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Abstract P-selectin, a 70-nm-long cellular adhesive
molecule, possesses elastic and extensible properties when
neutrophils roll over the activated endotheliam of blood ves-
sel in inflammatory reaction. Transient formation and disso-
ciation of P-selectin/ligand bond on applied force of blood
flow induces the extension of P-selectin and relevant ligands.
Steered molecular dynamics simulations were performed to
stretch a single P-selectin construct consisting of a lectin
(Lec) domain and an epithelial growth factor (EGF)-like
domain, where P-selectin construct was forced to extend in
water with pulling velocities of 0.005—0.05 nm/ps and with
constant forces of 1000—2500 pN respectively. Resulting
force-extension profiles exhibited a dual-peak pattern on vari-
ous velocities, while both plateaus and shoulders appeared iz
the extension-time profiles on various forces. The force or
extension profiles along stretching pathw=z5 wer? correlated
to the conformational changes, s::zgesting ithat the st uctiiral
collapses of P-selectin Lcc/CF domwains viere mainly attrib-
uted to the burst of hydrogen hunds within the major 8 sheet
of EGF domain and the disimptions of two hydrophobic cores
of Lec domain. This work furthers the understanding of
forced dissociation of P-selectin/ligand bond.
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P-selectin, one of cellular adhesive molecules in se-
lectin family, is a ~789 amino acid long chain. P-se-
lectin/ligand interactions are important to many biological
processes such as inflammatory cascade as well as tumor
metastasis'’ . During the inflammatory response, leuko-
cytes expressing P-selectin ligand transiently roll over the
surface of activated endothelial cells or platelets express-
ing P-selectin under blood flow. To balance the rear and
front of the rolling cell and abate the impulsive force suf-
fered by P-selectin/ligand bond. P-selectin and its ligand
are stretched by applied shear force in certain content be-
fore the dissociation of P-selectin/ligand bond.

Forced dissociation of P-selectin/ligand bond has at-
tracted the intensive interests of scientists upon the bio-
logical and biophysical significances. Atomic force mi-
croscope (AFM) and flow chamber assays were widely
used to measure the rupture force and forced lifetime of
P-selectin/PSGL-1 (P-selectin glycoprotein ligand-1) bond,
attempting to understand the force dependence of bond
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dissociation., While the nature that the bond lifetime is
shortened by forces (so-called the slip bond®) has been
observed extensively™ ! the counter-intuitive nature that
the bond lifetime is prolonged by forces (so-called the
catch bond™) was directly visualized recenﬂym. The un-
derlying mechanism, however, of forced manipulation of
P-selectin/ligand bonds has been little known. Explanation
of the catch bond existence, for example, requires the fur-
ther understanding of intra-molecular dynamics under
applied forces while the experiment has not yet resolved
the details of bond dissociation.

To conduct such a test, X-ray crystallography of
protein and steered molecular dynamics (SMD) simula-
tions were combined in this study to probe the forced
stretching of P-selectin. P-selectin consists of an N-ter-
minal, calcium-type lectin domain (Lec), an epidermal
growth factor (EGF)-like domain, nine copies of consen-
sus repeat units (CR1-9) characteristic of complement
binding proteins, a transmembrane segment (TM), and a
short cytoplasmic domain (Cyto) '), as illustrated in the
upper panel of Fig. 1. Being the basic units which can
mediate the leukocyte adhesion independently, human
P-selectin Lec/EGI’ domains and its complex with
PSGL-! have been crysiallized independently to obtain
their X-ray structures™ !, The overall folding of P-selectin
Lec  domain, analogous to other C,**-dependent
teetns!' ™, consists of two a-helixes, six B strands, and
long loops or turns between two B strands or two a-helixes.
As conservative components of all C-type lectins, part of
the second 3 strand (TRP-ILE** ) demarcates two distinct
hydrophobic cores''!. While one core is composed of
residues from the first B strand, the first a-helix, the part
of inter-helix region, the part of second B strand and the
sixth B strand, the other consists of residues from another
part of inter-helix region, the second o helix to third B
strand, the part of loops between the third and forth B
strands, and other three B strands. The calcium ion is co-
ordinated by the side chains of GLU®, ASN®2, ASN'®,
ASP'® and the backbone carbonyl of ASP'®. The binding
“pocket”, composed of PRO®-ILE>’, TRP’*-LYS!"® and
calcium ion, forms the adhesive site of P-selectin/ligand
interaction''”. P-selectin EGF domain, one member in
EGF family, is partly defined by the strict conservation of
six cysteins forming three disulfide bonds and two regions
of double-stranded anti-parallel B sheet. While the major 8
sheet, close to the N-terminal subdomain (GLY"! -CYS'™,
contains two disulfide bonds (CYS'-CYS'™, CYS'-
CYS'), the minor B sheet, close to the C-terminal sub-
domain (PHE"*-VAL'®), contains the third disulfide bond
(CYS™.CYsP)'* ] Similar to the E-selectin Lec/EGF
construct!", the two domains interact via a small inter-
face.

Upon the advantage of molecular dynamics (MD)
simulation which provides the time-dependent conforma-
tional changes in atomic level, SMD technique was
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Upper panel: Structure of P-selectin molecule: Lower panel. SMD simulations. Secondary structure of P-selectin Lec/EGF domains

was exemplified with explicit position of calcium jon, and fixed atom, forced center, and applied force were illustrared.

reeently developed by introducing external forces into
molecular dynamics simulations with similar approaches
in AFM assays''*), The applications of SMD have been
focused on two main aspects. One was to get important
structural information and structure-functisn relationship
by applying external forces to moiccules compiex, €.g. ihe
dissociation of biotin frcu avidin or streptavidin”5 ']6', the
unbinding of retinal from bacteriorhodopsin''”, the release
of phosphate from actin'"®!, ihe possible binding pathways
of thyroid hormone to its receptor, the extraction of liplids
from membranes''**", the unbinding of arachidonic acid
from the prostaglandin H, synthase-l[z”, and forced de-
tachment of the CD2-CD58 complex*”. The other was to
investigate the elastic property by forced stretching or
unfolding of biomolecules, e.g. the forced unfolding of
titin immunoglobulin domains'™, and the force-induced
unfolding of titin fibronectin type III domains™".

To understand the role of P-selectin extension in
forced dissociation of P-selectin/ligand interaction, P-
selectin Lec/EGF domains were forced to extend under
various constant velocities and constant forces using SMD
simulations in this study. Corresponding force-extension
profiles, extension-time profiles, as well as dynamic con-
formational changes were obtained, providing the new
insights into forced stretching of P-selectin as well as dis-
sociation of P-selecitn/ligand bonds under physiological
flow.

1 Methods
SMD simulations of forced stretching of P-selectin

subunits were performed using the program NAMD2!
with the CHARMM22 force ﬁe]dm’], plus the programs
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XPLOR"™ and VMD'™! for hyd ogen bond analyses and
structural visvalizations respectively, The simulations
started from an experimentally solved complex, using
X-ray crystaliography'™), of P-selectin Lec/EGF domains
binding to PSGL-1 peptide, deposited as entry 1GIS in
the Protein Data Bank"™",

Monomeric P-selectin Lec/EGF domains, the chain A
adopted from the PDB 1G1S, were complemented with
hydrogen atoms for all amino residues using PSFGEN'*!
procedure of NAMD2. A corresponding strontium ion
(Sr™) in the original structure was replaced by a calcium
ion (Ca™) since P-selectin/PSGL-1 binding is Ca**-de-
pendent in biological processes'”. The structure of P-se-
lectin Lec/EGF domains was then solvated using the
plug-in package SOLVATE 1.2'** of VMD with TIP3P
model for explicit water molecules parameters®'. A
sphere of radius of 4.5 nm was constructed, and all water
molecules within 0.26 nm of the protein surface or within
the volume occupied by the protein were deleted. The re-
sulting initial configuration of P-selectin Lec/EGF do-
mains, centered in the spherical water bubble, had the
protein surface covered everywhere by at least 4—35 shells
of water molecules (only the part of C-terminal of EGF
domain has 2—3 water shells) with ~35750 atoms totally.

Before heating the water-protein system, the initial
configuration was minimized for 3000 steps (2000 steps
with fixed backbone atoms and then 1000 steps without
any fixation) to modulate the conformational variation due
to the adoption of monomeric P-selectin Lec/EGF do-
mains from the complex, the substitution of Sr*™* with Ca™,
and the involvement of water molecules. Then the system
was heated over 10 picosecond (ps) to 300 K with 30 K

11



ARTICLES

temperature increments per ps and in turn equilibrated
with a thermal bath at 300 K for another 10 ps. During the
equilibration process with thermal bath, water molecules
composed of the outer 0.7nm shell of the system were
harmonically restrained to their positions to keep the wa-
ter bubble shape. This was followed by another 45 ps tree
equilibration without heat bath but with the restraints of
outer water molecules. The free dynamics run exhibited a
temperature fluctuation of 4 K and a backbone RMSD
(root of mean square deviation) evolution of (0.082+%
0.007) nm. Finally, 2 ps of completely free dynamics was
performed without harmonic restraints and heat bath, and
the resulting equilibration conformation was obtained for
SMD simulations.

The procedure used to perform the simulations was
similar to that done for unfolding of titin protein'****,
Briefly, all atoms including water and hydrogens were
positioned explicitly in the simulations. They were then
accomplished with a time step of 1 femtosecond (15), a
uniform dielectric constant of 1.0, a cut-off of non-bonded
interactions with a switching function starting at a dis-
tance of 1.1 nm and reaching zero at 1.4 nm, and the scal-
ing factor for 1-4 interactions of 1.0.

SMD simulations of forced stretching of P-selectin
Lec/EGF domains were performed by fixing C-terminal of
EGF domain and applying external forces t5 pulled end ct
Lec domain (seen in the lower nenel of Fig. 1). tlere C,
atom of ASP'*® was fixed, and the pulled end was defined
as the mass center of eight atoms (N of SER46, OG of
SER*, OG of SER", ND2 of ASN**, NH1 of ARG*, OE2
of GLU%, N of LYS'”, and NE2 of HSD'") within the
binding pocket to PSGL-1""", While the force direction
was designated along the vector from the fixed point to
pulled end, the forces were applied by using cv-SMD and
¢f-SMD algorithms respectively!"), corresponding to the
procedures performed for rupture force™ and forced life-
time'® measurements of P-selectin/ligand dissociation in
AFM assays. The cv-SMD algorithm is equivalent to at-
taching one harmonic spring end to the pulled end of the
protein and pulling another end of the spring with a con-
stant velocity v in the desired direction, while the ¢f~SMD
algorithm is equivalent to stretching the pulled end of the
protein with a constant force F. Time dependence of force
in the cv-SMD algorithm follows the equation F = k(v —
Ax), where Ax is the extension of the pulled end from its
original position at time ¢ = 0, and & is the spring constant.
The value of k was given at 4000 pN/nm[23'24], corre-
sponding to the thermal fluctuation of the constrained
pulled end to dx = /(kzT/k) =0.032 nm.

2 Results

Six SMD simulations were performed for forced
stretching of P-selectin Lec/EGF domains, beginning with
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an equilibrated folded structure and being stopped at the
extension of Ax ~ 8 nm. Force and extension profiles were
correlated with the conformational variations.

(1) Forced extension of P-selectin Lec/EGF do-
mains. Fig. 2 shows a typical force-extension profile of
forced stretching at the pulling velocity of 0.01 nm/ps and
the corresponding snapshots of conformational changes.
Force increased initially with extension, and two force
peaks, one at ~2.0 nm and another around ~4.9 nm exten-
sion with respective force values of ~1400 and ~3500 pN,
appeared along the stretching pathway. The force needed
to further extend the protein increased continuously be-
yond the second force peak. The respective RMSD evolu-
tions of the two domains from the starting conformation
(data not shown) suggested that the structure disruptions
of P-selectin Lec/EGF domains came from the collapse of
EGF domain followed by that of Lec domain.

To correlate the force profile with the conformational
changes, the structural variations were visualized as ex-
emplified in Figs. 2(b)—(f). Initial snapshot (Ax = 0 nm)
included six hydrogen bonds wichin the major f§ sheet of
EGF domain, seven hydrogzn bonds between Lec and
EGF domains, and three hydrogen bonds between the part
of inter-helix region and e sixth B strand of Lec domain
{Regions &), & and @ in Fig. 2(b)). Two hydrogen
bongs, one between the second P strand and inter-helix
region and the other between the second B strand and the
sixth P strand, served as a part of interface of two hydro-
phobic cores of Lec domain, and two water molecules,
near the intermediate entry to the hydrophobic cores and
within 0.35 nm of the conservative part of the second
strand, formed water-bridge between LEU”® and GLY>*
(Regions @ and @ in Fig. 2(b)). Fig. 2(c) shows the
conformational changes right after the first force peak (Ax
=2.56 nm), mainly corresponding to the break-ups of all
hydrogen bonds between two strands of the major B sheet
of EGF domain as well as the three hydrogen bond
breakages between Lec and EGF domains. From that on,
little variations of EGF domain were observed for further
stretching. The last three snapshots (Figs. 2(d—f)) dem-
onstrated the conformational changes of Lec domain just
before (Ax = 3.95 nm), around (Ax = 4.86 nm) and after
(Ax = 5.31nm) the second force peak. While five of seven
hydrogen bonds between the two domains and one hydro-
gen bond between the inter-helix region and the sixth P
strand broke up before the second force peak (Fig. 2(d)),
the two hydrogen bonds at the interface of two hydropho-
bic cores and the water-bridge between LEU?® and GLY
were broken and the water molecule near LEU* went into
the interface around the peak. This resulted in re-forma-
tion of water-bridge again between VAL’ and GLY* as a
replacement of hydrogen bond of HN*>-0% (Fig. 2(c)).
And then the re-formed water-bridge broke up and more
water molecules went into the gradually-disrupted hydro-
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phobic cores for further stretching (Fig. 2(f)). These data
suggested that the breakages of two hydrogen bonds at the

TICLS

the rupture force measurements on various constant ve-
locities 1n AFM assay, three cv-SMD simulations were

hydrophobic cores interface and the re-formation of wa-
ter-bridge played an important role in the late-phase
stretching.

( ii ) Dependence of constant velocities.

performed at pulling velocities of 0.05, 0.01 and 0.005
nm/ps respectively. The corresponding force-extension
profiles, as shown in Fig. 3(a), demonstrated similar fea-

To model tures of stretching processes with small variations in force
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Fig. 2. Forced stretching of P-selectin Lec/EGF domains. (a) A typical force-extension profile at the pulling velocity of 0.01 nm/ps. (b)
—(f) Structural snapshots of conformational changes on various extensions with explicit demonstrations of hydrogen bonds (parallel

dashed lines) and water bridges (water molecules drawn as licorice model) distributions. Only Lec domain was shown up in (d)—(f) for
clarity since little variations of EGF domain were found atter the first force peak.
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Fig. 3. Dependence of constant velocities on forced stretching of P-
selectin Lec/EGF domains. (a) Force-extension profiles at various pull-
ing velocities of 0.05, 0.01 and 0.005 nm/ps. (b)—(d) Corresponding
snapshots at the extension of ~2.0 nm (dashed line) at three velocities.
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peak values and corresponding extensions. At low pulling
velocity (v = 0.005 nm/ps), the force profiles unveiled two
force peaks, very similar to that as above at v = 0.01 nm/
ps. At high velocity (v = 0.05 nm/ps), the first force peak
became disappeared. These resulting profiles showed that
the lower the pulling velocity, the smaller the correspond-
ing force needed to stretch the domains to the same con-
tent of extension, and the shorter the corresponding exten-
sion of force peaks.

Structural snapshots on various pulling velocities
were shown in Figs. 3(b)—(d). It was found that at the
same extension (Ax ~ 2.0 nm; dashed line in Fig. 3(a)) the
conformational differences among them depended on the
disruption degree of EGF domain and the interface of two
domains. At high velocity (v = 0.05 nm/ps), only two of
six hydrogen bonds within the major B sheet of EGF do-
main broke up while the hydrogen bonds between two
domains remained non-unraveled as those of initial struc-
ture (Fig. 3(b)). At intermediate velocity (v = 0.01 nm/ps),
four hydrogen bonds within the major B sheet broke up
and the hydrogen bonds between 'wo domains started to
dissociate, resulting in the pasiiai collapse of anti-parallel
structurz (Fiz. 3(c)). All six hydrogen bonds within the
major B sheet and thres of seven hydrogen bonds between
tvo domains hroke up at low velocity (v = 0.005 nm/ps),
resavlting in the complete collapse of anti-parallel structure.
It was evident that the conformational changes of P-se-
lectin Lec/EGF domains depended not only on the exten-
sion but also on the pulling velocity. These data also sug-
gested that the larger frictional dissipation prolonged the
time courses of hydrogen bond break-up at higher pulling
velocities.

(iiil) Dependence of constant forces. To mimic the
lifetime measurements on various constant forces in AFM
assay, three ¢f-SMD simulations were done by applying
constant forces of 1000, 1500, and 2500 pN respectively.
The corresponding extension-time profiles, shown in Fig.
4(a), presented both plateans and shoulders on constant
forces. At low force (Fy = 1000 pN), the extension initially
increased gradually up to # = 80 ps, trapped in a constant
plateau at Ax ~ 1.5 nm until ¢t = 180 ps, increased again
and finally reached to another plateau at Ax ~ 3.5 nm be-
yond ¢ = 380 ps. At intermediate force (Fi = 1500 pN), the
extension initially increased sharply up to t = 35 ps,
trapped in a relative plateau at Ax ~ 2.0 nm for short pe-
riod of ~ 20 ps, then increased quickly again until £ =140
ps, and finally reached to another plateau at Ax ~ 3.8 nm
beyond 7 = 220 ps. At high force (Fy = 2500 pN), the ex-
tension initially increased sharply up to t = 50 ps,
dropped a little before entering a relatively variable pla-
teau for a period of ~ 535 ps and then increased again from
t=120ps.

Structural snapshots on various forces were shown in
Figs. 4(b)—(d). It was found that at the same time (t = 156
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Fig. 4. Dependence of constant forces on forced stretching of P-selectin
Lec/EGF domains. (a) Extension-time profiles at various applied forces
of 2500, 1500, and 1000 pN. (b)j—d) Corresponding snapshots at the
stretching time of 156 ps (dashed line) at three applied forces.
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ps; dashed line in Fig. 4(a)) the corresponding extensions
differed significantly from each other (Ax ~1.64—5.39
nm). At low force (Fyp = 1000 pN and Ax = 1.64 nm), the
structural conformation of P-selectin Lec/EGF domains
was the same as the initial one except that four of six hy-
drogen bonds within the major B sheet of EGF domain
broke up (Fig. 4(b)). At intermediate force (Fy = 1500 pN
and Ax = 3.73 nm), the EGF domain collapsed completely
accompanied with partial unraveling of two hydrophobic
cores (Fig. 4(c)). At high force (Fy = 2500 pN and Ax =
5.39 nm), both P-selectin Lec and EGF domains collapsed
completely, the interface of two hydrophobic cores be-
came disappeared, and the cores opened their doors to let
more water molecules enter into.

3 Discussion

The aim of this study is to elucidate, on the basis of
atom-level simulations, the conformational changes of
forced stretching of P-selectin Lec/EGF domains. On ap-
plied constant velocities, SMD simulations found that
there existed two peaks in the force-extension profiles,
which were correlated with the stractural collapse of EGF
domain at ~ 2.0 nm fciicwed by that of Lec domain at ~
4.9 nm (Figs. 2 and 3). This dual-peak force pattern dif-
farzd signuficantly trom the simulations in unfolding of
titin ig demams™!, while the latter unveiled one force
pcak within Ax ~ 8 nm. Current simulations implied two
major energy barriers suffered along the extension path-
way: the outer one is based on intrinsic hydrogen bond
interactions within the major 3 sheet of EGF domain and
the inner one resulted from the re-formation of water
bridge between GLY*? and VALY after the breakage of
two hydrogen bonds (HN>2-0%" and HN**-0'") at the in-
terface of two hydrophobic cores of Lec domain. At the
highest pulling velocity of v=0.05nm/ps, forces were large
enough that the outer barrier was eliminated. On applied
constant forces, SMD simulations revealed the shoulders
and plateaus pattern (Fig. 4), similar to that found in the
extension-time profiles of dissociation of CD2-CD58
complex at a low force Fy = 400 me]. These simulations
suggested that the P-selectin Lec/EGF domains became
trapped in the plateaus on its pathway to be extensively
stretched, and the plateaus corresponded to the energy
barriers where conformations of P-selectin Lec/EGF do-
mains changed little. At the highest force (F; = 2500 pN),
force was large enough that the first plateau shown in the
extension-time profiles at Fp = 1000 and 1500 pN became
disappeared. The above observations were confirmed in
the additional SMD simulations using lightly varied force
centers and directions or using different initial equilibrated
conformations (data not shown). Combined together, these
simulations demonstrated similar features of energy barri-
ers on both constant velocity-induced and constant force-
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induced extensions.

Under physiological flow, transient rolling of leuko-
cytes over the activated endothelial cells and/or platelets
come from the balance of dissociation of a selectin/ligand
bond in the rear of a rolling cell to formation of another
bond in the front of the cell; otherwise leukocytes would
detach back to the main stream if no bonds form in the
front when bonds in the rear break up, or would form the
confirmed adhesion if more bonds form in the front when
no bonds break up in the rear. To hold the consecutive
rolling, selectin molecule in the rear is required physio-
logically to extend before it dissociates from its ligand
under shear flow. Not only such a phenomena has been
observed experimentally by the flow chamber assay!' ¢!,
but it was also demonstrated by our preliminary SMD
simulations in unbinding of P-selectin/PSGL-1 complex.
In fact, the anti-parallel f§ sheet in EGF domain collapsed
before the PSGL-1 dissociated from P-selectin molecule
(data not shown), which is similar to the SMD simulations
shown in unbinding of CD2/CD58 complex'*!.

Main shortcomings of SMD simulations are the short
simulation times and the small size of system imposed by
the limited computer resources when one attempts to
compare the simulations with the measurements usirg
AFM assay. Five- to six-order of highor velocities
(cv-SMD) or two-order of higher iorces (¢f-SVID) and
two-order of higher spring constants were vsed in SMD
simulations than those v AFM measurements, which re-
sulted in the non-equilibrium process with strong energy
dissipation. As such, large fraction of work done by ap-
plied forces was used to overcome the frictional dissipa-
tion rather than to lower energy barrier(s). In our simula-
tions, the system temperature increased by 3—4 and 5—6
K at v = 0.01 and 0.05 nm/ps, respectively, up to Ax ~ 8
nm. To repair this deficit, improved computer resources
are needed with which SMD simulations with several tens
of nanoseconds and several hundred thousands of atoms
may become available soon. And improved algorithms in
the simulations enable to save the computational expense
upon the same resources.

Even with the shortcomings mentioned above, SMD
simulations in the present investigation were still demon-
strated as a powerful tool in forced stretching of protein
molecules. Using a limited computational expense, key
features of conformational variations of P-selectin Lec/
EGF domains were obtained on applied forces. A recently
completed P-selectin/PSGL-1 unbinding experiment™™
showed a counter-intuitive nature of catch bond: SMD
simulations to reveal the dissociation process of P-se-
lectin/PSGL-1 complex is ongoing.
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DNA -based molecular com-
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Abstract The postgenomic era has seen an emergence of
new applications of DNA manipulation technologies, includ-
ing DNA-based molecular computing. Surface DNA comput-
ing has already been reported in a number of studies that,
however, all employ different raechanisms other than
automaton functions. Here we cescribe a programmable
DNA surface-computing devies as a Turing machine-like
finite sutomatein. The laboratory aviomaton is primarily
composedd of DNA (inputs, output-detectors, transition
medectles as software), DNA manipulating enzymes and
buifer svsteri that solve artificial computational problems
autonomously. When fluoresceins were labeled in the 5’ end
of (—) strand of the input molecule, direct observation of all
reaction intermediates along the time scale was made so that
the dynamic process of DNA computing could be conven-
iently visualized. The features of this study are: (i) achieve-
ment of finite automaton functions by linearly programmed
DNA computer operated on magnetic particle surface and (ii)
direct detection of all DNA computing intermediates by cap-
illary electrophoresis. Since DNA computing has the massive
parallelism and feasibility for automation, this achievement
sets a basis for large-scale implications of DNA computing
for functional genomics in the near future.

Keywords: DNA, computing , automaton, surface, parallelism, pro-
grammable.
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Researchers across multi-disciplines in the world are
making great efforts in the revolution of traditional com-
puters by endeavor in DNA-based computing. The first
small-scale molecular computation with DNA was bril-
liantly demonstrated by Adleman!”!, and seven years after
that, Shapiro and co-workers reported their programmable
and autonomous test-tube computing machine made of
biomolecules”®’. This computing machine is actually a
finite automaton capable of state transitions, marking the
milestone of the birth of DNA computer. Before Shapiro’s
pioneering work, there were a number of reports on DNA
computing successful for solving NP problems® %, Given
that the input data for DNA computing are within DNA
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