
The Plant Joumal (1 993) 3{3), 4.t 5-/.26 lLt 1+,l T

that form strong non-covalent associations with cellulose
microfibers. The predominant hemicelluloses in the pnmary
cell walls of higher plants are arabinoxyian and xyloglucan.
Xyloglucan is thought to be a load-bearing structure in the
primary cell wall because of its proposed role In cross-
linking cellulose microfibers (Fry, 1989a). The dynamic
nature of the cross-linking is hypothesized to be the major
factor controlling the rate of cell wall expansion, thereby
regulating plant cell growth. Oligosaccharide fragments of
the xyloglucan of primary cell walls can regulate auxin-
stimulated growth in pea stem segments (Emmerling and
Seitz, 1990; McDougail and Fry, 1988, t9B9a, 19g9b,
1990; York ef a/., 1984). One of these oligosaccharides, a
fucose-containing nonasaccharide fiGg. Figure .l), was
shown, in the nanomolar range, to inhibit 2,4-dichloro-
phenoxyacetic acrd (2,4-D)-inouced growth of pea stem
segments. 2,4-D is an auxin analog. A heptasaccharide
(XG7) lacking the fucosyi-galactosyl disaccharide side
chain of XG9 was unable to inhibit 2,4-D-induced growth.
An octasaccharide, identical to XGg but lacking the
terminal fucosyl residue, was also unable to inhibit 2,4-D-
stimulated growth (McDougalland Fry, 1999b), indicating
that the terminal o-linked r_-fucosyl residue of XG9 is
required for its inhibitory activity. Thus, an c-fucosidase
that cleaves the Fuc-a-1,2-Gal linkage could be an
essentiâl component of the growth regulation process as
it could control the levels of fucose-containing xyloglucan
'oligosaccharins'.

Enzymes that modify xyloglucan oligosaccharides have
been detected in plants (O'Neill et al..19gg) and have been
purified and characterized (Fanutti et al., 1991; O'Neill ef
a/., 1989b). A g-galactosidase and a xylogtucan-specific
S-1 ,4-o-endoglucanase, have been purified from
nasturtium cotyledons (Edwards et a/., 1996, lggg). The
galactosidase is only able to remove terminal non-reducing
galactosyl residues from xyloglucan oligosaccharides.
Therefore, XG9 is not a substrate for either of these
enzymes. A xyloglucan oligosaccharide-specific c-
xylosidase has been extracted from pea stems (O'Neill
ef aL, 1989b) and germinated nasturtium seeds (Fanutti ef
a/., 1991). The xylosidases from both sources have been
purified to homogeneity. The enzymes specifically cleave
only the XG9 c-xylosidic linkage furthest from its reducing
end, yielding XG8' (oligosaccharide 10, Figure 1). XGB,
was as effective as XGg in inhibiting 2,4-D-stimulated
growth of pea stem segments (Augur etal., .1992). Although
there is no previous report on the ounfication of an a-
fucosidase from plants, a-fucosidase activity (EC 3.2.1.51)
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Summary

An c-fucosidase that releases fucosyl residues from
oligosaccharide fragments of ryloglucan, a plant cell
wall hemicellulosic polysaccharide, was purified to
homogeneity from pea (pisum sativuml epicotyls
using a combination of cation exchange chromato_
graphy and isoelectric focusing. The c-fucosidase
has a molecular mass of 20 kDa according to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis.
The c-fucosidase has an isoelectric point of 5.5. The
substrate specificity of the a-fucosidase was
determined by high performance anion exchange
chromatographic analysis of oligosaccharide sub-
strates and products. The enzyme hydrolyzes the
terminal c-l,2-fucosidic linkage of oligosaccharides
and does not cleave pnitrophenyl-c-r--fucoside. The
enzyme does not release measurable amounts of
fucosyl residues from large polysaccharides. The
subcellular localization of cr-fucosidase in pea stems
and leaves has been studied by immunogold cyto_
chemistry. The er-fucosidase accumulates in primary
cell walls and is not detectable in the middle lamella
or in the cytoplasm of 8-day-old stem tissue and 14_
day-old leaf tissue. a-Fucosidase activity was readily
detected in extracts of 8-day-old stem tissue. No
significant c-fucosidase acitivity or immunogold
labeling of the c-fucosidase was detected in 2- and
4-day-old stem tissue indicating that production of
c-fucosidase is developmentally regulated.

Introduction

The cell wails of higher plants contain a family of highiy
branched polysaccharides called hemicelluloses. Hemi-
celluloses are functionally defined as those polysacchandes
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Figure 1. Structures of fucose-contatning oligosacchandes and oligosaccnande alditols.
Oligosaccnandes 1{ and &10 are oligoglycosyl alditols prepared by converting the reducing glucose residue of eacn oltgosâccharide to its conesponding
glucitol. Oligosaccharides I and 2 were generated by digestion of xylogtucan with a Tungal Ê- 1 .4-endoglucanase. Oligosaccnande 9 is oligosacchande 1
minus tucose. Oligosacchande 10 is o|gosacchande 1 minus a srngle xylose resrdue. Compounds 6 and 7 were chemicallv synthestzed.

has been detected in extracts of almond seed (Kobata,
1982; Ogata-Arakawa et al., 1977\ and etiolated pea
stems (O'Neill et al., 1988). Recently, Farkas and
co-workers (Farkas ef a/., 1991) reported that the c-
fucosidase activity in pea stems was unaffected by auxin
pretreatment ano that a-fucosrdase activity in germinating
nasturtium seeds is developmentallv reguiated. In the
present sludy, we report on the punfication to homogenerty,
substrate charactenzation, and immunogoid localizatron of
an a-fucosidâse from etiolated Dea stems.

Results

Purification of the enzyme

Pea seedings were haruested 8 days after sowing, as a-
fucosidase activity was known to be present in pea
epicotyl tissue at that age (O'Neill ef a/., 1988). The a-
fucosidase was partially purified by selective extraction
from pea epicotyls; the first two low salt washes (0.1 M
and 0.05 M sodium acetate, pH 4.5) were discarded as
previous data indicated that the malority of cell wall
localized enzymes are released from cell wall material by
1.0 u sodium acetate but not by 0.1 M sodium acetate
(O'Neill et a/., 1988). The a-fucosicjase was further purified
by a combination of CM-Sepharose (Figure 2) and pre-
parative isoelectric focusing (Figure 3). The purification

steps were monitored by SDS-PAGE as shown in Figure
4. On CM-Sepharose, the analysis of fractions obtained
atter chromatography of 8-day-old pea seedling extract
showed a single, broad peak of a-fucosrdase activity
using reduced 2'-fucosyl-lactose as substrate (Figure 2).
Fractions from the CM-Sepharose column. containing c-
fucosidase activity, were oooied and subiected to two
consecutive isoelectnc focusrng steos (Figure 3a and b).
Fractions from the second isoelectric focusing step were
analyzed by SDS-PAGE (data not shown). Fractions 3-8

Froc l t on  Number

Figure 2. Cation exchange chromatograpny or crude dialyzed p€a stem
extract on carboxymethyl (CM)-Sepharose.
q-Fucosidase activity was assayecj as described in Expenmental
procedures. Fractions 35-41 {8 ml each, see bâr) were pooled and dialyzed
befor€ oreoarative tsoelectric focuslno.
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Figure 3. Preparativ€ iso€lectric tocusing of CM-Sepharose purified c-
fucosidase.
(a) Fractions 7-11 (2.5 ml eâch) were pooled, brought to a finat volume of
50 ml with H2O, reloaded into the rotofor chamber. and a similar procedure
(no additionat ampholytes were added for the second ourification) was
repeated (b), yielding pure r-fucosidase In fractions 3-€, as determined
by SDS-PAGE.

(Figure 3b), spanning the range pl: 5.4 to pl: 5.6, each
contained a single, a-fucosidase active, protein band
with an apparent molecular mass of 20 000. In the other
a-fucosidase-containing fractions (1 ,2, and f20),
protein contaminants of higher molecular weight were
obserued.

It is not possible to construct a conventional purification
table for a-fucosidase, since the activity in the 1 M buffer
extract, containing the crude enzyme preparation, could
not be assayed due to interference from reducing sugars
in the plant extract. A fourfold increase in specific activity
of a-fucosidase was observed between the carron
exchange chromatography and the second isoelectric
focusing purification.

Substrate specificity of a-fucosidase

An initial goal of this work was to determine whether the
c-fucosidase from pea stems is able to hydrolyze the
terminal fucosyl residues of xyloglucan oligosaccharides

Figuro 4. SDYPAGE ola-fucosidase-containing preparations.
Fucosidase samples at vanous stages of ounfication were subiected to
denatunng gel el€ctrophoresis ano srlver statneo. The samples loaded
were as tollows: lane 1 , 0.1 M sodium acetate. pH 5.0. extract of pea tissue;
lane 2. 0.05 M sodium acetate. pH 5.0, extract of restdue from pea tissue
after extraction with 0.1 M buffer; lane 3, pooled o-fucostdase-containing
fractions from CM-Sepharose chromatography; ane 4, pooled c-
fucosidase-containing fractions Trom first oreparattve tsoetectric focusing;
lane 5. purified û-fucosidas€ from second run In oreoaraltve iso€l€ctric
focusing chamber. The positions of molecular wetqnt marKers are snown
on th€ left side ot the figure.

and polysaccharides. lt was of particular interest to
determine whether the o-fucosidase could remove the
terminal fucosyl residue of XG9. XG9 was incubated with
a-fucosidase and the products separated by high
performance anion exchange (HPAE) chromatography as
described in Experimental procedures. The HpAE peak
eluting at 3 min (Figure 5, trace b) co-eluted with an u-
fucose standard. The HPAE peak with a retention time of
25 min (Figure 5, trace b) co-etuted with XGg (Figure 5,
trace a). The peak eluting at 28 min was identified as XG8
(Figure 1) by fast atom bombardment mass spectroscopy
(data not shown) as the observed [M + Hl pseudomolecular
ion corresponded in mass to XG8. The presence of fucose

l
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Figurs 5, Separation of xyloglucan oligosaccharides using high perfor-
mance ânion exchange.
The chromatogrâphy was on a Dionex CarboPac PA-1 column (4 x 25O
mm) with PAD detection. 1a; Chromatography of about 2 pg of XG9.
(b) chromatography of products generated by a-fucosidase digestion
ot XGg.
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Table 1. a-Fucosidase substrate soectficitv

Substratea
t Normalizeo o/o Fucose released o/c Fucose released

inrt ial  rateo in 20 min in 120 min

Rhamnogaiacturonan I
Rhamnogalacturonan ll
SÊPS Xvloglucan
XG25
Oligosaccharide I
Oligosaccnaride 2
Oligosaccharide 3
Oligosaccharide 4
Oligosaccharide 5
Oligosaccharide 6
Oligosaccharide 7
Oligosaccharide 8
PNP-a-r-Fucopyranoside

À
c

"See text for description of substrates. The structures of oligosacchandes 1-8 are shown
in Figure l. All of the structures except otigosaccharide 6 and PNP<-r_-fucopyranoside
were reduced to their conesponding oligoglycosyl alditols prior to assay of c-fucosidase
activitV.
olnitial rates were normalized to that of oligosacchande 6. The rnitial rate of hyorotysrs
of the fucosyl residue of oligosacchande 6 was I .5 pM fucose h 

-t pg -t fucosidase.
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in oligosaccharides is known to decrease their HPAE
retention time (Hardy and Townsend, 1988), which explains
why XG8 (devoid of fucose) has a greater retention time
than XG9. Recently, McDougalland Fry (199ia) reported
that XG8 does in fact elute later than XG9 on a CarboPak
PA-1 anion exchange column.

The abiliÇ of the purified c-fucosidase to cleave the c-
fucosidic linkages of a variety of oligosaccharides is
summarized in Table 1. ln these exDeriments, the reactions
were canied out under conditions where the substrate is
not limiting (less than 10% hydrolysis of substrate).
Complete hydrolysis of substrate can be achieved by
adding less substrate or more enzyme (see for example
Figure 5. where the substrate was hydrolyzed approxi-
mately 600/o). Three suspension-cultured sycamore cell
wall polysaccharides (rhamnogalacturonan l, rhamno-
galacturonan ll, and xyioglucan), each of which contains
terminal o-fucosyl residues and are, therefore, potential
substrates for a-fucosidase in vivo, were tested for their
ability to act as substrates. Rhamnogalacturonan | (RG l),
which is a pectic potysaccharide that is soiubilized from
piant cell walls by treatment with a-1,4-endopoiy-
galacturonase, has a molecular weight between 105 and
106 (York er a/., 1985). Rhamnogalacturonan ll (RG ll)
which is a pectic polysacchande that is also solubil ized
from piant ceil walls by treatment with a-1,4-endopoiy-
galacturonase, is composed of approximately 30 glycosyl
residues. RG ll contains termrnal 2-Gmethyl fucose (York
et a/., 1985). a-Fucosidase does not release measurable
amounts of fucosyi residues from RG l. RG ll. or xyloglucan
fl-able 1). A mixture of rytoglucan oligosacchande alditols,
each with about 25 glycosyl residues fXG25) and two
punfied xvtogiucan-derived oligosacchancles (oligo-

saccharides 1 and 2, Figure 'l ; Table 1 ), as well as several
commercially available fucose-containing oligosaccharides
and oligosaccharide alditols (compounds 3'{, 8,
and gnitrophenyl- c-r--fucopyranoside), and chemically
synthesized oligosaccharides (compounds 6. 7) were also
tested as substrates of a-fucosrdase. qNitrophenyl-a-
r--fucopyranoside is not hydrolyzed by the enzyme. The
a-fucosidase also does not hydrolyze the û-1,3-L-
fucosidic linkage of compound 4 (Figure 1) or the a-'l ,2-
r-fucosidic linkage of compound 5. The presence of a
6-Gacetyl group on the galactosyl residue of compound
6 made it a better substrate for o-fucosidase.

Specificity of the rabbit antiserum raised against pea
seedling a-fucosidase

Polyclonal antibodies were raised in rabbits against the
a-fucosidase in order to study the distribution of the a-
fucosidase in pea stem and leaf tissue. The specificity of
the antiserum used for the immunolocalization studies
was tested on gel blots of SDS-PAGE pea epicotyl protein
eldracts (Figure 6). The antiserum reacted soecifically with
the o-fucosidase (Figure 6, lanes 2. 3 and 4). Little cross-
reactivity was detected with other proreins rn the extracts.
The use of rabbit pre-immune serum Instead of the a-
fucosidase antiserum did not reveal any polypeptide on
immunoblots (data not shown). The preponderance of
antibody in the antiserum recognizing the a-fucosidase
were periodate insensitive (Figure 7) suggesting that the
antibodies recognize the protein moiety oi a-fucosidase.
The signal ano titer of untreated and periodate treated a-
fucosidase were rdenticai (Fioure 7).



Figure 6. Westêm blot of o-fucosidasê.containang 6xtracts from o€a
epicotyl tissue.
Lâne l, mot€cular wergm markers (the mass€s of th€ rnol€cular w€agm
man(st:i :nE Indical€o on rh€ tett side ot the figu|e); lane 2, 0.1 M sodium
ace€t€ enrâct of peâ stem tissu€: lan€ 3, 1 M sodium acotato oxtract of
pea stem tissu€: lane 4, q-fucostdas€ ourilied to homoo€n€itv-

1 0 3  1 0 4  1 o s  1 0 6  j o 7

Antiserum dilution
Frgure 7. Eff€cî of pr€trêâtm€rt of û-fucosdase with p€nodâte on th€
subs€quent binding of c-fucocidase-antb€rum.
Each datum is the av€ftlg€ of two rêplicâtes. The m€an absoôance value
+ SE, for umreat€d c-fucosidase and p€nodete-treated a-fucosidâs€ is
grven for each of thê antis€rum dilution senes. The absorbanco was
measured as tollows: A{,l{)5 nm)-A(492 nm,. The absorbânco at 492 nm
was subtracted trom th6 absorbanc€ at 40S nm. to correct tor th€
oresênc6 ot garanitroph€rryl phæphatg.

Subcellular localization of a-fucosidase in leaf and stem
cells

The c-fucosidase was localized by post-embedding
immunocytochemistry. Ultrastructural preservation and
antigen immobilization were achieved by fixing the tissues

Cell wali fucosioase ano xvloglucan oiigosacchain 41g

with glutaraldehyde. Non-specific deposition of gold
particles on the sections was preventeo bv pre-incubating
the ultrathin sections with normat goat serum prior to
treatment with the antiserum. In addition, the background
staining over both the tissue sections and the emb€dding
resin was reduced significantly by wasning the s€ctions
with Tris-HCl buffer containing 0.5 M salt and lo/o (w/v)
RSA as an inert protein. Then, ultaftin s€ctions of samples
from 8-day-old pea stem and 14-day-old leaf wer€ in-
cubated with anti-tucosidase antiserum and goat-anti-
rabbit (GARFgotd antibodies. The resutt was an intense
labeling of cell walls (Figures 8 and ga).

Epidermal cell wgtls of pea stems showed strong labelirç,
as iudged by the nlmber of gold particles distributed over
the entire wall (Figure 8b). The density of label is lower in
the middle lamella and particuiarly in the comers of the
walls (Figure 8a). Epidermal cell walls of pea leaves were
also labeled (Figure 8 c-d). Again, the gold particles were
not evenly distributed over the wails as the Darticl€s wsre
preferentially associated with the wall layer clos€st to the
cytoplasm (Figure 84; tne middte tameila region of the
epidermal wall had greatly reduced labei (Figure ge).

tabeling with the anti-fucosidase antisêrum wes
confined to the primary walls in the mesophyll tissue of
pea leaves (Figure 8c). Once again, fewer gold particles
were attached to the middle lamella of stems and leaves
than to the rest of the primary cell walls. The oTtoplasm,
organelles, and vacuoles w€re not labeled in the leaf or
stem tissue (Figure 8). A similar labeling pattem was found
in the parenchyrna cells of pea stems (Figure 9a). Here
again, the middle lamella was less densely labeled than
the rest of primary walls (Figure 9a).

Labeling with the anti-fucosidase antiserum€AR{old
antibodies was virtually abolished by competition for the
rabbit antibodies. with purified c-fucosidase (Figure 9b
and c). This was achiwed by adding an excess of purified
c-fucosidase to the anti-fucosidase antis€rum and
incubating ovemigtr before using the depleted antiserum
for immunocytochemical labeling. Similarly, incubation of
the sections direclly with GAR-gold antibodies, tho anti-
fucosidase antiserum step being omrtted, yielded n€gative
results (data not shown).

Sections trom 2- ano 4-day stems rather than Sday
stems were incubated with the anli-fucosidase antis€rum
and with CrAR-gold antibodies lFigure 10 aJ). No ognificant
labeling was detected over pnmary walls of epidennal and
parenchyma ceils of 2- and 4-day stems. The absence of
the fucosidase in 2- and 4-dav-old stems was confirmed
by enzymatic studies. These studies involved attempting
to purify the c-fucosidase from 2- and 4-day-old pea
seedlings ustng the eldraciion procedure developed with
8-day-old pea seedlings (see Expenmental proceduræ).
c-Fucosidase activity in CM-Sepharose-chromatograpfed
extrac'ts ol 2-,4- and 8-day-old pea seedlings was assayed
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for using reduced 2'-fucosyl lactose as a substrate.
a-Fucosidase activity was detected in the extract from
8-day-old pea seedlings, whereas no hydrolysis of the
fucosidic linkage was detected in extracts from 2- and
4-day-old pea seedlings. Under the conditions tested,
a-fucosidase in the extract from 8-day-old seedlings
hydrofyzed 35o/o of r--fucose from reduced 2'-fucosyl
lactose.

Discussion

We have described a procedure including ion-exchange
chromatography and isoelectric focusing, for the purifica-
tion to homogeneity of pea epicotyl c-fucosidase.
Several criteria were used to assess purity including SDS-
PAGE, N-terminal amino acid sequencing (manuscript in

Frgure & Transmrssron electron micrographs
of pêâ stem (a and b) and leat (c-€) tissues.
Sections w€re incubated with anti-c-
fucosidaso antibodies followed bv ooat-anti-
rabbit-gold antibodies (10 nm).
(a) Gold lab€l is found exclusively over the
eoidermal wall. Bar = 1 um.
(b) Enlarged portion of ta) showing the
acqrmulation of gold panicles In the egctermal
cell wall. Bar = 0.5 pm.
(c) Leaf 6pid€rmal cell; labeling occuG over
the primary wall but wrth reduced intensity in
the middl€ lamella. Bar = 0.25 rrm.
(d) Leaf epidermal cell. The outer regaon ol the
epidermal wall shows reduced labeling. Bar
= 0.5 pm.
(e) Cross-section of leaf mesophyll cells,
agarn wrth reduced labeling In the mictdle
lamella. Bar = 0.25 um.
The abbreviations used are: EW, epiclermal
wall: PW. primary wall; Cy, cytoplasm; ML,
mrddle lamella: Va. vacuole.

preparation), and generation of monospecific antisera
against the purified fucosidase. To our knowledge this is
the first report on the purification to homogeneity of a plant
c-fucosidase.

The molecular mass of c-fucosidase under denaturing
conditions was 20 kDa. which reoresents the smallest
known a-fucosidase. Under denaturing conditions, an
obserued molecular mass of 40 000-73 000 has been
reported for purified a-fucosidases isolated from a number
of prokaryotic and eukaryotic sources (Alhadeff et a/.,
1975;Kochibe, lg73; Sano ef a/., 1992;Tsujief a/., 1990).
a-Fucosidases from mammalian tissues (Alhadeff ef a/.,
1975; Opheim and Touster, 1977) and marine mollusks
(D'Anieflo et al., 1982: Nishigaki et al., 1974) are able to
hydrolyze artificial substrates such as pnitrophenyl-c-L-

fucopyranoside and have broad aglycon specificities.
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They are able to hydrolyze a-1,2; c-1,3; ct-1,4; and
c-1,6-u-fucosidic linkages. In contrast, microbial (Aminoff
and Fukurawa, 1970; Bhal, 1970; Kochibe, '1973) and
almond emulsin (Ogata-Arakawa et al., 1977; Yoshima et
al., 1979\ a-fucosrdases have nanow aglycon specificities
and cannot hydrolyze artificial substrates. q-Fucosroase
from pea epicotyls falls into the latter category. The c-
fucosidase from pea seedlings, which hydrolyzes oligo-
saccharicje substrates containing Fuc-a--l,2-Gal linkages
[fable 1), was unable to hydrolyze gnitrophenyl-c-r_-
fucopyranoside.

The reduced disaccharide, Fuc-a-1,2-Gal (Figure 1;
oligosaccharide 8), is a relatively poor substrate for the c-
fucosidase, and reduced Fuc-c-1,3-Gal (oligosaccharide
5) is not a substrate. Thus, attachment of the a-fucosvl

.. '. '
<t

Figure 9, Eiecrron mrcrograpns of p€a stem
seclions.
(a)Transmission electron micrograph of stem
parenchyma cells immunotabeled with anti-
a-fucosidase antibodies ioilowed by GAR-
gold antibodies (10 nml. Labeling is associ-
ated with the pnmary watl. but absent from
the middle lam€lla. Bar = 0.25 pm.
(b)Transmrssron electron micrograph of stem
parenchyma tissue. Section of control stem
rncubatêd with anti-a-fucosidas€ antibodi€s
that were preadsoôed with an €xossn of
purifi€d a-tucosidase. No lab€l abo\r€ back-
ground is found over the orimary wall. 8ar =
0.25 pm.
(c) Transmrssion etectron micrograph of stêrn
epaclermal tissue. Section oT control st€m
incubated with anti-c-fucostdase antibodi€s
that were preadsorbed with an excæs of
purified c-fucosrdase. Bâr = 0.25 pm.
lS. interc€llular space. For other abbr€viâtkïs
see Figure 8.
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residue to O-3 rather than O-2 of galactose abolished the
activity of c-fucosidase.

The a-fucosidase hydrolyzed compound 7 more slowly
than compound 6. These two compounds only differ by
the presence of a 6-Gacetyl group on the galactosyl
residue of compound 6. lt is interesting to note that 50%
of the galactosyi residues of xyloglucan oligosaccharides
that were enzymatically releasect from purified sycamore
cell wails are substituted with a 6-Gacetyl group (Kiefer
et a/., 1989). Thus, Gacetyl groups may affect the half life
of xyloglucan oligosaccharins in vivo.

The solubilized primary cell wall poiysaccharides RG l,
RG ll, and xyloglucan are not substrates for the c-
fucosidase flable 1). On the other hand, xyloglucan
oligosaccharides containing fu cosyl residues are substrates
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for the c-fucosidase. The ability of a-fucosidase to
hydrolyze fucosyl-containing xyloglucan oligosaccharides
but not fucosyl-containing polysaccharides may arise from
differences in conformation between the oligo- and poly-
saccharides. Levy and co-workefti (1 991) have preliminary
NMR data indicating that the fucosyl residue of XGg is in
close contact with its reducing glucose residue; these
results were also predicted by theoretical potential
energy calculations. These data suggest that the terminal
o-linked fucosyl residues of the ryloglucan polysaccharide
may not be accessible for hydrolysis by the a-fucosidase
due to stenc hindrance.

Xyloglucan polysaccharide, which is not a substrate for

Flgu'r 10. Transmission el€ctron micro-
graphs ot 2-day-old (a and b) and 4-day-old
(c and d) stem pârenchyma cells.
Sections were incubatod with anti-a-
tucosidase antibodi€s follow€d by GAR-gotd
antibodi€s (10 nm). No labêling could be
deteclêd. (a)Bar = 0.5 pm. (b) Bar = 0.25 Ém.
(c) Bar = 0.5 rrm. (cl) Bar = 0.25 rrrn.
For abbreviations see Figure 8.

a-fucosidase, has been localized throughout the entire
wall in suspension-cultured sycamore cells (Moore ef a/.,
1986). A small portion of the wall oolymers are cleaved
during auxin-induced growth (Labavitch and Ray, 1974)
and fucose-containing oligosaccharides such as XGg,
which are substrates for a-fucosidase. apparently arise
by the partial hydrolysis of pre-formed xyloglucan
(McDougall and Fry, 1991b). There is also suggestive
evidence in the literature (Albersheim et al., 1992; Fry,
1 989b; York et a1.,1 984) that these fucosylated ryloglucan
oligosaccharides are involved in feed back inhibition of
auxin-induced groMh. Therefore, during growth, an c-
fucosidase that hydrolyzes the glycosidic bond of the



o-fucosyl residues of these oligosaccharins could'control
their ln sltu concentrations. However, it is not known how
the a-fucosidase level is regulated.

The evidence that hydrolytic enzymes, sucn as û_
fucosidase, play a role in piant growth regulation is only
correlative; direct evidence remains to be obtained. The
possibility that a-fucosidase controls the levels of growth
inhibitory XG9, and the lack of information concernirg the
localization of hydrolytic enzymes in general and of the a_
fucosrdase in particular, prompted us to use immunocyto_
chemical methods to visualize the disiribution of the
cr-fucosidase during growth. Three stages of seedling
development were studied (days 2, 4, and g). At days 2
and 4, when the stem cells are elongating rapidly, no c_
fucosidase is present in the primary cell walls of stem
tissue. At day 8 when elongation has slowed, the ct_
fucosidase is abundantly present in the cell walls, of stem
and leaf tissues. The results obtained from the immuno_
localization studies correlate with those at the enzyme
activity level. No c-fucosidase activity could be detected
in extracts of 2- and 4-day-old stems of pea seedlings,
even after incubating reduced 2,-fucosyl lactose wtth the
partially purified extracts for 6 h. Thus, a-fucosidase is
developmentally regulated. These results are in agreement
with those of Farkas ef a/. (1 gg1) who determined that
a-fucosidase activity increases with the age of the
cotyledons of nasturtium seedlings, peaking at day 12.

In conclusion, we have purified to homogeneity a cell
wall localized a-fucosidase that is able to regulate oligo_
saccharin activity. The present study adds to our under_
standing of how oligosaccharins function in the regulation
of growth.

Experimental procedures

Plant material

Peas (P,surn sativumvar. Alaska) were grown in vermiculite in the
dark at 25'C lor 2,4, and I days as previously described (O'Neill
et a/., 1989b). Etiolated pea stem material above the cotyledons
was harvested, weighed, and frozen in liquid nitrogen.

Protein determination

Protein concentration was determined by the Bio-Rad assay
system (Bradford, i976) according to the manufacturer,s
procedures. BSA was used as the standard.

Enzyme assay

a-Fucosidase activity was assayed by a rnodification of the Kato
and Kinoshita (1980) fluorescence method for the general
detect,on of reducing sugars (O'Neill et al., 1999a, t9g9b).
Reduced 2'-fucosyl lactose 15igma1, in which the glucose resroue
at the reducing terminus has been converted to glucitol (york ef
a/.,1985), was used as the substrate during all steps of o-
fucosidase purification. For the assay of column fractions, 10 ul
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of enzyme solution was added to 10 pg of reduced 2,-fucosyl_
lactose in a total votume of 50 pi containing 200 mM sodium
acetate, pH 6.0. with 0.02% sodium azide. After incubation of the
mtxture at 30.C for i h, the enzyme reaction was stopped by
adding 300 pl of a solution ot 4.610/o (v/v) ethanotamine and
4.670/o (w/vl boric acid and heating the mixture for.10 min in a',|50'C aluminum heating block. Samples were then cootect and
the fluorescence read with a perkin-Elmer model 65fi5
fluorescence spectrophotometer, using excitation and emiss,on
wavetengths of 357 and 443 nm, respectively. r_-Fucose (Sigma)
was used as th€ sugar standard for quantitation. For the assay of
extracts lrom 2-, 4-, and B-day-old seedlings, g pg from each
extract was added to 1 0 pg of reduced 2,-fucosyl lactose in a total
volume of 55 pi containing 200 mM sodium acetate, pH 6.0. 200
mM sodium chtoride. and 0.02o/o sodium azide. After incubation
of the mixture at 30'C for 6 h, the enzyme reaction was stopped,
and the sample heatfr and the fluorescence read as clescribed
above.

Enzyme purification

Eight-day-old pea stem tissue (1 .5 kg) was homogenized for
2 min in 4lof ice-chrl led 100 mM sodium acetate, pH 5.0,
containing 1o/o (w/vl insoluble potwinvtpolypyrrolidone (pVp,
Sigma) and O.3o/o (v/v1 g-mercaptoerhanot (Sigma). The homo_
genate was finered through a nvlon cloth (400 mesh). The retentate
was collected and resuspenoed in 2 lof 50 mM sodium acerate,
pH 5.0. containing 1o/o pyp and 0.3olo p-mercaptoethanol. The
suspension was filtered through a nylon cloth and the ret€ntate
was suspended in 2.5 | of I M sodium acetate, pH 5.0, The
suspenston was maintained at 0.C for t h to allow release of wall
associated proteins, and filtered through a nylon cloth. The
soluble fraction, which contained the .crude'enzyme, 

was diabzed
against 25 mM sodium acetate, pH 5.0. The crude enzyme was
centrifuged at 13 000 g for t h prior to cation exchange cnro_
matography on CM-Sepharose.

C atio n exc h ang e ch ro matog rap hy

The resulting supematant (about 2.5 l) was applied at 3 ml min-l
to a 2.5 x 9 cm CM-Sepharose fast flow {pharmacia) column
equilibrated in 25 mM sodium acetate. pH 5.0. The column was
washed with 25 mM sodium acetate, pH S.0. until the absorbance
of the eiuate at 280 nm was equal to that of the buffer. The column
was eluted at 3 ml min-l with a 500 ml linear gradient starting
with 25 mM sodium acetate, pH 5.0, and ending with th€ same
buffer containing 500 mM NaCl. Fractions (g ml) were collected
and assayed for a-fucosidase activity. The fractions containing
o-fucosidase activity (3H1, Figure 2) were pooied and dialyzed
against H2O prior to preparative isoelectric focusinq.

lsoelectric focusing

Preparative isoelectric focusing was performed using a Rotofor
cylindrical focusing chamber (BioRad) with a capacity of approxi-
mately 50 ml. The focusing chamber is divided into 20 discrete
compartments by a membrane core. Ampholytes, pH F7 (Biolyte
5Æ, BioRad), were added to the enzyme sotution (about 45 ml) to
1Yo (v/v). This soiution was loaded into the Rotofor chamber and
maintained at 4'C for 20 min before being electrofocused at
12 W constant power for 4 h with a model 300OXi power supply
(BioRad). The contents of the focusing chamber were collected
into 20 2.5 ml fractions. Each fraction was analyzed for pH
and ct-fucosidase activity. c-Fucosidase-contajning fractions
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i7-1 1, Figure 3a) were pooied. brought to a final volume of 50 ml
with H2O. reloaded into the Rotofor chamber, and ihe electro-
iocusing procedure reoeated. After 4 h. 20 2.5 ml lraodons were
collected and anatyzed for pH and o-fucosrdase activiw (Figure
3b). The :roteins in each of the fractions from both the electro-
focusing procedures were monrtored by SDS-PAGE (datg nol
snown).

Preparation of extracts from 2-, 4-, and 1-dav-old etiolated
pea stem

Enzyme punfication. Two-day-otd stem tissue (50 g) was
homogenrzed for 2 min in 400 ml of ice-chilled 100 mM sodium
acetate. pH 5.0, containing 1Yo (w/v\ insoluble polyvinylpolv-
pyrrolidone {PVP. Sigma) and 0.3% (v/v) B-mercaptoethanol
tSigmat. The homogenate was filtet€d through a nyion cloth (400
mesh). The relentate was coriecteo and resusoended in 300 ml
of 50 mM sodium acetate. oH 5.0. contarning 1% PVP and 0.39/0
9-mercaotoethanoi. The suspension was iiltered through a nvlon
cloth and the retentate was suspended in 150 ml of 1 M sooium
acetate. oH 5.0. Ïhe susoensron was marntained at 0'C for t h to
ellow release of wari-associated oroteins. and then fittered througn
a nylon cloth. The filtrate, was dialyzeo agatnst 25 mM sooium
acetate. pH 5.0. ano then centnfuged at 13 000 gfor t h pnorto
cation exchange chromatograpny on CM-Sepharose.

Cation exchange chromatography. The centrifugation
supernatant (about 150 ml) was applied at 3 ml min- '  to a 0.5 x
4 cm CM-Sepharose fast flow (Pharmacia) column equilibrated in
25 mM sodium acetate. pH 5.0. The corumn was washed with 25
mM sodium acetate, pH 5.0. until the absorbance of the eluate at
280 nm was equal to that of the buffer. The column was eluted at
3 ml min-r with 25 mM sodium acetate. pH 5.0, containing 200
mM NaCl. A 40 ml fraction containing the 200 mM Nacl-released
fraction. was collected and concentrated 1o-fold in a Centrioreo
10 {Amicon) in preparation for a-fucosidase activity assay. The
purification procedure was repeated for the 4- and 8-day-old pea
seedlings.

Substrate specificity of a-fucosidase

RG l, RG ll, xylogiucan, XG25 and XG9 were punfied from sycamore
cell walls as described (York et a/., 1985). All the compounds
tested (except compound 6, Figure 1, ano Êniirophenyi-c-r--
fucoside) were reouced to their corresponding alditols, as
described in Augur et at. (19921, pnor to being used rn the o-
fucosidase activity assay. For the assay of c-fucosrdase adivity,
0.05 a-fucosidase units (one unit of o-fucosidase is defined as
the amount of enzyme required to proouce 1 pM reducing fucose
per hour at 30"C and at pH 6.0, usrng 1 0 rrg of reduced 2'-fucosyl-
lactose as substrate) was added to 2.F5.0 pg of fucose equivalent
substrate in a total volume oi 50 pl containing 200 mM sodium
acetate, pH 6.0, with 0.02olo sodium azroe. After incubation ol the
mrxture at 30"C for t h. the enayme reaction was stopped by
adding 300 pl of a solution ol 4.670/o (v/v) ethanotamine and
4.670/o (w/v\ of boric acid and heating the mixture for 10 min in a
150'C aluminum heating block. The samples were cooled and the
fluorescence read, using excitation and emission wavelengths of
357 and 443 nm, respectiveiy. r--Fucose was used as the sugar
standard for quantitation.

The ability of c-fucosidase to hydrolyze pnitrophenyl-c-r--
fucoside (Sigmal was assayed using 20 rg of substrate and 0.05
units of a-fucosidase in a total volume of 50 pl containing 200

mM sodrum acetate. pH 6.0. wtth 0.020.20 sodium azide. The
reaction mrxture was Incubaled for 3 h at 30'C. The reactaon was
terminated bv adding 1 ml of 0.2 M soorum carbonate and the
absorbance was measured at 400 nm.

a-Fucosidase treatment ot XG9

XGg (40 pg) was incubated (30"C for 3 h) in 110 ul of 100 mM
sodium acetate, pH 6.0. containing 0.027o soorum azide and 0.1
unit of a-fucosidase. The resulting digest was oassed through a
column (0.5 x 2 cmt of Dowex 50 (Sigma) to remove sodium ions
and then lyophilized to remove acetic acrd. XG8. XGg, and free
fucose were separate! by HPAE chromatographv on a CaôoPac
PA-.t column usrng a Ûionex metal-free BioLc liquro chromatograph
interfaced to an Autolon Series 450 data station rDionex Corp.,
Sunnyvale. CA). The carbohydrates in the effluent were detected
usrng a Dionex outsed amperometric oeteclor tPAD) equipped
wrth a goid working electrode. The amoeromelnc detector was
operated in the integrated amperometry mooe at 500 nAmps
sensûiviw. The following pulse potentials (81-E3) and durations
(t1-t3) were useo for detection of the oligosaccharides: Er = 0.05
V( t r  =  566mseo:  E2 =  0 .6V( tz  =  S0msect ;  E_. :  -0 .6V( tg  =  50
msec). The column was eluted wrth 100 mM NaOH (f5 minl
followed by a 40 ml linear graoient of sodium acetate (È60 mM)
in 100 mM NaOH (5.1-a5 mrnt. The cotumn was then eluted
isocratically wrth 60 mM sodium acetate rn 100 mM NaOH (45.1-

50 minl and re-equii ibrated for 10 mrn in 100 mM NaOH prior to
the next Injectron. Ihe flow rate was 1 ml mtn - .

ïhe eluant solutions were prepared using ultrapure water,
carbonate-free aqueous 50% sodium hvdroxide (J.T. Baker,
Phillipsburg, NJ), and sodium acetate trihydrate (Biochimika
grade, Fluka, Ronkonkom, NY). The solutions were filtered (0.2
p.m Nylon 66 membranes, Rainin, Woburn, MA) and degassed
with helium using an eluant degas module (Dionex, Sunnyrale,
CA) prior to their use. To facilitate the detection of carbohydrates
and to minimize base-line drift. 400 mM NaOH was added post-
column at a flow rate of 0.6 ml mrn 

- ' usrng a pressurtzed Dionex
reagent delivery system.

Production of anti-a-fucosiciase anribooies

Antiserum to the d-fucosidase was preparecl by emulsifying the
purified enzyme (100 pg in 100 p.l H2O) wrth an equal volume of
Freund's complete adiuvant (Pierce. Rockford. lL) and iniecting
the resulting emuision Into the foot pad of a rabbit. After 4 we€ks,
the rabbit was Injected with an emulsion containing 50 pg of
purrfied enzyme, 100 p.g of H2O. and 100 pl of Freund's incomplete

adiuvant (Pierce). After 6 weeks, the rabbit was bled from the ear
artery and serum was obtained by centnfugation at 1 500 gtor 25
min at room temperature. The serum was stored in aliquots at
-20'C. The spectficity of the antlserum raised agatnst the puri-
fied a-fucosrdase was assesseo by Western blotting after gel
electrophoresrs of the soluble proteins in the cruoe pea epicotyl
extracts and bv enzyme-linkeo immunosorbent assay (ELISA).
The ELISA assay was carrred oul as previousiv described (Hahn

et a1..1987\.

SDS-Ge/ electrophoresis and Western blotting

SDS-gel electropnoresis. to monitor the o-fucosidase purification

steps, was performed in 2Oo/o (w/v\ polyacrylamide gels uslng the
Phast system from Pharmacia. SDS-gel electrophoresls, for
Westem blotting, was performed in 1596 (wv) polyacrylamide
gets as descnbed (Schàgger and Jagow. 198il. Electrophoretically



separated proteins were transferred to a nitrocellulose membrane
(0.45 pm. Bio-Rad) as described (fowbin et a1.,1979\. For immuno-
detection, free polypeptide binding sites were blocked with TBS
(50 mM Tris/500 mM sodium chtoride, pH 7.6) containing 0.5%
(w/v) BSA. The membrane was then incubated for 2 h in Dnmarv
antibody diluted (1 :1 04) in TBS. Antigen-antibody reactbns were
vrsualized by the indirect alkaline phosphatase techniaue as
described in the Bio-Rad technical sheet.

Electron microscopy

Plant material. Peas were grown as described above. Stem
segments (6 mm long starting 3 mm from the maximum curvature
of the apical hook) were cut from 2-, 4- and g-day_old (dark
grown) etiolated pea seedlings. Eight-day-old stem segments
were washed with a freshly prepared incubation medium consist_
ing of 1% sucrose, O.O2o/o benzylpenicillin (potassium salt, Sigma),
and 5 mM potassium phosphate (pH 6.j). Eight-day-otd stem
segments were Incubated in 2 mi of the same incubation medium.
for 4 h on a rotary snaker before tissue processing. Leaf sections
of non-etiolated 14-day-old peas were also collected for electron
microscope studies.

Tissue processing. pea stem and leaf segments (about .l
mm") were fixed in 3% (v/v) glutaraldehyde buffered with 0.1 M
sodlum cacodylate, pH 7.2, for 2 h at room temperature, then
dehydrated in a graded ethanoi series and embedded in Epon
812. Ultrathin sections were collected on formvar-coated nickel
gnds and processed for immunogold labeling (Benhamou et a/.,
1 990). From each experiment, 1 0-1 5 sections from each of three
stems and three leaves were examined visually with a JEOL 1200
EX electron microscope at 80 kV.

I mmunocytochemical label ing. Ultrathin sections were first
floated for 5 min on a drop of phosphate-buffered saline (pBS),
pH 7.2, containing 0.5% (w/v) BSA and then transferred to a drop
of normal goat serum (diluted 1:10 in pBS-BSA) for 30 min at
room temperature. Sections were incubated for 2 h at 37"C on a
drop of anti-o-fucosidase antiserum (diluted 1:20 in pBS-BSA)
and then washed for 10 min with TrisHCl-BSA-NaCl (0.05 M Tris
HCI (pH 8.2\, 1o/o (w/v) BSA, 0.5 M sodium chtoride). Sections
were then ancubated on a drop of colloidal gold (10 nm)-coniugated
goat antiserum rais€d agalnst rabbit immunoglobulins (CrAR_gold
antibodies) (diluted 1:10 in TrisHCl-BSA-NaCl) for .l h at room
temperature. washed with PBS (pH 7. ), rinsed with distilled
water, and finally contrasted with uranyl acetate and lead citrate
prror to examination under the electron microscope.

lmmunocytochemical controls. The specificity of tabeling
was assessed by including two controls. In the first, purified a_
fucosidase (40 ng) was incubated overnight at 4"C in a 20 pl
droplet of anti-a-fucosidase antiserum (diluted .l:20 in pBS_
BSA). An ultrathin section was then floated on the droplet for 2 h
at 37"C. The immunocytochemical labeling procedure was then
followed as described above. In the second, each ultrathin section
was incubated directly with GAR-gold antibodies. the anti-û_
iucosidase antiserum step being omttted.

Quantification of labeling. The density of tabeting associated
wtth cell wails and cell corners was calculated and expressed as
the number of gold particles per pm2. Areas were determined with
a ZEISS MOP image analysis system. The amount of labeling over
a specific area (Sa) was estimated by the point counting method
established by Weibel (1969) on a photographic enlargement. The
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density of labeling (Ns) is calculated as follows: Ns : Ni/Sa. where
Ns represents the number of gold particles (Ni) per unit surface
(sa).
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