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Glossary

Nanodevice A Device with size dimensions of the order
of the nanometer (10™° m)

Actuator A device used to generate motion by converting
some form of energy (such as chemical or light energy)
into mechanical energy.

ATP Adenosine Triphosphate molecule used by living or-
ganisms to store and transport energy.

End-effector The last link in a robotic assembly that per-
forms the desired tasks by the robot by interacting with
or acting upon the elements outside the robot.

Retrovirus A type of virus that has a protein envelope
around it, stores its genetic information in an RNA
molecule instead of double stranded DNA and tran-
scripts its genome into DNA which integrates into the
chromosome of the infected cell thereby replicating the
virus when the cell replicates.

Glycoprotein A protein molecule which has a carbohy-
drate attached to it.

Membrane fusion A process when viral and hose cellular
membranes fuse together during infection.

Hemagglutinin A type of protein on the surface of the in-
fluenza virus.

Fusogenic The unit that facilitates or takes part in mem-
brane fusion.

Disulfide bond A sulfur-sulfur atomic bond which typ-
ically joins two biological segments such as protein
chains.

Proteolytic cleavage A process of breaking the peptide
bond between amino acids in a protein chain.

Endosome Intracellular vesicle formed by the outer cell
membrane used to transport material inside the animal
cell.

Endocytosis The process of encapsulation of an external
element by the cell membrane and subsequent forma-
tion of an endosome for transport within the cell.

Nucleocapsid The genome of a virus enclosed in a protein
coat.

a-Helix A secondary structure of protein molecules char-
acterized by a helical shape and a specific pitch and
stabilized by hydrogen bonds along the length of the
helix.

B-Sheet A secondary structure of protein molecules
where two or more chains are interconnected by hy-
drogen bonds forming a sheet-like structure.

Titin A big filamentous protein used by muscles.

Holonomic constraint A constraint that puts a restric-
tion on the motion of a system by the use of integrable
system of differential equations.

Chymotrypsin An enzyme in the pancreas which is in-
volved in the catalysis of hydrolysis of proteins in the
small intestine.

PDB The protein data bank which contains structural and
other information about a large number of protein
molecules. http://www.rcsb.org/pdb/home/home.do

Implicit solvation A technique used in molecular simu-
lation which allows for a potential function to be used
in place of explicit solvent molecules surrounding the
molecule of interest.

Protonation The process of accepting a positively
charged hydrogen ion or a proton by an amino acid.

Helicity The measure of the helical content of a given
peptide molecule.

Denaturation Process of loss of secondary structure of
a peptide molecule, which can happen for example due
to heating beyond a certain level.

Definition of the Subject

In this paper, we describe computational aspects of an ini-
tiative to create a nanodevice for chemo-mechanical en-
ergy conversion based on a biological system. We provide
insights into the available methods and their applications
to gain knowledge about whether a given molecule is suit-
able to function as a nanoactuator. The field of bio-nan-
otechnology is new and it is developing fast. Noticeably, its
roots go back decades of studies in the fields of biophysics,
biochemistry and engineering. These disciplines can now
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come together to create useful and controllable devices at
the nano-scale thereby adding another dimension to hu-
man scientific capabilities. Their applications in the fields
of medicine, space exploration and colonization, and mil-
itary are very promising.

Introduction

There is a persistent need of miniaturization of machines
and energy conversion devices for various engineering ap-
plications. A great part of modern research is shifting from
macro to nano-scale as consumer and scientific devices be-
come smaller, faster and more energy efficient. In the field
of robotics, there is a need to develop nano-scale actua-
tors, joints, motors and other machine components. Since
these nanodevices can be either single-molecule or macro-
molecular devices, the laws governing their behavior are
different from the ones that govern macro-scale machines.
Hence in order to study and develop them it is crucial to
fully understand the material properties and the work en-
vironment and be able to create appropriate models that
account for them.

Miniature molecular machines have been operating
for centuries in living organisms. Nature has created and
optimized these complex machines to carry out specific
tasks, such as moving cellular cargo, and oxidizing high-
energy molecules etc. With modern microscopic abilities,
finer structural and functional details of these molecules
are being discovered. Mechanical motions, structural fea-
tures, operating principles, limitations, and design features
of many natural molecular machines are being investi-
gated. It is possible to use these machines or their individ-
ual parts under artificial stimuli in order to perform tasks
not necessarily assigned to them by nature. Attempts at
creating artificial molecular machines are also being made.
Some of the principles and applications of molecular ma-
chines have been reviewed [4,5,7,26,32,38,47].

Molecular machines can be broadly classified into pro-
tein-based, DNA-based or chemical machines. From each
of the three classes, completely different types of machines
are obtained. Each of these machines has a different op-
erating environment, force and displacement capabilities,
and fuel requirements. Hence all of them figure in a molec-
ular part-list and can be utilized when requirements are
specific to them. For example protein-based ATP motors
require protons or high energy molecules, whereas DNA-
based machines require DNA strands as fuel. Both these
machines can be used to produce rotary motion, although
in different environmental conditions.

Molecular devices for use in robotics have not yet been
thoroughly investigated. There is a need to find nanoscale

equivalents of robot parts such as actuators, links, end-ef-
fectors, sensors etc. This study aims to develop one such
protein based linear actuator, called the Viral Protein Lin-
ear (VPL) actuator. The inspiration for this type of actua-
tor comes from nature - from the infection mechanism of
some viruses. There is a particular segment of the surface
protein of retroviruses such as influenza virus that under-
goes a conformational change which can be used as a linear
actuator producing about 10 nm of linear motion. In this
work, we characterize the VPL protein actuator by com-
putationally studying its behavior and predicting its per-
formance.

The VPL Nanoactuator

The role of envelope glycoproteins (surface proteins) of
various retroviruses in the process of membrane fusion
has been investigated and understood over the years. Such
viruses infect their target cells by the process of membrane
fusion. Membrane fusion is necessary for a large number
of diverse processes in biology such as protein trafficking,
protein secretion, fertilization, viral invasion and neuro-
transmission. The mechanism is best understood among
enveloped viruses such as the influenza virus [31,35,43,44].
Specialized viral proteins are required to promote mem-
brane fusion - a process which is otherwise very slow. In
many cases, these membrane-fusion proteins also serve as
agents that promote the binding of the virus onto the cell
surface receptors. In the influenza virus, a protein segment
called Hemagglutinin (HA) mediates both the binding of
the virus to the cell surface and the subsequent fusion of vi-
ral and cellular membranes. The receptor binding subunit
of HA is termed HA1, while the fusogenic subunit is de-
noted as HA2. Figure 1 shows a schematic of the influenza
virus.

HA1/HA2 complex consists of the disulfide bonded
HA1 and HA2 peptides. Each HA monomer is synthesized
as a fusion-incompetent precursor polypeptide known as
HAO which undergoes proteolytic cleavage to give rise to
the two chains [25,34]. The two subunits have different
functions. For example, in the case of the Human Immun-
odeficiency Virus (HIV), HIV 1, the precursor glycopro-
tein is gp160, which is proteolytically cleaved into gp120
and gp41 subunits. The gp120 is the surface subunit and
the gp41 is the transmembrane (TM) subunit. The surface
subunit serves to recognize the cell to be infected when it
comes in the vicinity of the virus with the help of recep-
tors located on the cell surface. The gp41 mediates mem-
brane fusion between the viral and cellular membranes. It
has been found that gp41, and corresponding TM subunits
in other retroviruses acquire an alpha-helical conforma-
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A schematic of the influenza virus. Hemagglutinin (HA) polypep-
tides lie on the surface of the virus while viral RNA resides inside.
HA has subunits that attach to cells and then facilitate mem-
brane fusion in order to infect the cell

Viral Protein Nano-Actuators: Computational Studies of Bio-
Nanomachines, Figure 2

Various stages in influenza virus infection. The virus in endocy-
tosed by the cell and an endosome is formed, wherein a confor-
mational change of interest occurs

tion when the virus is in its active or fusogenic state. The
structure is like a hairpin composed of three coils, having
one C terminal (carboxy- end) and the other N terminal
(amino-end). The carboxy regions pack in an anti-paral-
lel manner around the three hydrophobic amino ends as
shown in Fig. 3.

The native HA1/HA2 complex in the viral envelope is
fusion-inactive. The cell-surface receptor needed for the

virus to bind onto the cell is known as sialic acid. HA1
binds to this receptor and hence serves the purpose of
bringing the virus and cell together. Upon binding with
sialic acid, the virus is endocytosed by the cell (Fig. 2). HA
remains dormant until the endosome begins to mature,
and the pH in the HA surroundings drops to a value of
about 5.

At this pH, there is a conformational change in HA2
domain of HA that induces the viral membrane to fuse
with the cellular, endosomal membrane, thereby permit-
ting the nucleocapsid of the virus to be deposited into
the cytoplasm of the cell. Hence it can be inferred that
the acidic pH acts as the physiological trigger for the HA
conformational change. Since the low pH also activates
membrane fusion, the low pH conformation of HA is also
known as fusogenic conformation.

The crystal structures of HA in both the native and the
fusogenic conformations are known [8,40,41,45]. As stated
above, the HA1 only serves the purpose of cellular recog-
nition and binding to the cell surface receptor and is not of
much interest as a nanoactuator. The HA2 subunit, how-
ever, is then responsible for the membrane fusion activ-
ity. In the native state, the central region of HA2 folds as
a helical hairpin-like monomeric structure (Fig. 3a). Two
more such subunits (consisting of two segments each) are
present to form a trimer together. The long o-helices from
each subunit in the native state form a well known struc-
ture called the three stranded coiled coil system. Coiled
coils can be visualized as an intertwined rope of three in-
teracting helices. As is visible in Fig. 3c and 3d, in addition
to the helical domains, there are other regions — small he-
lices, B-sheets, turns and random loop regions. The blue
regions in the native stage in Fig. 3c are triple stranded
coiled coils wound against each other. They are connected
to smaller helices (yellow) in the HA2 domain by loop re-
gions shown in orange. The smaller helices connect to the
fusion peptide (residue numbers 1-25). After attachment
and pH drop, the orange loop regions convert into ex-
tended coiled coils effectively extending the blue coils and
moving the fusion peptide by about 10 nm [11].

Coiled coil motifs contain hydrophobic and hy-
drophilic amino acids in a repeating heptad pattern (po-
sitions a through g) as shown in Figs. 4 and 5. Looking
down the axis of the helix, hydrophobic residues tend to
occur at the positions a and d of the heptad repeat and
these residues form the interface between the helices. It is
believed that HA folds into its thermodynamically most
stable state at neutral pH, known as its native state. But
at reduced pH, the fusogenic state becomes thermody-
namically more feasible and hence the protein changes
conformation in order to achieve it [10]. Another model
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Viral Protein Nano-Actuators: Computational Studies of Bio-Nanomachines, Figure 3

a Hairpin like structure of central HA2 native state monomer. The monomer consists of two segments A and B. At the N-terminal is
the fusion peptide contained in segment A (residues 1-25, shown in pink) followed by short anti-parallel B-sheet (residues 26-37,
shown in cyan). The outer arm of the hairpin is a small e¢-helix (residues 38-53, shown yellow) which is connected to a long «-helix
(residues 82-125, shown blue) by a loop region (residues 54-81, shown in orange); b HA2 chains A and B in fusogenic states. The loop
region (orange) converts into a relatively more rigid ac-helix and forms a continuation of the long a-helix (blue). The short a-helix
is thus translated upwards along with the fusion peptide (not shown). c The native state HA2 trimer. The remaining structure other
than the helices (bottom) is the fusion peptide from the N-terminal and the other smaller secondary structures following the long
helices. d Fusogenic state of the HA2 trimer. The helical hairpins open up to form an extended three stranded coiled coil structure
with the previously loop regions now helical. Such coiled coil motif is found in many other proteins such as the leucine zipper domain
of some transcription factors. The a-helices are wrapped around each other with a left handed superhelical twist

Viral Protein Nano-Actuators: Computational Studies of Bio-Nanomachines, Figure 4

Two helices of a coiled coil system. The seven positions (a-e) denote locations of hydrophobic/hydrophilic residues. Hydrophobic
residues (green balls) tend to occur on the inside positions a and d whereas the hydrophilic residues (red balls) reside in other posi-
tions

that is widely accepted suggests that the native state is In addition to Influenza, the following other viruses
a metastable state that can be disturbed by any agent, not show similar infection mechanism and can be candidates
only pH. It has been observed that heat can also produce  for a VPL-like nanoactuator:

this conformational change at neutral pH and so does a de- )

The Human Immunodeficiency Virus type 1 (HIV 1
naturant such as urea [10]. Y type 1.( )

peptide gp41 [12]
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Packing of two helices of a coiled coil system. The hydropho-
bic residues in positions a — @’ and d — d’ of each chain interact
with each other to stabilize the coiled coil system

(ii) The Human Respiratory Syncytial Virus (HRSV)
protein subunit F1 [33]

(iii) The Simian Immunodeficiency Virus (SIV) protein
gp41 [9]

(iv) The Human T cell Leukemia virus type 1, protein
gp21 [23]

(v) The Simian Parainfluenza Virus peptide unit SV5 [3]

(vi) Ebola virus protein gp2 [42]

Each one of these peptides can result in a different actua-
tor that can have different properties such as weight, vol-
ume, range of motion, force and speed capabilities. How-
ever, their principle of actuation is the same. Studies have
shown [13,39,43] that the common characteristic in these
viruses is the structure of a portion of the envelope glyco-
protein and the mode of infection.

Projected Robotic Applications of VPL Nanoactuators

Fig. 6 shows a schematic of the VPL motor supporting
a moving platform. The motor is shown in its initial, “con-
tracted” phase in the first image that corresponds to the
virus’ native state and at its extended, fusogenic state in the
second image of the figure. The total outward protrusion
is measured to be 10 nanometers. The estimated time for
filling up of the hydrophobic membrane defect by lipids
is 2-4 ns, which gives an idea that the peptide unfolding
process takes about the same time. To augment the force
capabilities of the VPL motors, several VPL actuating ele-
ments could be attached in parallel as it is shown in Fig. 7.

Such parallel attachment of multiple VPL motors could re-
sult extremely powerful, micro, meso or even macro actu-
ators that will be able to apply ultra large forces while their
dimensions are extremely small.

In a similar way, to increase the displacement capabil-
ity of the VPL motors, several VPL elements could be con-
nected in series (see Fig. 7). For attaching the titin fibers
to the platforms DNA joints could be manufactured. By
biochemical matching, the platforms could be designed to
have proteins that bind to DNA on their corners. DNA
strands could then bind onto the corners from one end
and to the fibers on the other end to create a flexible joint.
The titin fibers will have to be functionalized in such a way
that their ends bind to the DNA as well.

Methods

Targeted Molecular Dynamics (TMD) is a technique used
to simulate conformational pathways between two known
states by resorting to Newtonian molecular dynamics cal-
culations with a physical potential and a holonomic con-
straint [29,30]. It provides an approximate modeling of
processes that would otherwise span long time-scales (up
to milliseconds) in realistic time scales for simulations.
Protein folding is a microsecond scale phenomenon [46]
and cannot be captured by unbiased MD simulations in
realistic time frames. TMD is an example of a biasing tech-
nique that drives the trajectory from one known state to
another. A number of such techniques have been inves-
tigated, for example, internal coordinate constraints [36],
minimum biasing methods [20], biased molecular dynam-
ics [27], essential dynamics sampling [14], steered molec-
ular dynamics [22], modified targeted molecular dynam-
ics [2], accelerated molecular dynamics [19] and more re-
cently, the restricted perturbation targeted molecular dy-
namics (RP-TMD) [37] method.

TMD applies a holonomic constraint that reduces the
root mean square deviation (RMSD) of the protein from
a predefined target structure by a preset value at each dy-
namics step [29]. It has been shown that TMD can pro-
duce results equivalent to those from traditional MD sim-
ulations techniques in a much shorter time by using and
lower temperatures. Ferrara et al. [17] have shown using
the example of chymotrypsin inhibitor 2 that the energies
of conformation sampled using TMD are in agreement
with those obtained from higher temperature unrestrained
MD simulations and also with simulations performed us-
ing different force fields.

Because the distance to be traveled by the N-terminal
of the VPL peptide is relatively very large, unbiased MD
techniques cannot be applied to simulate the entire con-
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Viral Protein Nano-Actuators: Computational Studies of Bio-Nanomachines, Figure 6
A single degree of freedom VPL actuated parallel platform VPL actuator

Viral Protein Nano-Actuators: Computational Studies of Bio-Nanomachines, Figure 7

Several VPL motors placed in parallel and series

formational change. High resolution crystal structures of
initial and final states of VPL peptides are available from
PDB. The closed state was termed as the initial state I and
the open state as the final state F. TMD applies the holo-
nomic constraint to reduce the root mean square deviation
(RMSD) from I to F by a finite value at each MD step. The
3N position coordinates corresponding to N atoms in the

molecule can be defined as:

X=X, Xa ... X)), (1)
where 3N are the Cartesian coordinates of the position
vectors ry, ra, . . . , ry of each individual atom.

The position of an individual atom is time dependent,
and is described at time t as X;(t). Let Xf; be the final (tar-

get) position of an atom i. The holonomic constraint is of
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the form:
XD =Y [X, (- Xp]' —p)=0. ()

The underlined terms indicate that they have been scaled
by a factor of \/m;/(m) where m; is the mass of atom i and
(m) is the average atomic mass. This mass scaling helps
avoid the net translation of the system as a whole [30]. The
holonomic constraint in Eq. (2) gives rise to a constraint
force of the form:

FE= AV = 2 X 3)

(m)

where A is a Lagrange multiplier. It is determined by the
following method. The Leap-frog [1] propagator is a com-
mon method used to update variables along a trajectory of
positions. According to this algorithm, the position of an
atom i at time f is given by:

X;(t) = [X,-(t— At) + v; (t— ;At) At

F;(t — At
 F0=a0

1

FE(t — A

(At)z] + (A @

1

= x;(t) + pi(t)

In the above equation, At is the time increment, F; is the
force on atom i due to unbiased Newtonian molecular dy-
namics, and v; is the velocity of the atom. The variable
x;(t) is the position of the atom in the absence of the con-
straint and p;(¢) is the perturbation due to the holonomic
constraint [37]. Noting that:

(At)?

pin = =40

1

from Eq. (4), and

- an) = 2L - A1) - X

from Eq. (3), and defining

_2(Ar)*A
)

we get:
pi(t) = y[Xi(t = At) — Xgi] . )

Hence the perturbation on each atom is now simply the
product of a At dependent scaling factor y and the dif-
ference in position between the current and previous time

step. In order to obtain y (and hence A), substitute Eq. (4)
into the original constraint Eq. (2) to get:

PIX(D)] = Y [X(0) = Xp,] = p2() = 0.

Which can be written as:

Z [{él(t) + E,(t)} _Xpi:lz _Bz(t) =0,

and further simplified as:

> [+ p,0)
= 2{x,(0 + p, (0} Xp: — X3,
—p* (1) =0
> [0+ p20) + 2x,00p, 0}
— 20X, — 2p (X, — X3,
—p*(1) =0 (6)
> [{e20 +25,0p,(0 - 2p,(0X |
+ 20 — 22,0 X 5, + X
—pX(1) =0
> [220 + 20,0 (0 — X} |
+ 3 (20 = Xp, ] = P2 = 0.
Using Eq. (5) into (6) yields:
DX (= At = Xpd + 204X (1 — At) — X}
Ay () = Xpd] + Yl (1) — X, P = p*(8) =0,
which can be rearranged as -
y2 Y Xt — A — X ]
+y ) 2[X(t— At — Xp M (8) — X}
+Y =X =P =0. ()
Defining,
a= [{X(t—A)— X},
b=2) [{X;(t— At) = X Hx; () — X}
And noting that:

D [x()] =Y [x,(0 = Xp,] = (1) .
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Equation (7) can be simply written as -
ay® + by + ®[x(1)] = 0. (8)

The Eq. (8) yields two roots for y. In order to minimize
the total perturbation Y _ |p;| (from Eq. (5)), the root with
lower absolute value is chosen.

The RMSD is decreased by a predetermined (and user
defined) value at each time step by a value of Ap as:

p(t) = p(t — At) — Ap . )
The TMD algorithm steps are:

(i) Set p = po = |x1 — x| where I is the initial and F is
the final conformation.

(ii) Numerically solve the equations of motion with the
additional constraint force F¢.

(iii) After each time step At, diminish p as in Eq. (9).

At the end of the simulation, the final distance pf is
reached. In this way, a monotonous reduction of p forces
the system to find a pathway from x; to a final configura-
tion Xg.

Simulation Results and Discussion

Molecular Dynamics Simulations were performed on VPL
peptides in order to study the performance of the nanoac-
tuator. Specifically, a fragment from the VPL segment, the
loop36 was chosen for these studies due to its established
role in the conformational change [11]. The large confor-
mational change was simulated using the Targeted Molec-
ular Dynamics (TMD) technique. The TMD analyzes were
performed using implicit solvent conditions. In order to
simulate the effect of environmental pH change on the
VPL motor protein, acidic amino acids were protonated.
In the TMD simulations the protein was allowed to un-
dergo a transition from one known state to another. This
is a useful approach to ensure the feasibility of the confor-
mational change and to get an idea of the magnitude of the
energy change involved. The VPL nanoactuator works in
a solution where there are protons bombarding the protein
due to a reduction in the solution pH. This allows acidic
amino acids in the protein to accept the protons on their
negatively charged sites, and hence get protonated. Proto-
nation changes the energy balance of the solvent-protein
system and can create conditions that promote a confor-
mational change. Low pH simulations on the small frag-
ment loop36 were performed to study the effect on the
protein conformation and the way it interacts energetically
with its surroundings.

In addition to the TMD analyzes, classical molecular
dynamics approaches were performed to quantify some

Viral Protein Nano-Actuators: Computational Studies of Bio-
Nanomachines, Figure 8

The peptide loop36 in the initial and final states of the conforma-
tional change. Coiled coils are shown in red and the random loop
regions in white and cyan. The random loop regions rise and con-
vert into «-helical coiled coils upon activation

other aspects such as helicity and free energy of the pep-
tides. In order to be able to perform classical unbiased MD
simulations in a realistic time scale, it is important to ener-
gize the system by using high temperatures. The open and
closed structures were taken from the protein data bank
(PDB) with the open state as the target state and the closed
state as the starting point [16]. The simulations were per-
formed using an implicit solvation model known as Effec-
tive Energy Function for proteins EEF1 [24].

Structural Details of Loop36

Loop36 is a 36 residue long peptide of the VPL protein
that forms a hinge region of the viral protein joining the
two a-helical regions of each monomer [8,11]. An ini-
tial state as obtained from PDB [6] file IHGF at pH of
about 7.0, loop36 consists of a 15 residue long a-helical
part with the remaining fragment in a random and flabby
form (Fig. 8). Itis located in the segment B of the Influenza
Hemagglutinin protein sequence from residues 54 to 89. It
has been recognized as being critical for a pH dependent
conformational change [10,11]. The loop36 wild type (nat-
urally occurring) sequence is as follows:

ARG VAL ILE GLU LYS THR ASN GLU LYS PHE
HIS GLN ILE GLU LYS GLU PHE SER GLU VAL GLU
GLY ARG ILE GLN ASP LEU GLU LYS TYR VAL GLU
ASP THRLYSILE
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Viral Protein Nano-Actuators: Computational Studies of Bio-Nanomachines, Figure 9
Transition of a loop36 monomer from native to fusogenic state during a TMD simulation

The initial and final states of loop36 as obtained by the
crystal structures IHGF (pH ~ 7.0) and 1HTM (pH ~ 5.0)
from PDB are shown in Fig. 8.

In order to simulate low pH, the biochemical response
of certain amino acids to the acidic conditions was con-
sidered. Some amino acids are acidic in nature, some ba-
sic and some neutral; and they get protonated at different
pH values. Out of the 20 constituent types of amino acids,
Glutamic Acid (GLU), Aspartic Acid (ASP), and Histidine
(HIS) are in their unprotonated states at neutral pH (7.0).
There is only one histidine residue in loop36, whereas
there are eight glutamic acid residues and two aspartic acid
residues which make a large part of loop36. Hence, overall,
there were eleven residues out of the 36 that were proto-
nated.

Figure 9 shows the Visual Molecular Dynamics
(VMD) [21] rendered transition of a loop36 monomer
from initial (closed) state to an open (fusogenic) state. The
entire transition is achieved in 66 picoseconds when us-
ing TMD, while it is not achievable in 30 nanoseconds us-
ing traditional MD techniques. As seen in the figure, af-
ter 20 ps the loop regions of the peptide are halfway open
and after 50 ps they are completely opened but have not
attained an «-helical conformation.

The deviation of the final state from the initial state
of the monomer in Fig. 9 can be seen in the root mean
square deviation (RMSD) from the open state. Results
are depicted in Fig. 10 and values of RMSD indicate that
the open and close conformation differ by approximately
19 A. The rate of opening of the monomer can be es-
timated by the slope of this curve which in this case is
0.2 A/ps. It must be kept in mind that to have an esti-
mation of the real rate of opening, this value should be

Viral Protein Nano-Actuators: Computational Studies of Bio-
Nanomachines, Figure 10

In the beginning the RMSD from the final state has a maximum
value of about 19 A and it decreases linearly with time as the
open state is achieved due to the holonomic constraint applied
by TMD

rescaled to account for the increase in speed of the process
given by TMD.

Mutational Analysis

Mutations in a protein can be made by replacing one or
more constituent amino acids with different amino acids.
The structure and properties of a protein change when
they undergo a mutation. It is therefore possible to design
a protein according to specific requirements; for example,
if a high hydrophobicity is desired, hydrophobic amino
acids should replace some of the residues.

The loop36 peptide contains one Glycine residue
which is known as a helix-breaker amino acid because its
side chain is simply one hydrogen atom. In experimental
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Viral Protein Nano-Actuators: Computational Studies of Bio-
Nanomachines, Figure 11

Comparison of potential energy paths of four types of loop36
monomers. (i) wild type WT (the protein in this state does not
have any mutation or protonation), (i) mutated type M1 (in this
state, GLY (glycine) is replaced by ALA (alanine), (iii) protonated
type PROT (GLU (glutamic acid)) is replaced by protonated GLU,
ASP (aspartic acid) by protonated ASP, HIS (histidine) replaced
by doubly protonated histidine and (iv) protonated and mutated
type PM1 (in this state, the protein has both protonation and
mutation). The low pH structures follow lower energy pathways
than the neutral pH structures although all structures eventually
achieve similar endstate energy values

studies, it is observed that replacing this residue by an Ala-
nine results in better «-helix formation [11]. In line with
the experiments, in our simulations the Glycine is replaced
with the Alanine. The glycine (GLY) residue is the 22nd
residue in loop36, and a mutated version of the loop36
with GLY replaced by alanine (ALA) is called mutation
MI. The unmutated version of the peptide is simply called
the wild type (WT). GLY contains no side chain and it
has no atom attached to the «-carbon (CA). On the other
hand, ALA contains a simple side chain (CH3) attached to
its CA atom.

The four different cases compared in this study are as
follows:

(i) the wild type (no mutation or protonation) guided to
an open state

(i) one mutation M1

(iii) protonation of amino acids (with no mutations), and

(iv) mutation and protonation (PM1). Conformational
energies of these simulations are compared in Fig. 11.

H-Bond Analysis

The intra-helical H-bonds stabilize a-helical structures.
The hydrogen bonds for the loop36 conformational tran-
sition (Fig. 12) were found to be oscillatory in nature and
hence a moving average with a period of 15 time units was

Viral Protein Nano-Actuators: Computational Studies of Bio-
Nanomachines, Figure 12

The number of H-bonds in each of the monomer WT, M1, PROT
and PM1 modified structures varies as the open state is achieved.
A moving average of 15 points (3 ps) is shown in each curve. The
H-bonds oscillate around a constant value up to about 50 ps in
each of the cases. A steep rise in the number is observed beyond
this point. This region corresponds to the helix formation which
results in intra-helical H-bond formation

chosen. Each observation was made every 0.2 ps hence 15
points correspond to 3 ps time interval. In the initial stages
of the simulation (time < 50 ps) the partial helix of loop36
is the only region with a significant number of H-bonds.
The random loop region is converted into «-helix beyond
50 ps and hence a steep increase in the numbers is ob-
served. The variation in the open state contacts, namely
the H-bonds quantitatively describe the achievement of
the open state.

Classical Molecular Dynamics Studies

Even though classical methods cannot capture a large con-
formational change such as that exhibited in the VPL
nanoactuator they provide insight into important struc-
tural details and properties. Typically higher temperatures
are used to accelerate structural events in macromolecule
simulations. When the protein is exposed to high temper-
atures, not only can it fold/unfold but it may also become
denatured. Heating a protein corresponds to increasing
the kinetic energy of its atoms, and this, in turn causes
the molecules to vibrate more, possibly disrupting many of
the hydrogen bonds and non-polar interactions and hence
the secondary structure of the protein. The classical sim-
ulations on VPL protein were performed to understand
the behavior of the VPL trimer at elevated temperatures.
Knowledge of this will also help to ascertain whether there
is a range of temperatures in which changes of structure
such as folding or «-helix formation were initiated, be-
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Viral Protein Nano-Actuators: Computational Studies of Bio-Nanomachines, Figure 13
Effect of temperature on VPL peptide. The heated state corresponds to 500 °C temperature achieved in 150 ps and the equilibrated
state corresponds to a constant temperature equilibration for up to 6 ns. The peptide gets denatured at this point

Viral Protein Nano-Actuators: Computational Studies of Bio-
Nanomachines, Figure 14

Helicity and fraction of open state contacts for a 6 ns classical
high temperature molecular dynamics simulation

fore the protein denatures [15]. Figure 13 shows temper-
ature effects on the VPL trimer loop50, which is an ex-
tended loop36 trimer. In contrast to the TMD simulations
in which the open state was achievable in about 60 ps, the
classical simulations need an approximate time of the or-
der of few microseconds to achieve the same results [18].
It has been shown experimentally [28] that viral mem-
brane fusion in the hemagglutinin of influenza virus oc-
curs at 335 K. The loop50 trimer was subjected to a range
of simulated temperatures ranging from 333K to 973K
with an attempt to capture the conformational changes re-
quired for fusion and hence the performance of the VPL

Viral Protein Nano-Actuators: Computational Studies of Bio-
Nanomachines, Figure 15

RMSD of the loop50 trimer from its initial state for each of the
simulations ranging from 333K to 973 K. Higher temperatures
take the peptide further away from the initial state which indi-
cates a larger conformational change. However, there is signifi-
cant denaturation of the peptide at 773K and 973 K

nanoactuator. The RMSD from the initial equilibrated
state at various temperatures is shown in Fig. 15. The
expected trend would be that increasing temperature in-
creases the RMSD from the initial state as it allows the
peptide to jump energy barriers and denatures it. This was
observed in simulations at 773 K and 973 K. However, the
333 K simulation indicates that the peptide has a larger dif-
ference with the initial state (larger RMSD values) in the
same time frame than those at 343K, 363K and 423 K.
This result is in agreement with the experimental observa-
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Viral Protein Nano-Actuators: Computational Studies of Bio-
Nanomachines, Figure 16

H-bonding data for the conformational changes achieved at
773K and 973K. The higher temperature results in loss of
H-bonds

tion and suggests that larger conformational changes may
take place in the temperature range of 333-343 K [11]. The
extremely high temperatures 773 K and 973 K result in de-
naturation of the peptides as seen by the H-bond data in
Fig. 16.

Conclusions

The recent explosion in nanotechnology has given place to
the creation of biomolecular machines and motors such as
viral protein linear actuators (VPL). The idea of the VPL
motors, whose constituent proteins belong to a family of
retroviruses such as HIV and influenza virus, originates
from the mechanism they utilize to infect a cell. When
these types of viruses are endocytosed by the cell, they ex-
perience a drop in pH and change their structure from
a coil strand to an alpha helix conformation. In order to
exploit the functional mechanism of viral proteins, it is
important to characterize and understand the sensing ca-
pabilities of the peptides under different conditions of the
environment. In this study, some aspects of the response
of the VPL motor to different stimuli, using molecular dy-
namics have been illustrated. For the study of nanoactu-
ators, in particular, molecular simulations provide a very
valuable tool, especially since sometimes; experiments at
the nanoscale may not be simple to perform. Alteration
to the protein sequence (mutations) is a good example of
a process in which computational studies are much easier
to perform than experimental ones due to the complexities
involved. One of the challenges is to learn how to control
structural mechanisms, behavior and properties of the ba-
sic nanocomponents involved in molecular motors. In this
study we learn about changes in the structure experienced
by the viral protein actuator monomer as it interacts with

other monomers in conditions of trimerization, mutation
of its sequence, and changes in temperature.

The VPL undergoes a remarkably large conforma-
tional change upon a drop in pH. In order to simulate
the motion of the protein, targeted and traditional MD
techniques are employed. Structural changes induced by
pH variations are studied by protonating a number of
amino acids in the peptide sequence. The TMD results
showed a clear preference to conformational transition
paths at low pH values. Our findings confirm that the pro-
tein forms a helical coil at acidic pH values but it shows
a coiled structure at neutral pH. More studies are needed
to establish conclusive results on the effect of pH and mu-
tations.

The experimental observation that influenza hemag-
glutinin peptides showed a conformational change with
a significant formation of alpha helix occurs in the wild
type (unmutated) at 65°C at neutral pH [10]. In our sim-
ulations of a reduced loop50 trimer, this conformational
change was not captured within 6 ns. Given the remark-
ably short time frames of our simulations and the size of
the peptides, we are unable to observe regeneration of al-
pha helix. Even more, in order to be able to observe visi-
ble conformational changes, we had to work at very high
temperatures. Even at that value of the temperature we do
not see complete denaturation, again due to the short time
frames under study. In an experimental situation the pro-
tein denatures at a much lower value of the temperature (at
approximately 71°C). At these relatively low temperatures,
amuch longer time scale (micro- or even millisecond is re-
quired to fully capture alpha helix regeneration.

It is important to mention that high temperature ap-
proaches remain a valuable tool for conformational ex-
ploration; one must understand, however, that torsional
transition kinetics are not correct at higher temperatures.
Furthermore, rescaling to lower temperatures yields only
approximate results. In spite of this, our goal is to present
a methodology for studying large conformational changes
in nanoscale molecular systems using both targeted and
traditional molecular dynamics techniques that can ulti-
mately be extended to much longer time frames using par-
allel computing.

We are at the dawn of a new era in the development of
molecular machinery, and we are just starting to elucidate
some of the challenges that these nanoactuators represent.
Future studies will involve investigating interfacing with
other molecular components such as carbon nanotubes,
biological membranes, inorganic substrates, ions etc. As
mentioned earlier, the end-effector of VPL can be designed
according to the requirement. Moreover, the composition
of the peptide can be varied according to the environ-
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ment, as long as the rules of having hydrophobic and po-
lar residues to ensure stability of the coiled-coil system are
adhered to. The length of the VPL peptides, the role of
the solvent (and solvent composition), binding energies
to various target objects, are other variables that need to
be investigated in order to assess conditions for optimum
performance, (i. e. for example maximum force and stabil-
ity, a given velocity etc.)

The VPL peptides are known to work better with spe-
cific mutations [11]. This opens up doors for further mu-
tational analysis of the peptide, again directed towards
achieving optimal performance parameters. The goal will
be to determine the optimal sequence of the VPL peptide
that results in the most stable, quickest, powerful and ro-
bust nanoactuator.

Future Directions

The future of this study involves the use of larger peptides,
employment of better computational algorithms and in-
terfacing of the VPL nanoactuator to other nanodevices
to produce complex nanosystems. This work has shown
great potential for further research. Better algorithms need
to be developed for the study of the forces exerted by the
nanoactuator. These studies have concentrated on devel-
oping a suitable approach to characterize and study con-
formational changes of loop36 and loop50. Preliminary
studies have shown that longer peptides, such as loop114
(an extended version of loop50) are promising nanoac-
tuator candidates as they provide a larger displacement
(~ 9nm) and they have a larger helical structure. The
added secondary structure may provide more stability and
larger forces to the actuator.

Mutations M1 to M7 were applied to loop36. Fu-
ture studies will involve mutations to loop50 and larger
peptides, which provide more mutation points and can
significantly alter the performance of the actuator. The
VPL nanoactuator can also be interfaced with other pro-
tein/lipid based molecular platform/devices such as lipid
bilayer membranes. A possible scenario is to attach a cys-
teine tag to the end of VPL peptide and a lipid bilayer via
a disulfide bond. TMD and Steered Molecular Dynamics
(SMD) [22] can be used to study the performance of the
nanoactuator while bound to a platform.

The TMD algorithm that was used to simulate con-
formational changes by applying a bias in the force field
in this study has recently been succeeded by an updated
restricted perturbation TMD (RP-TMD) [37] algorithm.
The RP-TMD method depends not only on reduction of
RMSD at each time step, but also on the minimal energy
path. The two-way check yields lower energy pathways for

the trajectories. The TMD algorithm has a few disadvan-
tages:

(i) Transition is based solely on RMSD, which is a geo-
metric parameter. No attempt is made to ensure that
the conformational transition follows the minimum
possible energy pathway.

(ii) Due to the above, large energy barriers are crossed
which may not be realistic.

(iii) Some trajectories obtained are not reversible.

In the RP-TMD method, the above deficiencies are con-
siderably reduced.
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