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Xyloglucans are  the major  component of plant cell 
walls and bind tightly to the surface of individual 
cellulose microfibrils, thereby cross-linking them into 
a complex polysaccharide network of the cell wall. The 
cleavage and reconnection of xyloglucan cross-links 
are considered to play the leading role during chemical 
processes essential for wall expansion and,  therefore, 
cell growth  and  differentiation. Although it is hypoth- 
esized that some transglycosylation is involved in these 
chemical  processes, the enzyme responsible for  the  re- 
action was not identified. We have now purified a novel 
class of endo-type glycosyltransferase to apparent ho- 
mogeneity from the  extracellular space or  the cell wall 
of the epicotyls of Vigna angularis, a bean plant. The 
enzyme is a glycoprotein with  a molecular mass of 
about 33 kDa. The enzyme catalyzes both 1) endo-type 
splitting of a xyloglucan molecule and 2) linking of a 
newly generated reducing end of the xyloglucan to the 
nonreducing end of another xyloglucan molecule, 
thereby mediating the  transfer of a  large segment of 
the xyloglucan to another xyloglucan molecule. The 
transferase exhibits no glycosidase or glycanase activ- 
ity. Substrate specificity of the enzyme was investi- 
gated using several polysaccharides with different gly- 
cosidic linkages as donor substrates  and pyridylamino 
oligosaccharides as acceptor substrates,  in which the 
reducing end of the  carbohydrate was tagged with a 
fluorescent group. The enzyme required a basic xylo- 
glucan structure, i.e. a /3-(1+4)-glucosyl backbone 
with xylosyl side chains, for both acceptor and donor 
activity. Galactosyl or fucosyl side  chains on the main 
chain were not required  for  the acceptor activity. The 
enzyme exhibited higher reaction rates when  xyloglu- 
cans with higher M, were used as donor substrates. 
Xyloglucans smaller than 10 kDa were no longer the 
donor substrate. On the  other hand, pyridylamino hep- 
tasaccharide acted as a good acceptor as did xyloglucan 
polymers.  Based  on these results we  propose to desig- 
nate  this novel  enzyme a xyloglucan:  xyloglucano- 
transferase,  to be abbreviated endo-xyloglucan trans- 
ferase (EXT) or xyloglucan  recombinase. This enzyme 
is  the  first enzyme identified that mediates the  transfer 
of a high M. segment between polysaccharide mole- 
cules to generate chimeric polymers. We conclude that 
endo-xyloglucan transferase functions as a reconnect- 
ing enzyme for xyloglucans and is involved in  the 
interweaving  or reconstruction of cell wall matrix, 
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which is responsible for chemical creepage that leads 
to morphological changes in the cell wall. 

Plant growth is characterized by a  marked increase in cell 
volume. The cell wall in  plants plays a critical role in cell 
enlargement, which is an essential process in  plant growth 
and development (1).  A plant cell  wall is composed of crys- 
talline microfibrils embedded in a  matrix of amorphous poly- 
mers (2, 3). XGs’ are the major component of the cell  wall 
matrix and  are characterized as  @-(l-d)-glucans with side 
chains attached at  the 6-0 position of the glucosyl residues. 
The polysaccharides function as cross-links among the cellu- 
lose microfibrils to form the interwoven network of the cell 
wall (4-6). The network structure provides the wall with its 
viscoelastic properties (7). Certain changes in  the viscoelastic 
properties, which are achieved by chemical creepage of the 
wall matrix,  are required for wall extension, the essential 
process in plant growth (8, 9). During cell growth, the wall is 
always being reconstructed to  maintain  the viscoelastic prop- 
erties of the wall (10). It is logical that  the wall reconstruction 
or chemical creepage involves repeated splitting and recon- 
nection of XG molecules that interconnect cellulose microfi- 
brils. Albersheim’s group (2, 11) postulated involvement of a 
hypothetical endo-transglycosylase present  in the cell  wall 
space. The hypothetical enzyme could mediate both splitting 
and reconnection of the cross-links in the cell wall matrix, 
thereby  enabling chemical creepage (12). Although indications 
of a transglycosylation reaction involving XGs in plant cell 
walls were reported, no such enzyme was isolated from plant 
tissues (13-16). 

In  the epicotyls of Vigna bean (Vigna angularis Ohwi and 
Ohashi, cv. Takara), M, distribution of XGs in growing cell 
walls is precisely controlled  during cell growth (8, 15, 17, 18). 
An enzyme preparation derived from the apoplastic space or 
cell wall space of the epicotyl mediated a substantial increase 
in  the M ,  of XGs as well as  the generation of lower M, XG 
fragments (14). This suggested possible involvement of trans- 
glycosylase that mediated the disproportionate M ,  of XG 
molecules. The isolation and characterization of the enzyme 
would  be  very valuable, particularly for elucidation of the 
mechanism of plant cell growth (2, 3, 11, 12). However, no 
suitable method for rapidly detecting and quantifying the 
enzyme activity was available, and  the presence of the enzyme 
was not directly demonstrated (11). In order to detect the 
transglycosylation reaction between XG molecules, we devel- 
oped a new method (19) that made it possible to rapidly detect 

The abbreviations used are: XG,  xyloglucan; EXT, endo-xylo- 
glucan transferase; GPC, gel permeation chromatography; HPLC, 
high performance liquid chromatography. 
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Purification of Endo-xyloglucan  Transferase 21059 

and characterize the transglycosylation reaction between 
XGs.  Using this new method we have now purified the enzyme 
from an apoplastic solution of epicotyls of Vigm and success- 
fully purified a novel class of transglycosylases. The purified 
enzyme mediates both  splitting of a glycosidic linkage in  an 
XG  molecule and linking of the newly generated reducing end 
to  the non-reducing end of another XG molecule, thereby 
producing chimeric XG molecules. 

EXPERIMENTAL PROCEDURES 

Materials 
Seeds of V. angularis Ohwi and Ohashi cv. Takara were obtained 

from Watanabe Seed Co. Ltd. (Japan). Trichoderma uiride cellulase 
((l-A)-@-o-glucan glucanohydrolase, EC 3.2.1.4)  was purified from a 
crude T.  uiride enzyme preparation (Meicelase-P, manufactured by 
Meiji Seika, Japan) by  gauze column chromatography (20). Bacillus 
subtilis j3-glucanase ((1+3),(1+4)-j3-~-glucan-4-glucanohydrolase) 
was purified from a B. subtilis a-amylase  preparation (Novo Ban L- 
20)  (21). HPLC columns of TSK G3000PW and G5000PW packed 
in glass tubes (8 X 300 mm) were specially manufactured by Toso 
(Japan). CarboPak PA-1 (4 X 250 mm) was from Dionex. Pullulans 
with defined average M, were obtained from Hayashibara Biochemical 
Laboratories (Japan). Other chemicals were obtained from Sigma and 
Nacalai Tesque (Japan)  and Seikagaku Kogyo (Japan). 

Chromatography Systems 
System A-An HPLC system (Shimadzu LC  6A) equipped with a 

column of Superose 6 prep (16 X 500  mm) was used for preparation 
of the XG and other polysaccharides. The sample containing less 
than 40  mg  of carbohydrate was injected after being dissolved in 2 ml 
of water. The column was eluted with water at a flow rate of 0.5 ml/ 
min. Fractions (1.5  ml)  were collected and lyophilized. 

System B-A nonmetal HPLC system (Dionex GPM) equipped 
with an injector (Rheodyn model 9125) and columns of TSK 
G3000PW (8 X 300 mm) and G5000PW (8 X 300 mm) packed in 
glass tubes were used for GPC analysis of the polysaccharides (19). 
The sample containing -20  pg  of carbohydrate was injected after 
being dissolved in 20  pl of 50 mM NaOH solution. The columns were 
eluted with a degassed solution of 30 mM NaOH containing 15 mM 
sodium acetate a t  a flow rate of 1 ml/min. Carbohydrates in the 
eluate from the columns were detected by a pulsed amperometric 
detector (Dionex PAD) with a gold electrode. For detection of pyri- 
dylamino derivatives, a fluorescence spectrofluorometer (Shimadzu 
RF 535) connected in series and set a t  excitation = 320 nm/emission 
= 400 nm  was used (19). 

System C-An HPLC system (Dionex GPM) equipped with a 
pulsed amperometric detector (Dionex PAD) and a column containing 
an anion exchanger (CarboPac PA-1, 4 X 250 mm) was used for 
quantifying mono- and oligosaccharides (22). 

System D-An HPLC system equipped with two pumps (Shimadzu 
LC  6A), a system controller (SCL 6A), and a UV detector (Shimadzu 
SPD 6A)  was used for GPC on TSK gel  G2000SW and cation 
exchange chromatography on a column of Mono-S (5 X 50 mm). 

Preparation of Enzyme Substrates 
XG Polymers and XG Oligomers-Vigna XG was prepared from 

epicotyls of 6-day-old dark-grown seedlings of Vigna (8, 14). Tro- 
paeolum XG was prepared from dry seeds of Tropaeolum majus L. 
(23). A crude preparation of Tamarind XG (Glyloid 3s derived from 
Tamarindus indica L.) was a gift from Dainippon Seiyaku Corpora- 
tion,  Suita, Japan. These  XGs (300  mg each) were partially hydro- 
lyzed using 150 pg  of purified T. uiride cellulase in 40 ml of water a t  
45  'C for 2 h. The enzyme digestion products were fractionated by 
ultrafiltration. The fraction that passed through a Diaflo XM-300 
membrane (Amicon) and was retained by a Diaflo YM 5 membrane 
(Amicon) was collected and chromatographed on Superose 6 prep 
using system A to obtain XGs with defined M, distribution. Their 
average molecular masses were measured by chromatography on 
system B. The sugar linkage compositions of these polysaccharides 
were analyzed by permethylation procedures (Table I). 

XG oligomers were prepared from purified XGs (24). Vigna XG 
(80 mg) and  Tamarind XG  (50  mg)  were separately digested exten- 
sively with 100 pg  of purified T. uiride cellulase at  45 "C for 2 days. 
The enzyme digestion products were separately chromatographed on 

a column of Bio-Gel P-4 (200-400 mesh, 116 X 16 cm), using water 
at a flow rate of  0.1 ml/min. Two major oligomer peaks and  three 
minor peaks derived from Vigna XG were  resolved  by GPC. Molecular 
masses of the two major fractions were estimated to be  1.0 and 2.3 
kDa. These  fractions were lyophilized and designated as XG oligomer 
I (7.8  mg) and XG oligomer  I1 (23 mg), respectively. Similarly, 
Tamarind XG oligomers were  resolved into one major peak and three 
minor peaks on GPC. The major peak was  lyophilized to obtain XG 
oligomer I11 (18 mg). The sugar linkage compositions of these oligo- 
mers were analyzed by methylation procedures after reduction with 
sodium borohydride to convert the reducing end to  an alditol (Table 

VI). 
11), and their possible structures were assigned tentatively (see Table 

Other Glueans and Xylans-Carboxymethylcellulose in sodium salt 
(500  mg)  was partially hydrolyzed using 100 pg  of the T. uiride 
cellulase at 45  "C for 3 h after being dissolved in 40 ml of water and 
fractionated by ultrafiltration and chromatography to obtain the 123- 
kDa carboxymethylcellulose fraction. Avena glucan, a j3-(1+3),j3-(1+ 
4)-mixed linked glucan, (50 mg)  was prepared from oat bran (21) 
derived from Avena satiua grains and partially hydrolyzed with 5 pg 
of purified B. subtilis glucanase at 40 "C for 1 h followed  by fraction- 
ation using chromatography system A to obtain 144-kDa j3-(1"+3),@- 
(1+4)-mixed linked Avena  glucan.  Maize xylan, a glucuronoarabi- 
noxylan, with an average molecular mass of 84 kDa  was prepared 
from shoots of 6-day-old etiolated Maize seedlings (25). Rhodymenia 
xylan, a j3-(1+3),j3-(14)-mixed linked xylan, (145 kDa) was purified 
using chromatography system A from a crude xylan preparation 
derived from Rhodymenia fronds (21). 

Labeled XGs and Labeled XG Oligomers-The reducing ends of 
Tamarind XG chains were coupled with 2-aminopyridine by reductive 
amination with sodium cyanoborohydride (26) to obtain pyridylamino 
XG. XG oligomers, cellohexaose, and laminarihexaose were coupled 
with 2-aminopyridine with a borane-dimethylamine complex (27) and 
purified using Palstation (Takara,  Japan).  The purities of pyridylam- 
ino XG oligomers I, 11, and I11 were assessed by HPLC according to 
the procedure described (27). End-reduced XG (XG-OH) was pre- 
pared by reducing Tamarind XG (10  mg) with sodium borohydride 
(25) followed by fractionation by GPC  on the column containing 
Superose 6 prep. 

Purification of Endo-xyloglucan Transferase 
Ammonium Sulfate Precipitation-Apoplastic fluid was collected 

from the extracellular space of epicotyl sections (1-cm long) of V. 
angularis seedlings, which had been grown in the dark at 25 "C for 7 
days, by a low speed centrifugation method as previously described 
(14, 28). A total of  600  ml  of the apoplastic solution was obtained 
from -30,000 sections (1-cm long) of the epicotyl. The solution was 
mixed with 10 g of polyvinylpolypyrrolidone powder and 60 ml  of  0.5 
M sodium phosphate buffer (pH 6.8) containing 50 mM dithiothreitol 
and 2 mM EDTA at 0 "C and was maintained at  that temperature for 
5 min. After the insoluble material was  removed by centrifugation at  
18,000 X g for 30 min, ammonium sulfate powder was added to  the 
supernatant solution to obtain 80% saturation, and  the precipitate 
(10.5 mg  of protein) was then recovered by centrifugation. It was 
dissolved in 2 ml of 0.2 M sodium acetate buffer (pH 5.7), and 1 ml 
of 100% saturated solution of ammonium sulfate was then added to 
obtain 33% saturation and was  followed  by centrifugation at  18,000 
x g for 30 min to obtain the 33% ammonium sulfate fraction as a 
pellet (1.8 mg  of protein). 

Cod-Sephurose 6B Fractionation-The precipitate from the 33% 
saturated ammonium sulfate solution was  dissolved in 2.4  ml of 
sodium acetate buffer containing 0.15 M NaCI, 1 mM MnCIZ, 1 mM 
MgCl,, and 1 mM CaC12 at  pH 5.7 and applied to a column of ConA- 
Sepharose 6B (4 ml) that had been equilibrated with the same buffer. 
The column was  successively eluted with 18 ml  of the same buffer 
solution, 20 ml of the buffer containing 7 ml of methyl or-D-manno- 
pyranoside, and 40 ml of the buffer containing 500 mM methyl WD- 
mannopyranoside. The active fraction was concentrated by ultrafil- 
tration using Ultrafree (M, cutoff  5000; Millipore) to obtain 400 p1 of 
ConA fraction (668 pg  of protein). 

TSK 2000SW Fractionation-Portions (200 pl) of the ConA frac- 
tion were chromatographed on a column of TSK gel 2000SW  (7.5 x 
300 mm) using 0.15 M sodium acetate buffer (pH 5.7) as the eluate a t  
a flow rate of 0.5 ml/min (Fig. 1). The chromatography was repeated, 
and  the active fractions were combined and concentrated to obtain 
the  TSK 2000SW fraction in 0.1  ml  of the acetate buffer (60 pg  of 
protein). 
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21060 Purification of Endo-xyloglucan  Transferase 
TABLE I 

Glycosidic linkage  compositions of polysaccharide substrates 
Polysaccharides were permethylated, hydrolyzed, and converted to partially methylated alditol acetates and  then analyzed by gas 

chromatography and mass spectrometry. Uronic acid residues in Maize xylan were reduced before permethylation. The mol % of assigned 
glycosidic linkages are shown. 

Glycosidic Vigna Tamarind Avena Tropaeolum Maize Rhodymenia 
linkages XG XG XG glucan xylan xylan 

% 
-3Glcl- 25.4 
-4Glcl- 15.4 18 17.9  74.6 
-4,6Gl~l- 38 42.6  37.2 
Xyll-a 19.5  10.7 11.1 
-3Xyll- 
-2 or 4Xyll- 11.8 16.3  15.6 
-2,4 or 3,4Xyll- 
Gall- 4.1  12.2  12.6 
-2Gall- 6.7 

Aral- 25.5 
-5Aral- 7.8 

Fucl- 4.2 

-GlcA1- 8.2 
a Xyl, xylose; Ara, arabinose; GlcA, glucuronic acid. 

14.9 
41.1 

28.4 
68 

TABLE I1 
Glycosidic linkage  compositions of xyloglucan  oligomers 

XG oligomer fractions I and I1  were prepared from Vigna XG, and 
XG  oligomer fraction I11 was from Tamarind XG.  Glycosidic linkage 
compositions of the oligosaccharides were analyzed by the permeth- 
ylation procedure described under “Experimental Procedures.” The 
mol % of assigned glycosidic linkages are shown. 

Glycosidic Xyloglucan oligomers 
linkages I I1 I11 

-4glucitol 
-4Glcl- 
-6Glcl- 
-4,6Glcl- 
Xyl 1 - 
-2Xyll- 
Gall- 
-2Gall- 
Fuc 1 - 

8.9 
0.3 

16.2 
36.1 
38.5 
0 
0 
0 
0 

% 
5.1 
7.5 
8.2 

38.6 
15.5 
9.4 
6.2 
5.0 
4.4 

9.1 
0 

15.3 
30.8 
18.9 
12.6 
13.1 
0 
0 

@J 
(u 

0- 
0 5 10 15 0 5 10 15 

Elution volume. ml 

FIG. 1. Separation of endo-xyloglucan transferase on TSK 
gel 2000 SW. Endo-xyloglucan transferase fraction from ConA- 
Sepharose was chromatographed on TSK gel  2000SW. Fractions (0.5 
ml) were collected and assayed for enzyme activity as described under 
“Experimental Procedures.” The enzyme activity, as indicated by the 
shaded area, was detected between 9 and 10 ml of elution volume and 
coeluted with a protein peak at 9.6  ml. 

Mono-S Fractionation-The TSK 2000SW fraction was diluted in 
500  pl of  20 mM sodium acetate buffer (pH 5.7) and applied to a 
column (5  X 50 mm) of Mono-S that had been equilibrated with 40 
mM sodium acetate buffer at  pH 5.7. The column was first eluted 
with 2.5 ml of the 40 mM sodium acetate buffer and followed by 
elution with 20  ml  of the 40 mM sodium acetate buffer containing a 
linear gradient of  0-1 M NaCl at  a flow rate of  0.4 ml/min. The  EXT 
activity coeluted with the major peak (Fig. 2). The active fraction 
(-30  pg) was designated as  the pure EXT fraction. 

SDS-Polyacrylamide Gel Electrophoresis 

described previously (29). Precast gels of 12% polyacrylamide (10 X 
SDS-polyacrylamide gel electrophoresis was done essentially as 

Elution volume, ml 

FIG. 2. Final purification of endo-xyloglucan transferase. 
Endo-xyloglucan transferase fraction from TSK gel 2000SW  was 
chromatographed on Mono-S. Fractions (0.5  ml)  were collected and 
assayed for enzyme activity as described under “Experimental Pro- 
cedures.” The enzyme activity, as indicated by the shaded area, 
coeluted with a protein peak at 8.88 ml of elution volume. 

10 cm, 1-mm thick) containing SDS were purchased from Tefco 
(Japan). Protein  bands were disclosed by staining with silver, using 
a Sil-Best stain for the Protein/PAGE  kit obtained from Nacalai 
Tesque. Molecular mass markers for proteins were from Bio-Rad. 

Enzyme Reaction 

The enzyme reaction mixture consisted of a substrate (10-20  pg) 
and various amounts of enzyme preparation in 10 pl of  0.2 M sodium 
acetate buffer (pH 5.8) unless otherwise mentioned. The reaction 
mixture was incubated at 25 “C for various periods of time. For 
measurement of the optimal pH for the enzyme reaction, 0.25 M 
sodium citrate, 0.5 M sodium phosphate buffer (pH 3-7) and 0.2 M 
sodium borate, sodium phosphate buffer (pH 7-9)  were used. The 
enzyme exhibited maximum activity at  pH 5.8 when 20 ng of enzyme 
were incubated with 20 pg of XG at  25 “C for 30 min. The enzyme 
reaction was terminated by freezing the reaction mixture at -50 “C, 
and  the mixture was stored until analysis by GPC on system B. 

Activity of Endo-xyloglucan Transferase 

EXT activity was quantified and characterized in two  ways. 
Method 1-A pyridylamino oligomer or a pyridylamino low  M, 

polymer  was  used as the acceptor substrate. A mixture of an acceptor 
molecule (50 pmol) and a nonlabeled high M, polymer (10 pg)  was 
incubated with the enzyme preparation  in 10 pl of  0.2 M sodium 
acetate buffer at 25 “C. Transfer of the XG segment from the nonla- 
beled polymer (donor molecule) to  the acceptor was detected by 
measuring the peak area (see Fig.  7, peak A )  of high M, pyridylamino 
product, using GPC system B equipped with a fluorescence detector. 

 at G
E

N
E

 R
E

S
E

A
R

C
H

 C
E

N
T

E
R

/T
O

H
O

K
U

 U
N

IV
E

R
S

IT
Y

 on D
ecem

ber 10, 2007 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


Purification of Endo-xyloglucan  Transferase 21061 

The  EXT activity  was  expressed  in  percentages of peak  area  (see Fig. 
7, peak A )  of the high M ,  pyridylamino  product  in  the  total peak area 
(see Fig. 7, peaks A + R )  of pyridylamino derivatives. 

Method 2-A polysaccharide  preparation  with  defined M ,  distri- 
bution  was used as a substrate.  The degree of peak  broadening, which 
resulted from transglycosylation between the two substrate molecules, 
was analyzed by GPC  system B using a method described  previously 
(19). Since  the  increase in the  peak  width halfway to  the  top of each 
chromatogram was proportional  to  the  enzyme dose (19), this value 
was tentatively  used  as a measure of the  EXT  activity in crude 
enzyme  preparations,  particularly  in  enzyme  purification  steps.  One 
unit of the  enzyme  activity was defined  as  the  amount of enzyme  that 
increased  the  width of the XG peak by 2.3 ml  of elution volume in 30 
min a t  25 "C. 

Carbohydrate  Analyses 

'H NMR  spectra for  a  polysaccharide solution  (1 mg/0.6 ml) in 
deuterium hydroxide  were  recorded at   85 "C using a JEOL GSX 400. 
Chemical  shifts  in  ppm were reported  relative to sodium  4,4-dimethyl- 
4-silapentane-1-sulfonate (0.00 ppm) or acetone (2.21 ppm).  The 
permethylation of polysaccharide  (100 pg)  was  performed in 0.5  ml 
of dimethyl sulfoxide by 50 mg of sodium  hydroxide  powder and 200 
pl of methyl iodide for 8 min a t  25 "C (30). Oligosaccharides (50 p g )  
were permethylated  after being  reduced with  sodium  borohydride  to 
convert  the reducing ends  to alditols. Permethylated  carbohydrates 
were recovered by repeated extraction with  1 ml of chloroform, 
converted to partially  methylated  alditol  acetates,  and  separated by 
gas  chromatography using  a Spelco 2330 capillary  column  as  already 
described (21).  Mass  spectra were recorded by the  electron  impact 
mode (70  eV)  using a  gas chromatography-mass  spectrometer (HitR- 
chi  M-80B)  (21). Average molecular masses of polysaccharides were 
estimated by chromatography  system R and  using  authentic  pullulans 
with  various average M ,   ( M ,  = 853,000, 380.000, 186,000, 100,000, 
48,000, 23,700, 12,300, 5,800, 1,810),  maltotetraose ( M ,  = 667), and 
glucose. 

RESULTS 

Purification of EXT-Proteins in the  extracellular space, 
or apoplast, of epicotyls of V. angularis were collected by a 
low speed  centrifugation  procedure  without  destroying cell 
integrity  (14).  This  method was  effective  in reducing  contam- 
ination by a  large quantity of intracellular hydrolases, which 
would interfere  with  the  detection of EXT activity,  making it 
possible to  detect  the  enzyme  activity at  the  first  step of the 
purification procedure. EXT was finally  purified  87-fold  from 
the  apoplastic  enzyme  solution  using  conventional  separation 
procedures (Table 111) and was  disclosed as a  single  polypep- 
tide  band  on  SDS-polyacrylamide gel electrophoresis  stained 
with silver  (Fig. 3).  The M, of EXT was estimated  to be 33,000 
by electrophoresis.  The  elution profile of an  affinity  chromat- 
ogram  on  ConA-Sepharose 6R suggested that  the  enzyme was 
a glycoprotein with  mannosyl residues. 

Characterization of Enzyme Reaction-A mixture of high 
M, Tamarind  XG (230 kDa) (Fig. 4A, arrow a)   and  low M, 
pyridylamino-XG (15 kDa) (Fig. 4A, arrow b; Fig. 4R, arrow 
R )  were used as  the  substrate.  The purified EXT mediated 

TABLE Ill  
Purification of endo-xyloglucan transferase from apoplastic  space of 

epicotyls of Vigna angularis 

mR unifs  unitsly 76 -fold 
Crude  fraction 10.5 2136 0.203 100 1 

ConA-Sepharose 0.668 938 1.4 43 6.7 
TSK 2000SW 0.06 816 13.6 38 67 
Purified 0.03 530 17.7 24 87 

33% (NH,)*SO, 1.513 1766 1.17 82 5.7 

"Transglycosylation  reaction was carried  out  using  the  65-kDa 
Tamarind XG as  the  substrate.  The  enzyme  activity  was  estimated 
by Method 2 described  under  "Experimental Procedures." 

M 1  2 3 4 5 M  

97. 
66, 
43- 

31 * 

2 2. 
14- 

FIG.  3. SDS-polyacrylamide gel electrophoresis of endo-xy- 
loglucan  transferase  at  various  steps  during  purification. 
Samples were run in 12r; polvacplamide gel containing SI)S and 
stained with  silver. Each  lane  contained ahout 1 pg of protein of the 
following materials: 1, purified  endo-xyloglucan trnnsferase; 2, TSK 
2000SW fraction; 9. ConA fraction; 4. ammonium  sulfnte  precip- 
itation  fraction; 5 ,  crude  fraction; M .  molecular mass  markers:  phos- 
phorylase 6 (97  kDa), hovine serum  albumin (66 k I h ) ,  ovalt~umin (43 
kDa),  carbonic  anhydrase (31 kDa), soyhean trypsin  inhihitor f22 
kDa), lysozvme (14.4 kDa). 

1 10 20 
nullon volume, ml 

? ?  

0 10 70 
Elulton volume, rnl 

FIG. 4. Gel permeation  chromatogram  showing recomhi- 
nation  reaction  between  two XC molecules. A mixture of 18 p g  
of 230-kDa XC. (arrow a )  and 2 pg o f  II 1.5-kI)a pvridylamino-X(; 
(arrow h )  was incuhated with 20 ng of purified  endo-xyloglucan 
transferase for 20 or 60 min. The reaction product was chromato- 
graphed  on  TSK gel 3000PW and 5OOOPu' connected in series. Total 
sugar  content in the  eluate was detected hv a pulsed ampernmetry 
detector ( A ) ,  and  pvridylamino-X(; was detected hy fluorescent spec- 
trometry ( R ) .  

production of a high M, (149 kDa) pyridvlamino-XG  (Fig. 
4R,  arrow A ) .  Clearly, XC segments as large as 1.74 kDa, on 
the average, were transferred from the 2.70-kDa XCs to the 
15-kDa  pvridylamino-XGs to generate 149-kDa  pvridvlam- 
ino-XGs. 
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21062 Purification of Endo-xyloglucan Transferase 

However, when a Tamarind XG with defined M, distribu- 
tion was used as  the substrate, the purified enzyme caused 
broadening of the elution profile of the XG on GPC without 
changing the peak position (Fig. 5,  arrow 1 ). This result 
indicates that  EXT  transfers a  segment of one XG molecule 
to  another XG molecule and thereby causes higher and lower 
M, XG species. 

During the transglycosylation reaction, little or no oligomer 
or monomer was liberated as detected by GPC (Figs. 4 and 
5 ) .  This result was also confirmed by analysis of the enzyme 
reaction product by high performance anion exchange chro- 
matography using a column of CarboPac PA1. Therefore, the 
reaction is distinct from ordinary hydrolysis. The crude en- 
zyme preparation, on the  other hand, produced monomers as 
well as oligomers indicating the presence of glycosidases and 
glycanases in the crude preparation and  their absence in the 
purified enzyme fraction (Fig. 5, arrow 2). 

Analysis of anomeric protons  in  XG by  ‘H NMR indicated 
that new  glycosidic linkage was not produced during the  EXT- 
mediated transglycosylation. In addition, the ratio of the 
anomeric protons remained unchanged during the enzyme 
reaction (Fig. 6), indicating that  the enzyme reaction was not 
accompanied by changes in glycosidic linkage compositions 
of the polymer. Therefore, a single type of glycosyl linkage, 
i.e. a p-(l-A)-glucosyl linkage, was involved in both the 
splitting and reconnection reactions mediated by EXT.  This 
line of evidence indicates that  the transglycosylation consists 
of ( a )  splitting of the ,8-(1+4)-glucosyl linkage in XG and ( b )  
linking of the newly generated reducing end  to  the 4 - 0  posi- 
tion of the glucosyl residue at  the nonreducing end of other 
XG molecules. 

Donor Substrate Specificity-Donor substrate specificity 
was investigated using XGs with different side chains and 
other glucans and xylans as donor substrates  and pyridylam- 
ino-XG oligomer I as  the acceptor (Fig. 7). EXT mediated the 
transfer of large segments of three XGs to  the acceptor 
substrate equally (Table IV). Thus, fucosyl side chains were 
not required for the donor activity. 

In  contrast,  EXT did not act on carboxymethylcellulose or 
Avena glucan, which were largely composed of p-( 14)- l inked  
glucosyl residues and were  good substrates for many p-(1+ 

I i 

l i  denatured 

0 10 20 
Elution volume, rnl 

FIG. 5. Gel permeation chromatogram of the products of 
endo-xyloglucan transferase reaction. Twenty pg  of Tamarind 
XG (65 kDa) were incubated with 1000  ng of denatured crude enzyme 
preparation, or 1000 ng of native crude enzyme preparation, or 20 ng 
of native purified endo-xyloglucan transferase at 25 “C for 60  min. 
After the reaction, the reaction mixture was chromatographed on 
TSK gel 3000PW and 5000PW connected in series as described under 
“Experimental Procedures.” Arrows 1 and 2 indicate elution volumes 
of 65-kDa xyloglucan and monosaccharides, respectively. 

Denatured  enzyme 

6 5 4 
Chemical shift, pprn 

FIG. 6. Region of the 400-MHz NMR spectrum containing 
the anomeric hydrogen resonances for xyloglucan. One mg  of 
Tamarind XG was incubated with 1 pg of denatured or native endo- 
xyloglucan transferase for 2 h. After the reaction XGs were collected 
by repeated precipitation in 80% ethanol followed  by lyophilization 
in hydrogen deuterium. The spectra were obtained at 85 “C. Signals 
were assigned as follows:  5.116 (unresolved) for 1,2-linked a-xylosyl; 
4.927 (coupling constant, 3.6 Hz) for 1-linked a-xylosyl; 4.54-4.54 
(unresolved) for l,4-linked @-glucosyl and 1-linked @-galactosyl. 

B 

10 20 10 20 
Elution volume, ml 

FIG. 7. Gel permeation chromatograms showing transfer of 
xyloglucan segments from high M, nonlabeled Tamarind XG 
to a pyridylamino-XG oligomer I. A mixture of 10 pg of 179-kDa 
Tamarind XG and 50  pmol  (-50 ng) of pyridylamino-XG oligomer I 
were incubated with 20 ng of denatured  (upper chromatograms) or 
native endo-xyloglucan transferase (lower chromatograms) for 1 h. 
The reaction product was chromatographed on TSK gel 3000PW and 
5000PW connected in series. Total sugar content in the eluate was 
detected by a pulsed amperometry detector (left panel) and pyridyl- 
amino-XGs were detected by fluorescent spectrometry (right pane l ) .  
Arrow a indicates the donor substrate peak. Arrows b and B indicate 
the acceptor molecule.  Arrow A indicates the degree of transglycos- 
ylation reaction achieved during the reaction period. The area ofpeak 
A represents the amount of transglycosylation products. 

4)-glucanases. Thus,  the enzyme exhibited a strict donor 
substrate specificity for XGs. Masking of the reducing end by 
reduction with sodium borohydride did not reduce the donor 
substrate activity, indicating that  the reducing ends of sub- 
strates  are not involved in the transglycosylation. 

EXT exhibited higher reaction rates when donor substrates 
with higher M ,  were used. Little or no transglycosylation was 
observed when XGs with a M, less than 10,000 were used as 
the donor substrate  (Table V). 

Molecular size of XG segments transferred from the donor 
to  the acceptor was estimated by comparing the average M, 
of the donor substrate with the M, of the transglycosylation 
product, which was represented by pyridylamino-XG gener- 
ated by the enzyme reaction  (Table V). Although the M, of 
the reaction product  (Table V, B values) varied, depending 
on M, of donor substrates (Table V, A values), the ratio of 
the B to  A value remained around 0.6, regardless of their Mr. 
This result clearly shows that donor substrate molecules are 

 at G
E

N
E

 R
E

S
E

A
R

C
H

 C
E

N
T

E
R

/T
O

H
O

K
U

 U
N

IV
E

R
S

IT
Y

 on D
ecem

ber 10, 2007 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


Purification of Endo-xyloglucan Transferase 21063 

TABLE IV 
Donor substrate specificity of endo-xyloglucan transferase 

Donor substrates* Average mass Enzyme activityb 
kDa % 

Vigna  XG 202 57.3 
Vigna XG-OH 200 59.0 
Tamarind XG 151 37.4 
Tropaeolum XG 141 39.6 
Carboxymethylcellulose 123 0 
Avena f31-3,1-4 glucan 144 0 
Maize xylan 84 0 
Rhodymenia xylan 145 0 
Polysaccharides with defined molecular masses were prepared as 

described under “Experimental Procedures.” Vigna XG-OH was pre- 
pared by reducing hemiacetals at  the reducing ends. 

Ten pg  of individual donor substrate and 50 pmol of pyridylamino 
XG oligomer I were incubated with 20 ng of the purified endo- 
xyloglucan transferase at  25 “C for 30 min. The enzyme activity was 
measured by Method 1 described under “Experimental Procedures.” 

TABLE V 
Dependence of donor substrate activity on molecular  masses 

of donor substrates 
Average mass 

Ratios Reaction 
Donor“ 

(A) 
Productb 

(B) 
rate‘ 

kDa 

91.2 60.3 
60.2 38.0 
39.8 26.9 
27.5 14.4 
17.4 11.2 
10.9 7.3 

158 101 
% 

0.63 71.6 
0.66 48.1 
0.63 43.8 
0.67 31.3 
0.52 16.8 
0.65 5.1 
0.67 1.3 

a Tamarind XGs with defined masses were prepared as described 
under “Experimental Procedures” and used as donor substrates. 

Average mass of the enzyme reaction product was estimated from 
the GPC profile of high MI pyridylamino-XGs (cf. arrow A in Fig. 7). 

Ten pg  of individual donor substrate and 50 pmol of pyridylamino 
XG  oligomer I were incubated with 20 ng of the purified endo- 
xyloglucan transferase at  25 “C for 1 h. The enzyme reaction rate was 
measured by Method 1 described under “Experimental Procedures.” 

cleaved randomly in  an endo-type fashion to generate split 
segments with MI that equals, on the average, nearly half of 
the MI of the donor substrate. 

Acceptor Substrate Specificity-To investigate acceptor 
substrate specificity, we have prepared five pyridylamino oli- 
gosaccharides with defined glycosidic linkages (Table 11). The 
labeled oligomers  were used as acceptors, while 178-kDa Ta- 
marind XG was used as  the donor substrate. EXT mediated 
the  transfer of large segments of xyloglucan  from the donor 
XG to  the three pyridylamino XG  oligomers equally (Table 
VI and Fig. 7). No significant difference in  the acceptor 
activity was  observed among the  three pyridylamino XG 
oligomers.  On the  other hand, pyridylamino cellohexaose or 
laminarihexaose did not act  as  the acceptor substrate, indi- 
cating that xylosyl side chains were required for the acceptor 
activity. The result also shows that galactosyl or fucosyl side 
chains  are  not required for the acceptor activity. 

DISCUSSION 

EXT purified in the present study mediates transfer of a 
large XG segment from one XG  molecule to another XG 
molecule. The  data show that  this transglycosylation reaction 
consists of two steps: 1) an endo-type cleavage of the /3-(1+ 
4)-glucosyl linkage and 2) linking of the newly generated 
reducing end to  the glucosyl residue of the nonreducing end 
of another XG polymer or oligomer. Thus, EXT catalyzes 

TABLE VI 
Acceptor substrate specificity of endo-xyloglucan transferase 

Acceptor substrates” Enzyme 
reaction rateb 

% 
Cellohexaose-PA 0.0 
Laminarihexaose-PA 0.0 
XG oligomer I-PA 38.4 
XG oligomer 11-PA 39.7 
XG oligomer 111-PA 36.4 
Tentatively assigned structures for XG oligomers‘ 

XGoligomer I Xyl Xyl  Xyl 
mass = 1 .O kDa a a a 

6 6 6 
G l ~ ~ 1 - 4 G l ~ ~ 1 - 4 G l ~ ~ l - 4 G l ~ ~ l - P A  

XGoligomer I1 
mass = 2 . 3  kDa 

FUC 
a 
2 

Ga 1 
P 
2 

Ga 1 
P 
2 

xy1 xy1 xy1 xy1 Xyl  Xyl 

6 6 6 6 6  6 
a a a a a a  

G l ~ ~ l - 4 G l ~ ~ l - 4 G l ~ ~ l - 4 G l ~ ~ l - 4 G l ~ ~ l - 4 G l ~ ~ l - 4 G l ~ ~ l - 4 G l ~ ~ l - P A  

XGoligomer I11 
mass = 1 . 2  kDa 

Ga 1 
P 
2 

xy1 Xyl  Xyl  

6 6 6 
a a a 

G l ~ ~ 1 - 4 G l ~ ~ 1 - 4 G 1 ~ ~ 1 - 4 G 1 ~ ~ 1 - P A  

“Pyridylamino oligomers  were prepared according to the proce- 
dures described under “Experimental Procedures.” 

Nonlabeled 179-kDa Tamarind XG (10 pg) and 50 pmol of pyri- 
dylamino oligomers were incubated in 10 pl of 0.2 M sodium acetate 
buffer (pH 5.7) at 25 “C for 30 min. Enzyme reaction rates were 
measured by Method 1 described under “Experimental Procedures.” 

Possible structures for the oligomers  were tentatively assigned 
based on  their glycosidic linkage compositions (Table 11), GPC  anal- 
yses, and other data reported (24). Linkage positions for galactosyl 
residues were not identified. -PA, pyridylamino group. 

E 

a . 
FIG. 8. Proposed scheme  for the mode of action of endo- 

xyloglucan  transferase. Each bar indicates a xyloglucan  molecule 
with reducing end as indicated by a round end. Arrow E indicates the 
site of endo-type cleavage mediated by action of the endo-xyloglucan 
transferase. 

recombination between  XG  molecules to produce chimeric 
XG  molecules. This enzyme is the  first glycosyltransferase 
identified that mediates the transfer of large segments of 
structural polysaccharides by an endo-type action. 

Only  XG polymers larger than 10 kDa efficiently act  as  the 
donor substrate for EXT.  The enzyme also required the basic 
structure of xyloglucan, i.e. a /3-(14)-glucoeyl backbone with 
xylosyl  side chains, for the acceptor activity. Galactosyl or 
fucosyl side chains were not required for the acceptor activity. 
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21064 Purification of Endo-xyloglucan  Transferase 

Based on this  substrate specificity, we propose to designate 
this new enzyme a xyloglucan: xyloglucanotransferase to be 
abbreviated EXT. 

EXT is distinct from 1,4-a-glucan  branching enzyme (EC 
2.4.1.18) types of transferases, which transfer a segment of a 
l,4-a-glucan  chain to a  primary hydroxy group of glucan to 
produce a  branch, in  that only a /3-(1+4)-glucosyl linkage was 
involved both  in the cleavage and linking reactions mediated 
by EXT.  EXT is different from 4-a-glucanotransferase (EC 
2.4.1.25) types of enzymes, since EXT acted preferentially on 
macromolecules in an endo-type fashion. Therefore, EXT is 
clearly distinguishable from conventional glycosyltransferase 
classified in EC 2.4.-.-. For  a class of endo-type  transferase 
we propose a general term, endo-glycanotrarzsferase. 

The enzyme was purified from extracellular fluid or apo- 
plastic fluid that  had been collected from the epicotyls of 
Vigna seedlings without  destroying the tissue. The enzyme 
was tightly adsorbed on a column of ConA-Sepharose 6B and 
was eluted with a buffer containing 0.5 M methyl-a-D-man- 
nopyranoside. The results  indicate that  the enzyme is a gly- 
coprotein located in the extracellular space or cell wall space 
of the epicotyl. Cell  wall space pH in plant tissues was 
controlled at  5.0-6.5 (14, 31). Since the optimal pH for the 
transferase is 5.8, it is likely that  the enzyme can  exhibit its 
maximal action  in the cell  wall of the epicotyl. 

Plant cell differentiation usually involves changes in  a cell's 
morphology, which is essentially governed by the chemical 
properties of the wall that encloses the cell. The wall is 
composed of crystalline cellulose microfibrils interconnected 
by amorphous matrix polysaccharides. XGs are  the major 
component of the matrix polymers (32) and function as cross- 
links between the microfibrils (3). Cell  wall extension has 
been demonstrated to be dependent  on cell  wall loosening 
that is achieved by an unknown chemical creepage of the wall 
matrix  (9). The process was considered to consist of the 
enzymatic cleavage of the load-bearing glycosidic linkages, 
which is followed  by reconnection of those linkages and 
intussusception of  new pieces of matrix polysaccharide se- 
creted from the cytoplasm (12). In 1976, Albersheim (2) 
hypothesized a scheme that  stated  that some endo-transgly- 
cosylase should be involved in  the chemical creepage. The 
hypothetical enzyme could mediate the  transfer of a  portion 
of the matrix polysaccharide to  another matrix polymer and 
thereby could split and reconnect the cross-links. However, 
the presence of the hypothetical enzyme has  not yet been 
demonstrated no enzyme isolated from plant cell walls was 

identified as an endo-transglycosylase capable of mediating 
the cross-links between microfibrils (14, 16). The endo-xylo- 
glucan transferase purified and characterized in this study 
apparently  satisfies the necessary conditions required for the 
hypothetical endo-transglycosylase; the recombination reac- 
tion between the two XG chains may  be made by a single 
action of the endo-xyloglucan transferase (Fig. 8). Incorpo- 
ration of a new segment of XG into  the matrix may also be 
achieved by repeated enzymic reactions. Based on these con- 
siderations we conclude that  the new transferase is a  prom- 
ising candidate for a key enzyme that is responsible not only 
for cell  wall loosening but also for integration of cell  wall 
architecture. 

Acknowledgment-We thank Akihiro Kondo (Takara Shuzo Co., 
Ltd.) for  preparation  of  pyridylamino oligosaccharides. 
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