position of the restraint to pull the atoms along. In the constant
velocity pulling simulation, the SMD atom is attached to a dummy atom via a virtual
spring and the dummy atom moves at a constant velocity and then the force
between them is measured using:

F = -w

U= %k[vt — (T = To)- )
where U is the potential energy, k stands for the spring constant, v is the pulling
velocity, t is the time, T and 7' are the actual position and the initial position of the
SMD atom respectively, and 7 represents the direction of pulling.

In our cases, all atoms of SWNTs were constrained and all atoms in the FAD were
selected to be the SMD atoms except hydrogen atoms. The direction of constant
velocity was set to be along the central axis of the SWNT toward the side connected
with FAD. The spring constant must be high enough that the local unbinding
potential is sampled, but must not be too high or the measured force will be
dominated by noise. At last, the spring constant was set to be 30 k] mol~! A2 and
the pulling velocity was fixed at 1 x 1074 A fs~! to get good SMD observation
window.

3. Results and discussions

The glucose oxidase enzyme (GOx) is an oxido-reductase that
catalyzes the oxidation of glucose to hydrogen peroxide and b-
glucono-3d-lactone. GOx is a flavoenzyme with molecular weight
about 160,000 Da, which includes two identical subunits, each
containing a strongly non-covalently associated FAD cofactor unit
[35].In order to function as a catalyst, GOx requires a cofactor, flavin
adenine dinucleotide (FAD), which is a common component in
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Fig. 1. (a)RMSD of three different systems in 18 ns MD simulations. b)Normalized distance between the COM of the FAD and the three different charged SWNT .Green line displays
that the normalized distance between the COM of the FAD and the positively charged SWNT changed by time; red line shows that the normalized distance between the COM of the
FAD and the negatively charged SWNT; blue line indicates that the normalized distance between the COM of the FAD and the uncharged SWNT.(c) Side view of the initial state of
FAD before minimization and MD simulations in three systems. Side views of state of FAD in (d) NE-FFS, (e) PO-FFS, and (f) NU-FFS on the varied charged SWNTs. The whole systems
are displayed in VDW model. Water molecules and counterions are not displayed here for clarity. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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biological oxidation-reduction (redox reactions). Redox reactions
involve a gain or loss of electrons from a molecule. In the GOx-
catalyzed redox reaction, FAD works as the initial electron
acceptor and is reduced to FADH,. Then FADH, is oxidized by the
final electron acceptor, molecular oxygen (0O»), which can do so
because it has a higher reduction potential. O is then reduced to
hydrogen peroxide (H;05).

Redox sites in GOx lack direct electrical contact with electrodes
due to the insulation of the redox center by the GOx, so that elec-
tron transfer between the enzyme redox center and electrodes
cannot be detected accurately [12]. The challenge above led to the
development of various methods to establish electrical communi-
cation between redox-enzymes and electrode supports using
electron transfer mediators, and some progress has been achieved,
such as tethering of redox-relay units to enzymes associated with
electrodes [36—38], the immobilization of enzymes in redox-
polymers [39], and the reconstitution of apo-enzymes on relay-
cofactor units associated with electrodes [40].

As a very important coenzyme, FAD acts as an electronic transfer
agent in the redox reaction. The methods of the reconstitution of
the apo-GOx units on the FAD covalently linked to SWNT were
found by Itamar Willner and his co-workers [38,39]. They revealed
that SWNT acted as a nano-connector which electrically connected
the active site of enzyme with the electrode. Their methods can
greatly make the electronic insulation properties of enzyme better
and improve the electronic transfer efficiency. In our investigations,
according to the experiments [38,39], we built a FAD—CH,—CH,—
NH—CO—SWNT hybrid system and solvated the hybrid system in
a water box with counterions to maintain the whole system
neutrality and used MD simulations to investigate how the differ-
ently charged SWNTs affected the conformation changes of FAD.
The focused problems of our investigations address as follows:

a) Are the conformations and orientations of FADs different when
they functionalized differently charged SWNTs, and how?

b) What's the major reason that FADs performed different
conformation and orientation changes in all the MD
simulations?

¢) Which kind of SWNT is more suitable for the FAD and apo-GOx
to perform their reconstitutions?

3.1. Conformation and dynamics of FAD

In the following discussion, the abbreviations NU-FFS, PO-FFS
and NE-FFS are used to represent the systems of FAD functionalized
neutral, positively charged, and negatively charged SWNTs. Root-
Mean-Square Deviation (RMSD) are series of important parame-
ters, which can measure the difference between the structures. We
investigated out the RMSD for the whole three hybrid systems,
which are shown in Fig. 1a.

During the last 1 ns of all simulations, the RMSDs of all these
systems fluctuate around rather stable values, which implies that
stable states were achieved for all the systems investigated.
However, the value of RMSD of FAD functionalized positively
charged SWNT is larger than the other two systems, leading to
a fact that the orientation of this hybrid system changed the most
among these three systems. The RMSD of all the systems increases
in the first 7 ns due to the conformational change under the static
electricity attraction and conjugative effect. The RMSD in both PO-
FFS and NU-FFS oscillates around 8 nm while the RMSD of the NE-
FFS system oscillates around 3 nm in the end of the simulation.
Meanwhile, the RMSD values of NE-FFS system are much smaller
than the other two systems, referring the orientation of the hybrid
system changed less in the NE-FFS system. At the same time, the

RMSD changes of the NE-FFS system are sharper than the other two
systems, which imply that the conformational changes of the NE-
FES system are much larger than the other two systems.

In our MD simulations, we investigated the conformation and
orientation changes of the FAD covalently functionalizing differ-
ently charged SWNTs. The side view of initial and final states of the
hybrid systems is shown in Fig. 1. Fig. 1c shows the initial state of
the three systems before the minimization and MD simulation, and
FAD functionalized differently charged SWNTs after MD simula-
tions are shown in Fig. 1d—f.

We investigated the normalized center of mass (COM) distances
between the FAD and that of SWNTs in three different systems as
shown in Fig. 1b. There are some fluctuations for the normalized
COM distance during the 18 ns MD simulation, implying that
SWNTs induce conformational changes and structural rearrange-
ment of FAD and showing unique nature. We found, in the 18 ns
simulation, the normalized COM distance between the FAD and the
positively charged and uncharged SWNTs slowly got shorter during
the first 8 ns and fluctuated around 0.5 nm in the rest simulation as
shown in Fig. 1b. From the above data, we can deduce that FAD has
the tendency of adsorbing onto the exterior surface of both posi-
tively charged and uncharged SWNTs but for different reasons
which will be discussed below. As the media of electron transfer in
the redox reaction, isoalloxazine is almost the key part in FAD. With
strong electronegativity, phosphate radical groups are also of great
importance. So the normalized COM distance between isoalloxa-
zine, phosphate radical groups and charged or uncharged SWNT are
also very essential. Certain investigation on important residues has
been done to study the conformational changes of these systems.

For the NU-FFS system, FAD slid to the exterior surface of
uncharged SWNT due to the conjugative effect. In our case, isoal-
loxazine, which is a kind of heterocyclic structure, was driven to
adsorb onto the exterior surface of uncharged SWNT by conjugative
effect, causing the reduction of the normalized COM distance
between FAD and SWNT from 0.9 to 0.5 approximately as shown in
Fig. 2. By analyzing the trajectory files, during the first 4 ns, FAD
performed a random movement due to the collision by the water
molecules around it. And then, at 5 ns, isoalloxazine began to
adsorb onto the adenine of the FAD due to conjugative effect until
isoalloxazine adsorbed onto SWNT swiftly because of a stronger
conjugative effect at 7 ns, which is mirrored as a sudden drop in
curve of the illustration. Obviously, the values of the normalized
COM distance between phosphate radical groups and the
uncharged SWNT are always larger than the COM distance of FAD
and isoalloxazine, which reflected that phosphate radical groups
couldn’t adsorb onto the exterior surface of uncharged SWNT,
leading FAD to form a ‘U’ shape and adsorb onto the SWNT during
the whole adsorption. We also investigated that the adenine
adsorbed onto the uncharged SWNT in the last 1 ns. The adsorption
of FAD and the uncharged SWNT stayed stable till the end of the
simulation with a normalized distance oscillates around 0.6 as
shown in Fig. 2. And the conformation changes of the NU-FFS
system in 18 ns MD simulation in time order is shown in Fig. 2.

And for the PO-FFS system, SWNT and FAD were attracted by
each other, causing the reduction of the COM distance between FAD
and the SWNT as well. With analysis of the trajectory files, the
collision of water molecules induces the random conformational
change of FAD and FAD had tendency to move closer to the SWNT in
the first 4 ns while the normalized distance has a reduction from
1 nm to 0.8 nm. With the oscillation of the normalized distance
around 0.7 nm, FAD stayed stable from 3.7 ns to 7 ns. Then, the
curves of normalized COM distance between FAD, isoalloxazine,
phosphate radical groups and SWNT drop into much lower values,
implying the whole FAD got much closer to the positively charged
SWNT as shown in Fig. 3. Caused by static electricity attraction with
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Fig. 2. (a) Distance between the FAD and the uncharged SWNT during the simulation. (b) Snapshots of the NU-FFS system (the SWNT, adenine, phosphate radical groups and
isoalloxazine displayed by VDW model while other parts of the system displayed by line model) during the simulation. Water molecules and counterions are not displayed here for

clarity.

positively charged SWNT, FAD began to slide toward SWNT and
adsorbed onto the SWNT at about 8 ns. Led by phosphate radical
groups, FAD adsorbed onto SWNT at 10 ns and stayed this state till
the end of the simulation and the isoalloxazine slightly slid away
from exterior surface of SWNT due to steric hindrance.

As for the NE-FFS system, the FAD conformation changing
process was quite different during the 18 ns MD simulation. First of
all, unlike the NU-FFS system and PO-FFS system described above,

the normalized COM distance between FAD and the SWNT varied
from 1 to 0.9, which didn’t decrease that much compared with the
other systems. It reveals that the FAD stayed almost the same
distance from the SWNT in the end of the simulation. In the NE-FFS
itself, the normalized COM distance between the phosphate radical
groups and the SWNT is always longer than the distance between
the COM of isoalloxazine or FAD and that of the SWNT as shown in
Fig. 4. It implies that the phosphate radical groups are further away
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from the SWNT than FAD because of the existence of negative In more details, FAD was driven to move randomly by the collision
charges of phosphate radical groups in FAD and negative charges on of the water molecules from 0 ns to 1.5 ns. Then at 2 ns, the
SWNT. It means that phosphate radical groups and the SWNT were phosphate radical groups moved away from the SWNT by the
mutually exclusive with each other due to the same kind of charges. electrostatic interaction as mentioned above, making the ribitol
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severely distort and isoalloxazine move to adenine to form conju-
gate structure. And the next step, from 1.5 ns to 11 ns, the conjugate
structure stayed stable. In the rest of the simulation, the normalized
COM distance between isoalloxazine and the SWNT appeared to
become longer and form a peak at about 0.8 while isoalloxazine and
adenine stopped the adsorption and detached from each other at
about 12 ns as shown in Fig. 4. And FAD began to extend slightly
until it stretched violently at 14 ns, forming the second but bigger
normalized distance peak approximately around 0.8 in the curve of
Fig. 4. In addition, FAD performed random movement again from
14 ns till the end of the simulation with a 0.9 normalized COM
distance between itself and the SWNT.

3.2. Physical properties of protein on charged SWNTs

In order to quantitatively study the dominant interaction
between the model peptide and the charged CNTs, the total inter-
action energy, the vdW interaction energy, and the electrostatic
interaction energy between FAD and the SWNTs during the simu-
lation process were calculated. These data were derived from 18 ns
simulations of the NU-FFS, PO-FFS, and NE-FFS systems, respec-
tively. Fig. 5a shows the total interaction between the FAD and the
neutral SWNT during the simulation. As presented above, in the
neutral SWNT model there are no net charges on carbon atoms, so
the curve could also be considered as the vdW interaction energy
change during the simulation. There are some flats and barriers in
this curve. In other literature [16,41,42], the researchers also found
that the system which contained aromatic rings possessed a very
strong interaction between biological molecules and SWNTs
because of the conjugative effect between the heterocyclic and the
ring structure of the SWNT. The conjugative effect reduced the
system energy and made the system much more stable. After
adjusted its own orientation, FAD finally adsorbed onto the SWNT,
creating the vdW interaction energy drop from —3.4 kJ mol~!
to —27.0 k] mol~! around 6 ns with the reduction of the value of
normalized distance as shown in Fig. 2a. There appears a vdW
interaction peak around —12.9 kJ mol~! since the isoalloxazine,
which is a kind of heterocyclic structure, still adsorbed onto the
adenine due to conjugative effect and the energy decreased to
around —27.1 k] mol~! when isoalloxazine finally adsorbed onto the
SWNT for the same reason at 9.9 ns. Then the value of vdW inter-
action energy fluctuates around certain values until adenine
adsorbed onto the SWNT as well at 17 ns, making the vdW inter-
action energy dropped from —21.1 k] mol~! to —32.3 k] mol~L In
the stable state at the end of the 18 ns simulation of the NU-FFS
system, the time-averaged total interaction energy fluctuates
around a rather stable value of —34.4 k] mol~'. As in literature
[9,17,41], SWNT is highly hydrophobic, so the hydrophilic phos-
phate radical groups didn’'t bind to the hydrophobic uncharged
SWNT because of the different polarity as shown in Fig. 2. The main
reason that FAD adsorbed onto the SWNT is conjugative effect,
which is in line with the previous research that DNA didn’t adsorb
onto the uncharged SWNT [17].

As the electrostatic interaction is the dominant part in the FAD
adsorption onto positively charged SWNT, as analyzed above, the
effect of the charged groups on the FAD adsorption is considered to
be of great importance. Therefore, the distances between the
positively charged SWNT and FAD, isoalloxazine, phosphate radical
groups respectively during the adsorption process were also
plotted in Fig. 3a. Both phosphate radical groups and FAD moved
closer to the positively charged SWNT as the time approaches
4.9 ns. Meanwhile, the electrostatic interaction energy gradually
decreases to —141.8 k] mol~! or so, while the vdW interaction
energy at this time is around —3.2 kJ mol~, as shown in Fig. 5b.
From 4.9 ns to 7 ns, distances sharply fluctuate, which is caused by
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the simulation.
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the self-adjustment of the FAD conformation. During this period,
the electrostatic interaction between the FAD and the SWNT
sharply fluctuates, due to the phosphate radical groups. With total
interaction and electrostatic interaction energy dropping down
to —831.3 k] mol~! and —808.5 k] mol~! respectively, FAD started to
adsorb onto the SWNT led by the electrostatic attraction from
phosphate radical groups and positively charged SWNT when time
approached at 8 ns. In Fig. 5b, the total, vdW, and electrostatic
interaction energies between the FAD and the positively charged
SWNT during the simulation are displayed. It is obvious that the
total interaction energy (black line) and electrostatic interaction
energy (red line) curves have very similar trends. The vdW inter-
action (blue line) gradually decreases during the adsorption
process, but the fluctuation is much smaller than that of the total
interaction energy, which implies that the vdW interaction
contributes a small part of the total interaction. At the final stable
state, the total, vdW and electrostatic interaction energies fluctuate
around the time-averaged values of —-826.9, -191,
and —807.9 kJ mol~!, respectively, and the contribution of the
electrostatic interaction to the total is about 97.7%. The snapshots of
phosphate radical groups during the simulation were plotted in
Fig. 3b and give a direct view of the distances between the phos-
phate radical groups and the positively charged SWNT. This
phenomenon implies that the distance between the negatively
charged phosphate radical groups and the positively charged SWNT
determines the strength of electrostatic interaction between the
FAD and the SWNT, and hence determines the strength of the
attraction from the SWNT in the adsorption process, as the elec-
trostatic interaction plays a key role in the PO-FFS system. Simul-
taneously, our simulation results are in accordance with the
research work of Zhao and Johnson [17].

As the electrostatic interaction is the dominant part in the FAD
adsorption onto positively charged SWNT, as analyzed above, the
effect of the charged groups on the FAD adsorption is considered
to be of great importance. Therefore, the distances between the
negatively charged SWNT and FAD, isoalloxazine, phosphate
radical groups respectively during the adsorption process were
also plotted in Fig. 4a. In the first 2 ns, as analyzed with the
trajectory files, isoalloxazine tried to form the conjugate structure
with AMP, forcing ribitol to bend and move closer to SWNT
swiftly with a 0.6 normalized distance at 2.2 ns. Driven by
isoalloxazine, phosphate radical groups moved closer to the
negatively charged SWNT with a normalized distance decreased
to 0.6 as the time approaches 0.9 ns and created a small peak
57.8 k] mol~! in the electrostatic interaction energy curve as
shown in Fig. 5c. The reason why this peak is small is that the
distance between phosphate radical groups and SWNT was not so
close to form strong electrostatic interaction. Randomly moving
till 4.28 ns, phosphate radical groups were much closer to the
SWNT with a 0.74 normalized distance, and created strong elec-
trostatic interaction energy around 149.7 kJ mol~'. In addition,
this electrostatic interaction energy forced phosphate radical
groups to move away from the SWNT back to a 1.0 normalized
distance at 4.5 ns. By the attraction of the deep potential well of
the SWNT, this conjugate structure moved closer to the SWNT.
Meanwhile, with the same kind of charge, phosphate radical
groups and the negatively charged SWNT created stronger and
stronger electrostatic interaction energy in this circumstance.
And the electrostatic interaction energy increased so greatly to
form a noticeable peak around 225.9 k] mol~! at 9 ns, which
forced the whole FAD to move away from the SWNT as displayed
in Fig. 4. As the whole FAD moved away from the SWNT, the
electrostatic interaction energy decreased and formed
a 101.0 k] mol~! valley in the energy curve at 9.46 ns. Then the
electrostatic interaction energy raised the highest peak around

328.7 k] mol~! while the FAD kept moving close to the SWNT.
And isoalloxazine couldn’t bear this strong electrostatic force and
started to make conformation change. Isoalloxazine moved away
from the SWNT to a 0.79 normalized distance, making FAD
stretch and the electrostatic interaction energy decrease around
a low value at 12.2 ns. The electrostatic interaction energy
developed again since the whole FAD moved closer to the SWNT,
forming the second highest electrostatic interaction energy peak
around 308.7 kJ mol~! at 13.3 ns. The whole FAD was forced to
move away from the SWNT again by the strong electrostatic force
while phosphate radical groups got too close to the SWNT. The
value of the electrostatic interaction energy dropped to
34.2 k] mol~! at 15.8 ns while the whole FAD moved the farthest
from the SWNT as shown in Fig. 4. Due to the attraction of the
deep potential well, FAD moved closer to the SWNT again, making
another noticeable peak around 15 ns. Driven by the electrostatic
force, FAD moved away from the SWNT. It is obvious that the total
interaction energy (black line) and electrostatic interaction
energy (red line) curves have very similar trends. The vdW
interaction (blue line) gradually decreases during the adsorption
process, but the fluctuation is much smaller than that of the total
interaction energy, which implies that the vdW interaction
contributes a small part of the total interaction. At the final stable
state, the total, vdW and electrostatic interaction energies fluc-
tuate around the time-averaged values of 30.0, —0.5, and
30.5 k] mol~! respectively, and the contribution of the electro-
static interaction to the total is about 98.4%. The snapshots of
phosphate radical groups during the simulation were plotted in
Fig. 4b and gave a direct view of the distances between the
phosphate radical groups and the negatively charged SWNT. This
phenomenon implies that it is the orientation of the isoalloxazine
and the distance between the negatively charged phosphate
radical groups and the negatively charged SWNT that determines
the strength of electrostatic interaction between the FAD and the
SWNT, the electrostatic interaction plays a key role in the NE-FFS
system.

As soon as the MD simulations of the three systems were
achieved, the SMD simulations were carried out and the external
force was applied to the whole FAD. The stable final states of the
three systems were applied as the initial states in SMD simula-
tions respectively. Due to the adsorption of FAD onto the SWNT,
the adsorbed groups of the FAD would resist the force applied if
the interaction of the specific adsorbed group with the SWNT was
larger than the external force. However, other parts of the FAD
that are not strongly interacted with the surface moved along the
force direction. We went a 400 ps SMD simulation in each
system.

The number of adsorbed groups and type of them influence the
strength of interaction between FAD and the SWNT, and subse-
quently influence the desorption behavior of protein from the
SWNT. For NU-FFS system in its MD stable state, the groups
adsorbed onto the SWNT were isoalloxazine and adenine, which
are displayed in notation as initial state of O ps in Fig. 6b. The whole
FAD moved beneath the surface of the SWNT by the external force
in the initial stage of the SMD simulation until the adenine des-
orbed at about 127 ps. Fig. 6a gives the force-time and the inter-
action energy—time curves of the SMD simulation. A peak around
127 ps with the external force of 19,570.60 pN is mainly attributed
to the resistance of the adenine while the interaction energy raised
around —15.58 k] mol~! as a peak as well. A force peak of
18,508.37 pN around 236 ps was applied to resist the conjugative
attraction between isoalloxazine and the SWNT and isoalloxazine
finally desorbed around 238 ps, creating an interaction energy peak
about 0.71 k] mol~L. The interaction energy fluctuates around
a stable value, indicating that the interaction energy basically is due
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to the adsorption of isoalloxazine and adenine to the surface of the The FAD moved along the external force, forming a small interac-

SWNT. tion energy peak around —434.17 k] mol~! around 96 ps caused by
Fig. 7b displays the snapshots of the PO-FES system in the SMD the electrostatic interaction between the positively charged SWNT
simulation. In notation of 0 ps in Fig. 7b, the system is in its equi- and the negatively charged oxygen atom in isoalloxazine. However,

librium with phosphate radical groups adsorbed onto the SWNT. compared with the strong electrostatic interaction between the
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SWNT and the phosphate radical groups, this interaction was
relatively smaller. It took more time and larger force to desorb
phosphate radical groups. At 187 ps, the phosphate radical groups
cannot resist the external force anymore and started to move away
from the SWNT. The desorption lasted for about 80 ps. As shown in
Fig. 7a, the interaction energy changes mildly around —55 k] mol~!
since 200 ps and reaches —42.99 k] mol~! at the end of the 400 ps

simulation. Evidently, this interaction energy basically is due to the
adsorption of the phosphate radical groups onto the SWNT.

For the NE-FFS system, the SMD process was relatively simpler
and shorter compared to the ones discussed above. Driven by the
external force, the FAD moved away from the SWNT. The SMD
simulation lasted 200 ps and the snapshots are displayed in Fig. 8b.
The FAD in NE-FFS was already stretched after the MD simulation
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with no adsorption. Hence, the simulation is less complicated than
the other two systems based on the force and interaction energy
curves in Fig. 8a.

As illustrated above, the interaction energy strongly depends on
the types of groups adsorbed. In order to explore the major attractive
force between the FAD and the variously charged SWNT, SMD

simulations were carried out. For adsorbed isoalloxazine in the NU-
FFS system and phosphate radical groups in the PO-FFS system, the
interaction energy varied from —15.29 kJ mol~! to —5.11 k] mol~!
and —532.42 k] mol~! to —215.89 k] mol ! respectively. These groups
possess the highest ability to adsorb onto the SWNT, which matches
the consequences we discussed above in the MD simulations.
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In actual experiment circumstances, Itamar Willner and his co-
workers have investigated reconstitution of apo-GOx on FAD
functionalized SWNT [13]. In our MD runs, we expect the COM
distance of FAD and its key part isoalloxazine between SWNT is not
too short and it is better that FAD do not adsorb onto exterior
surface of SWNT. In other words, because of steric hindrance, the
FAD adsorbing onto exterior surface of SWNT can make it harder to
be packaged by apo-GOx to form the complete GOx system.
According to the analysis above, FAD functionalized on uncharged
SWNT is easy to form ‘U’ shape, and isoalloxazine and adenine are
easy to form conjugate structure with the SWNT at the same time.
In FAD covalently functionalized positively charged SWNT hybrid
system, as the existence of phosphate radical groups with negative
charges, the FAD can easily adsorb onto the exterior surface of
SWNT. Based on the normalized COM distance data and the
simulation trajectory files, it is apparent that FAD in the NE-FFS
system stayed the farthest away from SWNT among all three
systems. On top of that, FAD in the NE-FFS system remained
unfolding in the end of the simulation, and neither isoalloxazine
nor phosphate radical groups adsorbed onto SWNT, which gave
enough effective space for the GOx reconstitution. So the negatively
charged SWNT may be the best choice for constructing the hybrid
system for reconstitution of apo-GOx on FAD functionalized SWNT.

In closing, there are still some limitations in these simulations.
First, the simulation time scale was not so long enough for
a complicated biomolecular system and longer simulations are
needed for understanding process of whole system behaviors. And
only TIP3 water molecule model was utilized, different water
molecule models may also influence the behavior of FAD. Never-
theless, this investigation also achieved some reasonable results.

4. Conclusions

MD and SMD simulations of FAD functionalized variously
charged SWNT hybrid systems have been performed. It is found that
the different electrical properties of SWNT had different influence
on the behaviors of the linked FAD. In the MD simulations, FAD has
tendency to get close to the exterior surface of SWNT. Processes of
FAD adsorbing onto exterior of differently charged SWNT are
distinguished. The adsorption process details were discovered in
MD simulations. And the negatively charged SWNT can make the
conformation change much smaller than the other two differently
charged SWNTs and make FAD much easier to get packaged by apo-
GOx. So on actual experiment systems, it is better to construct
negatively charged SWNTs to make the conformation of FAD stay
stable, FAD activity will also be maintained. The conformation
change of different parts of FAD was also investigated. The results
showed it was quite different between FAD, isoalloxazine and
phosphate radical groups. The conformational change of isoalloxa-
zine was so slight and the structure of isoalloxazine almost stayed
the same as its initial state. But comes to FAD, the situation was quite
different, and severe distorting of phosphate radical groups and
ribitol may be the main reason. This investigation could be helpful to
understand the behavior of FAD functionalized differently charged
SWNTs, which could be useful for guiding the experiments of the
field of glucose oxidase sensors and make contribution to rational
design of new biomaterials for next generation biosensors.
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