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The alternative oxidase (AOX) is a monotopic diiron carboxylate protein which catalyzes the four-electron re-
duction of dioxygen to water by ubiquinol. Although we have recently determined the crystal structure of
Trypanosoma brucei AOX (TAO) in the presence and absence of ascofuranone (AF) derivatives (which are potent
mixed type inhibitors) the mechanism by which ubiquinol and dioxygen binds to TAO remain inconclusive. In
this article, ferulenol was identified as the first competitive inhibitor of AOX which has been used to probe the
binding of ubiquinol. Surface plasmon resonance reveals that AF is a quasi-irreversible inhibitor of TAO whilst
ferulenol binding is completely reversible. The structure of the TAO-ferulenol complex, determined at 2.7 A,

provided insights into ubiquinol binding and has also identified a potential dioxygen molecule bound in a side-on
conformation to the diiron center for the first time.

1. Introduction

The alternative oxidases (AOX) are cyanide-insensitive quinol oxi-
dases found ubiquitously in plants and also in many protists and fungi
[1]. AOX is a single polypeptide which oxidizes two quinol molecules
and catalyzes the transfer of four electrons to a molecule of dioxygen
producing two molecules of water non-protonmotively [1]. AOX has
many functions including thermogenesis, stress tolerance and main-
tenance of mitochondrial and cellular homeostasis [1]. Whilst physio-
logical information of AOX has increased through the advancement of
genome sequencing and gene manipulation, a biochemical under-
standing of the mechanism of AOX action is limited due of the diffi-
culties in purifying large quantities of AOX in its active form.

* Corresponding authors.

The mitochondrion of Trypanosoma brucei, a protozoan parasite
causing African sleeping sickness in humans and nagana in cattle, uti-
lises AOX dependent respiration in the blood stream of mammalian host
to generate cytosolic ATP [2]. We have previously used a bacterial
system to overexpress the Trypanosomal alternative oxidase (TAO) in
an Escherichia coli strain deficient in heme biosynthesis [3]. Using this
system, the expression of TAO was high enough to purify the protein in
large quantities, resulting in the first membrane-bound diiron enzyme
to be crystallized [4,5].

Biochemical studies on the mechanism of dioxygen reduction by
AOX have been limited because the protein lacks chromophores or any
other spectroscopic method of analysis. Some potential diiron redox
cycle intermediates of AOXs, however have been detected by FTIR [6]
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Fig. 1. Structure of ferulenol and ascofuranone. (A) The chemical structure of ferulenol (Top) and ascofuranone (bottom). (B) Inhibition curve of quinol oxidase
activity of TAO by ferulenol and ascofuranone. The calculated ICs, for ferulenol and ascofuranone was 1.42 + 0.102nM and 0.288 =+ 0.012nM, respectively. (C)
Double reciprocal plot of [quinol] vs [V] under increasing concentrations of ferulenol. The inhibition of ferulenol was determined as competitive because of
intersection of each graph at Y-axis. The K; of ferulenol was calculated as 1.33 + 0.157 nM.

and EPR [7,8]. However, all of those studies performed so far have
focussed on the nature of diiron center, with scarce information on
either the binding of ubiquinol and dioxygen or the mechanism un-
derlying the electron transfer events.

A competitive inhibitor of substrate binding is an important tool to
study the reaction mechanism of an enzyme [9]. Furthermore, com-
petitive inhibitors can be used to trap and analyze reaction inter-
mediates [9-11].

We have previously reported that ascofuranone (AF) (Fig. 1A), an
antibiotic isolated from Acremonium sclerotigenum [12] is the most po-
tent inhibitor of AOX family of enzymes identified to date [2,3]. In
mammals, AF was originally identified in anticancer [13] and antiviral
[14] screenings, however, the target of AF was unknown until recently.
We have identified AF and its derivatives as potent inhibitors of dihy-
droorotate dehydrogenase (HsDHODH), the rate-limiting step in the
pyrimidine de novo biosynthesis pathway [15]. Structure activity re-
lationship of AF identified the functional groups necessary for TAO [16]
as well as HsDHODH [15] inhibition. Although, AF is a structural
analogue of ubiquinol, it is a mixed-type rather than a competitive in-
hibitor [4], with respect to TAO. In order to identify a competitive in-
hibitor of AOX, we screened over 50 quinone/quinol binding site in-
hibitors against TAO and discovered that ferulenol is a novel potent
AOX inhibitor (Fig. 1A). Ferulenol is a sesquiterpene prenylated cou-
marin derivative, a natural product originally isolated from Ferula
communis [17]. Ferulenol has previously been reported to be a potent
inhibitor of Plasmodium falciparum malate:quinone oxidoreductase
(MQO, ICsg = 0.057 uM) [18], a weak inhibitor of the rat mitochon-
drial respiratory enzyme succinate ubiquinone reductase (SQR,
ICso = 17uM) [19] and an inhibitor of rat and bacterial vitamin K
epoxide reductase (VKOR) with ICsos of 0.098 and 0.200 uM [20], re-
spectively. MQO is a mitochondrial inner membrane bound enzyme

catalyzing the oxidation of malate and reduction of ubiquinone pro-
ducing oxaloacetate and ubiquinol [18]. MQO is functionally equiva-
lent to mammalian malate dehydrogenase, a member of the TCA cycle,
however, they have no homology each other [18]. SQR is a mi-
tochondrial membrane protein catalyzing the electron transfer from
succinate to respiratory quinones, a key reaction connecting tri-
carboxylic acid cycle to the respiratory chain. VKOR is an endoplasmic
reticulum (ER) membrane protein catalyzing quinone-dependent pro-
tein disulfide bond formation essential for y-glutamyl carboxylation
reactions necessary for blood coagulation, maintenance of ER and cel-
lular redox balance in animals [21], unicellular eukaryotes [22] and
bacteria [20], respectively.

In this study, we investigated the mechanism of TAO inhibition by
ferulenol and discovered it to be a potent competitive inhibitor of TAO
activity with respect to the binding of ubiquinol. We demonstrate, by
surface plasmon resonance, that the dissociation of AF is extremely
slow making it a quasi-irreversible inhibitor whilst ferulenol, in com-
parison, dissociates relatively fast. We obtained a crystal structure of
the TAO-ferulenol complex, at 2.7 A, which has provided the first
structural insight into the mechanism of ubiquinol/ubiquinone re-
cognition by AOX. Importantly it has revealed that, in the presence of
ferulenol, a molecule of dioxygen is bound side-on to the diiron center
and potential proton relay pathways leading to generation of water and
ubiquinol are identified. Such findings have provided us with not only
important data on the initial oxidation steps following the binding of
ubiquinol but also on how dioxygen is reduced by the AOX family of
enzymes.



T. Shiba, et al.

2. Material and methods
2.1. In vitro assay

5.0 x 10* of bloodstream form parasites were incubated in HMI-9
medium with different concentrations (333 uM — 2.6 pM) of ferulenol or
AF in 96-well plates for 18 h at 37 °C and 5% CO,, in a total volume of
100 pl. Each compound was diluted in DMSO and each concentration
was prepared in triplicate. After incubation, 10 ul Alamar Blue stock
solution (TREK Diagnostic Systems) was added to each well and in-
cubated for more 6 h. Absorbance at 570 nm and 600 nm was measured
and growth rate of trypanosomes was calculated by using the following
equation.

Cred(sred)y\'l + Cox(gox) )\-1 = Ay\'l

Cred(ered)N2 + Coxl(€ox) A2 = Ay

Minimum inhibitory concentration (MIC) was determined as the
concentration to kill 100% of parasites by microscopic observation. The
same procedure was performed also in the presence of 5mM glycerol.

To calculate the percent difference in reduction between treated and
control cells, the following equation was used according to manu-
facturer instruction:

(Eox)d2 (AN — A’Ap) — (Eox)la(Aky — A'Dy)
(Eox) 2 (AN — A'X) — (Eax) M (AN, — A'Dy)

X 100

where, C.q and C,y corresponds to the concentration of reduced and
oxidized form Alamar Blue, respectively and &, is the molar extinction
coefficient of its oxidized form. A, A' and A° is the absorbance of test,
positive control and negative control wells, respectively. Finally, A; is
570 nm, A, is 600 nm and ¢, of oxidized form of Alamar Blue at A, and
A is 80,586 and 117,216, respectively.

2.2. Inhibition kinetics

TAO was purified essentially as described previously [5]. ICso of AF
and ferulenol was determined by measuring the relative ubiquinol
oxidase activity of rTAO in the presence of varying concentrations of
inhibitors. Ubiquinol oxidase activity was measured by recording the
increase in the absorbance due to ubiquinone-1 formation at 278 nm
(Shimadzu spectrophotometer, UV-3000). Reactions were started by the
addition of 150 uM ubiquinol-1 (ex7s = 15mM~*ecm™?!) after 2min
pre-incubation at 25 °C, in the presence of 150 ng membrane fraction of
E. coli expressing rTAO, varying concentrations of inhibitors and 50 mM
Tris-HCl (pH 7.4) without detergents. Each plot from the ICso graph,
represent the average of three independent experiments and analyzed
by GraphPad Prism 7.01.

The mechanism of TAO inhibition by ferulenol was measured by
recording the quinol oxidase activity at varying concentrations of ubi-
quinol-1 (final concentrations 37.5 to 600 uM) and ferulenol (0, 1.5,
3.0, 6.0nM) in the presence of 75ng of purified rTAO in 50 mM
Tris-HCl (pH 7.4) containing 0.05% (w/v) octaethylene glycol-mono-
decylether (C10E8) using 1 ml black-quartz cuvette [4]. The obtained
raw data were analyzed by GraphPad Prism 7.01.

2.3. Surface plasmon resonance

The binding kinetics of AF and ferulenol to TAO was analyzed by
SPR using BiacoreT200 instrument (GE Healthcare Japan) at 25 °C.
Purified rTAO was covalently immobilized to two (one for each in-
hibitor) Series S sensor chips CM5 using amine coupling kits (GE
Healthcare Japan) according to manufacturer's protocol. Briefly, car-
boxyl groups in the immobilization matrix were first activated by
treatment with a fresh mixture of 200 mM 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide hydrochloride and 50 mM N-hydro-
xysuccinimide (NHS) at 10 ul/min for 7 min. TAO diluted to 9.8 pg/ml
in 10 mM sodium acetate pH 5.5 was then injected over the surface at
10 ul/min for 7min where the immobilization level of 21,000
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resonance units (RU) was reached. Finally, unreacted NHS esters were
blocked by 1M ethanolamine hydrochloride pH 8.5 at 10 pl/min for
7 min. The effect of AF and ferulenol in binding the TAO was analyzed
by single cycle kinetics. TAO inhibitors diluted to 31.25, 62.50, 125,
250 and 500 nM wash buffer containing 10 mM HEPES pH 7.4, 150 mM
NacCl, 0.05% (w/w) Tween 20 and 5% (v/v) DMSO were automatically
injected in serial mode over the sensor chip at rate of 30 ul/min for 60s.
After injection of 500 nM inhibitor, the sensor chip was rinsed with
wash buffer for 600 s to monitor the dissociation. The binding responses
of the two inhibitors were measure in RU in real time at 10 Hz. Raw
sensorgram data were reference subtracted and blank subtracted before
kinetic and affinity analysis. Dissociation constant (Kp) was calculated
using Biacore T200 Evaluation software by fitting the recorded data to a
1:1 interaction model. In the case of AF, the sensor chip surface could
not be regenerated because of its quasi-irreversible binding nature to
TAO.

2.4. Preparation of TAO-ferulenol complex crystals

The alternative oxidase from T. b. brucei was crystallized according
to the method described previously [5] using 28-34% (w/v) PEG 400,
100 mM imidazole buffer pH 7.4 and 500 mM potassium formate as the
reservoir solution. The crystals of the TAO-ferulenol complex were
prepared by soaking TAO crystals in the cryo-protectant solution [50%
(w/v) PEG 400, 500 mM potassium formate and 100 mM imidazole
buffer pH 7.4] supplemented with 1 mM ferulenol for 60 min at 20 °C.
The crystals ware mounted in a nylon loop and flash-frozen in a stream
of gaseous nitrogen at 100 K.

2.5. Data collection and structural refinement

The diffraction data of TAO-ferulenol complex crystal was collected
to 2.7 A resolution at 100K at SPring-8 beamline BL41XU (Harima,
Japan). The data set was processed and scaled with HKL2000 [23]. The
crystal belongs to the orthorhombic space group C2 with unit cell
parameters; a = 228.0, b = 138.0, ¢ = 63.1 A and B =105.9°. In the
crystal structure, there were four monomers in the asymmetric unit.
The initial model of TAO-ferulenol complex was determined by mole-
cular replacement (MR) using the CCB-TAO complex [PDB code: 3W54;
[511 as a search model. The program, Phaser [24] in CCP4i was used for
MR. Manual re-building and crystallographic refinement of all struc-
tures were performed using the COOT [25] and REFMAC5 [26]. The
structure was refined by amplitude-based twin-refinement in REFMAC5
[26] to final Ryork/Reree Values of 0.192/0.247. On average, about 30
residues of N- and C-termini of TAO were missing as a result of flex-
ibility. Stereochemistry of the refined structure was validated by
PROCHECK [27] and Ramachandran plots indicated that no amino acid
residues were detected in energetically unfavorable regions. Data col-
lection and structural refinement statistics are summarized in Supple-
mental information (Table S1). Figures showing protein structures were
prepared with the graphics program PyMOL (http://www.pymol.org/).
The atomic coordinates and structure factors have been deposited in the
Protein Data Bank, www.pdb.org (PDB ID codes 5ZDP).

3. Results
3.1. Mechanism of ferulenol inhibition

In an attempt to identify a suitable competitive inhibitor of TAO
ubiquinol oxidase activity, over 50 known inhibitors of quinol or qui-
none utilizing enzymes were screened. All classical inhibitors of re-
spiratory chain such as rotenone (complex I) [28], atpenin A5 (complex
II) [29], antimycin A (complex IIT) [30] and brequinar (dihydroorotate
dehydrogenase) [31] were ineffective against TAO. However, screening
resulted in the discovery of ferulenol (Fig. 1A), a known inhibitor of
MOQO [18], SQR [19] and VKOR [20], as a potent inhibitor of TAO with
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Table 1
Inhibition kinetic parameters of ferulenol and ascofuranone at enzymatic and cellular level. All parameters, if not stated, are shown in nM.
ICso K; Kon Kot Kp Inhibition ICso (BSF)
(rTAO) ™m~'s™h ™h
— glycerol +5mM glycerol
Ascofuranone 0.288 n.a. 2.167 x 10° 1.045 x 10~* 0.048 Mixed 0.66 0.05
Ferulenol 1.42 1.33 1.372 x 10° 0.0914 66.62 Competitive 3300 1100

an ICsq of 1.42nM (Fig. 1B, Table 1). In comparison, AF has an ICsq of
0.288 nM (Fig. 1B, Table 1). The mechanism of inhibition by ferulenol
was determined using purified rTAO and as can be seen in Fig. 1C,
ferulenol is a potent competitive inhibitor of ubiquinol oxidation with a
K; of 1.33nM.

3.2. Binding mode of ferulenol

In order to determine the mechanism of binding of ferulenol (and
thereby ubiquinol) by TAO, we solved the crystal structure of TAO in
complex with ferulenol at 2.7A (Table S1, PDB code 5ZDP). In the
crystal structure, four monomers are observed within the asymmetric
unit. There are no significant structural differences amongst monomers
in the asymmetric unit, as indicated by root-mean-square (r.m.s.) de-
viations (0.34-0.50 [o\) of the superimposed Ca positions (Table S2).
The overall enzyme structures of the TAO-ferulenol complex are com-
parable to those of ligand-free TAO and TAO-ascofuranone derivative
complexes [5], as shown by similar value of r.m.s. deviations ranging
from 0.28 to 0.86 A (Table S2). The binding site of ferulenol is located
near the membrane surface between helices al and a4 (Fig. 2A). The
aromatic head moiety is recognised by extensive hydrophilic and hy-
drophobic interactions with Arg96, Argl18, Leul22, Glul23, Ala216,
Thr219 and Tyr220 (Fig. 2B, Table S3). All of these residues are con-
served amongst AOX from all other species identified to date [1].
Furthermore, the isoprenoid-tail moiety interacts with Cys95, Arg96,
Leul22, Thr186, Ile189, Leu212 and Glu215 through van der Waals
contacts (Fig. 2B, Table S3). The isoprenoid-tails are bending at C1’
position of the isoprenoid-tail (the angle C3-C1’-C2’ are 117-121°) filled
into the hydrophobic cavity between al and a4 (Fig. 2A). The bending
of isoprenoid-tail is mainly caused by Cys95, Arg96, Leu212 and
Glu215 through hydrophobic interactions (Fig. 2C).

3.3. The diiron center of TAO-ferulenol complex structure

In the crystal structures of TAO both complexed with either AF
derivatives or ferulenol, the diiron center (Fe2-OH ™ -Fel) in all chains is
coordinated by four glutamate residues (Glu123, Glu162, Glu213 and
Glu269) which are essential for quinol oxidase activity [5,32]. In the
structure of TAO complexed with colletochlorin B (CCB), two additional
electron densities, corresponding to two water molecules (W2 and W1)
could be identified (Supplemental Fig. S1). W1 coordinates Fe2 (W2-
W1-Fe2-OH™ -Fel) in all chains with W1-Fe2 distance ranging from
25A to 2.0A. Importantly, in the TAO-ferulenol structure an extra
elongated density was observed which is clearly larger than a single
water molecule. Indeed, the electron density map could be fitted per-
fectly by a molecule of dioxygen bound at a side-on conformation to Fe2
(Supplemental Fig. S2), however, detailed analysis of higher resolution
crystal structures obtained under anaerobic condition is required to
fully validate this hypothesis. Interestingly, the positioning and binding
of the proposed dioxygen molecule within the active-site is very similar
to that observed in other non-heme iron oxygenases such as naphtha-
lene dioxygenase [33] and carbazole 1,9a-dioxygenase [34] (see Sup-
plemental Fig. S2), as well as non-enzyme iron complexes [35]. The
position of the two histidines (His165 and His269) in TAO-ferulenol
complex are within 4.5 A around diiron center as previously observed in
all TAO-ligand complexed structures.

3.4. Comparison with ascofuranone derivatives

Recently we described the structure of TAO in complex with AF
derivatives AF27790H and CCB [5]. In all of the inhibitor-complex
structures, the OH2 from the benzene moiety is hydrogen bonded with
Arg118 and Thr219 resulting in the chlorine group being 4.06 A from
Fe2 and the 1-formyl group within 3.49 A of the Thr219-CH3\ without
apparently any binding to OH4. However, a comprehensive structure
activity relationship (SAR) of several AF derivatives [16] revealed that
OH2 is not essential whilst OH4 and 1-formyl groups are essential for
TAO inhibition. Considering the low resolution of our previous TAO
structures, we have subsequently concluded that the AF derivatives
were modeled into the density map with their benzene moiety rotated
180° at C1’ axis. In the corrected binding mode, Argl118 and Thr219
interact with the OH4 thereby resulting in the 1-formyl group being
positioned close to the water molecule that coordinates Fe2 (W1,
Fig. 2C), which is consistent with our previous SAR results [16]. The
updated versions of crystal structures of TAO in complex with
AF27790H and colletochlorin B were deposited with new PDB IDs of
5ZDR and 5ZDQ, respectively.

The position of the isoprenoid-tail of ferulenol and AF derivatives
completely overlaps between the two types of inhibitor (Fig. 2D).
Hence, similar to the AF derivatives (the angle C3-C1’-C2’ are
103-120°), the isoprenoid-tail of ferulenol is kinked at C1’ position
about 120 degree (Fig. 2D). The 4-hydroxycoumarin head of ferulenol
as well as the aromatic head from AF derivatives are located at the same
plane (Fig. 2D). The C3 positions of ferulenol and AF derivatives are
almost same. The hydroxyl group at the C4 position within AF deri-
vatives (in its ionized form) (see Fig. 1A), which is important for in-
teracting with Arg118 and Thr219, is located between the ether oxygen
atom at position 1 and the ketone oxygen atom at the position 2 of the
ferulenol aromatic ring (Fig. 2D). Of particular interest is the finding
that additional hydrogen bonding between the ketone oxygen atom at
the C2 of ferulenol and Arg96 can also be observed (Fig. 2B-D).

3.5. Binding kinetics of AF and ferulenol

The binding kinetics of several drugs have been correlated to their
biological activities. For example, the potent antiviral activity of dur-
anavir, a FDA-approved HIV protease inhibitor, was linked to its slow
dissociation constant (k.¢) compared to its derivatives [36]. The
binding kinetics analysis of AF in comparison to that of ferulenol was
determined using surface plasmon resonance (SPR) (Fig. 3). The SPR
curve of both inhibitors showed best fitting using 1:1 binding model.
Fig. 3A shows that binding of AF is characterized by biphasic dis-
sociation. The fast phase is characteristic of a fast dissociation or
weakly-bound AF, and a slow phase characterized by a tightly-bound
AF which dissociates from TAO extremely slowly (Fig. 3A). From the
total amount of AF dissociated from TAO, the weakly and tightly bound
moieties of AF represent the minority and majority fraction, respec-
tively. The weakly bound AF fraction becomes more pronounced at
higher concentrations of inhibitor as shown by SPR analysis in Fig. 3A.
The association constant (k,,) of AF and ferulenol (Fig. 3B) are of a
similar magnitude (2.167 x 10° and 1.372 x 10°, respectively) whilst
the dissociation constant (kog) of AF (kg = 1.045 x 10~%) was 875
times lower than that of ferulenol (kg = 0.0914) (Table 1). In practice,
AF is considered to be a quasi-irreversible inhibitor with a binding
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Fig. 2. Binding mode of TAO and ferulenol. (A) Overall structure of TAO-ferulenol complex showing its binding site (arrows) located between al and a4 helices. (B)
Representative binding mode of ferulenol in TAO. The residues which interact with ferulenol (dark cyan) are shown as sticks, respectively. N, O and S atoms are
coloured in blue, red and yellow, respectively. Magenta spheres represent the diiron center (Fe-OH ™ -Fe). Dioxygen molecule is shown as red spheres. Hydrogen
bonds between TAO and ferulenol are shown as dotted lines. (C) Schematic comparison of the binding mode of ferulenol and AF derivatives. The interactions of
residues within the binding site and ferulenol are shown as green dotted lines (left panel) whereas those which interact with AF derivatives are shown as magenta
dotted lines (right panel). The common and different feature between them is highlighted as dotted red and blue circles, respectively. (D) Superimposed between
TAO-ferulenol (green) and TAO-AF27790H (light pink) complex. The residues which interact with ferulenol and AF27790H are shown as green and light pink sticks,
respectively. Tyr220, an important residue for the enzymatic activity is also shown as green (TAO-ferulenol) and light pink (TAO-AF27790H) sticks, respectively.
Hydrogen bonds between TAO and its inhibitors are shown as dotted lines (ferulenol; green, AF27790H; magenta).

affinity constant (Kp) of 0.048 nM (Fig. 3A, Table 1). Ferulenol, how- shown) suggesting that both AF and ferulenol are indeed tight-binding

ever, shows a classical characteristic of a reversible inhibitor namely a inhibitors of TAO.
Kp of 66.6nM (Fig. 3B, Table 1). It is possible to distinguish between
tight and slow-binding inhibitors by determining if there is a time de- 3.6. Trypanocidal activity of ferulenol
pendent increase in the ICsq, a characteristic of a slow-binding inhibitor
[37]. No change in the ICs, was detected for both AF and ferulenol even AF inhibits purified TAO with an ICs, of 0.288 nM and the growth of
when the incubation time was increased from 2 to 10min (data not  the bloodstream form of the parasite at similar magnitudes (ICso of
A B
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" °>/ -3 o 500 (nM) ) Z z Z 500 (nM)
Mo o 250 Fast phase = 250
= 125 " 125 ‘ s l Fast phasc
[\

" 7 ®
62.5 [ 625 A\
” { Slow phase “ /\ | \
313 1 313 / { N

200 o 0 0w 800 80 1000 1200
Tine s

Fig. 3. Surface plasmon resonance binding analysis of TAO inhibitors. Sensorgram of ascofuranone (A) and Ferulenol (B). The numbers on the graph and the black
arrows indicate the concentrations and the time points where the inhibitor was injected into the sensor chip, respectively. The weakly bound ascofuranone and
ferulenol which dissociate fast (fast phase) and the tightly bound ascofuranone which dissociates extremely slow (slow phase) are indicated in red arrow.
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0.66 nM). Growth inhibition by AF is synergistically potentiated by the
presence of 5mM glycerol (ICso decreases to 0.05nM) due to its in-
hibition of glycerol kinase (Table 1) [38,39]. Glycerol kinase is an
important enzyme for ATP production via substrate level phosphor-
ylation in the blood stream form of T. b. brucei through its reverse re-
action [11]. Since ferulenol inhibits TAO with an ICsq of 1.42nM
(Fig. 1B, Table 1), a similar order of trypanocidal activity was antici-
pated. However, under the same assay condition as for AF, ferulenol
was effective only at concentrations of 3.3 uM (without glycerol) and
1.1 uM (with glycerol, Table 1). Therefore, even though ferulenol is a
potent inhibitor of TAO and does bind at the same site as AF, we suggest
that the difference in in vitro efficacy discussed above can be explained
by the binding kinetics summarized in Table 1.

4. Discussion
4.1. Mechanism of ubiquinol binding and reduction by TAO

The complete reduction of dioxygen to water requires four electrons
and four protons and several mechanisms have been suggested to ac-
count for the net oxidation of two ubiquinols [40,41]. So far, only one
binding site for mixed-type and competitive inhibitors (versus ubi-
quinol) has been identified in all of the TAO-ligand structures crystal-
lized to date (Fig. 3). Such data strongly indicates that the two ubi-
quinol molecules bind consecutively and not concomitantly in the same
pocket. As illustrated by the complex structures highlighted in Figs. 2
and 3, Arg96, Argl118 and Thr219 are key residues which interact both
with ferulenol and the AF derivatives and mutation of any of these
residues results in approximately 90% inhibition of TAO catalytic ac-
tivity [42].

In an attempt to determine the nature of ubiquinol binding within
AOX, we have used the SPR analysis (Fig. 3) and the complex structures
of TAO-ferulenol and TAO-AF derivatives (Fig. 2D) to model ubiquinol
within the binding pocket (Fig. 4).

We propose that the initial event is characterized by a weak binding
of ubiquinol to Arg96 (Fig. 4A) in a manner similar to that observed
with ferulenol from the SPR analysis (Fig. 3B). Once bound to Arg96,
the benzene ring of ubiquinol is re-positioned such that its OH1 group
becomes tightly bound to Arg118/Thr219 (Fig. 4B) similar to that ob-
served with AF derivatives (Fig. 2C and D). Such a tightly bound mode
of ubiquinol positions the OH4 group to a distance of 4.0 &, 4.7 A and
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3.7 A (Fig. 4B) to the bridging oxo group, Fe2 and the water co-
ordinating Fe2 (W1), respectively. Such a realignment facilitates elec-
tron transfer from ubiquinol OH4 to the diiron center (Fig. 4B).

We suggest that upon the binding of the first ubiquinol, one proton
and one electron from OH4 is transferred directly to the oxo group by
proton-coupled electron transfer (PCET, Fig. 4). The second electron is
transferred directly to a previously reported stable tyrosyl radical in the
fully oxidized state (Tyr220) forming a tyrosinate residue [6].

Given the orientation of quinol within the pocket, it is likely that the
proton from ubiquinol OH1 is transferred to solvent through Argl118/
Aspl00 or Thr219/Arg96/Glu215 pathway (Fig. 4). Both potential
proton relay pathways are connected to outside solvent (Fig. 4). In
order to maintain the reaction stoichiometry, protons must be trans-
ferred into the diiron core, which can be achieved from the solvent via a
water (W3) and His269 pathway (Fig. 4B).

Following oxidation of ubiquinol, there is a shift in the interaction
of ketone O1 from Argl118 to Arg96. At this point, ubiquinone will only
interact weakly with the enzyme thereby facilitating its release
(Fig. 4A). Importantly all residues involved in the binding of ubiquinol/
ubiquinone (Arg96, Argl18 and Thr219) are conserved amongst the
AOX family, supporting our notion of the critical role they play in
catalysis. Following the first ubiquinol oxidation step, both irons still
remain oxidized and thus do not react with dioxygen, consistent with
our previous suggestions that the diiron core remains dioxygen inactive
even after such a two electron reduction step [6].

The reaction of the second quinol with the protein is harder to
predict, as the conformational changes predicted in our previously
published electrochemical work [6] suggest there is a protonation and
change in the environment of at least one carboxylate following the first
reduction step. Even so, it is unlikely that a single carboxylate will re-
veal the presence of a second active site, and therefore we feel it is safe
to assume that the second equivalent of quinol must bind within the
same cavity. As such, the reaction is predicted to proceed in a similar
manner to that described for the first quinol, with two electrons redu-
cing the diiron core, one proton being used to form molecular water and
one proton being donated to solvent through the proton relay pathway.
This fully reduced structure has been predicted to be the dioxygen re-
active species, with the mechanistic predictions being discussed in a
previous paper [6].

Such a mechanism of ubiquinol/ubiquinone binding and oxidation
is supported by the differences in the dissociation pattern between

B
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Fig. 4. Proposed interaction of bound ubiquinol with the first and second ligation sphere around diiron center. TAO-ubiquinol complex model based on the TAO-
ferulenol (A) and TAO-CCB complex structures (B). The hydrogen bonds are shown in black dotted lines. The red dotted lines are important for the enzymatic reaction

of TAO.
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ascofuranone and ferulenol revealed by SPR analysis, the competitive
inhibitory nature of ferulenol and finally structures of TAO-in the pre-
sence of inhibitors. Our model also accounts for the biphasic and
monophasic dissociation nature of ascofuranone and ferulenol, re-
spectively. From the SPR analysis, two binding modes of AF could be
observed, namely a weakly and a tightly bound species whereas only
the weakly binding species could be detected for ferulenol.
Interestingly, a dual binding mode of ubiquinone species within the
active site has also been reported for E. coli succinate:ubiquinone oxi-
do:reductase (SQR), in which the co-crystallization with different types
of ubiquinone analogs resulted in different binding modes [43]. The
analogy between SQR and AOX is very interesting because under
physiological conditions they utilize the same substrates as AOX,
however, they catalyze the opposite redox reaction. Thus, there is a
possibility that even though SQR and AOX are completely distinct en-
zymes, they probably share a conserved mechanism of substrate
binding and catalysis. Such a kind of conservation of non-related en-
zymes has also been reported for the fumarate reduction site of family
1A dihydroorotate dehydrogenase and quinol:fumarate reductases
[10,44].

4.2. Ascofuranone and ferulenol as transition state analogues of TAO

As far as drug development is concerned, the principal benefits of a
quasi-irreversible inhibitor are the achievement of prolonged efficacy
under low doses and reduced drug resistance. This is demonstrated by
many clinically used drugs such as aspirin, celecoxib, vigatatrin, pro-
carbazine, lanzoprazole, celegiline, orlistat and sulbactan which inhibit
their respective target in irreversible manner [45]. In that sense, the
quasi-irreversible nature of AF demonstrated by SPR analysis emphasize
not only the superiority of ascofuranone as a drug candidate to combat
African trypanosomiasis, but also the necessity to design ferulenol de-
rivatives with much lower dissociation constants in order to achieve
satisfactory trypanocidal activity.

Interestingly, several tight binding inhibitors have been shown to be
transition state (TS) analogs such as Immucillin H and its derivatives.
Such compounds have been shown to be potent inhibitors of purine
nucleotide phosphorylase, 5'methylthioadenosine phosphorylase and
5’-Methylthioadenosine/adenosylhomocysteine nucleosidase [46]. TS
analogs have also been described as compounds that bind to the enzyme
catalytic site inducing conformational changes that normally occur with
the enzyme's reactants [47]. In other words, a TS analog mimics the TS
geometry of the enzyme during the catalytic cycle. Currently, there are
approximately a dozen FDA approved HIV protease inhibitors that are
widely considered as TS analogs [47]. Oseltamivir (Tamiflu) a potent
influenza neuraminidase inhibitor, has also been reported to bind to the
target in a conformation matching that of the TS [48]. The tight binding
property of a TS analog is well documented [49-51] and is character-
ized by a K,,/Kp ratio higher than 10° orders of magnitude [50,52,53].
Considering that TAO has a minimum K, of 338 uM for its substrate,
ubiquinol [4], the K,/Kp, ratio of AF has been calculated to be 7 x 10°
whilst that for ferulenol is 5 x 10°. Although, more evidences from
kinetic isotope effects and computational chemistry are necessary to
further understand the TS from an enzyme, our current analysis sug-
gests that AF and ferulenol possess the potential to be good TS and
substrate/product analogues of TAO, respectively.

5. Conclusion

In this study, we report on the first experimental discovery of a
potent and competitive inhibitor of TAO and also provide some valu-
able structural information on the mechanism of ubiquinol oxidation by
the alternative oxidases. Of particular importance was the finding that
binding of ferulenol to TAO appears to trap a potential dioxygen mo-
lecule bound side-on to the Fe2 in the complex structure. Although side-
on binding of dioxygen to iron-proteins [33,34], as well as non-protein
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iron complexes [35,54], have previously been reported, to our knowl-
edge this is the first report of a dioxygen bound side-on to a diiron
protein. Due to the limited resolution of TAO-ferulenol complex struc-
ture, such observation requires further studies using different ap-
proaches in order to validate the dioxygen binding site in TAO.
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