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Short Communication

Soybean BRU1 Encodes a Functional Xyloglucan Endotransglycosylase That
is Highly Expressed in Inner Epicotyl Tissues during Brassinosteroid-

Promoted Elongation
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Brassinosteroids promote soybean epicotyl elongation
and regulate expression of BRU1, a gene with homology
to xyloglucan endotransglycosylases (XETs). Recombinant
BRU1 protein possesses XET activity and in situ hybridiza-
tion reveals highest BRU1 transcript accumulation in inner
epicotyl tissue, particularly the phloem and paratracheary
parenchyma cells. These results suggest a role for BRU1 in
vascular development in addition to cell elongation.
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Brassinosteroids (BRs) are widely distributed plant
natural products with structural similarity to animal ster-
oid hormones. BRs have been shown to promote cell
elongation, regulate gene expression and enhance vascular
differentiation in a number of plant systems (see Clouse
1996 for a recent review). Mutations that result in BR insen-
sitivity (Clouse et al. 1996, Kauschmann et al. 1996) or le-
sions in genes encoding BR biosynthetic enzymes (Li et al.
1996, Szekeres et al. 1996) result in a similar phenotype that
includes severely dwarfed stature, abnormal leaf develop-
ment, reduced fertility, loss of apical dominance, and de-
etiolation of dark-grown plants. Genetic and physiological
analyses of these mutants have provided convincing evi-
dence that BRs are essential for normal plant growth and
development.

We have shown that BRs promote elongation in apical
epicotyl segments of soybean and have cloned a gene,
BRUI1, that is regulated specifically by BR during early
stages of elongation in this tissue (Clouse et al. 1992, Zurek
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and Clouse 1994). Correlative evidence concerning spatial
and temporal expression of the BRU1 gene, and the rela-
tionship of BRU1 expression to BR-mediated changes in
cell wall mechanical properties, suggest that this gene pro-
duct may play a role in BR-modulated cell elongation in
soybean (Zurek et al. 1994). Sequence analysis of BRUI
reveals a marked degree of sequence identity to numerous
xyloglucan endotransglycosylases (XETs) and XET-like se-
quences from Arabidopsis, Azuki bean, soybean, tomato,
nasturtium, wheat and maize (Arrowsmith and de Silva
1995, Medford et al. 1991, Okazawa et al. 1993, Saab and
Sachs 1995, de Silva et al. 1993, Xu et al. 1995, 1996).

Xyloglucans are major constituents of the hemicellu-
losic component of the primary cell wall in non-Poaceous
monocotyledenous and dicotyledonous plants and are
thought to be tethers that attach adjacent cellulose microfi-
brils (Carpita and Gibeaut 1993). For cell expansion to oc-
cur without loss of wall integrity, slippage or breakage of
these tethers is required followed by reformation of the
bonds. The discovery of XET (Fry et al. 1992, Nishitani
and Tominaga 1992), an enzyme that cleaves xyloglucan
specifically and attaches the cut ends to new xyloglucan ac-
ceptors, provided a candidate for a wall-loosening enzyme
involved in expansion growth or an enzyme involved in
wall strengthening after expansion has occurred. Both roles
have been proposed, but no definitive evidence for either of
these roles in muro is currently available (Cosgrove 1993,
Nishitani 1997). It has also been proposed (Fry et al. 1992)
that in addition to elongation, XETs may be involved in
developmental processes requiring cell wall modification,
such as abscission, fruit ripening and the formation of per-
foration plates and sieve plates in developing xylem and
phloem cells. While the exact role of XETs remains un-
certain, their widespread distribution (Nishitani 1997) and
presence as differentially regulated multi-gene families (Xu
et al. 1996) indicates that these enzymes are likely to play
an important role in some critical process involving cell
walls.

Tominaga et al. (1994) showed that in squash hypo-
cotyls, the effect of IAA on elongation and cell wall mecha-
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nical properties was limited to the epidermis. BR, on the
other hand, stimulated elongation and wall relaxation in
both epidermal and inner tissues, but with a more pro-
nounced effect on inner tissues. They therefore proposed
that BR had inner stem tissue as its primary target. It was
of considerable interest then, to examine the spatial distri-
bution of BRUI transcripts to determine if there was pre-
ferential expression in inner tissues of soybean epicotyls.

Moreover, while the sequence similarity of BRU1 to
other proven XETs suggested a biological function, no di-
rect evidence that BRU1 encoded an active XET was availa-
ble. It was possible that BRU1 encoded a wall metabolizing
enzyme related to XET but with a different wall polymer as
substrate. In this paper we show that the BRU1 gene pro-
duct in fact has XET activity and also provide studies on
spatial regulation of expression of an XET (and a'BR-regu-
lated gene) by in situ hybridization.

To construct an expression cassesette, the Baculovirus
vector pAcSGI1 (PharMingen Co., San Diego, CA, U.S.A))
was digested with EcoRI and Kpnl and ligated to a full-
length BRU1 cDNA (Zurek and Clouse 1994) cut with the
same enzymes. SF9 insect cells (Spodoptera frugiperda)
were grown in TNM-FH medium (Hink 1970) and main-
tained in exponential growth by splitting cultures 1:3
every 48 h. For cotransfection, 0.5 ug of linearized Baculo-
Gold DNA (PharMingen) and 2.0 ug purified recombinant
vector DNA were added to SF9 cells followed by incuba-
tion at 27°C for 5days. For production of recombinant
protein, the supernatant from the cotransfection plates was
used to generate high titer viral infection stock which was
incubated with Trichoplusia ni cells in BaculoGold Protein
Free Insect Cell Medium (PharMingen) at a multiplicity
of infection of 5 to 10. For XET assays of recombinant
BRUI, cell lysates were prepared from 30 ml of infected in-
sect cell cultures by centrifugation at 2,500 X g for 5 min
followed by resuspension of the cell pellet in 1 ml of lysis
buffer (50 mM Tris, pH 7.5; 650 mM NacCl; 5% Triton-X
100; 50 mM NaF; 50 mM sodium phosphate, pH 7.5; 50
mM sodium pyrophosphate, pH 7.5) per 4 x 10° cells. Cells
were lysed on ice for 45 min and the lysate was cleared by
centrifugation at 45,000 X g for 30 min.

High molecular weight xyloglucan was purified from
Tropaeolum majus (nasturtium) seeds by the method of Ed-
wards et al. (1985). A portion of the nasturtium xyloglucan
was digested with Trichoderma viride cellulase and sub-
jected to Bio-Gel P2 (Bio-Rad, Richmond, CA, U.S.A))
chromatography to generate xyloglucan oligosaccharides
(XG7, XG8, XG9) as described by McDougall and Fry
(1990). Oligosaccharides were tritiated by incubating with
NaB*H, as previously described (Hetherington and Fry
1993). To determine XET activity, 10 ul of extract (clarified
cell lysate or soybean epicotyl segment homogenate) was
added to 30 ul of reaction mixture containing 0.3% (w/v)
nasturtium xyloglucan and 9.4 kBq [*H-reducing termini]

xyloglucan oligosaccharols in 67 mM MES, pH 6.0. Reac-
tions conditions were those described in Fry et al. (1992).

For XET assay or in situ hybridization, soybean seeds
(Glycine max L., cv. Williams 82, purchased from Wilkens
Seed Grains, Pontiac, IL, U.S.A.) were sown in flats con-
taining 503§ vermiculite/50% perlite in a greenhouse with
minimum day/night temperatures of 24/18°C. Seedlings
were harvested between 10 and 14 days and apical epicotyl
segments were treated with the brassinosteroid, brassinolide
(2a,3a,22(R),23(R)-tetrahydroxy-24(S)-methyl-B-homo-7-
oxa-Sa-cholestan-6-one), or buffer exactly as described
(Clouse et al. 1992). For in situ hybridization, 1 to 2 mm
long epicotyl segments were fixed in 2.59% glutaraldehyde
in phosphate buffer (pH 7.2) for 6 h, dehydrated in a grad-
ed ethanol series and embedded in a ‘hard grade’ L.R.
White resin (London Resin Co., U.K.). One um thick sec-
tions were prepared using an ‘Ultratome Nova’ microtome
(LKB, Sweden) and mounted on silylated microscope
slides. Sections were rehydrated in PBS (100 mM sodium
phosphate, 150 mM NaCl, pH 7.4) and incubated in 0.02
M HCI for 10 min, followed by washing in PBST (PBS+
0.1% Tween-20 [v/v]). Slides were then washed in PBS and
incubated in Proteinase K (100 ug ml™") at 37°C for 30
min. Finally, slides were washed in PBS with glycine (2 mg
ml™"), incubated in cold 20% acetic acid (v/v) for 15s,
rinsed in PBS, and air dried prior to hybridization.

RNA hybridization probes labeled with biotin were
synthesized as previously described using as the template a
truncated form of pBRUI1 consisting of 820 bp of 3’ se-
quence (Zurek and Clouse 1994). Fluorescein labeled
probes were synthesized using the Fluorscript in vitro Tran-
scription Kit (Ambion, Austin, TX, U.S.A.). Unincor-
porated nucleotides were removed by Sephadex G-50 chro-
matography or LiCl precipitation. Slides were hybridized
overnight a 55°C with 4 ug probe in 500 ul of hybridization
buffer (50% formamide, 37 mM PIPES, pH 7.2, 750 mM
NaCl, S mM EDTA, 5 x Denhardt’s solution (1 x =0.02%
Ficoll, 0.029% bovine serum albumin, 0.02% polyvinyl
pyrollidine), 0.1 mgml~' sheared salmon sperm DNA).
After hybridization, slides were gently washed with 4 X
SSC (1 x =0.15 M NacCl, 0.015 M sodium citrate) at room
temperature for 10 min, followed by 2 x 30 min rinses with
2 X SSC at room temperature. The slides were washed again
in 1 X SSC at 55°C for 45 min. Slides were incubated for 45
min in 1.0% BSA in PBS (v/v) followed by a 1 h incuba-
tion in streptavidin-gold (50 #g ml™! in PBST) and washed
2 x5 min with PBST. After additional 2 X 5 min washes in
PBS the slides were flooded with 19 gelatin (Bio-Rad EIA
grade) for 15 min, washed with water and enhanced with
silver (Amersham). When fluorescein labeled RNA probes
were used, the protocol of the ‘RNA Color Kit For Non-
Radioactive In Situ Hybridization’ (Amersham) was follow-
ed.

Figure 1 shows that cell lysates of Trichoplusia ni ex-
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Fig. 1 Xyloglucan endotransglycosylase activity of recombinant
BRUI1 protein. A full length BRU1 ¢DNA was cloned into a
baculovirus expression vector to generate SG1/BRUI1. Plasmid
constructs were cotransfected with linear baculovirus DNA into
Trichoplusia ni insect cells. Cell lysate supernatants were exam-
ined for XET activity using *H-xyloglucan oligomers and unla-
beled nasturtium xyloglucan as described by Fry et al. (1992). Spe-
cific activity is expressed as Bq of tritiated, high molecular weight
xyloglucan formed per mg soluble protein per hour. Each data
point represents the average of six independent assays +SE.

pressing SGI/BRUI contain XET activity of 190 Bq (mg
protein) ! h™!. Neither control lysates of T.ni cells trans-
fected with non-recombinant vector or boiled recombi-
nant SG1/BRU1 showed XET activity. Based on sequence
homology to known XETSs and the ability of recombinant
BRUI protein to catalyze xyloglucan transglycosylation as
measured by the standard XET assay (Fry et al. 1992), it is
now apparent that BRUI1 encodes a BR-regulated XET in
soybean stems. It follows from this, and what is known
about BR-promoted stem elongation (Clouse et al. 1992),
that XET levels should increase with BR treatment of soy-
bean epicotyls. Figure 2 shows that extractable XET activ-
ity increases linearly with increasing BR concentrations and
is positively correlated with increasing epicotyl length.
Previous correlative evidence, including expression
levels in elongating tissue, correspondence of increased
BRU transcript levels with increased plastic extensibility
of cell walls and structure-function analyses, suggested that

SPECIFIC ACTIVITY (Bg/mg soluble protein/h)

INCREASE IN LENGTH {cm)

CONTROL -9 -8 -7 -6
LOG BR CONCENTRATION (M)

Fig. 2 Effect of brassinosteroid on xyloglucan endotransglyco-
sylase activity in elongating soybean epicotyls. Light-grown soy-
bean seedlings were harvested at day 10 and the apical 1.5 cm por-
tions of the epicotyls were treated with various concentrations of
the brassinosteroid (BR), brassinolide, for 17 h to induce elonga-
tion (Clouse et al. 1992). Epicotyls were then measured for elonga-
tion, homogenized and assayed for XET activity as described (Fry
et al. 1992). Specific activity is expressed as Bq of tritiated, high
molecular weight xyloglucan formed per mg soluble protein per
hour. Each enzyme assay point represents the average of six inde-
pendent assays +SE. Each elongation point is the average of 10
independent measurements *+SE.

BRUI1 encoded a wall-modifying enzyme involved in BR-
modulated stem elongation. The identification of BRU1 as
an XET strengthens the argument for a role of BRUI in
wall alterations during elongation. BRU1 can now be add-
ed to the growing list of cloned genes with proven XET ac-
tivity such as NXG1, a nasturtium cotyledon gene (de Silva
et al. 1993), Azuki bean EXT (Okazawa et al. 1993),
tomato fruit pericarp EXT (Arrowsmith and de Silva 1995)
Arabidopsis TCH4 (Xu et al. 1995), tomato tXET-2 (Ar-
rowsmith and de Silva 1995) and barley EXT11 (Smith et
al. 1996). BRU1 is the first XET to be expressed in the bacu-
lovirus/insect cell system which provides the advantage of
eukaryotic post-translational modifications, such as gly-
cosylation. Direct comparison of the effectiveness of the
E. coli vs. the insect cell systems in producing recombinant
XET protein is not possible since TCH4 and tXET-2 were
purified before assaying, whereas BRU1 assays were per-
formed on crude cell lysates.

With respect to the mechanism of soybean epicotyl
elongation, it is probable that BR promotes elongation in
part by increasing the abundance of the BRU1 message
which is translated into an XET that acts either alone or
with other factors to alter cell wall properties. The cor-
relative evidence cited above and our present finding that in-
creasing BR concentrations cause extractable XET activity
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Fig. 3 Insitu hybridization of BRU1 in elongating soybean eplcﬂl)'ls Light-grown soybean seedlings were harvested at day 14 and the
apical 1.5 cm portions of the epicotyls were treated with 10”7 M brassinolide for 17 h to induce elongation. One micron cross sections
were hybridized with antisense (panel A) and sense (panel B) biotin-labeled RNA probes followed by streptavidin-gold treatment and
silver enhancement. Sections treated with the antisense probe show labeling throughout the entire section, but the strongest reaction ap-
peared in the inner tissues, particularly the xylem parenchyma cells and the phloem. CO, cortex; P, phloem; Pi, pith; X, xylem.
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from soybean epicotyls to increase at the same linear rate as
overall elongation, are in agreement with this hypothesis.
Studies on the TCH4 gene in Arabidopsis provide further
evidence that XETs are involved in BR-promoted elonga-
tion. The TCH4 gene has been shown to encode an active
XET and application of 1.0 uM BR results in an increase in
TCH4 transcripts within 30 minutes, with a maximum at
two hours (Xu et al. 1995). A TCH4 promoter:S-glucuroni-
dase fusion consisting of 958 bp of 5 flanking region and
48 bp of the 5" untranslated leader transformed into Arabi-
dopsis, resulted in BR-regulated f-glucuronidase expres-
sion in elongating tissue (Xu et al. 1995). Moreover, BR
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deficient and insensitive mutants in Arabidopsis, which ex-
hibit an extremely dwarfed phenotype due to decreased cell
elongation (Clouse 1996), show much reduced TCH4 ex-
pression (Kauschmann et al. 1996), suggesting that XETs
are an important component of the cell elongation machin-
ery.

Previous studies of XET transcript levels have relied
on gel blot hybridizations and RNase protection assays to
assess organ-specific, but not tissue specific, expression. To
more precisely define the spatial pattern of BRU1 expres-
sion in elongating soybean epicotyls, we synthesized la-
beled BRU] RNA transcripts for in situ hybridization of 1

Fig. 4 BRUI is expressed at high levels in vascular tissue of elongating soybean epicotyls. Panel A shows a one micron cross section as
described in Fig. 3, hybridized with a fluorescein-labeled BRU1 antisense probe. Strong expression in the phloem (P), xylem (X) and
starch sheath cells (S) is observed. Panels B (antisense probe) and C (sense probe) are higher magnifications of Fig. 3A and 3B respective-
ly. Note the strong labeling in the cytoplasm of the parenchyma cells around the vessels (arrow heads in panel B).
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pm epicotyl cross-sections. Figure 3a shows that the bio-
tinylated antisense BRU1 probe hybridized to a correspond-
ing message throughout the BR-treated, apical epicotyl
cross-section, but the signal was particularly strong in
vascular tissue. Higher magnification (Fig. 4a, b) confirmed
the very high expression of BRU]1 in phloem cells and in pa-
renchyma cells surrounding the xylem elements, and also in
the starch sheath layer (the innermost cortex layer with
large starch grains). A duplicate section hybridized with a
biotinylated sense BRU]1 probe showed no signal (Fig. 3b;
Fig. 4c). A similar experiment performed on apical epicotyl
sections that were not treated with BR showed a similar pat-
tern of expression with the antisense probe, but at a much
reduced level of intensity (data not shown).

These results are consistent with the hypothesis of
Tominaga et al. (1994) that inner tissue may be the primary
target of BR action. However, we previously found that
BR could promote hypocotyl elongation in an auxin-insen-
sitive tomato mutant (Zurek et al. 1994), indicating that the
effect of BR on outer tissue may be sufficient to promote
elongation without auxin activity, although perhaps with a
slower response.

The in situ hybridization also showed marked accumu-
lation of BRU1 transcripts in vascular tissue. The role of
auxins and cytokinins in xylem differentiation are well
known (Fukuda 1996), but several lines of evidence have
also implicated BRs in this process. The promotive effect of
BR on xylogenesis has been demonstrated in both major in
vitro model systems of tracheary element formation,
Helianthus tuberosus explants and Zinnia elegans meso-
phyll cells (Clouse and Zurek 1991, Iwasaki and Shibaoka
1991); BRs have been isolated from differentiating xylem tis-
sue (Kim et al. 1990); a BR-deficient Arabidopsis mutant
exhibits abnormal vascular development (Szekeres et al.
1996); and TCH4 promoter-driven expression of g-glucu-
ronidase is strong in the vascular tissue of roots and shoots
in transgenic Arabidopsis plants (Xu et al. 1995). Our
results show a clear relationship between BR treatment and
enhanced expression of XET message in vascular tissue,
thereby strengthening the argument that BRs, and XETs,
are involved in vascular development.

The complex molecular architecture of the plant cell
wall suggests that the enzymology and hormonal regulation
of wall loosening and cell elongation is also likely to be
complex. While the correlative evidence linking XET with
elongation has become quite extensive, there are still troubl-
ing exceptions and it is not yet possible to conclude that
XET has wall loosening activity. It may be that other en-
zymes, such as expansins (Cosgrove 1993), mediate hor-
mone-promoted wall loosening and XETs may function to
incorporate new xyloglucan into the growing wall to main-
tain structural integrity. Our identification of the BRUI1
gene as an XET will allow examination of the specific role
of this enzyme in BR-promoted growth in a well-defined

system. We are currently generating transgenic soybeans ex-
pressing antisense BRU]1 to determine the effect of loss of
function of this XET on BR-modulated cell wall mecha-
nical properties in soybean epicotyls. Furthermore, our
findings that BR strongly enhances XET expression in
vascular tissue should give impetus to the study of BR
effects on vascular development.
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