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ABSTRACT Acanthamoeba castellanii is a ubiquitous free-living amoe-
ba that can cause severe infections in humans. Unlike most other or-
ganisms, A. castellanii possesses a “complete” mitochondrial respirato-
ry chain, meaning it contains several additional enzymes that contrib-
ute to its metabolic versatility and survival in diverse environments. This
review provides a comprehensive overview of the mitochondrial respir-
atory chain in A. castellanii, focusing on the key alternative components
involved in oxidative phosphorylation and their roles in energy metabo-
lism, stress response, and adaptation to various conditions. The func-
tional characterization of the alternative oxidase (AOX), uncoupling
protein (UCP), and alternative NAD(P}H dehydrogenases, highlight their
roles in reducing oxidative stress, modulating proton gradients, and
adapting to changes in temperature and nutrient availability. These
proteins and systems serve a role in the survival of A. castellanii under
stressful conditions such as starvation and cold conditions. Further
knowledge of the respiratory chain of the amoeba has potential impli-
cations for understanding the evolution of mitochondrial respiration
and developing new therapies for treating Acanthamoeba infections.
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Abbreviations:

AK - Acanthamoeba keratitis,
AOX - alternative oxidase,
BHAM - benzohydroxamate,
COX - cytochrome-c-oxidase,
FA -fatty acid,

FFA -free FA,

HNE - 4-hydroxy-2-nonenal,
NAD(P)Halt - alternative NAD(P)H
dehyddrogenases,

ROS - reactive oxygen species,
UCP - uncoupling protein.

INTRODUCTION

Acanthamoeba castellanii is a protozoan organism found
in various environments worldwide, including soil, water,
and air. As an opportunistic pathogen, it can cause a
range of infections in humans, including Acanthamoeba
keratitis (AK), a severe eye infection primarily associated
with contact lens wear, and granulomatous amoebic en-
cephalitis (GAE), a rare but often fatal infection of the cen-
tral nervous system [1, 2]. The biology of A. castellanii in-
volves its ability to exist in two distinct forms: a dormant
cyst stage, which is resistant to adverse conditions, and an
active trophozoite stage, which feeds on bacteria and
other organic matter. This versatility allows A. castellanii to
survive and thrive in a wide range of habitats [2-6].
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Intriguingly, in contrast to most other organisms,
A. castellanii is characterized by possessing a “complete”
mitochondrial respiratory chain, meaning that it contains
several additional enzymes such as alternative NADH de-
hydrogenases [7], alternative oxidase (AOX) [8-10], and
uncoupling protein (UCP) [11] along with the common
components of the electron transport chain (complex | to
IV and FoF1 ATP synthase) that are a hallmark of mito-
chondria from most organisms (Figure 1A-C). This adapt-
ability could contribute to allowing A. castellanii to escape
medical treatments aimed at treating infections and surviv-
ing adverse environmental conditions. In the following
sections, these additional proteins, along with their func-
tions, are described.
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FIGURE 1 @ Molecular organization of the mitochondrial respiratory chain. The flow of electrons (e7) along the mitochondrial membrane and the
translocation of protons (H*) across the inner mitochondrial membrane is indicated by arrows. The respiratory chain is horizontally divided into segments
of ubiquinone reduction, ubiquinol oxidation and proton translocation. (A) to (C) depict common components of the respiratory chain that can be found
in mitochondria of most organisms. (D) to (F) show alternative components of the respiratory chain that are all found in A. castellanii. AOX: alternative
oxidase; CYT-C: cytochrome-c; Fo: Fo subunit of ATP synthase; F+: F1 subunit of ATP synthase; FUM: fumarate; I: NADH:ubiquinone oxidoreductase; II:
succinate-coenzyme Q reductase; Il coenzyme Q: cytochrome-c-oxidoreductase; 1IV: cytochrome-c oxidase; IMS: intermembrane space; M: matrix;
NADH-alt: alternative NADH dehydrogenase; Q: ubiquinone; QHz: ubiquinol; SUC: succinate; UCP: uncoupling protein.

The mitochondrion, as the organelle of oxidative
phosphorylation, is the main source of reactive oxygen
species (ROS) in aerobic heterotrophic organisms [12].
ROS intermediates such as superoxide, hydrogen perox-
ide and hydroxyl radicals among several other types may
arise during cytochrome-c-oxidase (COX)-dependent res-
piration as by-products [13]. The respiration chain found
mainly in the mitochondria to produce ATP has been re-
viewed, for more information which goes beyond the
scope of this article the reader is referred to reviews previ-
ously published [14-16]. Cellular respiration occurs
through several different mechanisms depending on the
organism, the environment, the conditions of the cell or
other conditions. The most common configuration in-
cludes five different enzymatic complexes (I through IV
and ATP synthase) and two different electron carriers
(Figure 1A-C). Complexes |, Ill and IV generate a proton
gradient and transport electrons that mainly results in the
production of ATP. The electron carriers are hydrophobic
ubiquinone (Q) and hydrophilic cytochrome-c which
transfer electrons between the different enzymatic com-
plexes [16]. Putting this into perspective, the electron car-
rier ubiquinone is reduced to ubiquinol (QH,) by NADH or
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succinate dehydrogenase activity. Usually, two electrons
of QH> are transferred individually to cytochrome-c reduc-
tase (complex Il of the respiratory chain), which has two
electron acceptors (cytochrome-bc 1 and the "Rieske" iron-
sulfur protein). These single electron transfer steps pose a
risk for increasing the production of ROS because super-
oxide anions might be formed. COX is the common termi-
nal oxidase of the respiratory chain leading to the reduc-
tion of oxygen to form water. Mitochondria have different
adaptative tools that help maintain cell homeostasis and
organismal survival in changing conditions. These mech-
anisms are regulated by different processes which include
gene expression, transmembrane transport, enzymatic
activities, protein complex formation and metabolite levels
[17]. Many of these adaptations can be found in Acan-
thamoeba such as AOX which are capable of bypassing
complexes Ill and IV, UCPs and alternative NAD(P)H dehy-
drogenases (NAD(P)Halt) (Figure 1D-F). All these proteins
which can be found in Acanthamoeba are the focus of this
review and a quick summary of each component can be
found in Table 1 along with a diagram explaining the pro-
cessin Figure 1.

Microbial Cell | Vol. 12



C.Q. Scheckhuber et al (2025)

Respiratory chain of A castellanii

TABLE 1 @ Summary of components of the mitochondrial respiratory chain.

Name Organization Main Functions Other names
) i I ) ) Type | NADH dehydrogen-
Complex | Enzymatic com Oxidizing NADH, pumpmg fpur pro ase, NADH:ubiquinone oxi-
plex tons and producing ubiquinol
doreductase
Enzymatic com- Oxidizing succinate to fumarate and Sgccmate dehydrogenase,
Complex I ; - succinate-coenzyme Q reduc-
plex producing ubiquinol tase
Enzymatic com- Oxidizing ubiquinol, reducing cyto- Coenzyme Q: cytochrome ¢-
Complex lI ; oxidoreductase, cytochrome
plex chrome-c and pumping four protons
bc1 complex
Enzvmatic com- Oxidizing cytochrome-c and reduc-
Complex IV y ing oxygen to water and pumping 2 Cytochrome-c oxidase
plex
protons
ATP synthase Enzymatic com- Synthetizing ATP by using the pro- Complex V, FoF1 ATP syn-
plex ton gradient thase
Alternative oxi- Protein Oxidizing ubiquinol and reducing AOX
dase oxygen to water
Uncounling oro- Hydrophaobic proton channel
tei?w gp Protein through the inner mitochondria mem- ucp
brane
) . : NAD(P)Halt, alternative
Alternative NADH Protein Oxidizing NADH and producing NADH:ubiquinone oxidoreduc-
dehydrogenase ubiquinol tase
Hydrophaobic electron carrier from .
Ubiquinone WeiL?]\?/crgr?]legtfé Complex | (or NADHalt) and Il to Com- Q and mg roeauced ubiq
9 P plex Il (or AOX) il
Cytochrome-c Protein Hydrophilic electron carrier from Cyte

Complex Il to IV

ALTERNATIVE OXIDASE - OXIDIZING QH2 IN PLACE
OF COMPLEX 1l

In some organisms, an AOX exists that can directly transfer
electrons from QH, to molecular oxygen, thus bypassing
complex Il and COX (Figure 1E). AOX is not a heme-
containing protein like COX but instead belongs to the
group of di-iron carboxylate proteins [18]. In these pro-
teins, the anionic side chains of the amino acids change
their spatial position by reducing the iron center and thus
provide several access points for oxygen to the active site
of the AOX [19]. This multiple coordination is important for
oxygen splitting. Inhibitors of COX such as cyanide and
azide cannot effectively inhibit AOX [20]. However, hy-
droxy-amino acids (R-CONHOH), such as salicylic hydrox-
amic acid (SHAM), do inhibit AOX [21]. AOX is a potential
target for combatting A. castellanii, therefore we explore
its characteristics in this section in detail. In the following
chapter we first give an overview of the structure and
function of AOX in A. castellanii. We then summarize stud-
ies that highlight the tasks of AOX within the context of the
respiratory chain and continue with the role of AOX-
dependent respiration to control oxidative stress levels
inside the cell. The following subsection discusses means
to regulate AOX, such as allosteric and transcriptional
regulation. In the last subsection of this chapter, we sum-
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marize the contents and give an outlook on AOX in other
amoebae.

AOX - functions and structural analyses

Two hypotheses have been put forward for the function of
AOX. The first hypothesis states that AOX enables the con-
tinuation of essential dissimilatory processes such as gly-
colysis and the citric acid cycle in the case of COX inhibi-
tion (or lack of ADP which limits the activity of the FoF-
ATP-synthase) [22, 23]. The second hypothesis is that less
ROS is produced during AOX-dependent respiration [24,
25]. AOX gene expression has been shown to be induced
by cellular stress in plants [20, 26]. As stated previously,
when QH; formed by NADH dehydrogenase is oxidized by
AOX, two of the three proton pumps of the respiratory
chain are bypassed (complex Il and COX). This results in a
lowered membrane potential and decreased ATP synthe-
sis by ATP synthase [27].

In addition to AOX from numerous plants [26, 28], cor-
responding proteins have been demonstrated to exist in
fungi [29], and isolated from protists such as the causative
agent of sleeping sickness Trypanosoma brucei [30] and
A. castellanii [8]. In the latter, two different AOX genes
were subsequently identified and labeled AOX isoform A
and B [10].
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Although AOX had been described earlier in A. castel-
lanii [31], the first immunological demonstration of the
enzyme was achieved in 1997. Monoclonal antibodies
against AOX from voodoo lily (Sauromatum guttatum,
family Araceae) could detect several forms of AOX in A.
castellanii which has three monomeric forms (38, 35, and
32 kDa) and very low amounts of a single 65 kDa dimeric
form [8]. This result holds special significance in an evolu-
tionary context, as there is speculation that protozoan
amoebae could serve as a pivotal divergence point for
higher fungi, plants and animals [32], with the latter lack-
ing the AOX. Interestingly, the analyses pointed out that
while in plants AOX occurs mostly as a dimer, in A. castel-
lanii it functions as a monomer. The authors could also
observe time-dependent changes with the age of amoeba
cell culture: the level of the monomeric 35 kDa form de-
clines with the aging of the culture (78 h) following a peak
at 24 h. In a similar fashion, AOX-dependent respiration
reaches its peak at 24 h and declines thereafter over the
course of three days. This observation is crucial as it
shows that AOX biosynthesis, assembly and functionality
are changing during the developmental phases of the
amoebae which might exhibit different energetic demands.

Functional characterization of the AOX-dependent res-
piration in A. castellanii

As mentioned before, A. castellanii's mitochondria have
two pathways for quinol oxidation: the COX pathway and
the AOX pathway. There are several ways to quantify mi-
tochondrial activity, one of which is measuring the mito-
chondrial ADP/O ratio which refers to the ratio of the
amount of adenosine diphosphate (ADP) phosphorylated
to ATP to the amount of oxygen consumed during oxida-
tive phosphorylation in mitochondria. This ratio reflects
the efficiency of oxidative phosphorylation in coupling the
consumption of oxygen to the synthesis of ATP. In other
words, it indicates how many molecules of ATP are syn-
thesized per molecule of oxygen consumed during mito-
chondrial respiration. A higher ADP/O ratio indicates
greater efficiency in ATP production per unit of oxygen
consumed. Using this approach, researchers assessed
each pathway's contribution to phosphorylating state 3
respiration in isolated mitochondria treated with guano-
sine mono phosphate (GMP, activator of AOX) and suc-
cinate as an oxidizable substrate for the respiratory chain
[33]. This study was the first to explore the kinetics of both
pathways concurrently in A. castellanii, shedding light on
electron distribution under varying quinone-reducing
rates. Results showed that as overall respiration decreased
after adding the complex Il inhibitor malonate, the alterna-
tive pathway contribution declined sharply below 50%
quinone reduction, thus becoming negligible, while the
cytochrome pathway peaked at 58% before eventually
declining. The authors concluded that AOX-dependent
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respiration accounts for approximately 40% under the
GMP-stimulated conditions.

The activity of A. castellanii mitochondria's two quinol-
oxidizing pathways, the phosphorylating cytochrome
pathway, and the AOX, has been determined by measur-
ing the ubiquinone (Q) pool redox state, regardless of the
reducing substrate [34]. Both pathways exhibit increased
activity (up to 80%) when Q reduction (Qreduced/Qiotal) levels
increase. However, cytochrome pathway activity decreas-
es by about 50% when Q reduction levels exceed 80%,
likely due to limitations of the Q cycle mechanism of com-
plex lll. These data suggest that AOX might help as a kind
of electron overflow protection system, thus minimizing
the probability of superoxide anion production at complex
IIl. This would potentially endow A. castellanii with an ele-
vated resistance against compounds that act via elevating
intracellular oxidative stress, such as methyl viologen (also
known by its commercial name Paraquat).

As outlined above, AOX can help with the mainte-
nance of temperature inside the cell. There are interesting
data that show that AOX biosynthesis positively correlates
with decreases ambient temperature. For example, when
grown temporarily at low temperatures, A. castellanii mito-
chondria showed higher oxygen consumption but lower
coupling parameters, i. e., respiratory control ratio (phos-
phorylating oxygen consumption, state 3, to non-
phosphorylating oxygen consumption, state 4) and ADP/O
values, compared to those grown at normal temperatures
[35], which means a lowered efficiency of ATP biosynthe-
sis. However, the presence of the AOX inhibitor benzohy-
droxamate (BHAM) equalized respiratory rates and cou-
pling parameters, suggesting the cytochrome pathway
remained intact despite cold growth conditions. ADP/O
measurements confirmed an increased contribution of the
alternative oxidase to total mitochondrial respiration in
cold-grown cells. Additionally, mitochondria from cold-
grown cells exhibited higher levels of the AOX, correlating
with increased cyanide-resistant respiratory activity, both
stimulated and unstimulated by GMP. AOX has also been
related to thermogenesis and studied in other protsits
such as T. brucei [36]. Collectively, these findings indicate
that AOX helps A. castellanii to survive low temperatures in
its environment.

AOX-dependent respiration and the redox status of the
Q pool in relation to oxidative stress

One of the most intriguing aspects of AOX-dependent
respiration is its potential to mitigate oxidative stress. In
this line of investigation, several studies have been con-
ducted which are briefly summarized here. Importantly,
the energetic characteristics of A. castellanii mitochondria
respiring with malate as substrate, as well as their re-
sponse to oxidative stress induced by hydrogen peroxide
in the presence of Fe?* ions were extensively character-
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ized [37]. Surprisingly, contrary to previous observations
[38], the investigation revealed that mitochondria treated
with H.0; did not exhibit significant impairment. Notably,
no substantial alterations in cytochrome pathway activity,
as evidenced by the absence of effects on uncoupled and
phosphorylating respiration rates and coupling parame-
ters upon inhibition of the alternative oxidase were ob-
served. However, in the absence of an AOX inhibitor, non-
phosphorylating respiration declined progressively with
increasing H>02 concentration, while coupling parameters
such as the respiratory control ratio and ADP/O ratio
showed slight improvement, suggesting potential inacti-
vation of AOX. Additionally, no discernible changes in
membrane potential, Ca?* uptake and accumulation ca-
pacity, mitochondrial outer membrane integrity, or cyto-
chrome-c release between mitochondria treated with 0.5-
25 mM H202 and control (untreated) mitochondria could
be measured. These data collectively indicate that brief
(i.e., a few minutes) exposures of A. castellanii mitochon-
dria to H20- in the presence of Fe?* do not compromise
their fundamental energetic functions. This result does not
rule out that more long-term exposures of A. castellanii to
H202 have measurable effects on the mitochondrial func-
tion. Consequently, treating A. castellanii cell cultures at
various growth stages with a moderate concentration (1.4
mM) of H20: elicited distinct responses to oxidative stress
[39]. Remarkably, treatment with H202 during exponential
growth phases significantly impeded cell proliferation;
however, mitochondrial function remained unscathed in
isolated mitochondria from these cells. Conversely, expo-
sure to H.O; as cells approached the stationary phase
exerted negligible impact on growth and viability but se-
verely compromised mitochondrial bioenergetic function.
Despite the preservation of mitochondrial integrity, oxida-
tive damage manifested in diminished cytochrome path-
way activity, uncoupling protein function, oxidative phos-
phorylation efficiency, as well as reductions in membrane
potential and endogenous ubiquinone levels during rest-
ing states. Intriguingly, late H202 exposure prompted an
upsurge in AOX protein levels and activity, alongside
augmented membranous ubiquinone content in isolated
mitochondria. This marked the first demonstration of the
regulatory role of ubiquinone content within the inner
mitochondrial membrane in response to oxidative stress.
This might also constitute a strategy for surviving condi-
tions of elevated ROS production, such as during treat-
ment of keratitis by drugs.

The relationship between the rate of mitochondrial
ROS formation and the reduction level of mitochondrial Q
pool across varying degrees of engagement of key mito-
chondrial pathways using mitochondria isolated from the
amoeba A. castellanii shed light on the relationship of mi-
tochondrial redox status and oxidative stress [40]. Signifi-
cant shifts in the Q pool's reduction state, achieved by
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selectively inhibiting QHs-oxidizing pathways and modu-
lating the oxidative phosphorylation system were
achieved. A direct correlation between ROS formation and
the reduction level of the Q pool across both QH»-
oxidizing pathways was observed. Intriguingly, a higher Q
reduction level was found to correspond to increased ROS
generation. For the cytochrome pathway, ROS production
exhibited a nonlinear dependency on the Q reduction
level, with a pronounced impact observed at values sur-
passing the Q reduction level of the phosphorylating state
(~ 35%). Furthermore, as the Q pool's reduction level esca-
lated beyond 40%, AOX-dependent respiration is induced,
particularly in response to heightened ROS production via
the cytochrome pathway. The authors proposed that the
redox status of the Q pool serves as an endogenous indi-
cator (endogenous Q redox state), and consequently a
valuable tool for indirectly assessing overall ROS produc-
tion in mitochondria. This result is also of practical im-
portance, as it allows to specifically measure the efficiency
of ROS-altering compounds to combat the amoebae.

AOX regulation by purine nucleotides and transcrip-
tional aspects

Affecting the activity of an enzyme can not only be
achieved by targeting its catalytic function but also by
finding ways to interfere with its regulation. As mentioned
above, the activity of A. castellanii AOX is stimulated by
GMP [33]. An early study highlights the pH dependence of
the AOX activity, with an optimum pH of 6.8, regardless of
the reducing substrate [41]. GMP stimulation of AOX is
strongly influenced by pH, likely involving protona-
tion/deprotonation processes. The redox state of ubiqui-
none also affects AOX activity, with the highest activity
observed at pH 6.8. These observations suggest that pH,
GMP binding, and ubiquinone redox state collaboratively
regulate the activity of AOX in A. castellanii mitochondria.
Furthermore, the high pH sensitivity of AOX may link inac-
tivation of cytochrome pathway proton pumps to AOX
activation, potentially leading to accelerated redox free
energy dissipation, thereby generating heat.

Previous research revealed that guanine nucleotides exhib-
it a more pronounced activation of AOX compared to adenine
nucleotides [42]. Interestingly, nucleoside monophosphates
emerged as more efficient activators than their di- or triphos-
phate counterparts. The magnitude of nucleotide influence on
AOX activity was contingent upon the medium's pH, with max-
imal impact observed at pH 6.8, coinciding with the optimal
activity of AOX. Importantly, ATP was found to exert an inhibito-
ry effect on AOX activity, sharply contrasting with other purine
nucleotides. This inhibition by ATP was not exclusive to A. cas-
tellanii mitochondria but was also observed in other protozoa
such as Dictyostelium discoideum and yeast like Candida
maltosa, suggesting a potentially common regulatory feature
among purine nucleotide-modulated non-plant AOXs. Kinetic
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analysis unveiled that the binding of GMP, a positive allosteric
effector, and ATP, a negative allosteric effector, to AOX are
mutually exclusive. ATP's inhibition can be counteracted by
sufficiently high concentrations of GMP, and vice versa. Nota-
bly, GMP exhibits a half-maximal effect on AOX activity at ap-
proximately three times lower concentrations compared to ATP,
indicating a higher binding affinity for the positive effector. It is
suggested that AOX activity in A. castellanii mitochondria may
be intricately modulated by the relative intracellular concentra-
tions of purine nucleotides.

Transcriptional regulation of AOX gene expression has
been studied throughout the growth phases of amoeba batch
culture by using gPCR [42]. It was found that AOX transcript
levels were highest in trophozoites that were cultivated for 12 h.
After this point there was a steady decline in transcript and
protein levels of AOX. Due to the minuscule difference be-
tween AoxA and AoxB (12 bp insertion in the targeting se-
quence) the two forms were not differentiated so they both
were measured together. Additionally, AOX was introduced
into AOX-deficient Escherichia coli to study its behavior in the
prokaryote. E. coli harbors quinol oxidases of the bo and bd
type in its plasma membrane and after AOX introduction exhib-
ited cyanide-resistant BHAM-sensitive respiration which is a
testament to the versatility and efficacy of AOX even within a
foreign host environment. AOX activity in the transformed bac-
teria responded dynamically to purine nucleotides—a phe-
nomenon reminiscent of its behavior in the mitochondria of
A. castellanii outlined above. The stimulation by GMP and inhi-
bition by ATP again underscored a sophisticated regulatory
interplay, wherein AOX activity is intricately modulated by the
mutual exclusion of purine nucleotides. A later study used
RNAseq to determine transcript levels of respiratory chain re-
lated genes and showed that both AOX isoforms are down-
regulated 24 h after encystation initiation but up-regulated after
72 h [43], which might be vital for maintaining a physiological
ROS balance.

AOX in other amoebae and summary

Not only in A. castellanii has the alternative respiratory pathway
been the subject of dedicated research. Large free-living
amoebae, such as Chaos carolinensis, exhibit remarkable sur-
vival capabilities in spring water even without food intake for
extended periods, spanning several weeks [44]. This endur-
ance through starvation triggers a notable transformation in
mitochondrial cristae morphology, transitioning from a random
tubular structure to an ordered (paracrystalline) cubic form. To
monitor the metabolic changes accompanying fasting, whole-
cell polarography was employed, revealing a progressive de-
crease in basal respiration per cell alongside an increase in the
AOX. Additionally, spectrofluorometric analysis of cell lysates
using 2'7*-dichlorofluorescein diacetate highlighted a height-
ened generation of H.02 and ROS in starved cells compared to
fed counterparts [44]. Intriguingly, fluorescence microscopy of
intact cells incubated with the same dye showcased the ac-
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cumulation of H,02 and ROS within vacuoles. A remarkable
observation was the significant generation of O, observed in
starved cells following the addition of KCN. This phenomenon
may be attributed to the release of H202 from vacuoles into the
cytosol, where it can interact with catalase [44]. Collectively,
these indications underscore the increased oxidative stress
experienced by amoebae during fasting and illuminate the
organism's arsenal of protective mechanisms to mitigate it.
Notably, activation of a plant-like alternative oxidase is sug-
gested as one such protective measure. Furthermore, the hy-
pothesis is proposed that the cubic structural transition of the
mitochondrial inner membrane serves as an additional safe-
guard, mitigating oxidative damage by facilitating the efflux of
H20, and ROS while concurrently reducing the susceptibility of
membrane lipids to oxidative agents.

UNCOUPLING PROTEIN - REGULATOR OF CATABOLISM
AND OXIDATIVE STRESS

In addition to AOX, UCPs contribute to the adaptability of
the mitochondrial respiratory chain to changing condi-
tions. UCPs are mitochondrial transport proteins involved
in the regulation of organismal energy metabolism [45, 46].
Like the components of the respiratory chain, UCPs are
located in the inner mitochondrial membrane and play a
crucial role in generating heat by dissipating the proton
gradient generated by oxidative phosphorylation (Figure
1F). The phenomenon known as proton leak lowers the
efficiency of ATP production and releases energy as heat.
This is of high importance in processes such as thermo-
genesis in brown adipose tissue in mammals. There are
several types of UCPs, including UCP1, UCP2, and UCP3,
each with distinct tissue distributions and functions [47].
In mammals, UCP1 is primarily responsible for non-
shivering thermogenesis in brown fat, while UCP2 and
UCP3 are more broadly expressed and have roles in regu-
lating metabolic efficiency and reducing reactive oxygen
species. A UCP has also been detected and characterized
in A. castellanii. It was found to be the first cold-response
protein in a unicellular organism [48]. Growing A. castel-
lanii in batch culture at a temperature of 6°C instead of
28°C led to a substantial increase in UCP content along
with an increase in state 4 respiration. This might help the
amoeba to survive adverse conditions of low temperature
in the wild. Mechanistically, it was shown in A. castellanii
that UCP shifts energy from phosphorylating state 3 respi-
ration in a manner that is dependent on fatty acids (FA)
such as linoleic acid [49], linking mitochondrial respiration
and FA metabolism. In a subsequent study, different FA
were tested for their effects on UCP activity [50]. The au-
thors showed that the most effective uncouplers of oxida-
tive phosphorylation were unsaturated FA such as linoleic
(C18:2) and oleic acid (C18:1). These could reduce the
respiratory control ratio from 2.42 (control, no FA) to 1.05
and 1.18, respectively. This means that the efficiency of
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ATP biosynthesis is significantly decreased. It should be
kept in mind that the availability and composition of FA
changes during the growth and development of the cells.
FA-mediated regulation of mitochondrial respiration might
constitute a way for the amoeba to adapt their energy me-
tabolism to changing demands.

The links between FA, mitochondrial respiration and
ROS production have been studied in mitochondria ex-
tracted from A. castellanii by comparing the free fatty acid
(FFA)-activated, purine nucleotide-inhibited UCP, and the
FFA-insensitive, purine nucleotide-activated ubiquinol
AOX, in mitigating ROS production [11]. The study re-
vealed that the activation of UCP through externally intro-
duced FFAs led to a substantial reduction in H202 produc-
tion. Conversely, inhibition of FFA-induced UCP activity by
GDP or the addition of bovine serum albumin (BSA) ampli-
fied H202 generation. Similarly, stimulation of antimycin-
resistant AOX-mediated respiration by GMP markedly di-
minished H,O. production, whereas inhibition of the oxi-
dase by BHAM negated the GMP-induced decrease in
H202 levels. When both energy-dissipating systems were
concurrently active, they exhibited a synergistic effect,
further decreasing H.0, formation. These results strongly
suggest that safeguarding against mitochondrial oxidative
stress may constitute a vital physiological function of AOX
and UCP in unicellular organisms, exemplified by A. castel-
lanii.

Another way to boost UCP activity in A. castellanii is by
adding 4-hydroxy-2-nonenal (HNE) to isolated mitochon-
dria [61]. HNE is an end-product of lipid peroxidation and
an established marker of oxidative stress [562]. By inducing
a UCP mediated proton leak HNE can decrease the yield
of oxidative phosphorylation and consequently ATP pro-
duction. Interestingly, HNE-induced UCP can be inhibited
by GTP only when the hydrophobic electron-carrier Q is
sufficiently oxidized. This suggests that the sensitivity of
UCP to GTP inhibition depends on the redox state of Q in
active, phosphorylating mitochondria. In summary, this
study hints to a function of UCPs in limiting mitochondrial
ROS production by a negative feedback loop involving
HNE as a messenger molecule.

A recent study described the heterologous expression
of the A. castellanii coding gene for UCP in baker's yeast,
Saccharomyces cerevisiae, provided functional evidence
that it encodes a mitochondrial protein with uncoupling
activity and that it can decrease elevated superoxide lev-
els in a deletion mutant of the mostly cytosolic superoxide
dismutase 1 [563, 54]. UCP in A. castellanii are more chal-
lenging to target than AOX, because humans do possess
UCP, unlike AOX. As such, comparative structural studies
of UCP from both organisms are essential to help identify-
ing drugs that target only the microbial UCPs but not the
human homologs.
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ALTERNATIVE NAD(P}H DEHYDROGENASES - EX-
PANDING THE FUNCTIONALITY OF THE RESPIRA-
TORY CHAIN

In addition to AOX and UCP, respiratory chains may con-
tain internal and/or external NAD(P)Halt which have not
been identified in human mitochondria (Figure 1D). Inter-
nal refers to the location inside the mitochondrial matrix
side of the inner mitochondrial membrane while external
means the outer side of the membrane, facing the inter-
membrane space of mitochondria. NAD(P)Halt are usually
small proteins (approximately 50 to 60 kDa) that contain
FAD or FMN as cofactors that aid in electron transfer reac-
tions. The electron acceptor is ubiquinone. In contrast to
complex | of the respiratory chain, NAD(P)Halt does not
pump protons across the inner mitochondrial membrane.
They have been suggested to have the following func-
tions: (a) diminishing ROS formation by energy dissipation,
(b) decreasing excess reducing equivalents (recycling the
oxidized forms so that glycolysis etc. can continue), (c)
some data indicate that NAD(P)Halt could increase ROS
production, causing apoptosis in some fungi and protists
[55, 56], (d) in general they seem to perform redox balanc-
ing or sensing and (e) act as "energy boosters" supporting
developmental transitions (as shown in the intracellular
parasite T. brucei) by rapidly oxidizing NADH that was
formed in the TCA cycle. The external NAD(P)Halt of
A. castellanii have been biochemically characterized [57]:
the coupling parameters, ADP/O and the respiratory con-
trol ratio for external NADH and NADPH oxidation were
similar, indicating comparable efficiencies in ATP synthe-
sis. Both processes had an optimal pH of 6.8, independent
of the ubiquinol-oxidizing pathways, cytochrome pathway,
or GMP-stimulated AOX. The maximal oxidizing activity for
external NADH was nearly double that of external NADPH.
However, external NADPH oxidation had a lower Michaelis
constant (Ku) compared to external NADH oxidation. Addi-
tionally, stimulation by Ca?* was approximately ten times
higher for external NADPH oxidation, whereas NADH de-
hydrogenase(s) showed only slight dependence on Ca?*.

Importantly, genes encoding NAD(P)Halt and AOXs are
co-expressed, as shown in microarray and RNAseq data
for different stress and developmental conditions [43, 58-
60]. In these scenarios, complex | might function as the
main proton pump. Lastly, NAD(P)Halt activity links respir-
atory chain to glutathione metabolism (via regeneration of
the glutathione reductse enzyme) which has recently
been shown to be relevant for the encystment of A. castel-
lanii and which is also connected to handling oxidative
stress inside the cells [61].

CONCLUSION - INCREASING OUR UNDERSTANDING
OF THE RESPIRATOrY CHAIN FOR NEW TREATMENT
OPTIONS

The respiratory chain in Acanthamoeba is one of the most
complete that has been described. Few other organisms
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are known to have this wide range of alternatives to adapt
mitochondrial function to the needs of the cell and pro-
duce ATP [43]. These mechanisms provide Acanthamoe-
ba with options to survive in the environment and combat
treatments during infection. One such adaptation is its
ability to survive in low oxygen conditions which allows
the amoeba to travel through metabolically active biofilms
from which they graze [62]. The “brain-eating amoeba”
Naegleria fowleri has genetic tools to survive under anaer-
obic conditions through the g-oxidation of FAs into Acetyl-
CoA which can then be turned into ATP [63]. Acan-
thamoeba could have similar tools that are worth explor-
ing. On the other hand, Acanthamoeba’'s growth can be
inhibited by high-oxygen concentration. High oxygen
leads to increased ROS production and oxidative stress
which affects the growth of the amoeba [64]. Alterations in
the respiratory chain are linked to disease and therefore
may lead to cell death.

It needs to be mentioned that mitochondrial regulatory
mechanisms must ensure that certain combinations of
respiratory components do not coincide. An example is
the hypothetical situation in which alternative NADH de-
hydrogenases operate, but not complex I. If, under this
condition, AOX is strongly active, ubiguinol would still be
oxidized, but no proton gradient across the inner mito-
chondrial membrane would be generated, as the alterna-
tive components cannot translocate protons across the
IMS (Figure 1D, E). This might lead to ATP depletion be-
cause the FoF1-ATP-synthase would reverse its operation
to act as an ATPase that pumps protons into the IMS to
maintain basic mitochondrial transport functions. Genetic
or pharmacological elicitation of respiratory dysregulation
could be a promising approach to combat A. castellanii
and the severe infections it causes.

Acanthamoeba can cause two principal types of infec-
tion: Acanthamoeba keratitis and granulomatous amoebic
encephalitis. However, it has also been reported to cause
other infections, mainly in immunocompromised patients
such as cutaneous acanthamebiasis [65], and Acan-
thamoeba rhinosinusistis [66, 67]. These infections do not
have many specific treatment options and tend to have a
poor prognosis. Mitochondria have been suggested as
attractive drug targets against certain infections, such as
the ones caused by trypanosomatids, since the impair-
ment of certain proteins of mitochondria can trigger apop-
tosis and thus cause death of the pathogen [68]. Also, as
mitochondria serve important metabolic functions such as
producing diverse cellular compounds and mediating cell
signaling through ROS production and detoxification, they
are targets of choice for several bacterial organisms that
focus their attacks on the organelle, just like therapies
could do [69]. Unfortunately, Acanthamoeba mitochondria,
having a wider range of alternatives to compensate for
dysfunction, might prove to be harder challenges for
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treatment as there is a high probability that this could af-
fect the patient’'s own mitochondria and thus their cells
more severely. As Homo sapiens do not have these alter-
natives in their mitochondrial respiratory chain, AOX and
NAD(P)Halt could be potential targets for treatment of
Acanthamoeba-mediated pathologies [43]. For example,
identifying ways to overexpress both AOX and NAD(P)Halt
encoding genes could decrease energy availability inside
the amoeba by decreasing the proton gradient needed for
ATP biosynthesis (AOX and NAD(P)Halt do not pump pro-
tons, Figure 1D, E).

It should be mentioned that Acanthamoeba can also
act as a reservoir for other microorganisms that use it as a
“trojan horse” to invade their hosts and to survive in the
new environment. Some of these include Legionella
pneumophila [70, 71], Coxiella burnetti [72]; Vibrio chol-
erae [73], adenoviruses [74] and Cryptococcus neofor-
mans [75]. In many cases, the relationship between the
amoeba and the endosymbiont can increase their patho-
genicity and virulence [76-78]. Finding the metaphorical
Achilles heel of the Acanthamoeba respiratory chain could
not only help control infections of amoebic origin, but also
limit some bacterial, viral and fungal outbreaks.

Understanding the respiratory chain in Acanthamoeba
in its entirety could help us appreciate general mecha-
nisms of metabolic adaptation and therefore develop
treatments with a higher chance of success. Additionally,
having COX, AOX, NAD(P)Halt and UCP could help to un-
derstand mitochondrial respiration in many other cell
types. Acanthamoeba provides a resilient, easily cultured
option with a complete respiratory chain that is difficult to
find in other organisms. Further studies into the respiratory
chain of Acanthamoeba could help elucidate the respira-
tory chain in a wide range of organisms, helping to devel-
op new therapies against AK or even provide insights into
the evolution of the mitochondria in general and the res-
piratory chain in particular.
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