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Abstract

Reactive oxygen species (ROS) play a crucial role in many physiological processes. However,
ROS overproduction leads to oxidative stress, which plays a critical role in cell injury/death and
the pathogenesis of many diseases. Members of NADPH oxidase (NOX) family, most of which are
comprised of membrane and cytosolic components, are known to be the major nonmitochondrial
sources of ROS in many cells. NOX2 is a widely-expressed and well-studied NOX family
member, which is activated upon assembly of its membrane subunits gp91779X and p22°/19X with its
cytosolic subunits p40P710X p47PM0X n67PMOX and Rac, facilitating ROS production. NOX2
activation is also enhanced by GTP and inhibited by GDP. However, there remains a lack of a
mechanistic, quantitative, and integrated understanding of the kinetics and regulation of the
assembly of these subunits and their relative contributions toward NOX2 activation and ROS
production. Toward this end, we have developed a mechanistic computational model, which
incorporates a generalized random rapid equilibrium binding mechanism for NOX2 assembly and
activation as well as regulations by GTP (activation), GDP (inhibition), and individual subunits
enhancing the binding of other subunits (mutual binding enhancement). The resulting model
replicates diverse published kinetic data, including subunit concentration-dependent NOX2
activation and ROS production, under different assay conditions, with appropriate estimates of the
unknown model parameters. The model provides a mechanistic, quantitative, and integrated
framework for investigating the critical roles of NOX2 subunits in NOX2 assembly and activation
facilitating ROS production in a variety of physiological and pathophysiological conditions.
However, there is also a need for better quantitative kinetic data based on current understanding of
NOX2 assembly and activation in order to test and further develop this model.
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Introduction

Reactive oxygen species (ROS), such as superoxide (05 ~) and hydrogen peroxide (H»05),

are produced in cells from partial reduction of O, through several processes; for example,
mitochondrial respiration [1-3], enzymatic reactions of xanthine oxidase (XO) [4-6] and
NADPH oxidase (NOX) [7-12], or interactions with xenobiotic compounds [13]. ROS plays
an important role in various physiological functions, including innate immunity, regulation
of redox-dependent cell signaling cascades, cell proliferation and differentiation, and
production of hormones [13-19]. Oxidative stress refers to imbalance between pro- and anti-
oxidant processes due to either excess ROS production or deficiency in antioxidants
capacity, which leads to macromolecular (e.g. DNA, proteins, lipids) damage and cell injury/
death, ultimately leading to various diseases [1-3,13,19].

Members of NOX family, most of which are comprised of membrane and cytosolic proteins,
are known to be the major nonmitochondrial sources of ROS in various tissues/cells [7-12].
Different NOX complexes are formed and activated on the cell membrane in response to
different stimulatory signals (e.g. growth factors, cytokines, Ca2*). ROS production, which
is the primary result of the catalytic function of an assembled and activated NOX complex,
varies between cell types. This property of NOX family is very different from other ROS
generating systems for which ROS are byproducts of their usual physiological function (e.g.
mitochondria). The physiological function of NOXs (v7a ROS production) includes
regulation of cell signaling, gene expression, cell growth and division, and host cell defense
among others [10,12,14-18,20]. NOX deficiencies/defects have been linked to
immunosuppression, hypothyroidism, and chronic granulomatous disease [15,21,22]. There
is also ample evidence that excess ROS generated by NOXs play a critical role in the
pathogenesis of many chronic diseases, such as atherosclerosis, heart disease, lung disease,
kidney disease, hypertension, diabetes, aging, neurodegeneration, and cancer [10,12,13,23—
28].

Seven NOX family members (NOX1-5 and DUOX1-2) have been identified. The
membrane components of each consist of at least six transmembrane a-helixes, two iron-
heme groups, an FAD molecule, and an NADPH-binding domain [7-12,26]. The NOX
family members differ in their membrane and cytosolic components, modes of activation,
and reaction products. For example, activated NOX1-3 and NOX5 mainly produce 0; ~,
while activated NOX4 and DUOX1-2 mainly produce H,0, [10-12,29]. NOXs have been
found in fungi, plants, invertebrates, and in multiple tissues/organs in mammals [10-12,30].
Among these, NOX1 is highly expressed in the colon [26], NOX3 is highly expressed in the
inner ear [31], and NOX4 and NOX5 are highly expressed in the kidney and blood vessels
and have been implicated in the regulation of blood pressure [27,32-35].
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NOX2, originally discovered in neutrophils and other phagocytes, is a widely-expressed,
highly orchestrated, and well-studied NOX family member [7-12]. NOX2 plays a key role in
autoimmunity and malignancy [36], as demonstrated by the reduction of lung metastases in
NOX2-deficient mice [37]. Deficiency in some key components of NOX2 is also known to
lead to a rare genetic disorder, namely the chronic granulomatous disease [22,38,39]. Several

early studies on NOX2-activated O; ~ production were carried out by Pick and colleagues
in cell-free systems, stimulated through unsaturated fatty acids and sodium dodecyl sulfate
(SDS) [40,41]. In addition, exogenous FAD-dependent NOX2 activation and O; ~

production was shown to occur through relipidated cytochrome b55g (Cytbssg) in the
absence of NOX2 cytosolic components, demonstrating that membrane flavocytochrome

bssg (Flavocytbssg) alone is sufficient to produce O; ~ as it comprises the electron transport

apparatus of NOX2 [42,43]. Subsequently, the kinetic features of NOX2 assembly and
activation /n vitro using purified relipidated and reflavinated Cytfssg and recombinant
cytosolic components activated by lithium dodecyl sulfate (LDS) were also demonstrated
[44]. Though several aspects of NOX2 assembly and activation differ between cell-based
and cell-free systems (e.g. distinct roles of cytosolic subunits p47719X and p67P/19X [44-49];
distinct mechanisms of activation (see below)), due to its enormous simplicity and ease of
manipulation, the cell-free systems have been extensively used to study different aspects of
NOX2 assembly and activation.

The components of NOX2 complex include two transmembrane proteins gp912779X (also
known as Nox2 protein) and p22”7X and four cytosolic proteins p40P70X, p4a7pM10x ne7PMOX
and small GTPase Rac1/2 (Figure 1(A,B); phox refers to phagocyte oxidase). Activation of
NOX2 requires the binding of phosphorylated/activated cytosolic subunits p47//0X and
p67P10X or the p47PMoX pe7P1oX complex as well as Rac-GTP (active) to the membrane
subunits complex gp91P79X p22PM0x \which constitutes Flavocytbssg (Figure 1(B))
[38,44,45,48-55]. In addition, p40P"2X is shown to be required for NOX2 activation in
phagosomes [55-57]. The activated NOX2 complex mediates the transfer of electrons from

the substrate NADPH to molecular O, resulting in O; ~ production through its catalytic

action. The activated NOX2 complex is also shown to be highly specific to NADPH,
responding poorly to NADH [58]. Each of the cytosolic subunits contributes towards NOX2
activation to varying extents, depending on the concentrations of these subunits and the
concentrations of guanine nucleotides (GTP and GDP) [46,47,59-64]. NOX2 activation in
cell-free assays was found to be enhanced by GTP and inhibited by GDP [59,60]. The
regulation of NOX2 activation by GTP and GDP in cell-based assays has been attributed to
the dissociation of Rac-GDP from the RhoGDI-RacGDP complex and the exchange of GTP
for GDP on Rac (resulting in Rac activation) involving the complex Rho/Rac GTPase
regulation cycle [14,65-70].

During NOX2 activation, p22°°X forms a mutually stabilising complex with gp9177°X on the
cell membrane, with its carbonyl terminus enabling the binding of phosphorylated/activated
cytosolic subunit p47#/9X [38,52-55]. Concomitantly, the phosphorylated/activated cytosolic
subunit p6777°X and Rac in GTP-bound form (active) attach directly to gp912/0X of
Flavocytbssg [48, 49, 53, 54, 70]. The binding of p677°X in combination with Rac and other
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cytosolic subunits (p47771X and/or p40P719X) to Flavocythssg makes the complex to transfer
electrons at a significant rate. It has also been shown that the subunit p47779X is required for
the electron transfer to proceed beyond the flavin center to heme site in Flavocytbssg and

then to molecular O, for 0; ~ production [46,47,63]. Furthermore, p40”7°X has been shown

to enhance the binding of p477/19X to p22P19X  thereby enhancing NOX2 activation and 05 ~

production [64]. It has also been shown that the binding of p4779X to p22P9X influences the
binding of p677/°X to gp91”"°X and vice versa, based on which the so-called “mutual binding
enhancement hypothesis” was proposed [61]. Some of these cell-free studies have provided
us the key kinetic data required for the development of the present computational model.
The data utilized in this model also include the evidence that NOX2 activity is enhanced by
micromolar [GTP] and reduced by millimolar [GDP] [59,60], and the data showing that Rac
in GTP-bound form (active) can translocate and bind to Flavocytbssg independent of other
NOX2 cytosolic subunits [50,51], thereby enhancing the binding of p67°779X [62].

Despite a considerable number of biochemical studies regarding NOX2 assembly and
activation, there is a lack of a mechanistic and quantitative understanding of the kinetics and
regulation of the assembly of NOX2 subunits and their relative contributions toward the

oxidase activation and O; ~ generation. Moreover, although experimental studies have

considered the contributions of various cytosolic subunits and the effects of various
regulators (e.g. GTP and GDP), NOX2 kinetics have not been considered from an integrated
prospective, which enables the development of quantitative hypotheses. We therefore
recently developed a thermodynamically constrained computational model [71] that provides

the Kinetics and regulation of the NOX2 complex-mediated electron transfer and O; ~
production upon its assembly and activation. The model was developed using multiple
published datasets describing NOX2 kinetics in different assay systems [58,72-77].
However, the kinetics and regulation of the different cytosolic subunit concentration-

dependent NOX2 assembly and activation facilitating O; ~ production were not considered
in that study [71].

The objective of the present study was therefore to develop a mechanistic computational
model of NOX2 assembly and activation facilitating O; ~ production. The model is based

on a generalized random rapid equilibrium binding mechanism for the binding of cytosolic
p40PIox pa7Phox ne7PIOX and Rac to the membrane gp912/79X. p22PNoX complex
(Flavocytbssg) toward NOX2 assembly and activation. It also includes the regulation of
NOX2 assembly and activation by guanine nucleotides (GTP and GDP) and individual
subunits enhancing the binding of other subunits (i.e. mutual binding enhancement
hypothesis). This model provides the first quantitative and integrated understanding of the
kinetics and regulation of NOX2 assembly and activation facilitating O; ~ production in
diverse experimental preparations from different groups. In addition, it provides a
mechanistic and quantitative framework for investigating the critical role of NOX2 in 0; ~
production, which plays a key role in the regulation of diverse cellular mechanisms in health
and disease.
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Materials and methods

Proposed kinetic mechanism for NOX2 assembly and activation facilitating superoxide

production

Upon assembly and activation (Figure 1(B)), the NOX2 complex catalyzes the production of
two molecules of O; ~ by transferring two electrons from NADPH to two molecules of O,
through different redox centers of gp91P79X p22P"10X or Flavocytbssg (i.e. FAD and heme/
Cytbsss) [71]:

NADPH+20, <> NADP" +20; ~ + H' @)

In contrast, the resting NOX2 (unassembled and inactivated; Figure 1(A)) does not enable
electrons transfer from NADPH to the flavin center or beyond at a significant rate, as shown
by the absence of a significant reduction of flavin or heme site of Flavocytbssg [46,47,63].
Under this scenario, the gp9177°X and p22#/9X subunits co-stabilize one another on the cell
membrane, while the cytosolic subunits p40”70X, pA7Ph0X and p67P19X exist in inactive
(unphosphorylated) forms and Rac exists in GDP-bound (inactive) form. Upon stimulation,
there is an exchange of GDP for GTP leading to Rac activation (Rac becomes GTP-bound)
and its translocation to the cell membrane and its interaction with the gp912/10X p22phox
complex [14,50,51,65-70]. Concomitant phosphorylation of the subunits p4777X and
p67P19X hy protein kinases leads to their activation, allowing their translocation and
interactions with the p22/19X gp91/110X complex on the cell membrane [38,48,49,52-55].
This phosphorylation-translocation is one of the major events of the oxidase activation.

We assume that the binding of phosphorylated/activated cytosolic subunits p40P/ 70X, p4a7,hox,
p67P19X and Rac to the membrane gp91°79X p22PM0x complex (Flavocytbssg) occurs in a
random order and rapid equilibrium manner with p40#/9X not contributing significantly to
the assembly and activation of NOX2 in the absence of p47P/19X These events are illustrated
in Figure 2 with the membrane gp917/9X p22PM10X complex denoted as £. The K’ js (i =
p47PMox ne7PMoX Rac) denote the apparent dissociation/binding constants for the cytosolic
subunits rapid equilibrium binding reactions with the membrane subunits, as determined by
the phosphorylation status of the cytosolic subunits and the levels of GTP and GDP. K’ ;s
are the measures of the affinities of the cytosolic subunits for the membrane subunits, which
depend on the particular experimental system (cell-free or cell-based) employed in a given
study as well as the levels of GTP, GDP, p40P10X p47Ph0X n67PM10X and Rac.

Key experimental data characterizing the cytosolic subunit concentration-dependent NOX2
reaction flux

In order to identify the unknown model parameters characterizing the proposed kinetic
mechanism, six sets of experimental data collected by four different groups are utilized. Two
sets of these data are from Uhlinger et al. [60,61], who studied the effects of guanine
nucleotides (GTP and GDP) and the binding of cytosolic subunits (p47779X and p67~119%) to
the membrane subunits complex gp912/19X p22P1oX (Flavocytbssg) on NOX2 activation and

05 ~ production. Uhlinger et al. [60] used a semi-recombinant cell-free NOX2 activation
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system (i.e. that included isolated plasma membrane with recombinant cytosolic
components) to investigate the activating role of GTP and inhibiting role of GDP on p472/1ox
and p67P19% (no p40P9X and Rac) dependent NOX2 assembly, activation, and 05 ~
production. In another study, the same group used a similar enzyme activation system to
investigate the effects of p47#/19X and p67~7°% on one another’s binding to Flavocytbssg to
activate NOX2 and produce O; ~ (no p4070%: 2 uM Rac; 10 pM GTP) [61]. Another set of
data utilized for parameter identification is from Peveri et al. [59], who studied the
enhancing effect of GTP on NOX2 activity in a similar cell-free system (no p407°X and
Rac) to determine O; ~ production as a function of GTP concentration. The fourth set of
data utilized for parameter identification is from Nisimoto et al. [62], who used a cell-free
system similar to that used by Peveri et al. [59] to investigate the effects of p6777°X and Rac
on one another’s binding with Flavocytbssg to activate NOX2 and produce 05 ~ (no p40P/ox
and p47Pox. 10 yM GTP).

Additional two sets of data utilized for parameter identification were collected by Cross et
al. [63,64]. They studied the effects of the binding of cytosolic subunits p40P/1oX, p4a7Phox
p67PM19X and Rac to the membrane subunits gp91279X and p22719% on NOX2 activity, O; ~
production, and regulation of p47°79X binding affinity by p40P/9%. Cross et al. used fully
recombinant cell-free systems to determine Flavocytbssg and cytosolic subunit
concentration-dependent NOX2 activation and O; ~ production, and their regulations
through p40P19X_p47P"9X interactions in the presence of saturating concentrations of GTP,
NADPH and O,. In one study, p47”79X, p67P9% and Rac concentration-dependent NOX2
activity and O; ~ production were assessed by varying one subunit concentration while
maintaining the other two subunits concentrations at their saturating levels and doubling the
concentration of Flavocytsssg [63]. In another study, the role of p40#9X in NOX2 activation

was evaluated in the presence and absence of p47P771X which showed that p40#/1ox
contributes very little towards NOX2 activation in the absence of p4729X. However, p40P/1ox

did enhance the binding of p47°79X to p22P"9X thereby increasing NOX2 activity and 05 ~
production [64].

Computational model describing NOX2 reaction flux

Based on our postulated generalized random rapid equilibrium binding mechanism for
NOX2 assembly and activation in Figure 2, and the detailed derivation described in
Appendix A, NOX2 reaction flux at saturating concentrations of NADPH and O, is
described by Equation 2:

Inox2 = knox2CEtor

Cpar Cpe7 ( CRac ) @
K2147 + Cp47 K;;(ﬂ + Cp67 K}Qac + CRac

where Ceror= Criavocytbsss denotes the total Flavocytbssg concentration; Ayox2 denotes
NOX2 catalytic constant; Cps7; Cps7and Crac denote the concentrations of p47/19x, pe 720X
and Rac, respectively; K’ PATs K pe7 and K’ pac denote the apparent binding constants for
p47Phox n67PMOX and Rac, respectively. The superscript “phox”is eliminated from the
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equation for simplicity. It should be noted here that at limiting concentrations of the
substrates NADPH and O», the NOX2 catalytic constant Ay px2is a function of [NADPH]
and [O5], as shown in our recent publication [71]. More details on the derivation of NOX2
reaction flux can be found in Appendix A. We note here that, in our model formulation
(Figure 2), p40P"9X s not essential for NOX2 assembly and activation, and hence it does not
appear in Equation (2), which is valid for the plasma membrane.

As noted in the description of the experimental data from Uhlinger et al. [61], the binding of
p47PMoX to Flavocytbssg influences the binding of p677/9% to Flavocytbssg and vice-versa,
indicating a regulatory role of p47#/°X on p67P119X hinding and vice versa (mutual binding
enhancement). In addition, based on the data from Nisimoto et al. [62], the binding of
p67P19X to Flavocytbssg influences the binding of Rac to Flavocytbssg and vice-versa,
suggesting a regulatory role of p677°X on Rac binding and vice versa (mutual binding
enhancement). Based on our generalized model formulation, the same mutual binding
enhancement also exists between p47P7/9% and Rac, indicating a regulatory role of p477/9% on
Rac binding and vice versa. Based on the data of Cross et al. [64], p40P/X enhances the
binding of p47719X increasing NOX2 activity and 05 ~ production, whose effect is

accounted for in our model via K’ p47 In Equation 3(a) below. Moreover, NOX2 activity is
enhanced by micromolar of GTP and attenuated by millimolar of GDP [59,60]. For the sake
of generality in our model formulation, we also postulate that Rac binding to Flavocytfssg
enhances the binding of p4777°X and p67#/°X to Flavocytbssg. The apparent binding
constants K 7, K’ pg7 and K’ gac can then be phenomenologically expressed based on the
standard Michaelis—Menten kinetic formulation for activations and inhibitions as follows:

nT nD
Kpa7 = Kpar/ nTCGTP T nDKGDPnD 7 Cpor )
K&rp + Corp \K&pp + Coipp |\ Kpe1p47 + Cpo7 (3a)
CRac 2Cp40
K}éacp47 + CRac) K1/1/40 + Cp40)
nT nD
Kl/’67 = Kp67/ nTCGTPnT nDKGDPnD K7 Cp47 )
KGrp+ Cérp )\ KGpp + Cépp \Kpazpe7 + Cpaz (30)
CRac
(K}éacp67 + CRac
Kieo = Kaoe/ Cérp K&p ( i} Cp67 )
K&rp+ Crp )\ K&Dp + CEDp )\ Kps1Rac + Cp67 30

Ve
K1/7/47Rac + Cp47

where Cg1p and Cgpp denote the concentrations of GTP and GDP, respectively; KgTp and
Kgpp denote the regulatory constants for GTP and GDP to enhance and inhibit NOX2
activity, respectively; n7and nD are the corresponding Hill coefficients; K” pa7pe7 and K

" oa7Rac are the regulatory constants for p47PM19X to enhance the binding of p677°X and Rac,
respectively; K” y67p47 and K” 67 ac are the regulatory constants for p67/7%X to enhance the
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binding of p47P7°X and Rac, respectively; K” gagpm7 and K” gage7 are the regulatory
constants for Rac to enhance the binding of p477719X and p6779X, respectively; and K” P40 18
the regulatory constant for p40#9% to enhance the binding of p472/19X. The regulatory effect
of p40P/19X can be simply eliminated by substituting Cpao = 0 or by significantly increasing
the value of K” g in Equation 3(a).

A Hill coefficient (nH) characterizes the cooperative binding of a ligand to a macromolecule.
Although cooperativity often enhances the binding (positive cooperativity; nH> 1), it can
also decrease the binding (negative cooperativity; 7+ < 1) or show no effect (nH = 1). The
Hill coefficients 77 and nD are incorporated into our model for simulating the guanine
nucleotides-dependent regulations (i.e. enhancement by GTP and inhibition by GDP) of
NOX2 activity observed in the studies of Uhlinger et al. [60] and Peveri et al. [59] (ho Rac;
no GTP-GDP exchange on Rac).

Model simplification

The model can be further simplified in terms of the number of unknown parameters by
assuming the same extent regulatory effects of the individual cytosolic subunits with the
other cytosolic subunits by applying the following constraints:

Kou7p67 = KpaiRae = Kpaz (4a)
K = K" = K"

p67p4T7 — B p67Rac — Hp67 (4b)
K4 = K% = K4

Racpd7 = D Racp67 = ™ Rac (4c)

Here, we have assumed that p47#/0% binding to the membrane subunits enhances p67//70x
binding to the same extent as Rac binding (Equation (4a)); p67”7°X binding to the membrane
subunits enhances p47”79X binding to the same extent as Rac binding (Equation (4b)); and
Rac binding to the membrane subunits enhances p47#/9X binding to the same extent as
p67Ph10x hinding (Equation (4c)). These constraints reduce the number of unknown
parameters by three, but a key question is whether such parameter reduction affords a good
fit of the model solution to the available data. To test this, we have characterised three nested
models (Models 1, 2 and 3; see Appendix B), based on the number of unknown parameters.
Model 3 corresponds to Equations (2) and (3) without any parameter constraint; Model 2
corresponds to Equations (2) and (3)) with the parameter constraint of Equation (4); and
Model 3 corresponds to Equations (2) and (3) with the parameter constraint of Equation (4)
and with K”p47 =0, K/p67 =0, and /(/Rac: 0.

Numerical estimation of NOX2 model parameters

Each of the kinetic models developed for NOX2 assembly and activation facilitating O; ~

production contains several unknown parameters. The number of unknown parameters
depends on the complexity of a particular model. As described above, Model 3 has 12
unknown parameters, Model 2 has 9 unknown parameters, and Model 1 has 6 unknown
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parameters. The parameter estimation for these three models entailed a combined use of all
the available experimental data related to NOX2 subunits assembly, activation, and O; ~

production [59-64] and minimizing the sum of squared differences error function (Equation
(5)) for fitting the model solutions to these experimental data:

N, exp ( Ndata Jk
©)

minE(9). E($) = kz L >

=1 j=1

2
T = I @)
maX(J ;-{“;f a )

where Ny, is the number of experiments; Ny, « is the number of data points in the K

experiment; J944 are the experimental data; and J"9%l(¢) are the corresponding model

solutions that depend on the values of the model parameters ¢. The accuracy in the estimated
model parameters values and the robustness of the model fits to the experimental data are
assessed based on the value of the sum of squared differences error function £(¢) and
statistical modelling criteria. Our approach for parameter estimation and testing the
robostness of the model fits are detailed in Appendix B.

The parameterization results of the three competing models of NOX2 assembly and
activation showed that Model 3 with 12 unknown parameters resulted in the least sum of
squared differences of 3.01 and the best fit to the available data. Therefore, Model 3 was
considered as the best model of NOX2 assembly and activation, and the estimated parameter
values and simulation results for Model 3 are presented in this section. In parametrizing the
model, a hybrid Monte-Carlo and Fmincon approach in MATLAB was used as detailed in
Appendix B. This resulted in parameter values shown in Table 1 for which Model 3 solution
best fits the kinetic data of Cross et al. [63,64] as shown in Figure 3, and parameter values in
Table 2 for which Model 3 solution best fits the kinetic data of Uhlinger et al. [60,61], Peveri
et al. [59], and Nisimoto et al. [62] as shown in Figures 4 and 5. Model 3 was also used to
predict other kinetic data shown in Figures 6 and 7 that were not used for model
parameterization in addition to Figure 8 to corroborate the model and estimated parameter
values. In what follows, all the simulation results were generated using Model 3 using the
parameters values in Tables 1 and 2.

Cytosolic subunit concentration-dependent effects on NOX2 activity and the regulatory
effect of p40PhoX on p47PhoX hinding based on the kinetic data of Cross et al. [63,64]

As shown in Figure 3, using the estimated model parameter values in Table 1 (Model 3 =
Model 2 = Model 1), we were able to simulate very well the concentration-dependent effects
of Flavocytbssg, pA0P1oX, pa7pMox ng7PMX and Rac on NOX2 activity and the regulatory
effects of p40P71X on p47P"9X binding to Flavocytbssg in activating NOX2 enzyme in cell-
free systems.

Simulations of the effect of p40#9X on NOX2 activity for varying concentrations of p47°/10x
and high (saturating) concentrations of p677°X and Rac are shown in Figure 3(A-C). The
effect of p47P19X at high concentrations of p6779X and Rac, the effect of p67779X at high
concentrations of p47°7°X and Rac, and the effect of Rac at high concentrations of p472/10x
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and p67P19% in the absence and presence of high concentrations of p407/9X are simulated in
Figure 3(D-F). In these simulations, Flavocytbssg concentration was fixed at 0.3 pmol/well,
as per the experimental protocol. Cross et al. [64] used a cell-free system to demonstrate the
role of p40P"X on NOX2 activity and found NOX2 activity to be very weak in the absence
of p47Phox_ Addition of p47P79X increases NOX2 activity by several hundred-fold and this
enhancement could not be explained by just the additive effects of p40P/19X and p47Phox,
From this analysis, it was concluded that p40#7°X functions by mainly increasing the binding
affinity of p47P19X for Flavocytbssg, thereby enhancing NOX2 activity.

Our model simulated very well the concentration-dependent effect of p4079X on NOX2
activity with very low enzyme activity in the presence of only p40?9X (Figure 3(A)) and
high enzyme activity in the presence of both p40°°X and p47P°X (Figure 3(B,C)). Model
simulations also showed that p409X does not act additively with p47P19X p67P719X and Rac
to enhance NOX2 activity, as depicted in Figure 3(D-F), and that the enhanced effect is
achieved primarily by increasing the binding affinity of p472/19% for Flavocytbssg by p40Pox
(Equation 3(a)). In addition, the effect of varying the concentration of Flavocytbsgg on
NOX2 activity [63] was simulated very well as shown in Figure 3(G-I). Flavocytbssg
increased NOX2 activity in a linear concentration-dependent fashion, as observed
experimentally, when the assay medium contained various concentrations of the subunits
pa7PMox n67PMX and Rac at any level of p40#/19X, The model also fits quite well the Cross et
al. [63] experimental data (Figure 3(G-I)), for which the concentrations of p47°70X, pg7P/0x
and Rac were varied one at a time over a range of Flavocytbssg concentrations, while
keeping the concentrations of other subunits fixed at maximal levels.

Regulatory effects of guanine nucleotides on NOX2 assembly, activation, and superoxide
generation based on the kinetic data of Uhlinger et al. [60] and Peveri et al. [59]

As demonstrated in Figure 4, using the estimated model parameter values in Table 2 (Model
3), we were able to simulate very well the regulatory effects of GTP and GDP on NOX2
assembly, activation, and O; ~ production based on the experimental data of Uhlinger et al.
[60] and Peveri et al. [59].

Uhlinger et al. [60] studied the regulatory roles of guanine nucleotides (GTP and GDP) on
the cytosolic subunits (p4777°X and p67#/9%) concentration-dependent NOX2 assembly,

activation, and O; ~ generation with a negligible Rac level (estimated to be ~0.02 pM) and
saturated NADPH and O, levels in reconstituted cell-free systems (isolated membrane
preparation). They demonstrated that 10 uM GTP maximally activated O; ~ generation,

while 10 mM GDP significantly inhibited O; ~ generation, with appreciable baseline
activity without any added GTP and GDP (due to partial activation of NOX2 enzyme by
endogenously present GTP; basal activity). These kinetic data were used to model the
cytosolic subunit concentration-dependent NOX2 assembly, activation, O; ~ generation, and
regulation by guanine nucleotides. As illustrated in Figures 4(A,B), the model nicely
simulated the guanine nucleotide regulation of NOX2 activity with varying levels of p472/ox
and p67PM19%, as observed experimentally [60]. The effects of varying the levels of GTP and
GDP with fixed levels of p47P/19X and p67~710% (1.3 pM each) were then simulated at high

Free Radlic Res. Author manuscript; available in PMC 2021 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sadri et al.

Page 11

NADPH and O, levels and a baseline Rac level of ~0.02 uM to determine the opposing
effects of guanine nucleotides on NOX2 activity. The stimulatory effect of GTP and the
reciprocal inhibitory effect of GDP are illustrated in Figures 4(C,D), and are compared to the
available experimental data on the inhibitory effect of GDP in the presence of 10 uM GTP
[60] and the stimulatory effect of GTP in the absence of GDP [59] (dark blue lines in Figure
4(C,D)). The model predicted the GTP and GDP-induced alterations in the binding constants
for the subunits p47719% and p67P/9% Importantly, these model analyses suggest that the
oxidase-associated GTP and GDP levels are likely to participate in NOX2 complex
formation.

Regulatory effects of mutual binding enhancements between cytosolic subunits on NOX2
assembly, activation, and superoxide generation based on the kinetic data of Uhlinger et
al. [61] and Nisimoto et al. [62]

As demonstrated in Figure 5, using the estimated model parameter values from Table 2
(Model 3), we were able to simulate very well the regulatory controls of NOX2 assembly,

activation, and O; ~ production via mutual binding enhancements between the cytosolic

subunits p47PhoX p67PNX and Rac based on the experimental data of Uhlinger et al. [61] and
Nisimoto et al. [62]. Figure 5(A,B) is based on the study by Uhlinger et al. [61] in which a
reconstituted cell-free system was used to determine the influence of NOX2 subunits
p47P1oX and p67P19% ypon each other’s binding to Flavocytsssg for the oxidase activity,
carried out in the presence of exogenously added 2 uM Rac and 10 uM GTP. Similarly,
Figure 5(C,D) is based on the study by Nisimoto et al. [62] in which a similar cell-free
system was utilized to determine the influence of NOX2 subunits p677/9% and Rac upon
each other’s binding to Flavocytbssg for the oxidase activity, carried out in the presence of
negligible p47PhoX (estimated to be ~0.01 pM) and 10 uM added GTP. Mutually enhanced
binding of cytosolic subunits to Flavocytbssg required modification of our model by addition
of regulatory mechanisms describing the kinetics of p47”/1X binding enhanced by p67#/1oX
and Rac via Equation 3(a), the kinetics of p677% binding enhanced by p477°% and Rac via
Equation 3(b), and the kinetics of Rac binding enhanced by p47°79X and p67°9X vja
Equation 3(c). This modified model suggests interdependent changes in the values of the
apparent K;; and Vihax values of NOX2 with respect to the cytosolic subunits.

As seen in Figure 5(A,B), the apparent K, and Vjnax values for the subunit p472770X are
modified at variable concentrations of the subunit p6777X and vice versa. In this case, the
subunit Rac and GTP levels were held constant at 2.02 uM and 10.5 uM, in the presence of
estimated basal concentration of 0.02 uM and 0.5 pM, respectively. Also, as seen in Figure
5(C,D), the apparent K;and Vimax Values for the subunit Rac are modified at variable
concentrations of the subunit p6779% and vice-versa. In this case, the subunit p47°7°X and
GTP levels were held constant at 0.01 pM and 10.5 uM, with an estimated basal

concentration of 0.01 pM and 0.5 pM, respectively. Experimentally [61,62], the rate of O; ~

generation was measured at saturated NADPH and O, levels to ascertain its dependency on
the varying concentrations of the subunit p472/19% at various fixed concentrations of the

subunit p67779X and vice-versa for Figure 5(A,B), and on the varying concentrations of the
subunit Rac at various fixed concentrations of the subunit p67779X and vice versa for Figure
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5(C,D). The model simulations found that as the concentration of either of the subunits
decreases, the binding of the other subunits to Flavocytbfssg becomes weaker such that at

lower concentrations of these subunits, NOX2 reaction flux (O; ~ production) decreases
significantly.

Importantly, the model simulations of Figure 5 informed us about the mutual binding
enhancements of cytosolic subunits on each other’s bindings to Flavocytbssg, as evidenced
by the studies of Uhlinger et al. [61] and Nisimoto et al. [62]. Based on Uhlinger et al. [60]
data compared to Uhlinger et al. [61] data, the presence of the subunit Rac in the reaction
mixture (2 UM added) resulted in significantly higher V), values (20-fold increase)
showing a key regulatory role of Rac in enhancing the binding of cytosolic subunits p47//10x
and p67P79 to Flavocytbssg as well as in significantly higher active NOX2 complex
formation. In addition, based on Equation (2), our model indicates that a basal concentration
of the cytosolic subunits p472/19X p67P19X and Rac are required for NOX2 assembly and
activation. Thus, the proposed model provides a unified theory/hypothesis that quantitatively
explains these diverse experimental datasets. We have also introduced Hill coefficients to
model the cooperative regulation of NOX2 cytosolic subunits binding to Flavocytbssg by
guanine nucleotides, i.e. GTP and GDP (see Equations (3a—c)).

Model corroboration showing the regulations of apparent NOX2 kinetic parameters by
guanine nucleotides and cytosolic subunits

The regulatory effects of guanine nucleotides (GTP and GDP) and cytosolic subunits
(p47Phox pe7PMOX and Rac) on the binding of p47P79X p67PM19X and Rac to Flavocytbssg
characterizing NOX2 assembly and activation were further analyzed by our model. We
computed the apparent K, and V. values for p7#119% as a function of p47°110X for different
concentrations of GTP, GDP, and Rac; the apparent K, and V;,,, values for p47°P/19X as a
function of p677%X for different concentrations of GTP, GDP and Rac; and the apparent K,
and V4 values for Rac as a function of p67779X for different concentrations of GTP, GDP
and p47P7ox_ These calculations were made to study the regulatory effects of varying
concentrations of GTP, GDP, and cytosolic subunits at saturated concentrations of NADPH
and O, (experimental conditions exactly the same as that for Figures 4 and 5) on the
apparent kinetic parameters governing the binding of cytosolic subunits to Flavocytbssg.
These model simulation results are shown in Figures 6-8.

The apparent NOX2 kinetic parameters are calculated numerically by equating Equation (2)
for Jyoxowith K’ ;s defined by Equations (3a—c) with an equation of the form Jyoxz =
Vinax, sCo(Km s+ Cs), where Sstands for the subunits p47279%, p67P"9X or Rac, and Cs
denotes the concentration of S. This way, the apparent Kj;, sand Vj;, s are functions of the
other variables. For example, if S= p47P9% the K, sand Vj,,y sare functions of p672770%,
GTP, GDP, and Rac at saturated levels of NADPH and O. In this case, the Vs can be
easily computed numerically by evaluating Equation (2) at very high Cs, and the K, scan
be easily computed numerically by solving the value of Csat which the value of Jyox2is
equal to V4 ¢2 in Equation (2). We emphasize here that, for these computations, NOX2
model structure includes all the modular components, namely the subunits assembly,
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guanine nucleotides regulation of the assembly, mutual binding enhancement, and O; ~
production.

The results of these model predictions reveal that the apparent K, of p67219% (or p47PhoX or
Rac) was decreased, while the apparent Vinay With respect to p6720% (or p47P19% or Rac)
was increased with increasing concentrations of the other subunit p47219X (or p67#/1°X or
Rac). The same was the case with increasing concentrations of GTP and decreasing
concentrations of GDP. However, it is worth mentioning here that the apparent K, of
p47Phox did not decrease appreciably with increasing concentrations of Rac and apparent K,
of Rac did not decrease appreciably with increasing concentrations of p4771X and p67//10x
(Figures 7(E) and 8(E)). Decreased K, sand increased Vs indicate increased binding
affinity of the cytosolic subunits p47779X, p67P110X and Rac for the membrane Flavocytbssg
and increased overall NOX2 activity, respectively. Therefore, p47P/10X appears to increase the
binding affinity of p67779X for Flavocytbssg and vice versa, albeit differentially, which is
consistent with the mutual binding enhancement hypothesis, originally proposed by
Uhlinger et al. [61]. Our model also predicts that there is no mutual binding enhancement
between p47PM19X and Rac, and only negligible enhancement in the binding of Rac by
p67Ph0x (see Table 2).

An important observation from the simulations in Figures 6-8 is that K, p7is an order of
magnitude higher than K, p47and K pay While Vipax p67 Vimaxpaz and Vipax pac are of the
same order of magnitude. This indicates that p47779% enhances the binding affinity of
p67Ph0x (reduces Km,p67) 10 times more than p67PM10X enhances the binding affinity of
p47PM19X and Rac (reduces Km,pa7and Ky, pac) Tor Flavocytbssg. Furthermore, our model
predictions show that GTP increases the binding affinities of p477/10X p67P1°X and Rac for
Flavocytbssg, while GDP decreases the binding affinities of these subunits for Flavocytéssg.
Interestingly, our model predictions also show that there is no enhancement in the binding
affinity of Rac for Flavocytbssg by p4777°% and p67779X (K” 157 ac = 0.009 and K” pu7 Rac =
0.003; Table 2), and there is negligible enhancement in the binding affinity of p472/1X for
Flavocytbssg by Rac (K” gagpa7 = 0.05; Table 2). The assembly and activation of NOX2 is
seen to be maximal at 10 uM GTP, 0 mM GDP, and 2 uM Rac at which the apparent K, sis
minimal and the apparent Vjy, sis maximal. The model predictions in Figures 6 and 7
match well with the measured data from the experiments by Uhlinger et al. [61]. It is
important to recognize that since these experimental data were not used for model
parameterization, the ability of the model to predict these data provides additional support
for its accuracy and utility. Also, the model predictions in Figure 8 provide a good insight
into the behavior of the apparent K;; and V/;,,, 0f Rac with respect to varying concentrations
of p67P119X for various concentrations of GTP, GDP, and p47#7/oX,

Discussion

The goal of the present study was to develop a simple, yet adequately detailed,
computational model of NOX2 assembly and activation on the cell membrane that can
provide a mechanistic and quantitative understanding of the kinetics and regulation of the

assembly of NOX2 subunits and their relative contributions to NOX2 activation and O; ~
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production. In view of the enormous complexity of the biological process of NOX2
assembly and activation, several assumptions were required to simplify the process in
developing this model. The major assumption was that the assembly and activation of NOX2
occurs through random rapid equilibrium binding of its cytosolic subunits (p40P70X, pa7,hox,
p67PM10X and Rac) with its membrane subunits (gp91°7°X and p22°°%). This is further
activated by GTP and inhibited by GDP and further regulated by the mutual binding
enhancement mechanism, consistent with the existing literature [59-62]. The complexity of
the model and the hypotheses was systematically incorporated through a modular model
building and hypothesis testing approach. The model was rigorously parameterized and
challenged using diverse experimental data obtained under different assay conditions [59-
64], which then provided reliable and predictive representations of NOX2 assembly and
activation. The ability of the model to simulate quite well a diverse spectrum of experimental
data from various laboratories suggest that the underlying assumptions are reasonable. It
should be emphasized that a model cannot describe experimental data from diverse sources
under different assay conditions with suitable model parameter values unless appropriate
kinetic mechanisms are incorporated no matter how many unknown parameters it contains,
as rigorously tested in Appendix B. The model as developed represents a first step toward a
quantitative and integrated understanding of several aspects of NOX2 assembly and
activation, specifically how different cytosolic components (p40P710X, p47PM0X nG7PMOX and
Rac) and guanine nucleotides (GTP and GDP) regulate the overall process. Consistent with
the process of model building, more details of the protein—protein interactions,
phosphorylation and dephosphorylation, alternative NOX2 assembly and activation
mechanisms, and the regulation of the assembly and activation process by the Rho/Rac
GTPase regulation cycle can be integrated into future iterations of this model as appropriate
quantitative data becomes available.

The kinetic data used to develop and parameterize the model was obtained from studies by
different groups in which the experiments were carried out under different assay conditions
[59-64]. For example, Uhlinger et al. [60] did not initially include Rac in their studies, but
rather they studied the activating effects of GTP and inhibitory effects of GDP on the overall

NOX2 activity 0; ~ production), while varying the levels of the cytosolic subunits p472/10x

and p67PM19X_ However, in a subsequent study [61], they added Rac (2 uM) to the reaction
mixture with saturating level of GTP (10 uM), and thereby, they observed the mutual
binding enhancements of p4727/19X and p67P119% for Flavocytbssg. Importantly, there was a 20-
fold increase in the overall NOX2 activity with the addition of 2 uM Rac as a consequence
of enhanced NOX2 complex formation on the cell membrane. These data were nicely
recapitulated with our computational model as well as the GTP- and GDP-dependent kinetic
data from Uhlinger et al. [60] and the GTP-dependent Kinetic data from Peveri et al. [59].
Importantly, the model was also able to reproduce the kinetic data from an independent
study by Nisimoto et al. [62], thereby further validating the predictive value of the model
and also testing the mutual binding enhancements hypothesis (i.e. p6779X and Rac
enhancing the binding of each other to Flavocytbysg). Moreover, the same model was also
able to reproduce all the kinetic data from Cross et al. [63,64] obtained using very different
experimental conditions. Thus, we have extensively challenged our model with diverse
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experimental data [59-64] to obtain a reliable and predictive model of NOX2 assembly and
activation.

Integrated computational modelling of ROS production and scavenging from different
sources provides a plausible mechanistic and quantitative framework for understanding the
kinetic/molecular mechanisms regulating ROS homeostasis within cells/tissues under
different assay conditions. We have recently developed and parameterized several
computational models in this manner characterizing the kinetic/molecular mechanisms for
the production and scavenging of ROS in the mitochondria [78-81]. The current model
complements our recent NOX2 model [71], which characterized the thermodynamics of
electron transfer from NADPH to O, through different redox centers of NOX2 complex (i.e.
FAD and Cytbssg of Flavocytbssg) upon its assembly and activation. This model captured
the dependence of NOX2 activity upon pH and temperature variations, and the distinct
inhibitory effects of different drugs (DPI and GSK) on NOX2 activity. As with the current
model, it was based on diverse published data on NOX2 kinetics obtained from a diversity of
experimental conditions [58,72—77]. That model, however, did not consider the kinetics and
regulation of different cytosolic subunit concentration-dependent assembly and activation of

NOX2 facilitating O; ~ production, the focus of the current study.

The present NOX2 assembly and activation model is significant in several aspects. First, the
model integrates the interactions of all the cytosolic subunits with the membrane subunits
based on a unified/generalized random rapid equilibrium binding mechanism. In contrast,
the existing experimental studies have evaluated the kinetics of NOX2 assembly and
activation using only a few cytosolic subunits in a given experimental system. No unified
hypothesis regarding NOX2 assembly and activation mechanism has yet been proposed. For
example, Cross et al. [47] proposed a special binding mechanism for NOX2 assembly and
activation. Their kinetic scheme considered first essential binding of the subunit p4779X to
Flavocytbssg, and then random ordered binding of the subunits p677/79X and Rac to the
complex. However, this scheme was unable to simulate the experimentally-measured

changes in NOX2 activity (O; ~ production) when the cytosolic subunits concentrations

were varied [59-64]. It was for this reason that we considered an alternative kinetic
mechanism, namely the generalized random rapid equilibrium binding mechanism, for the
cytosolic subunits to bind to the membrane subunits toward NOX2 assembly and activation
(Figure 2). This enabled development of an integrated model of NOX2 assembly and
activation which was able to simulate changes in the experimentally-measured NOX2

activity and O; ~ production with respect to varying cytosolic subunits concentrations in
diverse experimental systems [59-64].

Other examples demonstrate the validity of the generalized random rapid equilibrium
binding mechanism of the current model. Specifically, the subunit p40#/9X was shown to be
essential for NOX2 assembly and activation on the phagosomal membrane, but significantly
less on the plasma membrane [55-57]. It was also found in cell-free systems that p40~/ox
enhances NOX2 activity by primarily enhancing the binding affinity of p472/10X for
Flavocytbssg [64]. Remarkably, we were able to mathematically describe how p40#2/ox
enhances the binding affinity of p477%X for Flavocytbssg (Equation (3a)), which in turn
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enhances NOX2 activity. Although we did not consider p40779X was essential for NOX2
assembly and activation, the model can be easily extended as required to account for the
p40P1oX requirements for NOX2 assembly and activation on the phagosomal membranes
[55-57]. Importantly, the present model appears to explain how and why NOX2 assembly
and activation differs in different assay systems as a consequence of differences in the
magnitudes of the kinetic parameters (e.g. apparent binding constants; Tables 1 and 2). The
differences in the estimated apparent binding constants may be attributed to different
affinities of the enzyme (Flavocytbssg) for the substrates (cytosolic subunits) as a
consequence of varying molecular interactive forces between the enzyme and the substrates
in these different assay systems.

A second important feature of the model is the regulatory control of NOX2 assembly and
activation that accounts for the stimulatory and inhibitory interactions of guanine nucleotides

(GTP and GDP) on the oxidase activation and subsequent O; ~ production. Based on the
kinetic data of Uhlinger et al. [60] and Peveri et al. [59], the model sheds light on the
opposing effects of GTP and GDP on NOX2 activity and O; ~ production. The model

predictions suggest that 10 pM GTP is indeed required to maximally activate NOX2, while
several orders of magnitude more GDP (>10 mM) is required to maximally inhibit NOX2.
Moreover, there was an appreciable baseline NOX2 activity without any added GTP and
GDP, due to the presence of ~0.5 UM baseline GTP (Figure 4). Furthermore, according to
our model formulation, GTP not only enhances the binding of Rac to Flavocytbssg, but also
enhances the bindings of p472/19X and p67P119X to Flavocytbssg, effectively enhancing the
assembly and activation of NOX2 (Equation (3a—3c)). It is evident from the analysis that
these events significantly affect the apparent kinetic parameters for these different cytosolic
subunits binding to membrane Flavocytbssg (Figures 6-8).

Finally, the model accounted for a generalized mutual binding enhancement mechanism
based on the studies of Uhlinger et al. [61] and Nisimoto et al. [62]. That is, the model
simulated the influence of the subunits p47779% p67P79X and Rac upon each other’s hinding
to the membrane subunits gp912/19X and p22°719X (Flavocytbssg) toward the oxidase activity
(Figure 5 and Figures 6-8). Interestingly, the model predicted that the contribution of
pA47Pox toward p67P°% binding enhancement for Flavocytsssg is approximately 10-fold
higher than the contribution of p677/9X towards p47”7°X binding enhancement for
Flavocytbssg. The model also predicted that there is no mutual binding enhancement
between p47P7/19X and Rac, and only a negligible enhancement in the binding of Rac by
p67P19X but a significant enhancement in the binding of p67779X by Rac (see Table 2).
Overall, the model predicted that different cytosolic subunits differentially enhance the
binding of the other cytosolic subunits to the membrane subunits in NOX2 assembly and
activation characterized by different regulatory constants (see Table 2 and Appendix B).

Two sets of parameters are reported in Tables 1 and 2 corresponding to the two different
types of datasets fitted to the model under different experimental conditions and protocols
(i.e. Cross et al. [63,64] studies in fully recombinant cell-free systems vs. Uhlinger et al.
[60,61], Peveri et al. [59], and Nisimoto et al. [62] studies in semi-recombinant cell-free
systems that included isolated plasma membrane). Cross et al. datasets were not suitable to
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characterize the regulatory mechanisms by guanine nucleotides (GTP and GDP) and mutual
binding enhancements between the cytosolic subunits. This is because they varied only one
subunit concentration while keeping all the other subunits and GTP at saturated
concentrations in the absence of GDP. Thus, Equation (2) was only used to fit the datasets of
Cross et al. In contrast, Equation (2) along with regulatory mechanisms incorporated into
Equation (3a—3c) were used to jointly fit the datasets of Uhlinger et al. [60,61], Peveri et al.
[59], and Nisimoto et al. [62]. Based on our hybrid approach of Monte-Carlo—Fmincon
simulations, we were able to obtain unique estimates of the model parameters characterizing
each of these two distinct cell-free systems for NOX2 assembly and activation. For robust
estimation of the model parameters, some parameters were assumed to be fixed, which are
mentioned in the tables, determined from the experimental conditions/protocols (i.e.
Flavocytbssg concentrations, baseline cytosolic subunits concentrations, baseline GTP and
GDP concentrations, and Hill’s coefficients for regulation by GTP and GDP), and the rest of
the parameters were left adjustable.

The logic behind fixing the baseline concentrations of Rac (for the experimental data of
Uhlinger et al. [60]) and p47”79X (for the experimental data of Nisimoto et al. [62]) at
negligible levels is that, based on our model (Equation (2)), Rac and p47#/% are essential for
the assembly and activation of NOX2, yet these subunits were not added to the experimental
protocols and assumed only to be present at negligible concentrations. Similarly, for some
experiments of Uhlinger et al. [60], no GTP was added to the experimental protocol, yet
significant baseline NOX2 activity was reported due to the presence of appreciable
concentration of endogenous GTP, giving rise to about 50% of maximal NOX2 activity in
the presence of high/saturable concentrations of GTP (10 uM). Thus, the baseline GTP
concentration was fixed near the estimated KgTp value for NOX2 assembly and activation.
The logic behind fixing the Hill’s coefficients for the enhancement of NOX2 assembly and
activation by GTP at 2.0 and for the inhibition by GDP at 0.5 is that these values predict the
accurate activation and inhibition profiles of NOX2 by GTP and GDP, respectively, as
reported in Figure 4(C,D) without unnecessarily adding these parameters as unknown
parameters for the estimation process. This enabled us to reduce the number of unknown
parameters for estimation by two and also to break the correlation of these parameters with
the regulatory constants for GTP and GDP (Kgtp and Kgpp) for NOX2 activation and
inhibition, respectively. Thus, the estimates of the Hill’s coefficients are deduced from the
experimental data on GTP and GDP-dependent regulation of NOX2 activity (Figure
4(C,D)). Adding these parameters to the estimation process also gives the similar estimates
as fixed.

We recognize that the actual molecular mechanism involving the assembly and activation of
NOX2 complex (E.p47.p67.Rac) may be more sophisticated than what is represented in our
model that utilized a generalized random rapid equilibrium binding mechanism involving 12
individual reactions and 3 apparent binding constants K" a7, K pe7 and K gac (Figure 2). We
have mathematically lumped several important aspects of the regulation of NOX2 assembly
and activation. Specifically, we have lumped the uncertainties of the quantitative details of
the 12 reactions into the three apparent binding constants (K" pa7, K ps7 and K’ rac) for the
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cytosolic subunits for the membrane subunits and the apparent catalytic constant for NOX2
(knox2)- These three binding constants were further related to the concentrations of the
cytosolic subunits and the concentrations of GTP and GDP (Equation (3a-3c)), which
enabled predictive simulations of an array of kinetic data from six different publications
from four independent groups [59-64]. Consistent with the process of model building, the
future iterations of this model can incorporate more details of the protein—protein interaction
reactions, phosphorylation and dephosphorylation, alternative NOX2 assembly and
activation mechanisms, and the regulation of the assembly and activation process by the
Rho/Rac GTPase regulation cycle, as appropriate quantitative kinetic data becomes
available.

An alternative assumption with the same random rapid equilibrium binding mechanism
might be that the 12 individual reactions are characterized by 12 apparent binding constants
K pat.m K ps7.nand K'gac.p 1= 1 ... 4, satisfying 6 kinetic constraints involving the 6
rectangular surfaces of Figure 2 (6 microscopic balance constraints). So, without further
simplification, this assumption leads to an increase in the number of unknown parameters in
the model. In addition, one of the possible outcomes of this alternative assumption is that all
the four apparent binding constants for each subunit may be equal. To illustrate this,
consider the formation of the intermediate complex E.p47.p67 through the two different
reaction sequences described above with the apparent binding constants K’ pa7.1s K par.2 K
"p67.1, and K’ pg7.2. To satisfy the microscopic balance constraint, we must have K" pa7.1 x K
"p67.2 = K'pe7.1 X K pa7.2 (since both reaction sequences result in the same intermediate
complex E.p47.p67). But this kinetic constraint indicates that both p47271X and p67,710%
would enhance the binding of each other to the same extent, which is not the case as
illustrated through the results presented in Figures 6—7. Another possible outcome is that K
"pa7.1 = K'paz.2and K'pg7.1 = K pe7.2. The same analogy can be applied to the other
intermediate complexes and the final NOX2 enzyme complex E.p47.p67.Rac to arrive at the
same conclusion that all of the four apparent binding constants for each subunit may be
equal. This assumption satisfies the microscopic and the overall balance constraints. The
apparent binding constants are further functions of GTP, GDP, p47, p67, and Rac
concentrations for the model to be able to describe all of the diverse experimental data
simultaneously (Equation (3a—-3c)). Therefore, we believe the ability of the developed model
with hypothesized kinetic/regulation mechanisms to describe six different datasets [59-64]
produced by four different groups is sufficient to ascertains the accuracy and the reliability

of the model and kinetic/regulation mechanisms in describing the biological process of 05 ~
production on the cell membrane through the assembled and activated NOX2 complex.

Another limitation in our model is that the binding of the cytosolic subunits to the membrane
subunits in forming the stable NOX2 complex in catalysing O; ~ production may not all be

rapidly equilibrating or even randomly ordered. The NOX2 assembly reactions /in vivo may
all be rate limiting. However, we analyzed kinetic data from several publications [59-64],
and we were able to reproduce all the data with our model applying the generalized random
rapid equilibrium binding assumption for NOX2 assembly and activation. This suggests that
these data may not have sufficient information to evaluate the validity of such an assumption
for computational modelling. We think that /n vivo the slow or rate limiting nature of the
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assembly reactions in cells may lead to reduced concentrations of the stable NOX2 complex
in catalyzing O; ~ production, which can be effectively accounted for by suitably reducing

the catalytic constant (kyoxz) for the O; ~ production reaction or by suitably reducing the

availability of the membrane subunit (&p), without affecting the apparent binding constants
(K’s) for NOX2 assembly reactions. Another possibility would be to consider all the
reactions involving NOX2 assembly (Figure 2) as rate limiting. But then this would lead to
myriad of unknown parameters (twice the number of rate constants than binding constants)
that would need to be estimated from the available data resulting in a model that would not
be minimal or parsimonious and would have little predictive value. The publications [59-64]
used in this modeling work as sources for the kinetic data, although in themselves are robust
and rigorous, were conducted at a time when the components and assembly of NOX2 were
less well understood, and consequently some of the components and their variations used in
those studies may not completely fit with modern experimental approaches. On the other
hand, the dearth of recent experimental studies providing amenable kinetic data means these
are the best sources of data for further development of the model. This will enable more
practical model based on current understanding of NOX2 assembly and activation.

A detailed mechanistic computational model was developed that incorporates diverse kinetic
and regulatory mechanisms required for the assembly and activation of NOX2 facilitating

05 ~ production. The model accounts for the mutual interdependencies of NOX2 cytosolic

subunits on NOX2 assembly and activation as well as regulations by guanine nucleotides.
The model is capable of explaining kinetic data from diverse experimental systems with
model simulations indicating that: (/) cytosolic subunits follow a random rapid equilibrium
binding mechanism with their membrane counterparts towards NOX2 assembly and
activation; (/7)) guanine nucleotides are important regulators of NOX2 assembly and
activation; (/i) cytosolic subunits p47P/19X p67P10X and Rac differentially enhance the
binding of one another’s, with p4777°X enhancing the binding affinity of p6777°X an order of
magnitude higher than p4779% enhancing the binding affinity of p677°X to the membrane
subunits; (/) Rac differentially enhances the binding affinity of p472/19% and p67P10X to the
membrane subunits; (1) there is no mutual binding enhancement between p47#9X and Rac;
and (v#) p40P°X enhances the binding affinity of p477°X to the membrane subunits, further
enhancing NOX2 assembly and activation. The model therefore provides a mechanistic and
quantitative framework to investigate the differential roles of different NOX2 subunits on its

assembly and activation on the cell membrane facilitating O; ~ production regulating

diverse cellular mechanisms in a variety of conditions. The model also serves as a
quantitative structure to expand upon in ways that would incorporate such concepts as
membrane NOX and mitochondrial ROS-ROS crosstalk and interactions as encountered in
conditions of health and disease. Ultimately, there is also a need for better quantitative
kinetic data based on current understanding of NOX2 assembly and activation in order to
test and further advance this mode

Free Radlic Res. Author manuscript; available in PMC 2021 June 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sadri et al. Page 20

Funding
This work was supported by the National Institute of Health (NIH) grants P01-GM066730, PO1-HL 116264, and
UO01-HL122199.

Appendix A

This Appendix provides the mathematical derivation for the cytosolic subunits (p472/7%,
p67PM19X and Rac)-dependent NOX2 complex formation and reaction flux expression under
the condition of high (saturating) concentrations of the substrates NADPH and O, governed
by the biochemical reaction: NADPH +20, <nox> NADP' +20; ~ + HT. Electron
transfer from the substrate NADPH to O, occurs upon NOX2 assembly and activation, as
depicted in Figure 2, in which p40°X is not considered essential for NOX2 assembly and
activation.

In addition, the proposed mechanism for NOX2 assembly and activation is based on random
rapid equilibrium binding of the cytosolic subunits p4779X, p67P/19% and Rac to the
membrane components gp91779X and p2279X (complexed as E = gp912/10X p22,h0X)  as
described by the following elementary reactions:

E + p47 (’747) E.p47 (Ala)
E + p67 <K}T6; E. p67 (Alb)
E + Rac m E. Rac (Alc)
E . p47 + p67 <K,T67) E. p47.p67 (ALd)
E . p67 + pd7 m E. p47.p67 (Ale)
E . p47+ Rac m E . p47.Rac (ALf)
E.Rac+ p47 m E. p47.Rac (Alg)
E . p67+ Rac % E . p67.Rac (ALh)
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E . Rac + p67 < E. p67.Rac
Kpe7

E . p47.p67 + Rac —<— E . p47.p67.Rac
KRac

E.p4A7.Rac + p67 <— E. p47.p67.Rac
Kp67

E . p67.Rac + p47 < E . p47.p67.Rac
Kp47

Page 21

(Ali)

(A1)

(A1K)

(All)

where K s are the apparent dissociation/binding constants. Based on rapid equilibrium

binding assumption, we have the following equilibrium relationships:

[E. pa7) = LEILPAT)
K47
(E. po7) = LEIPOT]
Kp67
[E. Rac] = %;ZC]
LE][p47][p67]
E. p47.p67] = LEAP2ILPOT]
[E. p47.p67] Ko7 Kogr
_ LEI[p47][Rac]
[E. p47.Rac] = —K;;47 Ko
[E . p67.Rac] = LEIPOTIIRac]
p67KRac
LE][p47][p67][Rac]
E . pd7.p67.R = 7 7 7
\E-piTp acl Kp47Kp67KRac

The total NOX2 enzyme concentration is given by:

[Efor | = [E1+ [E.p471+ [E. p67] + [E. Racl + [E . pA7.p67] + [E . pA7.Rac]
+[E. p67.Rac] + [E . p47.p67.Rac]
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By substituting the expressions for the concentrations of different enzyme complexes from
Equation (A2(a—g)) into Equation (A3), we have:

[p47] + [p67] + [Rac] + [p471[p67] + [p47][Rac]
Ko7 Kpr  Krae KparKper  Kpa7KRae
[p67][Rac] | [p47][p67][Rac]
K;)67Kkac K1,)47K1/J67K}{ac

[Eroe ] = [E]|1 +

(A4)

This gives the expression for the free NOX2 enzyme concentration in terms of the total
NOX2 enzyme concentration and the concentrations of different cytosolic NOX2 subunits:

[E]
[Etor ]

= A5
1+ [p47] + [p67] | [Rac] | [p471(p67] | [p471[Rac] | [p67I[Rac] | [p47][p67][Rac] A9

Kpq7  Kpe7  KRae  KparKpe7 — Kpa7KRae  Kp67KRae  Kpa7Kps7KRac

Now, by substituting [£] from Equation (5A) into Equation (A2g), we can express the
concentration of the total assembled and activated NOX2 complex as:

[E . p47.p67.Rac]
[ E t] [11,47][11/67][12,616]
Kp47Kp67KRac (A6)
[p47] + [p67] [Rac] [p47][p67] [p47][Rac] [p67][Rac] [p47][p67][Rac]
Kpa7 ~ Kpe7  KRae  Kpa7Kpe7 — Kpa7KRae  Kp67KRae  Kpa7Kps7KRac

1+

Now, by multiplying the numerator and denominator of Equation (A6) by K’ w7 K 67K rac
and factoring out K47, K67 and K, in separate steps, Equation (A6) can be simplified to:

_ [p47] [p67] [Rac]
[E. p47.p67.Rac] = [EZOI](KI/;47 A7) )( Kigs + [p67] )( Ko [Rac]) (A7)

At high (saturating) concentrations of the substrates NADPH and O, the overall NOX2
reaction flux is proportional to [£.p47.p67.Rac], and hence can be expressed as:

p47] )(K Lp67] )( [Rac] ) *8)

J =k E, 7 7 ’
NOX2 NOX2[ tot]( Tt [p47] 67+ [p671 \ K Rge + [Rac]

where kynoxe is NOX2 catalytic constant at high NADPH and O, concentrations. At limiting
or sub-saturating concentrations of the substrates NADPH and O,, NOX2 catalytic constant
knoxe would be a function of [NADPH] and [O5], as developed in our recent publication
[71].

Appendix B

This Appendix provides information on how the regulatory effects of guanine nucleotides
(GTP, GDP) and cytosolic subunits (p40P19X p47PM10X n67P10X and Rac) on NOX2 reaction
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flux were implemented in Equation (A8) to develop the final model presented in Equations
(2), (3a), (3b), and (3c). This required the following steps: first, only the regulatory effects of
guanine nucleotides were included resulting in Model 1; second, the regulatory effects of the
same extent mutual binding enhancements between cytosolic subunits were implemented in
Model 1 resulting in Model 2; third, the regulatory effects of the different extent mutual
binding enhancements between cytosolic subunits were implemented in Model 1 resulting in
Model 3. Each subsequent model, which is a nested version of the previous model, has more
unknown parameters compared to the previous model, resulting in a better fit of the model to
the experimental datasets. We also performed statistical tests, such as the ~test and the
Akaike’s information criterion (AIC) to compare the performance of Model 3 with its nested
version (Model 2) and prove its superior fittings to the pertinent datasets. A hybrid approach
of Monte-Carlo simulations and “fmincon” optimizer in MATLAB for parameter estimation
is used in addition to computing the correlation coefficient matrix (CCM) to obtain the
degree of interdependence between the model parameters.

Model 1: Regulations of cytosolic subunits binding by guanine nucleotides,

without any mutual binding enhancements.

In this model, the regulatory effects of guanine nucleotides (GTP, GDP) are accounted for.
As mentioned in the main text, based on the experimental data of Uhlinger et al. [60], GTP
enhances the binding of cytosolic subunits (p47779X, p67P"9X and Rac) to the membrane
subunits (p22P119X and gp91P°%), while GDP inhibits the binding of these cytosolic subunits.
These regulatory effects are implemented by phenomenologically expressing the apparent

binding constants K 47, K7, and K, based on the standard Michaelis-Menten kinetic

formulation for activation by GTP and inhibition by GDP as following:

CnT KnD
Kpy7 = Kpag/ TP GDF (B1)
41 = Rp T T D D
KGrp+ Cérp)\KGDP + CGDP
T D
, Cérp KGpp
K67 = Kper/ (B2)
4 4 nT nT nD nD
Kerp+ Corp/\ Kepp+ CGpP
T D
, Corp KGpp
KRac = KRac T " nD "D (B3)
KGrp+ Cerp/\ KGgpp + CGopp

where Cg1p and Cgpp denote the concentrations of GTP and GDP, respectively; KgTp and
Kgpp denote the regulatory constants for GTP and GDP to enhance and inhibit NOX2
activity, respectively; n7Tand nD are the corresponding Hill coefficients. This model (Model
1), without any mutual binding enhancements, was used to fit jointly to the experimental
datasets of Uhlinger et al. [60,61], Peveri et al. [59], and Nisimoto et al. [62] to estimate the
unknown parameters of the model. However, it was not able to describe well these datasets
without any mutual binding enhancements by cytosolic subunits, resulting in a large sum of
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squared differences error of 7.54, obtained by the “fmincon” optimization algorithm in
MATLAB 2018b.

Model 2: Same extent mutual binding enhancements between cytosolic
subunits (each subunit enhancing the binding of other subunits to the
same extent).

In order to improve the model fits and reduce the sum of squared differences error from the
model fittings to the available experimental data described above, we accounted for the
regulatory effects of cytosolic subunits (p47Ph°% p67PhoX and Rac) on one another’s binding
to the membrane subunits (p22P"°% and gp91PNX). As described in the main texts, based on
Uhlinger et al. [61] studies, binding of p47P"°% enhances the binding of p67Ph° to the
membrane subunits and vice versa (mutual binding enhancement), which we hypothesized to
exist between all three cytosolic subunits (p47PM°X p67PhoX and Rac) for the sake of
generality. To account for this mutual binding enhancement mechanism in the model, we
assumed that p47Ph% binding enhances p67P"°% hinding to the membrane subunits to the
same extent as p47P"%% binding enhances Rac binding to the membrane subunits, referred
here as the same extent mutual binding enhancement hypothesis, which is accounted for in
the binding constants K 47, K67, and K7, as following:

T D
Ko = Kool Cérp KGpp ( Cre7 ( CRac ) (4
47 — 1 7
P P KEI’;*P + Cg;j%p Kg;%p + C?;%p Kp67 + Cp67 KRac + CRac
T D
K= Kool Cérp KGpp ( Cpa7 ( CRac ) (©5)
67 — 77 77
P P K???P + C?;szp K?;%P + C&II))P Kp47 + Cp47 KRac + CRrac
T D
Ko = Koo/ Cerp KGpp ( Cre7 )( Cpa7 ) (86)
Rac = KR
“ Nk p+ Cllrp | KD p + CBp \ Ko7 + Cpo7 )\ Kpa7 + Cpaz

where K” 7, K” 167 and K” gy are the regulatory constants for p47PMox nE7PMoX and Rac,
respectively, characterizing the regulations of each other’s binding to Flavocytbssg; Cpa7 and
Cpe7 and Crgc are the concentrations of pa7PMoX n67PMOX and Rac, respectively. This model
(Model 2) was used to fit jointly to the experimental datasets by Uhlinger et al. [60,61],
Peveri et al. [59], and Nisimoto et al. [62] to estimate the unknown parameters of the model.
It was able to describe the datasets by Uhlinger et al. and Peveri et al. on the GTP and GDP
regulatory effects and cytosolic subunits mutual binding enhancements, but not the datasets
by Nisimoto et al. on the cytosolic subunits mutual binding enhancements with the sum of
squared differences error of 5.85, obtained by the “fmincon” optimization algorithm in
MATLAB 2018 b.
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Statistical comparison between Model 2 and Model 3 through Atest, fitted jointly to the
experimental data of Uhlinger et al. [60,61], Peveri et al. [59], and Nisimoto et al. [62].

Model SSD  Number of parameters Number of datapoints DF Fratio pValue
2 5.85 9 176 167 51.58 <0.0001
3 3.01 12 176 164
Model 2 Parameter Distributions
6000 6000 10000
-
7500
D;4000 4000
% 5000
> 2000 2000
g 2500
0 0 0
140 155 170 185 200 0.1 0.2 0.3 0.4 0 0.025 0.05 0.075 0.1
Knoxz (17) Koaz (M) Koez (M)
6000 6000 6000
-
)
= 4000 4000 4000
3
o
8_2000 2000 2000
g
0 0 0
0.1 02 03 04 05 0 3 6 9 0.1 015 0.2 025 0.3
Krac (M) K"p47 (LM)  x10%® K"p67 (M)
6000 6000 6000
-
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3
@
8'2000 2000 2000
o
0 0 0
0 0.05 0.1 0.15 0.2 0.2 0.3 0.4 0:5 0.6 1000 2000 3000 4000 5000
K Rac (#M) Kerp (uM) Kepp (HM)
Figure B1.

Distribution of Model 2 estimated parameter values based on a hybrid Monte-Carlo-
Fmincon simulations method. Plots show the distribution of the 9 estimated unknown

parameter values for Model 2 fitted to experimental data of Uhlinger et al. [60, 61], Peveri et
al. [59], and Nisimoto et al. [62] using a hybrid approach of Monte-Carlo simulations and
“fmincon” optimization algorithm in MATLAB. The model is provided with 10,000 sets of 9
random initial values between 0 and 1 and the unknown parameters are estimated by
“fmincon” optimizer for every set resulting in the values with the most probability of
occurrence. For every parameter, the value with more than 55% probability of occurrence is
indicated v/a the highest histogram bars that are also reported as the final estimated
parameter values in Table 2. In this model, K7 is fixed at 0.05 pA/and the rest of
parameters are estimated.
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Model 3 Parameter Distributions
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Figure B2.
Distribution of Model 3 estimated parameter values based on a hybrid Monte-Carlo-

Fmincon simulations method. Plots show the distribution of the 12 estimated unknown
parameter values for Model 3 fitted to the experimental data of Uhlinger et al. [60,61],
Peveri et al. [59], and Nisimoto et al. [62] using a hybrid approach of Monte-Carlo
simulations and “fmincon” optimization algorithm in MATLAB. The model is provided with
10,000 sets of 12 random initial values between 0 and 1 and the unknown parameters are
estimated by “fmincon” optimizer for every set resulting in the values with the most
probability of occurrence. For every parameter, the value with more than 55% probability of
occurrence is indicated v7athe highest histogram bars that are also reported as the final
estimated parameter values in Table 2.

Model 3: Different extent mutual binding enhancements between cytosolic

subunits.

Based on the fits using Model 2, it was clear that the extent to which p47779X enhances the
binding of p677/19% is not the same as p677°X enhancing the binding of p477/9X to the
membrane subunits, which is true for all three cytosolic subunits. This difference provides
the basis to further improve Model 2 by allowing for differential mutual binding
enhancements between cytosolic subunits as following:
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nT nD
K],)47 = Kp47/ nTCGTP nT nDKGDPnD (K” Cp67 )
K&rp+ Crp )\ K&pp + Céipp )\ Kpe1pa7 + Cpo7 ®7)
CRac
(Kk/acp47 + CRac
nT nD
Kpe1 = K67/ nTCGTP T nDKGDPnD K el )
K&rp+ Crp )\ KGpp + Chpp |\ Kpa1p67 + Cpar (89)
CRac
(Kk/acp67 + CRac
nT nD
Kieo = Krodl nTCGTPnT nDKGDPnD (K” Cp67 )
K¢rp+ Cérp)\Képp + Cépp )\ Kp67Rac + Cpo7 (89)

1,J,47 Rac T Cp47

where K” s6747 and K” gacpa7 are the regulatory constants for the p47/7°X binding
enhancements by p67/"°X and Rac, respectively; K” p7.67 and K” gag67 are the regulatory
constants for the p67#/0 binding enhancements by p47°7°X and Rac, respectively; and K

" mrracand K” 167 pac are the regulatory constants for the Rac binding enhancements by
p47PM10X and p67P19X respectively. The resulting model (Model 3) was used to fit jointly to
the experimental datasets by Uhlinger et al. [60,61], Peveri et al. [59], and Nisimoto et al.
[62] to estimate the unknown parameters of the model. Model 3 was able to describe all the
datasets on GTP and GDP regulatory effects as well as cytosolic subunits mutual binding
enhancements with a very small sum of squared differences error of 3.01, obtained by the
“fmincon” optimization algorithm in MATLAB 2018 b.
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Model 2 Correlation Coefficient Matrix

knox2 0 0 0 0 0 0 0
WOVl 0.7446 0 0 0 0 0 0
Krac [OKRLY: 0 0 0 0 0
K"p47 | 0.1274 |-0.3225 | 0.208 0 0 0 0
QWY -0.828 0.6 IR -0.2326 0 0 0
K"rac B 0.6988 -0.8031 (UKL 0 0
Kerp |0.06971| 0.143 | 0.0814 |0.02348 |-0.02242 | -0.336 0
Kepp | -0.136 |-0.1459 | -0.1498 | -0.0322 | 0.1096 | 0.2386 |0.04566
knoxz Kpaz  Krac K'paz K'pe7 K'rac  Kerp  Kepp
Figure B3.

Matrix of correlation coefficients between Model 2 parameters: The correlation coefficients
between Model 2 parameters from Table 2 that best fit the model to the data is obtained
using the “Isqcurvefit” algorithm. The correlation coefficients are in the range of -1 to +1
indicated with red color showing positive correlation in the range of 0 to +1; the blue color
showing negative correlation in the range of 0 to —1; and the darker colors show higher
correlation close to either +1. The diagonal of the matrix shows the correlation of each
parameter with itself which is 1. Also, since the matrix is symmetric, the upper triangle is
put values equal to 0 for simplicity. Small correlation coefficients show small
interdependence between the model parameters. In this model, K7 is fixed and its
correlation with other parameters cannot be calculated, and hence is removed.

Regulatory effect of p40rhox on p47rhox binding.

Based on the experimental datasets published by Cross et al. [64], p40P/9X participates in
activating NOX2 primarily by enhancing the binding affinity of p4779X to the membrane

subunits. This regulatory effect is accounted for via p47°/°X binding affinity, as described in
Equation (3a), to fit the model to the datasets by Cross et al. in which p40”79X is present. In
order to fit the same model to Uhlinger et al. [60,61], Peveri et al. [59], and Nisimoto et al.

[62] datasets in which p40P79X was not present, the last term in Equation (3a) is set to 1 (i.e.
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Cpao = 0). Hence, the same model is able to describe and fit different datasets under different
experimental conditions such as cell-free and reconstituted cell-based systems.

Comparison of the model fits for the three models.

Model 3 provided a better fit to the datasets (Figures 3, 4 and 5) than Model 2, resulting in a
smaller sum of squared differences error. This is not surprising since Model 2 is a nested
version of Model 3, and hence Model 3 has more unknown parameters. To determine
whether the improvement in the fit using Model 3 as compared to the fit using Model 2 is
large enough to justify the larger number of unknown parameters, we performed an ~test
(Equation (B10)):

_ (55D — SSD3)/(DF; - DFy)
- SSD,/DF,

(B10)

where SSD2and SSD3 are the sum of squared differences between data and Model 2 fit and
Model 3 fit, respectively; DF2and DF3are the degrees of freedom for Model 2 and Model
3, respectively [82]. Pvalue is the probability of null hypothesis to be correct with
significance level (p = 0.05; 95% confidence). Thus, the ~test takes into account the sum of
squared differences, number of model parameters, and number of data points to compare
two models and determine whether Model 3 is statistically a better model for the data in
Figures 3, 4 and 5 than Model 2 [82]. Based on A~test for Model 2 and Model 3 in Table B1,
the Pvalue is less than 0.05 showing that the alternative hypotheses on Model 3 providing a
significantly better fit than Model 2 is correct.
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Model 2 Correlation Coefficient Matrix

knox2 0 0 0 0 0 0 0
Kp47 0.7446 0 0 0 0 0 0
Krac [OKRLY 0 0 0 0 0
K"p47 | 0.1274 | -0.3225 | 0.208 0 0 0 0
K"pe7 AR 0.6 RGN -0.2326 0 0 0
K"rae BQ 0.6988 -0.8031 (UKL 0 0
Kerp [0.06971| 0.143 | 0.0814 |0.02348 |-0.02242| -0.336 0
Kepp | -0.136 | -0.1459 | -0.1498 | -0.0322 | 0.1096 | 0.2386 |0.04566
knoxz Kpa7  Krac K'paz K'pe7 K'rac  Kerp  Kepp
Figure B4.

Matrix of correlation coefficients between Model 3 parameters. The correlation coefficients
between Model 3 parameters from Table 2 that best fit the model to the data is obtained
using the “Isqcurvefit” algorithm. The correlation coefficients are in the range of -1 to +1
indicated with red color showing positive correlation in the range of 0 to +1; the blue color
showing negative correlation in the range of 0 to —1; and the darker colors show higher
correlation close to either £1. The diagonal of the matrix shows the correlation of each
parameter with itself which is 1. Also, since the matrix is symmetric, the upper triangle is
put values equal to 0 for simplicity. Small correlation coefficients show small
interdependence between the model parameters.

In the case of having two nested models, ~test is the proper test to compare the two models.
However, AIC method is used for two or more number of nested and/or unrelated models.
We also performed AIC test to compare the two models statistically based on Equation
(B11):

AIC = Nln(

SSD
N

)+2K+

2K(K + 1)

N-K-1

Free Radic Res. Author manuscript; available in PMC 2021 June 21.

(B11)

0.8

0.6

0.4

0.2



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sadri et al.

Page 31

where Nis the number of data points, K'is the number of parameters, and SSD is the sum of
squared differences for each model. The model with lower AIC is more likely to be correct.
Based on the AIC values in Table 2, Model 3 is superior to Model 2. Therefore, based on
both ~test and AIC results, Model 3 provides a significantly better fit to the pertinent data
than Model 2. The fit of Model 1 to the data was visually bad enough that we did not attempt
to compare it to that using Model 3.

Parameter estimation via hybrid Monte-Carlo—-Fmincon simulations.

In order to estimate the unknown parameters of the three models, we used a hybrid approach
of Monte-Carlo simulations and “fmincon” optimization algorithm. In doing this, we
provided the model with 10,000 sets of random initial values uniformly distributed between
0 and 1 with the mean of 0.5 and standard deviation of 0.28. Using one set of random initial
values, provided by the built-in “rand” function in MATLAB, the unknown parameters are
estimated via the “fmincon” optimizer by minimizing the sum of squared differences
between model simulations and data points resulting in one set of estimated parameters. This
procedure was repeated for 10,000 iterations and the global estimates of the unknown
parameters were those with the highest probability of occurrence. Figure B1 shows the
distribution of Model 2 estimated parameters using this approach in which K’ pe7 Was fixed
at 0.05 and the rest of the 8 parameters were estimated. Figure B2 shows the distribution of
Model 3 estimated parameters using the aforementioned approach in which all 12
parameters were estimated. The final parameters with the global least of the sum of squared
differences are indicated in the histogram bars with highest frequency showing the highest
probability of occurrence.

Correlation coefficient matrix.

The correlation coefficients (CCj) between the model parameters that best fit the model to
the data were obtained using Equation (B12):

HH
CC;. =

ij ..
——fori,j=1,...,. N B12
Y Q’HH"[XHHJ’J’ b ( )

where Nis the number of model parameters and A is the inverse of the product of Jacobian
matrix and its transpose. Figures B3 and B4 show the correlation coefficient matrices for
Model 2 and Model 3, respectively, obtained from the estimated parameter values in Table 2.
Based on Model 2 correlation coefficient matrix, Ayoxe has high correlation with K, and

K67, and Kgachas high correlation with K 7 and Kz, Also, based on Model 3 correlation

coefficient matrix, Knox2 has high correlation with Kgag, Kraepa7 @Nd KRyepe7: Krac has
high correlation with K'z,c,47 @nd Kg4ep67; aNd Kpg7 has high correlation with Kz .67, all
of which were expected based on the interdependency of these parameters in Equations (B7-
B9). However, for both the models, the correlation coefficients between several parameters
are relatively small, indicating their independency of each other and their identifiability and
estimability.
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Figurel.
NOX2 enzyme at resting and activated states. (A) Schematics shows NOX2 enzyme at

resting state (unassembled and inactivated), where the membrane and cytosolic subunits are
separated on the cell membrane and in the cytosol, respectively. Rac exists in an inactive
GDP-bound form, and the p40P70X, p47P/10X and p67P19X subunits are also in inactive forms.
(B) Schematics shows NOX2 enzyme complex upon assembly and activation, which
facilitates electron transfer from the substrate NADPH to O resulting in O; ~ production.
The activation of NOX2 requires the binding of activated p47779X, p67PM19x and Rac (GTP-
bound form), and optionally activated p40#70X that further enhances NOX2 activity, to the
complex p22PM19X pg7PMoX on the cell membrane.
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Figure2.
Proposed kinetic mechanism for NOX2 assembly and activation facilitating superoxide

production. Schematics shows our postulated generalized random rapid equilibrium binding
mechanism for NOX2 assembly and activation, where E represents the membrane subunits
complex p22PMox gp91-Pox which constitute flavocytochrome bssg (Flavocytbssg) to which
the cytosolic subunits p47#7/19X p67P1X and Rac bind upon their activation. As per the
proposed mechanism, E can first bind to any of the NOX2 cytosolic subunits (p472/7%,
p67PM19X Rac) in a rapid equilibrium manner and then the rest of the subunits can bind to the
complex in a similar manner to form the highly activated multi-subunit enzyme complex
E.p47P1ox pe7PM0X Rac, with K ; (i = pA7P1oX, p67PM1oX Rac) representing the apparent
dissociation constants for the respective subunits rapid equilibrium binding reactions with
the membrane subunits. In the schematics, p47 = p47PM19X p67 = p67P19X and Rac = Racl or
Rac2.
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Figure 3.

Model fittings to the experimental data of Cross et al. [63,64] on the cytosolic subunit
concentration-dependent NOX2 assembly, activation, superoxide production, and regulation
by p40Ph1oX and p47PoX interactions in cell-free systems. (A—C) Model simulations (lines)
are compared to the experimental data (points) of Cross [64] on the effects of p4777°X on the

saturation kinetics and regulation of NOX2 reaction flux (rate of O; ~ production) with

respect to varying concentrations of p40°79X at different concentrations of p4779X with fixed
Rac concentration of 4 pmol/well, p67#7/9X concentration of 10 pmol/well, and Flavocytbssg
concentration of 0.3 pmol/well. Panels A and B are zoomed-in forms of Panel C for the
concentration of p47#7/19% 3t 0.0 pmol/well and 1.5 pmol/well, respectively. Where p47°h10X js
zero, it is substituted with p407°X in Equation (2). (D—F) Model simulations (lines) are
compared to the experimental data (points) of Cross [64] on the effects of p402/19X on the
saturation kinetics and regulation of NOX2 reaction flux (rate of O; = production) with

respect to varying concentrations of the subunits p472/9X, p67P/19% and Rac, respectively, at
two different concentrations of p40#/9X (0 and 15 pmol/well) with fixed Flavocytbssg
concentration of 0.3 pmol/well. In Panel D, concentrations of Rac and p67”7°X are fixed at 4
pmol/well and 10 pmol/well, respectively. In Panel E, concentrations of Rac and p47770X are
fixed at 4 pmol/well and 15 pmol/well, respectively. In Panel F, concentrations of p472/10x
and p67P7M19% are fixed at 15 pmol/well and 10 pmol/well, respectively. (G-1) Model
simulations (lines) are compared to the experimental data (points) of Cross et al. [63] on the
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effects of Flavocytbssg on the saturation kinetics and regulation of NOX2 reaction flux (rate
of 05 ~ production) with respect to varying concentrations of the subunits p4727/10x, pg7P/10x
and Rac, respectively, at different concentrations of Flavocytbssg. In Panel G, p67#/10x,
p40Phox and Rac are present at high concentrations. In Panel H, p47779X, p40Ph10x and Rac
are present at high concentrations. In Panel |, p67~719X pA7P1oX and p40PM19X are present at
high concentrations. Model-simulated lines for NOX2 flux for Flavocytéssg concentration of
0.6 pmol/well and 0.15 pmol/well are within £10% of the reported values. Cross et al.
[63,64] studied the kinetics and regulation of NOX2 assembly, activation, and O; ~
production in a cell-free system, that is, in an /n vitro 150 UL well containing different
concentrations of Flavocytéssg and cytosolic subunits, as indicated in the plots. Model
simulations were carried out using the estimated parameter values in Table 1.

Free Radlic Res. Author manuscript; available in PMC 2021 June 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Sadri et al.

=

NOX2 Flux/1000

=

NOX2 Flux/1000

Page 40
p67 = 1.3 M, Rac = 0.02 M () p47=1.3uM, p67=1.3uM, Rac=0.02,M
: . ' 0.2 ' ' ' ' '
04} GTP, GDP = 10.5 M.M, omM |
£
£
E 03 0.15
%’ 0.5 uM, 0 mM
£0.2 ¢ - o
S 0.5 uM, 1 mM
€ 0.1 0.05
= 0.5 uM, 10 mM
0 : : - 0o
0 10 20 30 40 0 2 4 6 8 10 12
P47 (uM) GDP (mM)
p47 = 1.3 yM, Rac = 0.02 yM (D) p47=1.3uM, p67=1.3uM, Rac=0.02,M
L ' ' ' ! o L ! ! o ! ' '
A0'4 GTP, GDP = 10.5 M, 0 mM . ——
(= GDP = 0.0 mM
§ 0.3 0.15¢} 0.3 mM
o 0.5 uM, 0 mM —
20.2 0.1¢
£
= 0.5 uM, 1 mM 3.0 mM
E(M 0.5 uM, 10 mM 0.05 10.0 mM
0 - - ' ' ] —
0 5 10 15 20 25 0 2 4 6 8 10 12
p67 (uM) GTP (uM)
Figure4.

Model fittings to the experimental data of Uhlinger et al. [60] and Peveri et al. [59] on the
cytosolic subunit concentration-dependent NOX2 assembly, activation, ROS production, and
their regulations by guanine nucleotides in cell-free systems. (A, B) Model simulations
(lines) are compared to the experimental data (points) of Uhlinger et al. [60] on the
regulatory effects of GTP and GDP on the saturation kinetics of NOX2 reaction flux (rate of
05 ~ production) with respect to varying concentration of the subunit p47°77°X with fixed

p67Ph10x concentration of 1.3 uM (A) and varying concentration of the subunit p6727°X with
fixed p47P79% concentration of 1.3 uM (B), under the presence of a nominal Rac
concentration of 0.02 pM. Varying concentrations of GTP and GDP or no nucleotide present
were included, as indicated in the plots. Model-simulated lines for NOX2 flux are within
+10% of the reported values. (C, D) Model simulations demonstrating the roles of GDP as
an inhibitory factor and GTP as a stimulatory factor for NOX2 assembly, activation, and

05 ~ production are compared to available experimental data [59,60], with the subunits

p47PMox pe7PMoX and Rac concentrations are as indicated in the plots. In all experiments of
Uhlinger et al. [60], 50 pl of reaction mixtures (pH = 7.4) contained 10 pg of plasma
membrane (PM), or equivalently 8.6 pmol of Flavocytbssg, providing an appropriate
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concentration of total NOX2 complex for model simulations. For the experimental data of
Peveri et al. [59], NOX2 flux was multiplied by a factor of 5.7 to be in the same range of
NOX2 flux as in the experimental data of Uhlinger et al. [60] for a comparative data
analysis. In addition, the substrates NADPH and O, concentrations were very high (250 pM,
saturated) in all experiments. Model simulations were carried out using the estimated
parameter values in Table 2.
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Figureb.

Model fittings to the experimental data of Uhlinger et al. [61] and Nisimoto et al. [62] on the
mutual enhancements of cytosolic subunits binding to the membrane subunits in cell-free
systems. (A, B) Model simulations are compared to the experimental data of Uhlinger et al.
[61] on the regulatory effects of the subunits p477/9X and p67~79% on each other’s binding
enhancement to the membrane subunits which in turn increases NOX2 activity (mutual
binding enhancement). Specifically, the plots show the rates of O; ~ production viathe

assembled and activated NOX2 complex as functions of varying concentrations of the
cytosolic subunits p47P119X and p67P70X, with Rac concentration fixed at 2.02 uM in the
presence of 10.5 UM GTP (absence of GDPS). (C, D) Model simulations are compared to
the experimental data of Nisimoto et al. [62] on the regulatory effects of the subunits Rac
and p67P119X on each other’s binding enhancement to the membrane subunits which in turn
increases NOX2 activity (mutual binding enhancement). Specifically, the plots show the
rates of O; ~ production viathe assembled and activated NOX2 complex as functions of

varying concentrations of the cytosolic subunits p6777°X and Rac, with p47°71ox
concentration fixed at 0.01 uM in the presence of 10.5 pM GTPyS (absence of GDPS).
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Model-simulated lines for NOX2 flux as a function of Rac and p6777°X are within +10% of
the reported values. In all experiments of Uhlinger et al. [61], 50 ul of reaction mixtures (pH
= 7.4) contained 10 pg of plasma membrane (PM), or equivalently 8.6 pmol of Flavocytbssg,
providing an appropriate concentration of total NOX2 complex for model simulations. All
experiments of Nisimoto et al. [62] were performed at pH of 7.4 and 10 nM Cytbssg. In
addition, the substrates NADPH and O, concentrations were very high (250 uM, saturated)
in both Uhlinger at al. and Nisimoto et a/. experiments. Model simulations are carried out
using the estimated parameter values in Table 2.
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Model predictions on the effects of varying concentrations of p4779X on the kinetic
parameters of NOX2 model for different concentrations of GTP, GDP, and Rac. Plots show
model predictions on the effects of varying concentrations of the subunits p4777°X on the
apparent Ky, and Vinax of p67719% for (A, B) different concentrations of GTP with fixed
GDP and Rac at 0 mM and 2 puM, respectively, (C, D) different concentrations of GDP with
fixed GTP and Rac at 10 uM and 2 pM, respectively, and (E, F) different concentrations of
Rac with fixed GTP and GDP at 10 uM and 0 mM, respectively. Plots also show the
experimental data that were available from the Uhlinger et al. study [61] for GTP = 10 uM,
GDP = 0 mM, and Rac = 2 pM. Experimental conditions used for model simulations are
exactly the same as that described in Figures 5. Model predictions were carried out using the
estimated parameter values in Table 2.
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Model predictions on the effects of varying concentrations of p67779X on the kinetic
parameters of NOX2 model for different concentrations of GTP, GDP, and Rac. Plots show
model predictions on the effects of varying concentrations of the subunits p6727°X on the
apparent Ky, and Vinax of p47P19% for (A, B) different concentrations of GTP with fixed
GDP and Rac at 0 mM and 2 puM, respectively, (C, D) different concentrations of GDP with
fixed GTP and Rac at 10 uM and 2 pM, respectively, (E, F) different concentrations of Rac
with fixed GTP and GDP at 10 uM and 0 mM, respectively. Plots also show the
experimental data that were available from the Uhlinger et al. study [61] for GTP = 10 uM,
GDP =0 mM, and Rac 2 pM. Experimental conditions used for model simulations are
exactly the same as that described in Figure 5. Model predictions were carried out using the
estimated parameter values in Table 2.
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Model predictions on the effects of varying concentrations of p67779X on the kinetic
parameters of NOX2 model for different concentrations of GTP, GDP, and p47#7/°%. Plots
show model predictions on the effects of varying concentrations of the subunits p672/79X on
the apparent Ki,, and Vax of Rac for (A, B) different concentrations of GTP with fixed GDP
and p47P7ox fixed at 0 mM and 16 pM, respectively, (C, D) different concentrations of GDP
with fixed GTP and p47P7X at 10 pM and 16 uM, respectively, and (E, F) different
concentrations of p47719% with fixed GTP and GDP at 10 uM and 0 mM, respectively.
Experimental conditions used for model simulations are exactly the same as that described

in Figure 5. Model predictions were carried out using the estimated parameter values in

Table 2.
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