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Mass spectrometric analysis reveals a cysteine bridge between residues
2 and 61 of the auxin-binding protein 1 from Zea mays L.
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Abstract The major auxin-binding protein (ZmERabpl) from
maize (Zea mays L.) has been structurally characterized. We
determined the position of a disulfide bridge in ZmERabpl by
mass-spectrometric analysis. We show that Cys2 and Cys61 are
covalently linked and that residue Cys155 bears the free
sulfhydryl group. By making use of electrospray mass spectrom-
etry, the molecular mass of ZmERabpl was determined to be
20243 Da comprising a sugar moiety of 1865 Da, corresponding
to a high mannose-type glycan structure. Due to the high
homology among all characterized ABPs, the information on the
disulfide bonds will be important for functional analysis of
recombinantly expressed ABP1. © 2001 Published by Elsevier
Science B.V. on behalf of the Federation of European Biochem-
ical Societies.
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1. Introduction

The plant hormone auxin mediates a wide range of re-
sponses during plant life, but its molecular mechanisms of
action and its site(s) of perception remain to be determined
[1]. So far the only candidate for an auxin receptor is the
auxin-binding protein 1 (ABP1), a protein originally isolated
from maize coleoptiles [2-5]. Numerous homologs were iden-
tified in other plant species including tobacco, strawberry and
Arabidopsis [6-8]. ABP1 is an interesting but puzzling protein.
It is predominantly localized in the endoplasmic reticulum
(ER), although its putative place of action was shown at the
plasma membrane by electrophysiological methods [9-12].
Based on physiological evidence, it has been suggested that
this protein has a receptor function. Anti-ABP antibodies
block auxin-induced hyperpolarization of tobacco protoplasts
probably by disturbing auxin binding or auxin-induced con-
formational changes [8,13]. Conversely, antibodies directed
against a putative auxin-binding domain mimic auxin re-
sponses and induce membrane hyperpolarization [9,14-16].
Genetic and molecular-physiological approaches showed a
role of ABP1 in auxin-induced cell expansion in embryos
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Abbreviations: ABP, auxin-binding protein; ER, endoplasmic reticu-
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and protoplasts [17-19]. Nevertheless, to elucidate the way
of auxin signal transduction, the perception mechanisms as
well as downstream acting elements have yet to be identified.

Although ABP1 from Zea mays (ZmERabpl) has been iso-
lated more than 10 years ago, only limited structural informa-
tion on this protein has become available [15,16]. It is known
that the protein contains three cysteine residues which are
located at strictly conserved positions in every known ABP
homolog. Although ZmERabpl forms a homodimer, under
native conditions it is assumed that no intermolecular disul-
fide bridge exist [2]. For future biochemical studies, e.g. re-
folding of recombinant ABP1 proteins or elucidation of its
crystal structure, it is essential to determine the residues in-
volved in disulfide bridge formation.

Already in 1977 it was demonstrated that specific binding of
1-naphthylacetic acid to maize microsomes was decreased by
dithiothreitol, pointing to the presence of a reducible group
[20]. Recently Leblanc et al. speculated about the presence of
a disulfide bridge in tobacco (Nicotiana tabacum) ABPI
(NtERabpl) between Cys61 and Cysl155 [21]. Their results
were based on epitope mapping using monoclonal antibodies
against peptides of NtERabpl on recombinant NtERabpl.
Applying mass spectrometric analysis, we directly determined
the location of the putative disulfide bridge in ZmERabpl.

2. Materials and methods

2.1. Purification of ZmERabpl

Maize seeds (Z. mays, var. Mutin) were soaked in water overnight
and then allowed to germinate on moist tissue paper for 3 days at
28°C. Coleoptiles, including the primary leaf, were harvested, frozen
in liquid nitrogen and stored at —70°C. All following steps were
performed at 4°C. Using a Polytron homogenizer at maximum speed,
coleoptiles were grinded in buffer STC containing 250 mM sucrose,
100 mM Tris—citric acid, pH 8.0, | mM EDTA, 0.1 mM MgCl,, 10
mM ascorbic acid, 4 mM diethylthiocarbamic acid, 3.5 mg/l trasylol
and 100 pg/l leupeptin. After filtration through a nylon net (135 pm),
the insoluble material was re-extracted in STC (1:1 v/v) and the com-
bined homogenate centrifuged for 30 min at 6000Xg. Membranes
were precipitated with CaCl, at a final concentration of 15 mM and
centrifuged for 20 min at 10000X g. The pellet was homogenized in
buffer A 2 mM K;HPO,, 0.5 mM EGTA, pH 8.0) and the same
volume n-butanol was added. After stirring for 20 min, the two phases
were separated by centrifugation for 20 min at 2000 X g. The lower
aqueous phase was dialyzed overnight against buffer B containing 10
mM sodium citrate, pH 6.5, 5 mM MgCl, and centrifuged for 30 min
at 20000 X g. The supernatant was applied onto a DEAE Sepharose
fast flow column (Pharmacia) equilibrated with buffer B. After wash-
ing the column with buffer B, the ABPl-containing fraction was
eluted with 250 mM NacCl in buffer B. The eluate was dialyzed over-
night against buffer C (10 mM sodium citrate, pH 6.0, 5 mM MgCl,)
and applied onto an affinity column consisting of 4-hydroxyphenyl-
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Fig. 1. ESI-MS analysis of purified ZmERabpl. The ZmERabpl
protein was purified to homogeneity and subjected to mass spectro-
metrical analysis. The numbers above the peaks represent the num-
bers of charges of the molecule. The insert shows the calculated mo-
lecular mass of ZmERabpl after deconvolution. Besides the fully
glycosylated protein, several glycoforms differing from the high
mannose type by one or more sugar residues (A 162) can be de-
tected.

acetic acid coupled to epoxy-activated Sepharose 6B (Pharmacia). The
column was washed with buffer C and eluted with 50 mM NH4HCO3,
pH 9.0. The eluate was lyophilized and stored at —20°C.

2.2. Alkylation

Lyophilized ZmERabpl (100 ug) was dissolved in 0.3 ml 200 mM
triethylamine/acetic acid, pH 10, 50% isopropanol (v/v), 4 M urea, to
give a protein concentration of 1.67X107> M. To this solution 4-
vinylpyridine was added to a 10° molar excess compared to three
possible free sulthydryls. The reaction mixture was incubated for 30
min at 37°C followed by an extensive dialysis against 50 mM
NH4HCO;, pH 8.5. Urea and 1 M Tris/HCl, pH 8.6, were added
to the protein solution to give a final concentration of 8 and 0.1 M
respectively. Mercaptoethanol (14.3 uM) was added and after 1 h at
room temperature (22-25°C) the solution was incubated with iodo-
acetamide (14.3 uM) for 30 min. By using an equimolar amount of
iodoacetamide and mercaptoethanol, side alkylation reactions were
kept to a minimum. After extensive dialysis against 50 mM
NH4HCO;3, pH 8.5, the sample was lyophilized and stored at —20°C.

2.3. Tryptic digestion

Lyophilized ZmERabpl, underivatized and derivatized, respec-
tively, was dissolved in 50 mM NH4;HCO;, pH 8.5, to give a final
concentration of 50-100 pg/ml. Trypsin was added for a trypsin/ABP1
mass ratio of approximately 1:30. The digestion reactions were incu-
bated overnight at 37°C, lyophilized and stored at —20°C.

2.4. Electrospray mass spectrometry (ES-MS) analysis of

ZmERabpl protein
Lyophilized ZmERabpl (100 pg) was dissolved in solvent A (1%

Table 2
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Table 1
Theoretical and measured molecular masses of ZmERabpl

Theoretical ~ Experimental

(Da) data (Da)
ZmERabpl polypeptide, reduced 18379.86
ZmERabpl polypeptide, S-S bridge  18377.84

High mannose sugar (GlcNAc,Mang) 1865.67
Glycoprotein, reduced 20245.53
Glycoprotein, S-S bridge 20243.51 20243

The theoretical values were calculated from the deduced Z. mays
amino acid sequence and the sugar moiety of the high mannose
sugar type (GlcNAc,Many).

formic acid in water). The solution was directly injected into the mass
spectrometer (2 pl/min) by infusion using a solvent flow of 60 ul/min
(30% methanol in water with 1% formic acid). ES-MS was performed
using a ThermoQuest LCQ Classic (Thermo Quest) equipped with
electrospray ionization (ESI) source. The ion spray voltage was 4.2
kV. Fragments were assigned according to their molecular masses.

2.5. Liquid chromatography (LC)IES-MS and tandem mass
spectrometry (MSIMS) analysis of ZmERabpl tryptic peptides

Lyophilized tryptic digest of ZmERabpl was dissolved in solvent A
(5% acetonitril in water containing 0.025% TFA). The peptides were
separated on a BDS-Hypersil reversed phase C18 column (100X 2.1
mm) and eluted with a linear gradient from 0 to 50% solvent B (5%
water in 95% acetonitril containing 0.025% TFA) in solvent A within
60 min (0.3 ml/min). ES-MS was performed using a ThermoQuest
LCQ Classic (Thermo Quest) equipped with ESI source by flow in-
jection (0.3 ml/min). The ion spray voltage was 3.3 kV. Fragments
were assigned according to their molecular masses. The MS/MS anal-
ysis was performed in a dependent scan, i.e. the most intensive ion
was fragmented automatically.

2.6. Software

Mass spectra were analyzed using Navigator ver. 1.1 (Thermo
Quest) and BioMultiView ver. 1.1.1. (Perkin Elmer). The fragment
calculation was done with GPMAW ver. 3.13 (Lighthouse data).

3. Results and discussion

ZmERabpl was purified to homogeneity and subjected to
mass spectrometric analysis.

3.1. ES-MS analysis of ZmERabpl protein

Isolated ZmERabpl was analyzed by ES-MS. Several mul-
tiple charged molecules ((M+10H*]'%* to [M+15H*]">*) were
detected (Fig. 1). From this spectrum, the molecular mass of

Theoretical molecular masses predicted from the deduced Z. mays sequence for all possible tryptic fragments and the observed undigested frag-

ment T11/12 as well as the disulfide-linked peptide T1/6.

Peptide [M+H]" Sequence

Tl 464.57 SCVR

T2 703.77 DNSLVR

T3 3043.45 DISQMPQSSYGIEGLSHITVAGALNHGMK
T4 1642.85 EVEVWLQTISPGQR

T5 623.73 TPIHR

T6 1292.50 HSCEEVFTVLK

T7 204.25 GK

T8 1094.32 GTLLMGSSSLK

T9 5431.04 YPGQPQEIPFFQONTTFSIPVNDPHQVWNSDEHEDLQVLVIISRPPAK
T9-Glyc 7297.71

T10 2008.35 IFLYDDWSMPHTAAVLK

Ti11 1704.90 FPFVWDEDCFEAAK

T12 376.39 DEL

T11/12 2062.29 FPFVWDEDCFEAAKDEL

T1/T6 1754.04 SCVR-HSCEEVFTVLK




(A)

T1-iodoacetamide

s 0 5 2 2% 30 5 ® 5 B
time (min]
om g0 M
4 (B) Tl/iodoacetamide
90 3
E
a0
7
7
o
60
g s 8370
f . 5433
s
& a0
3 025
2 189
2 652 6953 E 95-:;9 i
DY g 12 4213 s oy 7489 7928 8619 | [04.1
b2s s e
103 5340 g ) sons 48
5
o I I |
E 20 | a0 350 400 450 500 | 50 | eoo s 700 | 750 BOO  BS0  %0  es0 1000
005 6751 [M+2H]*"
53 (C) T6/iodoacetamide
!
853
a0
7
70
&
60
£ s
£ s
£
2 w0
3
o 676,1
2
» [M+H]"
15
13486
: P s e o g oy ] 0
B P 000w W Sl A 1 v
a w00 500 00 700 300 %0 1000 60 1200 "abo 1400 1500

10846 [M+2H]*"
(D) T11/12/4-vinylpyridine

8175

7
i)
o 1078
8 & 10373
g s
2w 14366
Z 45 1o2¢, 1051 1463,1
2 a0 [M+3H]™ lasss 9022 :
e
3 231 1349 2201
0
102 1179,1 a2
7699 w79 12366 1e201
2 5412 9857
20 7208 [F283 | 2488 13025, 13973 14892
15 6276 2 92p6
5623 500 6708 7027 |[7473
0 ‘ ‘
s
: ) ‘ ‘ [ |
500 60 700 800 %0 1000 1100 1200 1300 1400 1500

miz

Fig. 2. ESI-MS analysis of a tryptic digest of specifically labeled
ZmERabpl. The ZmERabpl protein was purified to homogeneity
and free sulfhydryls were derivatized with 4-vinylpyridine. After re-
duction, the protein was labeled with iodoacetamide. The tryptic di-
gest was separated on HPLC and analyzed by MS. A chromato-
graphic trace detected as total ion current (TIC) is shown in panel
A. The MS scans of the derivatized peptides T1/iodoacetamide, T6/
iodoacetamide and T11/12/4-vinylpyridine are shown in panels B, C
and D, respectively.
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the protein was calculated to 20243 Da including the glycan
residue (insert Fig. 1). The theoretical value of the molecular
mass can be calculated based on the deduced amino acid se-
quence to 18379.86 Da for the reduced form and to 18377.84
Da assuming the presence of an intramolecular disulfide
bridge. To determine the molecular mass of the glycan resi-
due, the high mannose-type sugar predicted from earlier re-
sults was considered (GlcNAc;Many, 1865.6 Da) [4]. The cal-
culated mass of the oxidized form fits better (A 0.5 Da) with
the measured value than the reduced form (A 2.5 Da) (Table
1). Therefore, already the determination of the molecular
mass implies the presence of a disulfide bridge.

ZmERabpl was not dimerized via an intermolecular disul-
fide bridge but formed a monomer under the conditions used
in this analysis (compare to [2]). Additionally, the existence of
a high mannose-type sugar was proven in accordance with
earlier studies [4].

Five other significant molecular species are observed be-
tween 19400 and 20100 Da. These signals correspond to
the presence of several glycoforms of ZmERabpl (A
162 =mannose). These different glycosylation species reveal
that at least a small portion of ZmERabpl differs from the
predicted high mannose type. Typically, glycan residues are
modified in the Golgi giving support to earlier suggestions
that ABP1 is entering this compartment probably on its way
to the plasma membrane (reviewed in [22]).
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Fig. 3. ESI-MS and MS/MS analyses of disulfide-linked peptides T1
and T6. The ZmERabpl protein was purified to homogeneity and
subjected to tryptic digestion. The peptides were separated on
HPLC and analyzed by ESI-MS. Panel A shows the single MS
analysis of T1/T6. In panel B, the MS/MS scan depicts the fragmen-
tation of T1/T6 which is schematically presented in the insert. The
b-fragmentation series (b14-b7) proves the identity of the linked
peptides.
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Table 3

Molecular masses of tryptic fragments of ZmERabpl

Peptides [M+H] " theoretical [M+H]" found Reduction time (min) Remarks

Tl 464.57 521.3 2.01-2.24 labeled with iodoacetamide (A 57)

T2 703.77 703.4 13.7-13.84

T3 3043.45 3042.7 40.42-40.56

T4 1642.85 1641.8 37.36-37.56

T5 623.73 623.5 8.68-8.91

T6 1292.50 1348.6 33.19-33.33 labeled with iodoacetamide (A 57)

T7 204.25 - - dipeptide, too small for detection

T8 1094.32 1093.5 30.23-30.33

T9 7297.71 7296.6 45.92-46.09 high mannose type (GlcNAc,Mang)

T10 2008.35 2007.6 42.14-42.29

T11/12 2062.29 2168.2 43.49-44.10 T11/12 labeled with 4-vinylpyridine (A 105)

The isolated protein was alkylated with 4-vinylpyridine (A 105) to label the free cysteine residue. Reduction was followed by derivatization with

iodoacetamide (A 57) and tryptic digestion. After separation on HPLC the peptides were investigated by MS.

3.2. LCIES-MS analysis of ZmERabpl tryptic peptides

Firstly, the cysteine residues were specifically labeled ac-
cording to their redox state: ZmERabpl was subjected to
alkylation of putative free sulthydryls with 4-vinylpyridine.
After reduction, disulfide-linked cysteines were tagged with
iodoacetamide prior to tryptic digestion. The identity of pep-
tides was assigned by comparison of the observed molecular
masses to the theoretical values predicted from the deduced Z.
mays amino acid sequence for all possible tryptic fragments
(Table 2). The spectra of the peptides are presented in Fig. 2
and summarized in Table 3. In all studies we observed an
incomplete digestion between peptides T11 and T12 resulting
in a larger peptide of 2061 Da. Due to its small size, tryptic
fragment T7 (204.25 Da) was not detected in all measure-
ments because of short retention time on the high perform-
ance (HP)LC (Table 4).

The mass spectrometrical analysis revealed that the tryptic
fragment T11/12 carried the 4-vinylpyridine residue resulting
in a mass shift of 105 Da. This finding demonstrates that
Cys155 is the only free sulfhydryl residue in ZmERabpl. In
line with this observation was the finding that the tryptic pep-
tides T1 and T6 showed a mass shift of 57 Da due to the
covalently linked iodoacetamide residue.

Other possible species, i.e. peptides differing in the de-
scribed derivatization pattern could not be found. Therefore,
it is unlikely that a disulfide shuffling occurred during isola-
tion which can occur at high pH.

To confirm the localization of the disulfide bridge between
Cys2 and Cys6l, tryptic digests obtained from isolated
ZmERabpl were analyzed by LC/ES-MS. We observed that
the combined tryptic fragments T1 and T6 had a molecular

mass of 1753.7 Da clearly demonstrating linkage via a disul-
fide bridge (Fig. 3A). No other putative dipeptide (T1/T11/12,
T6/T11/12) reflecting another putative disulfide bridge be-
tween Cys2 and Cysl55 or Cys61 and Cysl55, respectively,
could be detected. In an MS/MS experiment of the tryptic
digest, all peptides theoretically predicted could be identified
by fragmentation except fragment T11/T12 or T11 or T12
alone (data not shown). As a confirmation, the MS/MS scan
of the cysteine-linked peptide T1/T6 is depicted in Fig. 3B.
The fragmentation data are summarized in Table 5 giving
direct proof for the presence of a disulfide bridge between
Cys2 and Cys61. The nature of the covalent bond was proven
by detection of two fragment pairs (m/z 1258.6 and 496.4 as
well as 1323.7 and 430.3) typically found for disulfide-linked
peptides.

In the case of ABPI1, early experiments indicate that a di-
sulfide bridge is necessary for auxin binding [20]. The finding
of a precisely localized disulfide bond within ABP1 could in-
dicate either an extracellular or a compartimented residence
for ABP1. The analysis of proteins having one or more intra-
cellular disulfide bridge typically points to an extracellular
localization [23]. Based on the results presented here, the fol-
lowing conclusions can be drawn:

1. Due to the high homology and the conservation of all three
cysteine residues, a general structural role for these residues
in all ABP1s is likely.

2. In refolding experiments of any recombinantly expressed
ABP1 species, the correct disulfide linkage has to be care-
fully checked since this represents a prerequisite for correct
protein folding.

Table 4

Molecular masses of tryptic fragments of ZmERabpl

Peptide [M+H]" theoretical [M+H]" found RT (min) Remarks

TL1/T6 1754.07 1753.7 22.02-22.11 T1 linked to T6 via disulfide bridge
T2 703.77 703.4 9.63-9.98

T3 3043.45 3043.4 31.57-31.83

T4 1642.85 1641.8 28.71-29.06

T5 623.73 623.4 4.71-4.97

T7 204.25 - - dipeptide, too small for detection
T8 1094.32 1093.5 22.21-23.08

T9 7297.71 7295.4 37.79-37.88 confirmation of high mannose type (GlcNAc,Many)
T10 2008.35 2007.8 33.5-33.75

T11 1704.90 - - not detected

T12 376.39 - - not detected

Isolated ZmERabpl was digested with trypsin, separated on HPLC and investigated by MS.
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Table 5
Tandem mass spectrometrical analysis of the disulfide-linked pep-
tides T1/T6

uence [M+H]" / [M+2H]™ theor. [M+H]" / [M+2H]” det.
SCVR TI/T6 1754.0 1753.9
| 877.5 877.4
HSCEEVFTVLK
SCVR by 1736.0 nd
| bis?* 868.5 868.2
HSCEEVFTVLK
SCVR by 1607.9 1606.9
| b 804.4 804.1
HSCEEVFTVL
SCVR by, 1494.7 14937
| bis™ 7479 747.6
HSCEEVFTV
SCVR biz 1395.6 1394.4
| b 698.3 698.0
HSCEEVFT
SCVR [ 12945 12935
| by 647.7 647.9
HSCEEVF
SCVR bio 11473 1146.2
| by 574.1 574.0
HSCEEV
SCVR [ 1048.1 10488
| [ 524.6 nd.
HSCEE
SCVR by 919.0 9193
| b 460.0 460.4
HSCE
SCVR by 789.9 789.9
| b 395.5 nd.
HSC
SCVR (H;S) 430.5 4303
SCVR 496.6 496.4
|
SSH
HSCEEVFTVLK (- H;S) 1257.5 1258.6
SSH 13226 13237
|
HSCEEVFTVLK

Depicted is the b-fragmentation series (b15-b7) as well as the cleav-
age at the thioether bond. theor.: theoretical; det.: determined;
n.d.: not detected.

3. It is very likely that ABP1 is either localized in a intra-
cellular compartment (ER-lumen, vacuole) or at the plas-
ma membrane due to the reducing environment of the cy-
tosol.

4. In general, free sulfhydryls are very reactive and sensitive
to oxidation. Very likely, the C-terminus with its free cys-
teine residue is protected within the protein structure or
within the protein structure of other interacting partner
proteins.

A putative role for ABP1 in auxin signal transduction has
been proposed, but remains to be elucidated. Until now the
only way to study the correct folding status of heterologous
expressed ABP1 was the use of auxin-binding assays. The
position of the intramolecular disulfide bridge gives another
valuable information about the native structure of ABPI.
Therefore, our results presented here will be important for
further functional studies of recombinantly expressed ABP1.

C. Feckler et al.[FEBS Letters 509 (2001) 446-450

References

[1] Davies, P.J. (1995) in: Plant Hormones, Physiology, Biochemis-
try and Molecular Biology (Davies, P.J., Ed.), pp. 1-38, Kluwer
Academic Publishers, Dordrecht.

[2] Shimomura, S., Sotobayashi, T., Futai, M. and Fukui, T. (1986)
J. Biochem. 99, 1513-1524.

[3] Venis, M. (1987) in: Plant Hormone Receptors (Klambt, D., Ed.)
NATO ASI Series H, Vol. 10, pp. 27-39, Springer.

[4] Hesse, T., Feldwisch, J., Balshuesemann, D., Bauw, G., Puype,

M., Vandekerckhove, J., Lobler, M., Kldmbt, D., Schell, J. and

Palme, K. (1989) EMBO 1J. 8, 2453-2462.

Palme, K., Feldwisch, J., Hesse, T., Bauw, G, Puype, M., Van-

dekerckhove, J. and Schell, J. (1990) in: Hormone Perception

and Signal Transduction in Animals and Plants, Symposia of

the Society for Experimental Biology, XLIV (Roberts, J.A.,

Kirk, C. and Venis, M., Eds.), pp. 299-313, The Company of

Biologists Limited.

Leblanc, N., Roux, C., Pradier, J.M. and Perrot Rechenmann, C.

(1997) Plant Mol. Biol. 33, 679-689.

Lazarus, C.M. and Macdonald, H. (1996) Plant Mol. Biol. 31,

267-277.

[8] Palme, K., Hesse, T., Campos, N., Garbers, C., Yanofsky, M.F.
and Schell, J. (1992) Plant Cell 4, 193-201.

[9] Barbier Brygoo, H., Ephritikhine, G., Klimbt, D., Ghislain, M.
and Guern, J. (1989) Proc. Natl. Acad. Sci. USA 86, 891-895.

[10] Venis, M.A., Napier, R.M., Barbier Brygoo, H., Maurel, C.,
Perrot Rechenmann, C. and Guern, J. (1992) Proc. Natl. Acad.
Sci. USA 89, 7208-7212.

[11] Gehring, C.A., McConchie, R.M., Venis, M.A. and Parish, R.-W.
(1998) Planta 205, 581-586.

[12] Leblanc, N., Perrot-Rechenmann, C. and Barbier-Brygoo, H.
(1999) FEBS Lett. 449, 57-60.

[13] David, K., Carnero-Diaz, E., Leblanc, N., Monestiez, M., Gro-
sclaude, J. and Perrot-Rechenmann, C. (2001) J. Biol. Chem. 276,
34517-34523.

[14] Ruck, A., Palme, K., Venis, M.A., Napier, R.M. and Felle, H.
(1993) Plant J. 4, 41-46.

[15] Woo, E.J., Bauly, J., Chen, J.G., Marshall, J., Macdonald, H.,
Lazarus, C., Goodenough, P., Venis, M.A., Napier, R. and Pick-
ersgill, R. (2000) Acta Crystallogr. D Biol. Crystallogr. 56, 1476—
1478.

[16] Warwicker, J. (2001) Planta 212, 343-347.

[17] Chen, J.-C., Ullah, H., Young, J.C., Sussman, M.R. and Jones,
A.M. (2001) Genes Dev. 15, 902-911.

[18] Jones, A.M., Im, K.H., Savka, M.A., Wu, M.J., DeWitt, N.G.,
Shillito, R. and Binns, A.N. (1998) Science 282, 1114-1117.

[19] Steffens, B., Feckler, C., Palme, K., Christian, C., Bottger, M.
and Liithen, H. (2001) Plant J. 27, 591-599.

[20] Ray, P. and Dohrmann, U. (1977) Plant Physiol. 59, 357-364.

[21] Leblanc, N., David, K., Grosclaude, J., Pradier, J.M., Barbier-
Brygoo, H., Labiau, S. and Perrot-Rechenmann, C. (1999) J. Biol.
Chem. 274, 28314-28320.

[22] Macdonald, H. (1997) Physiol. Plant. 100, 423-430.

[23] Thornton, J.M. (1981) J. Mol. Biol. 151, 261-287.

[5

6

[7



