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Abstract: A system of kinetic equations describing the changes in the concentration of reactive oxy-
gen species (ROS) in aqueous solutions of proteins was obtained from the analysis of chemical re-
actions involving singlet oxygen. Applying the condition of the stationarity of the intermediate
products to the system, we determined the functional dependence of the hydrogen peroxide con-
centration on the protein concentration under the action of thermal and laser radiation. An approx-
imate analytical solution to the nonlinear system of differential equations that define the ROS con-
centration dynamics was found. For aqueous solutions of bovine serum albumin (BSA) and bovine
gamma globulin (BGG), the orders and rate constants of the reactions describing the ROS conver-
sions were determined by minimizing the sum of squared deviations of the functions found by
solving both the static and dynamic problems from experimentally measured dependences. When
solving the optimization problem, the Levenberg-Marquardt algorithm was used.
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1. Introduction

Modeling the kinetics of biochemical processes can give an understanding of the
main formation mechanisms and the roles of the various intermediate and final reaction
products (see, for example, [1-3]). More specifically, it helps to assess the influence of
external factors (temperature, type of solvent, concentration of the initial components, ex-
posure to ionizing and non-ionizing radiation, etc.), to determine the orders and reaction
rates, and to predict the results when changing the type of some of the starting products.
In the present work, this kind of mathematical modeling was carried out for reactive ox-
ygen species (ROS) in aqueous solutions of proteins. The term reactive oxygen species
(ROS) describes a range of oxygen-derived reactive molecules and free radicals. ROS are
constantly formed in aerobic cells as a result of normal metabolism [4] and when exposed
to external environmental factors such as ionizing, ultraviolet, extremely high frequency
(EHF) microwave radiation [5], plasma [6], xenobiotics [7], thermal exposure [8], and vis-
ible and infrared optical radiation [9]. Light exposure (usually by lasers) on biochemical
systems leading to the formation of ROS is known as the light-oxygen effect [10-12].
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The relevance of this topic is associated, in particular, with the fact that an increase
in the intracellular concentration of ROS above a certain level causes “oxidative stress”,
which is accompanied by damage to biological vital structures, leading to lipid peroxida-
tion, oxidative modification of nucleic acids and proteins, and the disruption of the pro-
cesses necessary for the life of cells [13,14]. However, it was found that ROS exert not only
a damaging effect but also perform a signal-regulatory role in the body associated with a
violation of redox homeostasis [15,16]. This leads to the activation of adaptive and protec-
tive processes in cells [17,18].

For example, in mammals, a small change in the content of hydrogen peroxide caused
by various physical influences may be an important factor in the therapeutic effect and
adaptation of the body to adverse environmental conditions [19-21]. A number of physi-
otherapeutic procedures employing sources of coherent and incoherent light exposure are
widely used in medical practice; however, the biological mechanisms of their therapeutic
effect are still poorly studied [22]. Under the influence of the electromagnetic radiation of
the visible and near-infrared ranges on aqueous solutions saturated with atmospheric ox-
ygen, the formation of ROS (singlet oxygen, superoxide anion radical, hydroxyl radicals,
and hydrogen peroxide) is observed [23]. Proteins, due to their high reactivity to oxida-
tion, are the most vulnerable target for ROS compared to lipids, DNA, and other compo-
nents of biological systems. Oxidation with the help of ROS leads to the loss of the specific
functions of proteins, which may be the reason for their destruction and pathological pro-
cesses leading to aging and the acceleration of its effects [24].

The aim of this work was to construct a kinetic model of the formation of ROS in
aqueous solutions of proteins upon irradiation with a heat source and a helium-neon laser
at a wavelength of 632.8 nm and then to determine the orders and rate constants for the
reactions of formation and decomposition of the ROS by minimizing the sum of squared
deviations of the functions found within the kinetic model from the experimentally meas-
ured dependences of the hydrogen peroxide concentration on time and the concentration
of the dissolved protein in aqueous solutions of BGG and BSA.

To solve the optimization problems when applying the kinetic model to the analysis
of the experimental data, the Levenberg-Marquardt method [25-27] was used. The
method is based on an iterative procedure for finding the minimum of the objective func-
tion in a direction that is a combination of the Newton—-Gauss direction and the steepest
descent. When the parameters that determine the sum of squared deviations are far from
their optimal value, steps are taken practically in the direction of gradient descent, when
the parameters are close to their optimal value, in the direction determined by the New-
ton—Gauss method. Thus, an increase in the step along the gentle slopes of the function
and a decrease along the steep descents are achieved, which makes it possible to efficiently
find minima even with a ravine relief of the function. The Levenberg—Marquardt method
is characterized by increased stability and is less demanding on the initial approximation.
The method has quadratic convergence, like Newton’s method, if the Jacobi matrix is
nondegenerate and Lipschitz continuous. It has become a standard method not only for
solving nonlinear least squares problems, but is also widely used in solving other prob-
lems, such as in artificial neural networks [28], robotics [29], speech recognition systems
[30], optimization of technological processes [31], and algorithms for determining the co-
ordinates and orientation of an object [32]. The method has a disadvantage in that at each
step of the iterative process it is necessary, in addition to the gradient of the function, to
calculate the Hessian and solve the problem of matrix inversion. This affects the speed of
the algorithm when solving multi-parameter (with more than a hundred parameters)
problems. The impossibility of approximating the Hessian in terms of the Jacobian in the
case of large residuals also reduces the performance of the algorithm. Some modified ver-
sions of the Levenberg-Marquardt method have been developed: a modified method with
cubic convergence [33]; a high-order Levenberg-Marquardt method, which has biquad-
ratic convergence [34]; a fourth-order method, which is called the accelerated modified
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Levenberg-Marquardt method [35]; and a three-step Levenberg—-Marquardt (TSLM) algo-
rithm based on fuzzy logic theory (FLT) [36]. However, the modified methods require a
large amount of computation, which reduces the advantage of the Levenberg-Marquardt
algorithm. When solving problems with a small number of parameters, the method gives ex-
cellent results, which is confirmed by its approbation on a number of standard test functions.

2. Materials and Methods
2.1. Mathematical Algorithm

The approach to determining the orders and rate constants of the reactions is as fol-
lows. The experimental data were approximated by a model function f(x,b) depending
on m parameters b = (by, ..., by,), which is a solution to the system of kinetic equations.
The parameter vector was found by minimizing the functional:

®(b) = 237, (i — f(xi,b))?, )

where (x;,y;) are the coordinates of the experimentally measured points. When search-
ing for the minimum of the functional in accordance with the Levenberg-Marquardt
method [25-27], the step at the k-th iteration is carried out in the direction of the vector h:

h = —(H + A~ diag[H])~* - V@ (b®), @

where H is the Hessian, which, for small values of the residual, can be expressed in terms
of the Jacobian J:

H(b) =J(b)" -] (b), ©)

where the criterion for the end of the iterative procedure was the increase in the norm of
the residual vector by a value not exceeding 1078 of its value at the next step.

2.2. Physical Experiment Protocol

The experimental data on the concentration of hydrogen peroxide in the protein so-
lutions were obtained according to the following protocol. To prepare samples of the pro-
tein aqueous solutions, BSA and BGG (Sigma Aldrich, St. Louis, MO, USA) and distilled
water (Merck Millipore, San Francisco, CA, USA) were used. Thermal and laser radiation
exposure of the samples was carried out with the aid of a U-10 liquid ultrathermostat
(Prifgerate-WerkMedigen, Berlin, Germany) and a helium—neon laser with a wavelength
of 632.8 nm and a power of 3 mW, respectively. The concentration of hydrogen peroxide
was measured by enhanced chemiluminescence using a setup (Figure 1) described in de-
tail earlier [24].

[ s

\

Figure 1. Scheme of the setup for measuring chemoluminescence of protein solutions: (1) Biotox-7A
chemoluminometer; (2) focusing mirror; (3) cell with protein solution; (4) photo shutter; (5) optical
filter; (6) photomultiplier tube; (7) personal computer.
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For the comparison of the thermal and laser effects, two experimental protocols were
used: the first was to study the dependence of the hydrogen peroxide concentration on
the protein concentration, and the second was to study the time dependence of the hydro-
gen peroxide concentration. In the first case, aqueous solutions of BGG and BSA at each
concentration in the range of 0.1-25 uM were exposed separately to moderate thermal
irradiation at 40 °C for 2 h or to laser radiation for 30 min, and then, the hydrogen peroxide
concentration was measured. In the second case, aqueous solutions of BGG and BSA with
concentrations of 2 pM and 10 uM, respectively, were exposed separately to moderate
thermal irradiation at 45 °C for 2 h or to laser radiation for 15 min, after which the time
dependence of the hydrogen peroxide concentration was recorded for 6 h.

3. Results
3.1. ROS Reactions in Aqueous Protein Solutions

Under the influence of both thermal radiation and a helium-neon laser on aqueous
solutions of proteins saturated with atmospheric oxygen, the formation of singlet oxygen
occurs, which is accompanied by the generation of ROS [24]. In the absence of protein in
an aqueous solution saturated with atmospheric oxygen, singlet oxygen forms under the
influence of electromagnetic radiation:

O2+hv — 10, 4)

where hv is the energy quantum of the electromagnetic radiation corresponding to the
transition of oxygen from the basic triplet to one of the singlet states: 'Ag or 1Xg*, whose
position corresponds to wavelengths of 1269 nm and 763 nm [37]. The state 'Zg*is short-
lived and quickly relaxes in 'Ag. It is important that a transition in collision complexes
(dimoles) is possible, 3Lg™ +3Lg™ + hv — 1Ag + 1Ag, with light absorption at a wavelength of
~630 nm (bandwidth of 18 nm), which allows the use of helium—neon laser radiation with
a wavelength of 632.8 nm to generate singlet oxygen [10].

When singlet oxygen interacts with hydroxyl and hydrogen ions, hydroxyl, hydrop-
eroxide radical, and hydrogen peroxide are formed [24]:

OH +102+ H* — *OH + HO>*, 5)
HO:2* + HO2* - H202 + 10, (6)
*OH + *OH — H20», 7)

The reaction of *OH with a hydrogen atom at the a-carbon atom of the polypeptide
chain in the protein molecule P leads to the detachment of the hydrogen atom and the
formation of the a-carbon radical [38]:

P+ °*OH — Pcs® + H?, (8)

As a result of the reaction of the a-carbon radical with singlet oxygen, a peroxyl rad-
ical of the protein is formed [11]:

Pca® + 102 = PcaOO°, 9)
Next is the elimination of the hydroperoxide from the peroxyradical protein:
2 PcaOO*+H* — 2 Pe + HO:®, (10)

and the additional formation of hydrogen peroxide due to the dismutation of hydroper-
oxide radicals according to reaction (6). Along with this, when interacting with singlet
oxygen, a number of lateral amino acid residues are also modified [39].
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If we summarize reactions (8) and (9), we obtain the formation of a protein peroxy
radical as a result of the combined action of hydroxyl radicals and singlet oxygen on the
protein:

P +°*OH + 102 - PcaOO*+ H°, (11)

Peroxyradical protein is a long-lived reactive protein species (LRPS). The further con-
version of LRPS is accompanied by the release of hydroperoxide, the dismutation of two
molecules of which leads to the formation of hydrogen peroxide:

2PcaO0O* + P — 2Pe + H202 + 102, (12)

where Pe is the final product of the conversion of LRPS from the original protein.
However, for the non-monotonic generation of hydrogen peroxide with the partici-
pation of LRPS, one more reaction of its decomposition by protein is additionally required:

2H202+ P — 2 H20 + 10y, (13)

The kinetic model formulated below predicts the existence of reaction (12), which is
a non-catalytic form of the catalase activity of all proteins [40].

3.2. Kinetic Model

Taking into account the reactions involving singlet oxygen in protein aqueous solu-
tions (5)-(13), we can describe the hydrogen peroxide generation observed in the experi-
ments by a simplified minimal system of chemical equations:

P+10: —% P+ HO», (14)
HO:z* + HO2 —2 HaO2 + 10y, (15)
DH:02 + P —25 2H0 + 102 + P, (16)
2H02 —45 2HA0 + O, (17)

Reaction (14) describes the formation of the HO:* radical, which, in turn, leads to the
formation of H20: in accordance with (15). In the proposed model, two channels of per-
oxide decomposition are considered: decomposition due to the catalase activity of the pro-
tein (16) and self-decomposition (17). For the decay reactions, a mismatch of the experi-
mentally determined reaction orders with the formal stoichiometric coefficients is typical;
these orders can be both integer and fractional [41]. Therefore, the kinetic equations for
the concentrations of ROS (HO:* and H202), corresponding to the above system of chemi-
cal reactions, can be written in the general form:

d[HOz]/dt = k;-[P]['O2] — 2-k,-[HO"]?, (18)

d[H202]/dt = ko [HO2? = 2-ks[P] [H202]F - 2-k,-[H202], (19)

where k; (i=1...4) are the rate constants of the corresponding reactions, and a, 5, y are
the orders of the hydrogen peroxide decomposition reactions. The values of «a, §, y are
assumed to be determined from the experimental data.
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3.3. Stationary Dependences of the Hydrogen Peroxide Concentration on the Protein Concentra-
tion in Aqueous Solutions of BSA and BGG

Applying the stationarity condition for the intermediate reaction products to the sys-
tem (14)—-(17), i.e., the equality of profit and loss for H202 and HO:®, we obtain
for HO:":

ki-[P]-['O2] =2-k, [HO2"]%, (20)
for H20z:
ko [HO2°]2 = 2-k5-[P]7- [H202]F + 2-k 4 [H202] . (21)
After substituting (20) into (21), we have:
kq-[P]-['Oz2] = 4-ke3-[P][H202]F + 4-ky-[H202] (22)

It is known [41,42] that the self-decomposition of hydrogen peroxide (17) has the or-
der of 1 < @ <2. It is reasonable to assume that the decomposition of peroxide by protein
(16) is described, similarly to self-decomposition, by the order of peroxide 1 < < 2. The
reaction order for the protein in (16) is not known to us in advance; however, it cannot
significantly exceed the order of peroxide; so, it makes sense to search for it in the range 1
<y <3

The formation of H20: was experimentally studied under the influence of moderate
thermal radiation at 40 °C for 2 h on the BGG and BSA solutions and upon exposure to
He-Ne laser radiation for 30 min. The measured dependences of the H20: concentration
on the concentration of BGG and BSA are shown in Figures 2 and 3, respectively.

In order to simplify the derivation of an explicit function for the H>O2 concentration
from the Equation (22), we set a and  equal to 1, which is typical for the decomposition
of peroxide under normal conditions. Then, the dependence of the peroxide concentration
on the protein concentration takes the form:

k,[P][*O
H:0,) = 00 e 23)
This dependence can be represented as the following function:
x
Y& === (24)
4ky 4k,
AT AN )

We searched for the coefficients (a, b, y) by minimizing the deviations of the function
(24) from the experimental data (Figures 2 and 3) using the Levenberg-Marquardt method
[25-27]; the found values (a, b, y) for the BSA BGG aqueous solutions are given in Table 1.
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Figure 2. Variation of H20:2 concentration with the protein concentration in aqueous solutions ex-
posed to moderate thermal radiation at 40 °C for 2 h: (a) BGG; (b) BSA. The circles are experimen-
tally measured H20:2 concentrations. The solid lines display theoretical approximation of the exper-
imental points by Levenberg-Marquardt method.
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Figure 3. Variation of H202 concentration with the protein concentration in aqueous solutions ex-
posed to He-Ne laser radiation (3 mW) for 30 min: (a) BGG; (b) BSA. The circles are experimentally
measured H20:2 concentrations. The solid lines display theoretical approximation of the experi-
mental points by Levenberg-Marquardt method.

Table 1. Parameters of the model function (24).

Protein Exposure a (L>Micromole) b 4
BGG Thermal (Figure 2a) 517 23.33 245
Laser (Figure 3a) 36.45 315.14 2.23
BSA Thermal (Figure 2b) 3.32 76.52 1.81
Laser (Figure 3b) 69.84 125.78 1.43

3.4. Dynamics of Hydrogen Peroxide Formation in Aqueous Solutions of BSA and BGG

Assuming the reaction orders (a, ) are the same as in Section 3.2, we can write the
system of kinetic Equations (18) and (19) in the following functional form (z(t) = [HO-"],
y(t) =[H20z2]) with free coefficients (A, B, C):

%Z(t) =A—2Bz(t)?, z(0) = z,, (26)
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d
;7 =Bz(®)* = Cy(@®,  y(0) = yo. 27)

The time dependence y(t) will have a maximum when the condition z, > ’% is

met. In this case, the solution to system (26), (27) has the form:

’ A ’ZB
z(t) = >B coth| v2ABt + arccoth| z, 7|/ (28)

2
A ¢ 2B
(t) ==e €| coth| V2ABt + arccoth| z, |— e’Tdt + yye~Ct. (29)
=3 A
0

The search for free coefficients is greatly simplified if (29) is represented through
known functions. Replacing coth(x)? in the integral (29) for x > 0 with an approximate
expression 1/x%+ 1 — e 3%/2/3 — xe=53%/60 /2 (the relative error is no more than 1.3
1072), we obtain the following function:

y(t) = yyexp(=Ct) +

n n NoC
(-42+) s (=1 () + 31 (ce + 145) ) comp (-0 - 2%
gnoC 7 £
(900n,C — 795&n, — 9005)exp( Ct — 563—0> 1exp (_Ct - %)
+4 * (60C — 53¢)? 3 20-3¢ (30)
(~15(8¢ +no) (60C — 53¢) + 9008)exp (— g (£t +710))
* (60C — 53¢)2
3
1exp (—g(s‘t + no)) —&2t—&ny+C
3 2C — 3¢ T 28(Et+10)C

Here & = V2AB, n, = arccoth <zo \/7 >, and Ei(x) = f —ds is the exponential inte-

gral. The experimental time dependences of the hydrogen peroxide concentration in the
BGG and BSA solutions (concentration 2 pM and 10 uM, respectively) exposed to thermal
and laser radiation, as well as the results of their approximation by the Levenberg—Mar-
quardt method using the solution (30), are shown in Figures 4 and 5.

40 —
T :
=30 —
377 5
= ==
20 — 20— %
P i
10 . | . | . | 10 . T . T T )
0 2 4 6 0 2 6
t (hour) t (hour)
(@) (b)

Figure 4. Dynamics of hydrogen peroxide generation in solutions of proteins exposed to heat (45
°C, 2 h) in phosphate buffer (10 mM Na:HPOsand 150 mM NaCl, pH 7.4): (a) BGG (2 uM); (b) BSA
(10 uM). The circles are experimentally measured H20: concentrations. The solid lines display the-
oretical approximation of the experimental points by Levenberg—Marquardt method.
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Figure 5. Dynamics of hydrogen peroxide generation in solutions of proteins exposed to laser radi-
ation He-Ne laser (3 mW) for 15 min in phosphate buffer (10 mM Na:HPOsand 150 mM NaCl, pH
7.4): (a) BGG (2 uM); (b) BSA (10 uM). The circles are experimentally measured H20O2concentrations.
The solid lines display theoretical approximation of the experimental points by Levenberg-Mar-
quardt method.

The found parameters of the function (30) in the units indicated on the graphs (Fig-
ures 4 and 5) are shown in Table 2.

Table 2. Parameters of the model function (30).

. C 2
Protein Exposure (li-l) Mo (h) (nm)(,)(ie-L'l) (nmole-L-h-)
see  Themmal (Figureda) 0066 0136 0426 0.028 138107
Laser (Figure52) 0096  0.148 0939 0.00023 48610~
poa  Thermal (Figuredb) 0029 0163 0354 0.033 13410
Laser (Figure5b) 0044 0295 0396 0.00041 9.77.10-

3.5. Chemical Constants

The rate constants for the reactions (14)—(17) are related to the parameters of the func-
tions (24) and (30), which describe the process of hydrogen peroxide generation, by the
relations:

a &2
2(k4+k3[P]y)=C: k3=_k4, k2=B=—,
4k,
=

Having the initially known protein concentrations in the kinetic experiments with
BGG ([P] = 2 10 micromole/L) and BSA ([P] = 10 micromole/L), and taking (a, b, y) from
Table 1, we made estimates of the reaction rate constants k;, k,, k3, and k, (Table 3),
according to (31).

k" = I [10,] =

Table 3. Reaction rate constants.

(eff)
Protein  Exposure kts-l) (L-ml(()ie-Ls-l) (L2~m’:)3ie-2-s-1) :(s:)
BGG Thermal 4.6-10°¢ 4.4-10° 5.9-108 2.7-10°5
Laser 1.07-10°¢ 2.6-10¢ 9.8-108 8.5-10°5
BSA Thermal 6.8-1077 0.87-105 5.6-10° 1.3-10°

Laser 1.1.1077 2.8-10° 1.9-100 3.5-107°
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Note that the found values of k, are in an order of magnitude consistent with the
interpolated data on the temperature decomposition of hydrogen peroxide [42].

4. Discussion

Considering the effects of singlet oxygen leading to the transformation of LPRS, we
determined the minimal system of chemical reactions for ROS conversions in aqueous
solutions of proteins and derived the corresponding kinetic equations. By comparison of
the obtained kinetic model and the measured dependences of H20: concentration in BSA
and BGG solutions subjected to thermal and laser radiation, we determined the reaction
order of the protein-induced decomposition of hydrogen peroxide with respect to the pro-
tein and the kinetic constants describing the ROS conversions.

The calculation results (Table 3) show that, compared with laser exposure, under
thermal exposure the rate kgef 7" of the first reaction (14) is several times greater, and the
rates k,, ks, and k, of the subsequent stages (15)—(17) significantly decrease. In contrast
with our earlier work, the performed kinetics modeling has an important new feature such
that the reaction order with respect to the protein is also included in the set of parameters
to be determined using the Levenberg—-Marquardt optimization algorithm and, as a result,
its value is determined more accurately. Such refinement of the model gives more reliable
values of the rates of the intermediate reactions k; than those obtained with a fixed preset
value of the reaction order. The time dependence of the H:0z and HO»" concentrations de-
rived in an analytical form containing the kinetic parameters is applicable for describing the
ROS dynamics in solutions of various proteins under both types of external exposure.

The similarity of the functional dependences of the H20: concentration on the protein
content and time in solutions of the different proteins, both under the action of thermal
radiation and the radiation of the He—Ne laser, allowed us to conclude that the fundamen-
tal mechanisms of the formation of H20: are identical in these cases. Thus, similar mathe-
matical approaches can be applied to modeling the ROS conversions in various protein
systems, including those that are substantially close to living systems.

5. Conclusions

Hydrogen peroxide is a harmful byproduct of many normal metabolic processes; to
prevent damage to cells and tissues, it must be quickly converted into other, less danger-
ous substances. In this work, we have shown that under thermal/laser irradiation in the
visible range, the concentration of protein dissolved in water can serve as a parameter for
controlling the decomposition of hydrogen peroxide into the less reactive gaseous mole-
cules of oxygen and water. We have proposed a kinetic model which includes the reaction
equation for the catalysis of hydrogen peroxide decomposition due to protein macromol-
ecules. This made it possible to explain the passage of the maximum with the subsequent
tending to zero for the experimental dependence of the peroxide concentration on the
protein concentration. The dynamics of this process are well described by a system of
nonlinear differential equations; good agreement was obtained between the theoretical
solution to this system and the experimental measurements.
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