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The structure of auxin-binding protein 1 (ABP1) from
maize has been determined at 1.9 A resolution, reveal-
ing its auxin-binding site. The structure confirms that
ABP1 belongs to the ancient and functionally diverse
germin/seed storage 7S protein superfamily. The bind-
ing pocket of ABP1 is predominantly hydrophobic
with a metal ion deep inside the pocket coordinated by
three histidines and a glutamate. Auxin binds within
this pocket, with its carboxylate binding the zinc and
its aromatic ring binding hydrophobic residues
including Trp151. There is a single disulfide between
Cys2 and Cys155. No conformational rearrangement
of ABP1 was observed when auxin bound to the
protein in the crystal, but examination of the structure
reveals a possible mechanism of signal transduction.
Keywords: ABP1/auxin-binding pocket/auxin receptor/
crystal structure/signal transduction

Introduction

The plant hormone auxin regulates cell elongation,
division, differentiation and morphogenesis. Synthetic
auxin analogues are also important selective herbicides.
The best candidate for an auxin receptor is auxin-binding
protein 1 (ABP1), first studied in membrane fractions
30 years ago and subsequently isolated and purified
(Hertel et al., 1972; Venis, 1977; Jones, 1994). ABP1 is
a soluble 22 kDa glycoprotein, ubiquitous amongst green
plants, found predominantly within the endoplasmic
reticulum (ER), and in smaller quantities at the cell
surface associated with the plasma membrane (Diekmann
et al., 1995). ABP1 is dimeric in solution (Shimomura
et al., 1986) and has submicromolar affinity for auxins,
consistent with its ability to bind free auxin at physio-
logical concentrations (Lobler and Kldmbt, 1985). The
most widely used assays for ABP1 receptor activity
measure auxin-induced plasma membrane hyperpolariza-
tions and ion fluxes in protoplasts (Barbier-Brygoo et al.,
1991; LeBlanc et al., 1999; David et al., 2001). Auxin-
induced cell swelling of proteoplasts and intact guard cells
can also be attributed to ABP1 (Gehring et al., 1998;
Steffens et al., 2001). Ectopic and inducible expression of
ABP1 confers auxin-dependent cell expansion in tobacco
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cells normally lacking auxin responsiveness (Jones et al.,
1998); antisense suppression of ABP1 eliminates auxin-
induced cell elongation and reduces cell division; and a
homozygous null mutation in ABPI confers embryo
lethality in Arabidopsis (Chen et al., 2001). ABP1 is
therefore firmly implicated in mediating cell elongation
and, directly or indirectly, cell division.

Attempts have been made to deduce the nature and
location of the auxin-binding site of ABP1 based on group-
reactive reagents (Jones and Venis, 1989), the structure of
its ligands (Edgerton et al., 1994), and by using
photolabels (Brown and Jones, 1994). Circular dichroism
(CD) spectroscopy of ABP1 showed it to be a B-protein
(Shimomura et al., 1986), and a change in the CD
spectrum on auxin binding has been cited as indicating
conformational change. The failure of antibodies to
recognize the C-terminus when auxin is bound has also
been cited as evidence for conformational change (Napier
and Venis, 1990).

ABP1 has two sequence motifs, HXH(X);;G and
P(X)sH(X);N (where X is any amino acid residue), that
place it within a family of proteins (cupins) that includes
germin and the vicilins (Dunwell and Gane, 1998;
Dunwell et al., 2000, 2001). A partial model of ABP1
was proposed by comparative modelling using the vicilin
domains as a template (Warwicker, 2001). This model
suggested a metal-binding site within a (-barrel structure
similar to that of germin (Woo et al., 2000a). Additionally,
the modelling suggested that the C-terminus competes for
the auxin-binding site, thereby providing a model of
conformational change (Warwicker, 2001).

Results

Overall protein fold, disulfide arrangement

and glycosylation

The structure of maize (Zea mays L.) ABP1 was
determined by multiple isomorphous replacement
using protein expressed in insect cells, and refined
at 1.9 A resolution (see Materials and methods and
Table I). With the exception of the three C-terminal
residues, which were assumed to be flexible or disordered
in the crystal, there was clear electron density for all
residues 1-160 (Figure 1A). The protein is a dimer in the
crystal (Figure 1B) as it is in solution (Shimomura et al.,
1986), and resembles the germin dimer (Figure 1C).
Residues 26-148 fold into a B-jellyroll barrel formed by
two antiparallel B-sheets ABIDG and KJCHEF (strands
labelled in Figure 2A); the N-terminal residues 1-25 are
irregular in conformation except for a short B-strand (A’,
Figure 2A), and the C-terminal residues are also irregular
apart from a short o-helix (residues 152-160). The
structural classification according to SCOP (Murzin et al.,
1995) is therefore a double-stranded PB-helix fold and
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Table I. Crystallographic data statistics

Data collection and phasing

Crystal Native CH;HgCl1 UO,Ac, PbAc, LuCl; 1-NAA
Concentration 1 mM 10 mM 25 mM 50 mM 10 mM
Time 7 days 2h 3 days 2h 8 weeks®
X-ray source PX9.6 PX9.5 MacSci. MacSci. MacSci. PX9.6

B Daresbury Daresbury London London London Daresbury
Wavelength (A) 0.87 1.00851 1.5418 1.5418 1.5418 0.87
Dectector CCD MAR300 DIP1030 DIP1030 DIP1030 CCD
Resolution (A) 1.9 2.5 2.8 3.0 2.7 1.9
Completeness (%) 99.0 99.1 97.8 85.3 98.2 94.2

(91.1) (98.3) (78.9) (85.5) 97.4) (90.0)

Roym(D) (%)>< 4.0 (11.6) 6.4 (11.1) 4.2 (7.6) 5.7 (1.9) 53 (9.1) 3.8 (9.6)
Riso (%)¢ 249 28.2 23.1 33.8 18.2
Phasing power®! 1.5(1.2) 1.2 (1.0) 1.2 (0.9) 1.1 (0.9)
Mean figure of merit 0.56
Refinement and model stereochemistry ABP1 ABP1-1-NAA complex
X-ray data used in refinement
Resolution limits (A) 15.0-1.9 15.0-1.9
No. of reflections used in refinement 51598 51 458
No. of reflections used for Ry, calculation 2761 2714
R-factor (%) (Riree)® 18.4 (24.1) 20.0 (24.0)

R.m.s.d. (target G)
1-1 distances (A)
1-2 distances (A)
1-4 distances (A)
Chiral volumes (A%)
Peptide planes (A)
Aromatic planes (A)

0.014 (0.020)
0.033 (0.040)
0.033 (0.050)
0.142 (0.150)
0.025 (0.030)
0.011 (0.020)

0.014 (0.020)
0.035 (0.040)
0.037 (0.050)
0.150 (0.150)
0.026 (0.030)
0.012 (0.020)

aThe ABP1-1-NAA complex was co-crystallized.
"Values in parentheses are for the highest resolution shell.
‘Reym(l) = ZnZilli(h) — <I(W)>/ZpZ; Ly

dRiSO = ZhIFpH = Fpl/zthpl

¢Phasing power = <Fy>/<E>, where E is the root mean square lack of closure.

"Values for centrics in parentheses.

gR-factor = ZlF g5l — IFcatc/ZlF opsl. Rfree 1s obtained from a randomly selected 5% of reflections not included in the refinement.

germin/seed storage 7S protein family. The double-
stranded B-helix fold is an ancient protein fold
(Anantharaman et al., 2001) and is found throughout the
Archaea, Eubacteria and Eukaroyota. The N- and
C-terminal extensions of the ABP1 B-jellyroll barrel are
linked together by a disulfide bond between Cys2 and
Cys155 (Figure 2A). There is no disulfide between Cys2
and Cys61 as recently suggested (Feckler et al., 2001), and
ABP1 has two cis-prolines, 127 and 148. There was also
evidence in the electron density map for glycosylation of
Asn95, with two N-acetyl glucosamine (GlcNAc) and
three mannose (Manp) residues clearly visible
[Manp(aul,6)—(Manp(a.1,3))-Manp(B1,4)-GlcpNAc(B1,4)
—GlcpNAc(B1,N)-Asn]; there was weaker density for
additional mannose residues.

ABPI is a dimer in solution and appears as an intimate
dimer in the crystals where the subunits are related by
non-crystallographic symmetry. The dimer interface is
formed principally by sheet ABIDG (Figure 2A), and the
total area buried at the interface is 2390 A? per subunit,
corresponding to 24% of the subunit solvent-accessible
surface area. The high degree of burial of hydrophobic
residues (isoleucines, leucines and valines) at the inter-
face, the interaction of carbohydrate from one subunit with
the other subunit (Figure 1B), the exclusion of water from
the interface, the presence of a salt bridge (Asp40 with
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2-fold-related Argl25) and the similarity to the germin
dimer (see below) all suggest that the dimer is biologically
authentic.

Evolutionary relationship to other proteins

The B-jellyroll barrel subunit structure of ABP1 is similar
to that of germin with which it shares 24% sequence
identity (the r.m.s.d. for 101 equivalent o-carbons is
1.85 A). ABP1 forms a dimer similar to that of germin but
lacks the additional C-terminal helices of germin
(Figure 1B and C). Comparing the ABP1 and germin
subunits, the strands furthest from the N- and C-termini are
structurally the most similar (strands IDG and HEF) and
those nearest to the N- and C-termini (A and J) the least
similar (Figure 2A). The role of the extensions to the [3-
barrel in germin is to stabilize the trimer of dimers; the
additional C-terminal helices locking the dimers together
and the N-terminal extensions filling the centre of the
hexamer (Figure 1C). Whereas ABP1 has a zinc-binding
histidine cluster (see below), the corresponding cluster in
germin binds manganese. The ABP1 dimer, like germin, is
also structurally similar to the vicillin monomer that has
internal pseudo-dimer structure (Lawerence et al., 1994)
but lacks the histidine cluster and therefore the metal-
binding site. The cupins have a wide range of functions,



Crystal structure of ABP1

Fig. 1. The overall structure of maize ABP1. (A) Stereoview of an ABP1 subunit with the N- and C-terminal extensions closest to the viewer and with
labels every 20 residues. (B) Schematic representation of the overall fold of the ABP1 dimer with the B-strands drawn as arrows, the o-helices as
helices, and with the bound zinc ions represented as dark blue spheres, one at the centre of each subunit. The orientation of the red subunit is similar
to that shown in (A). The subunits comprising the dimer are related by a vertical 2-fold rotation axis. Asn95 and the observed N-linked sugar residues
[Manp(al,6)-(Manp(o.1,3))-Manp(B1,4)-GlecpNAc(B1,4)-GlepNAc(B1,N)-Asn] are also shown. (C) Schematic representation of the germin hexamer
to illustrate the relationship between the ABP1 dimer shown in (B) and the trimer of dimers in germin. The germin subunit has additional o-helical
clasps that lock the three dimers together into the trimer of dimers (Woo ef al., 2000a; Protein Data Bank accession code 1FI2). The subunit sequences
of ABPI and germin are 24% identical, and the r.m.s.d. for 101 equivalent a-carbon atoms is 1.85 A. The green spheres are manganese ions, one at
the active centre of each of the germin subunits. Note that (B) and (C) are not on the same scale. Figures 1, 2 and 5 were drawn using MOLSCRIPT

(Kraulis, 1991).

from storage protein to enzyme to essential protein in
auxin signalling.

The metal-binding site of ABP1

The experimental electron density map clearly indicated
the presence of a metal ion coordinated by three histidines
and a glutamate in each subumit (Figure 2B). The
coordinating histidines are those of the HXH(X);;G and
P(X)4H(X)3N fingerprints, the first two of which are on [3-
strand C (His57 and His59) and the third on B-strand H
(His106); the glutamate (Glu63) is on strand D (Figure 2B).
The metal-binding site is buried deep within the B-barrel.
Proton-induced X-ray emission analysis (PIXE; Garman,
1999) of recombinant ABP1 dialysed against EDTA
revealed that the tightly bound metal was zinc. The
coordination number of the zinc is six; the three histidines

coordinate via their NE2 atoms, the glutamate via OE1 and
more distantly OE2, and a single water molecule com-
pletes the coordination sphere (Figure 2B). With the
exception of OE2 of Glu63 (3.1 A from the zinc), these
zinc-ligand distances are between 2.2 and 2.4 A, with the
metal-nitrogen bonds being shorter than the metal-oxygen
bonds. PIXE measurements on maize ABP1 purified from
plant material indicated the presence of both zinc and
copper in roughly equal quantities. Zn(II) and Cu(Il) have
closely similar atomic radii, so Cu(I) may be able to
substitute for Zn(Il) at the metal-binding site; there is no
evidence, however, that ABP1 catalyses a redox reaction.

Auxin binding to ABP1
Purified ABPI had a Kp, of 1.5 X 10~7 M for the synthetic
auxin l-naphthalene acetic acid (I-NAA) at pH 5.5, and
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Fig. 2. The subunit structure and binding site of ABPI1. (A) The B-
strands of the ABP1 subunit are labelled A’—K; the dimer interface is
formed by strands ABIDG and the outer sheet by strands KJCHEF.
This figure shows the disulfide between residues 2 and 155 that links
the N- and C-terminal extensions; the sulfur atoms are the yellow
spheres. Also shown is the relationship between the disulfide, the
C-terminal o-helix, Trpl51 (drawn as ball-and-stick model), 1-NAA
(also ball and stick) and the zinc ion (dark blue sphere). The subunit is
viewed from the direction of the opening to the auxin-binding pocket.
(B) The zinc-binding site in detail. The protein ligands are His57
(strand C), His59 (at the end of strand C), Glu63 (at the beginning
of strand D) and His106 (at the beginning of strand H). A single
water molecule completes the octahedral coordination sphere. The
zinc—nitrogen (His NE2) distances are between 2.2 and 2.3 A and the
zinc-oxygen distances are 2.4 A to Glu63 OEl, 3.1 A to Glu63
OE2 and 2.2 A to the water molecule (shown as a small red sphere).

Scatchard analysis suggested one auxin molecule bound
per monomer (results not shown; Bauly et al., 2000), in
agreement with previous results (Hesse et al., 1989). The
highest binding affinity was observed at pH 5.5 and this
was therefore the pH used for co-crystallization of the
ABPl-auxin complex. Crystals of the ABP1-1-NAA
complex formed at pH 5.5 grew from conditions similar
to the uncomplexed protein and were isomorphous with
the native protein. Difference Fourier maps calculated
using protein phases calculated from the ABP1 structure
with the waters in the internal pocket omitted clearly
revealed one 1-NAA molecule per monomer (Figure 3).
The structure of 1-NAA (Rajan, 1978) was obtained from
the Chemical Database (Allen and Kennard, 1993). The
structure of the complex was refined at 1.9 A to an R-factor
of 20% and Ry, of 24% (Table I). The carboxylate
group of 1-NAA made symmetric bidentate contacts
with the zinc deep inside the binding pocket (zinc—oxygen
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distances of 2.4 and 2.5 A) and replaced the zinc—water
interaction (2.2 A) The OE2 of Glu63 moved away from a
distance of 3.1 to 3.3 A in the complex. The naphthalene
ring of 1-NAA packed against a number of hydrophobic
residues inside the B-barrel including a face to end
interaction with Trp151, with Thr54 and Pro55 forming
the other side of the binding pocket and with Ile22 and
Leu25 forming the side distal from the metal (Figure 3).
Gln46 and Phe149 also line the pocket. The bound auxin is
virtually inaccessible to solvent (99% of the 350 A2
solvent-accessible surface of 1-NAA is buried when
bound). There is, however, a clear route by which auxin
enters the binding pocket, between the N- and C-terminal
extensions, as seen in Figure 2A, which also shows the
relationship between bound 1-NAA, the zinc ion and
Trp151. Assuming natural auxin, indole acetic acid (IAA),
binds similarly to 1-NAA, its affinity would be expected to
be lower because the indole ring has fewer carbons to bind
the hydrophobic pocket and the indole amide does not
have an obvious hydrogen-binding partner; both these
factors would attenuate binding affinity for IAA as
reported previously (Lobler and Kldmbt, 1985).

Superimposing the structures with and without bound
auxin indicates that there was no substantial conforma-
tional change as a result of binding (r.m.s.d. of 0.186 A for
158 equivalent C, atoms). Four water molecules were
expelled from the binding pocket, including the water
molecule binding to the zinc, and there were no other
appreciable changes observed on auxin binding. The
disulfide bridge between the N- and C-terminal polypep-
tides will restrict the movement of the C-terminal helix.
There is no evidence to suggest that the disulfide is
reduced in either the ER or on the surface of the plasma
membrane.

Sequence variation

Sequence alignment (Altschul et al., 1997) reveals con-
siderable conservation in the sequence of mature ABPI
across a broad range of plant species (Figure 4). ABP1 has
no homologues outside the Streptophyta (green algae) and
Embryophyta (land plants). The selective herbicide 2,4-
dichlorophenoxyacetic acid (2,4-D) is lethal towards many
dicots, but not monocots. A molecular model of strawberry
ABP1 built using the maize ABP1 structure as a template
using MODELLER (Sali and Blundell, 1993) reveals a
striking substitution in the auxin-binding site of strawberry
ABP1, arginine for Ile22, a substitution that occurs in all
dicots with the exception of Raphanus (Figure 4).
Additionally, tyrosine is substituted for Phel149 with the
same exception. I[le22 forms a hydrophobic contact with
the region of the naphthalene ring distal from the metal in
the monocot ABP1 (Figure 3). Phe149 is close to C2 of the
naphthalene ring. These substitutions may have implica-
tions for herbicide selectivity.

Orientation of ABP1 on membranes

The C-terminal helices of the ABPI dimer and the
succeeding KDEL ER retention sequences (the last three
residues are not seen in the electron density map, see
above, but their location can be readily inferred) are
positioned on the same side of the molecule such that they
could both interact simultaneously with one or possibly
two membrane-bound ER retention proteins (Figure 1B).
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The ER membrane would be horizontal with respect to the
orientation of ABP1 shown in Figure 1B, with the flat
lower surface of the dimer sitting on the membrane surface
and with the KDEL sequence interacting with the retention
protein. The location of the glycosylation on the surface of
ABP1 protruding into the lumen of the ER is consistent
with this suggestion. ABP1 may be located on the plasma
membrane of the cell surface in a similar orientation.

Crystal packing

When the non-crystallographic symmetry restraints are
removed during maximum-likelihood refinement of the
structure, differences in the conformation of the four
molecules in the asymmetric unit of the crystal may be
detected. These differences are found to be rather small
and reflect differences in the crystal contacts. The
C-terminal residues beyond Cys155 do differ in mobility
as indicated by the crystallographic temperature factors,
but do not differ significantly in position. The observed
C-terminal residues (156—160 and 156—159 in molecule B)
are more ordered in molecules A and D due to the presence
of crystal contacts. In molecules B and C, there are no
crystal contacts close to the C-terminus and, as a result, the
C-terminal residues are more mobile, as indicated by the

Crystal structure of ABP1

His 57

His 59

Fig. 3. Auxin binding to ABP1. (A) Omit electron density map at 1.9 A
resolution and contoured at 3¢ revealing 1-NAA bound to ABP1. The
view in (B) is rotated ~60° around the x-axis compared with the view
in (A), and His57, Glu63, Leu25 and Ile48 are omitted from this view
for clarity. The bidentate binding of the 1-NAA carboxylate to the zinc
(dark blue sphere) can be clearly seen, as can the hydrophobic environ-
ment of the naphthalene ring. (C) Simplified representation of the con-
tacts between 1-NAA and ABPI and between the zinc ion and ABP1 in
the complex. Distances shown are in angstroms. (A) and (B) were pre-
pared using BOBSCRIPT (Esnouf, 1997).

temperature factors for the o-carbon atom of residue 159
which are 26, 53, 42 and 21 A2 for molecules A, B, C and
D, respectively. There is, however, no evidence of
differential mobility in the C-terminal segment between
the auxin-bound and the auxin-free structures in any of the
four ABP1 molecules, showing that the change in mobility
is a characteristic of the environment in the crystal rather
than the presence or absence of auxin.

The N-terminal extension of the ABP1 subunit is,
however, involved in quite extensive interactions with the
N-terminal extension of a symmetry-related subunit. The
interaction is between the short B-strand (labelled A’ in
Figure 2A) and its symmetry-related equivalent which
come together to form a two-stranded parallel B-sheet with
low twist stabilized by four main chain hydrogen bonds
and five side chain stacking interactions (Figure 5). The
side chain stacking interactions are cysteine, valine,
arginine, aspartate and asparagine of subunit A against
serine, cysteine, valine, arginine and aspartate, respect-
ively, of the symmetry equivalent to subunit D, where AD
is a germin-like dimer. The interactions are not so
extensive as to bring into question the identity of the
biologically relevant dimer, but may be sufficient to imply
that crystallization is selecting a conformation of the
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i 10 20

Zea ABP1 Mmoo, APDLSELA-AAAMARGAYLAGVGVAVLLAASFLPVAESSCVRDN-SLVRDISQMPOSSYGIEGLSHIT
Avena MESRAGIAAAVRGLRFAGAGRRGTLL—-LALLFVAADAFLPVAEPSCPRDN-SVVEDINQMHOSNYGLEGLSHIT
Hordeum* VVEDINKMHOSNYGIGGFSHIT
Triticum* VVEDINKMHOSNYGIGGFSHIT
Arabidopsis MIVLSVGSASSSPI---VVVFSVALL----LFYFSETS----LGAPCPINGLPIVRNISDL.PODNYGHRPGLSHNT
Raphanus MILISYGESS888QI~---AATFSVTLL-~~~LFYFSEAT-~~-LEGSPCLINGLPIVRNISELPODSYCIPCLTHNT
Nicotiana Mmoo RH-IIILVAVFWFAT-A----EASHCSINGLPLVRNISELPOENYGRSGLSHIT
Lycopersicon M-KSGVSSFQTDA---TIMI-REGVVILVALLWFST-A----EASQCSINGLPLVENISEFPLENYGHSGLSHIT
Capsicum e e e e e e e e LFILVALLWLAT-A----EASHCSINGLPLVRNISELPONNYGRPGLSHTT
Glycine*
Malus L===TIFF---=-FF--SLLFFSALS~-~---EASKCBLEGLPIVRNISELPODNYGRGGLAHTT
Fragaria M—AE-I8-===~ V= ===PYFF-~--FFLLCLLFFSAIS~--~--EASKCSVQEFPVVRNISELPONSYGRGGLAHTT
Ceratopteris¥ ECSHSGSPIVKPLSEMYEDDFGRPGLSHNT
Ceratodon MARLACSF-------==-c-—--VLLVFLOQFCFLARSSALQ-NPGVCGESEIPVVRNLTELEQDSYGHPGLSHNT
Chlamydomonas*
Motif < signal peptide =
p-strands A

30 40 50 &0 70 BO 90 100
Zea ABP1 VAGALNHGMEEVEVWLOTISPGOQRTP IHRHSCEEVF -TVLEGRGTLIMGESSL-EYPGQPQEIPFFOQNTTFSIPYV
Avena VGGALAHGMKEVEVLLETVSAGQRTP IHRESCEEVF -VVLKGRGTLFLGSTSL-KYPCTPQEIPVAQUSTFTVEV
Triticum* VAGALAHGMKEVEVWLQTISAGQRTP IHRESCEEVF -VVLEGRGTLLLGSTSL-PYFGTFQEIPVFQUSTFTVEV
Arabidopsis VAGSVLHGMKEVEIWLOTFAPGSETPIHRHSCEEVF -VVLKGSGTLYLA-ETHGNFPGRPIEFPIFANSTIHIPT
Raphanus VAGSVLHGHMEEVEIWLO)TPAPGAATP IHRHSCEEVF -VVPEGBGTLY LA-ETHESVFPGRFVEFPISANSTFHIFI
Nicotiana IAGSVLHGMEE IEVWLOTFAPGFRTPIHRHSCEEIF - IVLEGQGTLYLTPESHSKYPGNPQEFHIFPNSTFHIPV
Lycopersicon IAGSVLHGMKEIEVWLOTFAPGCRTF IHRHSCEEVF - IVLEGQGT LY LAPSSHSRYPGNPQEFHIFPNESTFHIPV
Capsicum IAGSVLHGIQEIEVWLOTFAPGESS TP IHRHSCEEVF -VVLKGQGTLY LAPS SESRYPCNPQEFRIFPNSTFHVEV
Glycine* LOTFSFPETHTF IHRHSCEEVF -IVLEGSGTLYLASDSHGRY PGRFQEHFIFPNSTFHIFV
Malus VAGSLLHGLEEVEVWLQTFAPGSGTF IHRESCEEVF -VVLEGSGTLY LAPSSHGKF FGRPQEFSIFANSTFHIPV
Fragaria VAGELLHGLEEVEVWL)TLEPGEGTP IHRHSCEEVF -VVLEGSGTVY LAPNSHEE Y PCRFQEFBIFANSTFQIFV
Ceratopteris* VAGATHHGMKEIEVWLOTFAPGVGTFIHRHSCEEVF-IVQRGRGSLYTEAEAGRKYPGRFNEFMISLNTTFTIFV
Ceratodon IAGAVHEHGMEEVEVWMO TFAPNSGTF IHRHECEEVF - ITLEGYGTLYLERNRDHDVPGRPEELPIYPHNATFTIPV
Chlamydomonas®* TMEPPGAVFF ITHRHLDFSEHVLVTRGVGESWEYWPLD----APKPVADPIEAGSSVYMAP
Motif i H o o o (o o -
- oy ) Gooh) ) Lo

110 120 130 140 150 160

Zea ABPl NDPHQVWNSDEHEDLOVLVIISRPPAKIFL-YDDWSMPHTAAVLEFPFVWD=~======-EDCFEA---AKDEL
Avena NDPHQVWNSDEHEDLQFLVI ISRPPVEVFL- YDDWSMPHTAAKLEF PFLWD == === ===~ EDCLAA---PRDEL
Hordeum®* NDPHQVWNSDEHEDLQVLVIISRPPVEIFL-YDDWSMRETAAKLKFFFVWD-~~====== EGCLDA~---PRDEL
Triticum* NDPHQVWNSDEHEDLQVLVIISRPPVEIFL-YEDWSHMPHTAAKLKFPFVWD========= EDCLDA~-~--PKDEL
Arabidopsis NDAHQVENTG-HEDLOVLVIISRPPIKIFI-YEDWFMFHTAARLEFPY YWD === === == EQCIQ--ESQEDEL
Raphanus NDAHQVENTG-HEDLOVLVIISRFPIKIFT-YDDWFMPFHTAARLEFPFYWD = ~======= EQCFQ--ESQEDEL
Nicotiana NDVHQVWNTGEQEDLOVLDVISRPPVEVFM-YDDWSHMPHTAAKLEFPY YWD~ == ====== EECYQTTSW-KEDEL
Lycopersicon HDVHEQIWNTGEHEDLOALVVISRPPVEVFM-YDDWSMPHTARKLEFPY YWD === ==—=== ERCYQTTTR-KDEL
Capsicum NDAHQVWNTDEHEDLQVLVVISRPPVEVFT- Y DDWSVPHTASKLEFP MY WD- === ===~ EECYQTTSSSKDEL
Glycina* NDAHQLWNTHEHEDLQVLVIISRP
Malus NDVHQVRNTHEHEDLOALVTVERPPFVEVFN-YQDWFMPHTAAKLRY Py YWD === === === EECLDVEPPFEDEL
Fragaria NDVHQIRNTHEHEDLOVLVVISRPPFVEVFI-YENWESMFHTASKLEFP Y YWD === ====== EGCLELEPPPEDEL
Ceratopteris®* NRVHQVENTEVEGDLOVLVIVSGPPIEVFV-YRKDWETPHAAVLOFPYPWD=========, APCLQ~-~--HEK
Ceratodon DAVHOVENTEQGEDLOLFVTISRPPMESFT-YEDWTT PHLEA-VPEMEEWDEQVEFSSAAQOCMEPEAAREDDED+
Chlamydomonas* NVLHRIVNTSPTETLEIMITAAPGRNTVQEAYEDWPDSPTAAGHPIELFWH--~~==~~-TDC-~~~-PPGQEL
Motif m—=He===N KDEL
A ) )

Fig. 4. Multiple alignment of ABP1 sequences. The first column gives the species from which the ABP1 originates: Zea ABP1 (Zea Mays; accession
No. P13689); Avena (Avena sativa, TO7797); Hordeum*, a compilation of EST entries (Hordeum vulgare, BE456042, BF259480, AL508794 and
AV834303); Triticum*, a compilation of EST entries (Triticum aestivum, BE426626, BE446060, BE425494, BG274987 and BE516927); Arabidopsis
(Arabidopsis thaliana, P33487); Raphanus (Raphanus sativus, AB000706); Nicotiana (Nicotiana tobacum, P33490); Lycopersicon (Lycopersicon escu-
lentum, CAA09882); Capsicum (Capsicum annuum, CAA88361); Glycine*, an EST entry (Glycine max, BG045594); Malus (Malus x domestica,
AABA47752); Fragaria (Fragaria x ananassa, CAA62956); Ceratopteris*, an EST entry (Ceratopteris richardii, BE641066); Ceratodon (Ceratodon pur-
pureus, AAF37576); and Chlamydomonas*, a compilation of EST entries (Chlamydomonas reinhardtii, BG847560, BG860232, AV635532 and
AV633592). Note that the sequence for Ceratodon extends past the KDEL terminus of other ABP1s, but the extension is not shown. The first four se-
quences are from monocot, the next eight from dicot plants and the last three from a fern, a moss and a green alga. The approximate positions of the
[-strands identified in the text and Figure 2 are illustrated as arrows. Motif indicates the signal peptide, cupin motif and KDEL sequence. The residues
for which there are clear differences between monocots and dicots are highlighted in blue. Red and cyan indicate strict and less strict conservation,
respectively. The Clamydomonas ABP1 sequence may not be aligned correctly as it differs considerably from the other sequences; it is not known
whether this ABP1 binds a metal. Both monocots and dicots have a glycosylation site at Asn95; dicots have an additional glycosylation site at Asnl1.
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Fig. 5. The crystal contact involving the N-terminal extensions of sym-
metry-related molecules in type II crystals of ABPI. The disulfide
bridge and Trpl51 are drawn to illustrate how this crystal contact
might influence the position of the C-terminal a-helix in the protein.

N-terminal extension. Because of the disulfide between the
N- and C-terminal extensions, a change in the conform-
ation of the N-terminal extension could affect the
conformation of the C-terminal extension. This packing
interaction is found in both crystals grown in the absence
of auxin and those grown in its presence, and could lead to
the selection of a single conformation of the N- and
C-terminal extensions in both. It is possible, therefore, that
the two structures reported here represent the bound form
of the ABP1 receptor in the presence and absence of auxin,
the bound conformation being selected by the packing in
the crystal. The crystal contacts involving the N-terminal
extensions cannot occur if ABPI is located on the
membrane’s surface as shown in Figure 1B, as adjacent
dimers would be inverted and could not therefore interact
with proteins in the same membrane through their
C-terminal residues. Alternatively, the interaction of the
C-terminal extension with another protein, possibly
membrane bound, might affect the conformation of the
extensions, holding ABP1 in an unbound conformation not
seen in the crystal structures.

A putative model of signal transduction

Assuming that the conformation of the terminal extensions
of ABP1 is unaffected by crystal packing, or interactions
with other proteins, then the principal effect of auxin
binding will be to stabilize the folded structure of the
protein and directly, via interaction with Trpl51, the
stability of the terminal extensions.

On the other hand, assuming that the conformation of
the N- and C-terminal extensions is that of the bound form
of ABP1 in both the presence and absence of auxin, due
either to crystal contacts involving the N-terminal exten-
sion or to the interaction of ABP1 with another protein, we
can then suggest how the structure might change in the
absence of auxin and additional interactions. Trp151 might

Crystal structure of ABP1

move away slightly from the binding pocket, causing the
C-terminal o-helix also to move away from the binding
pocket in the direction of the helix axis. The a-helix would
act as a rigid rod conveying movement to the protein’s
surface, and the disulfide would limit the extent of the
movement and possibly cause rearrangement of the
N-terminal extension (Figure 2A). Auxin binding would
then cause Trp151 to move fully into the binding pocket,
as seen in the structures, pulling the C-terminal o-helix
with it, and thereby signalling the presence of auxin to the
membrane or other proteins.

Discussion

The crystal structure reveals the architecture, disulfide
arrangement and glycosylation of ABP1, and the structure
of the ABP1 auxin-binding site. The overall similarity of
the ABP1 subunit to that of germin is confirmed; however,
substantial differences are also revealed. Previous work
has suggested a disulfide bridge between Cys2 and Cys61
of maize ABP1 (Feckler et al., 2001) and, for tobacco
ABP1 expressed in Escherichia coli, a disulfide involving
the residue equivalent to 155 (David et al., 2001). The
crystal structure reveals the single disulfide is between
Cys2 and Cys155, with the third cysteine, Cys61, buried
close to the zinc-binding site. The selectivity of ABP1 for
auxins is explained by the characteristics of the binding
pocket. The binding pocket is deep and hydrophobic
except for the zinc ion at the bottom of the pocket.

No change in the conformation of ABP1 was observed
when auxin binds in the crystal. The obvious conclusion is
that there is no change in the structure of ABP1 when
auxin binds in solution. Certainly the evidence for
conformational change from far UV CD is not compelling,
and the near UV CD spectral changes probably reflect the
changing environment of aromatics when auxin binds
(Shimomura et al., 1986). Conformational change is the
most obvious explanation for the antibody-binding data.
The antibody binds the auxin-free form but not the auxin-
bound form of ABP1 (Napier and Venis, 1990; David et al.,
2001). There is an alternative explanation for this obser-
vation; the antibody might induce a change in the structure
of ABPI, one that is resisted by the more stable complex.
However, if antibody binding does induce a change, this
itself might suggest that conformational rearrangement of
ABP1 is biologically important.

The contacts between the N-terminal extensions in the
crystal lattice imply that conformational change involving
the N- and C-terminal regions of ABP1 cannot be ruled
out. The crystal contacts may be selecting a ‘crystallizable
conformation’ of the protein in which the auxin-binding
pocket is fully formed whether auxin is bound or not. It is
unlikely that these crystal contacts could exist on the
surface of a membrane. Alternatively, the interaction of
ABP1 with membrane proteins may favour an alternative
conformation of the extensions. We can therefore suggest
a mechanism by which ABP1 may signal the presence of
auxin to membrane-bound proteins. The auxin-free con-
formation of the extensions in ABP1 would be different,
possibly because of the interaction of ABP1 with other
components, possibly simply because of the lack of crystal
contacts. The binding of auxin would then alter the
position of Trp151 and cause the C-terminal helix to move.
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Because of the disulfide bridge, the N-terminal extension
may also undergo some rearrangement (Figure 2A). The
rearrangement of the N- and C-terminal extensions would
then signal the presence of auxin to membrane proteins,
resulting in the observed changes in ion fluxes across the
plasma membrane (Theil et al., 1993).

Studying the conformation of the extensions of ABP1 in
other crystal forms and in the antibody (Fab)-ABP1
complex will illuminate the effect of crystal packing and
antibody binding on the conformation of the extensions of
ABP1 and lead to a fuller understanding of the role of
ABP1 in auxin signal transduction. Ultimately, the goal is
to identify the proteins with which ABP1 interacts in vivo
and study their interactions in detail.

Materials and methods

Expression, crystallization and purification

ABP1 was expressed, purified and crystallized as described previously
(Macdonald et al., 1994; Woo et al., 2000b). A mutant of ABP1 in which
the C-terminal ER retention sequence (KDEL) was substituted by KEQL
was used to promote secretion into the culture medium and thereby
facilitate purification (Macdonald et al., 1994). Crystallization trials gave
three types of crystals of which type II grew from 23% polyethylene
glycol (PEG) 4000 in the pH range 5.5-7.5 and belonged to the
monoclinic space group P2; with unit cell parameters a = 62.4 A,
b=823A,c=69.8 A, =94.2° with two homodimers per asymmetric
unit. The type II crystals diffracted to 1.9 A resolution, somewhat better
than the other crystal types. Before data collection, the crystals were cryo-
cooled at 100 K using a cryoprotectant consisting of mother liquor
supplemented with 12% 2-propanol and 8% 2-methyl-2-4-pentane diol
(MPD). The crystals used to solve the native structure were grown at
pH 7.5.

Structure solution

The structure was solved by multiple isomorphous replacement using
protein phases calculated from four heavy atom derivatives. Data
collected at synchrotrons and in the laboratory were processed and
merged using DENZO and SCALEPACK (Otwinowski and Minor,
1997). The positions of the four major mercury sites were determined
from the difference Patterson map, and the other heavy atom positions
were found using cross-phased difference Fourier maps. The CCP4
program suite (CCP4, 1994) was used for these calculations. The non-
crystallographic symmetry was exploited to improve the clarity of the
maps using DM (Cowtan and Main, 1998). A partial model was
constructed using wARP (Perrakis et al., 1997). REFMAC (Murshudov
et al., 1997) and O (Jones et al., 1991) were used for further refinement
and manual rebuilding.

Complex formation

The ABP1-1-NAA complex was prepared by mixing 10 mM 1-NAA with
the protein before crystallization with the pH maintained at 5.5, the
optimum for auxin binding. 1-NAA was used in preference to IAA as it is
more stable in solution and has the same biological effect. The crystals
grew in the same conditions as ligand-free ABP1 and had similar cell
parameters.

Coordinates

Coordinates and structure factor amplitudes for the ligand-free ABP1 and
the 1-NAA complex have been deposited in the Protein Data Bank with
accession codes 1LRS and 1LRH, respectively.
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