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Abstract 

Attachment of Rhizobium and Agrobacterium bacteria to cells of their host plants is a two-step process. 
The first step, direct attachment of bacteria to the plant cell wall, is mediated by the bacterial protein 
rhicadhesin. A putative plant receptor molecule for rhicadhesin was purified from cell walls of pea roots 
using a bioassay based on suppression of rhicadhesin activity. This molecule appeared to be sensitive 
to treatments with pronase or glycosidase. Its isoelectric point is 6.4, and its apparent molecular mass 
was estimated to be 32 kDa before and 29 kDa after glycosidase treatment, as determined by sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis and ultrafiltration. The sequence of the first 29 
N-terminal amino acids was determined: A-D-A-D-A-L-Q-D-L-C(?)-V-A-D-Y=A-S-V-I-L-V-N-G-F- 
A-S-K(Q)-(P/Q)-(L)-(I). No homology with known proteins was found. In the course of this research 
project the extracellular matrix protein vitronectin was reported to inhibit attachment of A. tumefaciens 
to carrot cells [29]. A variety of adhesive proteins, including vitronectin, contain a common cell attach- 
ment determinant with the sequence R-G-D. Since we could not detect other cell wall components able 
to suppress rhicadhesin activity, and since an R-G-D containing hexapeptide was also active as a 
receptor, we speculate that the plant receptor for rhicadhesin is a glycoprotein containing an R-G-D 
attachment site. 

Introduction 

Agrobacterium and Rhizobium bacteria belong to 
the family of Rhizobiaceae. A. tumefaciens can 
induce formation of crown gall tumours on most 
dicotyledonous plants. Rhizobium can induce for- 
mation of nitrogen-fixing nodules on roots of vari- 
ous leguminous plants. One of the initial steps in 

both interactions is attachment of the bacteria to 
cells of their host plant. This attachment is a two- 
step process [27]. The first step, the direct at- 
tachment of the bacteria to the plant cell surface, 
is most probably mediated by rhicadhesin, a bac- 
terial surface protein of about 14 kDa [24, 25]. 
This protein was found to be common among 
Rhizobiaceae [25]. In contrast to the first step, 
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the second step, firm adherence and accumula- 
tion of the bacteria at the attachment site by bac- 
terial cellulose fibrils, is not required for virulence 
and nodulation. A. tumefaciens and Rhizobium 
mutants lacking cellulose fibrils appeared to be 
fully infective [ 14, 23 ]. 

Several observations indicate that specific con- 
stituents for binding of Agrobacterium are located 
on/in the plant cell wall. Attachment by Agrobac- 
terium appeared to be saturable [15]. Pretreat- 
ment of plant cell surfaces with avirulent strains 
ofA. tumefaciens can inhibit tumour formation by 
virulent strains presumably by occupation of 
available binding sites [ 12]. Moreover, plant cell 
wall fragments were found to compete with natu- 
ral sites for binding of the bacteria [ 13]. The pres- 
ence of a newly formed primary cell wall was 
found to be required for attachment of A. tume- 
faciens to tobacco protoplasts [ 11 ]. Since 
R. leguminosarum bacteria preferably attach to 
the tip of developing root hairs, also for this bac- 
terium a newly formed primary cell wall is prob- 
ably required for optimal attachment. 

Only few reports concern plant molecules in- 
volved in adherence of Rhizobiaceae. Polygalac- 
turonic acid and pectin have been reported to 
inhibit tumour formation by A. tumefaciens and 
the degree of pectin methylation has been claimed 
to be important for attachment [17]. However, 
only the effect on tumour formation was scored, 
not the effect on attachment. Neff and Binns [ 15] 
reported a pectin-enriched fraction from tomato 
cell walls to inhibit binding ofA. tumefaciens cells. 
However, the activity of the pectic fraction was 
partly abolished by protease treatment, indicative 
of protein involvement. These authors speculated 
that the inhibition of attachment by pectin might 
be non-specific. Recently, vitronectin was re- 
ported to inhibit binding ofA. turnefaciens to car- 
rot cells [29]. Detergent extraction of the carrot 
cells resulted in a failure to bind A. tumefaciens. 
Immunoblot analysis of such a detergent extract 
revealed two polypeptides cross-reactive with 
polyclonal antibodies to human vitronectin. Fur- 
thermore, wild-type agrobacteria were found to 
bind radioactive vitronectin [29]. Vitronectin is 
an extracellular matrix glycoprotein found in ani- 

real and plant cells and it is functional in several 
developmental processes, including cell attach- 
ment. 

Legume lectins have been reported to be in- 
volved in rhizobial attachment. However, lectins 
play a role in determination of host plant speci- 
ficity probably at the level of infection thread for- 
mation [3, 27]. Since Rhizobium and Agrobacte- 
rium can attach to a wide variety of plants, 
including non-legumes and monocots, a more 
common plant component should be expected to 
represent a receptor molecule. 

The first step in the attachment process of 
Rhizobiaceae, which is mediated by rhicadhesin, 
is non-host-specific. Rhicadhesin inhibits attach- 
ment of R. leguminosarum by. viciae cells to root 
hair tips of various plants in a dose-dependent 
way [25], and is also able to inhibit attachment 
of several other members of the Rhizobiaceae, 
including A. tumefaciens. 

In this study a glycoprotein with receptor ac- 
tivity for rhicadhesin was isolated from cell walls 
of pea roots, purified and partly characterized. 

Materials and methods 

Bacterial strains and culture conditions 

R. leguminosarum bv. viciae strain 248 [9] and 
A. tumefaciens strain LBA1010 [10] have been 
described previously. TYC medium contains 
5.0g/1 tryptone (Difco), 3.0g/1 yeast extract 
(Difco), 7 mM CaCI2. For attachment assays 
bacteria were cultivated on a rotary shaker 
(180 rpm) at 28 °C in 100 ml Erlenmeyer flasks, 
containing 50 ml TYC medium. For purification 
of rhicadhesin bacteria were grown in 2-1itre Er- 
lenmeyer flasks containing 1.25 litre TYC me- 
dium. 

Plants and plant culture conditions 

Seeds of pea (Pisum sativum cv. Finale; Cebeco, 
Rotterdam, Netherlands) were surface-sterilized 
and cultivated as described previously [22]. 



Attachment assay 

The attachment assay used has been described 
previously [22]. Briefly, roots were immersed in 
a suspension of bacteria for 2 h. Attachment was 
quantified by randomly screening at least 100 de- 
veloping root hairs with use of a phase-contrast 
microscope. For this report, three classes of at- 
tachment were distinguished: class 1, no attached 
bacteria; class 2, few bacteria, attached directly to 
the root hair; class 3, many attached bacteria, 
forming two or more layers of bacteria or a cap- 
like aggregate at the tip of the root hair. The per- 
centage of root hairs in each class was calculated. 
The viability of the assay is about 10~o and de- 
pends largely on the condition of the roots. 

Purification of rhicadhesin 

The protocol for the purification of rhicadhesin 
from either Rhizobium or Agrobacterium has been 
described previously [25]. 

Assay of rhicadhesin activity 

Inhibition of attachment of R. leguminosarum bv. 
viciae and A. tumefaciens to pea root hair tips by 
rhicadhesin was determined as described [25]. 
Briefly, two lateral pea roots were incubated to- 
gether with the rhicadhesin fraction (ca. 10 ng/ml 
25 mM potassium phosphate buffer, pH 7.5) for 
60 rain on a rotary table. Controls were incubated 
for 60 rain in buffer only. After this treatment, the 
roots were washed in phosphate buffer and incu- 
bated with bacteria in the attachment assay de- 
scribed above. 

Test for the presence of receptor activity 

To test whether a fraction or component showed 
receptor activity for rhicadhesin, suppression of 
inhibition of attachment by rhicadhesin was mea- 
sured. Samples in 25 mM phosphate buffer, 
pH 7.5, were incubated with rhicadhesin isolated 
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from either A. tumefaciens or R. leguminosarum 
bv. viciae. After 30 min two lateral pea roots were 
added and the procedure to test inhibition of at- 
tachment by rhicadhesin was followed. It was 
assumed that binding of rhicadhesin to a recep- 
tor would prevent its binding to a root hair, 
thereby enabling normal bacterial attachment in 
a following attachment assay. Vitronectin was 
purchased from Sigma or Telios Pharmaceuticals 
Inc., San Diego, CA. Gly-Arg-Gly-Asp-Thr-Pro 
(RGD hexapeptide) and Gly-Arg-Gly-Glu-Ser- 
Pro (RGE hexapeptide) were purchased from 
Telios Pharmaceuticals. 

Plant cell wall preparations 

Cell wall fragments were prepared from 8-day-old 
pea roots. Roots were harvested, frozen in liquid 
N 2 and stored at -80 o C. For cell wall isolation 
frozen roots were crushed in a mortar. After ad- 
dition of 2.5 volumes of 0.1 M potassium phos- 
phate buffer, pH 6.8, the roots were homogenized 
three times on ice in a Sorval Omnimixer (Du 
Pont Instruments, Newtown, CT) operating at 
maximum speed for 5 min. Next, the suspension 
was centrifuged for 15 min at 10 000 x g. The pel- 
let was washed twice with ice-cold distilled water. 
Five volumes of a chloroform/methanol (1:1 v/v) 
solution were added, the resulting suspension was 
homogenized in the Omnimixer at maximum 
speed for 3 min, and was finally centrifuged for 
15 min at 12000 x g. The pellet was first washed 
with one volume of the chloroform/methanol mix- 
ture, then with one volume of acetone, and dried 
in a vacuum bell at room temperature. Cell walls 
were stored at -20  °C. 

Cell wall fractionation 

Isolated cell walls were extracted with 0.9~o NaC1 
at room temperature for 2 h. After this salt ex- 
traction, the cell walls were washed in 0.9 ~o NaC1 
and extracted with 0.9~o NaC1 at 80 °C for 2 h, 
during which time the mixture was stirred every 
15 min. Subsequently, the cell walls were im- 
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mersed in an aqueous oxalic acid-oxalate solution 
(0.25 ~o w/v H2C204 + 0.25 ~o w/v (NH4)2C204) 
and extracted at 80 °C for 1 h. Each extract was 
filtered through a glass fibre filter and centrifuged 
at 23 000 x g for 20 min. Next, the supernatants 
were diluted 6-fold with 96 ~o ethanol and kept at 
4 °C for 16 h. After centrifugation of the ethanol 
precipitate for 30 rain at 36000 x g, the pellets 
were washed twice with acetone. Pellets were 
dried in a vacuum bell at room temperature. 

Other extraction methods used were extrac- 
tions of fresh cell walls with either 0.2 M CaC12 
or 25 mM LaC13 in demineralized water for 16 h 
at 4 °C (see below). 

Isolation of crude extract with receptor activity 

For the preparation of a crude extract with re- 
ceptor activity, 2.5 g (dry weight) of isolated cell 
walls were extracted with 90 ml 0.2 M CaC12 in 
demineralized water for 16 h at 4 °C. The sus- 
pension was filtered through a nylon gauze and 
centrifuged at 12000 x g  for 10 min at 4 °C. The 
supernatant fluid was centrifuged at 100000 x g 
for 2 h at 4 °C and the resulting supernatant fluid 
was dialysed against distilled water, lyophilized 
and stored at -20 °C. 

Ultrafiltration 

Ultrafiltration was performed using Macrosep ul- 
trafiltration cells containing Omega membranes 
with a nominal cut-off of 30 kDa and 50 kDa 
(Filtron, Breda, Netherlands). Ten per cent of 
crude extract with receptor activity was applied to 
each filter and was filtered by centrifugation at 
4500 x g. The filtrate was collected and lyo- 
philized. The residue was washed 3 times with 
6 ml H20  and lyophilized. 

Protease treatment 

A part of a lyophilized crude extract with recep- 
tor activity, corresponding to one unit, was re- 

suspended in 25 mM potassium phosphate buffer, 
pH 7.5. Proteinase K (Sigma Chemical, St Louis, 
MO) or pronase (Boehringer Mannheim GmbH,  
Germany) was added to a final concentration of 
1 mg/ml, and the mixture was incubated for 
60 min at 37 ° C. Next, enzymes were inactivated 
by incubation at 75 °C for 10 rain. 

Preparative isoelectric focusing (IEF) 

Crude isolates were analysed using a Rotofor pre- 
parative isoelectric focusing cell (Bio-Rad Labo- 
ratories B.V., Veenendaal, Netherlands). Fresh 
crude extract with receptor activity was concen- 
trated by lyophilization, filtered through a 0.2 #m 
pore-size filter, and diluted with H20  to a final 
volume of 39 ml. To this sample 1 ml ampholytes 
(Bio-Lyte 3/10, BioRad) was added, and the mix- 
ture was transferred into the Rotofor cell. Iso- 
electric focusing in the Rotofor cell required 2.5 h 
at 12 W constant power at 4 ° C. At equilibrium 
the voltage was 1200 V. Twenty fractions were 
collected, their pH values measured, and each 
fraction was tested for the presence of receptor 
activity. 

Affinity chromatography 

A fast protein liquid chromatography (FPLC) 
system was used, including an LCC-500 control- 
ler, two P-500 pumps, one P-1 pump, one UV-M 
absorbance monitor, one Frac-100 collector, and 
a series of motorized valves (Pharmacia-LKB, 
Uppsala, Sweden). Each buffer was prepared 
with Milli-Q water (Millipore, Bedford, MA) and 
filtered through 0.20 #m pore-size membrane fil- 
ters (Sartorius GmbH,  GOttingen, Germany). 
Hydroxyapatite (HA) granules (Serva, Heidel- 
berg, Germany) were washed with 10 mM Tris- 
HC1 buffer, pH 7.5, before being packed in a 
column (5mm × 50 mm). The packed column was 
prewashed with 10 mM Tris-HC1 buffer, pH 7.5. 
The sample in 10 mM Tris-HC1 buffer, pH 7.5, 
was applied and chromatography was performed 
at a flow rate of 0.25 ml/min. Column-bound ma- 



terial was eluted by 1 M CaC12 in 10 mM Tris- 
HC1 buffer, pH 7.5. The hydroxyapatite matrix 
was discarded after each run. 

SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE) and protein staining 

SDS-PAGE was performed as described [21]. 
The molecular masses of the marker proteins 
were: bovine serum albumin, 66 kDa; egg albu- 
min, 45kDa;  carbonic anhydrase, 29kDa: 
fi-lactoglobulin, 18 kDa; and lysozyme, 14 kDa. 
Proteins were silver-stained as described [1]. 

Recovery of proteins from SDS-polyacrylamide gels 

SDS-PAGE [21] was performed using preco- 
loured rainbow markers (Amersham Nederland, 
's-Hertogenbosch, Netherlands) with the follow- 
ing molecular masses: myosin, 200 kDa; phos- 
phorylase b, 97.4 kDa; bovine serum albumin, 
69kDa; egg albumin, 46 kDa; carbonic anhy- 
drase, 30 kDa; trypsin inhibitor, 21.5 kDa; and 
lysozyme, 14.3 kDa. After electrophoresis, a 
1 cm x 1 cm piece was cut from the gel repre- 
senting the 30 to 42 kDa area containing the pu- 
rified putative receptor fraction. As controls 
served a one by one cm piece of unloaded gel and 
a one by one cm piece of gel representing the 50 
to 90 kDa area containing a sample of vitronectin 
(1 #g). The gel pieces were extracted with 1 ml 
H20 for 48 h at room temperature, and the re- 
sulting extract was extensively dialysed against 
distilled water, lyophilized and reanalysed by 
SDS-PAGE or tested for receptor activity. 

N-terminal sequence analysis 

About 300 pmol purified putative receptor pro- 
tein was spotted on polyvinylidene fluoride mem- 
brane by centrifugation. Automated Edman deg- 
radation [5, 8] was performed by Eurosequence 
(Groningen, Netherlands). The N-terminal se- 
quence was determined on an Applied Biosys- 
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terns model 477A sequenator [6], which was con- 
nected on-line to a reversed-phase HPLC unit 
(Model 120A, Applied Biosystems). A second 
analysis was performed at the Protein Sequencer 
Facility (Department of Medical Biochemistry, 
Leiden University, Leiden, Netherlands), which 
is supported by the Netherlands Organization for 
Scientific Research (NWO) through the Nether- 
lands Foundation for Chemical Research (SON). 
The instrument used was an Applied Biosystems, 
model 475A Protein Sequencer, on-line equipped 
with a Model 120A PTH Analyser. 

Amino acid composition 

High-sensitivity amino acid analysis of protein 
hydrolysates was performed with a HP 1090 
Aminoquant apparatus [28] using an automatic 
two-step pre-column derivation (Eurosequence). 
It should be noted that during the hydrolysis pro- 
cedure (5.7 M HC1 for 2 h at 166 °C) tryptophan 
was destroyed, asparagine and glutamine were 
deaminated to aspartic acid and glutamic acid, 
respectively, and cysteine could not be determined 
accurately. 

Glycosidase treatment 

Purified protein (ca. 150 ng) was treated with ei- 
ther 1000 units Endoglycosidase Hf (Biolabs, 
Beverly, MA), 1 unit Endoglycosidase H (Boe- 
hringer, Mannheim) or 1 unit N-glycosidase F 
(Boehringer, Mannheim) as recommended by the 
manufacturer. 

Cross-reactivity with anti-human vitronectin poly- 
clonal antibody 

A crude extract with receptor activity derived 
from 2.5 g cell walls, and vitronectin (1/~g) were 
spotted onto nitrocellulose paper. Blocking, in- 
cubation with rabbit anti-human vitronectin poly- 
clonal antibody (1000-fold diluted) (Telios Phar- 
maceuticals), and immunoenzymatic staining 
were performed as described previously [4]. 
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Results 

Extraction and initial characterization of rhicadhesin 
receptor 

Cell walls from 7- to 8-day-old pea roots and cell 
wall fractions were examined for rhicadhesin re- 
ceptor activity by testing their ability to suppress 
inhibition of attachment by rhicadhesin. On av- 
erage, 110 g of roots yielded 2.5 g of cell wall 
material. These cell walls were able to inhibit at- 
tachment of R. legurninosarum bv. viciae to pea 
root hairs. Incubation of the bacteria with these 
cell walls prior to incubation with root hairs de- 
creased the percentage of class 3 attachment, root 
hairs with two or more layers of bacteria, from 70 
to 35, whereas class 1 attachment, root hairs with 
no attached bacteria, increased from 10~o to 
35 ~o. Moreover, these cell walls were able to sup- 
press inhibition of attachment of R. leguminosa- 
rum bv. viciae by rhicadhesin isolated from either 
R. leguminosarurn bv. viciae or from A. tumefa- 
ciens (Table 1). Next, the cell walls were subjected 
to various extractions and tested for residual ac- 
tivity. Extraction with 0.9~o NaC1 at room tem- 
perature was followed by a 0.9 ~o NaC1 extraction 
at 80 °C, both to extract the more soluble pro- 
teins and polysaccharides. These treatments did 
not render the cell walls inactive and did not ex- 
tract a possible rhicadhesin receptor molecule. 
Subsequently, pectic substances were extracted 
with an oxalic-oxalate solution. After this treat- 
ment cell walls appeared to have lost their abil- 
ity to suppress inhibition of attachment by rhicad- 
hesin, which is indicative of loss of a receptor 
molecule for rhicadhesin. However, no activity 
representing such a compound was found in the 
extract (data not shown). Possibly, oxalic acid- 
oxalate extraction had inactivated the receptor 
molecule or the activity was lost by the ethanol 
precipitation. In contrast, extraction of fresh cell 
walls with 0.2 M CaC12, followed by extensive 
dialysis, yielded a component with receptor ac- 
tivity for rhicadhesin. After this extraction the cell 
walls were no longer able to suppress inhibition 
of attachment by rhicadhesin, whereas the extract 
appeared to be inhibitory (Table 1). The presence 

Table 1. Influence of  cell walls and cell wall fractions of  pea 
roots on rhicadhesin  activity. 1 

Pret reatment  of  the roots % a t tachment  in 
class 2 

1 2 3 

Phospha te  buffer 3 28 70 
Rhicadhes in  3 45 42 13 
Rhicadhesin, preincubated 4 with 

pea root  cell wails 8 18 73 
CaC12-extracted cell walls 5 32 46 22 

CaC12 extract 6 11 19 70 

LaC13-extracted cell walls s 15 22 66 

LaC13 extract 6 52 30 18 

CaC12 extract 6, heat- treated v 11 22 67 

prote inase-K-treated 8 15 25 40 

pronase- t rea ted s 32 42 26 
> 5 0  k D a  9 63 28 9 

< 50 k D a  9 13 27 60 
> 30 k D a  9 24 27 50 
< 3 0  k D a  9 21 44 35 

CaC12 extract with BSA (1 mg/ml)  10 22 68 

i Bacteria were harves ted  at an A620 value of  0.70, resus-  

pended  in 25 m M  phospha te  buffer, p H  7.5, and  added to 
the pea roots  to a final concentra t ion of  1.5 x 108 to 2.0 x 10 s 

cells/ml. Roots  were preincubated for 60 min with each 

preparation,  washed,  and incubated  with the bacteria for 

120 rain at room temperature.  

2 Class  1, no at tached bacteria; class 2, few bacteria, a t tached 

directly to the root  hair; class 3, m a n y  at tached bacteria 
forming two or more  layers or a cap-like structure on top 
of  the root  hair. 

3 Roots  were incubated for 1 h with 10 ng/ml rhicadhesin  

isolated from A. turnefaciens in 25 m M  phospha te  buffer, 
p H  7.5. Use  of  rhicadhesin  isolated from R. legurninosarum 
bv. viciae gave similar results.  

4 Rhicadhes in  in 25 m M  phospha te  buffer, pH  7.5, was pre- 

treated for 30 min  before lateral roots  were added.  
s 0.5 g cell walls were used.  

6 The amoun t  used  in this test  cor responded to the minimal  

amoun t  needed for inhibition: 0.8% of crude receptor ex- 
tract or LaC13 extract isolated from 2.5 g cell walls ( = one 

unit). 
7 One  unit  of  crude receptor was incubated for 10 min at 

95 °C, or 60 min at 37 °C followed by 10 rain 75 °C prior 
to incubat ion with rhicadhesin.  

s Prior to incubat ion with rhicadhesin,  a receptor fraction 

corresponding to one unit  receptor activity was incubated 
with prote inase-K or p ronase  (1 mg/ml)  for 60 min at 37 ° C 
followed by 10 min at 75 ° C for inactivation of  the enzymes.  

9 The  amoun t s  used  in the test  cor responded  to the amo u n t  
ment ioned  in footnote 6 for the fraction < 50 kDa,  2 t imes 
this amoun t  for the fractions > 30 k D a  and < 30 k D a  and  
4 t imes this amoun t  for the fraction > 50 kDa.  



of Ca 2 + ions seemed to be important for extrac- 
tion of the putative receptor, since LaC13 did not 
extract a component with receptor activity from 
the cell walls (Table 1). 

Extraction with 0.2 M CaC12 was used to pu- 
rify the putative receptor molecule. To estimate 
recovery after purification, one unit of receptor 
activity was defined as the minimal amount re- 
quired to completely suppress attachment inhibi- 
tion by 10 ng rhicadhesin. For isolation of a crude 
extract with receptor activity, 2.5 g cell walls were 
extracted with 90 ml CaC12. After centrifugation, 
ultracentrifugation and extensive dialysis, a crude 
fraction with receptor activity was obtained. The 
minimal amount needed to suppress the activity 
of 10 ng rhicadhesin was determined to be 0.8 ~o 
of this fraction (Table 1). Therefore, by definition 
this fraction contained 125 units of receptor ac- 
tivity. The activity was resistant towards heat 
treatment (10 min at 95 °C) and only partially 
sensitive to treatment with proteinase K (Table 1). 

Fig. I. Scheme of the isolation and purification of the putative 

plant receptor for rhicadhesin. 

7-8-day old pea roots (110 g) 

- preparation of cell walls 

- drying under vacuum 
$ 

cell walls (2.5 g) 
- extraction with 90 ml CaCI a, 16 h, 4 °C 

- centrifugation 

- ultracentrifugation 

- dialysis 
$ 

CaCI 2 extract (ca. 90 ml) 
- reduction of volume by lyophilization 

- filtration through a 0 .2 / lm filter 

- addition of 1 ml 40 % ampholytes 

- addition of H20  to a volume of 40 ml 
$ 

preparative isoelectric focusing 
- collection of fractions with pH 5.5 to pH 7.3 

- addition of 100 m M  Tris-HC1, pH 7.5, to a final concen- 

tration of 10 mM 
$ 

hydroxyapatite column 
- washing with 10 ml 10 m M  Tris-HC1, pH 7.5 

- elution with 1 M CaCI2-10 mM Tris-HCl, pH 7.5 
- collection of sample (ca. 4 ml) 

- dialysis 
- lyophilization and storage at -20  °C 
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Treatment with pronase resulted in an almost 
complete loss of the inhibitory activity (Table 1). 
In order to test whether the fraction contained a 
non-specific protease which could be responsible 
for inactivation of rhicadhesin, the receptor frac- 
tion was assayed in the presence of 1 mg/ml bo- 
vine serum albumin, and found to be normally 
active (Table 1). To exclude the possibility that 
the receptor fraction contained a non-specific 
chelator molecule, which might interfere with the 
Ca 2 +-rhicadhesin interaction, an interaction that 
is a prerequisite for rhicadhesin activity, calcium 
was added to the assay. No difference in inhibi- 
tion of rhicadhesin activity was observed (data 
not shown). 

Receptor activity appeared to pass through a 
50 kDa cut-off ultrafiltration membrane, whereas 
a 30 kDa cut-off membrane separated the activ- 
ity into two fractions (Table 1). Hence, either the 
molecular mass of the putative receptor could be 
estimated at about 30 kDa, or the preparation 
contained at least two receptor molecules, one 
larger and one smaller than 30 kDa. 

Purification of the rhicadhesin receptor 

The purification protocol for the putative plant 
receptor for rhicadhesin is shown in Fig. 1. Iso- 
electric focusing was used as a first step in the 
purification procedure. Crude isolate with recep- 
tor activity, extracted from 2.5 g cell walls, was 
partially lyophilized to concentrate the extract, 
which subsequently was transferred into a Roto- 
for isoelectric focusing cell. After a running pe- 
riod of 2.5 h, 20 fractions were collected and the 
pH of each fraction was determined. The frac- 
tions were tested for their ability to suppress at- 
tachment inhibition by rhicadhesin. Fractions 
with pH values between 6.0 and 7.0 were found 
to be active. Thus, fractions with pH values of 5.5 
to 7.3 (in total about 10 ml) were pooled. Tris- 
HC1 buffer (100 mM, pH 7.5) was added to a 
final concentration of 10 mM. The resulting so- 
lution was applied to a hydroxyapatite column 
equilibrated with 10 mM Tris-HC1 buffer, pH 7.5. 
It appeared that most proteins in the sample did 
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not bind to the matrix under the conditions used. 
However, all activity was retained on the column 
(Table 2). After washing of the column to remove 
residual non-bound proteins, a gradient of 1 M 
CaC12 in 10 mM Tris-HC1 buffer, pH 7.5, was 
applied. The active fraction eluted at a CaC12 
concentration between 300raM and 600mM 
(data not shown). However, since u s e o f  a one- 
step block gradient from 0 to 1 M CaC12 in 10 mM 
Tris-HC1 buffer, pH 7.5, did not yield much con- 
taminating protein, this procedure was usually 
followed for reasons of convenience. A total vol- 
ume of 4 ml was collected, dialysed and lyo- 
philized for storage at -20  ° C. This fraction con- 
tained 67 units of receptor activity. The total 
recovery of receptor activity after the purification 
procedure was about 50 ~o. Due to the low amount 
of protein recovered, it was not possible to test 
this protein directly in the bacterial attachment 
assay for inhibitory activity. 

5 units of receptor activity was applied to the gel, 
SDS-PAGE followed by silver-staining revealed 
a single band of about 32 kDa with a slight smear 
over it (Fig. 2, lane A). To determine whether this 
polypeptide represented the putative receptor 
molecule for rhicadhesin, a purified isolate corre- 
sponding to 35 units receptor activity was sepa- 
rated by SDS-PAGE. As judged from the mobil- 
ity of rainbow markers a one by one cm gel piece 
at 30 to 42 kDa was dissected. The protein was 
eluted in water by diffusion. Whereas the eluted 
fraction of a piece of unloaded gel was inactive, 
as little as 3 ~o of the eluted receptor fraction was 
able to suppress attachment inhibition by rhicad- 
hesin (Table 2), and, when reapplied to SDS- 
PAGE, appeared to contain only the 32 kDa band 
with the slight smear. 

Determination of isolectric point 

Characterization of the receptor by gel electrophore- 
sis 

The purity of the receptor fraction was judged by 
SDS-PAGE. When an amount corresponding to 

To more accurately determine the pI of the puri- 
fied protein, the crude extract with receptor ac- 
tivity was analysed by two successive runs in the 
Rotofor cell. After the first run, fractions with pH 
values between 5.5 and 7.3 were pooled and re- 
applied to the Rotofor cell. The fractions obtained 

Table 2. Influence of  successive purification fractions of  a CaCI 2 extract from pea root cell walls on rhicadhesin activity. 1 

Pretreatment of  roots % at tachment in class 2 

1 2 3 

Phosphate  buffer 
Rhicadhesin 3 
Rhicadhesin preincubated 4 with 
Crude CaC12 extract 5 
Hydroxyapati te column, flow-through 6 
Hydroxyapati te column, CaC12 eluent 7 
32 kDa  polypeptide from a S D S - P A G E  gel 8 
Vitronectin eluted from a S D S - P A G E  gel 8 
Eluted fraction of  unloaded SD S - P A G E  gel 6 

1 21 79 
47 29 24 

11 19 70 
53 29 17 
13 27 60 
6 16 78 

11 16 73 
34 36 30 

1-5 See footnotes 1-5 to Table 1. 
6 Several concentrations were tested with similar results. 
7 The amount used in this test corresponded to the minimal amount needed for inhibition: 1.5% of purified receptor extract, 

isolated from 2.5 g cells walls ( = one unit). 
8 1 #g  vitronectin and 35 units of  purified receptor extract were separated by S D S - P A G E  and eluted from the gel. The amount 

used in this test corresponded to the minimal amount needed for inhibition: 33 % of  the eluted vitronectin and 3 % of  the eluted 
receptor. 
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(data not shown). From these results we con- 
cluded that the putative receptor protein is a gly- 
coprotein with a sugar part of at least 3 kDa. 

Fig. 2. S D S - P A G E  and silver staining of(A) purified recep- 
tor fraction, corresponding to 5 units (ca. 150 ng), (B) purified 
receptor fraction treated with N-glycosidase F, and (C) 
N-glycosidase F itself. Positions of molecular mass markers 
are indicated at the left. 

after the second run were tested for receptor ac- 
tivity. Only the fraction with pH 6.4 was found to 
be active, whereas the neighbouring fractions with 
pH 6.6 and 6.2 were inactive (data not shown). 

Determination of N-glycosylation 

Both heat and partial resistance to treatment with 
proteinase K suggested that the putative receptor 
is a glycoprotein. To determine whether the pro- 
tein contained N-glycosidically linked saccha- 
rides, purified protein was treated with N- 
glycosidase F and subjected to SDS-PAGE. 
After treatment the protein was about 3 kDa 
smaller than the untreated glycoprotein (Fig. 2, 
lane B). Interestingly, the slight smear migrated 
together with the glycoprotein band. Similar re- 
sults were obtained after treatment of the protein 
with Endoglycosidase H f  o r  Endoglycosidase H 

N-terminal sequence analysis and determination of 
amino acid composition 

The N-terminal amino acid sequence of purified 
protein isolated from 7 g cell walls was indepen- 
dently determined at two institutes. The sequence 
of the first 29 N-terminal amino acids was estab- 
lished, although the identities of the last four 
amino acids were not certain. The determined 
sequence was: Ala-Asp-Ala-Asp-Ala-Leu-Gln- 
Asp-Leu-Cys (?)-Val-Ala-Asp-Tyr-Ala- Ser-Val- 
Ile - Leu - Val - Asn- Gly - Phe- Ala- S er- Lys (Gln) - 
(Pro/Gln)-(Leu)-(Ile). Comparison of this se- 
quence with protein sequences stored in the Swiss 
Prot protein bank did not reveal significant ho- 
mology with other proteins. The amino acid com- 
position of the purified protein is given in Table 3. 
Besides Glx and Asx, there is a relatively high 
content of glycine, serine and alanine. From the 
sequence data the initial yield was estimated to be 
300 pmol. With a molecular mass of 32 kDa the 

Table 3. Amino acid composition of the purified putative 
plant receptor protein for rhicadhesin.1 

Amino acid Mol ~/o 1 

Glx 20.5 
Gly 11.7 
Ser 10.9 
Ala 10.2 
Asx 10.1 
Val 6.1 
Thr 5.8 
Leu 5.2 
Lys 4.0 
Pro 4.0 
Arg 3.3 
Ile 3.0 
Phe 2.1 
His 1.7 
Tyr 0.8 
Met 0.7 

1 Cys and Trp contents were not determinated nor taken into 
account in the calculation of the percentages. 
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amount of glycoprotein with rhicadhesin receptor 
activity isolated per gram cell walls appears to be 
43 pmol or 1.4/~g. 

Receptor activity of a R GD hexapeptide 

In the course of this research project the extra- 
cellular matrix protein vitronectin was reported to 
inhibit attachment ofA. tumefaciens to carrot cells 
[29]. Interestingly, vitronectin appeared to sup- 
press inhibition of attachment of Rhizobium by 
rhicadhesin isolated from either R. leguminosa- 
rum bv. viciae or A. tumefaciens strain LBA1010 
(Table 4). Also, when separated by SDS-PAGE 
and eluted from the gel by diffusion, the eluted 
vitronectin showed activity, whereas the eluted 
fraction of a piece of unloaded gel was inactive 
(Table 2). A variety of adhesive proteins, includ- 
ing vitronectin, contain a common cell attach- 
ment determinant with the sequence Arg-Gly-Asp 
(RGD) [18]. A peptide containing this sequence, 

Table 4. Influence of vitronectin and its Arg-Gly-Asp cell at- 
tachment sequence on rhicadhesin activity and attachment of 
R. leguminosarum bv. viciae to pea root hair tips.1 

Pretreatment of the roots % attachment in class 2 

1 2 3 

Phosphate buffer 
Rhicadhesin 3 
Rhicadhesin, preincubated 4 with 

vitronectin 33 ng/ml 51 34 15 
165 ng/ml 25 29 46 
333 ng/ml 20 21 59 

RGD peptide 0.3 ng/ml 29 43 28 
1.5 ng/ml 11 36 52 

3 ng/ml 5 28 67 
RGE peptide 1.5 ng/ml 44 51 5 

3 ng/ml 56 39 5 
15 ng/ml 45 38 17 

8 24 69 
41 42 16 

1-3 See footnote 1-3 to Table 1. 
4 Rhicadhesin isolated from A. tumefaciens in 25 mM phos- 

phate buffer, pH 7.5, was pretreated for 30 rain with either 
vitronectin or one of the hexapeptides Gly-Arg-Gly-Asp- 
Thr-Pro (RGD) or Gly-Arg-Gly-Glu-Ser-Pro (RGE). Use 
of rhicadhesin isolated from R. leguminosarum bv. viciae 
gave similar results. 

the R G D  hexapeptide, was found to be able to 
inhibit attachment of R. leguminosarum bv. viciae 
and A. tumefaciens to pea root hairs. Addition of 
1 #M R G D  hexapeptide to the bacteria prior to 
incubation with root hairs decreased the percent- 
age of class 3 attachment from 75 to 24, whereas 
class 1 attachment was increased from 9~o to 
37~o, compared to the control experiment in 
which no R G D  hexapeptide was added. More- 
over, the R G D  hexapeptide suppressed inhibition 
of attachment by rhicadhesin isolated from either 
R. leguminosarurn bv. viciae strain 248 or A. turne- 
faciens strain LBA1010 (Table 4). A control pep- 
tide, the RGE hexapeptide, did not inhibit attach- 
ment (data not shown) and did not suppress 
inhibition of attachment by rhicadhesin (Table 4). 

Two polypeptides in a detergent extract of car- 
rot cells were found to be cross-reactive with 
polyclonal antibodies to human vitronectin [29]. 
To investigate whether the isolated putative re- 
ceptor for rhicadhesin was related to these 
polypeptides, crude receptor extract, containing 
125 activity units, was spotted onto nitrocellulose 
and tested for cross-reactivity with polyclonal an- 
tibodies to human vitronectin. In contrast to the 
control, human vitronectin, the receptor fraction 
did not show a positive interaction with these 
antibodies (data not shown). 

Discussion 

In this paper we describe the isolation, purifica- 
tion and partial characterization of a putative 
plant receptor molecule for rhicadhesin, a bacte- 
rial adhesin common among Rhizobiaceae, using 
a bioassay based on the suppression of rhicad- 
hesin activity. 

For isolation of a plant receptor molecule for 
rhicadhesin various extraction methods were 
tested. Oxalic acid-oxalate extraction of cell walls 
of pea roots resulted in loss of rhicadhesin recep- 
tor activity from the cell walls. Since no receptor 
activity was found in the extract, the receptor 
molecule apparently was inactivated. Oxalic acid- 
oxalate extracts calcium from the cell walls. Cal- 
cium was found to be necessary for rhicadhesin 



activity [26]. Since binding of rhicadhesin to its 
receptor via calcium could not be demonstrated 
[26], the receptor molecule may need calcium for 
its anchoring, function or stability. The isolation 
procedure of the putative receptor molecule, i.e. 
extraction with CaC12 and elution with CaC12 
from the hydroxyapatite column, is consistent 
with this suggestion. 

CaC12 extraction of pea cell walls yielded a 
fraction with receptor activity for rhicadhesin. 
CaC12 extracts glycoproteins from cell walls, such 
as the salt-soluble precursor of extensin [2]. It is 
unlikely that the purified molecule is an extensin- 
like molecule. LaC13, another salt that can be used 
for extraction of extensin-precursor from plant 
cell walls (S. Frey, personal communication), did 
not extract receptor activity. Furthermore, ex- 
tensin is highly basic and extensin has a relatively 
high content of lysine and tyrosine in contrast to 
the purified molecule described here, which has a 
pI of ca. 6.4 and a low content of lysine and ty- 
rosine. 

Part of the activity passed through a 30 kDa 
filter, whereas most of the activity was retained 
(Table 1). These ultrafiltration experiments indi- 
cated that the molecular mass of the native pu- 
tative receptor molecule was around 30 kDa or 
that at least two receptor molecules were present. 
By SDS-PAGE, only one protein band of about 
32 kDa was observed for the purified receptor 
(Fig. 2, lane A). Sequence data of the purified 
fraction revealed only one signal. This does not 
rule out the possibility that the purified fraction 
contained two proteins of similar molecular mass, 
of which one was N-terminally blocked. How- 
ever, after treatment with N-glycosidase F the 
band of 32 kDa disappeared and a band of 
29 kDa was observed (Fig. 2, lane B). The disap- 
pearance of the band of 32 kDa, including the 
slight smear, confirmed the purity. In addition to 
the sensitivity to N-glucosidase F, activity ap- 
peared to be sensitive to pronase treatment 
(Table 1). In conclusion, the purified molecule 
with receptor activity for rhicadhesin is a mono- 
meric glycoprotein with a pI of 6.4 and with a 
molecular mass of ca. 32 kDa, of which the gly- 
coside part comprises at least 3 kDa. The se- 
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quence of the first 29 N-terminal amino acids was 
determined. No homology was found with pro- 
teins stored in the Swiss Prot protein bank. 

Several observations open the possibility that 
the binding of the isolated protein molecule to 
rhicadhesin takes place through an Arg-Gly-Asp 
attachment site. 

1. An RGD-attachment site has been found in 
a variety of animal adhesive proteins [16]. Also 
in several plant species vitronectin-like and 
RGD-site-containing proteins have been reported 
[19,201. 

2. Vitronectin was able to suppress inhibition 
of attachment by rhicadhesin, isolated from either 
R. leguminosarum bv. viciae or A. tumefaciens 
(Table 4). 

3. This inhibitory activity was also observed 
with a RGD hexapeptide, containing only the 
Arg-Gly-Asp attachment site of vitronectin 
(Table 4). 

4. When a RGD hexapeptide was added in the 
attachment assay, the peptide inhibited attach- 
ment of both R. leguminosarum bv. viciae and 
A. tumefaciens to pea root hairs. Apparently, the 
RGD cell attachment site is also important for 
attachment of A. tumefaciens. 

5. In general proteins are inactivated by SDS 
treatment, since SDS denatures proteins. How- 
ever, the putative receptor molecule could be 
eluted from a SDS gel without loss of activity 
(Table 2). Also vitronectin appeared to be still 
active after SDS-PAGE. Preservation of activity 
after SDS treatment is consistent with the as- 
sumption that the active site of the receptor is 
only formed by a simple structure such as an 
Arg-Gly-Asp tripeptide. 

6. Divalent cation-binding properties of mol- 
ecules recognizing the RGD sequence are impor- 
tant for their function as receptor [7]. Rhicad- 
hesin is a calcium-binding protein and in the 
rhicadhesin-mediated attachment process of 
R. leguminosarum bv. viciae to root hairs calcium 
is required [24, 25, 26]. 

7. Apart from the 32 kDa glycoprotein, we 
could not detect other cell wall components able 
to suppress rhicadhesin activity. Obviously this 
hypothesis has to be tested by determination of 
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the complete amino acid sequence of the recep- 
tor, since it is still possible that the work using 
RGD sequences has no physiological significance 
or that there could be another protein, lost or 
inactivated in the extraction procedures, that con- 
tains this sequence. 

The molecule described in this study is not a 
vitronectin-like molecule as described by Wagner 
and Matthysse for carrot cells [29]. Polyclonal 
antibodies to human vitronectin, used by these 
authors, did not cross-react with the crude recep- 
tor isolate. Moreover, the molecular mass of 
32 kDa is much smaller than those of the cross- 
reactive polypeptides from carrot suspension cell 
extracts [29] and that from known vitronectins. 

Future research will focus on further charac- 
terization of the plant receptor molecule for 
rhicadhesin. Particularly its location on the plant 
surface and the presence of this molecule in other 
plant species will be examined. 
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