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Abstract

ENOX (ECTO-NOX) proteins of the external surface of the plasma membrane catalyze oxidation of
both NADH and hydroquinones and protein disulfide-thiol interchange. They exhibit both prion-
like and time-keeping (clock) properties. The oxidative and interchange activities alternate to gen-
erate a regular period of 24 min in length. Here we report the cloning, expression and characteri-
zation of a constitutive plant ENOX protein activated by both natural (Indole-3-acetic acid, I1AA)
and synthetic (2,4-dichlorophenoxyacetic acid, 2,4-D) auxin plant growth regulators with an op-
timum of about 1 pM, higher concentrations being less effective. The gene encoding the 213 amino
acid protein (ABP20) is found in EMBL accession number U81162. Functional motifs characteristic
of ENOX1 proteins, previously identified by site-directed mutagenesis, are present in the candi-
date auxin-activated ENOX (dNOX, ENOX35), including adenine nucleotide and copper binding mo-
tifs along with essential cysteines and a motif having homology with a previously identified auxin-
binding motif. Periodicity was exhibited by both the oxidative and protein disulfide-thiol inter-
change activities as is characteristic for other ENOX proteins. Activity was blocked by the ENOX2-
specific quassinoid inhibitor glaucarubolone and other ENOX2 inhibitors but not by the ENOX1-
specific quassinoid inhibitor simalikalactone D. Activity required both auxin and bound copper.
The inactive auxin 2,3-D was without effects.
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1. Introduction

During the past ten decades of auxin biology, a diverse network of auxin responsive proteins has emerged: re-
ceptors, transporters, synthesizers, inactivators, etc. [1]. In this report, yet another role for an auxin responsive
protein is evidenced, that of a growth related cell surface hydroquinone oxidase. One or more hormone-respon-
sive external plasma membrane hydroquinone oxidases capable of catalyzing protein disulfide interchange and
that oxidize NAD(P)H as an alternate substrate (External NADH oxidase = ENOX) have been demonstrated for
all animal and plant species thus far investigated as well as for yeasts [2] [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]. A third protein
with ENOX-like activity (designated arNOX) is age-related [7] and evident only in aged individuals, late pas-
sage cultured cells or senescent short-lived plant parts.

The ENOX1 and ENOX2 proteins function in the enlargement phase of cell growth [8]-[10]. When their ac-
tivity is inhibited, cells are unable to enlarge [11]-[14]. As plant cell enlargement has traditionally been consi-
dered to be dependent upon the presence of small molecular regulators known as auxins [15], it was natural to
seek evidence for an ENOX protein stimulated or activated by auxins. Observations of an auxin-stimulated NADH
oxidase activity of the external surface of the plasma membrane of plants were reported early [16]-[18] in re-
sponse to either natural or synthetic auxin regulators. Both the structural requirements for activity and the dose
dependency of the auxin-stimulated ENOX paralleled those of auxin-stimulated elongation of excised dark grown
stem segments (see Morré and Morré [3] for a summary of these observations).

Studies with purified plasma membranes and with protein fractions solubilized from plasma membranes [19]
together with auxinometer measurements of cell elongation measured at intervals of 3 min following auxin addi-
tion [10] indicated that the constitutive, auxin-unresponsive cell surface NADH oxidase and the auxin-stimu-
lated activity were distinct proteins and that the auxin-stimulated activity was specifically induced in response to
added auxin.

In a previous report [20], 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
blocked auxin-responsive NADH oxidase and auxin binding of plant plasma membrane vesicles but failed to
yield immunoreactive clones upon expression cloning. Subsequent cloning of ENOX1 proteins first from yeast
[21] and then from Arabidopsis [22] provided sequence information to identify potential functional motifs. These
motifs, when located in a single polypeptide chain together with that of a known auxin-binding motif, resulted in
the identification of a candidate 213 amino acid sequence ABP-20 from Prunus persicaria [23] that contained an
auxin binding motif with homology to the auxin binding site of ABP1 [24] but of different specificity (2,4-D >
PCIB > NAA =TAA). When expressed in E. coli and purified, the candidate protein exhibited all of the distin-
guishing characteristics of an ENOX protein but where the activity obligatorily required the addition of auxin
(natural or synthetic) for activity.

Among the distinguishing characteristics of ENOX proteins that permit their unequivocal identification is that
the proteins exhibit two activities that alternate [2] [14]. The first activity is that of a hydroquinone oxidase (NADH
serves as an alternate substrate for this activity) [25]. The second is that of a protein disulfide-thiol interchange
measured either from the restoration of activity to inactive (scrambled) RNase [26] or from the cleavage of di-
thiodipyridine substrates [27]. Each activity generates a distinct oscillatory activity with a period length of 24
min for ENOX1. The strictly periodic activity of the ENOX proteins along with a subcellular location at the ex-
ternal surface of the plasma membrane distinguishes their activity from all other oxidase or protein disulfide
isomerase forms [6] of both plant and animal cells. In this report, candidate auxin-activated plant ENOX protein
designated dNOX (for 2,4-D-stimulated NOX, ENOXS5) was expressed in bacteria and characterized as having
functional motifs consistent with this activity model.

2. Methods
2.1. Search for Candidate Auxin-Activated NOX from Plants

The library of known auxin binding proteins was searched for adenine nucleotide binding sites (GXGXXGQ),
potential protein disulfide interchange sites (CKX), and copper binding sites [H(Y)XH(Y)]. One such protein
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ABP-20 from Prunus persicaria [23] that contained the appropriate sequence motifs GSILGIAG, C44KK,
H106TH and L150LH along with the auxin binding motif HIO6THP109GASEVLIVAQ with homology to the
auxin binding site of ABP1 [24] was identified and selected for evaluation as a candidate for the auxin-stimu-
lated ENOX1 (dNOX) from plants (Figure 1).

2.2. Plasmids Construction

Plasmids carrying the open reading frame (M1 to N209 of ABP-20 (Prunus persicaria)) sequence were prepared
by inserting the pET11b vector (between Nhel and BamHI sites) within the P. persicaria sequence. The DNA
sequence was synthesized by GenScript USA Inc. (Piscataway, NJ). DNA sequences of the ligation products
(pET11b-ABP-20) were confirmed by DNA sequencing.

2.3. Expression of Recombinant P. persicaria ENOX1

The pET11b-ABP-20 was transformed to BL21 (DE3) competent cells. A single colony was picked and inocu-
lated 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 ODg of
0.4 - 0.6 and IPTG (0.5 mM) was added for induction. Cultures were collected after 16 h incubation with shak-
ing (250 rpm) at 37°C.

Cells were centrifuged at 5,000 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 ABP-20 of about 20 kDa was
confirmed by SDS-PAGE with silver staining (Figure 2). Transformed cells were stored at —80°C in a standard
glycerol stock solution. The recombinant proteins were further purified on Criterion IEF gels (Bio-Rad, Her-
cules, 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 ENOX activities.

2.4. Protein Determination

Protein concentrations were determined by the bicinchoninic acid (BCA) method [28] (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 run for 1 min and were repeated

1 MPQATHIFPI LFTFFLLLSS SNAAVQDFCYV ADLAAPEGPAGFSCKKPASY
51 KVNDFVFSGLGIAGNTSNIT KAAVTPAFVA QFPGVNGLGI SIARLDLAVG

101 GVVPFHTH PGASEVLIVAQG TICAGFVASD NTFPYLQTLEK GDIMVFPQGL

150 LLHFQVNGGEA PALAFASFGS ASPGLQILDF ALFKNDLPTE VIAQTTEFLDA
201 AQIKKLKGVL GGTN

Figure 1. Sequence of the recombinant auxin-activated ENOX protein (ABP-20) consis-
tent with the known ABP-20 sequence [22]. Cysteine C44 potentially involved in pro-
tein disulfide-thiol interchange and the NADH binding motif GS9LGIAG are under-
lined. Copper sites HI06TH and L150LH and the auxin binding site HIO6THPGASEV-
LIVAQ are indicated by dotted underlines.



L. M. C. Ades etal.

75
50
37

25

20

15

kD

Std 1 2 3 4

Figure 2. Expression of 20 kD recombinant ABP-20 shown on
14% SDS-PAGE with silver staining. Lane 1: whole E. coli cells
carrying the vector pET11b. Lanes 2 - 4: pET11b-ABP-20 trans-
formed E. coli. Lane 2: French press homogenate. Lane 3: French
press supernatant. Lane 4: French press pellet. The expressed
recombinant ABP-20 was found in the pellet of the French
pressed E. coli.

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 Q,;y (CoQ,oH,) was measured as the disappearance of CoQ;oH, at both 290
nM and 410 nM [25]. The reaction was started with the addition of 40 pl of 5 mM Q,¢H, (Tischcon Corp.,
Westbury, NY). An extinction coefficient of 0.805 mM -em™! was used to calculate the rate of Q;oH; oxidation.

Protein disulfide-thiol interchange was determined spectrophotometrically from the increase in absorbance at
340 nm resulting from the cleavage of dithiodipyridine (DTDP [27]. DTDP cleavage was buffered (50 mM
Tris-MES, pH 7). The assay was preincubated (1 h at room temperature) with 0.5 pmoles 2,2’-dithiodipyridine
(DTDP) in 5 pl of 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 calcu-
lated using a millimolar absorption coefficient of 6.21.

2.6. Removal of Copper (II)

IEF purified dNOX 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 ef al. [29].
Numbered amino acids and nucleotide positions of splice variant products refer to numbers assigned to amino
acids in Figure 1.

3. Results
The identification of the candidate plant auxin-activated ENOX protein (ANOX, ENOXS5) was based on a ho-
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mology search of known auxin-binding proteins that also contained the corresponding functional motifs of known
ENOX proteins ([3], see Methods). The 20 kDa amino acid sequence selected, ABP-20 (Figure 1), contained
the required functional motifs within the 20 kDa transcript that included a potential NADH binding site at
G59LGTAG, a potential protein disulfide site located at C44KK, potential copper sites at HIO6TH and L150LH
and the auxin binding motif HI06THPGASEVLIVAQ.

Expression of the recombinant ABP-20 with a molecular weight of about 20 kDa was confirmed by SDS-
PAGE with silver staining (Figure 2).

3.1. Protein Characterization

At no point during the purification did the recombinant protein exhibit NADH oxidase activity levels above the
background rate of NADH auto-oxidation in the absence of auxin addition. Upon addition of auxin (e.g., 1 pM
2,4-D) the activity was enhanced 10 to 20 fold above base line activity with an auxin-induced specific activity of
0.8 £ 0.2 pumoles/min/mg protein with IEF-purified fractions.

For more detailed evaluations, rates averaged over 1 min every 1.5 min with recombinant plant AINOX ex-
pressed in bacteria and purified by isoelectric focusing exhibited clearly the oscillatory pattern of oxidation of
exogenously supplied NADH characteristic of ENOX proteins in general (Figure 3). The repeating pattern was
that of five maxima, two of which were separated by 6 min (maxima (1) and (2)) and the remainder (maxima (3),
(4) and (5)) separated by 4.5 min (6 min + (4 x 4.5 min) = 24 min). As is characteristic of ENOX proteins from
other sources, the maxima labeled (1) and (2) were more prominent than the maxima (3), (4) and (5). Similar re-
sults were obtained when the natural auxin, indole-3-acetic acid (IAA), was substituted for the 2,4-D (Figure 4).

A characteristic of all ENOX proteins is protein disulfide-thiol interchange (protein disulfide isomerase) ac-
tivity illustrated by the time-dependent cleavage of a dithiodipyridyl substrate (Figure 5). An oscillatory pattern
similar to that for NADH oxidation was observed for ANOX with a period length of 24 min. As reported pre-
viously [14], with DTDP the maxima labeled (3), (4) and (5) were more pronounced than those labeled (1) and (2)
suggesting an alternation of the principal maxima of NADH oxidation and protein disulfide-thiol interchange.
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Figure 3. NADH oxidase activity of IEF purified recombinant ABP-20. 2.,4-dichlorophe-
noxyacetic acid (2,4-D) (1 uM) was added at 60 min to activate the enzyme. Illustrated is the
oscillatory pattern of 5 maxima. The major maxima separated by 6 min are indicated by
maxima labeled (1) and (2). The three minor maxima that follow (3), (4) and (5) are sepa-
rated from the major maxima and each other by 4.5 min creating the 24 min period (6 + (4.5

x 4) = 24 min).
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Figure 4. As in Figure 3 except activation by 10 uM indole-3-acetic acid added after 60 min.
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Figure 5. Protein disulfide-thiol interchange activity of IEF-purified recombinant ABP-20
measured from the cleavage of a dithiodipyridine (DTDP) substrate. 2,4-D (1 uM) was added
at 60 min to activate the enzyme. An oscillatory activity was observed with the activities
were most strongly associated with the three maxima (3), (4) and (5) separated by 4.5 min
rather than with the two maxima (1) and (2) separated by 6 min.

The recombinant ENOX1 oxidizes reduced coenzyme Q in a standard assay (Figure 6) with activity meas-
ured either at A4y (Figure 6(a)) or at A,y (Figure 6(b)). As with NADH oxidation (Figure 4), maxima labeled
(1) and (2) were more pronounced than those labeled (3), (4) and (5). Hydroquinones of the plasma membrane
(reduced coenzyme Q for animals/reduced coenzyme Q or phylloquinone for plants) are the physiological sub-

strates for ENOX proteins [3].
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Figure 6. Ability of recombinant ABP-20 oxidize hydroquinone (reduced coenzyme Q)
measured either by an increase in Ay (a) or a decrease in Ajq (b). As with NADH oxidation
of Figure 3, the activity oscillates with prominent maxima separated by 6 min to create a 24
min period containing 3 additional maxima separated by 4.5 min (total of 5 maxima). 2,4-D
(1 uM) was added at 60 min to activate the enzyme.

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 5.0 which approximates the calculated isoelectric point of the recombinant protein of pH
5.19.

Activity was inhibited by the thiol reagents PCMB and PCMS (Table 1). The inactive auxin analog 2,3-
dichlorophenoxyacetic acid (2,3-D) was without effect (Table 1) as was the ENOX1-specific quassinoid inhibi-
tor simalikalactone D. The anticancer drugs cis platinum, doxorubicin (Adriamycin) and glaucarubolone, which
specifically inhibit auxin-induced growth in plants [2] [30] also inhibited the activity of the recombinant protein.
The growth inactive transplatinum was without effect (Table 1).

3.2. ENOX1 Activity Requires the Presence of Copper

Copper was necessary for ANOX activity (Figure 7). The IEF-purified dNOX, when unfolded in the presence of
trifluoroacetic acid, retained activity after dialysis and at physiological pH (Figure 7(a)). However, if the INOX
was unfolded in the presence of the copper chelator bathocuproine, activity was lost (Figure 7(b)). Activity was
subsequently restored by dialysis to remove the bathocuproine and refolding in the presence of copper at physi-

ological pH (Figure 7(c)).
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Table 1. Auxin-stimulated NADH oxidase activity of IEF-purified recombinant
ABP-20 and response to auxins and ENOX inhibitors. Averages of 3 determinations
+ standard deviations.

Addition Concentration umoles/min/mg
None
2,4-dichlorophenoxyacetic acid (2,4-D) 1 uM 0.8+£0.2
100 pM 0.4+0.1"
2,3-dichlorophenoxyacetic acid (2,3-D) 1 uM 0.15+£0.01"
Indole-3-acetic acid (IAA) 1 uM 0.8 +£0.05
2,4-D (1 upM) + PCMB 100 uM 0.1+0.05"
2,4-D (1 uM) + PCMS 100 uM 03+0.2"
2,4-D (1pM) + Cis-platinum 1 uM 0.2+0.05"
2,4-D (1 uM) + Trans-platinum 1 uM 0.7+0.1
2,4-D (1 uM) + Doxorubicin (Adriamycin) 1 uM 0.2+0.05
2,4-D (1 uM) + Simalikalactone D 1 uM 0.65+0.07
2,4-D (1 pM) + Glaucarubolone 1 uM 0.2+0.06"

"Significant (p = 0.037); "Very significant (p = 0.004 - 0.008).
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Figure 7. NADH oxidase activity of recombinant ABP-20 diminished with TFA +
bathocuproine. (a) In the presence of TFA alone, the 24 min period was unaffected;
(b) When assayed with TFA and bathocuproine, the 24 min period was much re-
duced; (c¢) Removal of bathocuproine by dialysis and re-addition of copper restored
full activity. 2,4-D (1 M) was added from the beginning to activate the enzyme.
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3.3. Confirmation of Functional Assignments of dNOX Motifs by Site-Directed Mutagenesis
within the Structure of ABP-20

Confirmation of functional assignments of motifs common to ENOX proteins is provided for the specific func-
tional motifs of ANOX (ABP-20) by site directed mutagenesis (Table 2). Within the CKK motif common to
ENOXI1 proteins, activity was reduced by 81% in the C44A replacement for both NADH oxidation and protein
disulfide-dithiol interchange activity. The G59A replacement in the putative adenine nucleotide binding motif
largely eliminated both NADH oxidation and disulfide-thiol interchange. The E113A replacement in the auxin
binding motif also eliminated the auxin-stimulation of NADH oxidase activity. Putative copper site replace-
ments, H106A and H152A, reduced activities of both NADH oxidation and disulfide-thiol interchange to near
background.

4. Discussion

The sequence of the putative plant auxin-activated ENOX protein appeared not to resemble that of ENOX pro-
teins previously described. Except for putative functional motifs, no similarity to the human ENOX2 [6] or
ENOXI1 [4], the plant ENOX1 [22] or the yeast ENOX1 [21] was found. A putative NADH-binding site, a dis-
ulfide-thiol interchange site, and copper-binding sites of ENOX2 are conserved in the human ENOXI1 and
ENOX2 proteins while the putative anti-cancer drug binding site of ENOX2 is not.

When expressed in bacteria, the plant auxin-activated ENOX1 exhibited activity characteristics similar to
those of ENOX1 proteins from mammalian [4] [20] [31] or other plant [18] [30] [32] 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 activity max-
ima separated by 6 min and indicated by as (1) and (2) 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 min x 4.5 min) = 24 min).

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 proteo-
Iytic degradation including resistance to proteinase K. The aggregated preparations lack enzymatic activity and
are refractory to resolubilization. However, ENOX proteins prepared by isoelectric focusing or eluted from
isoelectric focusing gels do not aggregate, retain enzymatic activity and are stable in solution for several weeks
or months when stored frozen or at 4°C.

The marked susceptibility to inhibition by thiol reagents of both 2,4-D-induced growth and the 2,4-D-induced
NADH oxidase activities of soybean plasma membrane suggested initially an involvement of essential active
site thiols of the oxidase in the auxin growth mechanism. A similar thiol dependency was seen here with the
auxin-activated NADH oxidase activity. Activity at the external surface was demonstrated using plasma mem-
branes of right side-out orientation prepared by aqueous two-phase partition and using intact soybean cells grown
in culture [33].

The NADH oxidase activity of soybean plasma membranes was subsequently shown to be stimulated by a va-
riety of active auxins but not by their inactive counterparts [30]. Also, the responses of the plasma membrane
NADH oxidase to auxins paralleled those of cell elongation including a log linear dose response to an optimum

Table 2. Confirmation of functional motifs of ANOX (ABP-20) by site-directed mu-
tagenesis. Averages pf 3 determinations + standard deviations®.

Auxin-Stimulated Activity, pmoles/min/mg protein

Modification
NADH Oxidation DTDP Interchange
None (wild type) 0.8+0.1 0.9 +0.05
C44A 0.15+0.05 0.02+0.01
G59A 0.06 +0.02 0.07 £0.02
EI13A 0.03+£0.01 0.04 £ 0.02
HI106A 0.04 £0.01 0.02 £0.01
HI52A 0.03 £0.01 0.02 £0.01

“Differences from wild type are highly significant (p = 0.001 - 0.0006).
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at about 1 uM. However as the optimum auxin concentration was exceeded, the rates declined. A further line of
evidence for the NADH oxidase being a molecular target for the auxin stimulation of plant cell elongation came
from results with the anticancer drug inhibitors of auxin-induced growth [30]. Doxorubicin (Adriamycin), cis-
platin but not transplatin and actinomycin D all blocked the activity of the auxin-stimulated plasma membrane
NADH oxidase in parallel to effects on inhibition of auxin-induced (but not control) growth (Table 1).

The auxin-stimulated NADH oxidase was subsequently purified from plasma membranes of hypocotyls of
dark-grown soybean seedlings [17]. The most striking result was that the purified protein was completely inac-
tive in the absence of auxin and exhibited an absolute requirement for auxin for activity. However, it was not
until 2003 that the auxin-responsive protein band on SDS-PAGE was correctly identified when Morré ef al. [19]
reported that plasma membranes of soybean contained two distinct NADH oxidase activities that oscillated with
a period length of about 24 min. One, designated dNOX, with a Mr of 14 to 17 kDa, was activated by 2,4-D.
The other, a constitutive activity designated CNOX (now ENOX1), with a Mr of 20.5 to 24 kDa, was unaffected
by 2,4-D.

Seedlings of A. thaliana and tomato treated with sub-lethal concentrations of 1 to 10 uM glaucarubolone re-
mained alive but failed to elongate for periods of two to several months [13]. Once seedlings recovered from the
effects of the inhibitor, they resumed growth, flowered, and produced fruits. Treated 4. thaliana produced viable
seeds that germinated and developed into normal-appearing progeny. In contrast to glaucarubolone, which inhi-
bited preferentially auxin-induced growth and plasma membrane ENOX, simalikalactone D, a quassinoid with a
C(8), C(13) epoxymethano bridge, inhibited the constitutive ENOX activity and growth and had little or no ef-
fect on the 2,4-D-responsive ENOX and growth. The findings demonstrate a functional role of both the constitu-
tive and the auxin-stimulated plasma membrane ENOX activities in plant cell enlargement.

With 2,4-D-stimulated cell elongation, a new increased rate of elongation and oscillatory activity was seen
within a few min after auxin addition [10]. In addition, a new complex pattern of major and minor oscillations
typically was observed following 2,4-D addition.

The immediate response to 2,4-D was a double set of oscillations with one corresponding to the original set of
constitutive oscillations in the absence of 2,4-D. A second set of oscillations corresponding to a new 24 min pe-
riod length in response to the 2,4-D was observed as the rate of cell elongation began to accelerate following the
addition of 2,4-D. A new steady-state rate of elongation was achieved and a dominant single set of oscillations
with a period length of 24 min at the 2,4-D stimulated rate was established after about 3 h of incubation.

The 2,4-D-stimulated activity absolutely required an active auxin such as 2,4-D or IAA for activity (Table 1)
and exhibited a period length of about 24 min (Figures 3-6). Also, exhibiting 24 min oscillations was the rate of
cell enlargement induced by the addition of 2,4-D or the natural auxin growth regulator, indole-3-acetic acid
(IAA) [8]-[10] [13]. As discussed above, immediately following 2,4-D or [IAA addition, a very complex pattern
of oscillations was observed. However, after several h, a dominant 24 min period of 2,4-D-induced activity
emerged at the expense of the constitutive activity [19]. The sum of the two activities remained constant. A re-
cruitment process whereby an altered protein form converts a normal form of a protein into a likeness of itself
analogous to that exhibited by prions [34] [35] was postulated to explain this unusual behavior to a growth-regu-
lating herbicide [19].

Thus far no crystal structures have been obtained for any of the previously described ENOX proteins despite
numerous attempts to do so. Success in determining a crystal structure for ABP1 [24] offers encouragement that
ENOXS5 might offer a similar opportunity to develop the first crystal structure for an ENOX protein.

5. Conclusion

The auxin-responsive cell surface hydroquinone (NADH) oxidase of plants (ENOXS) is a 213 amino acid pro-
tein (ABP-20) originally isolated from Prunus persicaria [23]. The protein lacks significant sequence homology
with other auxin-responsive proteins although it is distantly related to ABP1 through auxin binding site homol-
ogy. The protein has an absolute requirement for active auxins (natural or synthetic) for catalytic activity and
has properties of previously characterized ENOX proteins from animals and yeast as shown by inhibitor and
auxin-induced catalytic properties.
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chloromercursulfonic acid; SDS-Page, sodium dodecyl sulfate polyacrylamide gel electrophoresis; TFA, triflu-
oroacetic acid; tNOX, tumor (cancer)-associated and drug-(capsaicin) inhibited cell surface NADH oxidase
(ENOX2).
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