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Abstract

The mechanism and properties of electron transfer along protein molecules at finite temperature T#0 in the
life systems are studied using nonlinear theory of bio-energy transport and Green function method, in which the
electrons are transferred from donors to acceptors in virtue of the supersound soliton excited the energy released in
ATP hydrolysis. The electron transfer is, in essence, a process of oxidation-reduction reaction. In this study we first
give the Hamiltonian and wave function of the system and find out the soliton solution of the dynamical equation in
the protein molecules with finite temperature, and obtain the dynamical coefficient of the electron transfer. The results
show that the speed of the electron transfer is related to the amplitude and velocity of the soliton, the electron’s
distribution in the donor and acceptor as well as the interaction among them. The stronger the coupling between
them, then the larger the speed of electron transfer. We finally gain the changed rule of electric current arising from

the electron transfer with varying time. These results are useful in molecular and chemical biology.
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Introduction

Biological experiments show that there are a great number of
electrons or charges transfer in the biological tissues and processes, such
as the mitochondria, chloroplasts and chromatophores, the conduction
of the nerve impulse, etc. [1,2]. As known, within the mitochondria
a series of chemical transformations, called the citric acid (or Krebs)
cycle, breaks down the carbon chain of glucose to carbon dioxide and
produces nicotamide adenine dinucleotide (NAD*) plus a proton (H*)
and two electrons (2¢7). These two electrons make three trips across
a region off intrinsic membrane protein, carrying two protons inside
the mitochondrion to outside on each pass. The dynamics of the two
electrons (2e’) through the region of intrinsic membrane protein is of
primary interest. This phenomenon shows that there is really an electron
or proton transfer chains in the mitochondria, which are combined in
a highly organized complex of protein molecules, the latter form the
part of membrane of mitochondria. As a matter of fact, the process
of the electron transfer occurs along the respiratory chain in its inner
membranes of the mitochondria. The electron transfer can be carried
out through different mechanisms and forms, such as the tunneling
transfer of electrons and the electron transport over large distances in
virtue of protein molecules [3-5]. However, there are always the donors
and acceptors of the electrons and their carriers in the transfer process
of large distances in virtue of protein molecules. In this model the
electrons are transferred by the exciton or soliton in protein molecules,
i.e., when the exciton is formed as soliton through deformation of chain,
then electrons in donors are also attached on the soliton through the
interaction between the donor and soliton and move further following
the motion of the soliton along the molecular chains. Once the soliton
meets and acts with the acceptors, the electrons are transferred to the
acceptors from the soliton and attached on the surface of the acceptor.
This process can be represented by

DY +S->D+857,87+4—->85+47 (1)

Therefore, the electron transfer is, in essence, a process of oxidation-
reduction reaction. In this process the protein molecules play the bridge
role of transferring the electrons in the life bodies.

Many scientists studied the electron transfer in different systems
using different methods [6-9], for example, Davydov et al studied the
electron and excitons in nonlinear molecular chains by a soliton theory
[6], Sataric and Zakula; Sataric et al. [7,8] studied the electron transfer
along the quasi-one-dimensional molecular structure by Davydov
soliton model, Goldman [9] studied the long-range electron transfer
in protein by a renormalized-perturbation-expansion approach. In this
paper we will study the properties of the electron transfer in the protein
molecules by Pang’s soliton model [10-33], in which we think the electron
transfer in protein molecules is carried out in virtue of the following
mechanism. When the soliton is formed in the protein molecules with
finite temperature under action of energy released in ATP hydrolysis,
the deformation of the protein molecules occurs, then the electrons
can be adhered on the soliton through an attracted interaction between
them and moves towards the acceptor to accompany the motion of
the soliton along the protein molecular chains. When they approach
the acceptors, the electrons are transported to the acceptors due to the
interaction between the electrons and acceptors. Thus the electrons are
transferred to the acceptors from the donors in virtue of the soliton.
Our studies are described as follows.

Methods and Results

The Hamiltonian and wave function of the system and its
soliton solution of dynamical equation

Based on the above mechanism of the electron transfer in protein
molecules proposed by us we can give the Hamiltonian of the great
system, which is composed of protein molecules, donor, acceptor and
electron, in Pang’s model [9-33], which is as follows:
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It describes the motions of the exciton and phonon and their
interaction in Pang’s model. The Hamiltonian of the donor and acceptor
is denoted as:

H(A,D)=) e, A 4+ &,D,D, +Y hosasa;+Y ho,d,d

Im

4)

Where D; ( Dm)and A; ( Am) are the creative and annihilation
operator of the electron in the donor with the energy e, and the
electron in the acceptor with the energy of ¢,, respectively. a;(a,;)
and d; (d,,) the creative and annihilation operator of the Boson in the
donor with the energy ha)l. 5 and the electron in the acceptor with the
energy of ha)lm arising from the excitation of vibration, respectively.

H, = zm[r{f’B*A ay+V ATBa" 1+ Z"m[[W‘”B*D d,, +Wy'DB,d" 1+

n it in mn =0 = m " Im

3)

> o Y,asBiA D, +Y,DiA Ba 1+ [homasd!D,d, +ho*d' D4 a,]
(5)

Where V[f) is the matrix element of interaction between the exciton
and vibrational excitation (I) of the acceptor at site 7, [ is the matrix
element of interaction between the exciton and vibrational excitation
(1) of the donor at site m, they have a maximum when,

Voo =0, and W =w"s,,, (6)

Y, is the matrix element of interaction between the exciton and
electron in the electron migration from the donor to acceptor.

As it is known, there are still the coherent features of collective
excitations of the exciton and phonon arising from the energy released
in ATP hydrolysis in the protein molecules, although the donors and
acceptors exist in this system, which are very small. Thus the wave
function of the system containing small donors, acceptors and electrons
can still be represented by:

| D) >=| p(t) > (1) >:% {1 +2.0,(0B; +%(Z¢,,(t)32)2} 10>, x

exp{(l INY @, (e, -a,, (1)a;}}]‘[(v; ) "2(@)" 0>,
nq q
%
" *% 1\
Where |V >= H(Vq " (aq) [0 > i
q
Is the phononic complete set which represents the elementary

excitation state of single phonon due to the finite temperature T # 0. In
this meanwhile, we here used the following relations:

] ] P .
R, =3 .(h/2MNw, )" (a, +a")e"* P, =iy (Mha, 1 2M) (a’, - a,)e"* , i=y-1
q q
(8)

where w =2(W/M) ' sin(r,q/2) is the frequency of a phonon with
wave vector q, N is the number of amino acid in the molecular chain,
r, is the distance between two amino acids, a_(a,) is the annihilation

(creation) operators of phonon.

_ 5 _
From equations (2)-(6) and ihM: 6{-[ and a,(1) = 6{{
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(here H :<<I)(t)‘H ‘@(t))). In continuity approximation and in one
dimensional case [6-12] we can obtain:
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Where Q(x,f)= —aﬁ((b(t)‘u(x,t) <D(t)>,
X
B(T) = [T expi-2cth(ho, | k,T)|a, [ sin(zq/2)
q

Using an approximate method we can obtain the solutions of
equations (8 and 9) as follows:
.
w2

Q(x,t) zw

p(x,1) = A'(T)sec h[v'(x — x, —vt)expli(kx — o, (t)],k = m* v/ h,

) (11)

sechz[v'(x—vt),(v>v0,v':rl( 1
0
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Where A'T)=@Wym*(T)/h*v*)"*,m*(T)=2n"/ JB(T)r;. We
can find out the solutions of Egs. (8 and 9) in the case of in initial
condition of 0 (@) = Ap using the iterative method [6-12], which
can be represented by:

6v' 4(11 + Zz)
O(x,t) =—sec I’ [v'(x — x, —vt),(v > v,),(p = —Z1—222
P 0 ’ Jr,B(T) (13)
@(x,1)=Gv"/ 4)"* sec h[k'(x — x, —vt) exp {i[E '(x=x,)—0,,®)]},
(14)
Where (%' =hv/2Jr k'=2(6"4p*"). Clearly, the above
soliton solutions in equations (12) and (14) are the supersound solitons

and stable, which thus can serve as the carrier of the electron transfer
in living systems.

The dynamical coefficient of electron transfer and its
properties

We now calculate ratio of the electron transfer from the donor
to acceptor by virtue of the above supersound solitons. In the system
of electron transfer the number operators of the soliton, donor and
acceptor are denoted by:

N(B,)=) B;B,,N(4)=) 4 4,N(D,)=> D,D,
respectively. Obviously, whole particle number

N=N(B,)+N(4)+N(D,), which is related to Hamiltonian of the
system in Eq. (2), is conservative, i.e.,

ihN=[N,H]=0
These number operators satisfy the following Haisenberg equations.
ihN, =[N,,H1,(k'=B,,4.D, ) (15)
Using Eq. (2) we can obtain:
inNB) =3, VB Aa, ~V. @, 4 B,]

+>.. W,.B/D,d, ~W,d,D,B,]

mn"n """ m~"im

N(A)= Y, V@, B, -V B, Aa,]
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whd: D:B, —W'! B'D d, ] (16)

mn=—n m-im

inND)=Y T

In this system of electron transfer the number currents formed are
in equilibrium state and satisfy the following relationship.

N(B) =[N(A)+ N(D)] (17)

Based on this feature we can use the statistic theory of quasi-
equilibrium state established by Zubarev [34] to study the electron
transfer. Corresponding statistic operator of the quasi-equilibrium state
can be represented by:

5 :lexp{fﬁ[Hsz:VuaNa w0 [ e Nadny = fexp( M +6M)
2 ” (18)
Where

M= BUH =Y u,N)OM = BIR [ die” N(4) + Ry,

jo dte® N(Dm )’E =1/K,T Zis statistic sum of the system, p is

the chemical potential of ath component. € is a small parameter, R
and R, denote the chemical affinity in the chemical reaction in Eq.(1),
their relationship with chemical potential are as follows:

__(/JA —,UB),ERDB :_(/UD _/JB) (19)
Since 6M is small and the request of normalization, i.e., SP(p)=1,
then Eq. (10) can express as:

1 1 - T ! —MT T
—JodreM SMe™ —j0d2'<e YisMeM > 1p,  (20)
where pq is a localized equilibrium density matrix, which can be
denoted by:
p,=e" /Sp(e™) (1)
Then the number current of acceptor can be expressed by

<1'V(A)> = sp(N(4)p,), thus we yield.

<1'V(A)> <N(A)> + j dr{< N(A)e" oMe™ >, - < N(4)e " 5Me"" >}
(22)
There is the relation of <N (A)> =0 in the localized equilibrium

state without dissipation, then the nimber current of acceptor can be
expressed by:

<1'V<A)>=E%ABQ(MA),J'V(A))+EmDBQ<fV<A),fV(D)) (23)

Where the dynamic coefficients in this process are of the forms:

O(N(A), N(A)) = j dte” j dri< N(A)e ™" N(A)eM’
(24)

O(N(A), N(D)) = j dte j dri< N(A)e ™" N(D)eM’
(25)

These coefficients characterize the sizes of change of particles and
features of particle current formed, respectively. They represent the
number of particles of transformation in unit time in the process of
electron transfer. If the quadric terms in Eq.(2) are only considered, the
operator M can represent as

M~My=BH=-Y uN,), =B (&-u)BB,+Y (£,
> (Ep—up)D,D,)+ Y. hayasa,)+ Y. howd,d,)]

—Hy )A;Ai) +

(26)

Utilizing Eq. (26) and separating the functions related to 7 and

completing these integrations in it then we denote Eq. (24) as:

V“"’*V!f"(e’” 1) " .
N A N A) = e~ - “ A'B,|B;.(t)A.
O(N(4),N(4)) = (h) T [ die (a; 4B, By (0)4,(Daz, 1), -
1 VOO e Ny -
i %Ld’@" Ay | a3, (OB (04.0)), 27)
oind'i'n' 5

Where we used the following relationships:

¢ (B Aay)e™ = B} Ao e (a7 B )™M = a4 B e

7% (a3 4,B,| BLDA0ay (1)) =(Bi(0A4(Day, (Daj 4 B,)

EE- +
(B} 4a,

at,.()A.(1)B, (r))q = (a3, () 4,(1)B] (t)B;Aia&.)q ,

E; =A—¢, —hay, -y + 11,

These dynamical coefficients can become the following Onsager
representations in virtue of Boson postponed Green function [6-7,34].

O K- V’LJ)V’(:’”I de* (a} 4! B, | B0 A, ()a, (0) +C.C
o8
where
o4t + ret 19(_t) o4t +
(a3,4'B,|BL()A4.(0a5, (1)) ==—2a},4"B,(B(1) 4,(1)a, (1))
. Ih q

where the step function Q(];/(A),N(A)) 1 (if t <0), or 0 (if t >0).

Because the dynamical coefficient Q(N(A4), N(4)) contains odd
Fermi operators, thus its average is zero.

In order to find out the explicit representation of Q(N(4), N(4))
we must calculate the Green function of three particles as above
mentioned. We here denote approximately it by Green function of
signal particle. Since H(A,D) is only related to squares of A, and a,,
then the following equations hold.

A(6) = ™ 4,(0)e ™ = &5 4.(0), 47 (1) = & 4" (0)
Ay (1) = € a,5.(0), a7 (1) = € a5, (0)

Utilizing these relationships, then Equation (28) can be expressed
by the Green function of signal particle for the Boson operator B_of the
exciton, which is as follows:

. . V(J)V(J)* . £,
O(N(A),N(4)) = W&;n ,555‘Ldtexp[et—z(;+ ,;)t]x
(B, (0)| By () Ni(Aynis(a) + C.C (29)

nis(a) = {exp[(Bha,) 11}

We now study the roles of the above supersound soliton in the
process of electron transfer. In this case, let the above Green function
denotes as:

(B,(0)|B,.(0)" == 2(1B,(0), B,.(1)]) |

For the coherent wave function in Eq.(7) the Boson operator B (t)
has the feature.

B, (0

Where nis(a) = {exp[(Bha,)—11}" n

9= t)<

2.)=0,l0)

Applying these features and Wojtezak’s method [35] and further
considering the influence of temperature of the system, then the Green
function of signal particle can be found out, which is:

(8, ) =20 01 ) expl- (e — 1)
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Thus, Eq. (29) can represent as:
(0)77(3)

ON () Ny =3 P o

[ dtexp[et—z(—+a),5)t] ( J

(0)¢),, (t)N na e—ﬂ(é,, 1y)
(30)

Where ©,(0)and ¢, (¢) are the amplitudes of the supersound
soliton in Eqs. (12 and 14). Inserting Eq. (12) into Eq. (30) we can
obtain.

24?2 (T) VY Nins
O(N (. N () = ;E cosh’[v(X — X,)]
(31)
_[U cos Qe Pleo-m)rel

= cosh’[V'(X — X, —vt/7,)]

Where X=x/r, X =x /1, Q=0,,

00

-w;—&,/h.

We now find out the integration of tin Eq. (31), which is:

0 cosQre Pl e ﬂQro2 1
‘I(t):_Lgdt RV (X — X / P 2Qr
Cosh’[v (X = Xy vt/ i)l 20V ey Dlsinh(C 0)
' 2 2.2
{1=26h[v (X = X,)][~ 7&%”9’“ J’Q % B )+ hly
7Q v'y 2v'y

Where B, is Bernoolli number. Then the above dynamic coeflicient
can finally denote as:

AT Z (V“‘) e P Ny

O(N(A), N(4)) =

R A S Ey[e P 1) P —1] cosh'[v (X - X,)]
(1= 2eh[v'(X - X)]["V oy th[ﬂgr” ﬂQrDB]Hh[ (X - X)I(1- ”Q’U)}
v'v 2v'y
(32)

Equation (32) is just the dynamical coefficient of electron transfer
along the protein molecules by the supersound soliton in Eq. (10).
Obviously, the speed of the electron transfer is related to the amplitude
and velocity of the soliton, the electron’s distribution in the donor
and acceptor as well as the interaction among the soliton, donor and
acceptor. In general, the stronger the coupling between them, then
the larger the speed of electron transfer because the latter is directly
proportional to the square of the interaction potential ¥;*. This is
corresponded with practical case and reasonable. Therefore, the above
result is correct. In order to exhibit clearly the features of the electron
transfer we now study some special situations.

Discussion

1. The features of the electron transfer in the case of higher
= N . This
means that N;. ;s and & are not related to i, 8 =1 and the sum, I “dz,

concentration of donor and acceptor. In this case v, + v,

can be replaced by the integration f dz . Thus we can obtain from Eq.
(32)

. . VO NinisnQur? RGN
O(N(4),N(4)) = —= — . o) (33)

3.2

This shows clearly that the dynamic coefficient is also directly
proportional to the square of the interaction potential p(® and
decreased with increasing the velocity and amplitude of the soliton.
This means that the speed of electron transfer by larger and fast soliton
is small than that by small and slow soliton in this case.

If we further take account of this case of 7y << 2v'v, then Eq.

(32) becomes as:

. . V(E) Zﬁi_h 70 2
ON(A), N(y) = Lo SN o7y
20 A (T)Pv Vv E;

Thus we know that the dynamical coeflicient will increase intensely
in the case £5 — 0 and

e—ﬁ(eo—ug) (34)

£y > Uy

2. In the case of v = 0. This means that the supersound soliton is in
static state. From Eq. (31) we can obtain:

O N (A tis -B(so-Hy)
Q(N(A) N(A))— A2 (T)ZE - U; (O)NL(A)n, (a)e

B o)) =ty —&,) cosh’[v (X = X)]
(35)

Where
U = |V(5)| S —w,) -, 1.7 =—ha, -,

If the features of dynamic coeflicients among Eqs. (31, 32 and 35)
are compared we can find that the dynamic coefficient in the case of v=0
is larger than those in other cases. This resemble the electron transfer by
the bell-type magnetic-soliton and the result of transfer speed of energy
of ferromagnetic resonant in the ferromagnet obtained by Wojtezak
and Sukiennicki [35].

Otherwise, we can also obtain the dynamic coefficient of donor,
O(N(A),N(D)), if only the parameters of the acceptor in Eqs. (31-
35) are replaced by corresponding parameters of the donor. However,

to find representation of Q(](/(A),];/(D)) is difficulty. We must
again add the interaction between the acceptor and donor, which is
Ho? =3 VinAisDya5d,, +C.C, into the above Hamiltonian. Then

its calculatlon is complicated, which is studied in other paper.

The relaxation time of the electron transfer, which denotes the
size of speed of electron transfer from the donor to the acceptor, is an
inverse measure of the dynamical coefficient. Thus it can be represented
by z = consant.1/ Q(N(A), N(A)). Using Eq. (35) we can obtain.

. -, 7€
202 AY(T) BV E, sinh(=—2)
2v'y

; = consant. (36)

vy Ni;[mgroz e Pt
Then the electric current formed in the electron transfer process in
the protein molecule can be represented by:

<I;/A>=<]§72>exp[—t/r] (37)

This representation is very useful in molecular and chemical
biology.

Conclusion

In this paper we studied the mechanism and properties of electron
transfer along protein molecules with finite temperature T # 0 in the
life systems using nonlinear theory of bio-energy transport and Green
function method. The mechanism of the electron transfer can be
described as follows. When the supersound soliton is formed under
action of energy released in ATP hydrolysis, in which deformation
of protein molecules occurs, the electrons are adhered on the soliton
through an attracted interaction between them and moves towards the
acceptor to follow the motion of the soliton along the protein molecular
chains. When they approach the acceptors, the electrons are transported
to the acceptors due to the interaction between the electrons and
acceptors. Thus the electrons are transferred from donors to acceptors
in virtue of the supersound soliton. Therefore the mechanism of the
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electron transfer is, in essence, just a process of oxidation -reduction
reaction. Based on this mechanism we first give the Hamiltonian and
wave function of the system and find out the soliton solution of the
dynamical equation in the protein molecules with finite temperature,
and obtain finally the dynamical coefficient of the electron transfer
and its features of transfer. The results obtained show that the speed
of the electron transfer is related to the amplitude and velocity of the
soliton, the electron’s distribution in the donor and acceptor as well
as the interaction among the soliton, donor and acceptor. In general,
the stronger the coupling between them, then the larger the speed of
electron transfer because the latter is directly proportional to the square
of the interaction potential ¥;*’. Meanwhile, we finally get the changed
rule of electric current arising from the electron transfer with varying
time. These results are useful in molecular and chemical biology.
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