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Interactions of a collection of monoclonal antibodies
(mAbs) to the recombinant Nicotiana tabacum auxin-
binding protein 1 (Nt-abpl) were extensively character-
ized using surface plasmon resonance. Dynamic inter-
action studies using combinations of Nt-abpl, synthetic
peptides corresponding to conserved sequences within
auxin-binding proteins, and the mAbs have shown that a
number of the mAbs recognized discontinuous epitopes
revealing the junction of distinct domains in the folded
protein. In particular, the two putative auxin binding
domains and the C terminus of the protein were shown
to interact with each other in the folded protein. Using
the auxin-induced electrical response of tobacco proto-
plasts as a functional assay, all the mAbs exhibited ei-
ther auxin antagonist or hormonomimetic properties.
These effects, measured for the first time in homologous
conditions, confirm that Nt-abpl is present at the
plasma membrane and is involved in the activation of
the auxin-dependent electrical response of tobacco pro-
toplasts. Based on our surface plasmon resonance data,
we propose that the key event leading to the activation
of this auxin electrical response consists of a conforma-
tional change in Nt-abpl.

The plant hormone auxin controls alone or in concert with
other plant hormones a wide range of plant growth and devel-
opmental processes including cell division, cell elongation, lat-
eral and adventitious root formation, tropisms, and cell differ-
entiation (1). The molecular mechanisms of auxin action are
still poorly understood, although recent advances resulting
from molecular studies of auxin-regulated genes and genetic
approaches have contributed to the identification of transcrip-
tion factors, some with defined genetic function, and to the
demonstration that the regulated protein degradation by the
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ubiquitin-proteosome pathway plays a key role in auxin action
(2-5).

Within the last 10 years, biochemical approaches have been
developed with the objective of identifying auxin receptors. A
number of soluble and membrane-associated auxin-binding
proteins have been described. However, in most cases their
functional role in signaling, transport, or metabolism of auxin
remains unclear (6, 7). Even the function of the most studied
auxin-binding protein (ABP1)! remains elusive. Maize ABP1
(Zm-abpl), a soluble protein initially isolated from maize co-
leoptiles (8, 9), was rapidly designated as a possible auxin
receptor. This hypothesis depended mainly on electrophysi-
ological studies (10-14). Electrophysiological responses to
auxin reflect the modulation of membrane ion transport as a
rapid response (less than 1 min) to auxin action at the outer
face of the plasma membrane (15). The involvement of ABP1 or
an immunologically related protein was mainly suggested by a
series of electrophysiological experiments with the maize pro-
tein (10), polyclonal antibodies to Zm-abpl (10, 11), or C-ter-
minal Zm-abpl-derived synthetic peptides using either Vicia
faba guard cells (14) or tobacco protoplasts (16) as plant mate-
rials. Thus, these data have been obtained by using heterolo-
gous tools for distinct electrical measurements. Most of the
polyclonal antibodies to Zm-abpl are mapped close to its N-
glycosylation site interacting with a restricted region of the
protein (17), weakening the reported data, and compromising
their use to further investigate the involvement of ABP1 in
auxin signaling. At the moment, the involvement of ABP1 as an
auxin receptor is based on the accumulation of weak evidence
and remains open to question, as reflected in a provocative
paper by Hertel (18). Recently, interest in ABP1 was brought
up to date by work in which transgenic plants overexpressing
ABP1 were shown to exhibit an increased capacity for auxin-
mediated cell expansion (19), establishing a relationship be-
tween the expression of ABP1 and this auxin growth response.
In addition, we have recently shown that the tobacco protein
alone induces the activation of the electrical membrane re-
sponse of tobacco mesophyll protoplasts (20) reinforcing the
correlation between ABP1, auxin, and the early electrical
response.

To further characterize ABP1 and investigate its possible
role in auxin signaling, we have assembled specific tools and
functional responses for a single plant material. Modification of

! The abbreviations used are: ABP1, auxin-binding protein 1; NAA,
1-naphthaleneacetic acid; mAb, monoclonal antibody; Nt-abp1, Nicoti-
ana tabacum auxin-binding protein 1; RU, resonance unit; Zm-abpl,
Zea mais auxin-binding protein 1; ELISA, enzyme-linked immuno-
sorbent assay.

This paper is available on line at http://www.jbc.org
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the transmembrane electrical potential of tobacco protoplasts
in response to auxin was one of the earliest responses related to
the perception of auxin at the plasma membrane to be reported
(15). Following the isolation of the tobacco ABP1 ¢cDNA (21), we
have developed a panel of monoclonal antibodies (mAbs) to the
recombinant Nt-abpl allowing experiments to be performed in
homologous conditions. The interaction between these mAbs
and Nt-abpl has been extensively characterized using a bio-
sensor-based analytical system to provide real-time measure-
ments. This method has allowed for the first time detailed
analysis of the three-dimensional configuration of the protein,
and we report a unique picture of the folding of Nt-abpl. The
present work clarifies the involvement of Nt-abpl in an early
auxin response. Our results are discussed in relation to the
idea that different conformational states of Nt-abpl mediate
transduction of the auxin signal at the plasma membrane.

EXPERIMENTAL PROCEDURES

Materials—The recombinant tobacco protein, Nt-abp1l, was produced
in Escherichia coli and purified as described by Leblanc et al. (21).
Zm-abpl was extracted and purified from microsomal fractions of maize
coleoptiles as described previously (22). Four synthetic peptides corre-
sponding to Nt-abpl domains have been used. Their sequences corre-
spond to particular domains of ABP1 proteins: RTPTHRHSCEEIFIV-
LKG, named pep A, corresponds to the conserved box A suspected to be
involved in the binding of auxin (23); EHEDLQVLDVISRPP, named
pep B, corresponds to the highly conserved box B; VFMYDDWSMPH-
TAAKLKFP, named pep C, corresponds to the peptide 11 found by
Brown and Jones (24) to be labeled by azidoindole-3-acetic acid; and
WDEDCYQTTSWKDEL, named C-term, corresponds to the C-terminal
domain of Nt-abp1 (20). Peptides A, B, and C were provided by A. Jones
(University of North Carolina) via the Micro Protein Chemistry Facil-
ity, and pep C-term was synthesized and purified in the laboratory of J.
Igolen (Institut Pasteur, Paris).

Antibody Production—A BALB/c mouse was injected intraperitone-
ally with 24 ug of purified E. coli Nt-abpl emulsified in Freund’s
complete adjuvant. Two other boosts of antigen were given 2 and 3
months later 3 days before fusion. Fusion of splenocytes with SP,O-
Agl4 myeloma cells was carried out with 1 ml of 45% polyethylene
glycol following the procedure described by Nowinsky et al. (25). After
initial screening of hybridomas by enzyme-linked immunosorbent assay
(ELISA), selected hybridomas were subcloned to ensure monoclonality.
Strong positive clones were propagated in mice to produce ascitic fluids.
Monoclonal isotypes were determined using the Serotec kit (Argene).

Immunoassays—The initial screening of culture supernatants was
done by ELISA. Microwell plates (Falcon) were coated with 100 ul of
purified E. coli Nt-abp1 (0.5 ug/ml) in phosphate-buffered saline (10 mm
phosphate buffer, pH 7.4, 120 mMm NacCl, 2.7 mm KCl) containing 4 pg/ml
fat-free milk proteins for 90 min at 37 °C and then incubated overnight
at 4 °C. Control wells were coated in the same conditions with fat-free
milk proteins (4 pg/ml) or proteins extracted from nonrecombinant E.
coli cells (4 pg/ml). Incubation with the supernatants (dilution 1/2) was
followed by incubation with an anti-mouse IgG antibody conjugated to
alkaline phosphatase. Enzymatic activity was revealed using p-nitro-
phenyl phosphate in 1 mM diethanolamine, pH 9.8, 10 mm MgCL,.

For Western blot analysis, proteins were separated by SDS-poly-
acrylamide gel electrophoresis analysis on 12.5% (w/v) polyacrylamide
gels and transferred electrophoretically to nitrocellulose membranes
(HybondC, 0.45 wm, Amersham Pharmacia Biotech). After blocking
with 5% fat-free milk, membranes were incubated with monoclonal
antibodies to Nt-abpl (ascitic fluids diluted at 1:1000) for 1 h in Tris-
buffered saline Tween (250 mm NaCl, 50 mm Tris-HCI, pH 7.6, 0.1%
Tween 20). After washing in Tris-buffered saline Tween, the bound
antibodies were detected by goat anti-mouse IgG-alkaline phosphatase
conjugate (Biosys, diluted at 1:1000). Membranes were then transferred
in 50 mm Tris acetate, pH 9.7, 10 mM magnesium acetate, and the
enzymatic activity was revealed using 5-bromo-4-chloro-3-indoyl phos-
phate/nitro blue tetrazolium chloride (Bio-Rad) as substrates.

BIAcore Analysis: Coupling of Nt-abp1 and the Synthetic Peptides to
CM-Dextran—The analytical system, BIAcore (Amersham Pharmacia
Biotech), based on surface plasmon resonance (26, 27), was used to
extensively characterize the interaction of mAbs with Nt-abpl whole
protein or domains. Purified E. coli-produced Nt-abpl was biotinylated
using photoactivable biotin (CLONTECH) as described by Lacey and
Grant (28), and about 10,000 RU avidin D (Vector) were first covalently
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immobilized by aminolink to CM-dextran under standard conditions
(26). Biotinylated Nt-abpl was injected at concentrations ranging from
40 to 100 pug/ml under a flow of 10 ul/min for 8 min. In these conditions,
500-2000 RU were immobilized on the linked avidin. The different
peptides were immobilized by aminolink on a hyperactivated CM-dex-
tran matrix. Hyperactivation was performed by injection of 50 mm
N-ethyl-N'-(3-diethylaminopropyl)carbodiimide/N-hydroxysuccinimide
in HBS (25 mM Hepes buffer, pH 7.4, 150 mm NaCl, and 0.05% P20) for
20 min at flow 2 pl/min. The peptides of acidic pI were injected at a
concentration of 500 ug/ml in 10 mM sodium formate buffer at pH 3.5,
and the peptides of alkaline pI were injected at the same concentration
in 5 mM maleate buffer, pH 6.0. Unreacted sites were blocked with a
25-min injection of 1 M ethylenediamine hydrochloride, pH 7.8, at 2
ul/min.

mAb Interactions—The reactivity of each mAb was checked by injec-
tion of 30 ul of diluted ascitic fluids or hybridoma supernatants at a
final concentration of about 0.3 uM immunoglobulin. Standard mAb
binding experiments were performed under a flow of 5 ul/min in HBS.
After each experiment, the antibodies were removed by a short pulse of
8 ul of 100 mm HCI. Under these conditions, Nt-abpl antigenicity was
well conserved for 40—-50 runs. Interaction of mAbs with Nt-abpl has
also been investigated at pH 5.7 in 15 mM maleate buffer, 150 mm NaCl,
and 0.05% P20.

Interference Map—Pairwise epitope mapping was conducted under
two distinct conditions. Competition assays were first performed on the
immobilized biotinylated Nt-abpl. Three 40-ul sequential injections of
the first mAb, ensuring exhaustive binding to the corresponding
epitope, were followed by one injection of a second mAb. Each mAb was
successively used as a first or second mAb. In a distinct set of experi-
ments, a sandwich procedure was performed as follows: on immobilized
rabbit anti-mouse antibody the first mAb to Nt-abp1l was captured; then
the purified Nt-abpl was injected followed by one injection of a second
mAb.

Competition Binding Assays—Monoclonal antibodies were incubated
in the presence of a 30-fold excess of peptide (mole of mAb/mole of
peptide) before injection on the biosensors consisting of immobilized
Nt-abpl or of the individual synthetic peptides. The capture of the
mAbs in the presence of the synthetic peptides was compared with their
capture on the same biosensor in the absence of the peptide competitors.

Measurement of the Electrical Response of Tobacco Protoplasts—The
effects of mAbs to E. coli-produced Nt-abpl were tested on mesophyll
protoplasts from young tobacco leaves (Nicotiana tabacum cv. Xanthi,
wild-type clone XHFDS8) isolated as described previously (29). For each
experiment, aliquots (100 ul) of the protoplast suspension (5 X 10*
protoplasts/ml) were incubated with different concentrations of IgGs for
5 min at room temperature. The membrane potential E,, was measured
as described previously (30) directly or after the addition of NAA 3 X
107 % M in the external medium. Dose-response curves were established
by plotting AE,, values as a function of antibody concentration. For
these experiments, mAb 12 IgG1 was purified using recombinant pro-
tein A/G affinity chromatography (Pierce), and mAb 37 IgM was pre-
cipitated with ammonium sulfate from culture supernatants. In all
experiments, controls were performed with nonspecific IgGs or IgMs
prepared in the same conditions.

RESULTS

Production and Characterization of Monoclonal Antibodies—
Recombinant Nt-abpl, purified from E. coli, was used for
mouse immunization to raise monoclonal antibodies. About 70
culture supernatants of hybridomas derived from one fusion
were tested by ELISA allowing the selection of 9 positive
clones. Antibody isotyping revealed that 4 of these mAbs were
IgMs (mAbs 15, 37, 43, and 49), whereas the others corre-
sponded to IgG1 type (mAbs 12, 17, 28, and 34) or IgG3 type
(mAb 50). In further experiments, we concentrated on the
characterization of the IgG1-type and two IgM-type (mAbs 15
and 37) antibodies.

The immunoblot presented in Fig. 1 shows that mAbs 12, 17,
28, and 34 recognize the recombinant protein Nt-abpl purified
from bacterial extracts (lane 1) as well as the maize protein
purified from maize coleoptiles (lane 2). mAbs 12 and 28 rec-
ognize the maize protein as well as the tobacco protein. The
ability of mAb 17 and mAb 34 to detect Zm-abpl appears to be
lower than for Nt-abpl, which suggests that the epitopes rec-
ognized by these two mAbs are not strictly conserved in Zm-
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Fic. 1. Interaction of mAbs to Nt-abpl with partially purified
E. coli Nt-abpl and with Zm-abpl purified from maize coleop-
tiles. A, immunodetection of recombinant Nt-abpl produced in E. coli
and Zm-abpl extracted from maize coleoptiles. After electrophoresis on
SDS-acrylamide gel, proteins were transferred onto nitrocellulose mem-
brane and probed with four IgG1 mAbs to Nt-abpl. Lane 1 contains 50
ng of purified E. coli Nt-abpl (Ntt85 gene). Lane 2 contains 250 ng of
purified Zm-abpl. Molecular mass markers are indicated on the left in
kDa. The overlay plot of four sensorgrams (B) illustrates the binding of
IgG1l-mAbs 12, 17, 28, and 34 to immobilized Nt-abp1l. The interactions
of IgM-mAbs 15 and 37 to immobilized Nt-abpl are shown in C. The
baseline (0) corresponds to the signal of continuous flow of HBS buffer
over the matrix after immobilization of biotinylated Nt-abpl on the
sensor chip. The black arrows indicate the beginning of the injection of
each mAb at about 0.3 uM over the matrix (association phase), and the
gray arrows correspond to the end of the injection followed by a washing
step in HBS buffer (dissociation phase).

abpl. The interactions between Nt-abpl and mAbs have been
studied using surface plasmon resonance. This method enables
real-time measurements of the biospecific interactions, as
shown in the resulting sensorgrams (Fig. 1, B and C). mAbs 12,
17, 28, and 34 bound rapidly to the immobilized Nt-abp1 pro-
tein, as shown by the slope of the curves (Fig. 1B) (31). The &,
values calculated from dissociation phases ranged from 3 X
107? to 10 ® M evincing a stable interaction of each mAb with
Nt-abpl. No significant change of the interaction was observed
when assayed at pH 5.7; conditions were similar to the electro-
physiological experiments.

Interference Map—Surface plasmon resonance was used to
monitor the binding of two distinct mAbs to establish the in-
terference map of the different monoclonal antibody epitopes
on Nt-abpl. The binding matrix shown in Fig. 2A results from
interference experiments such as the one illustrated in Fig. 2B,
which shows an overlay plot of two sensorgrams on immobi-
lized Nt-abp1l. The three consecutive injections of the first mAb,
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Fic. 2. Binding pattern of the different mAbs to Nt-abpl iden-
tified by pairwise epitope mapping using the biosensor. A, bind-
ing matrix summarizing the results of pairwise epitope experiments.
The reactivity of mAbs to similar epitopes of Nt-abpl was tested by
studying the ability of two mAbs to bind simultaneously to Nt-abpl.
Noninteracting mAbs show 0% binding inhibition of the second mAb in
the presence of the first one (white circles). Shaded circles illustrate a
distinct percentage of inhibition reflecting weak to strong competition
between mAb pairs as indicated by the key. B, overlay plot of two
sensorgrams illustrating the sequence of injections performed to con-
struct the binding matrix and the resulting interference map. Three
consecutive injections of mAb 34 (first mAb) allow a saturation of the
corresponding epitope. They are followed by the injection of either mAb
12 or mAb 17 (second mAbs). C, interference map illustrating the
relative distribution of the different epitopes recognized by the mAbs on
Nt-abpl. Each oval corresponds to the surface of interaction of a mAb
with the protein (approximately 10 nm? radius of about 1.8 nm).
Nonoverlapping ovals represent independent surfaces of interaction,
and therefore included epitopes where the distance between the surface
of interaction centers is at least of 3.6 nm (approximately 6—8 juxta-
posed (not necessarily contiguous) residues) (38, 39). Overlapping ovals
identify epitopes that cannot be totally reached at the same time by the
corresponding mAbs; in this case the distance between the center of
both surface is lower than 3.6 nm.

here mAb 34, allowed a saturation of the corresponding
epitope. The capture of mAb 12 to the protein was not affected
by prior binding of mAb 34, indicating that mAb 12 and mAb 34
do not interfere and recognize distant epitopes, whereas the
capture of mAb 17 was reduced by about 80%. The interference
between mAb 34 and mAb 17 demonstrates that their surfaces
of interaction with the protein are overlapping. The interfer-
ence map shown in Fig. 2C results from these analyses. Each
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Fic. 3. Interactions of mAbs with subdomains of Nt-abpl. A,
visualization of the synthetic peptides on the schematic linear repre-
sentation of Nt-abpl. Numbers indicate the position of the amino acids
for each peptide. B, the table summarizes results of direct and compet-
itive binding experiments of mAbs to Nt-abpl or synthetic peptides
corresponding to particular domains of the protein. Interaction efficien-
cies are represented using a conventional scale from - to ++++ (on the
basis of mole/mole interaction of the partners) to give a more compre-
hensive picture of the mAb interaction with Nt-abpl and peptides. (a),
interaction observed only in competitive binding assays.

oval schematizes the surface of interaction of one mAb to the
protein Nt-abpl. Taken together, the surfaces of interaction are
distinct but form a large cluster. Inside of this cluster, the
surfaces of interaction defined for mAb 17 and mAb 34 are
closely overlapping, as also for mAb 15 and mAb 37, whereas
the surfaces of interaction recognized by mAb 28, mAb 34, and
mAb 37, and consequently their corresponding epitopes, are
totally independent from one another. Within the cluster, mAb
12 fills a central position as it partially overlaps with the other
three groups of independent mAbs.

Interaction Analysis of the mAbs with Nt-abpl Domains—
Further characterization of interactions of the different mAbs
with Nt-abpl was performed using a series of synthetic pep-
tides covering part of the Nt-abpl sequence (Fig. 3A). BIAcore
technology was used for this analysis either by checking the
direct recognition of the mAbs to the individual synthetic pep-
tides immobilized on a sensor chip or by investigating the effect
of these peptides on the interaction of the mAbs to the whole
protein. The two distinct procedures are illustrated in Figs. 4
and 5 for mAb 12 and mAb 37, respectively. The sensorgrams
shown in Fig. 4A illustrate the direct capture of mAb 12 on the
immobilized peptides A, C, or C-term. mAb 12 associated
slowly with the peptide A and even more slowly with the
C-term peptide but in both cases the association was stable as
no dissociation was observed after washing. Binding of mAb 12
to pep C was extremely rapid but was counteracted by dissoci-
ation as the interaction was unstable. To evaluate the relative
efficiency of interaction between mAb 12, the protein, and the
different peptides, we compared the number of mAb 12 RU
bound in 6 min of injection to each captor taking into account
the amount of protein or peptide immobilized on the matrix and
the molecular weight of the interacting molecules (Fig. 4B).
The ratio of mAb 12 IgG bound to immobilized protein or
peptide, expressed in mole/mole, is 25—-150-fold higher with the
whole protein than with each interacting synthetic peptide.

Competitive binding assays of mAbs in the presence of an
excess of synthetic peptide are illustrated for mAb 37 (Fig. 5).
The addition of peptides B or C to mAb 37 produced a strong
reduction of mAb 37 capture on the immobilized Nt-abpl (Fig.
5A), indicating that both interact specifically with the site of
recognition. Both peptides decreased the score of mAb 37 bind-
ing to the immobilized peptide B (Fig. 5, C and D), whereas
peptide B competed poorly with the interaction between mAb
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Fic. 4. Interaction of mAb 12 with three synthetic peptides corre-
sponding to box A, box C, and the C-terminal domain (A) of Nt-abpl
covalently linked to CM-dextran through amino groups. Resonance
signals (RU) were plotted as a function of time. The association phases
were followed through 300 s, after which the injection of mAb 12 was
stopped and the dissociation phase in continuous buffer flow was mon-
itored for 100 s. B, relative efficiencies of mAb 12 binding to the protein
and the different peptides. Crude RU numbers of immobilized Nt-abp1l
or synthetic peptide and captured mAb 12 are given. The ratio corre-
sponds to the mole number of bound immunoglobulin mAb 12/mole
number of covalently immobilized peptide on each sensorchip. Molecu-
lar mass used for the calculation were: IgG1 mAb 12 (150,000 Da),
Nt-abpl (22,000 Da), pep A and pep C (2400 Da), pep B and pepC-ter
(2000 Da).

37 and the immobilized peptide C (Fig. 5B). Direct binding of
mAb 37 (not shown) proved that its interaction with peptide C
is stronger than with peptide B, which explains the differences
observed in the competitive binding assays. The two peptides
therefore interact specifically with mAb 37 and constitute part
of the corresponding epitope. Similar results were obtained
with mAb 15 (data not shown) thus confirming the proximity of
mAb 15 and mAb 37 epitopes as indicated in Fig. 2, A and C.
Fig. 3B summarizes the results of the direct and competitive
assays. All the mAbs exhibited a stronger interaction with the
whole protein than with the individual synthetic peptides. Dif-
ferent mAbs bound independently one or a number of synthetic
peptides (as shown for mAb 12 or 37 in Figs. 4 and 5, respec-
tively) with the exception of mAb 28 for which no direct binding
was detected. However, a slight effect of the C-terminal peptide
was observed in competitive binding of mAb 28 on Nt-abpl.
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Effects of Monoclonal Antibodies on the Electrical Membrane
Response of Tobacco Protoplasts to Auxin—Auxin modifies the
transmembrane electrical potential of isolated tobacco meso-
phyll protoplasts according to an inverted bell-shaped dose-
response curve with a maximal hyperpolarization at 3 X 10~
M NAA (30). The auxin electrical membrane response of tobacco
mesophyll protoplasts has been used as a specific assay to
check the effects of the 9 isolated mAbs to Nt-abpl. When
tested at 1078 M immunoglobulin, all mAbs were shown to
interfere with the hyperpolarization response (data not shown).
Immunoglobulin concentrations ranging from 1072 to 1078 M
have been investigated in the presence or in the absence of the
optimal auxin concentration. Two kinds of effects have been
observed as illustrated in Figs. 6 and 7.

mAD 12 does not modify the membrane potential of tobacco
protoplasts when applied alone (Fig. 6). The preincubation of
protoplasts with mAb 12 prior to the addition of 3 X 10 ¢ M
NAA in the medium results in an inhibition of the auxin-
induced response, increasing linearly between 1072 and 10~ 1°
M IgG. In the presence of 10~° M IgG, hyperpolarization of the
plasma membrane could no longer be induced by NAA. Similar
effects have been obtained using mAb 17 or mAb 34 but both
seem to be less efficient than mAb 12, because in the presence
of 10~® m IgG, the hyperpolarizing effect of auxin on the elec-
trical membrane response is not totally inhibited (not shown).
Whatever the efficiencies, these mAbs are antagonists of auxin
action in this specific auxin response of tobacco protoplasts.

In the absence of NAA in the medium, mAb 37 is able to
induce a hyperpolarization of the protoplast plasma membrane
(Fig. 7). The maximum hyperpolarization is reached for 107 1% m
of mAb 37 and is followed by a relative depolarization of the
plasma membrane for higher immunoglobulin concentrations.
These effects result in a bell-shaped dose-response curve shar-
ing similar characteristics to those of the auxin response (10).
Nonspecific IgM, tested as a control in the same concentration
range, has no effect on the membrane potential. mAb 28 (not
shown), an IgG1, as well as mAb 37 mimic auxin action on the
electrical membrane response of tobacco protoplasts.

DISCUSSION

mAbs to Nt-abpl Recognize Discontinuous Epitopes—A se-
ries of nine distinct monoclonal antibodies were generated
against recombinant protein Nt-abpl. Six of these have been
extensively characterized in terms of their interaction with the
protein. From the biospecific interaction analysis using the
whole protein and synthetic peptides corresponding to highly
conserved domains of ABP1, it emerges that the different mAbs
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Fic. 6. Inmuno-inactivation of auxin-induced E,, variations
by mAb12 to Nt-abpl. Tobacco mesophyll protoplasts were incubated
for 5 min at room temperature in the presence of various concentrations
of mAb12. 3 X 1076 M NAA was added (e ) or not (O) to the protoplast
suspension, and the E,, of 15 individual protoplasts were measured for
each condition. In dose-response curves, E,, variations (AE,,) induced
by mAb alone (E,, mAb - E,, control, O) or by auxin in the presence of
mAb (E,, [mAb + NAA] - E,, mAb, e) were calculated and plotted as a
function of IgG concentrations in the external medium. One represent-
ative experiment of three is shown, and standard errors did not exceed
0.4 mV.

recognize more efficiently the whole protein than isolated pep-
tides. The results of the partial mapping of the mAbs on syn-
thetic peptides (Fig. 3) fit with the interference map drawn
after pairwise epitope mapping on the whole protein (Fig. 2).
Most of the mAbs recognize complex epitopes formed by the
junction of amino acids from distinct domains of the protein,
namely discontinuous epitopes (32). Residues that made up the
discontinuous epitopes are scattered, and each group is poorly
recognized by the antibody as a target. A good example is mAb
12, which interacts with 3 synthetic peptides that are not
contiguously distributed along the protein Nt-abpl, each of
them forming a portion of the epitope. A more extreme illus-
tration of a mAb directed to a discontinuous epitope is probably
mAb 28. No interaction has been detected with the synthetic
peptides, which could suggest that mAb 28 recognizes another
domain of the protein. However, competitive assays suggested
that the C-terminal peptide interferes with the paratope of
mAb 28. The interference map shows that mAb 28 and mAb 12
overlap significantly, and we have demonstrated that the
epitope of mAb 12 results from the assembly of three distinct
domains. These observations suggest that mAb 28 should in-
teract with at least one of these domains but not strongly
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Fic. 7. Effects of mAb 37 on the transmembrane potential of
tobacco mesophyll protoplasts. Tobacco mesophyll protoplasts were
incubated for 5 min at room temperature in the presence of mAb 37 (O),
or nonspecific antibodies ((]). Measurements of E,, values of 15 indi-
vidual protoplasts were performed in each condition. In dose-response
curves, E,, variations (AE,,) obtained in one representative experiment
of three are plotted as a function of antibody concentrations in the
external medium. Standard errors did not exceed 0.4 mV

enough to be detected when one domain is out of the Nt-abpl
context.

Nt-abpl Folding—The study of the interaction of the mAbs
to Nt-abpl and the different peptides has provided a unique
insight into the folding of the protein. The detailed study of
mADb 12 indicates that the A and C boxes and the C terminus of
the protein are assembled when the protein is folded. It is of
particular significance that the A and C boxes of Nt-abpl are
brought together in a conformational state of the protein. From
early studies, a number of amino acid residues (Cys, His, Tyr/
Lys, Asp/Glu, and Arg) were provisionally identified to be pres-
ent at the auxin active site of an interacting protein (33, 34).
Five of these residues were found within box A of ABP1, and a
polyclonal antibody (23) to a synthetic peptide comprising these
residues was shown to mimic the auxin effect on the electro-
physiological assay of tobacco protoplasts. These arguments
have designated box A as a good candidate to form the auxin
binding site of ABP1. Using photoaffinity labeling reagent (tri-
tiated 5-azidoindole-3-acetic acid) and microsequence analysis
of photolabeled ABP1 tryptic fragments, Brown and Jones (24)
have shown that a unique peptide, corresponding to the box C,
was labeled suggesting the involvement of Asp, His, or Trp
residues contained in this box. The authors hypothesized that
the auxin binding site of ABP1 could be formed by residues
located in both box A and box C. Specifically, the hydrophobic
platform could be formed by Trp'®® (from box C, amino acid
number corresponding to Nt-abpl sequence), and the carbox-
ylic acid binding site could be formed by the positive charge of
the cluster His-Arg”®-His (from box A). Our results support this
hypothesis by showing that box A and box C are closely related
in the folded protein and can both participate in the binding of
auxin.

In addition, our results show that the C terminus is also
associated with the A and C boxes. The box A and the C
terminus both contain a cysteine residue that are thus brought
together; the third cysteine residue being located at the N
terminus. We propose that, in the conformational state studied
here, the protein could be stabilized by a disulfide bridge
formed between Cys®? (box A) and Cys'”? (C-terminal peptide).
Using the ELISA procedure, Napier and Venis (35) have re-
ported that millimolar NAA blocked the binding of an antibody
(MAC 256) to the C terminus of the maize ABP1, suggesting
that this domain is modified or partly concealed after auxin
binding. However, the concentration of auxin needed to induce
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such a change was relatively high, making it difficult to draw
conclusions on the physiological significance of this observa-
tion. Auxin binding has also been demonstrated to be revers-
ibly inactivated by reducing agents, suggesting the presence of
a reducible group, possibly a disulfide, located at the auxin
binding site and essential for binding activity (33, 36). The
proximity between the C-terminal domain (including the
Cys!™) and the two boxes involved in auxin binding provides a
new interpretation of earlier data. One explanation is that
polar and charged residues of the C-terminal domain are also
directly involved in the binding of auxin, although this has not
been revealed using labeled azido-auxin (24). Alternatively,
this domain may contribute indirectly to the interaction with
auxin by its role in the folding of ABP1 through disulfide bridge
formation between Cys'”” and Cys®2.

Nt-abpl Is Acting at the Plasma Membrane—Following its
isolation, the maize ABP1 was quickly designated as a putative
auxin receptor. However, experimental evidence supporting
this hypothesis has been based largely on functional assays
performed using a restricted number of heterologous tools on
tobacco cells. To assess the possible involvement of Nt-abpl in
an early step of auxin action, the whole panel of mAbs to
Nt-abpl has been used in the auxin electrophysiological assay
on tobacco protoplasts providing for the first time homologous
conditions. All the antibodies were shown to modify the elec-
trical response of tobacco protoplasts demonstrating three im-
portant features. First, the protein involved in auxin signaling
at the outer face of the plasma membrane is recognized by the
nine distinct mAbs. Second, the interacting protein at the
plasma membrane and Nt-abpl share the 9 distinct epitopes
indicating that the antigenic pattern is identical and that Nt-
abpl itself is present at the surface of the plasma membrane
and is involved in the activation of the auxin electrical re-
sponse. Third, we have shown that most of the mAbs interact
with discontinuous epitopes using recombinantly expressed
protein. The results suggest that the conformation-dependent
epitopes are present on the native protein at the surface of
tobacco protoplasts.

Modulation of Nt-abpl Activity in Auxin Signaling Using
Specific mAbs—Two kinds of effects have been observed in the
presence of the anti-Nt-abp1l mAbs on the electrical response of
tobacco protoplasts. Several mAbs such as mAb 12, 17, or 34
inhibit the auxin-induced response, suggesting that they
blocked the transduction cascade involving ion fluxes respon-
sible for the hyperpolarization. As we have demonstrated
above, mAb 12 spans three distinct domains of the protein
overlapping the auxin binding site and very efficiently blocking
auxin action. The mAbs showing antagonist activity on the
electrical response could block auxin binding either by steri-
cally occupying at least part of the auxin binding domain,
immobilizing the protein in a particular conformation, or by
inducing a conformational change incompatible with the acti-
vation of the transduction cascade.

Another kind of effect was observed with two totally distinct
mAbs, mAb 37 and mAb 28, which were shown to interact with
nonoverlapping epitopes (Fig. 2). These mAbs mimic auxin
action on the electrical response in the absence of the hormone
in the medium (Fig. 7). Such hormonomimetic action has pre-
viously been reported for a polyclonal antibody, named D16,
raised against a synthetic peptide corresponding to the box A of
the maize ABP1 (23). It was originally interpreted as a strong
indication that D16 IgGs were acting at the ligand binding site
of ABP1 (23), acting similarly as an anti-idiotypic antibody.
Our results demonstrated that such a hormonomimetic effect
can arise from interaction of mAbs with distinct domains. We
propose that the common feature is the conformational change
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of Nt-abpl evoked by the immunoglobulin binding. The site of
the antibody interaction can be superposed with the auxin
binding site or can be distinct from it. Interestingly, the
epitopes of mAb 12 and mAb 28 overlap, whereas they provoke
opposite effects on the electrical response. The region formed by
the assembly of boxes A and C and the C-terminal domain
appears to be a critical region for Nt-abp1l versatile enough to
act as a switch for active conformational change of the protein.
Auxin-induced conformational change has been reported in
Zm-abpl from circular dichroism spectroscopy measurements
(37) and ELISA experiments (35). For the activation of the
auxin electrical response, the most important step appears to
be the induction of the conformational change of Nt-abpl re-
sulting in a modification of its interaction with the plasma
membrane.

In conclusion, we confirmed unambiguously that Nt-abpl is
present at the plasma membrane and is involved in the acti-
vation of at least one auxin-dependent response, namely an
early and specific electrical response to auxin at the plasma
membrane. The conformation adopted by Nt-abpl after inter-
action with auxin or specific antibodies leads to the activation
or inhibition of the auxin signal transduction cascade. The
challenge now will be to further understand the mechanisms of
interaction between Nt-abpl and the plasma membrane as well
as correlating the early electrical response induced by auxin to
later auxin events at the molecular and cellular levels. A pre-
liminary indication has recently been provided by Jones et al.
(19), showing that ABP1-overexpressing plants exhibit an in-
creased capacity for auxin-mediated cell expansion. The panel
of mAbs that we have obtained to Nt-abpl provides a unique
set of molecular tools to follow up the functional study of
Nt-abpl and its role in the control of physiological auxin
responses.
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