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ABBREVIATION LIST

ACcADP* - 3-acetylpyridine adenine dinucleotide phosphate (oxidized)
ACADPH — 3-acetylpyridine adenine dinucleotide phosphate (reduced)
Adx — adrenodoxin

AdxR — adrenodoxin reductase

ANnFNR — Anabaena nostoc FNR

ArN—O — aromatic N-oxide

ArNO; — nitroaromatic compound

BsFNR — Bacillus subtilis FNR

CaM — calmodulin

CTC — charge transfer complex

cyt ¢ — cytochrome ¢

E} — single-electron reduction midpoint potential at pH 7.0
FAD — flavin adenine dinucleotide

Fcb2 — flavocytochrome b;

Fd — ferredoxin

FId — flavodoxin

FMN — flavin mononucleotide

FNR — ferredoxin:NADP* oxidoreductase
GrxR — glutathione reductase

H4B — tetrahydrobiopterin

Hg — hydroquinone

kcat — catalytic constant

Kca/Km— bimolecular rate constant

Kgq — dissociation constant

Ki — inhibitory constant

Km — Michaelis constant

eNOS — endothelial NO synthase

iNOS — inducible NO synthase

NNOS — neuronal NO synthase

NOS - nitric oxide synthase

Ox — oxidized

P-450R — NADPH:cytochrome P-450 reductase
PD — plasmodione

PfFd — Plasmodium falciparum ferredoxin
PfFENR — P. falciparum FNR

Q — quinone

Red — reduced

RpFNR — Rhodopseudomonas palustris FNR
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ROS - reactive oxygen species

SOD - superoxide dismutase

SoFd — spinach (Spinacia oleracea) ferredoxin

SoFNR — spinach FNR

Sq — semiquinone

o — substituent constant

TPZ — 3-NH>-1,2,4-benzotriazine dioxide (tirapazamine)
TrxR — thioredoxin reductase



INTRODUCTION

Flavoenzymes comprise some 3% of all enzymes, they are found in all
groups of living organisms and have functions as diverse as reducing
equivalent transfer in photosynthesis, DNA repair, detoxification of
environmental pollutants and xenobiotics, apoptosis, cell signalling and more.
For detailed recent reviews, the reader is referred to [1-5]. As the name
implies, these enzymes contain a flavin moiety in the form of a flavin
mononucleotide (FMN) or flavine adenine dinucleotide (FAD), which is
usually bound noncovalently.

Flavoenzymes are often concerned with redox reactions where they
usually play a role in transferring electrons further down the path. Aside from
natural electron acceptors, a wide variety of nonphysiological electron
acceptors are able to oxidize the flavins in such enzymes. These can be various
environmental pollutants or xenobiotics, with nitroaromatic compounds
(ArNO2) belonging mostly to the former group, and quinones (Q) and
aromatic N-oxides (ArN—Q) being representative of the later one. Another
important facet of flavoenzymes is the ability of their flavin prosthetic group
to transform between one- and two-electron reduction.

Prooxidant xenobiotics (chemical substances found in an organism yet
not naturally produced by it) can be reduced enzymatically with
dehydrogenases — electrontransferases-performed catalysis taking the central
role. Single-electron enzymatic reduction of these low-potential oxidants
yields radical anion species which is then reoxidized by oxygen in a futile
redox cycle thus forming the basis of their oxidative stress-based cytotoxicity.

The three enzymes studied in this work are representative of two distinct
groups belonging to the dehydrogenase — electrontransferase family of
flavoenzymes based on their physiological redox partners, namely acting on
Fe-S proteins (ferredoxin:NADP* oxidoreductases from Plasmodium
falciparum and Rhodopseudomonas palustris, (PfFNR and RpFNR,
respectively)) or heme proteins (neuronal NO synthase, (nNOS)). Their
reactions with nonphysiological oxidants and xenobiotics are the basis of
mechanistic studies presented here that provide general insight into the
mechanisms of enzymatic xenobiotic reduction and highlight specific features
of each enzyme relevant to these processes.

GOAL AND TASKS OF THE THESIS

The goal of the thesis is the characterization of specific aspects of
electron transfer mechanisms in two distinct subgroups of dehydrogenases —
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electrontransferases, an arbitrary group of flavoenzymes, namely Fe-S protein
reductases (PfFNR, RpFNR) and heme protein reductases (nNOS), and
evaluation of one-electron reduction catalyzed by these enzymes.

1.

The tasks to achieve the goal were as follows:

The evaluation of PfFNR- and RpFNR-catalyzed reduction of xenobiotics
in light of other extensively studied ferredoxin:NADP* oxidoreductases
from Anabaena and spinach (AnFNR and SoFNR, respectively);

The characterization of redox properties of a novel thioredoxin reductase-
type (TrxR-type) RpFNR with emphasis on its semiquinone state;

The analysis of nNOS-catalyzed reduction of xenobiotics with emphasis
on the activating role of calmodulin (CaM) and the possible involvement
of heme moiety in these reactions;

Evaluation of the applicability of rate constants of dehydrogenase —
electrontransferase catalyzed single-electron reduction of xenobiotics in
estimating their single-electron reduction potentials and electron transfer
distances in these reactions.

IMPORTANCE AND SCIENTIFIC NOVELTY

It was shown that the reactivity of nNOS in terms of kea/Kn in the
bioactivation of xenobiotics may be similar to that of cytochrome P-450
reductase (P-450R). It was shown for the first time that the heme moiety
of NNOS, namely the Fe?*-NO complex, may have a role in the reduction
of external oxidants.

The electron transfer distances in the reactions of these dehydrogenases —
electrontransferases calculated according to the outer sphere model of
electron transfer show good agreement with data reported in earlier
studies of homologous enzymes e.g., NNOS with P-450R and PfFNR and
RpFNR with other FNRs.

It was shown that dehydrogenases — electrontransferases can be used for
approximate determination of single-electron reduction potential of
ArNO; and ArN—O with the calculated potential values being within 30
mV of the measured values.

PfFNR, localized in the apicoplast of P. falciparum, could be a potential
target for novel quinodal antimalarial agents. The results presented here
provide general insights into the reduction mechanisms of prooxidant
xenobiotics that could be considered as exerting oxidative stress on the
protozoan upon their single-electron reduction.

Redox reactions catalyzed by a novel TrxR-like RpFNR from a model
organism R. palustris were investigated in depth, and quantitative analysis
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of the obtained results was enabled by the determination of the redox
potentials and semiquinone stabilization that are comparable to those of
plastidic-type SOFNR and AnFNR.

STATEMENTS

Dehydrogenases — electrontransferases reduce quinones, nitroaromatics
and aromatic N-oxides in a single-electron way according to a ping-pong
mechanism. In all of these cases the reactivity of oxidants (log Kca/Km)
increases with their single-electron reduction potential (E3). The
reactivity of nitroaromatics is systematically lower than that of quinones
and aromatic N-oxides of analogous EZ. The rate limiting step is the
oxidative half-reaction;

The enzyme-catalyzed reactions are in line with the outer sphere electron
transfer model and the reactivity can be used to calculate approximate
electron transfer distances;

The steady-state rate constants for single-electron reduction of certain
classes of oxidants can be employed for an approximate assessment of
their single-electron reduction potentials.
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1. LITERATURE REVIEW
1.1. Flavoenzymes: general characteristics and classification

The extraordinary versatility of flavoenzymes stems from the nature of
the flavin cofactor. It is a derivative of riboflavin (vitamin B;) which is
comprised of a tricyclic isoalloxazine ring system connected to a ribityl side
chain at N-10 (Fig. 1). While the usual case is a tight noncovalent bond with
the protein, there are some cases of the prosthetic group being bound
covalently, usually at the 8-a or 6- positions [6]. In some cases a flavoenzyme
will use a modified isoalloxazine or the ribityl side-chain.

..........................................................................

.............................

Flavin adenine dinucleotide | h ' e e
(FAD) ' , ' 1 H3aCy
] ' H i h
Flavin mononucleotide !
(FMN) : ' .
. . ' ' 2
Riboflavin ' ' HiC \

eyt
Lumiflavin
'

X '
Lumichrome '

Isoalloxazine

Figure 1. The structure of flavin species and the numbering system for
isoalloxazine ring [7].

The isoalloxazine ring confers the chemical activity to the flavins: it is
capable of one- and two-electron reduction and a nucleophilic attack is
possible at both N-5 and C-4a atoms. A one-electron reduction yields a
semiquinone (Sq), which can be either anionic or neutral, and a two-electron
reduction produces a hydroquinone (Hq) form (Fig. 2). Although there are 9
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possible redox states of flavins, at least six of them are possible under
physiological conditions on the basis of pKa values. The semiquinone form of
free flavins and majority of flavoproteins is typically unstable but some
proteins, e.g., flavodoxins, stabilize up to 90% of the semiquinone.

Cationic Neutral Anionic

Oxidict \ :

semiginoa | \

N

(Fully) reduced Physiologically possible
Figure 2. The chemical states of flavins [7].

According to the definition in encyclopedia of biophysics, redox potential
is a measure of the propensity of a chemical or biological species to either
acquire or lose electrons through ionization [8]. Thus, the reduction potential
E° is a thermodynamic parameter characterizing an electron transfer process
and measuring the tendency of an oxidized molecule to become reduced. The
difference in reduction potentials between any two species AE is related to
equilibrium constant Keq and the standard free energy change for the reaction
AG? according to Egs. 1 and 2

0
AE°:—AC|;: R,I' Ko (1)
n n
a, a
AE = AE° - R jp| Zaue @)
nF aAuxaBred



where AE®is the standard reduction potential, n is the number of electrons in
the reaction, F is the Faraday constant, R is the universal gas constant, T is
temperature and a is the activity of the reacting species A and B.

The value of the reduction potential can be influenced by various factors,
namely the protein per se and the surrounding solution. The chemical nature
of ligands, coordination geometry and noncovalent interactions, including
steric effects and electrostatic interactions are exerted by the protein, whereas
the solvent influence stems from temperature, pH and ion effects. Any such
arising modifications will inevitably translate into changes in the kinetics of
an electron transfer reaction. The two-electron reduction (standard) potential
of a free flavin at pH 7.0 (EY) is 207 mV, but due to the effects of apoprotein
it can reach as low as -495 mV for Sg/Hq pair and +40 mV for Ox/Hq pair in
proteins.

Most typically, flavoenzymes exhibit ping-pong kinetics. A ping-pong
reaction is characterized by both the oxidant and the reductant binding to
either the same reaction center or to reaction centers that overlap sufficiently.
In other words, the kea/Km value for one substrate does not depend on the
concentration of the second substrate, i.e., the kea/Km Of @ reductant does not
depend on the concentration of the oxidant. The oxidative and reductive half-
reactions seen in the enzymatic cycle are accompanied by typical shifts in
absorbance. An oxidized isoalloxazine cofactor exhibits absorbance maxima
(Amax) at ~360 nm and ~450 nm, the later falling sharply upon reduction. While
free FMN and FAD exhibit extinction coefficient (¢) of 12.5 and 11.3
mM-tcm™, respectively, their binding to a protein affects the value [9]. The
semiquinone resulting from one-electron reduction can be neutral (protonated,
blue) or anionic (deprotonated, red) and have distinct absorbances. The neutral
semiquinone exhibits a broad peak in the ~580 — 620 nm region (¢ =~ 3.8 — 5.0
mM-tcm™?), while the anionic semiquinone absorbs at 380 (¢ = 16 mM~cm™)
with an additional sharp peak at 400 nm [10,11]. These spectral characteristics
are then employed in the studies of rapid kinetics of the flavoenzyme catalyzed
reactions, the binding of substrates and inhibitors or insights into the flavin
environment in the protein.

It should come as no surprise that the ever-increasing amount of new
information about flavoenzymes and various novel examples among them
make a rigid albeit overarching classification both difficult and quite
necessary. A classification proposed by Hemmerich and Massey remains the
predominant one in this field even though it should not be regarded as absolute
[11,12]. Flavoenzymes are divided into five classes according to whether their

14



activity is exerted through hydrogen transfer alone or electron transfer alone

or a combination of the two, as follows:

1) Transhydrogenases do not exert one-electron transfer or oxygen activation
and are further subdivided because of the restrictive nature of the
historical use of the term:

a) Carbon — carbon transhydrogenases. 2 electrons are transferred
between the carbon centers while pyridine nucleotides act as electron
donors, acceptors or both;

b) Carbon — sulfur transhydrogenases. 2 electrons are transferred
between a pyridine nucleotide and a disulphide — dithiol pair;

¢) Carbon — nitrogen transhydrogenases employ electron transfer
flavoproteins (ETFs) as redox partners;

d) Nitrogen — nitrogen transhydrogenases catalyse two-electron transfer
with ETFs.

2) Dehydrogenases — oxidases perform a two-electron reduction of O, by
dehydrogenating the substrate, with a concomitant production of H,O;
the flavin accepts two electrons.

3) Dehydrogenases — oxygenases catalyze the consumption of four redox
equivalents from O, without the liberation of H,O, i.e., an oxygen atom
is reduced to water while the other oxygen atom is incorporated into the
substrate as a hydroxyl group.

4) Dehydrogenases — electrontransferases act as transformers between two-
electron and one-electron transfer. While the flavin is reduced by two
electrons, its reoxidation proceeds in a stepwise manner with a one-
electron reduction of electron acceptors such as cytochromes or iron —
sulfur proteins.

5) Pure electrontransferases (flavodoxins) are the simplest flavoproteins, the
flavin is reduced and reoxidized during a one-electron transfer without the
catalysis of an enzymatic reaction.

While there are various other attempts to classify flavoenzymes based on
different properties, none seem to be satisfactory [13]. For example, C — O
transhydrogenases such as NAD(P)H:quinone oxidoreductase (NQO1, DT-
diaphorase) and nitroreductases were not considered originally, yet there are
examples of flavoenzymes falling under this category [14]. One recent attempt
to revise the classification is worth mentioning, since the flavoenzymes are
grouped into four groups according to the amount of electrons transferred
during the reductive and oxidative half-reactions [7]. Accordingly,
dehydrogenases — electrontransferases could then be considered as class 2/1
enzyme.
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1.2. Single-electron reduction of redox active xenobiotics (quinones,
nitroaromatic compounds, aromatic N-oxides) by flavoenzymes

Quinones, nitroaromatics and aromatic N-oxides are structurally distinct
classes of compounds, comprising several important groups of redox active
xenobiotics with sometimes similar functions, such as anticancer agents
(quinones and aromatic N-oxides), antibacterial and antiparasitic drugs
(nitroaromatics and aromatic N-oxides), explosives and pesticides
(nitroaromatics). These compounds can undergo reduction in various ways
and accept from up to two (quinones) to six (nitroaromatics) electrons.

In the case of quinones, their net reduction is a reversible two-step
process with the formation of an unstable semiquinone radical intermediate:

Q+e ——=Q" +e +2H" ——=0QH, 3

The standard (two-electron reduction) reduction potential (E?) for a Q/QH;
couple varies from -0.30 V to 0.28 V [15], but is generally higher than the E}

values for respective couples, ie., E,(Q/Q")<E,(Q/QH,), thus

explaining the low stability of a semiquinone. Moreover, there exists a partial
correlation between one- and two-electron reduction potentials of quinones
with the deviations being pronounced in quinones with halogen substituents,
ionized substituents, and in the case of intramolecular hydrogen bond
formation [16]. Electron donating substituents and the number of aromatic
rings in the system are factors decreasing the £ values, which in the case of
common relatively simple quinones range from -0.46 V (2-CHs-3-OH-1,4-
naphthoquinone, phthiocol) to 0.09 V (1,4-benzoquinone, p-quinone) (table
1) [15,17].

Table 1. The decrease in redox potential due to electron-donating substituents
or increase in the aromatic ring system [17,18].

Quinone El Vv
1,4-benzoquinone 0.09
2,5-(CHs3)2-1,4-benzoquinone —-0.07
(CH3)4-1,4-benzoquinone —0.26
1,4-naphthoquinone -0.15
9,10-anthraquinone —-0.445

2-CH3-3-OH-1,4-naphthoquinone  —0.46

Quinones can be reduced in single-electron, two electron or mixed
(single- and two-electron) way by flavoenzymes. Dehydrogenases —
electrontransferases usually perform one-electron reduction and a common
theme for these enzymes is them having natural single-electron acceptors
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(cytochromes, Fe-S proteins), for example NADPH:cytochrome P-450
reductase (P-450R), NO synthase (NOS), ferredoxin:NADP* oxidoreductase
(FNR), NADH:ubiquinone oxidoreductase, NADH:cytochrome bs reductase.
Generally, there is a flavin cofactor (FMN or FAD), that is reduced by two
electrons coming from an electron donor, NAD(P)H. Two successive single-
electron transfer steps follow, with the now-reduced enzyme reducing two
molecules of a quinone. The resulting semiquinone radicals can be rapidly
reoxidized by oxygen, with reoxidation resulting in a regeneration of the
quinone; this redox cycling also leads to the formation of reactive oxygen
species, namely superoxide anion and hydrogen peroxide (Egs. 4 and 5) with
the subsequent formation of a hydroxyl radical in a Fenton reaction (Eqgs. 6
and 7). These reactions are the basis of cytotoxicity of quinones due to the
oxidative stress.

Q" +0,—=Q+03 (@)

205 +2H* =——=H,0, +0, )
0; +Fe* —=0, +Fe* (6)

Fe’" +H,0, ——Fe* + OH" + OH" )

While two-electron reduction of quinones is outside of the scope of this
work, a brief outline will be given. In a model reaction, nonenzymatic
reduction of quinones by NADH [19,20], a two-electron reduction proceeds
concomitantly with the transfer of two protons and may thus be considered a
net hydride and H* transfer:

NADH+Q+H"——>NAD" + QH, (8)
The two most common models are a single step (H") and a three-step (e~, H",
e") hydride transfer mechanisms (Egs. 9 and 10):

NADH + Q—>NAD" + QH —*"_ s NAD" + QH, (9)
NADH +Qz=——2NAD"*---QH" —>NAD"--Q'——NAD" +QH"  (10)

Taken together, it is possible to devise a simplistic unified scheme for the
single-, two- and mixed single- and two-electron reduction of quinones by
flavoenzymes. The formation of flavin/quinone ion-radical pair happens after
the first electron transfer; this pair can then either undergo a sequential (steps
a and d) or a concerted proton and second electron transfer (step b) or
dissociate (step c) with the product of step ¢ then undergoing an oxidation by
a second molecule of quinone (Fig. 3) [21].
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a d QI
E-FADH +Q — » E-FADH'-Q * E-FAD
c QH_ Q_.+ H*
e
Q E-FADH' Q

Figure 3. The single- and two-electron reduction of quinones by
flavoenzymes [21].

Nitroaromatic compounds can be reduced in various ways. In general, a
nitroaromatic compound is reduced by a single electron to yield an anion
radical and a general scheme of reduction is given in Eq. 11:

ANO, —— ANO" —=20— AINO—2-#1— AINHOH —5 28— ANH, (1)

“H,0

The resulting nitroradicals are then reoxidized by oxygen with the formation
of a superoxide radical, which is converted into hydrogen peroxide and a
hydroxyl radical, leading to futile redox cycling and oxidative stress according
to Egs. 4 — 7. Under aerobic conditions polynitroaromatic compounds,
frequently used as explosives, are reduced analogously. The log Kca/Km values
for these compounds increase with increasing EZ, and the high reactivity is
the result of single-electron reduction energetics, which is influenced by
electron-accepting substituents, rather than the structure of a compound per
se. The high reactivity of polynitroaromatics as a function of energetics rather
than structure is further supported by quantum mechanical calculations
[22,23].

Dehydrogenase — electrontrasferase-catalyzed quinone or nitroaromatic
compound reduction can be considered an example of the outer-sphere
electron transfer model [24]. An electron transfer event occurring between
chemical species that remain separate over its duration is considered to be
outer sphere, i.e., the interaction between the reagents is weak. According to
the Marcus theory, the thermodynamic driving force is responsible for the
electron transfer rate; moreover, this transfer rate is inversely proportional to
the so-called reorganization energy. It then follows that a one-electron transfer
rate constant ki, is dependent on the electron self-exchange rate constants of
the reagents, ki1 and k22 and an equilibrium constant K:

Ky = J(Kyy Ky x K x T) (12)
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where AE!is the 1 e~ transfer potential and Z is the frequency factor, 10!
M-s71 [24]. Thus for a series of homologous compounds (k2. = constant), log
ki2 will be characterized by a parabolic (quadratic) dependence on AE! with a
characteristic slope of 8.45 V! at AE* = +0.15 V for quinones. The kz, = ~108
M-s7t for quinones [25] and aromatic N-oxides [26] and is 100-fold higher
than that of nitroaromatics, where ko, = ~108 M-1s71[27]. The later are usually
characterized by a linear dependence and their reactivity is an order of
magnitude lower than that of quinones. Such interrelationships have been
documented for various dehydrogenases — electrontransferases, including P-
450R, FNR and NOS [21,28,29].

Aromatic N-oxides are reduced enzymatically with concomitant free
radical generation with 3-NH3-1,2,4-benzotriazine-1,4-dioxide (tirapazamine,
TPZ) being the most comprehensively studied (Fig. 4):
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Figure 4. The mechanism of tirapazamine reduction.

Upon enzymatic reduction of TPZ (a) in a single-electron way to a free radical
(b) under hypoxic conditions, a DNA damaging species, namely an oxidizing
hydroxyl radical [30-32] and/or a reactive benzotriazinyl radical (c) forms.
The relatively nontoxic final metabolites of TPZ are its mono-N-oxide (d) and
its nor-oxide (f) [30,31,33]. The aerobic cytotoxicity of ArN—O is typically
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attributed to redox cycling with oxidative stress due to the formation of
superoxide O; [30,34].

Redox cycling is an intrinsic property of Qs, ArNO; and ArN—O which
means that oxidative stress is an obligatory process under aerobic conditions
[35]. Enzymatic formation of the anion radical and redox cycling are
considered to be the main factors in cytotoxicity, which can then be described
by a quantitative structure-activity relationship (QSAR) (Eg. 15):

logcLy, =a+bE; +clogP(log D) (15)
where cLsp is compound concentration causing 50% cell death or analogous
quantitative parameter, logP is octanol/water partition coefficient and logD is
octanol/water distribution coefficient at pH 7.0 [36-41] with these
dependences mirroring log (rate constant) vs. EX relationships in single-
electron reduction by dehydrogenases — electrontransferases.

Dehydrogenases — electrontransferases known to participate in the single-
electron reduction of xenobiotics can be arbitrarily grouped as reacting with
iron-sulfur (Fe-S) proteins or heme proteins according to different roles of
their redox partners in the reduction of xenaobiotics rather than different redox
properties. Their mechanisms of action will be considered in the following
chapters.

1.3. Electrontransferases reacting with iron-sulfur proteins

Flavoenzymes Fe-S reductases either have Fe-S proteins as redox
partners or perform the intramolecular electron transfer to a Fe-S redox center.
The direction of electron transfer is not uniform as there are examples of
enzymes transferring electrons either to or from the Fe-S centers (Fig. 5).
Some of the examples of enzymes belonging to this subclass are
NADP*:ferredoxin oxidoreductase (FNR) (recently extensively reviewed in
[42], NADPH:adrenodoxin reductase (AdxR) and NADH:ubigquinone
reductase (CoQR, complex I).

1.3.1.NADPH:adrenodoxin reductase

NADPH:adrenodoxin reductase (AdxR, EC 1.18.1.6) is a monomeric 51
kD FAD containing enzyme first isolated from bovine adrenal cortex. It
functions as the first enzyme in the mitochondrial P-450 systems catalyzing
essential steps in steroid hormone biosynthesis. The FAD coenzyme is
reduced by two electrons coming from NADPH and they are then transferred
to the Fe,S; 13 kD protein adrenodoxin (Adx) one at a time. Electrostatic
interactions between the positively charged amino acid residues of AdxR and
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negatively charged residues of Adx determine the AdxR-Adx complex
formation.The redox potential of FAD/FADH; couple is calculated to be
between -0.250 V and -0.274 V while EZ(FAD/FADH") = -0.320 V [43]. The
redox potential for free Adx is -0.260 V. The reduction of AdxR by NADPH
is characterized by a maximal rate of 28 s™ at pH 7.0 [44]. The reduction of
AdxR by NADPH proceeds via the formation of a FADH>-NADP* charge-
transfer complex (CTC) (Kq = 1078 M). Reaction product NADP* can bind to
the oxidized or semiquinone form of AdxR, however the affinity is lower.

E-FAD
NADPH 2AINO, 2FeS, 2AINO,
NADP™" 2ArNO; 2FeS 2ArNO.2_
E-FADH,

Figure 5. The principal scheme of a Fe-S reductase-catalyzed reduction of
nitroaromatic compounds.

The steady-state reactions of quinone or ArNO; reduction by AdxR
proceed with a keat value of 20 — 25 s, which is close to the maximal rate of
enzyme reduction by NADPH [45]. The kea/Km values for the AdxR catalyzed
reduction of nitrofurans extrapolated to [NADPH] = 0 are low, reaching 4.0 x
10° M1s™ [46]. NADPH was found to exert inhibitory action with respect to
oxidants and K; = 5.0 — 6.0 uM. An explanation was given that quinones and
ArNO; are able to oxidize both the free enzyme form and its complexes with
NADPH and NADP*, although these are oxidized at slower rates. AdxR-
catalyzed ArNO; reduction was stimulated by Adx, i.e., the inhibition by
NADPH diminished and an alternative more efficient reductive pathway via
reduced Adx appeared with Kkea/Km values becoming much higher. The
dependence of log kea/Km values on the E3 of oxidants is supportive of an
outer-sphere electron transfer mechanism with quinones being more reactive
than nitroaromatics of similar EZ values.
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1.3.2.Ferredoxin:NADP* oxidoreductases

Ferredoxin:NADP* oxidoreductases (FNRs, EC 1.18.1.2) are
dehydrogenases — electrontransferases utilizing a non-covalently bound FAD
as a prosthetic group for electron transfer in plastids, mitochondria and
bacteria. FNR catalyzed two electron transfer from two equivalents of reduced
ferredoxin (Fd) to NADP* (Eq. 16) is the final step of electron transfer in
photosynthesis. The generated NADPH is used for CO; fixation by plants and
cyanobacteria [47]:

2Fd,_, + NADP" + H* —=2Fd_, + NADPH (16)

red

FNR participation in various other redox processes, such as nitrogen
fixation or isoprenoid biosynthesis, is characterized by electrons transported
in the opposite direction with the reduction of Fd and/or another electron
acceptor following the oxidation of NADPH. Thus, the general reaction in
FNR catalysis proceeds in two steps

NADPH +H" + FNR,, == NADP" + FNRH, 7
':NRH2 + nAOX :\ FNROX + nAred (18)

with a FAD semiquinone forming after the transfer of a single electron to the
oxidant (A) during the second step (Eqg. 18).

FNRs can be classified into two protein families that are phylogenetically
and structurally unrelated, namely plant-type and glutathione reductase-type
FNRs, which are then further subdivided (Fig. 6). Classification of FNRs is
based on the comparisons of the three-dimensional structures and amino acid
sequences, hence the further subdivisions. Moreover, plant-type FNRs differ
among themselves in the environment of the active site, the conformation of
the coenzyme and the catalytic efficiency. Plant type FNRs are best
characterized, whereas glutathione reductase-type FNRs can be considered
novel. Bacterial-type FNRs are the most divergent group of plant-type FNRs.
They differ from plastidic-type FNRs functionally, since they are concerned
with nitrogen fixation and detoxification of reactive oxygen species. In
addition to ferredoxin, bacterial-type FNRs can use flavodoxin (FId), an
FMN-containing electron transfer protein. Moreover, bacterial-type FNRs all
exhibit ke values that are two orders of magnitude lower than that of the
plastidic-type FNRs [48].
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Ferredoxin:NADP* reductases

Glutathione reductase:
type FNRs

[ : 1 I_I_I

N Oxygenase-coupled . .
Adrenodoxin NADH:ferredoxin Thioredoxin reductase-]

reductase-like FNRs reductase-like FNRs like FNRs

Plant-type FNRs

Plastidic-type FNRs Bacterial-type FNRs

Subclass | Subclass Il
A B

Figure 6. The classification of FNRs.

FNRs of either family are composed of distinct FAD- and NADP-
binding domains, both of which are composed of approximately 150 amino
acids. The topology of NADP-binding domain is the same in both families,
whereas there are differences in the FAD-binding domain. Plant-type FNR
FAD-binding domain is composed of the N-terminal part of the polypeptide
chain, however it is formed from two discontinuous segments in the
glutathione reductase-type FNRs. While most of known FNRs are monomeric,
the glutathione reductase-type FNRs are distinct from the plant-type FNRS in
being homodimeric. The N- terminal domain adopts the  barrel structure and
the C- terminal domain has a characterstic a-helix/p-strand fold. Residues for
NADP(H) binding are situated in the C-terminal domain. The isoalloxazine
ring of FAD is shielded from the environment by the bulky terminal Tyr
stacked on the re- face and likely displaced upon NADP™ binding. However,
the edge of the dimethylbenzene ring is exposed to the solvent thus enabling
it to transfer electrons to other protein substrates.

FNRs belonging to the plastidic-type have a conserved Tyr residue at the
C- terminus of the molecule. The prosthetic group is bound in an extended
conformation and a second Tyr residue interacts with the adenine moiety. A
common amino acid cluster corresponds to the protruding sheet-loop-sheet
fragment that interacts with 2'-P-AMP region of FAD in plastidic-type FNRs
whereas it is absent in bacterial-type FNRs where FAD consequently adopts
a twisted conformation [49].

The nicotinamide ring of the electron donor must be in close proximity
to the isoalloxazine moiety during the enzyme catalysis for direct hydride
transfer to occur [50-53]. Substrate entry is facilitated by a reorientation of
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the C- terminal amino acid residue [52]. 2'-P-AMP of NADP(H) first interacts
with a preformed binding site, however the nicotinamide is distant to the
catalytic site, which means that the nucleotide is bound in an unproductive
conformation to the enzyme. After the initial binding, the nicotinamide is then
positioned close to the isoalloxazine ring and a productive conformation is
established. However, this is based on the findings in mutagenesis structures,
where the terminal Tyr is replaced by a Ser [50,54].

As mentioned earlier, FNRs are found in a variety of organisms and
participate in several different processes. FNR catalyzed reaction in
photosynthesis is one of the rate-limiting steps and the enzyme functions in
controlling the balance between the demand for reducing equivalents and
photosynthetic activity [55,56]. The transhydrogenase reaction in vivo is
speculated to be responsible for the intrachloroplastic NADH generation [57].
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P. falciparum B i T KEENNF INLYTVKNPLKCK | VDK INLVRPNSPN 33
L.interrogans 1 e MHS LMKP TREPQ I NLFKKSNPYKAKV ISNVLLTPETGTG 39
Maize root L SRSKVSVAPLHLESAKEPPLNTYKPKEPFTAT | VSVESLVGPKAPG 46
Anabaena PCC7119 1 - == - === -ooooooo MTQAKAKHADVPVNL YRPNAPF | GKV ISNEPLVKEGGIG 39
Maize leaf 1 IRAQASAVE AP ATAKAKKESKKQEEGVVTNL YKPKEP YVGRCLLNTK | TGDDAPG 55
Spinach 1 QI ASDVEAPPP AP AKVEKHSKKMEEG | TVNKFKPK TP YVGRCLLNTK | TGDDAPG 55
Pea 1 ------ QVTTEAPAKVVKHSKKQDEN | VWVNKFKPKEPYVGRCLLNTK | TGDDAPG 49
Paprika R | SKKQDEGVVVNKFRPKEPY | GRCLLNTK | TGDDAPG 37
P. falciparum B4E--------- VYHLE INH-NGLFKYLEGHTCG | |PYYNELDNNPNNQINKDHN I | 78
L. interrogans 40 KRPKKEGEALVHR | VLA IDHSAYPYV | GQSGGV | PPGEDPEKKAKGL - - - - - - - - 86
Maize root 47 TCH | VIDH-GGNVP YWEGQS YGV | PPGENPKKPGAP - - - - 82
Anabaena PCC7119 40 VQH IKFDLTGGNLKY IEGQS |G| IPPGVD - - KNGKP - - - - 74
Maize leaf 56 TWHMVFST-EGK I PYREGQS | GV | ADGVD - - KNGKP - - - - 89
Spinach 56 TWHMVFSH-EGE IPYREGQSVGV IPDGED- - KNGKP - - - - 89
Pea 50 TWHMVFST-EGEVP YREGQS | G| VPDG ID- - KNGKP - - - 83
Paprika 38 TWHMVFST-EGE | PYREGQS | GV | ADGVD - - ANGKP - - - - - - - - - 71
P. falciparum ISSSNNM- - - - - ENLSVAIK IHKEE - TE 127
L. interrogans | ASPSYSFGMKEDN IEF | | KRDNINASENG 126
Maize root | ASTRYGDNFDGRTGS LCVRRA SPET 118
Anabaena PCC7119 | ASTRHGDDVDDKT I SLCVRQLE| PES 110
Maize leaf | ASSAIGDFGDSKTVSLCVKRL | -DA 124
Spinach | ASSALGDFGDAKSVSLCVKRL | -DA 124
Pea | ASSA | GDFGDSKTVSLCVKRL -DA 118
Paprika | ASSALGDFGDSKTVSLCVKRL -DK 106
P. falciparum 128 NAPN I TN GF IKNLK INDD | YLTGAHGYFNLPNDA IQKNTNF | F I A 182
L.interrogans 127 N- - - 1QFK| NYMCDLKPGDEVTMTGPSGKKFLLPN- TDFSGD I MFLA 177
Maize root 119 GKEDPSKN NFLCNSKPGDK IQLTGPSGK IMLLPE - EDPNATH IMI A 172
Anabaena PCC7119 111 GE- - - TV TYLTHIEPGSEVK | TGPVGKEMLLPD- - DPEANV | ML A 160
Maize leaf 125 GE - - - 1 VK NFLCDLQPGDNVQ | TGP VGKEMLMPK - - DPNAT | | MLAT) 174
Spinach 125 GE- - - TIK NFLCDLKPGAE VKL TGP VGKEMLMPK - - DPNAT | IMLGT] 174
Pea 119 GE - - - VVK NFLCDLKPGSE VK | TGP VGKEMLMPK - - DPNATV IMLG 168
Paprika 107 GE - - -EVK NFLCDLKPGADVK | TGP VGKEMLMPK - - DPNATV IMLG 156
P. falciparum 183 FJEY ISFLKKLFAYDKNNLYNRNSNYTGY | T 1 YYGVYNEDS | LYLNELE YFQKMYP 237
L. interrogans 178 |N&F IGMSEELLE - - - - - - - HKL IKFTGN | TLVYGAP YSDEL VMMDYLK - GLESKH 224
Maize root 173 NS FRGYLRRMFMED - - - - - VPNYRFGGL AWL FLGVANSDSLLYDEEFTSYLKQYP 222
Anabaena PCC7119 161 |[NZMRTYLWRMFKDAE - RAANPE YQFKGFSWL VFGVP TTPN | LYKEELEE | QQKYP 214
Maize leaf 175 |NHFRS FLWKMF FEK - - - - - HDDYKFNGLGWL FLGVP TSSSLL YKEE FGKMKERAP 224
Spinach 175 -HDDYKFNGLAWL FLGVP TSSSLL YKEE FEKMKEKAP 224
Pea 169 -HEDYQFNGLAWL FLGVP TSSSLL YKEE FEKMKEKAP 218
Paprika 157 INHFRSFLWKMFFEK - - - - - HDDYKFNGLAWL FLGVP TSSSLL YKEE FEKMKEKAP 206
P. falciparum 238 NN IN ITHYVFERIKQNS - -DATSFYVQDE | YKRKTEFLNLFNNYKCE LR#R®elZ KS | R 290
L. interrogans 225 KNFKL | TA I SIHEEKNS FDGGRMY | SHRVREQAE AVKK | LNGGGRF Y| (elelelZK GME 279
Maize root 223 DNFRYDKALSHEQKNR - SGGKMYVQDK | EE YSDE | FKLLDG- GAH I fgelellk GMM 275
Anabaena PCC7119 215 DNFRL TYA | E3IEQKNP - QGGRMY | QDRVAEHADQLWQL | KNQK THTRARSIEIIRGME 268
Maize leaf 225 ENFRVDYAVEEEQTNA- AGERMY | QTRMAE YKEE LWE L LKKDNTYWASlellk GME 278
Spinach 225 DNFRLDFAVEEQTNE - KGEKMY | QTRMAQYAVE LWEMLKKDNT YW AV Slellk GME 278
Pea 219 ENFRLDFAVEIZHEQVND - KGEKMY | QTRMAQYAEE LWE L LKKDNTFWAUSEIEKGME 272
Paprika 207 ENFRLDFAVEREQTNE - KGEKMY | QTRMAQYAEE LWT L LKKDN T FVAASellK GME 260
P. falciparum 291 YKVMD | LKSHDQ- - - - - - - - - - FDEKKKKRVH 316
L. interrogans 280 KGV | EE 1QK | SGNTG- TYEE FKHHLEGAHQL F 314
Maize root 276 PG 1 QD TLKKVAERRGE SWDQK L AQL KKNKQWH 311
Anabaena PCC7119 269 EG | DAALS AAAAKE GV TWSDYQKDLKKAGRWH 204
Maize leaf 279 KG 1 DD | MVS L AEKDG | DWFD YKKQL KRGDQWN 314
Spinach 279 KG DD | MVSLAAAEG | DW | E YKRQLKKAEQWN 314
Pea 273 KG DD | MVS L AAKDG | DW | E YKRTLKKAEQWN 308
Paprika 296

261 QG I DD I MSSLAAKEG | DWAD YKKQLKK AEQWN

Figure 7. Multiple sequence alignments of plastidic-type FNRs. Sequence
motifs are presented in boxes. * indicates positions with a fully conserved
residue, : and . indicate groups with strongly and weakly similar properties,
respectively. Accession codes in https://www.rcsh.org/ are as follows:
20KS8 (P. falciparum), 2RC5 (Leptospira interrogans), 3LO8 (maize root),
1GJR (Anabaena PCC7119), 1GAW (maize leaf), 1IFNB (spinach), 1QG0
(pea), 1SM4 (paprika).
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The electron transfer from reduced Fd to NADP™ is thought to occur via
the formation of a ternary complex (Fig. 8) [58,59]. Upon NADP* binding to
FNR, a molecule of reduced Fd binds to and reduces FNR to the semiquinone.
The oxidized Fd then dissociates and a second molecule of Fd binds to the
FNR-NADP* complex; the semiquinone is then reduced to hydroquinone with
a final transfer of two reducing equivalents from the enzyme to NADP™.
Steady-state  kinetics measurements show that diaphorase and
transhydrogenase activities proceed via a ping-pong mechanism [60-62]. The
optimum pH for FNR is 7.5 — 8.0 [63,64], whereas the pl is in the range of 5.5
— 6.8 [65].

NADPH NADP*

[
A

Figure 8. The electron transfer mechanism of FNR. Adapted from [58].
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Table 2. Kinetic and binding parameters for various activities and interactions of FNR [58].

Reaction Source of FNR
Km or Kg (uM) Kobs OF Keat (572)

S. oleracea Anabaena E. coli S. oleracea Anabaena E. coli
Binding
FNRox-NADP* 15 6 - - -
FNRox-Fdox (Fldox) <1 4 (3)? 0522 - - -
Electron transfer
Fdres — FNR — NADP* 10° 600 >200

lb
Fdred (Fldreg) — FNRox 10 >600° 6200 (>600)® 8 (25)?

60° 250 (>600)¢2  (8)?

FNRres — NADP* 500 >600
NADPH — FNR — Fdox — cytc  10P 6° 4P 250 225 20

1b 15P 20
NADPH — FNR — Fldox — cyt C 4 23 -80 5

33 7
NADPH — FNRx <2 <5 >600¢ >600¢ 22
2004 >140¢

FNRred — Fdox (Fldox) <5 (<5)? >600 (3)2 2 (0.01)?
NADPH — FNR — K3Fe(CN)g 30° 230 10° 550 225 -520 27

100° 170° 240

a _ values in parentheses are those for Fld; ® — the upper and lower numerals indicate K estimates for electron donors and acceptors,
respectively; ¢ —the upper and lower values are for the rates of transfer of the first and second e-, respectively; ¢ — the upper and lower
numerals show the rates of formation of CTC and rates of hydride transfer, respectively.
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1.3.3.FNRs from spinach and Anabaena

Spinach FNR was crystallized for the first time by Shin and coworkers
and given the name of ferredoxin-TPN reductase in 1962 [66] and its
purification followed an intense period of studies of ferredoxin and
photosynthesis in general. The enzyme is composed of two domains of
approximately equal length. An antiparallel p barrel composes the core of the
FAD domain, with it being flattened and having distinct edges [67]. The flavin
of the prosthetic group is inserted at the domain boundary with ribose and
adenine parts of the molecule being exposed while making only limited
contact with Leull8 and Tyr120. However, hydrogen bond-enabled
stabilization is seen for the pyrophosphate with Arg93, Serl33 and three
peptide amides from residues 131 — 137 [67]. Gly130 facilitates a close
approach between the o helix and the pyrophosphate, whereas Tyr95 forms a
hydrogen bond with the ribityl 3'-hydroxyl.

The NADP domain is made of five parallel B strands and six a helices.
Data about this domain is obtained using 2'-P-AMP, a competitive inhibitor
of NADP*, as its binding places the NADP binding site at the C- terminal edge
of the sheet. GIn248 carbonyl forms hydrogen bonds with adenine [68], while
the 2'-phosphate forms four hydrogen bonds with Ser234, Arg235, Lys244
and Tyr246 [67,68]. These hydrogen bonds are thought to be responsible for
the discrimination between NAD" and NADP* [69]. Tyr246, Leu274 and
Gly203-Val204-Pro205 form nonpolar contacts with the 2'-P-AMP after some
movement. Upon binding, the nicotinamide ring displaces Tyr314 thus
facilitating the N-5 to C-4 hydride transfer from FAD. Nicotinamide moiety
also establishes contacts with Cys272 and Glu312; however, if the former is
important in catalysis based on mutagenesis studies [70], the latter is dubious
because of the proposed movement of a neighboring Tyr314. Ser96 interacts
with the N5 atom of the flavin, which is responsible for the catalytic activity.
The si-face is covered by the hydrogen-bond forming amino acid residues
from the FAD domain, while the re-side is facing the NADP domain with
terminal Tyr314 covering it. Ser75, Leu94 and Glu312 make up the surface
around the solvent-exposed edge of the dimethyl benzy! ring.

Ferredoxin makes contact with FNR in the shallow cleft formed
between the two domains, where the dimethylbenzene part of FAD is exposed.
The complex between SoFNR and SoFd forms via crosslinks between FNR
72-91/Fd 53-97 and, to a minor extent, FNR 2-15/Fd 5-40 with FNR residues
being the amino donors due to Lys85 and/or Lys88 [71]. The C-terminal
region of ferredoxin has several negatively charged glutamic acid residues
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(Glu92-Glu94), with Glu92 being the most likely. Leu92, Leu94, Vall51,
Val311 and Val313 are thought to be contributing to the binding strength of
the two proteins due to their hydrophobicity [68]. The crosslink between the
N- terminal parts of the proteins is postulated to be formed by —COOH
donating Asp20, Asp21 or Asp26 in SoFd and the —NH; of lle2 in SOFNR with
no internal crosslinks in ferredoxin or reductase [71]. In case of the major
crosslink, one has to note that there is a cluster of positive charges, namely
Lys85, Lys88, His90, Lys91 and Arg93.

SoFNR can be considered an oxygen sensitive nitroreductase. When
acting on tetryl, nitrite is released. K, for tetryl is 130 uM (20 mM Tris, pH
8.6) and it is transformed to N-methylpicramide upon reduction [72]. Upon
aerobic conditions, the release of nitrite was inhibited by 60 — 65%. This,
together with the necessity of tetryl for oxygen consumption by FNR and
diminishing oxygen uptake upon addition of superoxide dismutase or catalase
points to a nitroanion radical formation.

FNR was found to reduce various anthracyclines, including daunomycin,
aclacinomycin A, nogalamycin and their respective 7-deoxyanthracyclinones,
that are antitumor antibiotics having a quinone moiety that is presumed to be
responsible for their oxidative effect [73]. The intrinsic oxidase activity of
SoFNR was measured to be 0.12 s (0.1 M Tris/HCI, pH 7.4, 30 °C), and the
addition of anthracyclines increases the consumption of O, 16 to 35 times,
however the Kr, value for various anthracyclines is around 75 uM. Moreover,
both anthracyclines and their respective 7-deoxyanthracyclinones may
contribute to the production of O, and H,O; in vivo [73]. These compounds
were shown to inactivate SOFNR, presumably via the modification of an
essential thiol due to the oxidizing effect of the produced H,0..

Another example of a thoroughly examined plastidic FNR comes from a
filamentous cyanobacteria of the genus Anabaena (AnFNR), with 3D structure
for A. nostoc strain PCC7119 available [74]. Structurally and functionally
AnFNR is very similar to SOFNR, as can be inferred from Fig. 7, with
sequences being 50% homologous, and table 2, with kinetic parameters being
similar. The enzyme follows a ping-pong mechanism and the partly rate-
limiting step is the oxidative half-reaction, with rates reaching up to 100 s™.
The addition of the natural electron acceptor ferredoxin caused stimulation of
quinone reductase activity at low quinone concentrations, evidenced by
biphasicity in Lineweaver — Burk plots [75], which is similar to that seen in
AdxR/AdXx pair [45].

Similarly to SoFNR, there is no significant structural specificity for
nitroaromatics or quinones in the AnFNR-catalyzed single-electron reduction
[75]. A hydrogen bond formed between Glu301 and Ser80 was found to be

29



responsible for a negative electrostatic charge, yet it does not exert influence
on the binding of NADP™ [76,77]. Ser80, Cys261 and Glu301 form a highly
conserved catalytic triad among plastidic-type FNRs [78-81]. A Ser80Ala
mutation has a profound effect on the semiquinone stabilization [78]. A
Glu301Ala mutation, while destabilizing the FAD semiquinone (48% wtFNR
vs. 8% GIu301AlaFNR stabilization), does not induce any structural
selectivity for oxidizing quinones [21]. However, the destabilization causes
quinone reduction to proceed in a partially two-electron way with the stability
of flavin/quinone ion-radical pair (E-FADH"-Q™) assuming the main role. All
of this leads the authors to argue that a two-electron character of quinone-
reduction is inducible by the destabilization of flavin semiquinone rather than
being an intrinsic property of flavoenzymes [21]. Moreover, there is evidence
pointing to the hydrogen bond network between Ser80, Glu301, Tyr303 and
N5 of the isoalloxazine [67,82] being responsible for the stabilization of the
semiquinone [78].

1.3.4.Plasmodium falciparum FNR

Plasmodium falciparum ferredoxin:NADP* reductase (PfFNR) is a
plastidic-type enzyme found in the apicoplast of the parasite [83]. The
apicoplast is an organelle reminiscent of plastids and specific to a group of
disease-causing protists Apicomplexa, which include malaria causing
Plasmodium spp., toxoplasmosis causing Toxoplasma gondii, coccidiosis
causing Emeria and several others. It is thought that the apicoplast is
representative of an endosymbiotic event where an Apicomplexa ancestor
engulfed an algal cell [84]. Some of the functions performed by the apicoplast
include biosynthesis of isoprenoids and fatty acids, thus making it vital for the
survival of the parasites and making these enzymes attractive targets for the
development of novel drugs. Plasmodium falciparum caused malaria is
responsible for more than a million deaths yearly. The emerging treatment
resistant forms of Plasmodia is another cause of concern as the go-to drug
artemisinin becomes less effective and new antimalarial compounds are
needed [85-88].

The 30 kD monomeric protein forms a redox system with a Fe,S; protein
ferredoxin (PfFd). PfFNR consists of a N-terminal FAD binding domain
(residues 1 — 160) and C-terminal NADP* binding domain (residues 166 —
316). The FAD binding domain is composed of two perpendicular three-
stranded antiparallel § sheets and a single a helix. C-terminal domain is made
up of a five-stranded parallel B sheet that is surrounded by seven a helices.
Five disordered surface regions are also found in the protein [89]. Sequence
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homology with other plant-type FNRs is low, there are unique insertions and
deletions (Fig. 9). The absorbance spectrum of PfFNR is typical of
flavoproteins, peaks are at 394 and 454 nm and £454= 10 mM‘cm™ [89].

Consensus 1T XXXXXXXXXXXAXXXXXXXSKKQEEXxVXVNXxFKPKEPYVGRCLLNTKITG 50
PENR T |[KEENNF INLYTVKNPLKCK I VDK INLVR 28
Consensus 51 DDAPGEx xxxxXxxxXTWHMVFSxxEGEIPYREGQSIGVIPDGVDxxKNGK 100
PFNR 29 PNSPNEV[------- - JYHLE- INHNGLFKYLEGHTCG | IPYYNELDNNPN 68
Consensus 101 PXXX=-==->--------eeenmenme- - xXHKLRLYSIASSAxGDFGDSKT 127
PENR 69 NQ | NKDHN I INTTNHTNHNNIALSHIKKQREARLYS I SSSNN-- - - JMEN 113
Consensus 128 VSLCVKRLVYTNXDAGE x x xx VKGVCSNFLCDLKPGXEVK I TGPVGKEML 177
PFNR 114 LSVAIKIHKYEQT -ENAPNITNYGYCSGF IKNLKINDDIYLTGAHGYFNL 162
Consensus 178 M-PKxDPNAT | IMLATGTG I APFRSFLWKMFFE -Kx xx xHDDYKF NGL AW 225
PFNR 163 PNDA IQKNTNF IF IATGTG I SPY I SFLKKLFAYDKNNLYNRNSNYTGY I T 212
Consensus 226 LFLGVPTSSSLLYKEEFEKMKEKAPDNFRLDFAVSREQXxNXxxKGEKMY |Q 275
PFNR 213 1YYGVYNEDS ILYLNELEYFQKMYPNNINIHYVFSYKaNs[-IDATSFYva 260
Consensus 276 TRMAEYAEELWELLKKDNTYVYMCGLKGMEKG I DD IMXxSLAAKEG | DWXE 325
PFNR 261 DE | YKRKTEFLNLFNNYKCELY | CGHKS | RYKVMD | LKSHDQF Dl- - - - -|E 305
Consensus 326 YKKQL KKAEQWNVEVY 341
PENR 306 [-- - - JKKKKRVHVEVY 316

Figure 9. Multiple sequence alignments of a consensus sequence of
plastidic FNRs from higher plants and PfFNR. Insertions and deletions are
denoted by blue and red boxes, respectively. PfFNR unique Cys99 is
colored light blue.

The isoalloxazine ring of FAD is inserted in a pocket between a terminal
Tyr316 and a cluster of amino acid residues of the p4 chain. FAD forms
hydrogen bonds with Arg101, Leul02, Tyr103, Serl04, Alall7, Lys119,
His121, Tyr123, Tyrl37, Cys138, Ser139 and Tyr316. Two water molecules
interact with O2 and O4 carbonyl oxygen atoms thus mediating interactions
between the protein and isoalloxazine. Additionally, the phenolic ring of
Tyr123 stacks with the adenine ring. Two striking sequence differences in the
NADP* domain should also be mentioned. When compared to other plant-type
FNRs there is a lack of two basic amino acid residues, namely Ser256 in place
of Arg/Lys and Tyr248 instead of Arg. Plasmodial Cys99 also appears a
unique amino acid among plant-type FNRs.

PfENR is characterized by EY = —0.28 V [90], while its natural electron
acceptor PfFd has a E9; = —0.26 V. The protein complex formation is
attributed to the electrostatic interactions between the basic residues of PfFNR
and acidic residues of PfFd. FAD semiquinone is thought to be highly
destabilized and the long-wavelength band extending over 800 nm under
anaerobiotic conditions is ascribed to charge transfer complex between fully
reduced FAD and NADP* [90]. However, the quantitative characteristics of
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its stability are unavailable. A Kq value between 0.1 and 0.5 uM for PfFNR-
PfFd complex was found under physiological ionic strength which then
extrapolates to nanomolar range at 0 ionic strength [90]. PfFd was also
preventive in dimerization.

A PfFNR-specific feature is the formation of a dimer via Cys99 under
oxidizing conditions; the dimerization inactivates the enzyme almost
completely whereas full reactivity is restored upon disulfide reduction. The
dimerization is thought to be brought on by induced-fit changes due to binding
of NADP* or its analogues [89]. A PfFNR-specific His286 is important in
binding the substrate since diaphorase activity exhibits 3 to 5 times greater
catalytic efficiency at pH 7.0 when compared to the plant-type FNRs’ optimal
pH 8.2 [90]. The later have an aliphatic Leu in this position, whereas His286
is protonated at pH 7.0. A higher catalytic efficiency at neutral pH was also
seen in the physiological reaction with PfFd, i.e., a 2-times lower Kca, lower
Km for NADPH (11-fold) and PfFd (3-fold) and higher Ke./Km for NADPH (6-
fold) and PfFd (2-fold) when compared to pH 8.2. The ke values were,
however, about 5 times lower than those of other plastidic-type FNRs. Rapid
Kinetic studies show hydride transfer from NADPH to FAD being rate limiting
in the ferricyanide reductase reaction.

In an earlier study on the quinone reductase activity of PfFNR the authors
found a parabolic dependence of log ke/Km vs. E3 of the oxidant [91]. The
reaction proceeds in a single-electron way. However, the net two-electron
reduction takes place under partial anaerobiosis, ([O2] =40 — 50 uM) [91]. On
the other hand, the data on the reduction of other types of redox active
compounds by PfFNR is absent.

Concerning the other aspects of PfFNR as a potential target of
antiplasmodial agents, its —SH groups are sensitive to organomercurials and
carmustine, a nitrosourea that acts as an inhibitor of PfFNR. Its putative target
is in the active site of the enzyme, since the addition of NADP™* or PfFd slows
the inhibition [92]. Dihydroartemisinin, the active form of antimalarial drug
artemisinin, exhibits a partially inhibitory effect towards diaphorase activity
of PfFNR and in silico analysis has shown it to bind in the same site as 2',5'-
ADP, so the resulting competition might be responsible for the lowered
enzymatic affinity towards NADPH [93], however the authors conclude that
PfFd is unlikely to be a direct target of dihydroartemisinin, even though the
resistance to artemisinin in P. falciparum has been linked to Asp97Tyr
mutation in PfFd [94]. This mutation inhibits diaphorase activity with lower
concentration of PfFd and there is a possibility that PfFd and PfFNR acting
together play a role in protecting the parasite from ROS that are generated by
artemisinin [93]. Methoxyamino chalcone derivatives inhibit the PfFNR-PfFd
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interaction up to 50%, probably through an electrostatic interaction with acidic
residues of PfFd [95].

1.3.5.Rhodopseudomonas palustris FNR

Rhodopseudomonas palustris is a Gram-negative purple nonsulfur
bacterium exhibiting the ability to switch its metabolism between four
different  modes, namely  photoautotrophic,  photoheterotrophic,
chemoautotrophic and chemoheterotrophic [96]. Moreover, it can grow with
and without oxygen and it can use various alternative forms of inorganic
electron donors, carbon and nitrogen. Its ability to degrade plant biomass and
various pollutants and to generate hydrogen because of nitrogen fixation
makes it a valuable model organism when one is concerned with single cell-
confined metabolic reactions and their changes due to changes in light,
electron sources or other experimentally controlled factors.

Rhodopseudomonas palustris FNR (RpFNR, EC 1.18.1.2) is encoded by
rpa3954 and is a member of a novel thioredoxin reductase-like (TrxR)
subfamily of FNRs belonging to the glutathione reductase-like (GrxR) family.
As the name implies, RpFNR is structurally and sequence-wise similar to
TrxRs, however it is unable to reduce thioredoxin due to lack of a catalytic
CXXC motif [79,97]. Contrary to almost all other FNRs, TrxR-like FNRs are
homodimeric. A protomer is made of two domains and there are Rossmann-
like three-layer BPa sandwich nucleotide binding folds for FAD and
NADP(H). The NADP(H) binding domain is inserted between the FAD
domain that is made of two segments, and the two domains are connected by
a hinge region. The domain rotation along the hinge region is thought to be
important for the catalysis: in the case of Bacillus subtilis TrxR-like FNR
(BsFNR, YumC), the distance between bound NADP* and FAD is more than
15 A [98].

TrxR-like FNRs also exhibit a flexible C-terminal region (amino acids
319 — 344 for RpFNR). This subdomain stretches over the FAD cofactor of
the other monomer [99]. FAD cofactor is stabilized by n-n interactions and
hydrogen bonds from an aromatic residue and hydroxyl-containing aliphatic
residues [98-100]. The aromatic residue is stacked opposite to FAD, and in
the case of RpFNR this re- facing FAD stacking Tyr328 is supposed to act as
a shield preventing FAD from being exposed to the solvent, similarly to the
terminal Tyr residues in plastidic FNRs. Moreover, the C-terminal helix may
possibly act in substrate binding, electron transfer and hydride transfer
[101,102]. While BsFNR exhibits higher reactivity to FesSa type ferredoxin
(Fd), which is unique among FNRs, there is no reactivity of RpFNR towards
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FesS. Fd reported and its reactivity with Fe,S, Fd is low [103]. For a more
thorough recent review on TrxR-like FNRs the reader is referred to [104].

The reduction of RpFNR by NADPH and reoxidation by NADP*
proceeds in several phases and the fastest ones exceed 500 s* [105], similarly
to other TrxR-like FNRs, i.e., BsFNR and Chlorobaculum tepidum FNR
(CtFNR) [106,107]. Mutation of Tyr328 leads to a decrease in both Ky, and Kg
for NADP* and NADPH in the steady-state assays, possibly due to the
weakening of interaction that is required for catalytic turnover. In other words,
tyrosine destabilizes the charge transfer complex (CTC) thus enhancing the
overall catalytic turnover. The C-terminal tyrosine has a similar role as in
plant-type FNRs [50,52].

1.4. Electrontransferases reducing heme

These flavoenzymes have heme as a redox partner, which is situated
either in the same protein, for example in NO synthase, or constitutes another
protein (NADPH:cytochrome P-450 reductase/cytochrome P-450 pair).

1.4.1.NADPH:cytochrome P-450 reductase

NADPH:cytochrome P-450 reductase (P-450R, EC 1.6.2.4) is a ca. 80
kD membrane bound diflavin reductase using NADPH as an electron donor
to transfer electrons to FAD and FMN [108-110] and located in the
endoplasmic reticulum. P-450R is of critical importance to the microsomal
cytochromes P-450 (P-450) providing them with reducing equivalents from
NADPH for drug, xenobiotic and steroid hormone metabolism [111]. The
FMN, FAD and NADPH binding domains are highly conserved among
different species and exhibit similarity with respective domains of FNRs and
NOSs [67,112,113].

A relatively short hydrophobic N-terminal segment binds P-450R to the
membrane of the endoplasmic reticulum. Glu90, Thr91, Thr93, Thr142 and
Tyr143 in the FMN binding domain were found to be absolutely conserved
across a number of species [111]. A short, ca. 10— 12 amino acid long flexible
hinge region connects the FMN domain and FAD domain. During catalysis
redox equivalents are transferred along the pathway of NADPH — FAD —
FMN — P-450. Upon binding NADPH, a conformational change in both FAD
and FMN domains occurs so that NADPH is situated closer to isoalloxazine
of FAD. The bulky aromatic Trp679 (human P-450R) potentially serves in
differentiating between NADPH and NADP™* and shielding the isoalloxazine
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[114] while mutagenesis studies show NADPH being able to come closer to
isoalloxazine [115].

The distance between isoalloxazine rings of FMN and FAD is 3.5 — 4.5
A. The complex between P-450R and P-450 forms between the negatively
charged FMN binding domain of the former and a hydrophobic membrane
binding domain of the later. Redox potentials are as follows: -0.325 V
(FAD/FADH"), -0.372 V (FADH/FADH,), -0.068 V (FMN/FMNH") and
-0.246 V (FMNH/FMNH,) at pH 7.4 [116] with large difference in values
between the first and second electron transfers pointing to a highly stabilized
semiquinone. The proposed catalytic cycle involves one-, two- and three-
electron reduced states of P-450R with FMNH; acting as the principal electron
donor [117].

P-450R reduces nitroaromatic compounds, quinones and aromatic N-
oxides in a single-electron way with a linear (for nitroaromatics) or quadratic
(for quinones) dependence of logarithms of reaction rate on E3 [118,119].
This, together with a systematically lower reactivity of ArNO,when compared
to quinones of similar E} values, support the outer sphere ET model
[24,26,119]. The P-450R redox partner P-450 exhibits oxygen reductase
activity resulting in ROS generation and xenobiotic reductase activity [120].

1.4.2.Nitric oxide synthase

Nitric oxide synthase (NOS, EC 1.14.13.39) is a dimeric
flavohemoprotein catalyzing the conversion of L-arginine to NO® and
citrulline at the expense of NADPH via an enzyme bound N-hydroxy-L-
arginine intermediate [121]. The produced nitric oxide (NO) acts as a
signalling molecule and an immune response agent. There are three
mammalian NOS isoforms — neuronal, inducible and endothelial (nNOS,
iNOS and eNOS, respectively). nNOS is expressed in neural cells and skeletal
and cardiac myocites, iNOS is expressed in the cells of the immune system
and eNOS is expressed in blood vessel lining with functions being as diverse
as nerve signalling, blood vessel dilation, inhibition of blood clotting and
acting bacteriocidally. The differences between various isoforms at the amino-
acid sequence level are illustrated in Fig. 10:
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Figure 10. Block gene alignment of NO synthases and related enzymes
indicating the binding sites for heme, H4B, CaM, FMN, FAD, NADPH and
domain boundaries. PDZ — PDZ domain; Al — autoinhibitory loop; CT — C-
terminal extension; bsNOS — Bacillus subtilis NO synthase. Adapted from
[122].

The enzymes are homodimeric, each subunit consisting of an N-terminal
oxygenase domain and a C-terminal reductase domain. The latter is related to
NADPH-dependent microsomal cytochrome P-450 reductase [123,124]. The
domains are linked by a calmodulin (CaM) binding sequence [121,125]. The
active homodimer forms upon interaction between two oxygenase domains.
There are a total of four redox cofactors in a NOS subunit, two in each domain:
FAD and FMN are situated in the reductase domain and heme (iron
protoporphyrin 1X) and 6R-tetrahydrobiopterin (HsB) in the oxygenase
domain. During the catalysis redox equivalents are transferred along the
pathway of NADPH — FAD — FMN — heme with electrons from FMN of
one subunit transferred to the oxygenase domain of another subunit [126—
128]. The reductase domain of NOS cycles between one- and three-electron
reduced states during the turnover [129-131].

The multistep NO synthesis involves the formation of several heme
Fe3*/Fe** complexes and electron exchange between heme and H.B (Fig. 11)
[125,132]. Only a part of NO synthesized by NOS is released with a
significant fraction of Fe?*-NO complex engaging in a futile redox cycling
with no accompanying NO* dissociation. The catalysis of NOS involves the
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movement of reductase domain and there is complex regulation by the
concerted action of binding of CaM, NADP(H) and the interdomain
electrostatic interactions.

NADPH R Arg
- NO
o ; 3 NO*
FAD —FMN
o,
NADP* . Fe?’-NO

Figure 11. A simplified scheme of catalysis of nNOS. Adapted from
[125,133,134].

Structurally, the reductase domain of nNOS is very similar to that of
P-450R [123,124] and the distance between the two flavin cofactors is only 5
A. The CT and Al inserts (Fig. 10) increase the area of contact between the
FAD and FMN domains. The peptide constituting CaM binding site that
connects the reductase and oxygenase domains has been determined in the
case of eNOS [135].

Similarly to FNRs, an aromatic residue (Phel1395 in the case of nNOS)
stacking with the isoalloxazine ring of the flavin is displaced towards FMN
thus allowing a direct hydride ion transfer from NADPH to N5 of FAD
[136,137]. The aromatic residue promotes NAD(P)H selectivity, facilitates
NADP* dissociation and prevents simultaneous binding of two nucleotides
[136,137]. FAD is reduced in a two-electron way and the hydroquinone then
transfers an electron to FMN. The FMN semiquinone is neutral and extremely
stable, oxidation in air is slow [138,139]. Therefore FMN constantly changes
between hydroguinone and semiquinone while FAD attains all three oxidation
states intermittently [136,139]. As mentioned, the distance between FAD and
FMN is 5 A meaning a rapid electron transfer from FAD to FMN. However,
an effective interaction of FMN with heme would require substantial
movement which is speculated to be brought on by a hinge region connecting
the FAD and FMN domains in the reductase domain.
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Figure 12. Structures of the different fragments of NO synthase aligned in
order of amino-acid sequence [122].

The intracellular Ca?* concentration is the regulating factor of NOS due
to induced binding of CaM to the enzyme [122,140,141] and NO synthesis is
induced upon CaM binding to the recognition sequence in an antiparallel
orientation [142]. CaM primarily acts as an electronic switch activating
electron transfer from FMN to heme [143,144] while also increasing the rate
of flavin reduction by NADPH and the steady-state reduction of electron
acceptors [29,144,145].

NO synthase is known to reduce quinones, aromatic N-oxides and
nitroaromatic compounds in a single-electron way [29,130,146-149]. As in
the case of other dehydrogenases — electrontransferases, the radicals of these
compounds undergo redox cycling which may contribute to the oxidative
stress-type cytotoxicity. nNOS is known to play a key role in doxorubicin
induced toxicity to neurons and it is thought to be involved in the neurotoxic
action of dinitrobenzenes [150,151]. The overexpression in astrocytic tumors
renders nNOS a potential target for anticancer agents [152]. iNOS was found
to be partly responsible in the reductive activation of anticancer agents 2-
nitroimidazole EF5 and benzotriazine-N-oxide SN30000 [153]. Finally, it is
possible that NO* formation is inhibited by the redox cycling of quinones and
nitroaromatics due to the rapid reaction between NO® and the forming
superoxide [151,154]. It is thought that nNOS reduces redox cycling
xenobiotics via FMNH, and, possibly, FADH, without the involvement of
heme based on the kinetic studies of reductase domain and the insensitivity of
holo-nNOS quinone- and nitroreductase activity to NO2-arginine, binding to
heme [130,146,148,149,153].
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1.5. CONCLUDING REMARKS

While there exists a massive body of research into the mechanisms of
action of dehydrogenases — electrontransferases and their structural
peculiarities enabling their action, single-electron reduction of redox cycling
species, such as quinones and nitroaromatics, are often overlooked, regardless
of these substances being potent drug candidates or them being widely spread
in the environment in the form of pollutants. It was thus attempted to further
characterize the one-electron transfer mechanisms underlying representative
enzymes of both groups, namely Fe-S proteins (PfFNR, RpFNR) and heme
proteins (NNOS).
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2. MATERIALS AND METHODS
2.1.Enzymes and reagents

Plasmodium falciparum ferredoxin:NADP* oxidoreductase (PfFNR) and
ferredoxin (PfFd) were a generous gift from Dr. Alessandro Aliverti
(Universita degli Studi di Milano, Italy). They were prepared as previously
described [90]. The concentrations were determined spectrophotometrically
according to €454 = 10.0 mM*cm™ and &424 = 9.68 mM‘cm™™, respectively.

Rhodopseudomonas  palustris  ferredoxin:NADP* oxidoreductase
(RpFNR) was a generous gift from Dr. Daisuke Seo (Kanazawa University,
Japan) and was prepared as described, the concentration was determined
spectrophotometrically according to es6 = 10.8 mM-cm [101].

Rat neuronal nitric oxide synthase (nNOS) was a generous gift from Dr.
Jean-Luc Boucher (Université Paris Descartes, France) and was prepared as
previously described [148]. The concentration was determined
spectrophotometrically according to €393 = 100 mM~*cm™ [155], and activity
of nNOS determined in Dr. J.-L. Boucher’s laboratory according to the assay
of [®H]-L-citrulline formation was equal to 280 + 50 nmol x min™ x mg
protein™t [148].

Multiple sequence alignments of enzymes were performed using Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) [156]. Consensus
sequence  was generated using the EMBOSS Cons tool
(https://www.ebi.ac.uk/Tools/msa/emboss_cons/) [157]. Sequence
alignments were analysed and annotated using Jalview. The 3D structures
used are available at RCSB PDB and their IDs are as follows: 20K8 (PfFNR),
2RC5 (Leptospira interrogans FNR), 3LO8 (maize root FNR), 1GAW (maize
leaf FNR), 1GJR (AnFNR), 1FNB (SoFNR), 1GQ0 (pea FNR), 1SM4
(paprika FNR).

NADP(H), AcADP*, 2',5-ADP, cytochrome ¢ (from horse heart), bovine
superoxide dismutase, glucose-6-phosphate, glucose-6-phosphate
dehydrogenase from Leuconostoc mesenteroides, L-ascorbate, dithiothreitol,
L-arginine, N®-NO2-L-arginine, calmodulin (CaM, from bovine testis), CaCly,
(6R)-5,6,7,8-tetrahydrobiopterin (H4B), benzylviologen (BVG), Fe(EDTA)",
ferrycianide (FeCya), quinones (Q) and nitroaromatic compounds (ArNO>)
except for those mentioned below were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and used as received.

Aromatic N-oxides, N-methylpicramide, 2,4,6-trinotrotoluene, tetryl,
pentryl, nitrofurans, nitrobenzimidazolones, 5-nitrothiophene-2-carbonic acid
morpholide were a generous gift from Dr. Jonas Sarlauskas (Vilnius
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University, Lithuania) and they were synthesized as described [23,158-161].
CB-1954 was a generous gift from Dr. Vanda Miskiniené (Vilnius University,
Lithuania) and was synthesized as described [40]. All synthesized compounds
were characterized by their melting points, *H-NMR and IR spectra. The
purity of the compounds determined using HPLC-MS (LCMS-2020,
Shimadzu, Kyoto, Japan) was >98%. 3-[4-(trifluoromethyl)benzyl]-
menadione (plasmodione, PD) and its derivatives were generous gifts from
Dr. Elisabeth Davioud-Charvet (Université de Strasbourg, France) and they
were synthesized as described [162]. LogD values were calculated using a
logD predictor (https://chemaxon.com). The structural formulae of nontrivial
oxidants are given in Fig. 13.

2.2. Steady-state kinetic studies

Steady-state kinetic measurements were performed using Cary60 UV-
Vis (Agilent Technologies, Santa Clara, CA, USA) or PerkinEImer Lambda
25 (PerkinElmer, Waltham, MA, USA) spectrophotometer. Standard buffer
compositions for the experiments with different enzymes are given in table 3
and apply for each respective case unless noted differently.

Table 3. Buffer compositions for different enzymes

Enzyme Buffer

PfFNR 0.1 M K;HPO4/KOH + 1 mM EDTA, pH 7.0

RpFNR 0.02 M Hepes/NaOH + 1 mM EDTA, pH 7.0

nNOS 0.1 M Tris/HCI + 1 mM EDTA + 0.1 M NaCl, pH 7.0

The steady-state parameters of the reactions, namely the catalytic
constants ker and the bimolecular rate constants (or catalytic efficiency
constants kca/Km) of the oxidants at fixed concentrations of NADPH were
obtained by fitting the kinetic data to the parabolic expression using
Mathematica (Wolfram Research, Inc., Mathematica, Version 12.0,
Champaign, IL, USA) or SigmaPlot (Systat Software, Sigmaplot, Version
14.0, San Jose, CA, USA). They correspond to the reciprocal intercepts and
slopes of the Lineweaver — Burk plots, [E]/v vs. 1/[oxidant], respectively,
where v is the reaction rate and [E] is the enzyme concentration. ke represents
the number of molecules of NADPH oxidized by a single active center of the
enzyme per second under saturating concentration of the substrate. The
concentrations of enzymes used in these experiments were 5 — 50 nM. The
statistical analysis was performed using using Statistica (StatSoft Inc.,
Statistica, Version 10, Tulsa, OK, USA).
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The rates of enzyme-catalyzed NADPH oxidation in the presence of
quinones, nitroaromatic compounds or aromatic N-oxides were determined
using the value Aeso = 6.2 mM*cm™. The rates were corrected for the
intrinsic NADPH-oxidase activities. In experiments where 50 uM cytochrome
¢ was added to the reaction mixture, its organic oxidant-mediated reduction
was measured using the value Aesso= 20 mM~cm™. The rate of ferricyanide
reduction was determined using the value Ao = 1.02 mM-tcm™™. The rate of
tetryl reduction was corrected for the increase in absorbance due to N-
methylpicramide, Agso = 12.8 mM™cm™ [163]. The reduction rate for
AcADP* was determined using the value Acsz = 5.6 mM~cm™ [164].
ACADPH, the reduced form of AcCADP*, was prepared by in situ reduction
with 10 mM glucose 6-phosphate and 0.01 mg/ml glucose 6-phosphate
dehydrogenase. ACADPH concentration was determined according to 3¢5 =
7.8 mM-1cm™ [164].

For quinone reduction by flavoenzymes the single-electron flux is
defined as a ratio of the rate of 1,4-benzoquinone-mediated reduction of the
added cytochrome c¢ to the doubled rate of 1,4-benzoquinone-mediated
NAD(P)H enzymatic oxidation at pH < 7.2 [165]. This approach is based on
the fast reduction of cytochrome ¢ by 1,4-benzosemiquinone (K = 108
M~1s71) and its slow reduction by the hydroquinone form.

Stock solutions of organic compounds were prepared in DMSO, the final
volume of DMSO in the reaction mixture was 1%. All measurements were
performed at 25 °C. The initial concentrations of electron acceptors were 50
— 1000 uM, with 6 — 8 separate measurements for each compound with the
concentration lowered 1.5x each time. All measurements were performed at
least twice.

The kinetic parameters of steady-state reactions according to a ping-pong
mechanism were calculated according to Eq. 19:

Vo kcat[NADPH][Q]

[E] - K hAPPH [Q] +KQ [NADPH] +[NADPH][Q]
where v is the reaction rate, [E] is the enzyme concentration and Q stands for
the electron acceptor. Inhibition constants K; were calculated according to Eqg.
20 for competitive inhibition of NADP* or 2',5'-ADP vs. NADPH and Eg. 21
for uncompetitive inhibition vs. an oxidant and Eq. 22 for noncompetitive
inhibition:

(19)

v ket [S]

Bl ks [1+[K']j+[s] (20)
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O Table 6, compounds 4 - 11:

(4) R1=R3=Rs= -H; Ry= -CF3; Ra= -F
(5) R1=R4= -OCH3s; R2=R3=Rs= -H
(6) R1=R3= -OCH3s; R2=R4=Rs= -H
(7) R1=R2=R4=Rs= -H; R3= -NO>
(8) R1=R3=R4=Rs= -H; R2= -NO2
(9) R1=R3=R4=Rs= -H; Ry= -CCH

O CF3
(10) R1=R3=R4=Rs= -H; Ry= -Br

OH (11) R1=R3=R4= - H; R2= -Br; Rs= -OH

0]

Figure 13. Structural formulae of nontrivial compounds used throughout this work.
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NH,
NO,0
CB1954

Aromatic di-N-oxides
(tirapazamine (TPZ)
derivatives)

Ri=R2=-H

Ri=-NHg; Ro=-H (TPZ)
Ri=-NHg; R2=-CF3
Ri1=-NHg; R2=-Cl
R1=-NHgy; Ro=-F

Ri= -NHz; R2= -CH3
R1=-NHz; R2=-0C;Hs
Ri=-NHgz; R2=-OCF3

Ri= -NHCHOCHs; R,= -H
R1=-NHCOOCH:;3; R2=-H
Ri=-N HSOZCF3; R;=-H
Ri=-NHSO2CHs; R= -H



v kP[Q]

[E] K§+[Q][1+E<IU (21)
vk (22)
G

K.

where S stands for NADPH, Q stands for electron acceptor and | stands for
inhibitor. In the transhydrogenase reaction, S stands for ACADP* and | stands
for NADPH.

PfFNR

The intrinsic NADPH-oxidase activity was 0.12 s™. lonic strength
variation was achieved by using different concentrations of K,;HPO,. For
experiments with varying pH, KOH was used to set pH from 5.5 to 8.0 in the
increments of 0.5. NADPH regeneration system was used (50 uM NADPH,
10 mM glucose-6-phosphate, 50 U/ml glucose-6-phosphate dehydrogenase)
when monitoring the reduction rates of nitroaromatic compounds in the
absence of external oxygen supply.

RpFNR
The intrinsic NADPH-oxidase activity was 0.12 s™.

nNOS

The intrinsic NADPH-oxidase activity was 0.1 s In the experiments
with varied ionic strength, different concentrations of NaCl were added to 0.03
Tris/HCI. In some experiments, the reaction medium was enriched with 10
ug/mL calmodulin and 1.0 mM CacCl,, or with CaM-Ca?* and H4B (5.0 uM)
or with CaM-Ca?*, H4B and L-arginine (200 uM). In this case, the rates were
corrected for the intrinsic NADPH-oxidase activity of nNOS, which reached
1.0 - 1.7 s™1. In some experiments the reaction mixture additionally contained
1.0 mM dithiothreitol or 1.0 mM N®-NO_-L-arginine.

2.3. Presteady-state kinetic studies

Enzyme rapid kinetic studies were performed using a SX20 stopped-flow
system (Applied Photophysics, Leatherhead, UK) under aerobic conditions
and the data analyzed with the accompanying software package (ProData SX
v2.5.0, Applied Photophysics, Leatherhead, UK).
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PfENR

The enzyme reduction by NADPH and its reoxidation was monitored at
460 nm and 600 nm, respectively, at 25 °C. Spectra of reaction intermediates
were recorded at various wavelengths in the 460 — 800 nm range and assessed
at different times of the reaction. During turnover studies, PfFNR in syringe 1
(6.0 — 7.0 uM) was mixed with the contents of syringe 2 (50 uM NADPH and
100 — 500 uM CHjs-1,4-benzoquinone). All measurements were performed in
triplicates. Concentrations are reported after mixing. The multiple turnover
data were analyzed according to Eq. 23 [166]:

[NADPH],

(23)

0X

[Ered ]max X tj/z(off)
where Kkox is the apparent first-order rate constant of enzyme reoxidation,
[NADPH]o is the initial concentration of NADPH, [Ered]max iS the maximum
concentration of the reduced enzyme formed during the turnover and ti(r IS
the time interval between the formation of the half-maximum amount of Eieq
and its decay to the half-maximum value.

RpFNR

Enzyme reduction by NADPH and its reoxidation was monitored at 460
nm and 600 nm, respectively, at 25 °C. Spectra of reaction intermediates were
recorded at various wavelengths in the 460 — 800 nm range and assessed at
different times of the reaction. During turnover studies, RpFNR in syringe 1
(4 — 5 uM) was mixed with the contents of syringe 2 (50 uM NADPH or
NADPH and varied concentrations of duroquinone or 250 uM duroquinone
(for the reaction intermediates spectra)). All experiments were performed in
triplicates. Concentrations are reported after mixing. Reoxidation kinetics
were analyzed according to Eq. 23.

nNOS

Enzyme rapid Kinetic studies were performed under aerobic conditions in
0.1 M Tris/HCI (pH 7.0) buffer, containing 1 mM EDTA, 0.1 M NacCl, 3%
(v/v) glycerol at 25 °C. Syringe 1 contained either nNOS (2.0 uM) or nNOS,
CaM, CaCl, and H4B (2.0 uM, 5.0 uM, 1.0 mM and 5.0 puM, respectively),
while syringe 2 contained NADPH (30 uM) or NADPH and varied
concentrations of duroquinone, or NADPH and L-arginine (200 uM), or
NADPH, L-arginine and duroquinone. In separate experiments, superoxide
dismutase was added to syringe 2. All experiments were performed in
triplicates. Concentrations are reported after mixing. The Kinetic traces at 485,
436 and 397 nm were analyzed using the accompanying software package by
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fitting the data to single- or double-exponential equations. The multiple
turnover data were analyzed according to Egs. 23 and 24 [166]:
k

— 0X

[ E red ]max

where Kreq is the rate constant of enzyme reduction by NADPH, ko is the rate
constant of reoxidation at particular duroguinone concentration and [E]; is the
total enzyme concentration.

2.4.Oxygen consumption studies

Oxygen consumption studies were performed using a Digital Model 10
(Rank Brothers Ltd., Bottisham, UK) Clark electrode with the assumption that
the concentration of O, at the beginning of the reaction is 250 uM by
measuring the current of oxygen reduction. The rates of oxygen consumption
were monitored under identical conditions to the respective steady-state
kinetics measurements, i.e., NADPH regeneration system and no external
oxygen supply. The bimolecular rate constants of ascorbate oxidation by
quinones (k), expressed as

ke Yo

[Q][ascorbate]

were calculated from the initial rates of O, consumption in the presence of 1.0
mM asorbate and various concentrations of quinones [167].

(25)

2.5. Photoreduction studies

The photoreduction studies of RpFNR (16 — 17 uM) were performed
according to a modified procedure [168] under anaerobic conditions in 0.02
M Hepes buffer, pH 7.0, using 5-deaza-FMN (0.125 uM) and EDTA (8 mM)
as photosensitizers. Before protein introduction from a concentrated stock
solution, the solution in a sealed spectrophotometer cell was flushed with O-
free argon for 60 min. Subsequent to the protein introduction, the cell was
illuminated for short periods at 20 °C with a 100 W incandescent lamp at a
distance of 20 cm; the progress of the reaction was followed
spectrophotometrically for 1 — 1.5 h. The maximal amount of neutral
semiquinone (E-FADH®) formed under illumination was assumed to be
defined by the inflection point of the Asoo VS. Asgs plot. The FAD semiquinone
concentration was calculated according to gg00 = 5.0 mM™cm™ [169]. The
difference between two single-electron transfer potentials AE3 was further
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calculated from the semiquinone formation constant Ks according to Egs. 26
and 27:

[E-FADH ... VKs (26)
[E-FAD]M (2 + K )
AE71 _ E7E-FAD/E-FADH' 3 E7E-FADH'/E-FADH’ =0.059V x log K (27)

where [E-FADH]max is the maximal amount of formed semiquinone, E, (E-
FAD/E-FADH") is the potential of oxidized/semiquinone FAD couple, E;, (E-
FADH'/E-FADH") is the potential of semigquinone/reduced FAD couple and
[E-FAD] is the total enzyme concentration [170].
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3. RESULTS AND DISCUSSION

The results and discussion section will be presented in three parts
according to different enzymes studied.

3.1. Mechanisms of reduction of nonphysiological electron acceptors by
Plasmodium falciparum ferredoxin:NADP* oxidoreductase

3.1.1.Steady-state kinetic studies and oxidant specificitiy of PfFNR

3.1.1.1. Reactions of PfFNR with oxidants with
characterized single-electron reduction potentials

It had previously been established that one of the most active
nonphysiological electron acceptors of PfFNR is 5-OH-1,4-naphthoquinone
(juglone) [91]. A series of parallel lines obtained in double reciprocal plots at
varied concentrations of juglone and fixed concentrations of NADPH indicate
a ping-pong mechanism of the quinone reductase reaction catalyzed by PfFNR
that is common for electrontransferases — dehydrogenases. According to Eq.
19 the ke value for juglone reduction at infinite NADPH concentration is
equal to 63.2 + 4.1 s, and the values of bimolecular rate constants (Kca/Km)
for NADPH and juglone are 6.0 £ 0.4 x 105M s and 1.1 £ 0.1 x 105 M1s?,
respectively (Fig. 14).

0.14F 6
0.12
5

0.10 4
. 3
£ 0.08 2
)

0.06 1

0.04

0.02F

001 002 003 004 005
1/[juglone], gM™!
Figure 14. Steady-state kinetics of reduction of juglone by NADPH
catalyzed by PfFNR. NADPH concentrations are200 uM (1), 150 uM (2),
100 uM (3), 75 uM (4), 50 uM (5) and 25 uM (6).
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Building on the fact that PfFNR reduces quinones in a single-electron
way [91], it was investigated whether the same applies for nitroaromatic
compounds (ArNO,) and aromatic N-oxides (ArN—Q). PfFNR-catalyzed
single-electron reduction of ArNO, was demonstrated by the addition of
cytochrome ¢ (cyt c) since it cannot be reduced by PfFNR directly.
Cytochrome ¢ was reduced in the presence of 3,5-dinitrobenzoic acid, p-
dinitrobenzene, N-methylpicramide and tetryl, and the rate of reduction was
equal to 140 — 195% that of NADPH oxidation. Moreover, 100 U/ml
superoxide dismutase (SOD) inhibited the reduction of cyt ¢ by 15 to 25%.
Further proof of redox cycling of ArNO, came from the consumption of
excess oxygen during the reaction (Fig. 15). However, it is also important to
note that PfFNR-catalyzed formation of stable products of ArNO, reduction
starts at [O2] = 40 — 50 uM and does not need complete O, exhaustion (Fig.
15A).

[02], uM

0.4

02 1

AA

Time, min

Figure 15. (A) Time course of oxygen consumption and (B) spectral
changes during the reduction of tetryl (1), p-dinitrobenzene (2),
nitrofurantoin (3) and N-methylpicramide (4) by 50 nM PfENR in the
presence of NADPH regeneration system and the absence of external
oxygen supply. Compound concentrations were 50 uM monitored at 420
nm (tetryl and nitrofurantoin), 340 nm (p-dinitrobenzene) and 343 nm (N-
methylpicramide). The arrows indicate the introduction of PfFNR.
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In the case of tirapazamine, an aromatic N-oxide representative, the
PfFNR-catalyzed oxidation of NADPH by 100 — 200 uM of it was
accompanied by oxygen consumption with the rate being close to that of
NADPH oxidation. The addition of 50 uM cyt c to the reaction mixture results
in its reduction at the rate representing 180 — 190% that of NADPH oxidation.
100 U/ml SOD inhibited the reduction of cyt ¢ by 40 — 65%. Thus, the single-
electron flux in the PfFNR-catalyzed reduction of ArN—O is equal to 90 —
95% and cytochrome c is reduced by their radicals which form a steady-state
with the O,/O," couple.

10(\:_ 13

105

10*E

—1 —1
kcat/[Kin, M~ s

103 F
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]OI 1 1 1 1 1 1
-0.6 -0.5 -04 -0.3 -0.2 -0.1 0.0

ELV
Figure 16. The dependence of the reactivity of quinones (blue disks),
nitroaromatic compounds (orange disks) and aromatic N-oxides (green
disks) on their single-electron reduction midpoint potentials at pH 7.0 (E2)
in log10 scale. The numbers of compounds and their reduction potentials
are given in table 4.

50



In order to assess the substrate specificity of PfFNR, the reduction of
three series of electron acceptors, namely quinones (Q), nitroaromatic
compounds and aromatic N-oxides whose single-electron reduction midpoint
potentials (E) vary from 0.01 V to -0.575 V were examined (table 4).
Additionally ferricyanide, Fe(EDTA)™ and benzylviologen, all of them well
known single-electron acceptors, were studied. The apparent reduction
maximal rate constants Kca@pp) OF €lectron acceptors at 100 uM NADPH and
their respective ke./Km values are given in table 4. The ke, values for a number
of less-active oxidants were not determined due to near linear dependence of
the reaction rate on their concentrations. Tetryl (table 4, 13) exhibited the
highest ket value overall under experimental conditions, equaling 40 s™%, while
it was around 33 s* for several quinones (table 4, compounds 1, 3, 8). The
highest bimolecular rate constant, kea/Km = 1.1 £ 0.1 x 10°, was found in the
case of juglone, as per earlier reports [91].

The log kea/Km 0f ArNO; exhibits a linear dependence on the E2, while
guinones and aromatic N-oxides are characterized by a parabolic dependence
on their £} values (table 4, Fig. 16). Moreover, their log kea/Km values are
higher in general, owing to the difference of two orders of magnitude between
the electron self-exchange rate constants of ArNO, (~10° M*s™!) and Q and
ArN—O (~108 M1s?) [26]. One is also to note that the reactivity of a single-
electron acceptor benzylviologen closely matches that of quinones (Fig. 16,
compound 9).

3.1.1.2. Reactions of PfFNR with plasmodione derivatives:
possible substrate specificity

Plasmodione (3-[4-(trifluormethyl)benzyl]-menadione, PD) and its
derivatives are promising novel antimalarial compounds [171]. However,
their redox properties, including the reactions with redox enzymes of P.
falciparum, have been studied to a limited extent [171-175]. In this context,
PfFNR is a potential candidate for their bioreductive activation-inducing
redox cycling, which may be partly responsible for their antiplasmodial action.
Thus, it is important to determine whether the plasmodione derivatives follow
simple log (rate) constant vs. E1 relationship, characteristic for model
quinones, or may possess enhanced reactivity, i.e., specificity. For this reason,
one has to assess the E2 values of plasmodione derivatives, that, according to
the best of authors’ knowledge, are not available so far. Due to the instability
of quinone radicals in an aqueous medium the values of their single-electron
reduction potential are usually acquired by using pulse-radiolysis [17].
However low solubility of plasmodione and its derivatives make this approach
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Table 4. Steady-state rate constants of reduction of nonphysiological electron acceptors by NADPH catalyzed by PfFNR.

[NADPH] = 100 uM, 0.1 M potassium phosphate + 1 mM EDTA, pH 7.0, t = 25 °C.

No. Compound EL (V)2 Keat (%) Keat/Km (M~1s7)
Quinones
1 2-CHs-1,4-benzoquinone 0.01 324+4.1 2.8+£0.2 %105
2 2,5-(CHs)2-1,4-benzoquinone —-0.07 26.0+£23 1.8+£0.2 x 105
3 5-OH-1,4-naphthoquinone -0.09 35.7+5.1 1.1£0.1 x 108
4 5,8-(0OH)2-1,4-naphthoquinone -0.11 25.0+£3.8 41+£05x10°
5 9,10-Phenathrene quinone -0.12 20.3+3.3 2.0+£03 x10°
6 1,4-Naphthoquinone -0.15 16.9+£2.1 3.1+£0.3x10°
7 2-CHs-1,4-naphthoquinone —0.20 26.5+3.2 2.6+£03 x10°
8 (CHa)s-1,4-benzoquinone —-0.26 33.1+43 7.2+£0.8 x 104
9 Benzylviologen -0.354 4.80+0.6 2.1+£0.1 x 10*
10 9,10-Anthraquinone-2-sulphonate -0.38 27.0+3.2 1.6+0.2 x10°
11 2-OH-1,4-naphthoquinone -0.41 2.60+0.3 9.8+0.2 %103
12 2-CHj3-3-OH-1,4-naphthoquinone —0.46 14.0+1.2 1.1£0.1 x10*
Nitroaromatic compounds
13 Tetryl -0.191 40.0+5.1 2.1+£0.4x10°
14 Nitrofuran Illa —-0.225 4.8+0.5x 104
15 Nitrofuran I11b —-0.225 1.6+£0.2 x10°
16 Nitrofuran Illh —-0.225 8.3+0.7 x 104
17 N-methylpicramide —-0.225 6.8+0.5 % 10*
18 2,4,6-Trinitrotoluene —0.253 1.3+£0.3x10*
19 Nifuroxime —0.255 33+£0.2x10%
20 Nitrofurantoin —0.255 6.8+£0.5x10%
21 1,4-Dinitrobenzene —0.257 9.1+£0.8x10*
22 1,2-Dinitrobenzene -0.287 1.1+£0.2 x 104
23 5-Nitrothiophene-2-carbonic acid morpholide —0.305 2.0+£0.2 % 10%
24 4-Nitrobenzaldehyde -0.325 4.0+£03x10°
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Table 4. (cont.)

No. Compound El (V) Keat (73 Keat/Km (M™1s71)
25 3,5-Dinitrobenzoic acid —0.344 3.9+0.5 % 103
26 1,3-Dinitrobenzene —0.348 2.7+£0.2x103
27 4-Nitroacetophenone —0.355 3.2+0.4x103
28 CB-1954 —-0.385 2.8+0.3x10°
29 2-Nitrothiophene —-0.390 22+0.2x103
30 4-Nitrobenzoic acid —-0.425 4.5+0.4 %102
31 4-Nitrobenzyl alcohol —0.475 3.9+£0.2 x 102
32 Nitrobenzene —0.485 5.5+0.6 x 10*
Aromatic N-oxides
33 1,2,4-benzotriazine-1,4-dioxide —0.318 2.5+0.3 x10*
34 7-CFs-tirapazamine —0.345 11.5+£2.0 52+0.4x10*
35 7-Cl-tirapazamine —-0.400 148+ 1.3 3.7+£0.4 %104
36 7-F-tirapazamine —0.400 2.7+£0.2 % 10%
37 3-NH:-1,2,4-benzotriazine-1,4-dioxide (tirapazamine) —0.456 44+0.5x% 103
38 7-CHas-tirapazamine —-0.474 5.0+0.6 x 108
39 7-C,HsO-tirapazamine —0.494 45+05x%x10°
40 3-NH»-1,2,4-benzotriazine-1-oxide —0.568 3.2+0.2x108
41 Quinoxaline-1,4-dioxide —0.575 8.2+0.9 x 10?
Inorganic complexes
42 Ferricyanide 0.41 47.9+4.0 3.0£0.4 x 108
43 Fe(EDTA) 0.12 43+0.2 %10

a_ taken from [17,158].
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unfeasible. The problem can be overcome by using an alternative approach
for a rough estimation of EZ according to the rates of O, consumption during
the quinone-mediated oxidation of ascorbate (Eq. 25) [167]. In the case of
quinones with available values of EX < —0.1 V, the rate of O, consumption is
characterized by a linear log k vs. EX relationship and the data obtained can be
described by a linear correlation (Eqg. 28)
logk = (2.818+0.172) + (11.663+0.728)E> R?=0.966  (28)

and it closely matches results obtained previously [167]. Thus, it was possible
to calculate the unavailable E2 values for the PD derivatives. These values are
considered to be realistic since the differences between experimentally
determined E7 values and the calculated E71(calc.) values do not exceed 30
milivolts (table 5, compounds 12 — 21).

The data obtained shows that the E71(calc.) of plasmodione is more
negative than that of menadione (2-CHs-1,4-naphthtoquinone) due to the 3-
benzyl substituent having an electron-donating character whereas the
electron-accepting 3-benzoyl substituent of PDO increases its EZ value so it
becomes closer to that of 1,4-naphthoquinone. The EZ value of PD-bzol lies
between those of PD and PDO. Moreover, the E71(calc.) value sequence of 4'-
substituted PDO derivatives closely matches the o, values of the substituents:
5 (-NO, op = 0.78) > PDO (—CFs3, op = 0.54) > 6 (-C=CH, op = 0.23) > 7
(—Br, op = 0.23) and is in agreement with reported values [171,176].

The formation of hydrogen bonds between quinone carbonyl groups with
5(8)-OH substituents increases the EZ value of 1,4-naphthoquinones [17].
This phenomenon is evidenced by an increase in E}(mlc.) of 5-OH- substituted
3-benzoylmenadione 8 with respect to the unsubstituted analogue 7.

Table 5. Rate constants (k) of ascorbate oxidation by quinones and 3-
benz(o)ylmenadione derivatives, their experimentally derived EX values taken
from [17] and E y values calculated according to Eq. 28.

7(calc.

No. Quinone k (M7s7h) E} (V) Ejcaic) (V)

1 Plasmodione (PD) 0.30+0.02 —0.286 + 0.024
2 PD-bzol 1.17+0.36 —-0.236 £ 0.024
3 PDO 4.62 +0.99 —-0.185+0.019
4 | 1.12+0.13 —-0.238 £ 0.022
5 1 0.43+0.07 —-0.273 £0.023
6 1] 2.89+0.46 —-0.202 £ 0.020
7 v 4,75+ 0.53 -0.183 £0.017
8 \ 5.60+0.53 -0.169 £ 0.018
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Table 5 (cont.)

No. Quinone k (M5 E7 (V) Eliac) (V)

9 VI 1.10+0.2 —0.238 £ 0.022
10 Vi 0.81+0.14 —0.249 + 0.022
11 VIl 139+19 —0.144 £ 0.018
12 5-OH-1,4-naphthoquinone 535+6.7 -0.09 —0.093+0.017
13 5,8-(OH).-1,4-naphthoquinone 48.9+ 5.2 -0.11  —0.097 +0.016
14 9,10-phenanthrenequinone 15.2+0.9 -0.12  —0.140+0.017
15  1,4-naphthoquinone 159+1.4 -0.15 —0.139+0.017
16  (CHas)s-1,4-benzoquinone 165+1.8 -0.17 —0.137+0.018
17 2-CHjs-1,4-naphthoquinone 2.38+0.5 -0.20 —0.209 +0.021
18  (CHa)s-1,4-benzoquinone 0.3+£0.05 -0.26  —0.286 +0.024

19  1,8-(0OH)2-9,10-anthraquinone 0.136 £0.02 -0.30 -0.316+0.025
20  1,4-(OH).-9,10-anthraquinone  0.091+0.009 -0.33 —0.331+0.026
21  2-OH-1,4-naphthoquinone 0.018+£0.003 -0.41 -0.391+0.029

The steady-state kinetic parameters of the PfFNR catalyzed reduction of
PD derivatives with a constant concentration of NADPH are given in table 6.
The quinone dependent enzymatic oxidation of NADPH is accompanied by a
SOD-sensitive reduction of cyt c, i.e., a single-electron character of the
quinone reduction accompanied by redox cycling and O~ formation is
evident.

The coupled cyt ¢ reduction by high potential PDO derivatives is less
sensitive to SOD in comparison to the low potential ones like PD. The high
potential semiquinones, being engaged in a redox equilibrium with the O2/O2~
couple, yield a lower amount of O, compared to the low potential
semiquinones. It follows that the reduction of cyt ¢ mediated by quinones
characterized by a higher E%(Calc_) should be less sensitive to the action of
SOD [177].

The reactivity of PfFNR towards model quinones with E} =-0.15—--0.41
V exhibits a linear dependence on their £} values (Fig. 17). Importantly, the
reactivity of most 3-benz(o)ylmenadione derivatives is much higher than that
of model benzoquinones and naphthoquinones with similar E71(calc.) values. A
possible explanation for the higher reactivity is the high lipophilicity,
expressed as logD, in most cases exceeding that of model quinones
significantly (table 6).
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Figure 17. The relationship between the reactivity of PfFNR toward PD,
PD-bzol, PDO, PDO derivatives 4 — 11 and model quinones 12 — 18 and

their E71(calc.) values. The numbers of compounds are taken from table 6.

The straight line represents the best linear fit of the data related to model
quinones 12 — 13, 15, 17 — 18 and 21.
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Table 6. E}(mlc_) values of PD derivatives and model quinones, their reduction rate constants in PfFNR-catalyzed reactions,

relative cytochrome c reduction rates vi(cyt c)/vi(NADPH) and their sensitivity to 100 U/mL superoxide dismutase (SOD),
and calculated logD values

No. Quinone E7caic) (V) Reactivity with PFFNR vileyte) oqy  Inhibition by LogD
Keat (53)  Keat/Km (Mis7D)  Vi(NADPID SOD (%)
1 Plasmodione (PD) -0.286 +0.024 2.6 1.44 x 10° 146 94 4.74
2 PD-bzol -0.236+0.024 5.8 1.25 x 108 195 48 3.67
3 PDO —0.185+0.019 4.3 9.96 x 10° 195 46 411
4 I -0.238 £0.022 3.1 5.97 x 10° 169 52 4.25
5 I —0.273+£0.023 12.3 4.95 x 10° 180 19 2.92
6 i —0.202+£0.020 12 9.40 x 10° 193 30 2.92
7 v —0.183+£0.017 10.2 8.21 x 10° 164 75 3.17
8 \ —0.169+0.018 6.4 2.34 x 108 182 31 3.17
9 VI —0.238£0.022 13.3 8.30 x 10° 186 28 3.38
10 Vil -0.249+0.022 5.6 2.20 x 108 195 36 4.00
11 VI —0.144+0.018 12.7 1.80 x 108 192 19 4.28
12 5-OH-1,4-naphthoquinone —0.093 +£0.017 35.7 1.10 x 108 1.82
13 5,8-(OH);-1,4-naphthoquinone —0.097 +0.016 25.0 4.10 x 10° 217
15  1,4-naphthoquinone -0.139+0.017 16.9 3.10 x 10° 1.50
17 2-CHs-1,4-naphthoquinone —0.209 £ 0.021 26.5 2.60 x 10° 190 50 1.89
18  (CHgs)4-1,4-benzoquinone —0.286 +£0.024 33.1 7.20 x 10* 2.61
21 2-OH-1,4-naphthoquinone -0.391+0.029 2.6 9.80 x 103 -0.7
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3.1.2.The studies of inhibition of PfFNR

During the transhydrogenase reaction of PfFNR, 3-acetylpyridine
adenine dinucleotide phosphate (3-AcADP*) is reduced at the expense of
NADPH (AcADP* — AcADPH), however the ke of the reaction did not
depend on the concentration of NADPH (in the 25 — 200 uM range) and was
equal to 3.2 = 0.4 s (Fig. 18). On the other hand, the kca/Km for the oxidant
did decrease with the increase in NADPH concentration, meaning that
NADPH inhibits the reaction competitively in regards to ACADP* due to
occupying the pyridine nucleotide binding site of the reduced enzyme.
According to Eq. 20, the Kis of NADPH, which describes the effect of NADPH
on the slopes in the Lineweaver-Burk plots, is equal to 140 + 20 uM, and the
Keat/Km for ACADP* at [NADPH] = 0 is equal to 9.3 £ 0.8 x 10° M 1s! (Fig.
18).

[Elfv, s

0 0.0‘05 0.61 0.615 0.‘02
1/[AcADP*], uM™!
Figure 18. Steady-state kinetics of the reduction of 3-acetylpyridine
adenine dinucleotide phosphate (AcADP*) by PfFNR. NADPH
concentrations are 200 uM (1), 150 uM (2), 100 uM (3), 50 uM (4), 25 uM
(5).

The inhibition of PfENR by the reaction product NADP* was examined
next. It acts as a competitive inhibitor towards NADPH when there is a fixed
concentration of juglone present (Fig. 19A) with Ki = 1.42 + 0.13 mM
according to Eg. 20. When the concentration of NADPH is held constant at 50
uM, NADP* inhibits juglone reduction uncompetitively (Fig. 19B) with K; =
1.83 + 0.19 mM according to Eg. 21. When compared to previous data
obtained in 0.05 M Hepes, the use of 0.1 M phosphate buffer decreased the
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Keat/Km for NADPH and increased the Ki of NADP* by close to an order of
magnitude [178,179].

Ir 0.1t
A
0.75+ 0.075F
) 0.5 E 0.05F
v
0.25 /1 0.025f
0 0.025 005 0075 0.1 0 001 002 003 004 005
1/[NADPH], uM™! 1/[juglone], uM™!

Figure 19. Inhibition of the juglone reductase reaction of PfFNR by
NADP™. (A) Inhibition at varied NADPH concentrations in the presence of
100 uM juglone and (B) inhibition at varied juglone concentrations in the
presence of 100 uM NADPH. NADP* concentrations are 0 (1), 1.0 mM (2),
2.0 mM (3), 3.0 mM (4) and 5.0 mM (5).

3.1.3.The effects of ionic strength and pH on the Kinetics of PfFNR
with nonphysiological electron acceptors

P. falciparum ferredoxin (PfFd) is the physiological oxidant of PfFNR.
The affinity between the two proteins decreases with increasing ionic strength
of the solution due to PfFd being charged negatively and PfFNR containing
positively charged amino acid residues [180,181]. The effects of ionic strength
on the reduction rates of nonphysiological oxidants in the PfFNR-catalyzed
reactions allowed the assessment of the role of electrostatic interactions. It has
been reported that high concentration of ferricyanide inhibits the NADPH-
ferricyanide reductase reaction of PfFNR with ferricyanide acting
competitively towards NADPH with K; = 230 uM [89]. However, when the
medium is phosphate buffer (as in this case) and not 0.1 M Tris/HCI, substrate
inhibition by ferricyanide is not evident. Hence it was possible to perform a
more thorough analysis of reduction kinetics. There is a bell-shaped
dependence of the log kca/Km for ferricyanide, Fe(EDTA)™ and benzylviologen
on the ionic strength of the solution with the two later electron acceptors
showing highly similar dependencies regardless of their opposite electrostatic
charges (Fig. 20, 1 — 3). In contrast to the charged species, the Kea/Km of the
neutral electron acceptor tetramethyl-1,4-benzoquinone (duroquinone) did not
depend on the ionic strength (Fig. 20, 4).
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Figure 20. Effects of the ionic strength on the reactivity of PfFNR towards
the electron acceptors. The dependence of log kca/Km for ferricyanide (1),
Fe(EDTA)™ (2), benzylviologen (3) and duroquinone (4) on the ionic
strength of the potassium phosphate buffer at pH 7.0.
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Figure 21. Effects of pH on the reactivity expressed in log kea/Km of PfFNR
towards the electron acceptors. The oxidants are 1,4-naphthoquinone (1),
trinitrotoluene (2), ferricyanide (3) and benzylviologen (4).
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The effect of pH on the kinetics of PfFNR catalyzed reaction was tested
with four nonphysiological oxidants — uncharged 1,4-naphthoquinone and
TNT (Fig. 21, 1 and 2), negatively charged ferricyanide and positively charged
benzylviologen (Fig. 21, 3 and 4). There was a slight increase in reactivity
upon increasing the pH of the medium with uncharged or positively charged
oxidants, whereas ferricyanide exhibited a decreasing reactivity.

3.1.4.Stimulation of acceptor reductase activity of PfFNR by PfFd

The complex formation between PfFNR and PfFd at intermediate ionic
strength is characterized by micromolar Kq values [90,181]. PfFd stimulated
the reduction of quinones and nitroaromatics by PfFNR and there appears a
biphasicity in the corresponding Lineweaver-Burk plots (Fig. 22A, 3, 4).

0.751

051

[E1/V, s

0251

0 ().(;25 ().£J5 ().(J75 (lil 0. 1‘25 0 ().‘5 l‘. 1 15
1/[Oxidant], uM™! 1/[PfFd], uM ™!

Figure 22. Stimulation of quinone- and nitroreductase reactions of PfFNR
by ferredoxin. (A) The dependence of the PfFNR catalyzed NADPH
oxidation rate on the concentration of p-nitroacetophenone (1, 4) or
2-OH-1,4-naphthoquinone (2, 3) in the absence of PfFd (1, 2) or in the
presence of 1.7 uM (3) or 4.0 uM (4) PfFd; concentration of NADPH is
100 puM. (B) The dependence of the rate of cytochrome c reduction by
PfFNR on the concentration of PfFd (solid circles). [NADPH] = 100 uM,
[cytochrome c] = 50 uM. Orange circles show the rates of the “slower”
phase of NADPH oxidation in the presence of duroquinone (1),
p-nitroacetophenone (2, 4) and 2-OH-1,4-naphthoquinone (3) at respective
concentrations of PfFd on single-electron base. The maximal rates were
obtained by fitting the kinetic data of the “slower” phase (5 — 6 lower
concentrations of the oxidant) to the parabolic expression.
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The maximal rates of their “slower” phase (low concentration of the
oxidant, higher kea/Km) were close to the rates of cytochrome c reduction at
corresponding PfFd concentrations (Fig. 22B), which in turn are equal to the
rate of PfFd reduction by PfFNR. Under the given conditions (0.1 M
potassium phosphate buffer, pH 7.0), the maximal rate of this reaction at
saturating PfFd concentration was 16 + 2.5 s™* on the one-electron base, which
was close to the values reported previously by Balconi and colleagues [90].
The higher ionic strength of the medium may be responsible for the increase
in apparent Michaelis constants, Kmpp) = 5.2 + 1.3 uM, which is significantly
higher than the one reported previously [90].

3.1.5.Presteady-state kinetics studies of PfFNR

The spectral changes of PfFNR bound FAD during the multiple turnover
under aerobic conditions give insight into the reoxidation mechanism of the
enzyme. Tetramethyl-1,4-benzoquinone was used as an electron acceptor
because of it not absorbing light at >460 nm and having a semiquinone form
that is rapidly reoxidized by oxygen [182]. In control experiments performed
in the absence of quinone, the initial fast phase of FAD reduction by NADPH
seen at 460 nm is followed by a slower reoxidation by oxygen. This is
accompanied by a transient increase in absorbance at 600 nm at the same time
scale (Fig. 23A). The addition of quinone accelerates the reoxidation of
FADH" and the decay of the 600 nm absorbing species by up to two orders
of magnitude (Fig. 23B). This shows that, under given experimental
conditions, O, plays a negligible role in the kinetics of enzyme reoxidation.
This process is also accompanied by a transient increase in absorbance at 600
nm.

It was assumed that complete FAD reduction corresponds to the
maximum AAugo after the enzyme is mixed with NADPH in the absence of
quinone (Fig. 23A). This 460 nm absorbance change was close to that
expected using the value Aesso = 7.8 mMcm™ for the absorbance difference
between the oxidized and two-electron reduced PfFNR [90,178,179]. A Kox =
0.18 = 0.02 s * was obtained for the reoxidation of PfFNR with oxygen (Fig.
23A) and it was similar to the PfFNR NADPH oxidase activity in the steady-
state. An apparent bimolecular rate constant of 1.34 + 0.37 x 10° M st was
obtained from the kox dependence on the duroquinone concentration (Fig.
23D) which was comparable to the kea/Km in the steady state (Table 4),
however, the obtained Koxmax = 155 = 32 s7* should be regarded cautiously
since the limited solubility of the oxidant might have made it impossible to
obtain a saturating concentration, i.e., sufficiently high kox values.
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Figure 23. Turnover of PfFNR in the presence of NADPH and oxidants.
(A, B) The kinetics of the absorbance changes at 600 nm (1) and 460 nm
(2) during the reduction of PfFNR (6.0 uM) by 50 uM NADPH and its
subsequent reoxidation by oxygen (A) or 250 puM duroquinone (B)
(concentrations after mixing). (C) Transient spectra of reaction
intermediates formed during the turnover of PfFNR with duroquinone.
Difference in absorbance after 50 ms (1), 100 ms (2), 200 ms (3), 400 ms
(4) and 1 s (5). The reaction is considered complete at 1.2 s. (D) The
dependence of the apparent first-order reoxidation rate constant on the
concentration of duroquinone.

3.1.6.Characterization of the mechanism of reduction of
nonphysiological electron acceptors by PfFNR

Since PfFNR follows a ping-pong mechanism, the reductive and
oxidative half-reactions can proceed independently and ke can be expressed
as Eq. 29:

1 1 1

(29)

red(max) I(ox(max)
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Where Kredmax) @and Koxmax) are the maximal rates of reductive and oxidative
half-reactions, respectively. The overall catalytic process should be partly
limited by both oxidative and reductive half-reactions in the case of
tetramethyl-1,4-benzoquinone, since the maximal rates of PfFNR reduction
by NADPH at pH 7.0 is 125 — 148 s [89,179], and a comparable value Kox(max)
= 155 £ 32 s was obtained for duroquinone under multiple turnover
conditions. On the other hand, the rate of enzyme reduction with a fixed
concentration of NADPH should be the same, regardless of the oxidant used,
and the observed differences in Keaapp) (Table 4) should be attributed to
different maximal rates of reoxidation. Thus for oxidants whose Keat(app,) Values
are close to that of duroquinone (ke = 33.1 + 4.3 s™%), for example 2-CHs-1,4-
benzoquinone or 2-CHs-1,4-naphthoquinone (Keat = 32.4 = 4.1 st and Keat =
26.5 + 3.2 s71, respectively), the overall catalytic process should be partly
limited by both oxidative and reductive reactions, as well. The lower values
of Kear@pp.) fOr other compounds imply that in these cases the process is limited
by the oxidative half-reaction.

Reduced PfFNR is reoxidized in a single-electron way and the oxidative
half-reaction must proceed through two steps, namely FADH~- — FADH" and
FADH" — FAD. A possible rate-limiting step of the overall process is the
oxidation of FAD semiquinone and this is supported by several facts. The 600
nm absorbing species is formed during the reoxidation of reduced PfFNR by
quinones (Fig. 23B), which may point to a transient FADH" accumulation
[21,75]. Absorption above 700 nm is not characteristic of FADH [169] and
indicates a parallel formation of other reaction intermediates (Fig. 23C). For
example, CTCs of two-electron reduced FAD absorb up to 1000 nm [81].
However, this possibility should be ruled out because the spectrum of the
intermediates ends at 770 — 800 nm. Additionally, the FADH -NADP~*
complexes are characterized by € ~ 1.0 mM*cm™ at 610 — 725 nm [183]. A
more likely supposition is that the data in figure 23B reflect the formation of
FADH'-NADP(H) complexes observed in adrenodoxin reductase, which
absorb at A > 700 nm, but are only partly characterized [184,185].

NADPH acts as a competitive inhibitor with respect to the oxidant in the
reduction of ACADP* by PfFNR whereas it does not inhibit quinone reduction
(Fig. 19). It follows that quinones and AcCADP* oxidize different redox forms
of PfFNR possessing different affinities for NADPH. Since ACADP” is an
obligatory two-electron (hydride) acceptor, it can be reduced only by a two-
electron reduced FAD and this argues against its involvement as a rate-
limiting step in quinone reduction. NADP* acts as a competitive inhibitor with
respect to NADPH and as an uncompetitive inhibitor with respect to quinones

64



which is attributable to a specific case of a ping-pong mechanism, where
NADP* binds relatively tightly to the oxidized form of PfFNR while binding
weakly (or not binding at all) when PfFNR is reduced by two electrons [186].
Thus it is tempting to state that PfFNR has properties in common with FNRs
from Anabaena and spinach, where it is the oxidation of FADH" that is the
rate-limiting step of reactions with various nonphysiological electron
acceptors [21,75,76,187].

The studies of the effects of ionic strength in the reaction with charged
oxidants gives some insight into the action of charged amino acid residues in
the vicinity of the isoalloxazine ring of FAD (Fig. 20). The observed bell-
shape-like dependences of the reactivity of oppositely charged oxidants on the
ionic strength of the solution were unexpected but are similar to those
observed in Anabaena FNR [75]. A possible explanation for the observed
phenomenon is that the oxidants may interact with both negatively charged
Glu314 and positively charged Lys287 (Glu308 — Arg274 pair in Anabaena
[180,188] the latter participating in the binding of PfFd and situated close to
the dimethylbenzene part of the isoalloxazine ring [89,181]. This is also in
line with the fact that ferricyanide competes with the nicotinamide
mononucleotide part of NADP* for binding close to the isoalloxazine ring
[89]. Other positively charged residues participating in the binding of PfFd,
such as Arg98, Arg290 or Lys308 are further away from the isoalloxazine thus
unlikely to interact with low molecular weight oxidants [181]. The data
obtained in the pH dependency studies cannot be adequately explained at this
time and warrants further studies (Fig. 21).

The stimulation of the nonphysiological acceptor reductase reactions of
PfFNR by PfFd shows it providing an alternative pathway for the reduction to
proceed via reduced PfFd (Fig. 22). Better accessibility of the active center of
PfFd is a likely explanation given the similar redox potentials of both proteins
[90,180]. Moreover, it could be considered a general feature of this group of
redox proteins, since such stimulation had previously been observed in
reactions of bovine adrenodoxin reductase and adrenodoxin and Anabaena
FNR and Fd [45,75].

Given that there is no strict substrate specificity apart from an increase in
the log kea/Km With increasing E, an outer sphere electron transfer mechanism
for the reduction of quinones, nitroaromatics and aromatic N-oxides appears
to be likely. Indeed, it is well established that it is the case for FNR from
Anabaena, P-450R and NOS [29,75,119]. According to Egs. 12 — 14
stemming from the works of Marcus [24] and 100-fold difference in k2, values
between nitroaromatics and quinones or aromatic N-oxides, the difference in
reactivities of ArNO; are unsurprisingly 10 times lower than those of quinones

65



and ArN—O of similar E3 values [26,34]. Redox cycling oxidants of
particular interest include the promising novel antimalarial plasmodione and
its metabolites or various functional derivatives, high energy nitroaromatic
compounds like nitrobenzimidazolones and tumorocidal aromatic N-oxides.
Moreover, when taken together with other flavoenzymes electrontransferases,
the reactivity of PfFNR-catalyzed one-electron reduction can be used to
calculate the expected EZ to within 30 mV thus providing an alternative means
of EX estimation when it is hampered by low solubility of a compound of
interest.

3.1.7. The estimation of unknown E2 values of aromatic oxidants
according to their single-electron reduction rate constants by
PfFNR

3.1.7.1. The estimation of unknown E2 values of
nitroaromatic compounds

A clearly defined linear relationship between E2X and the logarithm of
kea/Km in the case of single-electron reduction reactions of nitroaromatic
compounds catalyzed by dehydrogenases — electrontransferases, such as
NADPH:cytochrome P-450 reductase (P-450R) [119], Saccharomyces
cerevisiae L-lactate:cytochrome c reductase (flavocytochrome by, Fcb2) [189]
or algal ferredoxin:NADP* reductase from Anabaena PCC7119 (AnFNR)
[75]. Reduction proceeds in the general form of ArNO, — ArNO;™ and the
apparent low selectivity towards the structure of the oxidant is consistent with
the outer sphere electron transfer model [23,189]. However, possible specific
interactions introduce data scattering when calculating the unavailable E2
values and one can minimize that by calculating the means from several
different enzymatic systems. According to the data presented in table 7,
PfFNR is similar to the enzymes mentioned earlier in this regard. The equation
(30) in table 8 was derived according to the data in table 7 while Egs. 31 — 33
are given for comparative purposes with data derived from earlier studies
[189].

The mean values of calculated single-electron reduction potentials were
obtained and the standard errors do not exceed 30 millivolts, while the
experimental error in E3 determination by pulse radiolysis is + 8 — 15 mV
[190]. The difference between E3 and E}(calc_) does not exceed +33 mV with
the average difference being +17 mV, except for 4-nitrobenzyl alcohol (table
9). While some of the E2 y values are higher than -0.25 V (compounds

7(calc.
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Table 7. The bimolecular rate constants (kca/Km) of reduction of nitroaromatic compounds by electrontransferases. The rate constants
of P-450R, AnFNR and Fch2 were taken from an earlier study for comparison [189].
Keat/Km (M‘ls‘l)

No. Compound
PfFNR P-450R AnFNR Fcb2

14 3,5-Dinitrobenzamide 49x10% 3.0x10° 1.2x10* 8.5x10?
15  N-methylpicramide 6.8 x 10* 2.0x10% 2.6x10*

16  Pentryl 2.9x10° 1.3x10"7 5.5x10°

17  2,4-Dinitrophenyl-N-methylnitramine 7.1 x 10* 3.8x10® 2.5x10°

18  5-Nitrobenzimidazolone 8.9 x 10° 6.0x10% 2.0x102
19  5,6-Dinitrobenzimidazolone 1.8 x 104 1.9x10* 3.2x10°
20  4,5,6-Trinitrobenzimidazolone 7.5x10* 2.6x10% 1.0x10° 1.5x10*
21  4,5,6,7-Tetranitrobenzimidazolone 6.6 x 10° 8.1x10° 3.1x10° 3.2x10*
22 5-Amino-4,6-dinitrobenzimidazolone 2.8 x 10* 2.7x10* 5.3x10°
23  NTO 1.7 x 102 9.0x10? 5.5x10!

Table 8. The expressions of linear log kea/Km vs. EX relationships and the respective R-squared values
Enzyme Log Keat/Km R?
PfFNR  (7.3054 £0.3702) + (10.7971 £ 1.0542)E3  0.9051 (30)
P-450R  (8.5883 +£0.6261) + (10.3179 + 1.7980)E% 0.7671 (31)
AnFNR  (6.8590 + 0.5287) + (10.4984 + 1.5055)E}  0.8155 (32)
Fch2 (6.6157+£0.1376) + (11.6152 £ 0.3782)EX  0.9937 (33)
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Table 9. The single-electron reduction potentials E7 of nitroaromatic compounds, calculated according to Egs. 30 — 33 from table 8.
E ;(calc.) (V)

No. Compound El (v)?
Eq.30 Eg.31 EQg.32 Eg.33 Mean

1 Nitrobenzene -0.485 -0.499 -0.461 -0.515 -0.483 -—0489+0.012
2 4-Nitrobenzy! alcohol -0.475 -0.427 -0.414 -0.429 —0.423 £ 0.005
3 4-Nitrobenzoic acid -0.425 -0.423 -0.439 -0.410 -0.423 -0.423+0.006
4 CB-1954 -0.385 —-0.355 -0.316 -0.385 —0.352+0.020
5 4-Nitroacetophenone -0.355 -0.350 -0.348 -0.363 -0.363 —0.356 +0.004
6 1,3-Dinitrobenzene -0.348 -0.357 —0.307 -0.332 -0.332+£0.014
7 3,5-Dinitrobenzoic acid -0.344 -0.343 -0.306 -0.360 —0.336 £ 0.016
8 4-Nitrobenzaldehyde -0.325 -0.343 -0.412 -0.292 -0.323 -0.342+0.025
9 1,2-Dinitrobenzene -0.287 -0.306 —0.291 -0.336 -0.311 £ 0.013
10  1,4-Dinitrobenzene -0.257 -0.228 —0.244 -0.248 —0.240 + 0.006
11 Nifuroxim -0.255 -0.266 —0.294 -0.295 -0.263 —0.279+0.009
12 Nitrofurantoin -0.255 -0.240 -0.294 -0.272 -0.246 -—0.263+0.013
13 TNT -0.253 -0.301 —-0.254 -0.282 —0.279 + 0.013
14  3,5-Dinitrobenzamide -0.335 -0.310 -0.279 -0.318 -0.311+0.012
15  N-methylpicramide -0.240 -0.249 -0.253 —0.247 + 0.004
16  Pentryl —0.188 -0.188 -—0.150 -0.175+0.013
17 2,4-Dinitrophenyl-N-methylnitramine -0.238 -0.228 -0.177 -0.214 +0.019
18  5-Nitrobenzimidazolone -0.314 -0.380 -0.371 —0.355+0.021
19  5,6-Dinitrobenzimidazolone -0.289 -0.264 -0.268 —0.273+0.008
20  4,5,6-Trinitrobenzimidazolone —-0.236 —0.240 -0.208 -0.211 -0.224+0.009
21  4,5,6,7-Tetranitrobenzimidazolone -0.157 -0.278 -0.169 -0.183 —0.197 +0.028
22  5-Amino-4,6-dinitrobenzimidazolone -0.273 -0.252 -0.250 —0.258 +0.007
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Table 9 (cont.)

Ej \%
No. Compound E} (V) 7(cate) (V)

Eq.30 Eg.31 EQ.32 Eg.33 Mean

23 NTO —0.458 -0.498 -0.461 —0.472 +0.013

a_ taken from [17].
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15-17, 20, 21), the high electron-accepting potency of these compounds is in
line with the data obtained in quantum mechanical calculations where these
compounds are shown to possess enthalpies of single-electron reduction that
are more negative than that of TNT [23].

3.1.7.2. Reactions of PfFNR with aromatic N-oxides with
uncharacterized EX values

It is somewhat interesting to examine the reactions of PfFNR with
ArN—O of unknown E2 values, since this might be helpful in the estimation
of these values. The kea/Km Values of these compounds are given in table 10.
In most cases the reaction rates were proportional to the concentration of the
compounds up to the limits of their solubility, 300 — 600 uM. Redox cycling
of the synthesized ArN—O was demonstrated by the reduction of cytochrome
c. The reaction rates were equal to 175 — 190% that of NADPH oxidation rate,
whereas cyt ¢ reduction was inhibited by 20 — 60% upon addition of 100 U/ml
superoxide dismutase, pointing to the formation of a superoxide.

The reactivity of compounds 1 — 7 with available E} values (table 10)
may be characterized by a linear dependence (Eq. 34):

Alog (kg /K., )/AE; =6.07 £1.05V* (34)

Alternatively, the reactivity of TPZ and its 7-substituted derivatives increases
with the o, value of substituents, expressed as Eq. 35:

Alog(k /K, )/Ac, =1.53+0.35 (35)

o is the substituent constant measuring the total polar effect exerted by a given
substituent relative to there being no substituent on the reaction center and the
indices m (meta) and p (para) denote the relative position. This shows that the
reactivity of compounds is not structurally specific and is governed mainly by
their electron-accepting properties. On the other hand, while the reactivity of
BTRDO, TPZ and 3-substituted derivatives of TPZ increases with either o, or
om Vvalues of substituents, the dependence is less pronounced. (Table 10,
Figure 24).

Table 10. Tirapazamine and its derivatives used in the calculation of
substituents’ effects on the reactivity of the compound

No. Compound Keat/Km, M3s7t  EL V2 6pt®  op®  om®
1 BTRDO 2.5 x10% -0.318 - 0 0
2 7-CF3-TPZ 5.2 x 10* -0.345 054 - -
3 7-CI-TPZ 3.7 x 10 -0.400 023 - -
4 7-F-TPZ 2.7 x10* -0.400 0.06 - -
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Table 10 (cont.)

No. Compound Keat/Km, Mst  E} V  om op2 om

5 TPZ 4.4 x10° -0.456 0 -0.66 -0.16

6 7-CH3-TPZ 5.0 x 108 -0.474 -0.17 - -

7 7-C3HsO-TPZ 45 x10° -0.494 -0.27 - -

8 7-CF30-TPZ 3.8x10% - 035 - -

9 3-NHCOCH3-TPZ 6.3 x 10* - - 0 0.21

10  3-NHSO.CFs-TPZ 2.6 x 10* - - 0.39 0.44

11  3-NHSO,CHs-TPZ 7.9 x 103 - - 0.03 0.2
a_ taken from [158], ® — taken from [176]

-0.6 -04 -02 0 0.2 0.4

o,

Figure 24. The relationship between a reactivity of a compound and the
effect of a substituent as calculated according to Taft — Hammet equation.
The compounds are given in table 10.

In parallel, the kea/Km values of ArN—O with another single-electron
transferring flavoenzyme, NADPH:cytochrome P-450 reductase (P-450R)
were determined. These experiments were carried out by dr. Audroné
Marozien¢ and dr. Lina Miseviciené. In this case, log Kea/Km for ArN—O also
increased with increasing E7 [26]. One may use the geometric average of
kea/Km Obtained from several enzymatic systems, which improves the
accuracy of the prediction [23,189]. The geometric averages of log Kea/Km in
the table 11 were obtained according to Eq. 36:

Iog (kcat / Km )avg =05 Iog(kcat/Km )P-450R + Iog (kcat / Km )PfFNR (36)

The logarithms of reduction rate constants for compounds 10 — 18 (table 11)
correlate well with their E3 values (Eq. 37):

log (K. /Ky )avg =(7.23+0.29)+(6.96 £ 0.65) E; R2=0.9430 (37)

For compounds with unavailable £} values the introduction of electron-
accepting substituents into 3-NH; group or into 7- and 2- positions of the
aromatic system in most cases increased their log kea/Km (avg) when compared
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to the parent compound. Therefore, it appears to be a suitable parameter to
describe the ease of single-electron reduction of ArN—O.
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Table 11. The single-electron reduction midpoint potentials (E%) of aromatic N-oxides, the steady-state bimolecular rate constants

(keat/Km) Of their reduction by P-450R and PfFNR and the logs of the geometric averages of their reactivity.

Kcat/Km (M‘ls‘l) Log Keat/Km

No. 1 a

° Compound E7 (V) P-450R° PENR (avg)
1 7-CF30-tirapazamine 4.6+04 %104 3.8+0.4x10% 4.62
2 3-CH3CONH-1,2,4-benzotriazine-1,4-dioxide 7.0+£05x10*  6.2+0.5x10% 4.82
3 3-CH3;0OCONH-1,2,4-benzotriazine-1,4-dioxide 8.0+0.9x10* 48+04x10* 4,78
4 3-CF3sSO2NH-1,2,4-benzotriazine-1,4-dioxide 25403 %10 2.6+03x10* 4.41
5 3-CH3S0,NH-1,2,4-benzotriazine-1,4-dioxide 27+03x1020 7.9+05x103 3.67
6 2-CFs-quinoxaline-1,4-dioxide —0.465° 2.7+03x10* 8.9+0.7x10° 4.19
7 2-NH,-3-CN-quinoxaline-1,4-dioxide 47+£04x10° 1.8+02x10* 3.96
8 1,2,4-benzotriazine-1-oxide -0.431°" 1.7+£02x10* 43+0.3x10° 3.94
9 3-CH3CONH-1,2,4-benzotriazine-1-oxide 87+£09x10° 1.6+0.1x103 3.58

ArN—O with available EX values

10  1,2,4-benzotriazine-1,4-dioxide -0.318 43+£04x10°> 25+£03x10* 5.00
11 7-CFs-tirapazamine —0.345 87+0.7x10* 52=+04x10* 4.83
12 7-Cl-tirapazamine -0.400 69+0.7x10* 3.7=£0.4x10* 471
13 7-F-tirapazamine -0.400 34+£03x10* 2.7+02x10* 4.48
14 3-NH,-1,2,4-benzotriazine-1,4-dioxide —0.455 1.1+£0.1x10* 4.4+0.5x10° 3.84
15 7-CHjs-tirapazamine —0.474 8.6+0.7x10° 50+0.6x10° 3.82
16  7-CyHsO-tirapazamine —0.494 45+05x10° 45+0.5x10° 3.65
17  3-NH,-1,2,4-benzotriazine-1-oxide -0568 2.8+02x10% 3.2+02x10° 3.48
18  Quinoxaline-1,4-dioxide -0575 33+02x10% 82+0.9x10? 3.22

3 [31,158,191];  — calculated using the AE+ between compounds 11 and 14 and 17 and 14, respectively; ¢ — taken from [26].
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3.2. Rhodopseudomonas palustris ferredoxin:NADP* reductase

3.2.1.Steady-state kinetics and oxidant substrate specificity of
RpFNR

Earlier kinetic studies of RpFNR focused on the classical
nonphysiological single-electron acceptor of FNRs, ferricyanide [105]. Here
juglone was identified as an efficient nonphysiological oxidant of RpFNR,
similarly to other electrontransferases, like FNRs from Anabaena or P.
falciparum. At varied concentrations of NADPH and fixed concentrations of
juglone, a series of parallel lines was obtained in double reciprocal plots (Fig.
25).
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Figure 25. Lineweaver-Burk plot of the steady state kinetics of oxidation of

NADPH catalyzed by RpFNR in the presence of juglone. Juglone

concentrations are 200 uM (1), 133 uM (2), 89 uM (3), 59 uM (4), 39 uM (5)

and 26 uM (6).

This is indicative of the quinone reductase reaction of RpFNR proceeding
via a ping-pong mechanism. According to Eq. 19, the kca value for juglone
reduction at infinite NADPH concentration is 157 + 7.0 s™%, and the values of
the bimolecular rate constants kea/Km for NADPH and juglone are equal to 8.7
+0.7 x 105 M st and 1.62 + 0.15 x 10° M 1s?, respectively. The value of
keat/ Km for NADPH is similar to that obtained using ferricianyde as an oxidant,
5.5 x 10° M1s7? [105].

The oxidant substrate specificity of RpFNR was assessed similarly to
PfFNR, examining its reactions with quinones, nitroaromatics and aromatic
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N-oxides with available E} values; additionally, several single-electron
acceptors, namely ferricyanide, Fe(EDTA)™ and benzylviologen, were also
studied. The apparent maximal reduction rate constants Kca@pp.) Of the electron
acceptors in the presence of 100 uM NADPH and their respective Keai/Km
values are given in Table 12.

Table 12. Steady-state rate constants of the reduction of nonphysiological
electron acceptors by 100 uM NADPH catalyzed by RpFNR.

No. Compound El; (V)2 Kcat(app) (S'l) Keat/Km (M'lS_l)
Quinones

1 1,4-Benzoquinone 0.090 130+ 16 9.4+£0.8 %105

2 2-CHz-1,4-benzoquinone 0.010 130+ 12 5.6 0.6 x 10°

3 2,6-(CHz)2-1,4-benzoquinone -0.070 52.1+1.8 2.1+0.13 x 10°
4 5-OH-1,4-naphthoquinone -0.090 138.5+9.3 1.5+£0.23 x 108
5 5,8-(OH)2-1,4-naphthoquinone —0.110 454+34 3.5+02x10°

6 9,10-Phenanthrene quinone -0.120 34.6+24 2.0+0.4 %108

7 1,4-Naphthoquinone -0.150 110£13 23+04x10°

8 2-CHs-1,4-naphthoquinone -0.200 21.6+2.1 6.0+0.8 x 10

9 (CH3)4—1,4—benzoquinone —0.260 4.07 +£0.53 1.1£0.1 x 104
10  9,10-Anthraquinone-2-sulphonate —0.380 3.56+0.33  1.0+0.16 x 104
11 2-OH-1,4-naphthoquinone —0410 026+0.03 3.1+0.2x10°
12 2-CH3-3-OH-1,4-naphthoquinone —0.460 1.35+0.13 4.8+0.4 x 103

Nitroaromatic compounds
13 Tetryl -0.191 5.69+014  4.35+0.30 x10*
14 N-methylpicramide -0.225 1.93+026 48+0.6x10°
15 2,4,6-Trinitrotoluene —0.253 1.30+0.13 2.43+0.14 x 103
16  Nifuroxime -0.255 4.40+032 69+04x10°
17  Nitrofurantoin —0.255 221+0.12 51+0.5x10°
18  p-Dinitrobenzene -0.257 221+035 3.1+02x10°
19  o-Dinitrobenzene -0.287 0.48+0.07 1.28+0.2x10°
20  4-Nitrobenzaldehyde —0.325 097+0.13 238+0.4x103
21  3,5-Dinitrobenzoic acid -0.344  0.09+0.01 291+0.2x10°
22 m-Dinitrobenzene —0.348  0.42+0.06 9.6+0.7 x 10?
23 4-Nitroacetophenone -0.355 0.30+0.05 8.0+0.67 x 10?
24 CB-1954 —0.385 0.52 £0.05 1.75+£0.14 x 103
25  4-Nitrobenzyl alcohol —0.475 023+£0.03 2.50+0.16 x 102
Aromatic N-oxides
26  7-F-tirapazamine —0.400 1.20+0.11  1.80+£0.31 x 103
27  Tirapazamine —0.456  0.53+£0.04 9.41+0.82 x 102
28  7-C2HsO-tirapazamine —0.494  0.46+0.03 491+0.32x10°
Single-electron acceptors

29  Ferricyanide® 0.410 394+ 19 8.8+1.0 x 108
30 Fe(EDTA) 0.120 1.2+0.1 24+02x103
31  Benzylviologen —0.354 19.6+23 3.6+03 x 10

3 _ taken from [17,35,158]; P — calculated on single-electron basis.
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The log kea/Km values of nitroaromatics exhibit a linear although
somewhat scattered dependence on their EX values (Fig. 26). In general, the
log kea/Km values of quinones, including the single-electron acceptor
benzylviologen, and aromatic N-oxides are higher than those of ArNO, and
are characterized by a parabolic dependence on their EX values, similarly to
PfENR (this work) and spinach or Anabaena FNRs [75].
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Figure 26. Dependence of the reactivity of quinones, nitroaromatic
compounds, aromatic N-oxides and benzylviologen on their single-electron
reduction midpoint potentials (E2) in logio scale. Numbers and reduction
potentials of compounds are given in table 12.

It was found that the single-electron flux for enzymatic reduction of 50 —
100 puM 1,4-benzoquinone by 50 — 100 uM NADPH was equal to 54 + 4 % of
the total flux. The assessment of the single-electron flux in the reduction of
nitroaromatic compounds was based on the ArNO,"~ mediated reduction of the
added cytochrome c. It was found that in the presence of 50 uM NADPH and
100 uM TNT or p-nitrobenzaldehyde the rate of RpFNR-catalyzed reduction
of 50 uM cytochrome ¢ was equal to 91 + 2% and 97 + 3% of the doubled
NADPH oxidation rate, respectively. The reactions were inhibited by 49% and
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37% by the addition of 100 U/ml superoxide dismutase, which reflects the
rapid reoxidation of ArNO;™~ with O, and the participation of superoxide in
the reduction of cytochrome c. Thus, it can be concluded that RpFNR reduces
ArNO: in a single-electron way.

Investigation of the inhibition of the quinone reductase reaction of
RpFNR by the reaction product NADP* showed that at fixed concentrations
of juglone (200 uM), NADP* acts as a competitive inhibitor towards NADPH
(Fig. 27A) with Kjs = 150 + 10 uM (Eqg. 20). However, NADP* acts as an
apparently noncompetitive inhibitor towards juglone (Fig. 27B) at fixed
concentration of NADPH (100 uM) with K;i = 1.7 + 0.1 mM (Eq. 21)
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Figure 27. Inhibition of RpFNR-catalyzed reactions by NADP*. (A)
Competitive inhibition of the juglone reductase reaction of RpFNR by NADP*
at varied concentrations of NADPH and in the presence of 200 uM juglone.
NADP* concentrations are 0 (1), 0.25 mM (2), 0.5 mM (3), 0.75 mM (4) and
1.0 mM (5). (B) Noncompetitive inhibition at varied juglone concentration in
the presence of 100 uM NADPH. NADP* concentrations are 0 (1), 0.5 mM
(2), 1.0 mM (3), 1.5 mM (4), 2.0 mM (5) and 3.0 mM (6).

3.2.2.Presteady-state kinetic studies of RpFNR

The spectral changes of RpFNR-bound FAD during its multiple turnover
under aerobic conditions in the presence of NADPH and (CHs)s-1,4-
benzoquinone were investigated to get insight into the enzyme reoxidation
mechanism. In control experiments (in the absence of quinone) the initial fast
phase of FAD reduction by NADPH monitored at 460 nm is followed by a
slow reoxidation by oxygen (Fig. 28A). This is accompanied by a transient
increase in absorbance at 600 nm at the same time scale. The addition of
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quinone accelerates the reoxidation of FADH™ and the decay of the 600 nm-
absorbing species by more than one order of magnitude (Fig. 28B).
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Figure 28. The absorbance changes at 600 nm (1) and 460 nm (2) during the
reduction of RpFNR (4.0 uM) by 50 uM NADPH and its subsequent
reoxidation by oxygen (A) or 250 puM duroquinone (B). Concentrations
reported after mixing.

The maximum AAueo after the enzyme is mixed with NADPH (Fig. 28A)
corresponds to 90% of RpFNR FAD absorbance decrease after the enzyme is
mixed with an excess NADPH under anaerobic conditions [103,105].
Assuming that the maximum extent of enzyme reduction under aerobic
conditions is 90%, kox = 0.11 + 0.01 s *according to Eq. 23 for the reoxidation
of RpFNR with oxygen, which was close to the enzymatic NADPH oxidase
activity under steady state. In the presence of 250 uM duroquinone, kox = 2.05
+0.07 s, which is close to the value obtained in the steady-state experiments
(table 12).

The measurements of absorbance changes were performed at different
wavelengths in order to characterize the reaction intermediates absorbing at
600 nm (Fig. 28). The results show that the absorbance initially increases in
the range of 525 — 750 nm with Amax = 720 nm (Fig. 29). Subsequently the
formation and decay of a secondary flat absorbance band with a maximum at
600 — 700 nm can be seen. The formation of transient species is not caused by
the interaction of isoalloxazine ring of the FAD and quinone, because
analogous transient absorbance spectra were obtained during the reoxidation
of RpFNR with O, (data not shown).
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Figure 29. Transient spectra of reaction intermediates formed during the
turnover of RpFNR. Difference in absorbance is shown at several timepoints
over the 450 — 800 nm wavelength range. Concentration of RpFNR, 4.0 uM;
NADPH, 50 uM; duroguinone, 250 uM. Spectra correspond to absorbance
changes at 100 ms (1), 15 (2), 55 (3) and 20 s (4).

3.2.3.Redox potentials of RpFNR

The standard reduction potential (E?, the potential of E-FAD/E-FADH"
redox couple) of RpFNR was determined by examining its reactions with 3-
AcADP(H). AcADP* is chosen instead of NADP* because the lack of a
suitable electron donor renders reduction of NADP* by RpFNR under steady-
state conditions problematic [103]. The E? value for AcCADP*/AcCADPH
couple is equal to -0.258 V [164]. During the enzymatic reduction of ACADP*
by NADPH, the maximum rate was reached at 200 uM NADPH. Under these
conditions, ket = 53.3 = 3.1 st and kea/Kim for AcCADP* was estimated to be
227+0.35x 105Ms2,

In the reverse reaction using ACADPH generated in situ and 1.0 mM
ferricyanide as an electron acceptor, ket = 18.6 £ 0.7 s, and kea/Km for
AcADPH is calculated to be 6.0 + 0.6 x 10° M™*s™ on the two-electron basis
(Fig. 30C). According to the Haldane relationship, the equilibrium constant K
of the redox reaction with ACADP*/AcADPH couple corresponds to the ratio
of kea/Km for ACADPH and AcADP”, respectively. According to the Nernst
equation, the difference between the redox potentials of the reactants, AE?,
equals 0.0295 V x logK. Thus K = 0.264 + 0.067 and E? for the enzyme is
—-0.276 + 0.003 V.
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Figure 30. Determination of redox potentials of RpFNR. (A) Spectra obtained
during the photoreduction of 16.6 uM RpFNR at different times of
illumination: immediately after mixing (1), after 10 min (2), 25 min (3), 40
min (4), 50 min (5) and 70 min (6, fully reduced enzyme). (B) The
interdependence of absorbance changes at 466 and 600 nm during
photoreduction. (C) Rates of RpFNR-catalyzed oxidation of AcCADPH with 1
mM ferricyanide (1) and reduction of ACADP* with 200 uM NADPH (2).

During the photoreduction of RpFNR in the presence of 5-deaza-FMN
and EDTA, the neutral FAD semiquinone (FADH®) exhibiting the
characteristic absorbance at 550 — 650 nm is formed (Fig. 30A). The amount
of E-FADH" was calculated using ego0 = 5.0 mMtcm™ [169] and the amount
equals 26.5% (Fig. 30B). According to Egs. 26 and 27, K = 0.520 and AE2=
—0.017 V, which corresponds to E; (E-FAD/E-FADH’) = —0.285 V and
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E; (E-FADH'/E-FADH") = —0.268 V. However, one cannot rule out the
possibility of some alterations in these values since gs00 Of FADH of RpFNR
was not determined definitively.

3.2.4.Discussion

Some redox properties of a TrxR-type FNR from R. palustris were
determined and compared to plastidic FNRs due to RpFNR being able to react
with redox active xenobiotics and in regards of R. palustris being a model
microorganism for anaerobic metabolism of organic compounds where
RpFNR may possibly be involved.

The redox potentials of a representative of TrxR-type FNR were
determined for the first time. E2 of RpFNR equals —0.276 V (Fig. 30) being
similar to the redox potential of plant-type FNR from P. falciparum, —0.280
V [90] and more positive than that of spinach FNR, —0.342 V [187]. A
relatively high FADH- stability of 26.5% at equilibrium is comparable to that
of spinach or Anabaena FNR, 27% at pH 7.0 and 22% at pH 8.0, respectively
[187,192]. RpFNR lacks the Anabaena FNR-specific Ser80-Glu301 ion pair
[76] (corresponding to Ser96-Glu312 in SoFNR [193]), which forms a
hydrogen bond with the N5 of the FAD isoalloxazine ring and contributes to
FADH" stability. However, based on structural data of other FNRs and
flavodoxins, the stability of FADH" may be enhanced by the n-n interaction
between the isoalloxazine and the terminal Tyr328 (Tyr98 in Desulfovibrio
vulgaris flavodoxin [194], Tyr303 in Anabaena PCC7119 FNR [51]),
formation of hydrogen bonds between N3 of the isoalloxazine ring and
carboxy group of Asp56 (corresponding to Glu59 of Clostridium beijerinckii
flavodoxin [195]) and between O2 and the amide group of 11e300
(corresponding to 1le356 of AdxR [196]). According to the data presented
here, the likely direction of electron transfer catalyzed by RpFNR is the
reduction of Fd at the expense of NADPH.

Quinone reduction via a ping-pong mechanism points to separate
reductive and oxidative half-reactions, which is a common theme for other
FNRs. No strict oxidant specificity bar an increase in their log Kea/Km with
increasing E+ can be discerned which is in line with an outer sphere electron
transfer model (Fig. 26) [24]. According to Eqgs. 12 — 14, log ki will exhibit a
parabolic (square) dependence on AE* with a slope of 8.45 V! at AE! =+0.15
V in a reaction of an electron donor with a series of homologous oxidants
displaying the same kz. The reactivity of ArNO- is about 10 times lower when
compared to quinones and ArN—O of similar E3 values which is in line with
the 100-fold difference in their ko, [26,34]. It can be noted that the reactivity
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of RpFNR in reactions with quinones and ArNO; is close to that observed with
plant-type PfFNR and AnFNR [75]. On the other hand, ACADP* is 10 times
better at oxidizing RpFNR (Fig. 30C) than PfFNR (Fig. 18). A plausible
explanation for the considerable variation of ks values of the reactions (table
12) is the oxidative half-reaction being a rate limiting step of the catalytic
cycle. The data in figure 27 show that the dominant mechanism of inhibition
of the reaction product NADP™ is its competition with NADPH for binding to
the oxidized form of the enzyme. The noncompetitive inhibition with respect
to the oxidant differs somewhat from the uncompetitive inhibition seen in
analogous Anabaena or P. falciparum FNR-catalyzed reactions ([75], Fig.
19).

According to previous studies, photoreduced Anabaena FNR was
reoxidized by quinones in two steps, FADH™ — FADH" and FADH" — FAD,
with FADH' oxidation being the rate-limiting step [21,75]. This was
evidenced by a transient formation of FADH" with 600 nm absorption (Fig.
28). The reoxidation of RpFNR should also involve single-electron transfer
steps, since it reduces quinones in a predominantly single-electron way.
Because the decay of the transient 600 nm absorption and the enzyme
reoxidation monitored at 460 nm proceeds with a similar rate, the FADH"
oxidation can be a rate-limiting step in quinone reduction by RpFNR. The
absorption characteristics of RpFNR multiple turnover intermediates are
analogous to the ones seen in PfFNR, with the absorption above 700 nm being
uncharacteristic of FADH and pointing to the formation of some other
intermediates. As discussed previously for PfFNR regarding the extinction
coefficient of FADH-NADP* complexes, the intermediates would exhibit
approximately one third of the absorption increase that can be seen in figure
29, thus they can be ruled out.
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3.3. Neuronal NO synthase
3.3.1.Steady-state kinetics and substrate specificity of nNOS

The aim of this part of work was the further characterization of acceptor-
reductase activity of neuronal nitric oxide synthase (nNOS) with an emphasis
on its conformational changes in the presence of calmodulin (CaM) and the
possible participation of the heme moiety in the reactions. It had been
previously established that quinones and nitroaromatic compounds form
separate series of oxidants whose reactivity (log kea/Km) increases with their
E2} in the absence of CaM in the nNOS catalyzed reaction [29]. Expanding on
this, a number of oxidants possessing a broad range of E3 values and different
electrostatic charges were examined, including anticancer agents (derivatives
of tirapazamine, dinitrobenzamide CB-1954) and toxic environment
pollutants (tetryl, 2,4,6-trinitroluene) [29,130,131,147-149,197]. The
measurements were performed at a single saturating concentration of
NADPH, 50 uM, since Ky, for NADPH in nNOS-catalyzed reactions is in the
micromolar range [198].

The assessment of a previously unexplored group of oxidants ArN—O in
the absence of CaM shows that the log Kkea/Km values of tirapazamine
derivatives, quinones and a quinoidal single-electron acceptor benzylviologen
follow a common parabolic dependence on their EX values (Fig. 31A). As is
the case with PfFNR and RpFNR, this may be attributed to their similar
electron self-exchange rate constants, ~108 M~1s™! [25,26]. As expected, the
addition of CaM increases both the ke and kea/Km values, although to a
different extent; the latter values are increased up to two orders of magnitude.
While the resulting dependence on E} values appears to be somewhat more
scattered (Fig. 31B), the reactivity of ArN—O remains similar to that of
quinones. ArNO; are less reactive than quinones in the presence of CaM,
similarly to the trend seen in the absence of CaM [29]. The addition of H4B
decreased the rate constants of reduction of tetramethyl-1,4-benzoquinone
(duroquinone) by 7 — 10%, and the addition of 1.0 mM dithiothreitol did not
influence the reaction rate. The addition of 1.0 mM NO2-Arg, an inhibitor of
nNOS that binds to the heme moiety, decreased the kca Of reaction by 25%
(table 13).
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Table 13. Steady-state rate constants of the reduction of nonphysiological electron acceptors by NADPH catalyzed by nNOS.
[NADPH] = 50 uM, 0.1 M Tris/HCI1 + 1 mM EDTA + 100 mM NaCl, pH 7.0, 25 °C; 10 pg/mL calmodulin and 1.0 mM CaCls,
where applicable.

-CaM +CaM
No. Compound EL v

Kcat (S_l) Keat/Km (M‘ls‘l) Kcat (S_l) Keat/Km (M‘ls‘l)

Aromatic N-oxides

1 7-CFs-tirapazamine —0.345 3.98+0.38 99+12x10° 163+ 1.8 25+02x10%
2 7-Cl-tirapazamine —0.400 0.84 +0.08 1.4+£0.1x10° 148+ 1.7 40=£0.6x10°
3 7-F-tirapazamine —0.400 2.84+0.23 1.2+0.1x 10 11.1+1.1 1.4+£0.1x10°
4 Tirapazamine —0.456 0.69 + 0.09 1.1£0.1x10° 5.22 +0.66 3.9+0.2x 10%
5 7-CHas-tirapazamine —0.474 0.60+0.09 13+0.2x10° n.d. n.d.
6 7-C,HsO-tirapazamine —0.494 0.67+0.09 22+0.2x10° 2.94+0.71 2.6+0.2x 10
Quinones
7 1,4-Benzoquinone 0.09 129=+1.5 51+0.7x10° 61.4+72 1.3+£0.2x 108
8 2,5-(CHs)2-1,4-benzoquinone —-0.07 6.84 +0.42 1.4+£02x10° 558+34 1.0+£0.1x 108
9 5-OH-1,4-naphthoquinone -0.09 233=£1.9 2.8+0.4x10° 422+1.38 7.0+£0.6x 108
10  5,8-(OH)2-1,4-naphthoquinone -0.11 11512 1.8+0.2x 10° 24.7+4.38 5.0+£0.5x 107
11 1,4-Naphthoquinone -0.15 7.98+040 3.4+0.7x10° 382426 2.4+0.3x10°
12 2-CHs-1,4-naphthoquinone -0.20 8.50+0.80 1.6+03x10° 37.9+25 1.3+0.2x 108
13 (CHs)s-1,4-benzoquinone -0.26 471+034 8.0+1.0x10* 115.0+7.0 2.1+02x10°
1122+4.3>  1.2+0.1x 10%
843 +£5.1° 1.1+£0.1x 108
14 2-OH-1,4-naphthoquinone -0.41 0.39+0.05 44+04x10° 3.11+£0.35 4.0+0.3x10*
Single electron acceptors
15  Ferricyanide 0.41 304+3.5 1.2+02x10° 102.4+5.9 3.3+0.3x 106
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Table 13 (cont.)

No. Compound -CaM +CaM
Keat (5_1) Keat/Km (M_IS_l) Keat (S_l) Keat/Km (M_ls_l)
16  Cytochrome c 0.25 9.66+£035 1.9+02x10° 104.1+£2.2 53+0.3x 108
17 Fe(EDTA)" 0.12 7.30+1.30 7.0+1.0x 10° 11.0+1.2 2.8+0.2x 10
18  Benzylviologen -0.354 6.60+040 3.4+0.2x10* 23.5+14 1.7+0.1x 10%
Nitroaromatic compounds

19 Tetryl -0.191 52.0£2.6 6.8+0.5x 108
20  2,4,6-Trinitrotoluene —0.253 46.4+52 1.5+0.1x10°
21 1,2-Dinitrobenzene —0.287 18.9+3.0 8.0=£0.7 x 104
22 1,3-Dinitrobenzene —0.348 10.1£0.9 8.9+0.6x 103
23 4-Nitroacetophenone —-0.355 4.67+1.40 2.7+03x10%
24  CB-1954 -0.385 8.83 +0.80 2.7+£0.2x10%

a_ taken from [17,158]

b _ the reaction medium contains H4B and Arg

¢ — the reaction medium contains H4B, Arg and 1.0 mM NOz-Arg
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Figure 31. The dependence of the reactivity of quinones (blue disks),
aromatic N-oxides (orange triangles), nitroaromatic compounds (green
diamonds) and benzylviologen (red square) on their single-electron
reduction midpoint potentials E3 in the absence (A) and presence (B) of
CaM and Ca?*. The numbers correspond to compounds given in table 13.

Electrostatic interactions play an important role in the electron transfer
reactions of FMN, first in the association of the FMN-binding domain with
the FAD-binding domain, and next in the complex formation with the heme
domain, which also involves conformational changes [123,199-203]. Most
studies on the effects of ionic strength on the reactivity of nonphysiological
oxidants, however, were performed with a single concentration thus providing
limited information on the mode of their interaction with the FMN domain
[199,201,202]. By using varied concentrations of a neutral oxidant
duroquinone, it was found that its ke attains the maximum value at high ionic
strength (Fig. 32A). Similar dependence was also seen for ke 0f cytochrome
¢, benzylviologen and ferricyanide (data not shown). On the other hand, the
presence of CaM affects the relationship between kc.: of duroquinone and ionic
strength of the medium with a clearly defined bell shape appearing under these
conditions and the maximum value of ke is attained at lower ionic strength.
The ionic strength, while increasing the kea/Km of duroquinone, attenuates the
activating effect of calmodulin (Fig. 32B). As shown in Fig. 32C, the log
kea/Km Of negatively charged oxidants ferricyanide and Fe(EDTA)" increases
with increasing ionic strength of the solution while the decrease of the
reactivity of positively charged cytochrome c and benzylviologen is less
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pronounced. In general, this points to the interaction of charged oxidants with
a negatively charged FMN-binding domain.
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Figure 32. The effects of ionic strength on the reactivity of nNOS towards
electron acceptors. (A) The dependence of ke 0f durogquinone on the ionic
strength in the absence of CaM (1, blue disks) and its presence (2, orange
rectangles). (B) The dependence of kea/Km 0f duroquinone on the ionic
strength in the absence of CaM (1, blue disks) and its presence (2, orange
rectangles). (C) The dependence of kea/ Km for ferricyanide (1, blue disks),
cytochrome ¢ (2, red squares), Fe(EDTA)™ (3, green diamonds) and
benzylviologen (4, orange triangles) on their ionic strength. [NADPH] =50
uM, ionic strength varied by the addition of NaCl to 0.03 M Tris/HCI.

The character of inhibition by the reaction product NADP* and its
relationship with NADP(H)-induced conformational transitions had not been
sufficiently assessed [198,204]. Typical inhibition patterns were obtained at
several concentrations of NADP™* and its redox inactive derivative 2',5-ADP
(Fig. 33). At a fixed concentration of duroquinone, both compounds act as
competitive inhibitors towards NADPH decreasing the kca/Km of NADPH
without affecting the ke value of the reaction, meaning they bind at the

NADPH-binding site in the oxidized enzyme form. However, with a fixed
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concentration of NADPH, both compounds act noncompetitively towards
duroquinone, decreasing its Kea/Km and the keat of the reaction.

The noncompetetive inhibition constants (K;) were calculated according
to Eq. 22. They were equal to 2.5 +£ 0.2 mM for NADP* and 0.25 + 0.04 mM
for 2',5'-ADP. The decrease of Kearapp) in the presence of high concentrations
of NADP* and 2',5"-ADP (Fig. 33B) is probably related to an increased K, of
NADPH (Fig. 33A), meaning that in this case 50 uM of NADPH is no longer
a saturating concentration and does not ensure the maximum reaction rate.
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Figure 33. Inhibition of the duroquinone reductase reaction of nNOS by
NADP" and 2',5"-ADP. (A) Inhibition at varied NADPH concentrations in
the presence of 250 uM duroquinone: 1 —no inhibitor, 2 — 200 uM NADP?,
3 — 400 uM NADP*, 4 — 50 uM 2',5"-ADP, 5 — 100 uM 2',5'-ADP. (B)
Inhibition at varied concentrations of duroquinone in the presence of 50 uM
NADPH: 1 —no inhibitor, 2 — 1.0 mM NADP*, 3- 2.0 mM NADP*, 4 — 250
uM 2',5'-ADP, 5 - 500 uM 2',5’-ADP.

3.3.2.Presteady-state kinetic studies of nNOS

The investigation of the changes of flavin and heme absorbance during
enzyme multiple turnover under aerobic conditions gives insights into the
mechanism of NnNOS reoxidation by quinones. The reduction of flavins and
heme was monitored following their absorbance decrease at 485 nm (heme
isosbestic point) and 397 nm, respectively, whereas the formation of Fe?*-NO
complex was monitored following the absorbance increase at 436 nm
[133,134,205]. The oxidation of NADPH was monitored according to the
absorbance decrease at 340 nm. As seen in Fig. 34, nNOS was rapidly reduced

by NADPH and slowly reoxidized by O,. The amplitude of absorbance
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changes at 397 nm (Fig. 34C) was comparable to those at 485 nm (Fig. 34B),
pointing to a strong contribution of flavin spectral changes. The 436 nm
absorbance changes (Fig. 34D) are contrary to those expected for Fe?*-NO
formation [133,205] and are attributable to FAD-FMN reduction. The 485,
397 and 436 nm absorbance not returning to initial levels after oxidation by
O is indicative of a stable single-electron reduced FAD-FMN as a reduction
product (Fig. 34B-D) [129-131,146,205]. The final drop of absorbance at 397
nm may also be partly caused by the oxidation of NADPH which absorbs light
at this wavelength, albeit weakly. The addition of duroquinone increased the
enzyme reoxidation rate by more than an order of magnitude and it also
decreased the amplitude of absorbance changes (Fig. 34).
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Figure 34. Multiple turnover kinetics of nNOS reduction and reoxidation
and NADPH oxidation by O (1) or 100 uM duroquinone (2) in the absence
of CaM. The absorbance changes were followed at 340 nm (A), 485 nm
(B), 397 nm (C) and 436 nm (D). Concentrations of nNOS and NADPH
after mixing, 2.0 uM and 30 puM.

The presence of CaM and H4B enhanced the turnover of nNOS (Fig.
35A). Like in the control experiments (Fig. 34), the addition of duroquinone
accelerates the reoxidation of nNOS by an order of magnitude (data not
shown). The presence of NOS substrate arginine enabled studying the full
turnover of the enzyme and the assessment of flavins and heme in the
reduction of xenobiotics. An increase in absorbance at 436 nm after the
addition of L-arginine to the reaction mixture indicates the formation of
Fe?*-NO complex (Fig. 35B).
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The analysis of initial absorbance changes of NNOS at 485 nm shows that
NADPH reduced flavins biphasically, with kreq 0f 144.7 + 1.5s and 3.4+ 0.2
st for the fast and slow phases with 70% and 30% amplitudes, respectively.
The heme absorbance changes at 397 nm are characterized by kg Of 67.6 +
2.8 st and 1.05 + 0.1 s, respectively, with amplitudes being 50%. The
kinetics of Fe?*-NO formation at 436 nm followed after the initial 15 ms
absorbance drop due to flavin reduction are characterized by kreq 0f 35.3 + 2.4
stand 1.1 = 0.1 s with amplitudes being 62% and 38%, respectively. The
obtained rate constants are comparable with the ones obtained during
reduction of nNOS by excess NADPH under aerobic conditions [205] and
with the data obtained in further studies [206]. A second slow phase may be
attributed to subsequent processes, e.g., the start of enzyme multiple turnover.
The maximum absorbance change at 485 nm was close to that expected using
Agsgs = 12.4 mM~tcm™ for the absorbance difference between the oxidized
and three-electron reduced FAD-FMN domain of nNOS [207], i.e., to almost
complete formation of three-electron reduced form. For the estimation of the
maximum concentration of Fe*-NO complex, the absorbance difference
between Fe?*-NO and Fe®* forms of flavin-free nNOS heme domain, Aesss =
34.1 mMecm™ [133] was corrected for the absorbance difference between
oxidized and three-electron reduced flavin reductase domain, Aess = 11.2
mMcm™ [207]. Applying the obtained value Aess = 22.9 mMcm™ one
may conclude that during the turnover, 67% of heme exist in Fe?*-NO form,
which is close to values previously reported [134].
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Figure 35. Multiple turnover kinetics of nNOS reduction and reoxidation
by O in the presence of NADPH, Cam, H4B (A) and NADPH, Cam, H4B
and Arg (B). The absorbance changes were followed at 397 nm (1), 436 nm
(2) and 485 nm (3). Concentrations of NNOS and NADPH after mixing, 2.0
uM and 30 pM.
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The addition of duroquinone enhances the flavin reoxidation rate and
decreases the amplitude of absorbance changes at 485 nm (Fig. 36A). The
kinetics of reoxidation were analyzed by the method of Chance [166] using
Eqg. 23.
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Figure 36. The kinetics of nNOS reduction and reoxidation under multiple
turnover conditions in the presence of CaM, HsB and Arg. The
concentrations of enzyme and compounds ar given after mixing. (A) The
spectral changes of 2.0 uM nNOS monitored at 436 nm (1 — 3) and at 485
nm (4 — 6) during the reduction of 30 uM NADPH and subsequent
reoxidation by O; (1, 4) and by 5.0 uM (2, 5) or 50 uM (3, 6) duroquinone.
The inset shows the kinetics of spectral changes at 397 nm in the absence
(1) and in the presence of 100 uM duroquinone (2). (B) Dependence of the
apparent first order rate constants of reoxidation of reduced FAD-FMN (1),
reoxidation of Fe?*-NO complex (2) and formation of Fe?*-NO complex (3)
on duroquinone concentration.

The dependence of kox on duroquinone concentration (Fig. 36B)
corrected for kox for reaction with Oy, 2.24 s71, gives an apparent bimolecular
rate constant of 1.7 + 0.1 x 106 M*s™%, which is comparable with the stead-
state kea/Km Value for this oxidant (Table 12), and Koxmax) = 267 = 30 s . Thus
using duroquinone as an oxidant, the ke of the steady-state reaction is limited
mainly by the reductive half-reaction. Although duroquinone accelerates
nNOS oxidation followed at 397 nm with a similar rate, a further assessment
of the reoxidation of Fe?*-NO complex was made since it is the predominant
form of heme during the enzyme turnover [134] and its absorbance changes
are opposite to those of flavin cofactors. One may note the analysis of this
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reaction according to Eq. 23 is complicated by the branched catalytic cycle of
nNOS with the parallel electron flux through several Fe?* complexes (Fig. 11).
After the conditional assumption that the maximum concentration of Fe?*-NO
during turnover in the presence of O, is equal to enzyme concentration and
after the correction for kox of oxygen, 1.8 s, an apparent bimolecular rate
constant of its reoxidation equaling 7.4 + 0.85 x 10° M is! is obtained. The
addition of 100 U/mL SOD did not affect the rate of Fe2*-NO reoxidation by
duroquinone.

Analogously the rate constants of Fe?*-NO formation during the enzyme
reduction by NADPH (keq) were calculated according to Eq. 24 [166].
Although scattered (Fig. 36B), the obtained values of kg Were comparable
with kg = 35.3 s7! obtained in the analysis of absorbance increase in the
absence of duroquinone. Finally, an increase in duroquinone concentration has
little effect on the value of Kieg.

3.3.3.Discussion

Several specific properties of nNOS relevant to the reduction of
guinones, nitroaromatics and aromatic N-oxides can be disclosed. The absence
of a well-defined oxidant specificity except for the reactivity increase with
increasing E2 and the difference between two series of compounds show that
that outer sphere electron transfer model is applicable for nNOS catalyzed
reactions. NNOS activity in the presence of CaM, i.e., under conditions that
closely resemble physiological conditions, increases and approaches that of
rat P-450R [26], thus it is possible that there are similarities in oxidative stress-
type cytotoxicity of redox cycling xenobiotics in particular types of cells.

lonic strength effects point to conformational changes of the FMN-
binding domain having a role in the reduction of external oxidants. A
negatively charged Glu762 of the FMN-binding domain interacts with
Arg1229 of the FAD domain, and there is an interaction of Glu762, Glu816
and Glu819 with Lys423, Lys620 and Lys660 in an alternative conformation
[123,203]. High ionic strength was also reported to enhance the reduction of
FAD by NADPH and the interflavin electron transfer [202]. A likely
explanation is that the enzyme adopts a conformation with a better FMN
accessibility; moreover, ionic strength then mimics the effects of CaM. Using
kea/Km as a value for the measurement of reactivity, it was possible to show
the existence of an ionic strength-induced conformational change which
increases the reactivity of an uncharged oxidant duroquinone. Moreover, the
expected dependence on ionic strength is distorted for the reactions of
negatively charged FMN-binding domain with charged oxidants. Contrary to
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P-450R where the limiting reactivity is attained at u*? = 0.5 — 0.6 M*? [119],
the reactivity of negatively charged oxidants in the nNOS-catalyzed reaction
does not reach the limiting value even at p*? = 1.0 M2, presumably because
of the general increase in the FMN accessibility.

Previous presteady-state studies of nNOS show that the binding of
NADP(H) to the reduced flavin domain inhibits the reduction of external
oxidants, possibly via induced conformational changes restricting the
accessibility of FMN [204] and a nicotinamide ring-lacking 2',5"-ADP does
not inhibit the reaction. However, the data presented here and corroborating
an earlier study show that NADP* and 2',5’-ADP act as competitive inhibitors
towards NADPH [198]. Moreover, these inhibitors act noncompetitively
towards duroquinone and the decreased Keaapp) Can be attributed to an
increased Ky, of NADPH at high concentration of an inhibitor, in which case
50 uM NADPH falls short of a saturating concentration. Another possible
explanation is the involvement of a four-electron reduced flavin domain in the
presteady-state experiments [204], while in our case, i.e. under the steady-
state conditions, the enzyme cycles between a one- and three-electron reduced
states in the steady state [129-131]. The reductive half-reaction plays the main
role in limiting the ke.r of durogquinone in steady-state reaction. However, the
keat fOr most other oxidants is limited by the oxidative half-reaction (Fig. 36B,
table 13).

According to previous studies, N®-nitroarginine binding to the heme
moiety and preventing its reduction by FMNH; [144] does not inhibit the
reduction of nilutamide or CB1954 by nNOS [148,149], leading to a
conclusion that heme does not participate in the reduction of these compounds.
One may note, however, that these experiments were performed in the absence
of arginine, i.e., under the conditions where Fe?*-NO is not formed. The
multiple turnover experiments, however, show that duroquinone oxidizes both
the reduced FAD-FMN and heme, particularly its Fe?*-NO form (Fig. 36). The
decrease of amplitude and lifetime of absorbance transient at 436 nm is not
caused by the interception of electron flux from FMNH, to heme because the
rate constant of Fe**-NO formation (ked) decreases insignificantly with
increasing duroquinone concentration (Fig. 36B). Dissociation of NO* driven
by high rate of formation of peroxynitrite under the action of O, formed
during redox cycling of duroquinone is another potential mechanism for
Fe?*-NO decay [199]. However, this decomposition happens only after
addition of complex destabilizing chaotropic agents. Moreover, Fe?*-NO
depletion by duroquinone is SOD-insensitive and this argues against the
involvement of superoxide in Fe?*-NO decomposition. Fe?*-NO being less
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reactive than the reduced FAD-FMN (rate of formation 35.3 s whereas rate
of reduction of FAD-FMN is 144.7 s and ke Of the steady state reaction is
112.2 s71) points to heme having a minor role in electron flux for the reduction
of external electron acceptors. Therefore, FMNH; remains the preferential
electron donor. This is similar to reactions of flavohemoglobin where heme is
oxidized much slower by quinones than the reduced FAD during turnover
[208].

The involvement of heme moiety in the reduction of drugs and
xenobiotics by NOS had been demonstrated only in the case of iINOS-
catalyzed reduction of the anticancer prodrug 1,4-bis(aminoalkyl-N-oxide)-
anthracene-9,10-dione (AQ4N), which is converted into its bis(aminoalkyl)
derivative [209]. The data presented here (Fig. 36) expand the knowledge of
the variety of structures that may be activated this way, thus opening a
perspective for the design of heme-targeted bioreductively activated agents.
Moreover, there may be implications for more detailed studies of cytochrome
P-450 catalyzed single-electron reduction of quinones, aromatic N-oxides and
nitroaromatics [120,210,211]. Even though these reactions are relevant to the
cytotoxicity of the abovementioned compounds, their mechanisms are not
disclosed at the molecular level because proteoliposomal preparations rather
than isolated enzymes are used in these studies.
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3.4. Electron transfer distances in the reactions of different
electrontransferases with prooxidant xenobiotics

The outer sphere electron transfer model can be employed in calculating
the electron transfer distances in PfFNR catalyzed reactions. The ki values of
metalloproteins for the reactions with inorganic complexes are related to the
distance of electron transfer R, when electrostatic interactions are absent, i.e.
at infinite ionic strength [212]:

R,(A)=6.3-0.35Ink, (30)

This treatment to estimate the distances of electron transfer has been used
when analysing single-electron oxidation of P-450R, FNR from Anabaena
and NOS by quinones, nitroaromatics and inorganic complexes [29,75,119].
R, values for organic oxidants were calculated to be between 3.4 and 5.0 A,
whereas hydrophilic ferricyanide and Fe(EDTA)" are incapable of entering the
protein globule and R, values for the latter were up to two times higher. An
overestimation of distances is plausible in the case of flavoproteins due to the
dimethylbenzene part of the isoalloxazine ring being partly exposed to the
solvent [124,213,214] so the values should be regarded cautiously in
approximately assessing the “intrinsic” reactivity of a flavoenzyme. A further
complication for the estimation of ki; and R, in PfFNR catalysis derives from
the unknown E} of the FAD/FADH" couple. It was noted that during the
reductive titration of PfFNR, the extent of FAD semiquinone stabilization is
low, however its quantitative characterization was not provided [90]. Thus,
the values of ki1 were calculated assuming a 5% and 15% FADH" formation
at equilibrium.

Inorganic electron acceptors ferricyanide and Fe(EDTA)™ are
characterized by ko, = 4.6 x 10° M%s™t and 6.9 x 10* M!s! respectively at
infinite ionic strength [212]. At u=1.1 M, their respective ki, values are equal
to 1.0 x 10° MIstand 1.0 x 10* Mis? (Fig. 20). According to the Nernst

equation and assuming E7FAD/FADH_= -0.28 V [90], E7FAD/FADH°= -0.308 V

(15% FADH' stabilization) and Er**/FAP"'= _0337 Vv (5% FADH'
stabilization). The ki values of PfFNR can be obtained from the following
expression [215]:

logk,, =logk;, —logk,, —0.5log K +log Z —

—\/(Iog Z —logk,, )2 +logK (logZ —logk,, )
For the reactions with ferricyanide log ki1 = —4 and log ki1 = —4.39, for 15%
and 5% FADH" stabilization, respectively; for Fe(EDTA)™ the respective

(31)
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values are log ki1 = —3.46 and log ki1 = —3.89. In the case of Q and ArNO; one
can infer the approximate ki; values from the data in Fig. 16 at AE7 =0, where

ki, = \/ki1 X k4,. When stabilization is at 15%, the log ki1 values are equal
to 1.90 + 0.08 for Q and 1.80 + 0.12 for ArNO; and fall to 1.60 + 0.09 and
0.80 + 0.09 respectively at 5% FADH-" stabilization.

Application of the Mauk model is possible for the reactions of RpFNR
with Q and ArNO., the approximate ki values may be obtained from the data
of Fig. 26 at AEJ = 0, where kiz = (ki x ka2)¥2. At EF of the oxidant being
equal to —0.285 V, the log ki1 values are equal to 1.36 + 0.46 (quinones) and
1.04 + 0.22 (nitroaromatics), which then gives R, = 5.2 + 0.4 A and Ry, = 5.4
+ 0.2 A, respectively, according to Eq. 30. It can be noted that the possible
uncertainty of the E-FADH' potential in the range of 10-15 mV has almost no
effect on the R, value, changing it by only 0.1 A. Thus, these Rps are close to
the Ry values for plant-type FNRs given previously, indicating that possible
steric interferences in the structure of RpFNR may not affect the low M,
oxidant reduction rate.

Calmodulin is known to accelerate the transitions between various
conformational states of nNOS flavin reductase domain while favoring the
conformational states with better FMN accessibility to the solvent [216,217],
however it is also suggested that CaM acts in decreasing the E3 of FMNH
FADH/FMNH; couple and increasing its reactivity [207]. The ki1 values for
nNOS are estimated from the data in Fig. 31 at AE} = 0, where the one-
electron reduction potentials of the oxidant and FMNH/FMNH: couple
should be equal. There are some doubts in the reported values of E} for
FMNH/FMNH; couple even after adjustment to pH 7.0 (table 14).

Table 14. Redox potentials of FMNH/FMNH: couple from nNOS. Values in
parentheses after adjustment to pH 7.0 assuming that the reduced FMN is
doubly protonated [218].

E' (V)
-CaM +CaM
Holoenzyme, pH 7.0 [218] -0.220 -0.220
Flavin reductase domain, pH 7.1 [139] -0.274 (-0.268) -0.267 (-0.261)
Flavin reductase domain, pH 7.4 [207] -0.199 (-0.175) -0.284 (-0.260)
Flavin reductase domain, pH 7.5 [136] -0.300 (-0.270)
Flavin reductase domain, pH 7.6 [203] -0.276 (-0.240)

Conditions

The highest and lowest pH-adjusted values of E2 in the absence and
presence of CaM were used in the calculations. Based on the data in fig. 31A
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and Eq. 30 the obtained values are R, = 3.9 + 0.3 A (log ki1 = 3.0 = 0.4) for
E}=-0175Vand R, =4.7+ 0.5 A (log kiz = 2.0 = 0.3) for E} = -0.268 V.
Alternatively, in the presence of CaM and based on the data in Fig. 31B, R, =
28+0.2 A (log ks =4.4+0.7) for E} =-0.220 Vand R, =3.1+ 0.2 A (log
ki = 4.0 + 0.6) for E} = -0.270 V. Therefore, the enhancement of nNOS
reactivity by CaM can be attributed to an increased FMN accessibility
regardless of a possible role in decreasing the redox potential of
FMNH/FMNH- [205].

The data presented in table 15 show the values of electron transfer
distance, determined in this work and compared with results obtained in
previous studies. In the case of PfFNR and RpFNR, the electron transfer
distances appear to be larger than those of P-450R and close to those of FNR
from Anabaena which in turn means that the FAD isoalloxazine ring of both
of these plastidic FNRs is accessible to low M, oxidants regardless of the
differences in the isoalloxazine vicinity [89,181,214].

Table 15. Distances of the electron transfer in reactions of flavin-dependent
electrontransferases with nonphysiological electron acceptors

. : R (A)
Flavoprotein Reaction Q  AINO; Fe(CN)z_ Fe(EDTA)"
P-450 [119] FII/l_NH‘ -ee—>FMNH 34 4.2 8.1 7.3

E; =-0.270V
ANOS [29] FII/l[\IH‘ -e > FMNH" 47 39
E; =-0.274V
ANFNR [75] FADH -e -H*—>FAD 50 4.4 9.2 104-11.4
E3 =-0.280V
FADH -e -H"—-FAD 4.8 4.9 9.5 9.1
E; =-0.308 V
PIFNR FADH -e -H"—-FAD 50 5.6 9.8 9.4
E}=-0337V
FADH -e -H*—-FAD 52 54
RpFNR 1
E; =-0.285V
FMNH--e-— FMNH" 3.9
nNOS E}=-0175V
(-CaM) FMNH--e-— FMNH" 4.7
E; =-0.268 V
FMNH--e-— FMNH" 2.8
nNOS E; =-0.220V
(+CaM) FMNH--e~— FMNH" 3.1
E}=-0270V
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CONCLUSIONS

P. falciparum ferredoxin:NADP* oxidoreductase and R. palustris
ferredoxin:NADP* oxidoreductase-catalyzed reduction of xenobiotics is
similar to that of plastidic FNR from Anabaena in quantitative terms and
the rate-limiting step is the oxidation of a FAD semiquinone.

P. falciparum ferredoxin enhances the reduction of xenobiotics by FNR
by providing an alternative pathway for their reduction with higher
reduction rate constant but a lower maximal turnover.

The redox potential analysis of a novel thioredoxin reductase-type RpFNR
was performed for the first time, giving the redox potential value E7 =
-0.276 V and demonstrating a relatively high stability of the semiquinone,
26.5% at equilibrium. These data are consistent with that of other FNRs.
The role of heme Fe*-NO complex of nNOS in the reduction of
xenobiotics was shown for the first time with the complex taking up a
minor portion of the electron flux for the reduction of external electron
acceptors.

The studies of ionic strength effects on the kinetics of neuronal NO
synthase demonstrate the interaction of electron acceptors with the
negatively charged domain at the vicinity of FMN, and the occurrence of
conformational changes of the enzyme that facilitate the access of electron
acceptors to the active site at high ionic strength

It was shown that dehydrogenases — electrontransferases can be employed
in the approximate determination of single-electron reduction potentials
of nitroaromatic compounds and aromatic N-oxides.

The calculated electron transfer distances in PfFNR and RpFNR are
similar to those calculated for AnFNR and are around 5 A for quinones
and nitroaromatics. The electron transfer distances in nNOS in the
presence of calmodulin, around 3.0 A, are similar to those in cytochrome
P-450 reductase.
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SANTRAUKA

Flavininiai fermentai sudaro apie 3% visy fermenty, jie aptinkami visy
grupiy organizmuose ir pasizymi itin didele funkcijy gausa: redukcijos
ekvivalenty pernasa fotosintezéje, DNR reparacija, aplinkos tarSaly ir
ksenobiotiky detoksifikacija, apoptoze, lasteliy signalai ir kt. Fermenty
sudétyje esantis flavinas yra flavino mononukleotido (FMN) arba flavino
adenino dinukleotido (FAD) pavidalo, paprastai jungiasi nekovalentiskai.

DazZnu atveju flavininiai fermentai yra susije su oksidacijos — redukcijos
reakcijomis, kuriy metu jie funkcionuoja pernesdami elektronus j tolimesnius
taikinius. Tokiy fermenty sudétyje esancius flavinus oksiduoja ne tik jy
gamtiniai elektrony akceptoriai, bet ir jvairis nefiziologiniai elektrony
akceptoriai, tokie kaip aplinka terSiantys nitroaromatiniai junginiai ar
ksenobiotiniai chinonai. Taip pat itin svarbu paminéti tai, kad flavino
prostetiné grupé geba transformuoti tarp vienelektroninés ir dvielektroninés
redukcijos.

Prooksidantiniai ksenobiotikai — medziagos, randamos organizme, ta¢iau
paprastai organizmo negaminamos — dehidrogenaziy — elektrontransferaziy
gali biti redukuojamos. Siy Zemo potencialo oksidatoriy redukcijos metu
susidaro radikaly anijonai, kuriuos futilinio redokso ciklo metu reoksiduoja
aplinkos deguonis, kas ir lemia jy citotoksiSkuma oksidacinio streso pagrindu.

Siame darbe buvo tirti trys dehidrogenazéms — elektrontransferazéms
priskiriami fermentai, priklausantys dviems skirtingoms grupéms: Fe-S
baltymy reduktazéms (PfFNR, RpFNR) ir hemo baltymy reduktazéms
(nNOS). Jy reakcijos su nefiziologiniais oksidatoriais ir ksenobiotikais yra ¢ia
pristatomy mechanistiniy tyrimy, kuriy rezultatais remiantis daromos i§vados
apie fermentinés ksenobiotiky redukcijos mechanizmus bei specifines
kiekvieno fermento savybes, pagrindas.

Tikslas ir uzdaviniai

Pagrindinis darbo tikslas yra dviejy tipy dehidrogenaziy —
elektrontransferaziy (Fe-S baltymy reduktaziy (PfFNR ir RpFNR) ir hemo
baltymy reduktaziy (nNOS)) katalizuojamos elektrony pernasos mechanizmy
charakterizavimas bei S§ios vienelektroninés redukcijos jvertinimas ir
palyginimas tarp fermenty.

Tikslui pasiekti iskelti Sie uzdaviniai:

1. PfFNR ir RpFNR katalizuojamos ksenobiotiky redukcijos tyrimas ir iy
fermenty atliekamos katalizés palyginimas su gerai iStirta AnFNR ir

SoFNR Kkatalizuojama redukcija;
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Naujo, ] tioredoksino reduktaze panasiy, tipo RPFNR redokso savybiy
charakterizavimas, ypatinga démes;j skiriant semichinonui;

NNOS katalizuojamos ksenobiotiky redukcijos tyrimas, ypatinga démesj
skiriant kalmodulino vaidmeniui bei galimam hemo vaidmeniui;
Dehidrogenaziy — elektrontransferaziy katalizuojamos vienelektroninés
ksenobiotiky redukcijos reakcijy grei¢io konstanty panaudojimas
apytiksliam jy vienelektroninés redukcijos potencialy ir elektrony
pernaSos atstumy Siose reakcijose jvertinimas.

Darbo svarba ir mokslinis naujumas

Parodyta, kad nNOS aktyvumas ksenobiotiky bioaktyvacijoje gali biti
panaSus j P-450R. Pirmg kartg parodyta, kad nNOS hemas (Fe?*-NO
kompleksas) gali turéti vaidmen] oksidatoriy redukcijos procese;
Elektrony pernasos atstumai, apskaiciuoti pagal iSorinés sferos elektrony
pernaSos modelj, yra artimi anksciau paskelbtoms homologisky fermenty
elektrony pernasos vertéms;

Parodyta, kad dehidrogenazés — elektrontransferazés gali bati
pasitelkiamos norint apytiksliai nustatyti  ArNO; ir ArN—O
vienelektroninés redukcijos potencialus, o apskai¢iuotos potencialy vertés
skiriasi ne daugiau nei 30 mV nuo iSmatuotyjy;

Plasmodium falciparum apikoplastuose lokalizuota PfFNR yra
potencialus naujy antimaliariniy vaisty taikinys. Darbe pateikiami
rezultatai suteikia jzvalgy j prooksidantiniy ksenobiotiky, kurie gali buti
laikomi kaip oksidacinj stresg pirmuoniui sukeliantys vienelektroninés
redukcijos metu, redukcijos mechanizmus;

Modelinio Rhodopseudomonas palustris TrxR tipo RpFNR katalizuojamy
redokso reakcijy detalus tyrimas ir kiekybiné gauty rezultaty analizé leido
nustatyti redokso potencialus ir semichinono stabilizacija, o gautos vertés
yra panasios ] plastidiniy SOFNR ir AnFNR atitinkamas vertes.

Ginamieji teiginiai

Dehidrogenazés  —  elektrontransferazés  redukuoja  chinonus,
nitroaromatinius  junginius ir aromatinius N-oksidus ping-pong
mechanizmu. Visais atvejais oksidatoriy reaktyvumas (log Kea/ Km) didéja
didéjant vienelektroninés redukcijos potencialui (E2). Nitroaromatiniy
junginiy reaktyvumas yra sistemingai Zemesnis, nei chinony ar aromatiniy
N-oksidy su analogiskais vienelektroninés redukcijos potencialais. Greitj
limituojanti stadija yra oksidaciné pusiau-reakcija;
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2. Sios fermentinés reakcijos nepriestarauja iSorinés sferos elektrony
pernasos modeliui, o reaktyvumas gali biti pasitelkiamas skaiciuojant
apytikslius elektrony pernasos atstumus;

3. Kai kuriy klasiy oksidatoriy nuostoviosios stadijos greicio konstantos gali
buti naudojamos apytiksliam jy vienelektroninés redukcijos potencialy
Jvertinimui.

Medziagos ir metodai

Darbe naudoti fermentai feredoksino:NADP+ oksidoreduktazés,
i§skirtos i§ Plasmodium falciparum (PfFNR, iSskirta dr. A. Aliverti (Italija))
ir Rhodopseudomonas palustris (RpFNR, iSskirta dr. D. Seo (Japonija)), bei
neuroniné NO sintazé, iSskirta i§ ziurkiy (nNOS, iSskirta dr. J.-L. Boucher
(Pranciizija)). Darbe naudotos medZiagos jsigytos i§ Sigma-Aldrich arba
susintetintos dr. J. Sarlausko, dr. V. Migkinienés arba dr. E. Davioud-Charvet
(Pranctzija) grupés.

Stacionariosios stadijos kinetiniai tyrimai atlikti spektrofotometriskai,
reakcijy parametrai Kea ir ke Km €sant fiksuotai NADPH koncentracijai gauti
po duomeny glaudinimo parabolés lygtimi, jie atitinka susikirtimo su y asimi
taska ir nuolydj Lineweaver — Burk koordinatése. Fermentiné NADPH
oksidacija terpéje esant elektrony akcceptoriaus vertinta pagal Agssw = 6.2
mM-tcm™. Gautos grei¢iy vertés koreguotos atsizvelgiant j oksidazinj
fermenty aktyvuma.

Nestacionariosios stadijos kinetiniai tyrimai atlikti sustabdytos srovés
metodu aerobinémis sglygomis, matavimus atliekant 460 — 800 nm bangos
ilgio intervale.

Deguonies suvartojimo tyrimai atlikti naudojant Klarko elektroda
matuojant deguonies redukcijos srove.

Fotoredukcijos tyrimai atlikti anaerobinémis salygomis,
fotosensitizatoriais naudoti 5-deaza-FMN ir EDTA. Fotoredukcija atlikta
trumpais intervalais apSvieCiant reakcijos miSinj Sviesos Saltiniu naudojant
kaitring lempa.

Rezultatai ir jy aptarimas

Stacionariosios stadijos kinetikos tyrimy metu varijuojant juglono — itin
aktyvaus nefiziologinio elektrony akceptoriaus — koncentracija gauta eilé
lygiagreCiy tiesiy rodo dehidrogenazéms — elektrontransferazéms biidinga
ping-pong mechanizma, kitaip sakant, oksidaciné ir redukciné pusiau-
reakcijos vyksta nepriklausomai viena nuo kitos. Remiantis ankstesniais
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tyrimais, kur parodytas vienelektroninis chinonreduktazinis PfFNR
aktyvumas, buvo tiriama, ar tai galioja ir nitroaromatiniams junginiams bei
aromatiniams  N-oksidams. Vienelektroniné nitroaromatiniy junginiy
redukcija parodyta j terpe pridéjus citochromo ¢, kurio fermentas tiesiogiai
redukuoti negali. Esant terpéje nitroaromatinio junginio, citochromo C
redukcijos greitis sieké 140 — 195% NADPH oksidacijos greicio, o
superoksiddismutazé slopino citochromo ¢ redukcija 15 — 25%. Paraleliai
atliekant deguonies suvartojimo ir spektriniy pokyc¢iy ArNO- redukcijos metu
tyrimus stebétas redoksciklinimas, o PfFNR katalizuojamas stabiliy reakcijos
produkty susidarymas prasideda, kai [O2] = 40 — 50 uM. ArN—O atveju,
naudojant TPZ ir jo darinius, NADPH oksidacija vyko lygiagreciai su O
sunaudojimu. Cyt c redukcijos greitis siekia 180 — 190% NADPH oksidacijos
greicio, o SOD slopinimas siekia 40 — 65%: 1e~ srautas ArN—O atveju yra 90
—95%.

Substratinis PFFNR specifiskumas vertintas tiriant trijy grupiy (Q, ArNO>
ir ArN—O) Zemo potencialo elektrony akceptoriy redukcijg. Struktirinis
specifiSkumas nestebétas, kita vertus, matoma Kkatalitinio efektyvumo
konstantos (Kca/Km) logaritmo priklausomybé nuo vienelektroninés redukcijos
potencialo. ArNO: atveju stebima tiesiné priklausomybé, o Q ir ArN—O
formuoja bendra ,,serijg*, kuriai bidinga paraboliné priklausomybé. Matomas
reaktyvumo skirtumas aiskintinas elektrony savimainy konstanty skirtumais:
chinony ir aromatiniy N-oksidy atveju jos siekia =108 M™1s™!, tuo tarpu
nitroaromatiniy junginiy atveju $ios konstantos yra ~10® M1s™2,

Plazmodionas (PD) ir jo dariniai pasizymi antimaliariniu aktyvumu,
kuris, kaip manoma, kyla i§ bioredukcing aktyvacija sukeliancio
redoksciklinimo. Modeliniy chinony atveju egzistuoja priklausomybé tarp
reaktyvumo ir le” redukcijos potencialo, ta¢iau PD dariniy atveju Sie
potencialai néra Zinomi, o dél prasto junginiy tirpumo negalima naudoti
jprastai tokiais atvejais pasitelkiamos pulsinés radiolizés. Siy junginiy
potencialiai buvo apytiksliai nustatyti matuojant O, suvartojimo greitj
oksiduojant askorbata, kai terpéje yra chinono. Atlikus stacionariosios
kinetikos tyrimus nustatytas PD ir jo dariniy reaktyvumas buvo aukstesnis, nei
analogisko E+ modeliniy chinony; le~ srautas sieké 75 — 95%, o didéjant
potencialui mazéjo jautrumas SOD slopinimui.

Slopinimo tyrimy metu tirta transhidrogenaziné reakcija: NADPH
redukuojant 3-AcADP molekule stebimas konkurentinis slopinimas atsiranda
dél to, kad 3-AcADP uzima piridino nukleotido jungimosi vieta redukuotoje
fermento formoje. Slopinimas reakcijos produktu NADP* yra dvejopas.
NADPH atzvilgiu stebimas konkurentinis slopinimas, o juglono atzvilgiu
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stebimas bekonkurentinis slopinimas. I§ to seka, kad, pirma, 3-AcADP ir
chinonai oksiduoja skirtingas FNR redokso formas, kuriy giminingumas
NADPH yra skirtingas, ir, antra, dvejopas slopinimas rodo specifinj ping pong
atvejj, kai NADP" glaudziai jungiasi su oksiduota fermento forma, tuo tarpu
su 2e” redukuota forma jungiasi silpnai arba nesijungia apskritai. Taigi kaip
ir FNR, iSskirty i§ Spinaty ar Anabaena, atveju, greitj riboja FADH
semichinono oksidacija.

Fiziologinis FNR oksidatorius yra feredoksinas (Fd), o giminingumas
tarp FNR ir Fd mazéja didéjant joninei tirpalo jégai, kadangi Fd pavirsiuje
gausu neigiamai jkrauty aminoriig§¢iy, o FNR pavirSiuje — teigiamai jkrauty.
Tyrimy metu buvo vertinta elektrostatiniy saveiky jtaka. Krivj turinCiy
elektrony akceptoriy atveju stebima varpo formos priklausomybé nuo joninés
jégos, ka galima paaiskinti tuo, kad oksidatoriai sgveikauja tiek su neigiamai
jkrautu Glu314, tiek su teigiamai jkrautu Lys287, kuris, beje, yra Salia
izoaloksazino ziedo ir dalyvauja susidarant sgveikai tarp Fd ir FNR.

Fd budingas stimuliacinis Q ir ArNO- redukcijos efektas, matomas kaip
dvifaziSkumas atvirkstinése koordinatése. Létosios fazés maksimaliis greiciai
yra pana$iis j cyt ¢ redukcijos greiius esant atitinkamai Fd koncentracijai.
Kitaip sakant, tokia stimuliacija rodo, kad Fd gali biti alternatyvus
nefiziologinio oksidatoriaus redukcijos kelias, §j redukuojant per redukuota
Fd, galimai dél geriau prieinamo aktyvaus centro. Kita vertus, panasi
aktyvacija stebéta ir Adx/AdxR ar AnFd/AnFNR pory atveju, taigi gali biiti,
kad tai yra bruozas, biidingas §iai fermentui grupei.

Nestacionariosios stadijos Kkinetikos tyrimy metu kontroliniuose
eksperimentuose be Q stebima greita FAD redukcija ir léta reoksidacija
deguonimi ties 460 nm, bet kartu stebimas ir tarpinio junginio, absorbuojancio
600 nm ilgio $viesa, susidarymas. Pridéjus chinono, reoksidacija pagreitéja
apie 100 karty, kas rodo nykstama O ijtakg reoksidacijos kinetikai
eksperimentinémis salygomis. Laikant, kad FAD redukcija atitinka
maksimaly sugerties pokyt] ties 460 nm, kai terpéje néra chinono, gautos
greiciy konstantos yra panasios j stacionariosios kinetikos salygomis gautgsias
atitinkamas konstantas. Redukuoto FNR reoksidacijos limituojanti stadija ko
gero yra FAD semichinono oksidacija. Stebéta produkto akumuliacija 600 nm
regione. Be to, absorbcija virs 700 nm néra buidinga FAD semichinonui, ko
gero atspindi kity tarpiniy produkty, pavyzdziui FAD-NADP(H) komplekso
susidaryma.

Nitroaromatiniy junginiy atveju egzistuojanti tiesiné priklausomybé gali
biiti pasitelkiama apytiksliai vertinant vienelektroninés redukcijos potenciala.
IS Sio ir ankstesniy tyrimy metu atlikty skaic¢iavimy su dehidrogenazémis —
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elektrontransferazémis matyti, jog apskaiCiuoti junginiy le~ redukcijos
potencialai nuo iSmatuotyjy skiriasi ne daugiau nei per 30 mV, taigi
apskaiciuotos nezinomo potencialo junginiy le™ redukcijos potencialy vertés
laikytinos realistiskomis. Be to, atlikty tyrimy su nezinomo potencialo
ArN—O metu taip pat parodyta, kad junginiy reaktyvumg lemia ne
strukttrinis specifiSkumas, o elektronakceptorinés jy savybés. Keliy
fermentiniy sistemy log Kea/Km priklausomybiy nuo E+ vidurkio naudojimas
leidzia apytiksliai jvertinti neZinomus potencialus.

Stacionariosios kinetikos sglygomis atlikty tyrimy su RpFNR metu
gautiems rezultatams biidingos analogijos su PfFNR: ping-pong mechanizmas
rodo nepriklausomas vieng nuo kitos redukcing ir oksidacing pusiau-reakcijas,
o0 substratinio specifiSkumo tyrimo metu stebimas panasus ,,profilis“, kai Q ir
ArN—O formuoja vieng ,,serija“ su buidinga paraboline priklausomybe nuo
redukcijos potencialo, tuo tarpu atitinkamo redukcijos potencialo ArNO;
maziau reaktyvis, jy reaktyvumas pasizymi tiesine priklausomybe nuo
potencialo. Nustatytas vienelektroninis srautas chinony atveju sieké >50%, 0
nitroaromatiniy junginiy atveju jis buvo >90%.

Slopinimo reakcijos produktu NADP* rezultatai panasis | PfFNR
tyrimuose stebétus, taciau juglono atzvilgiu RpFNR atveju stebimas
nekonkurentinis slopinimas. Slopinimo tyrimai rodo, kad dominuojantis
slopinimo mechanizmas yra reakcijos produkto konkurencija su NADPH dél
jungimosi prie oksiduotos fermento formos.

Nestacionariosios kinetikos sglygomis stebima greita FAD redukcija
NADPH ties 460 nm ir 1éta reoksidacija deguonimi. Tuo pat metu susidaro ir
600 nm ilgio Sviesg absorbuojantis tarpinis produktas. Chinono pridéjimas j
reakcijos misinj pagreitina reoksidacija daugiau nei viena eile. Oksidacijos
greiCiy konstantos, gautos nestacionariosios kinetikos tyrimy metu, panasios j
stacionariosios kinetikos salygomis gautasias. Kadangi ir reoksidacija ties 460
nm, ir tarpinio produkto nykimas ties 600 nm vyksta tuo paciu grei¢iu, FADH"
oksidacija gali bati laikoma greitj limituojancia redukcijos stadija. Tarpiniy
produkty sugerties charakteristikos taip pat analogiskos PfFNR, stebimas
pradinis sugerties augimas 500 — 725 nm intervale, véliau atsiranda ir nyksta
plati sugerties juosta 600 — 700 nm intervale.

Potenciometrinés analizés metu fermento redukcijos potencialas
nustatytas i§ 3-AcADP*/3-AcADPH poros. Remiantis Haldane principu ir
Nernst lygtimi, jis lygus —-0.276 V. Fotoredukcija buvo atliekama
anaerobiozés saglygomis. Neutralaus semichinono susidarymas stebétas 550 —
650 nm intervale i§ augancios sugerties. ApskaiCiuotas stabilizavimas sieké
26.5%. Gautas RpFNR redokso potencialas savo verte panaSus j PfFNR,
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—0.280 V. Semichinono stabilizavimas panaSus j SOFNR ir AnFNR. Nors
RpFNR neturi SOFNR bitidingos Ser96/Glu312 atitinkancios poros, remiantis
analogijomis i§ giminingy fermenty galimi auksto semichinono stabilumo
paaiskinimai galéty biiti, pavyzdzui, ® — 7 stekingas tarp izoaloksazino ir
terminalinio Tyr328.

NO sintaze pasirinkta siekiant pratesti misy skyriuje prie§ deSimtmetj
pradétus tyrimus, ypatingg démesj skiriant kalmodulino vaidmeniui.
Substratinio nNOS specifiSkumo profilis su tirtais Q, ArNO; ir AN—O
atitinka stebéta PfFNR ir RpFNR atveju: tiesiné reaktyvumo priklausomybé
nuo E} ArNO; atveju ir paraboliné priklausomybé Q ir ArN—O atveju.
Pridéjus kalmodulino, stebimas reaktyvumo iSaugimas, kai kuriy junginiy
atveju net iki Simto karty.

Elektrostatinés saveikos yra svarbios FMN elektrony pernaSos
reakcijoms tiek dél FMN ir FAD domeny asociacijos, tiek ir dél komplekso
su hemo domenu formavimosi. Tyrimai su neutraliu durochinonu rodo
didziausig Kea esant didelei joninei jégai. CaM veikia taip, kad maksimali Kcar
pasiekiama esant maZesnei tirpalo joninei jégai. Kea/ K taip pat didéja didéjant
joninei tirpalo jégai, taCiau taip pat pastebétina tai, kad joniné jéga sumaZzina
aktyvuojant] CaM efekta. Tai, kad joninés jégos efektas didesnis neigiamai
ikrautiems elektrony akceptoriams, rodo oksidatoriy sgveika su neigiamai
ikrautu FMN domenu. Kitaip sakant, tokie efektai rodo, pirma, konformaciniy
FMN domeno pokyciy svarba redukcijai, ir, antra, joninés jégos mimikrinj
efekta imituojant kalmoduling.

Slopinimo tyrimy, atlikty su reakcijos produktu NADP* ir redoks-
neaktyviu 2',5'-ADP, metu durochinono reduktazés reakcijoje stebétas
konkurentinis slopinimas NADPH atzvilgiu, kas rodo naudoty slopikliy ir
NADPH jungimasi toje pacioje vietoje prie oksiduotos fermento formos.
Durochinono atzvilgiu stebétas bekonkurentinis slopinimas.

Nestacionariosios kinetikos tyrimy metu buvo stebimi sugerties poky¢iai
ties 340, 397, 436 ir 485 nm, kas leido sekti, atitinkamai, NADPH oksidacija,
hemo redukcija, Fe?*-NO komplekso susidarymg ir flaviny redukcijg. Pirma,
po greitos flaviny redukcijos vyksta léta reoksidacija deguonimi. Kadangi
sugerties pokycCiy amplitudé ties 397 nm ir 485 nm yra panasi, galima manyti
esant didelio flaviny indélio j spektrinius pokycius. Sugerties poky¢iai ties 436
nm tokiomis sglygomis taip pat priskirtini flaviny redukcijai, kadangi Fe?*-
NO komplekso susidarymo atveju tikimasi sugerties iSaugimo. Tai, kad po
redukcijos sugertis j pradinj lygj negrizta, rodo stabily vienu elektronu
redukuota FMN-FAD. Terp¢je esant CaM ir tetrahidrobiopterino, stebimas
reakcijos grei¢io iSaugimas. Pridéjus durochinono, fermento reoksidacija
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pagreitéja >10 karty tiek kontrolinémis sglygomis, tiek ir esant CaM ir H4B.
Pridéjus arginino, matomas sugerties augimas ties 436 nm, tai rodo Fe?*-NO
komplekso susidarymag. Procesai vyksta dvifaziSkai, o turnoverio metu 67%
hemo yra Fe?*-NO formos. Durochinonas tiek pagreitina reoksidacija, tiek ir
sumazina sugerties poky¢iy amplitude ties 485 nm. Paraleliai su redukuoto
FAD-FMN reoksidacija, jis oksiduoja ir hemo Fe?*-NO forma. Remiantis $iy
tyrimy metu apskai¢iuotomis grei¢io konstanty vertémis galima teigti, jog
hemo vaidmuo redukuojant iSorinius elektrony akceptorius néra Zymus,
pagrindiniu elektrony donoru islicka FMNHo.

Norint apskaiiuoti elektrony pernasos atstumg PfFNR katalizuojamoje
reakcijoje galima taikyti iSorinés sferos elektrony pernasos modelj. Elektrony
pernasos atstumas metaloproteinuose su neorganiniais kompleksais priklauso
nuo elektrony savimainy konstantos ki1 vertés. Toks Rp verciy apytikslis
apskaiCiavimas buvo pritaikytas analizuojant vienelektroning P-450R, FNR i
Anabaena ir NOS oksidacija chinonais, nitroaromatiniais junginiais ir
neorganiniais kompleksais. Flavininiy baltymy atveju neatmestina galimybé,
kad gautos vertés yra padidintos dél izoaloksazino ziedo dimetilbenzeno
dalies ekspozicijos tirpikliui, tad $ios vertés ,,vidiniam* flavininiy fermenty
reaktyvumui apibrézti turéty buti naudojamos atsargiai. 15 lenteléje (98 psl.)
pateikiami palyginamieji duomenys tarp Siame darbe nustatyty elektrony
pernaSos atstumy ir ankstesniuose tyrimuose gauty rezultaty. PfFNR ir
RpFNR atveju elektrony pernaSos atstumai yra didesni nei P-450R ir yra
panasiis | gautuosius tiriant ANFNR, o tai rodo, kad abiejy plastidiniy
ferredoksinreduktaziy FAD izoaloksazino ziedas yra priecinamas mazos
molekulinés masés oksidatoriams nepriklausomai nuo skirtumy izoaloksazino
aplinkoje.

ISVADOS

1. P. falciparum ir R. palustris feredoksino:NADP* oksidoreduktaziy
katalizuojama ksenobiotiky redukcija kiekybiskai yra panasi j plastidinés
FNR i§ Anabaena katalizuojama, o greitj ribojanti stadija yra FAD
semichinono oksidacija.

2. P. falciparum feredoksinas padidina ksenobiotiky redukcija katalizuojant
FNR suteikdamas alternatyvy kelia jy redukcijai, su jam budinga didesne
redukcijos greiCio konstanta, bet mazesniu maksimaliu apsisukimy
skaiiumi.

3. Pirma kartg buvo atlikta potenciometriné naujos, tioredoksino reduktazés
tipo, RpFNR analiz¢, nustatyti redokso potencialas (E; = —0.276 V) ir
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santykinai auk$tas semichinono stabilumg (26.5% pusiausvyros
salygomis), kas yra panasu j kitas FNR.

Pirmg kartg parodytas neuroninés NO sintazés hemo Fe?*-NO komplekso
vaidmuo ksenobiotiky redukcijoje: Sis kompleksas paima nedidelg dalj
elektrony srauto iSoriniy elektrony akceptoriy redukcijai.

Joninés jégos poveikio nNOS kinetikai tyrimai rodo, kad, esant aukstai
joninei jégai, vyksta fermento konformaciniai pokyciai, palengvinantys
kriivi turinciy elektrony akceptoriy pri¢jima prie aktyviojo centro.
Parodyta, kad dehidrogenazés — elektrontransferazés gali biiti naudojamos
norint apytiksliai nustatyti nitroaromatiniy junginiy ir aromatiniy N-
oksidy vienelektroninés redukcijos potencialus.

Apskaiciuoti elektrony pernasos atstumai PfFNR ir RpFNR yra panasis |
tuos, kurie buvo apskai¢iuoti AnNFNR atveju ir siekia apie 5 A chinony bei
nitroaromatiniy junginiy atveju. Elektrony pernasos atstumai nNOS (~3
A) pridéjus kalmodulino yra panasiis j citochromo P-450 reduktazés.
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