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Abstract

ENOX (ECTO-NOX) proteins are proteins of the external surface of the plasma membrane that cat-
alyze oxidation of both NADH and hydroquinones as well as carry out protein disulfide-thiol in-
terchange. They exhibit both prion-like and time-keeping (clock) properties. The oxidative and
interchange activities alternate to generate a regular period of 24 min in length. Here we report
the cloning, expression, and characterization of a plant candidate constitutive ENOX (CNOX or
ENOX1) protein from Arabidopsis lyrata. The gene encoding the 335 (165) amino acid protein is
found in accession XP-002882467. Functional motifs characteristics of ENOX proteins previously
identified by site-directed mutagenesis and present in the candidate ENOX1 protein from plants
include adenine nucleotide and copper binding motifs along with essential cysteines. However, the
drug binding motif (EEMTE) sequence of human ENOX2 is absent. The activities of the recombi-
nant protein expressed in E. coli were unaffected by capsaicin, EGCg, and other ENOX2-inhibiting
substances. Periodic oxidative activity was exhibited both with NAD(P)H and reduced coenzyme Q
as substrate. Bound copper was necessary for activity and activity was inhibited by the ENOX1-
specific inhibitor simalikalactone D. Addition of melatonin phased the 24-min period such that the
next complete period began 24 min after the melatonin addition as appeared to be characteristic
of ENOX1 activities in general. Periodic protein disulfide-thiol interchange activity also was dem-
onstrated along with the 2 oxidative plus 3 interchange activity pattern characteristics of the 24-
min ENOX1 protein period. Concentrated solutions of the purified plant ENOX1 protein formed
insoluble aggregates, devoid of enzymatic activity, resembling amyloid. Activity was restored to
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aggregate preparations by isoelectric focusing.
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1. Introduction

One or more hormone-responsive external plasma membrane hydroquinone oxidases capable of catalyzing pro-
tein disulfide interchange and that oxidize NAD(P)H as an alternate substrate (External NADH oxidase = ENOX)
have been exhibited by all animal and plant species, thus far investigated, as well as by yeast [1]-[3]. Based on
activity characteristics, three related ENOX proteins have emerged. One (CNOX or ENOX1) is both constitutive
and widely distributed [4]. A second ENOX activity designated tNOX or ENOX2 is tumor or cancer-associated
[5] [6]. ENOX2 proteins are inhibited by a series of quinone site inhibitors all with anticancer activity including
the vanilloid capsaicin [7] [8], the antitumor sulfonylurea LY181984 [9] [10], the isoflavone phenoxodiol [11]
and the quassinoid glaucarubolone [12] whereas ENOX1 proteins are resistant [11] to these substances but inhi-
bited specifically by the quassinoid simalikalactone D which has no effect on ENOX2 activity [13]. Shed forms
of both activities are found in culture media conditioned by the growth of mammalian [10] or plant cells. A
33.5-kDa protein with capsaicin-inhibited NADH oxidase activity was purified from spent media of cultured
HelLa cells [14] and from sera of cancer patients [5]. The NADH oxidase activities from sera of healthy volun-
teers or spent media of non-cancer cells were identified as ENOX1 [15]. A third group of proteins with
ENOX-like activity designated arNOX/ENOX3 [16] is age-related [17] and evident only in aged individuals,
late passage cultured cells, or senescing [19] short-lived plant parts [17] [18].

The ENOX1 and ENOX 2 proteins function in the enlargement phase of cell growth [19]-[21]. When their ac-
tivity is inhibited, cells are unable to enlarge [2] [7] [13] [22]. Cancer cells unable to enlarge to a size sufficient
to allow division following inhibition of ENOX2 undergo apoptosis. Arabidopsis seedlings treated with the
quassinoid ENOX1 inhibitor simalikalactone D ceased growth until the drug was metabolized but did not die
[13].

A distinguishing characteristic of ENOX proteins that permits their unequivocal identification is that the pro-
teins exhibit two activities that alternate [1]-[3]. The first activity is that of a hydroquinone oxidase (NADH
serves as an alternate substrate for this activity) [23]. The second is that of a protein disulfide-thiol interchange
measured either from the restoration of activity to inactive (scrambled) RNase [24] or from the cleavage of di-
thiodipyridine substrates [25]. Each activity generates a distinct oscillatory activity with a period length of 24
min for ENOX1. The strictly periodic activity of the NOX proteins (ENOX1 and ENOX2 as well as arNOX)
distinguishes their activity from all other oxidase or protein disulfide isomerase forms [6] and imparts to the
ENOX1 protein a potential role as an ultradian (with period lengths of less than 24 h) oscillator of the cellular
biological clock [26].

In a previous report [15], purification of a protease-resistant protein fragment with drug-resistant ENOX1 ac-
tivity and a period length of 24 min from human serum protein, was described. The protein fragment was
blocked to direct sequencing and was resistant to further protease digestion. Polyclonal antibodies raised to the
fragment partially blocked total NOX activity of human sera from the surface of human non-cancer cells. They
did not react with recombinant ENOX2 or with molecular species identified as ENOX2 from sera of cancer pa-
tients or from cancer cell lines grown in culture. The human ENOX1 was the first candidate ENOX1 to be
cloned and expressed as a recombinant protein [4].

ENOX proteins lack iron or iron-sulfur clusters but still reduce oxygen. The previously cloned and sequenced
ENOX2 protein contains a copper site conserved with the copper site of the enzyme Mg?* superoxide dismutase
[6]. Site-directed mutagenesis of this copper site resulted in the loss of enzymatic activity when the mutant pro-
tein was expressed in Escherichia coli [6] [27]. These findings were extended to the candidate plant ENOX1
protein with the discovery of a second copper site also required for activity [4]. These findings raise the possi-
bility that the concerted four electron transfers required to reduce molecular oxygen to water are carried out by
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dimers of the dicopper-containing ENOX monomers. In this report, a candidate plant ENOX1 protein with func-
tional motifs consistent with this activity model was cloned and characterized from Arabidopsis lyrata.

2. Methods
2.1. Search for Candidate Constitutive ENOX1 (ENOX1) from Plants

Protein BLAST (Basic Local Alignment Search Tool) with either ENOX1 or ENOX2 sequences as a query was
used for similarity searches in different databases (non-redundant protein sequences, UniProt, EST, and others)
[28] with no plant proteins having significant similarity being found. However, sequence of a cloned ENOX1
from Saccharomyces cerevisiae [29] did reveal significant homology. The homologous protein from Arabidop-
sis lyrata was selected for evaluation as a candidate for the constitutive ENOX1 from plants.

2.2. Plasmids Construction

Plasmids carrying the Arabidopsis ENOX1 (M458 to V580 of hypothetical protein RALYDRAFT 477943
[Arabidopsis lyrata aubsp. Lyrata] XP_002882467) sequence were prepared by inserting the pET11a vector
(between Nhel and BamHI sites) within the Arabidopsis ENOX1 sequence. The Arabidopsis ENOX1 sequence
was synthesized by GenScript USA Inc. (Piscataway, NJ). DNA sequences of the ligation products (pET11a-
AraENOX1) were confirmed by DNA sequencing.

2.3. Expression of Recombinant Arabidopsis ENOX1

The pET11a-AraENOX1 was transformed to BL21 (DE3) competent cells. A single colony was picked and in-
oculated into the 5 ml LB + ampicillin (LB/AMP) medium. The overnight culture (1 ml) was diluted into 100 ml
LB/AMP media (1:100 dilution). The cells were grown with vigorous shaking (250 rpm) at 37°C to an ODgg 0f
0.4 - 0.6 and IPTG (0.5 mM) was added for induction. Cultures were collected after 5 h incubation with shaking
(250 rpm) at 37°C.

Cells were centrifuged at 5000 g for 6 min. Pellets were then resuspended in 20 mM Tris-HCI, pH 8.0, con-
taining 0.5 mM PMSF, 1 mM benzamidine and 1 mM 6-aminocaproic and lysed by three passages through a
French pressure cell (SLM Aminco) at 20,000 psi. Expression of the recombinant Arabidopsis ENOX1 of about
14 kDa was confirmed by SDS-PAGE with silver staining. Transformed cells were stored at —80°C in a standard
glycerol stock solution. The Arabidopsis ENOX1 proteins were further purified on Criterion IEF gels (Bio-Rad,
Hercules, CA). The IEF gel was cut into seven equal segments. The pH represented by each slice was based on
IEF standards (Bio-Rad). The slices were soaked in 15 mM Tris-Mes buffer, pH 7, at 4°C for overnight with
shaking. The gel-free extracts were assayed for ENOX1 activity.

2.4. Protein Determination

Protein concentrations were determined by the bicinchoninic acid (BCA) method [30] (BCA Protein Assay Kit,
Thermo Scientific, Rockford, IL, USA) with bovine serum albumin as the standard.

2.5. Enzyme Activity Assays

Oxidation of NADH was determined spectrophotometrically from the disappearance of NADH measured at 340
nm in a reaction mixture containing 25 mM Tris-MES (pH 7.2), 100 uM GSH, 1 mM KCN to inhibit mitochon-
drial oxidase activity, 150 uM NADH and the enzyme at 37°C with temperature control (£0.5°C) and stirring.
Prior to assay, 1 uM reduced glutathione was added to reduce the protein in the presence of substrate. After 10
min, 0.03% hydrogen peroxide was added to reoxidize the protein under renaturing conditions and in the pres-
ence of substrate to start the reaction. Activities were measured using paired Hitachi U3210 or paired SLM
Aminco 2000 spectrophotometers both with continuous recording. Assays were for 1 min and were repeated on
the same sample at intervals of 1.5 min for the times indicated. An extinction coefficient of 6.22 cm™* mM ™ was
used to determine specific activity.

Oxidation of reduced coenzyme Qi (CoQoH,) was measured as the disappearance of CoQqoH, at both 290
nM and 410 nM [23]. The reaction was started with the addition of 40 ul of 5 mM QqH, (Tischcon Corp.,
Westbury, NY). An extinction coefficient of 0.805 mM ™ cm ™ was used to calculate the rate of Q,oH, oxidation.
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Protein disulfide-thiol interchange was determined spectrophotometrically from the increase in absorbance at
340 nm resulting from the cleavage of dithiodipyridine (DTDP) [25]. DTDP cleavage was buffered 50 mM
Tris-MES, pH 7. The assay was preincubated (1 h at room temperature) with 0.5 pmoles DTDP in 5 pl of dime-
thyl sulfoxide (DMSO) to react with endogenous reductants present with the plasma membranes. After 10 min, a
further 3.5 umoles DTDP were added in 35 ul DMSO to start the reaction. The final reaction volume was 2.5 ml.
The reaction was monitored from the increase in absorbance at 340 nm. Specific activities were calculated using
a milimolar absorption coefficient of 6.21.

2.6. Removal of Copper (II) from ENOX1

IEF purified ENOX1 was concentrated to 0.7 mg/ml by using a Centricon concentrator (Millipore Corporation,
Danvers, MA) fitted with a 10,000 nominal molecular weight limit ultracel YM membrane. Samples (50 pl)
were combined with 1 pl of trifluoroacetic acid (TFA) in the presence or absence of 15 pul 10 mM bathocuproine.
After 2 h of incubation at room temperature, the samples were dialyzed (Spectra/Pro Dialysis membrane, mole-
cular weight cut-off 6000 - 8000, Spectrum Laboratories (Rancho Dominquez, CA) against 20 mM Tris-HCI,
pH 8, at 4°C overnight.

2.7. Site-Directed Mutagenesis

Amino acids indicated were replaced by alanines by site directed mutagenesis according to Braman et al. [31].
Numbered amino acids and nucleotide positions of splice variant products refer to numbers assigned to amino
acids of the full length transcript.

2.8. Statistical Analyses

Means and standard deviations were analyzed for statistical significance using a two-tailed test.

3. Results

The identification of the candidate plant the ENOX1 from Arabidopsis lyrata was based on a homology
(BLAST) search by comparison with the ENOX1 (YML117W) from Saccharomyces cerevisiae [29]. The 14
kDa amino acid sequence selected (Figure 1) had 37% identity and 58% similarity between amino acids 84 and
126 of XP002882467 from Arabidopsis and amino acids 932-968 of EDN64277 (YML117W) from yeast.

Potential functional motifs within the 14 kDa transcript included a potential NADH binding site at
G570XGXXL which aligned with G958XGXXYV in YML117W. Potential protein disulfide sites were located at
M458XXXXCC and M527XXXXXXC along with C534. Potential copper sites were at H466PY, Y531LY
(which over laps M527XXXXXXC) and Y479XXXXH.

Expression of the recombinant Arabidopsis ENOX1 with a molecular weight of about 14 kDa was confirmed
by SDS-PAGE with silver staining (Figure 2).

3.1. Protein Characterization

A continuous trace of an IEF-purified preparation of the recombinant Arabidopsis ENOX1 protein illustrates the
characteristic oscillatory activity (Figure 3). Intervals of rapid activity (arrows) were interspersed with intervals
of less activity. The period length was 24 min. No oscillations were observed with NADH alone or with the
plant ENOX1 in the absence of NADH.

For more detailed evaluations, rates averaged over 1 min every 1.5 min with recombinant plant ENOX1 ex-
pressed in E. coli exhibited more clearly the oscillatory pattern of oxidation of exogenously supplied NADH
characteristic of ENOXZ1 proteins (Figure 4). The repeating pattern was that of five maxima, two of which were
separated by six min (arrows) and the remainder separated by 4.5 min [6 + (4 x 4.5) = 24 min]. As is characte-
ristic of ENOX1 proteins from other sources, the oscillatory pattern could be phased by the addition of 1 uM
melatonin (Figure 5). A new maximum was observed exactly 24 min after melatonin addition and continued
thereafter as phased by the melatonin addition.

As is characteristic of ENOX proteins in general, the proteins also exhibited protein disulfide-thiol inter-
change (protein disulfide isomerase) activity illustrated by the time-dependent cleavage of a dithiodipyridyl sub-
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a. NCBI Reference Sequence: XP_002882467.1

b. Alignment of YML117W and Arabidopsis ENOX1
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Figure 1. Alignment of Saccharomyces cerevisiae YML117W and Arabidopsis ENOX1. Sequence 1 is the recombinant
Arabidopsis ENOX1. Sequence 2 is the YML117W. There is 37% (16/43) identity and 58% (25/43) similarity between re-
combinant Arabidopsis ENOX1 amino acids 84 to 126 and YML117W amino acids 932-968.
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Figure 2. Expression of 14 kD recombinant Arabidopsis ENOX1 shown on 15% SDS-PAGE with silver staining. Lanes 1
and 2: whole cells of pET11a-AraENOX1 transformed E. coli (2 pl); lanes 3 and 4: supernatant of French pressed pET11a-
AraENOX1 transformed E. coli (2 pl); lanes 5 and 6: pellet of French pressed pET11a-AraENOX1 transformed E. coli (2 pl).
The expressed recombinant Arabidopsis ENOX1 was found in the pellet of French pressed E. coli.
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strate (Figure 6). An oscillatory pattern similar to that for NADH oxidation was observed with a period length
of 24 min (arrows). As reported previously [2], the principal maxima of the two activities, NADH oxidation and
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Figure 3. Continuous trace showing the decrease in A, as a measure

of consumption of NADH over 12 min for a fraction of IEF purified
Arabidopsis ENOX1. The assay conditions were as described ([24],
Materials and Methods) except that the NADH concentration was 0.75
mM and the data were collected automatically and stored using a
SPECTRA max 340PC microplate reader. The mixture contained ca.
20 ug ENOX1 in a total volume of 200 pl.
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@

NADH OXIDATION,
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0 6 12 18 24 30 36 42 48 54 60
TIME, min

Figure 4. NADH oxidase activity of IEF purified recombinant
ENOX1 of Arabidopsis. Illustrated is the oscillatory pattern of 5
maxima. The major maxima separated by 6 min, are labeled @nd @.
The three minor maxima that follow are separated from the major
maxima and each other by 4.5 min creating the 24 min period [6 +
(4.5 x 4) = 24].

protein disulfide interchange, alternated.

The recombinant ENOX1 oxidizes reduced coenzyme Q in a standard assay (Figure 7) with activity meas-
ured either at A4y (Figure 7(upper)) or at Ayge (Figure 7(lower)). As with NADH oxidation (Figure 4) and di-
thiodipyri-dine cleavage (Figure 6), the characteristic pattern of oscillations with a 24 min period was repro-
duced (Figure 7). Hydroquinones of the plasma membrane (reduced coenzyme Q for animals/reduced coen-

zyme Q or phylloguinone for plants) are the physiological substrates for ENOX proteins.
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Figure 5. The NADH oxidase activity of IEF-purified recombinant ENOX1
of Arabidopsis and response to 1 uM melatonin. After addition of melatonin,
new maxima appear 24 min following melatonin addition (arrow), an ENOX1
characteristic.
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Figure 6. Protein disulfide-thiol interchange activity of IEF-purified recom-
binant Arabidopsis ENOX1 measured from the cleavage of a dithiodipyridine
(DTDP) substrate. An oscillatory activity was observed with the activities
were most strongly associated with the three maxima separated by 4.5 min
rather than with the two maxima separated by 6 min.

O,

Primarily through reduction of the aggregation of the recombinant proteins, further purification by isoelectric
focusing was required to achieve the reported specific activities. Highest specific activities were achieved at a
focusing pH of about 6.9 (Figure 8) which approximates the calculated isoelectric point of the recombinant

The ENOX activity eluted from the IEF gel was further identified as ENOX1 by its resistance to various
ENOX2 inhibitors including cis-platinum, phenoxodiol, EGCg and capsaicin all tested at concentrations suffi-
cient to inhibit ENOX2 activity completely (Table 1). Also, without effect, were tyrosol and gallic acid, specific
inhibitors of arNOX (ENOX 3) and 2,4-dichlorophenoxyacetic acid (2,4-D) which serves as a specific activator
of plant arNOX (ENOX 5) (Table 1). With the recombinant Arabidopsis ENOX1 protein eluted from the IEF
gels, no inhibition was observed. Activity was inhibited by the ENOXZ1-specific quassinoid inhibitor simalika
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UBIQUINOL OXIDATION, umoles/min/mg protein

TIME, min

Figure 7. Ability of recombinant Arabidopsis ENOX1 to oxidize hydroqui-
none (reduced coenzyme Q) measured either by an increase in A, (upper) or
a decrease in A, (lower). As with NADH oxidation of Figure 3, the activity
oscillates with prominent maxima separated by 6 min, @ and (), to create a 24
min period containing 3 additional maxima separated by 4.5 min (total of 5
maxima).
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Figure 8. Purification and activation of recombinant Arabidopsis ENOX1
by isoelectric focusing.

lactone D (Figure 9) along with the growth regulating herbicides mefluidide and sulfosulfuron (Table 1). The
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Table 1. NADH oxidase activity of IEF-purified ENOX1 recombinant Arabidopsis and response to ENOX2 inhi-
bitors, 2,4-D and the ENOX1 inhibitor simalikalactone D. Average of 3 determinations + standard deviations.

pmoles/min/mg

Inhibitor protein
None 3704
Cis-platinum (100 pM) 35+0.02
Phenoxodiol (10 uM) 3.7+0.05
EGCg (500 uM) 3.9+0.05
Capsaicin (1 uM) 3.7+0.1
Tyrosol (10 uM) 34%0.2
Gallic acid (100 pM) 3.0+05
Simalikalactone D (1 pM) 09+01"
2,4-Dichlorophenoxyacetic acid (1 M) 3701
Mefluidide (N-[2,4-dimethyl-5-[(trifluoromethyl)sulfonyl]lamino]phenyl]acetamide) 184015
(100 uM)
Sulfosulfuron sulfonylurea herbicide (Trade Name: Outrider) (100 uM) 14+05

The concentration of cis-platinum, phenoxodiol, EGCg and capsaicin used results in >90% inhibition of recombinant human ENOX2
assayed in parallel. The concentrations of tyrosol and gallic acid, specific inhibitors of arNOX (ENOX3), which, in separate experiments,
resulted in >90% inhibition of ENOX3 and 2,4-D at 1 pM, which specifically activates the dNOX of plants were without effect. Simali-
kalactone D is a general ENOX 1 inhibitor. “Very significant (p = 0.005 - 0.0034). “Extremely significant p = 0.0003).
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Figure 9. Inhibition of recombinant Arabidopsis ENOX1 by the specific ENOX1
quassinoid inhibitor simalikalactone D.

auxin herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) which stimulates the dNOX (=ENOX5) activity of soy-
bean plasma membranes approximately two-fold at 1 pM, was without effect (Table 1).

3.2. ENOX1 Activity Requires the Presence of Copper

Copper presence was necessary for ENOX1 activity (Figure 10). The IEF-purified ENOX1 when unfolded in
the presence of trifluoroacetic acid retained activity after dialysis and at physiological pH. However, if the

O,
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A TFA
T 4 @

0'2 | B) i ? TFA + Bathocuproine
0.0

12 © TFA + Bathocuproine + Copper

NADH OXIDASE ACTIVITY, pmoles/min/mg protein

0 6 12 18 24 30 36 42 48 54 60
TIME, min
Figure 10. NADH oxidase activity of recombinant Arabidopsis ENOX1 diminished
with TFA + bathocuproine. (A) In the presence of TFA, the 24 min period was unaf-
fected; (B) When assayed with TFA and bathocuproine, the 24 min period was much
reduced; (C) Removal of bathocuproine by dialysis and readdition of copper restored
full activity.

ENOX1 was unfolded with trifluoroacetic acid in the presence of the copper chelator bathocuproine, activity
was lost (Figure 10(B)). Activity was subsequently restored by refolding in the presence of copper at physio-
logical pH (Figure 10(C)).

3.3. Period Length in Deuterium Oxide

ENOX1 activity when assayed in heavy water yielded a pattern of activities with the period length increased
from 24 min to about 30 min (Figure 11).

3.4. Site-Directed Mutagenesis

Confirmation of functional assignments of motifs common to ENOXZ1 protein in general is provided for the spe-
cific functional motifs of the Arabidopsis ENOX1 by site-directed mutagenesis (Table 2). The G570A replace-
ment in the putative adenine nucleotide binding motif largely eliminated NADH oxidation and reduced protein
disulfide-thiol interchange by 75%. Reduced activities were seen with both C463A and C534A replacements. A
response to the C463A replacement was especially evident with protein disulfide-thiol interchange. Putative
copper site replacements, Y468A and Y531A reduced activities as well. Activities were reduced to near back-

ground levels with the Y531A replacement.
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NADH OXIDATION,
pmoles/min/mg protein

TIME, min

Figure 11. NADH oxidase activity of Arabidopsis ENOX1 when as-
sayed in D,0 exhibited an increase in period length from 24 min to 30
min. The effect of heavy water to increase period length is one of the
hallmarks of the biological clock.

Table 2. Confirmation of functional motifs of Arabidopsis ENOX1 by site-directed mutagenesis. Av-
erage of 3 determinations + standard deviations.

NADH oxidation Disulfide-thiol interchange
Mutation
pmoles/min/mg protein
Wild type 0.81+0.04 1.00 £0.16
G570A 0.09 +0.05" 0.25+0.02"
C463A 0.12+0.06™ 0.01+0.01™
C534A 0.33+0.07" 0.19 +0.06™
Y468A 0.18 +0.05™ 0.25+0.02"
Y479A 0.80 £ 0.01 0.95+0.16
Y531A 0.02+0.01" 0.07 £0.01™

“Very significant (p = 0.001 - 0.005), ~“Extremely significant (p = 0.0001 - 0.0004).

4. Discussion

The sequence of the putative plant ENOX1 protein appeared to be highly similar to that of ENOX1 of the yeast
Saccharomyces cerevisiae [27]. Except for putative functional motifs, no similarity of the plant ENOX1 was
found for human ENOX2 [6] or ENOX1 [4] or the yeast ENOX1. A putative NADH-binding site, a disulfide-
thiol interchange site, and copper-binding sites of both the plant and yeast ENOX1, were also found in the hu-
man ENOX1 and ENOX2 proteins while the putative anti-cancer drug binding site of ENOX2 was not.

Based on the high level of its similarity to ENOX1 of yeast, the 14 kDa constitutive ECTO-NOX protein of
plants is designated as an ENOX1 (see Hugo Gene Nomenclature Committee Designation
http://www.gene.ucl.ac.uk/nomenclature/ for ENOX terminology). The cloned protein expressed in E. coli is
listed as NCBI Accession No. BK008839.

When expressed in bacteria, the plant ENOX1 from Arabidopsis lyrata exhibited activity characteristics simi-
lar to those of ENOX1 proteins from mammalian [1] [15] [32] or other plant [1] [33]-[35] sources. Activity
measured either as NADH oxidation (artificial substrate) or oxidation of reduced coenzyme Q (native substrate)
oscillated with 5 activity maxima within each 24 min period. Period length was determined from two major ac-
tivity maxima separated by 6 min and indicated by as D and @) in the figures. Other maxima were separated
from each other and from the two major activity maxima by intervals of 4.5 min (6 min + 4 x 4.5 min = 24 min).

O,
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The 24 min period length is distinct from the 22 min period length of mammalian ENOX2 [6] [26] and the 26
min period length of mammalian, plant, or yeast arNOX [16]-[18].

The period of ENOXL is phased by addition of melatonin as has been reported for ENOX1 proteins from oth-
er sources [36]. Upon addition of melatonin, a new period occurs exactly 24 min after melatonin addition and
continues with the newly established period thereafter. This is a characteristic not shared either with ENOX2 or
arNOX (ENOX3). Additionally, the Arabidopsis ENOX1 was unaffected by the ENOX3 inhibitors tyrosol and
gallic acid or by the activator of the plant ENOXS5, 2,4-D (Table 1). Also identifying the Arabidopsis protein as
an ENOX1 protein is its inability to be inhibited by the ENOX2 inhibitor capsaicin and other ENOX2 inhibitors
including EGCg, phenoxodiol and cis-platinum. This is consistent with the absence from its amino acid se-
quence of the putative drug binding site of ENOX2 [6].

We are unable to exclude the possibility that additional ENOX1 proteins may be discovered from plants with
sequences different from the ENOX1 reported here. Thus far, proteins from a number of plant sources have been
purified to homogeneity but have failed to yield N-terminal amino acid sequence due to being blocked to
N-terminal sequencing and being resistant to proteolytic degradation including proteinase K proteolysis. Like
ENOX2 [37] [38], the ENOX1 proteins share characteristics in common with prions [39] [40], Alzheimer’s AB
protein [41], and aggregated tNOX proteins [42] especially those properties of resistance to protease degration
and the ability to aggregate. The aggregated preparations of ENOX1 lacked enzymatic activity and were refrac-
tory to resolubilization. Size exclusion chromatography revealed approximately 10% dimers, <2.5% monomers
and low molecular weight fragments with the remainder consisting of aggregates in the range of 250,000
to >1,000,000 kDa. The Arabidopsis ENOX1 amyloid, while insoluble even in SDS was completely disaggre-
gated by boiling in SDS not unlike amyloid-3 [1]-[42] for example [43]. For reasons possibly related to dimeri-
zation rather than multimerization, ENOX1 proteins prepared by isoelectric focusing or eluted from isoelectric
focusing gels did not aggregate, retained enzymatic activity and were stable in solution for several weeks or
months when stored frozen or at 4°C.

An important consideration from the studies reported here is that the human ENOX1 protein bound approx-
imately 2 moles of copper/mole of protein [4]. As the prevailing soluble form of ENOX proteins may be dimers
based on size exclusion chromatography, the presence of two coppers per monomer permits the ENOX1 to be
viewed as a dimeric protein containing 4 coppers/dimer that is capable of carrying out 4 electron transfers from
NADH or reduced coenzyme Q directly to molecular oxygen as required to form water. ENOX1 proteins do re-
duce molecular oxygen to water [44] despite the fact that they lack flavin and/or electron carriers other than
copper [6].

This protein disulfide isomerase-like activity measured either as restoration of activity to denatured and inac-
tive ribonuclease A or by cleavage of dithiodipyridine (DTDP) substrate as in the present study, also exhibits the
oscillatory activity patterns characteristic of ENOX proteins in general [4]. For ENOXZ1, the period length is
again 24 min due to the asymmetry imparted by two of the 5 maxima per period being separated by 6 min rather
than the usual 4.5 min. The protein disulfide-thiol interchange activity of the ENOX protein has been implicated
as obligatory to the cell enlargement phase of cell growth for both animal [19] and plant [20] [21] cells. Howev-
er, the mechanism whereby disulfide bonds are formed and broken through the action of NOX proteins may dif-
fer substantially from that of the classical flavoprotein disulfide isomerases. The portion of the Arabidopsis
ENOX1 protein involved in protein disulfide-thiol interchange is unknown. A marked loss of activity resulted
from both the C463A and the C534A replacements (Table 2). A source of protons and electrons is not required
for the interchange activity as exemplified by the ability of ENOX1 alone to catalyze the restoration of activity
to inactive and denatured ribonuclease A. Neither glutathione nor dithiothreitol support the protein disul-
fide-thiol interchange activity.

The high capacity of proliferating mammalian cells to transfer electrons from cytosolic NADH to extracellu-
lar acceptors like oxygen via plasma membrane electron transport [45] [46] is now generally regarded as being
via a plasma membrane electron transport chain involving reduced quinones as the transmembrane carrier of
electrons and protons [3] [47] [48]. The identification and cloning of the constitutive ENOX1 protein of plants
whose proposed function is as a terminal oxidase for the plasma membrane electron transport chain [47] rather
than superoxide generation, and as a driver of both cell enlargement and of the biological clock represents an
important advance in our understanding of these enzyme proteins of the plasma membrane which have, until re-

cently, been largely ill defined [48].
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5. Conclusion

A gene encoding a candidate constitutive ECTO-NADH oxidase (ENOX1) was identified based on significant
sequence homology with ENOX1 of Saccharomyces cerevisiae. Functional motifs conserved with human
ENOX1 were identified by site directed mutagenesis. The Arabidopsis ENOX1 has catalytic properties of pre-
viously characterized ENOX proteins, requires bound copper for activity and exhibits time-keeping activity os-
cillations with a 24-min period phased by melatonin. As the prevailing soluble form is that of a dimer, the Ara-
bidopsis ENOX1 emerges as dimeric protein containing 4 copper atoms per dimer capable of 4 electron transfers
from NADH or reduced coenzyme Q directly to molecular oxygen to form water.
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