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Abstract

Gibberellins, a class of plant hormones, consist of more than 120 members. Only a few of them are recognized by a receptor that
remains unknown. The haptenic mouse monoclonal antibody, 4-B8(8)/E9, was generated against gibberellin Ay (GA,) to recognize
biologically active GA selectivity, and we attempted to confirm the binding properties between the antibody and GA,. We carried
out an X-ray crystallographic analysis of the 4-B8(8)/E9 Fab fragment complexed with GA4 at a 2.8 A resolution by using the
molecular replacement method. The crystal structure of the Fab fragment showed the typical immunoglobulin fold of the B-barrel
structure which is the common motif of all antibodies. A small hapten-combining site was made up of three heavy chain CDR loops.
On the other hand, CDRs of the light chain did not interact directly with GA4. The C/D rings of the GA4 molecule were in van der
Waals contact mainly with the aromatic side chain of Tyrl00AH and Phel00BH of CDR-H3. The 3p-hydroxyl and 6B-carboxyl
groups were, respectively, hydrogen-bonded to the main chain of Ala33H and to the Thr53H heavy chain. © 2002 Elsevier Science

(USA). All rights reserved.
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Gibberellins (GAs, Fig. 1) are a class of plant hor-
mones and play important roles in various plant growth
phenomena, including seed germination, stem elonga-
tion, and flower development [1]. They form a large family
of diterpenoids, which has over 120 homologs. In such a

* Abbreviations: GA, gibberellin; GA,, gibberellin A,; CDR, com-
plementarity-determining region; scFv, single-chain variable fragment;
Fab, antigen-binding fragment of the antibody; Fc, crystallizable
fragment of the antibody; V|, variable region of the light chain; C;,
constant region of the light chain; Vy, variable region of the heavy
chain; Cy,, constant region of the heavy chain n; IgG, immunoglobulin
G; NCS, non-crystallographic symmetry; PBS, phosphate buffered
saline; SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis; Tris, tris-(hydroxymethyl)-aminomethane; Bis-Tris, bis-
(2-hydroxyethyl)-iminotris-(hydroxymethyl)-methane

* Corresponding author: Fax: +81-3-5841-8025.

E-mail address: tks@pgrl.ch.a.u-tokyo.ac.jp (T. Murata).

large family, only some GAs with certain structural fea-
tures are biologically active by themselves. They carry 33-
hydroxyl, 6B-carboxyl, and 4a—~10a y-lactone groups as
GA |, GAj, GA,, GA,, and several others, and are called
“bioactive GAs”. Studies on the structure—activity rela-
tionship show that a receptor, which remains unidenti-
fied, recognizes limited numbers of GAs, and interest has
increased in the manner by which a receptor protein can
recognize [2]. We have previously prepared and applied
the anti-GA antibodies to analyze GAs and plant growth
regulation [3-5]. The mouse monoclonal antibody desig-
nated 4-B8(8)/E9 was raised against GA4 and showed
high binding selectivity against active GAs. On the other
hand, the antibody did not recognize biologically inactive
GAs, with very few exceptions. This antibody can there-
fore critically recognize the 3B-hydroxyl and 6B-carboxyl
groups of GA molecules which are considered to be es-
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COOCH;

GAl 128 GA2O <0.01
GA; 17 GAs 26
GA4 100 GA3 5 3
GA, 64 GAs, 150
GA; 10 GA-Me <001

Fig. 1. Structures of GAs. GA, GA;, GA4, and GA; are biologically
active GAs. The atom numbering and ring name are labeled for GA,.
The cross-reactivity of the 4-B8(8)/E9 antibody against GAs are shown
in the lower box [2].

sential for showing biological activities in plants. The
three-dimensional structure of the antigen-combining site
of this antibody can thus be expected to mimic the ligand
binding site of the GA receptor [2].

Antibodies or their fragments produced in a plant are
often called plantibodies and have been used for im-
munomodulating the plant metabolism and/or pathogen
resistance. Conrad and Fiedler [6] have succeeded in
expressing a single-chain variable fragment (scFv) of an
anti-abscisic acid antibody and in modulating the effect
of abscisic acid which is one of the plant hormones. We
have also succeeded in expressing the anti-GA,, anti-
body in tobacco and in reducing the plant height by
trapping GAy,, a biosynthetic intermediate of GA4. We

have tried to construct an scFv of the anti-GA,4 anti-
body, 4-B8(8)/E9, but failed to express this scFv in an
active form. A crystallographic analysis of a conjugate
of the antibody with GA,; would help to both project
hapten—antibody interaction and to design an improved
scFv for acquiring binding activity.

Several enzymes participating in the biosynthesis and
catabolism of GAs were purified, and their cDNAs were
cloned. Some of their recombinant proteins were proved
to show enzyme activity, however, none of them were
determined in respect of their three-dimensional struc-
ture. A crystallographic analysis of the antibody-GA4
conjugate would provide imformation about the three-
dimensional structure that can recognize the functional
group essential to biological activity.

Antibody molecules are composed of light and heavy
polypeptide chains, each having variable and constant
regions. Digestion of the whole antibody molecule, us-
ing such proteases as papain and ficine, gives Fab and
Fc fragments. Antigen recognition is carried by the Fab
fragment, which consists of the light chain (V and C.)
and the amino-terminal half of the heavy chain (Vg and
Cy1). Each portion of the amino-terminals of light and
heavy chains contains three regions of highly variable
length and sequence, the complementarity-determining
regions (CDRs), which determine the conformation of
the antigen-combining site and confer specific binding
activity to the antibody molecule. The antigen-combin-
ing site is constructed on an immunoglobulin fold that is
essentially common to all antibody molecules and forms
the scaffold supporting the hypervariable loops.

Many three-dimensional structures of the complex
between an antibody and antigen protein or peptide had
been resolved by X-ray crystallography [7-20]. These
studies have permitted a detailed description of the an-
tigenic determinants and of the antibody combining site.
They also have provided critical information on the
characteristics of protein—protein and protein—peptide
complexes. In contrast, there have been few studies of
the crystal structure between an antibody and haptenic
antigen such as that occurring in natural products, and
information about ligand recognition against small or-
ganic compounds is little known.

We report here the three-dimensional structure of the
GA, liganded Fab fragment of the 4-B8(8)/E9 antibody
determined by X-ray crystallography at 2.8 A resolution.
This structural investigation of the 4-B8(8)/E9 Fab
fragment elucidates the antigen-combining area, key
amino acid residues, and local conformation of the hy-
pervariable loops for the recognition of GA,.

Materials and methods

Preparation of the 4-B8(8)IE9 Fab fragment. Production of the
hybridoma clones and preparation of the ascites fluid have been pre-
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viously reported [2]. The monoclonal antibody, 4-B8(8)/E9, was pre-
cipitated by treating the ascites fluid with 50% saturated ammonium
sulfate dissolved in a 1:1 mixture of phosphate-buffered saline (PBS)
and the ImmunoPure IgG Binding buffer (Pierce), and then purifying
in an immobilized protein A column (2.5 ml in volume, Pierce) with the
ImmunoPure IgG Binding buffer and the ImmunoPure 1gGl Mild
Elution buffer (6 ml, Pierce). SDS-PAGE showed that the IgG sample
was pure enough for further experiments after the affinity purification.

The antibody was cleaved into its Fab and Fc fragments with an
ImmunoPure Fab Preparation kit (Pierce). The Fab fragment was
recovered from the reaction mixture by passing through a protein A
column, which effectively retained the Fc fragment and undigested
1gG, and purifying by gel filtration column chromatography (Seph-
acryl HR-50, 10mm ¥ x 250mm), eluting with a 50mM Tris-HCl
buffer at pH 7.0. SDS-PAGE of the purified Fab fragment showed two
bands at 25kDa.

Crystallization. Crystals of the GA, liganded Fab fragment of 4-
B8(8)/E9 were obtained at 30 °C by the sitting drop vapor diffusion
method from a reservoir solution comprising 20% (v/v) glycerol,
12% (w/v) polyethylene glycol 3350, and 0.06 M Bis-Tris-HCI at pH
6.5. The protein drops contained 3 pl of 8 mg/ml of the liganded Fab
fragment solution and 3pl of the reservoir solution. Crystals of di-
mensions 0.15 x 0.15 x 0.05mm grew within one week.

Crystallography. X-ray diffraction data were collected for a single
well-shaped crystal at 100 K by using the BL18B unit of the Photon
Factory at the High Energy Accelerator Research Organization

Table 1
Data collection, processing, and refinement statistics

(a) Data collection and processing

Wavelength (A) 1.0
Temperature (K) 100
Resolution limits (A) 2.7
Total no. of observed reflections 402,565
Completeness (%) i 100

of last shell (2.85-2.70 A) 100
No. of unique reflections 26,460
Rinerge (70) 8.2

of last shell (2.85-2.70 A) 3.21
Space group C222;
Unit cell(A) a=1181, b = 150.1, ¢ = 106.9

o=pF=7y=90°

(b) Refinement
Resolution limits (A) 2.8
No. of reflections in 22,549
refinement
Final model
No. of heterodimers in an 2
asymmetric unit
No. of protein atoms 6671
No. of residues 882
No. of water molecules 130
R-factor® (%) 23.4
Riee® (%0) 29.6
R.m.s deviations from ideal values
Bond lengths (A) 0.007
Bond angles (°) 1.4

R = 3 30, (), — L)/ S5, [1() ], where (I() is the
mean intensity of equivalent reflections.

"R=S"|F, — F|/S_|F,|, where F, and F, are the observed and
calculated structure factor amplitudes, respectively.

“Riree = y_ |[Fo—F:|/ Y |Fy|, calculated using a test data set, 5% of
total data randomly selected from the observed reflections.

(KEK), Japan. Auto-indexing and data processing were performed
with the DPS/Mosflm [21] program and are summarized in Table 1.

A preliminary model of the crystal structure of the Fab fragment
was obtained by the molecular replacement method with the CNS
program [22]. A murine Fab fragment (PDB entry 11KF [23]) was used
as the search model. A cross-rotation function search of the data was
performed between a 15 and 4 A resolution. The highest peak in the
rotation function list was about twice that of the next peak. A trans-
lation search of the data was also performed between a 15 and 4A
resolutions. There were two Fab fragments in the asymmetric unit,
these being related by a pseudo twofold axis of non-crystallographic
symmetry (NCS).

To construct a suitable starting model for crystallographic re-
finement, a mouse disulfide-stabilized Fv antibody (PDB entry 1DSF
[24]) was replaced with the variable region of 1IKF, because of its
high similarity in sequences (89.3% identity for Vi and 72.9% for
Vy). This substituted model was duplicated and placed at the posi-
tion of the molecular replacement solution. The chains of one of the
two Fab fragments in the asymmetric unit are named the L and H
chains, and those of the other Fab fragment are named the M and 1
chains.

Three steps of rigid body refinement were applied with the data to a
2.8 A resolution. First, the two Fab fragments were treated as inde-
pendent rigid bodies, before individual refinement of the light and
heavy chains of each fragment. Next, the variable and constant do-
mains of both fragments were allowed to adjust to their positions. This
procedure reduced the crystallographic R-value to 0.404.

A subsequent simulated-annealing refinement (5000 K) and group
B-factor refinement reduced the R-value 0.291. NCS restraint between
the two Fab fragments in 2the asymmetric unit was applied with a
weight of 150kcalmol™' A"~ on the following regions: L1-L45, L47—
L60, L65-1109, H4-H44, H46-H97, and H110-H121.

The initial 2F,—F; electron density map and density modification
map showed reasonable traces within the B-barrel structure of the
immunoglobulin fold and CDR loops, except for CDR-H3. Program
O [25] was used to substitute amino acids different from those in the
initial molecule and for electron density map fitting. The energy-min-
imized hapten structural model was constructed with CS ChemOffice
software (CambridgeSoft). The model of GA4 was built into the Fab
structural model at the final stage of CNS refinement, before adding
water molecules. An analysis of the final model was performed by
using Procheck [26], the status of the final model being summarized in
Table 1. The coordinates and structural factors have been deposited in
the Protein Databank as entry 1KFA.

Results and discussion
Structural features of Fab 4-B8(8)/E9

The crystal of the GA4 liganded 4-B8(8)/E9 Fab
diffracted up to a 2.7 A resolution. The crystal structure
of 4-B8(8)/E9 Fab was refined at a 2.8 A resolution to
an R-factor (Rpee) of 23.4% (29.6%). The crystal of GA,
liganded 4-B8(8)/E9 Fab contained two Fab fragments
as an asymmetric unit. These were related with a
pseudo twofold axis of NCS, and were almost identical.
One of these Fab fragments is analyzed in this report as
a representative structure. We also attempted to crys-
tallize the unliganded 4-B8(8)/E9 Fab fragment. Al-
though many crystals were obtained under various
conditions, they all showed weak diffraction up to a 3A
resolution.
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The 2F,—F, electron density map was in good agree-
ment with a model incorporating six CDR loops of the
heavy and light chains. However, weak electron density
was apparent for the C-terminal region of each chain
and for the loop region between H114 and H118, and
between H132 and HI138. These regions are therefore
not included in the final model. Weak electron density
was also found for L56 and L57; although these residues
are included in the final model, they each have an ele-
vated B-factor. A Ramachandran plot [27] indicated
that the ¢, { torsion angle distribution conformed well
with those observed in the refined structures with few
exceptions, as has been commonly reported in many
antibody structures [28,29] (data not shown).

CDR conformations of 4-B8(8)I/E9

The antigen-combining site of antibodies was formed
by six loops of the polypeptide chain, involving three
loops each from the variable domain of the light chain
(CDR-L1, CDR-L2, and CDR-L3), and from the vari-
able domain of the heavy chain (CDR-H1, CDR-H2,
and CDR-H3). The relationship between the amino acid
sequence of the antigen-combining site and the structure
has been well studied [28,30]. The loops of 4-B8(8)/E9
have been determined according to a hypervariable
structural definition, while the numbering of the residues
follows the widely adopted Kabat numbering scheme
[30]. The amino acid sequences of the variable domains
of 4-B&(8)/E9 are shown in Fig. 2.

The conformations of the six CDRs of the 4-B8(8)/E9
antibody are shown in Fig. 3. Six CDRs formed loops
which were supported by the typical immunoglobulin
fold. In the refined structure of the Fab fragment, the 2F,—
F, electron density map in the antigen-combining region

VL
sc o ezs 30

DVVMTQTPLSLSVSLGDQASISCRSSQSLVHSNGNTY
CDR-L1
LHWYLQKPGQSPKLLIYKVSSRFSGFPDRFSGSGSGT
CDR-L2

70 a0 50 100 108
DFTLKISRVEAEDLGVYFCSQSTHVPFTFGSGTKLEIKR
CDR-L3

VH
EVMLVESGGGLVKPGGSLKLSCAASGFTFSSYAMSWYV
CDR-H1
RQTPERRLEWVATITTRGYTFYPDSVKGRFTVSRDNA
CDR-H2

RNTLNLQMSSLRSEDTAMFYCTREGLLLDYFTMDYWG
CDR-H3

113

QGTSVTVSS

Fig. 2. Amino acid sequences of the variable regions of 4-B8(8)/E9.
The sequences are numbered according to the Kabat numbering
scheme [31,32]. The three CDRs for each chain are underlined. CDRs
were determined according to automated structural definition. Light
chain (Vi ) L27A-E, heavy chain (Vy) H82A-C, and HI00A-D are
inserted residues according to the Kabat numbering scheme.

was well defined. Although CDRs have various sequences
and lengths, CDR conformations usually configure ca-
nonical structures, except for CDR-H3 [28]. An auto-
mated comparison of the observed conformation with
those described by the canonical approach (http:/
www.biochem.ucl.ac.uk/~martin) shows that the hyper-
variable regions of the 4-B8(8)/E9 antibody are consistent
with the following classification, except for CDR-H3[31].

In the light chain, CDR-L1 (L24-L34, 16 residues
long) belongs to canonical structure class 4 for the « light
chain (key residues Cys23L and Trp35L). This loop re-
gion bridges two B-sheets, and the region is packed across
the top of the V. domain. A three-residue turn (L27E-
L29), which is structurally supported by a hydrogen
bond between His27DL and Gly29L and is commonly
found in all CDR-L1 conformations of canonical struc-
ture class 4, constitutes the narrow region of the loop.
The second light chain hypervariable region, CDR-L2
(L50-L56, seven residues long), belongs to canonical
structure class 1 which has conserved residues (Ile48L
and Gly64L). A three-residue hairpin turn (L48-L50) is
stabilized by a hydrogen bond between Lys50L and
Ser52L. Hypervariable region CDR-L3 (L89-L97, 10
residues long) of 4-B8(8)/E9 belongs to canonical struc-
ture class 1 for the x light chain and forms a hairpin loop
which is stabilized by a hydrogen bond between GIn90L
and Thr97L. The key residues for canonical structure
class 1 of CDR-L3 are GIn90L, Pro95L, and Thr97L.

In the heavy chain, the first hypervariable region
CDR-HI1 is packed across the top of the Vg domain,
bridging the two B-sheets. CDR-H1 of 4-B§(8)/E9 (H31-
H35, five residues long) follows the conformation of
canonical structure class 1 which is the most commonly
observed conformation for an antibody. CDR-H2 of 4-
B8(8)/E9 (H50-H65, 16 residues long) belongs to ca-
nonical structure class 1, which is the shortest loop in
the four CDR-H2 canonical structures. CDR-H2 forms
a long hairpin loop with a two-residue turn which is
structurally supported by a sheet motif.

As for 4-B8(8)/E9, three CDRs of the light chain and
two CDRs of the heavy chain, CDR-H1 and CDR-H2,
belong to the canonical structures. On the other hand,
CDR-H3 belongs to a non-canonical structure. CDR-
H3 of 4-B8(8)/E9 (H95-H102, 12 residues long) forms a
unique circular loop which is mainly stabilized by a
hydrogen bond between Glu95H and Thr100CH. The
hydrogen bond network involving Gly96H, Leu98H,
Leu97H, Leu99H, and AsplOOH plays an important
role in supporting the turn structure of this region.

Antigen-combining site of 4-B8(8)/E9

The F,—F; electron density map revealed that the GA4
molecule was bound in the antigen recognition area
(Fig. 4a). The hapten molecules are generally combined
in the center of the immunoglobulin fold of an antibody,
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Fig. 3. Conformation of each CDR of 4-B8(8)/E9 Fab. The magenta lines show the Cu trace of the main chain of the CDR loops. Full atom
representation of the 4-B8(8)/E9 CDR loops is given by the cyan lines. The figure was generated by Swiss-PdbViewer [33].

but GA, existed on the heavy chain side of the 4-B8(8)/
E9 Fab antibody (Fig. 4b). The CDR-H3 loop insulates
GA, from light chain CDRs; thereby, a small cavity in
the antigen-combining site was formed by three heavy
chain CDRs, and the light chain CDRs did not directly
interact with GA4. CDR-H1 played an important role in
the formation of the antigen-combining site, because
CDR-H1 had a hydrogen bond with both CDR-H2 and
CDR-H3, while CDR-H2 and CDR-H3 did not form
any hydrogen bonds. Met34H of CDR-H1, and Thr50H
and Ile51H of CDR-H2 were involved in forming the
hydrogen bonds with those two CDRs. The hydrogen
bond between CDR-H1 and CDR-H3 was formed by
Ser35H of the former, and by TyrlI00AH and Phe100BH
of the latter CDR. On the other hand, the interactions
between CDR-H2 and CDR-H3 were only due to van
der Waals contact. Namely, the two aromatic residues
Tyr56H and Phe58H of CDR-H2 and Tyrl00AH and
Phel00BH of CDR-H3 interacted hydrophobically with
each other and thus provided a hydrophobic region for
the antigen-combining site.

Antibody—-GA, interaction

The interaction between GA, and 4-B8(8)/E9 Fab is
summarized in Fig. 4c. It has been shown from the re-
sults of a cross-reactivity analysis with various GA an-
alogs that the 3B-hydroxyl and 6p-carboxyl groups were
important for the GA4 recognition by 4-B8(8)/E9 [2]. In
particular, 4-B8(8)/E9 showed no specificity toward the

lactone ring of the GA molecules, such that both y-
lactone and d-lactone were accepted by the antibody
with high affinity (Fig. 1). The crystal structure of 4-
B8(8)/E9 Fab complexed with GA,; had no hydrogen
bond formed between the antibody and y-lactone ring of
GA,. It was revealed that the 3B-hydroxyl and 6p-
carboxyl groups of the GA; molecule were the main
targets in ligand recognition. On the other hand, the
very hydrophobic regions on the C/D rings of GA, re-
sulted in van der Waals interaction with the antibody by
its B-face on the C/D rings of the molecule. Tyr56H and
Phe58H of CDR-H2 and Tyr100AH and Phel00BH of
CDR-H3 formed the base of the cavity of the antigen-
combining site with their side chains and provided a
hydrophobic region to accept the C/D rings of GA,.
Tyr100AH and Phel00BH made van der Waals contact
with GA,4. Phel00BH played a particularly critical role
in antigen binding by forming a stacking interaction
with the B-side on the C ring of the GA,; molecule.
Thr52H made van der Waals contact with the 6f-car-
boxyl group of GA,.

Leu98H and Leu99H were present in the apical re-
gion of the CDR-H3 loop, and were stacked with the
GA,4 molecule from the top of the antigen-binding site.
This region had a relatively low B-factor, probably be-
cause of binding of the antigen and crystal packing in-
teraction. The antigen-combining site of 4-B§(8)/E9 may
be open when the antigen is absent. We infer that this is
a reason why the liganded crystals diffracted to a higher
resolution than that of the unliganded crystals.
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Phe 100B(H

Tyr 100A(

Fig. 4. Ligand-combining models of 4-B8(8)/E9 Fab. Some residues are labeled by their sequence number. (a) Stereo drawing of the plan view focused
on the antigen-combining region. The carbon skeleton of GA, is green, and protein carbon atoms are yellow. The F,—F, electron density map is
superimposed. The figure was prepared by using XtalView [34] and rendered by Raster3D [35]. (b) Space-filling representation of the variable domain
of the liganded Fab viewed from the antigen-combining site in stereo. CDR loops are drawn in light pink (L1), blue (L2), purple (L3), yellow (H1),
magenta (H2), and red (H3). Carbon and oxygen atoms of GA4 are drawn in green and red, respectively. Frame regions for each chains are drawn in
grey. The figure was generated by using Swiss-PdbViewer [33]. (c) Schematic drawing of the interaction between GA, and 4-B8(8)/E9 Fab. The figure
was generated by LIGPLOT [36].
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This is the first report on the crystallographic struc-
ture of the anti-plant hormone antibody. Further ex-
periments are required to obtain the required useful
information to construct an scFv that is capable of spe-
cific and tight conjugation against GAs. The crystallo-
graphic analysis of the conjugates of GAs and their
metabolic enzymes, which has not yet been reported, will
provide further information about the manner of rec-
ognition of the functional groups that characterize the
nature of each GA, and help us to build an effective scFv.
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