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ABSTRACT. In this paper, we are going to use a geometrical approach for studying the biopolymer
structures. The exact solutions of the general equilibrium shape equations for the free energy model
F=AK’+B7 (k and 7 are the principal curvatures and A,B Z) are investigated by using the Feoli’s for-
malism [A. Feoli et al., Nucl. Phys. B 705 (2005) 577]. Using the properties of the principal curvatures,
we show that the particular solutions of this model can be matched with the family of protein structures.
© 2015 Bull. Georg. Natl. Acad. Sci.
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1. Introduction

In recent years, the elastic theories have been widely used for studying the biopolymer structures. Theoretical
and experimental studies of the elastic properties of biomolecules are important research areas in physics. By
using the modern experimental techniques such as magnetic optical microscopy [1], micromanipulation
[2-4] and fluorescence microscopy [5], we are now able to study the elastic properties of biomolecules
directly. Many models have been suggested to describe the biopolymer chains. For instance, the worm-like
chain (WLC) model [6], the worm-like rod chain (WLRC) model [ 7-9] and Helfrich model [ 10] are appropriate
to describe the biopolymer structures. The WLC model describes a chain by an elastic continuous curve
under a small external force with a single elastic constant as the bending modulus. This model has been
successfully applied to long biomolecules such as DNA and RNA. The WLRC model is appropriate to
describe the biopolymer structures under a moderate force. Helfrich [10] studied the elastic theory of the
helical fibers. In Helfrich energy model, the free energy is of the form
F= )/lk2 +}/2k21' + 73k4 +74 (k'2 +k21'2)+ ¥s, where y, are the elastic constants. The importance of the
computation of the free energy for the biomolecules has been recognized by many authors in recent years.
The free energy of a biopolymer chain is generally considered as a function of its curvature and torsion. The
free energy defined in such a way is analogous to the action in quantum field theory [11].

For the study of the biomolecules, we need to study the general equilibrium shape equations [12]. The

shape equations play a crucial role in understanding the properties of the biomolecules. The elastic rods
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theory has been studied for over two centuries. Many famous authors such as Hooke, Bernoulli, Euler,
Lagrange, Poisson, Navier, Stokes and Kirchhoff have studied the various aspects of this theory. In 1859
Kirchhoff provided the general equilibrium shape equations of thin elastic rod, and he found that these
equations are mathematically identical to those used to describe the dynamics of the spinning tops [13]. The
Kirchhoff method has been generally used to describe the conformations of the biopolymer structures
[14-17]. By variation of the free energy of a biopolymer chain, its general equilibrium shape equations are
obtained [12-18].

This paper is organized as follows: In section 2, we give a brief review of the general equilibrium shape
equations. In section 3, the exact solutions of these equations for the free energy model F=Ak*+B7 are
investigated. In section 4, we apply the results obtained by Feoli et al. for our model. In the last section, we

discuss our results.

2. The General Equilibrium Shape Equations

In this section, we intend to give a short review of the general equilibrium shape equations. Taking into

account the 1-dimensional nature of many biopolymer chains, the total free energy F, can be defined on the

total
smooth curve x(s) in 3-space as follows

Fow = [ FIx()]ds, )

where s is arclength of the biopolymer chain and F is the free energy function where depends on x(s),
which describes the shape of the biopolymer chain. In flat 3-space, a smooth curve have two local invariants,
i.e. the curvature k =#k(s) and torsion 7 =7(s). Therefore, the free energy has the general form
F=F (k, 7k, r’) dependent on the curvature, torsion and their derivatives, while the over head prime stand
for differentiation with respect to.s. We now use a natural parametrization of curve x(s) in Euclidean 3-space:
x'(s), i =1,2,3. In this parametrization, we have

dx; dx;

ds ds

where summation over repeated indices is always understood and in flat spacetime, we have x' = x;. The

/dx d*x,
k= d dza (3)

.o 1 det dax; d*x;, d’x,
2\ lds T d? ds ) ()

in which det; (a,b,¢) is Gramm determinant for vectors a, b and ¢ [22].

=1, )

curvature and torsion are defined by [19-21]

and

The shape equations of the biopolymer chain follow by variation the total free energy, i.e. 6F, , =0,and

otal

it can be written as
I—ékd +I—5rds+I—5k'd +I—5r'ds+IF5ds=0. 5)

Zhang et al [12]. obtained the shape equations in the case F=F (k, ‘[,k') . They calculated the variations
Sk, 6t , Sk' and F§ds by using the differential geometry methods as
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Sk=k'e +(k2 —72)82 +&) —1'ey — 218},

K26t =K'y + (ke =K'z + 2k ) &, — (2K’ =3k} ) 8} + 2heee
(k= 2kee) oy + (I —ke?)ef —'e] — ke,

Sk'=(k"—k'")& +k'e] +(3kk' - 21" £, +(k2 s )82 vl .

—1"g; —31'e; - 27¢3,

Fé'ds:—(k'a—F T aFjslds kFeyds,
ok or

where ¢;(s) are the variations of the space form of the biopolymer chain, 6x(s) = &;(s)e;(s) with the
orthonormal Frenet basis {e;} [20-21]. By substituting these quantities into equation (5), they obtained the
two shape equations which are referred to the general equilibrium shape equations. But, Thamwattana et al
[23-24]. showed that the second and third equations in equations (6) are incorrect, and this therefore leads to
the mistakes in the general equilibrium shape equations presented by Zhang et al. The correct version of
these equations has been derived by them as follows

i[a_Fj_dz (GF 216F] i(zk'r_fi_r'j@_l:_(kz_rz)a_l:
as’\ok') as*\ok Kk or) as|\ k¥ k )or oK'

r_r 7
e ) e
ok K k)or ok’

and

10F) d* (k' oF oF) d oF 2 \oF _ , 0F
SR (S, ¥ Sl I ¥ St k— 43—
kor ds2 \ k2 or ok' ) ds ok ot ok’

L OF k'r? 2rr'|OF , OF ®)
_— =41 =0.
Tk \ k2 Tk Jor Dok
Furthermore, Thamwattana et al [24]. obtained the shape equations in the general case F = F(k,r,k', T’)
as follows
£l dfar| 2 n o d(ar) (e fyalor o)
ok ds\ ok’ k ds?| or or' K k)ds|or ds\ot'
9
+(k2—72) LR R (e A e T Y ©)
ok ds\ ok' or ds\ ot ok' ot'
and
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ot or' k ds*| 0t ds\or'
”n ’ 2
Zk‘ri OF _d[oF + k__z LS — k2472 a_F_i oF
ds| ok ds\ ok’ k k ot o'
hr! oF d(oF i oF d OF
ok ds\ ok ot ar'

Bull. Georg. Natl. Acad. Sci., vol. 9, no. 3, 2015

(10)



72 Morteza Yavari

Pitch

Fig. 1. Schematic representation of DNA

These conformation equations provide a uniform description for the equilibrium shapes of the biopolymer

chains.

3. Exact Solutions of the General Equilibrium Shape Equations

As is well known, the curvature and torsion, i.e. the principal curvatures, encode the all geometric information
of a curve in 3-space. Hence, the shape of a biopolymer chain is usually characterized by its curvature and
torsion. Let us now discuss the free energy of the biopolymer chain by a simple power model as follows

F=Ak> +B7?, (11)
where A and B are arbitrary constants. Firstly, after a rather tedious calculation, the equations (7) and (8) are
respectively changed to

QAR K" +4Bkrr" + 2Bk (')’ —4Bk'tr + AKS +(3B—2A)k>c2 =0, (12)
and
Bk2c" — Bkk"t' ~ 2Bkk't" + 2B(K')’ t'+(B-2A) KK’z
+(B-A)k*r' -Bk’r’r' =0. 13
Unfortunately, the calculations show that we can not solve exactly the above differential equations or any
combination of these equations. Since the general equilibrium shape equations are highly nonlinear and

complicated, it is very difficult to solve them without any assumption. Next, our calculations show that the

following simple expressions

k:—’ T=—, (14)

and

k=ce™, t=c"™, (15)
are the particular solutions of the equations (12) and (13), while m and c; are constants. Below, for completeness
our analysis, we would like to discuss the some physical properties of the last solutions:
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Fig. 2. Conical helix

3.1 Study of the First Solution

As is well known, the parametric equations of a circular helix are described by
x(t) = pcost, y(t)=psint, z(t)= o, (16)

where the constants o and @, gives rise to the constant curvature and torsion. For example, DNA is a
double helix and has two strands running in opposite directions (displayed in Fig. 1). Each chain is a biopolymer
of subunits called nucleotides [25-26].

There are many different forms of helices, including the elliptical, spherical and conical and these structures
play an important role in the study of the protein folding [27]. The existence of conical helix protein structures
in the form of ribbed end caps of gas vesicle proteins in aquatic bacteria is reported [28-30].

We now consider a particular conical helix given by the following parametric equations
x(t) = atcos(ﬂlogt), y(t) = atsin(ﬂlogt), z(t) = yt, (17)
in which @, B and y are constants. Also, in cylindrical polar coordinate system (r, o, z) , this curve
(displayed in Fig. 2) is represented as
r@)=at, ¢@(t)=Plogt, z(t) =7yt (18)
The curvature and torsion of a conical helix are obtained as follows
_k 40

T=—,
S S 19)

k

where the constants &, and 7, are defined by

b= aﬂ«/l+ﬂ2
0 /a2(1+[32)+7/2 ’ (20

By

e e

N

ol (1481 +7?
Consequently, if we substitute the solution (14) into equations (12) and (13), then we obtain respectively

Acg +4Ac +6Bc} +(3B-2A)cgcl =0, (22)

TO=

Also, the parameter ¢ in equation (17) is related to the arclength s bythe relation ¢ =

(3A-2B)cy +Bef —2B =0. (23)

By solving these equations, the following solutions are obtained
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(- B A 2%

" Ja-B ' A-B’ 24
and

L_ B _2B-4A s

" Ja-B’ ' A-B’ (25)

inwhich A,B>0 and B A,2A . Therefore, the solution (14) can describe a family of conical helices with

the following two parametric equations

(¢)=tcos A’ +AB-B’ logt
x(t) = _— ,
A-B g
(t) = tsin —“AZJ"AB_leO ¢
y B gt |,
(26)
» AV2A% - AB ,
z == N
(A-B)VAB-B?
with the free energy function as follows
K
F= =l @7
2A’B-AB?
where Fy = ————andalso
(A-B)
VI6A? ~14AB + 2B’
x(t)=tcos logt |,
A-B
0 = tsin VI6A’-14AB+2B> |
y B gt |,
(28)
o2 ~B)v34A ~32AB + 6B t
z(t)=-
(A-B)VAB-B’
with the free energy function as follows
Jo
F= S_za (29)
18A’B—-18AB? +4B° .
in which f; = ( ) > . Further, for the relations (26-28), we must have
A-B
+ + +
B¢%A, 1—2*/5 A, 7—;/ﬁ A, 8—;/5 A, 3A. (30)

Next, for later use in section 4, we need to rewrite the free energy as F = F(k), which depending only on
curvature. Hence, from the relations (14), (24) and (25), becomes
F=¢k?, (31)
2A% -~ AB 9A? —~9AB+2B?

Whel'e 5 =ﬁ and A B
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3.2 Study of the Second Solution
If we substitute the solution (15) into equations (12) and (13), then we obtain respectively

2m’ (Ac +Be3 )+ 3| A +(3B-24)d | =, (32)

(3A-2B)c; +Bcj =0. (33)
It is obvious that, we must have Acg + (3B - 2A)c32 = 0. From the last consequence, we obtain A =B
and ¢; == ic, while { = y/—1. On the other hand, we know that the principal curvatures are the real geometric

parameters. Thus, no physical conclusion can be drawn from the solution (15).

4. Study of the Feoli’s Formalism

For complete our analysis, we need to determine the unknown constants A and B . For do this, we apply the
Feoli’s formalism [31-32], which is formulated for the free energy function as F = F(k) which depends only
on curvature, such as model (31). This formalism has been shown to naturally arise from the Euler-Lagrange
equations written in terms of an arbitrary parameter. Hence, we use an arbitrary parametrization of the curve

x (o) with arbitrary parameter o . In this parametric representation, the equations (2) and (3) are respectively

changed to
a_1 d
ds %2 do’ (34
and
K - (k%)
ey 9
where x? = X,;%; while the dotover x denotes the differentiation with respect to the parameter ¢ . In this

parametric representation, the total free energy function (1) takes the following form
Fow = [V X’ Flkdo (36)

The function (36) is invariant under the translations of the curve coordinates by a constant vector, i.e.
X; = X; +u; where u; = constant [31-32]. Byusing the Noether theorem [11], we know that the invariance of
the total free energy function under these translations entails the conservation of the momentum vector

under the motion along curve x(o). The components of the momentum vector are defined by

. d oW x*F) | oW x*F)
Pl=— " - - . (37)
do 0X; 0X;
The Euler-Lagrange equations generated by the relation (37) are written as follows
d .
—P'=0, i=12,3.
Jo (38)

Now, with the help of the following useful formulas [31-32]

Bull. Georg. Natl. Acad. Sci., vol. 9, no. 3, 2015



76 Morteza Yavari

< 200
150 150
100 g 100
50 50
-10 =5 0 5 10 -10 =5 ] 5 10
v ¥
Fig. 3. Graph fin terms of y Fig. 4. Graph g in terms of y

ok B(R) - 2220%, - k2 (%K) K

k— = ,
0X; (x*)*
ok 1 d’x,
Ya T @t
poxw (39)
d’x; XX, - (X)X,

>

the momentum vector takes the following form

=—— +
k ok ds®  k

.1 0F dx, k'(azF laF]dzx[ [ oF jdx[
P +

- —= 2k——F |—L.
ok*  k ok ) ds ok ds (40)

Further, from the equations (2-4), the following identities are obtained

dx; d*x,

ds ds? B
dx; &% _ o
ds ds’
d*x; d’x,
ds* ds’

dBXi dBXi N2, 74, 122
?d‘sﬁ =(k) +k"+k°T°.

>

= Kk, 1)

By squaring the equation (40) and using the equations (41), yields

2 2
O°F oF oF
2 | 2, .2 _ 2
P —[k _akzj +(k +7 )[_Eﬂc] 2kF_6k+F , (42)
2

where #0 and P?> =P’ P, . Moreover, by differentiating the equation (42) with respect to o and using

2
this fact that
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p? = constant, “43)
the following relation is obtained
3 2 2 ' 2

F F F F F
(k')28—3+k"a—2+(k2+rz)a——kF a—2+i[a—J = 0. (a4

ok Ok Ok ok k'\ ok

Next, with the help of the relations (14) and (31), the equation (44) is reduced to

co—2ct—4ct-4=0. (45)
Finally, by considering the relations (24) and (25), the last equation is changed to the following expressions
f=8"—6y—Jy-1+2=0, (46)
g =34y —34y-2y-2+8=0, 47

where y =A/B. In Figures 3 and 4, respectively, we have plotted the functions f and g with respect to
parameter ¥ . Byanalysing these Figures, we find that the existence of the real solutions for the polynomials
(46) and (47) are impossible. Consequently, the coefficients A and B can not be determined explicity. But,
our presented method seems to be a useful way for determining the unknown parameters of a general free

energy model.

Conclusion

The aim of this paper is to extend the results of the Feoli’s formalism for the biopolymer structures. We have
showed that the family of conical helices are the particular solutions of the shape equations for our model.
Actually, we could have proved that this model can be a acceptable physical model for studying the protein
structures. It also has been shown that with the help of Feoli’s formalism, we can obtain an extra relation

among the unknown parameters of the considered model.
2?075000
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