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Physics of bio-materials and the floppy to rigidity transition
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Abstract :

The novel elasticity of double-stranded DNA (dsDNA) has very important biological
significance. Therefore, a thorough investigation of the elasticity of dSDNA will enable us to
gain better insight on many important biological processes concerned with life and growth. We
found analytically the conditions to form a nearly helical conformation for a model of dsDNA
under external force and torque. We obtained exact results of the classical mechanical solution
of the worm-like chain model, a model for dsDNA elasticity, under an external stretching force.
We investigated the sharp extension of dsDNA from the B-form S-form under external force in
the framework of a model of a double-stranded chain with basepair interactions and bending.



Shape equations governing the structure of the DNA under external forces and torques are
derived using a classical mechanical approach. The 1% order nature of the B- to S-form
transition is revealed clearly in terms of an effective potential with a barrier separating these
two states. We present an analytical based proof for the consistency of two asymmetric elastic
models of the double-stranded DNA (dsDNA) in the regime around the B-form. The elasticity
of a filament is a significant issue, not only because its wide application in engineering and
sciences, but also because the recent experiments and theories have revealed that it may account
for some elastic properties of microscopic objects, from carbon nanotubes to biomaterials such
as DNA. We derive the general shape equations for an elastic rod with spontaneous torsion and
curvatures in terms of Euler angles. We find that to form a helix, y must be a constant. We find
that the extension of a helical rod may undergo a discontinuous transition under stretching force.
This agrees quantitatively with experimental observations for a helix in a chemically defined
lipid concentrate.

We study the rigidity of two dimensional site-diluted central force triangular networks under
tension. We calculate the shear modulus . directly and fit it with a power law of the form, .«
~(p-p*)", where p is the concentration of sites, p* its critical value, and f the critical exponent.
We find that the critical behavior of . is sensitive to tension. The amorphous semiconductors
have made a significant impact on the areas of information and energy. However, the critical
behavior of the floppy to rigidity transition of amorphous semiconductors is not yet clear, and
the relevant theoretical study at finite temperature is still unavailable. We are exploring, by
using molecular dynamics simulation, the critical behavior of the rigidity transition of
amorphous semiconductors, such as GeSe;, and calculate its elastic constants using the
equilibrium fluctuation formulae, and compare the theoretical results with experiments.

We derive a new set of equations of motion to produce correct isothermal-isotension and
isoenthalpic-isotension ensembles in molecular dynamics simulation for a system under
arbitrary anisotropic loading.

We study the interactions of a peptide, gramicidin A with biologically important divalent cations,
and the interactions of biomedically important antibiotics, kojic acid with iron, using tandem
electrospary ionization mass spectrometry (ESI-MS).
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B 7. To have a comprehensive understanding of the elastic properties of various materials,
from carbon nanotubes to biomaterials such as DNA. To obtain a full picture for the
floppy to rigidity transition. Using mass spectrometry to analyze biologically relevant
interactions and drug metabolites.

=+ ;% . Analytical approaches, computer simulations, and using modern mass spectrometry.
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We derive the general shape equations in terms of Euler angles for a uniform elastic rod with
spontaneous torsion and curvatures and subjected to external force and torque. Our results
based on an analytic formalism show that the extension of a helical rod may undergo a
one-step discontinuous transition with increasing stretching force. This agrees quantitatively
with experimental observations for a helix in a chemically defined lipid concentrate. The
larger the twisting rigidity, the larger the jump in the extension. The effect of torque on the
jump is, however, dependent on the value of the spontaneous torsion. In contrast, increasing
the spontaneous torsion encourages the continuous variation of the extension. An
“over-collapse” behavior is observed for the rod with asymmetric bending rigidity, and an
intrinsic asymmetric elasticity under twisting force is found.

We present an analytical-based proof for the consistency of two asymmetric elastic models of
the double-stranded DNA in the regime around the B-form. We derive the shape equations in
terms of Euler angles for a uniform ribbon with noncircular cross section and spontaneous
torsion. We study the conditions to form a helical ribbon for the model and find that the Euler
angle v must be either 0 or n/2: We find that there is either a continuous or discontinuous
transition of extension, from a twisted straight ribbon to a helical ribbon.

The peptide, gramicidin A (GrA), has been demonstrated to interact with divalent salts (CaCly,
MgCl,, and ZnCl,) using electrospray ionization mass spectrometry (ESI-MS). The ESI-MS
analysis revealed different complexes formed due to the interaction of Val-GrA and lle-GrA
with divalent salts: [Val or lle-GrA-H+M]", [Val or Ille-GrA+MCI]® and [Val or
lle-GrA+M]**, where M is Ca or Mg or Zn. All these complexes have been subjected to
collisionally activated dissociation (CAD). CAD of singly and doubly charged GrA and metal
complexes exhibited the losses of water molecules, indicating the ligand preference of GrA.
MS/MS and MS?® of [Val or Ile-GrA+MCI]" resulted in the elimination of chloride ion and
water, respectively. The tandem mass spectrometry data of the complex [Val-GrA+MCI]
suggest that chloride interaction is stronger in the presence of Ca than of Mg and Zn. This
study reveals that GrA could interact with Ca, Mg, and Zn in metal ion form as well as in ion
pair (MCI) form. The interactions of GrA with Ca support the proposal of a physical basis for
the messenger role of Ca

Kojic acid, 5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one, has been used extensively as a
clinical iron-chelating drug although the nature of the complexes of iron and kojic acid has
not been established. We demonstrate the complexation of kojic acid with iron(l11) chloride
by using electrospray ionization mass spectrometry (ESI-MS). The ESI-MS analysis revealed
different reactions between iron(1l1) chloride and kojic acid (M), and the mass spectrum
exhibited four complexes: [Fe+2(M-H)]", [Fe+3(M-H)+H]", [Fe2+4(M-H)+CI]", and
[Fe,+5(M-H)]". All these proposed complexes and the presence of chloride ion in one of the
dinuclear complexes have been confirmed by isotopic patterns and fragmentation studies by
means of tandem mass spectrometry (MS").

Using density-functional theory within the generalized gradient approximation the interaction



between atomic Si and the Cu(1 1 0) surface is investigated. Various structures of on-surface
adsorption as well as surface-substitutional adsorption for a wide range of Si coverage are
considered. Our results shows that the Cu(1 1 0) surface is active towards adsorption of Si.
The energetically most preferred structure is the ¢(2x2)-Si/Cu(1 1 0) surface alloy. The reason
that (2x2) Si chain can form on ¢(2x2)-Si/Cu(1 1 0) surface is due to the particular stability of
c(2x2)-Si/Cu(1 1 0) surface.

6. The existing equations of motion in molecular dynamics for a system under anisotropic
loading are inconsistent with the theory of finite elasticity due to the introduction of a special
reference value, and so cannot work properly under high anisotropic stress. We derive a new
set of equations of motion in conjunction with proper isothermalisotension and
isoenthalpic-isotension ensembles to be used in molecular dynamics simulations for a system
under anisotropic loading. The new equations of motion satisfy the requirement of invariance
of physical properties with respect to the simulation cell transformation, and hence are more
appropriate for use in studying a system undergoing a structural transformation. We also
present the correct expressions for calculating the elastic constants in these ensembles.

7. We study the rigidity of two-dimensional site-diluted central force triangular networks under
tension. We calculate the shear modulus 1 directly and fit it with a power law of the form ¢ ~
(p-p*)", where p is the concentration of sites, p* its critical value, and f the critical exponent.
We find that the critical behavior of (. is quite sensitive to tension. As the tension is increased
there is at first a sharp drop in the values of both p* and f, followed by a slower decrease
towards the values of the diluted Gaussian spring network. We find that the size of the critical
region is also sensitive to tension. The tension-free system has a narrower critical regime with
the power law failing for p>.0.8. In contrast, a small tension is sufficient to extend the power
law to near p=1. The physical basis for these behaviors is discussed.

8. Exact results of the classical mechanical solution of the worm-like chain model under an
external stretching force is derived. The locus of the chain under arbitrary stretching force and
grafting conditions is calculated explicitly in terms of elliptic functions. In the long chain
limit, the chain locus can be expressed in terms of elementary functions. In addition, the
solution of the worm-like rod chain under a small twisting torque is also calculated
perturbatively. The relative extension, writhe number and the locus of the chain are computed
to leading orders in the reduced torque.
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