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Abstract Angiosperm trees bend their stems by forming
tension wood at the upper side of leaning stems. Most
tension wood has a cellulose-rich G-layer in the innermost
surface of the fiber cell wall. Strong tensile stress is consid-
ered to occur in the G-layer. This study undertook to iden-
tify the proteins involved in G-layer formation and function
through a proteomic analysis of G-layer-localized protein.
G-layers of poplar were loosened by sonication and isolated
as doughnut-shaped pieces of thinly sliced transverse sec-
tions. The proteins, once extracted with urea/detergent
solution, were separated by two-dimensional polyacryl-
amide gel electrophoresis, and 110 spots were subjected to
liquid chromatography tandem mass spectrometry (LC/MS/
MS). A database search for these spots’ mass spectrum
patterns identified 72 proteins. In addition, all peptide
digestion mixtures of G-layer proteins were separated
by strong cation exchange chromatography and 39 proteins
were identified using LC/MS/MS analysis. Proteins
involved in wall formation, such as lignin biosynthesis-
related protein, xyloglucan endotransglucosylase, and fasci-
clin-like arabinogalactan protein, were notably detected in
the G-layer.
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Introduction

Higher plants regulate their posture by bending their stems
in response to environmental signals such as gravity, light,
and mechanical stimuli. Woody plants bend not only their
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elongating apical stems by differential growth but also their
secondary xylem by forming reaction wood on one side of
their stems. Tension wood is one type of reaction wood that
is formed on the upper sides of leaning stems of angiosperm
trees. The other type of reaction wood is compression wood
which is formed on the bottom sides of leaning stems of
gymnosperm trees. In both types, the stems bend through
mechanical action induced by abnormal growth stress, that
is, either tension or compression. Tension wood bears
tensile stress by forming a gelatinous layer known as the
G-layer in the innermost surface of the cell wall, replacing
the S2-layer. A typical G-layer consists mainly of highly
crystalline cellulose, in which the microfibrils are oriented
parallel to the axis of the fiber cell.' Chemical analysis
indicates that G-layers contain small amounts of matrix
components in addition to the cellulose. Recent work has
revealed that, in poplar, xyloglucan is the most abundant
noncellulosic component of the G-layer.” Several studies
have reported the existence of other compounds in the G-
layer, including pectin,’ arabinogalactan,’ j3-1,4-galactan,’
and lignin.’ In spite of these discoveries, nothing is yet
known about how the G-layer is produced and how it func-
tions in tension wood.

Andersson-Gunnerss et al.” have published the results of
a global analysis of gene transcripts and metabolites during
tension wood formation in poplar. They showed that tran-
scripts related to the major pathways involved in the bio-
synthesis of cell wall matrix carbohydrates and lignin were
degraded during tension wood formation, and they iden-
tified several differentially expressed auxin-related and
ethylene-related genes. Several unidentified proteins were
found to be induced in the process of tension wood forma-
tion. Beyond these observations, limited information is
currently available on the formation and mechanical role of
the G-layer.

Xyloglucan is incorporated into the G-layer by the activ-
ity of xyloglucan endotransglucosylase (XET).” The pres-
ence of XET protein in developing and mature G-layers
was demonstrated by immunolabeling of tension wood with
a polyclonal antibody against PttXET16A.> Interestingly,
both XET protein and its activity persist in mature G-layers



for several years after cell death. In mature G-layers, a
certain amount of protein is still detectable. We predicted
that particular enzyme would still have a role for the main-
tenance of G-layers.

To determine the molecular basis of the G-layer, we
performed a proteomic analysis of G-layer-localized protein
in poplar mature xylem. We employed two proteomic
approaches in this analysis: first, a two-dimensional gel elec-
trophoresis coupled to liquid chromatography tandem mass
spectrometry (LC/MS/MS); and second, a gel-free mass
spectrometry technique that uses strong cation exchange
chromatography coupled to LC/MS/MS. We expected that
using two approaches would provide us with reliable infor-
mation on which to base our theory of G-layer formation
and function.

Materials and methods
Plant materials and isolation of G-layer

Field-grown poplars (Populus alba) were harvested in April
2006 in Fukuoka, Japan. Leaning stems and branches of
about 5-10 cm in diameter were used as a source of tension
wood. Isolation of the G-layers from the tension wood was
performed as described by Norberg and Meier.” Twenty-
micrometer-thick transverse sections were prepared from
the tension wood with a sliding microtome. The sections
were stored in 96% ethanol in order to loosen the G-layers
from the S2-layers, and then they were treated with
ultrasonic waves (Branson Ultrasonic Cleaner, Yamato,
Tokyo, Japan) for 30 min on ice. The G-layers that were
thus shaken out of the sections were isolated by filtering the
sections through a 50-um nylon mesh. Other small impuri-
ties were removed by filtration through a 10-um nylon
mesh.

Protein extraction

The obtained G-layers were rehydrated with several changes
of water, and ground in 7 M urea containing 2 M thiourea,
4% (w/v) CHAPS buffer, and 10 mM dithiothreitol. The
sample was centrifuged at 10000 g for 20 min at 4°C, and
the supernatant was retained. Proteins were precipitated
using the 2-D Clean-Up Kit (GE Healthcare, Buckingham-
shire, UK).

Sugar analysis

Hemicellulose of the isolated G-layer was extracted with
24% (w/w) KOH containing 0.02% (w/v) NaBH,. The in-
soluble residue (cellulose) was solubilized with 72% (v/v)
sulfuric acid. Total sugar content in each fraction was
determined by the phenol-sulfuric acid method.” Methyla-
tion analysis was performed as described by Nishikubo
et al.’ Lignin content was determined by the Klason
method."”
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X-Ray diffraction

The G-layer preparation was subjected to X-ray diffraction
measurement using a Rigaku UltraX-18HF with CuKo
radiation at 30 kV and 100 mA. The degree of crystallinity
of the G-layer was calculated from the peak for the (2 0 0)
lattice plane according to the method by Segal et al."' The
crystal size of cellulose microfibrils was calculated from the
X-ray diffraction patterns according to the method of
Scherrer.'>"

Two-dimensional gel electrophoresis

The proteins were solubilized in rehydration solution [7 M
urea, 2 M thiourea, 2% (w/v) CHAPS, 0.5% (v/v) IPG
buffer pH 3-10 NL (GE Healthcare), 40 mM dithiothreitol].
The protein concentration was determined using a 2-D
Quant Kit (GE Healthcare). One hundred micrograms of
protein was directly loaded into an Immobiline DryStrip
pH 3-10 NL, 7 cm (GE Healthcare), and isoelectric focusing
was performed with a Multiphor II system (GE Healthcare)
according to the manufacturer’s protocol. The strips were
shaken for 15 min in equilibration buffer [50 mM Tris-HCI
(pH 8.8), 6 M urea, 30% (v/v) glycerol, 2% (w/v) sodium
dodecyl sulfate (SDS)] containing 65 mM dithiothreitol,
and for another 15 min in equilibration buffer containing
135 mM iodoacetamide. Then the strips were loaded on top
of a polyacrylamide gel (90 x 70 x 1.0 mm) and subjected
to SDS-polyacrylamide gel electrophoresis (PAGE)."

In-gel digestion and protein identification by LC/MS/MS

Proteins separated on 2D-PAGE were visualized with silver
stain MS Kit (Wako, Osaka, Japan), and each band was cut
into small pieces. The gel pieces were destained with 15 mM
potassium ferricyanide in 50 mM sodium thiosulfate, and
washed with 25 mM ammonium bicarbonate in 50% aceto-
nitrile. They were dehydrated with acetonitrile and dried.
The gel pieces were then rehydrated in 10 ul of 50 mM
ammonium bicarbonate containing 0.1 ug of trypsin
(Promega, Madison, WI, USA), and incubated at 37°C for
18 h. The resulting peptides were extracted with 50% ace-
tonitrile in 5% trifluoroacetic acid, and dried. The digest
was dissolved with 2% acetonitrile in 0.1% trifluoroacetic
acid, separated with a column (20 x 15 cm) of C-18 RP (GL
Sciences, Tokyo), and analyzed using a MAGIC 2002 HPLC
system (Michrom Bioresources, Auburn, CA, USA) and an
LCQ ion trap mass spectrometer (Thermo Electron,
Waltham, MA, USA). Mass data were analyzed using the
Mascot sequence database search program (Matrix Science,
London, UK) against the National Center for Biotechnol-
ogy Information (NCBI) nonredundant database with
“Viridiplantae” as taxonomy. Homology identification was
retained when the ion score was significant at P < 0.05.
Where only one peptide was used in the identification of a
specific protein, manual assignments of the spectra were
performed.
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Total peptides analysis by LC/MS/MS

The proteins (100 ug) that were extracted from G-layers
were rehydrated in 10 pl of 50 mM ammonium bicarbonate
containing 0.1 pg of trypsin (Promega), and incubated at
37°C for 18 h. The digest was dried and rehydrated with
10 mM ammonium formate (pH 3.8). The peptides were
subjected to a column (1 x 1 cm) of Toyopearl SP-650M
(Tosoh, Tokyo), and sequentially eluted with 0, 1, 10, 25,
50, and 100 mM ammonium sulfate. After the samples were
treated with ZipTip C18 (Millipore, Milford, MA), LC/MS/
MS analysis was performed as described above.

Results
Nature of isolated G-layers

Poplar G-layers were isolated as doughnut-shaped pieces
from the thinly sliced transverse sections; they were loos-
ened from their sections using sonication (Fig. 1). We exam-
ined a micrograph of isolated G-layers and confirmed that
they remained intact after the treatment and there was little
contamination of other cell wall layers (Fig. 1). Crude
G-layers were treated with protein solubilization solution
[7 M urea containing 2 M thiourea, 4% (w/v) CHAPS, and
40 mM dithiothreitol], and proteins were extracted. The
protein-extracted G-layers were subjected to sugar compo-
sition analysis. Our data revealed that 10 mg dry weight of
G-layer preparations consisted of 7.8 mg cellulose with
260 ug of proteins. The composition of the G-layers is
shown in Table 1. Figure 2 shows the X-ray diffraction pat-
terns of crude and protein-extracted G-layers. Four main
peaks could be recognized at 14.8°, 16.4°, 22.7°, and 34.5°,
corresponding to the (1 =1 0), (11 0), (2 00), and (0 0 4)
lattice planes, respectively. The data indicates that these
G-layer samples are the typical crystalline forms of cellulose
1.” The crystallinity of the G-layers, estimated from the
peak for the (2 0 0) lattice plane (20=22.7°), increased from
60% to 73% after the extraction of proteins. Apparent
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Fig. 1. Micrograph of the isolated G-layers obtained by ultrasonic
treatment of transverse sections of tension wood. Bar 20 um

crystal size of cellulose microfibrils also increased from
3.55 nm to 3.64 nm after the extraction of proteins.

Protein identification using 2D-PAGE

Proteins extracted from G-layers were subjected to 2D-
PAGE, in the course of which the protein preparation was
subjected first to two isoelectric focusings (100 pg each) and
then to two SDS-PAGE:s, one with 7.5% polyacrylamide
gel and the other with 12.5% polyacrylamide gel. After the
proteins were stained with silver, a total of 110 spots were
visible in the two kinds of 2D-PAGE:s (Fig. 3). After in-gel
digestion with trypsin, protein sequences were identified by
an LC/MS/MS analysis coupled with a database search
using the Mascot sequence database search program. The
protein spots on each gel were numbered as shown in
Fig. 3. Of these, 72 spots were selected to be summarized
in Table 2. The differences of calculated molecular mass
and pl from experimental mobility on 2D-PAGE suggest
posttranslational modifications.

Table 1. Composition of G-layer from poplar tension wood

Component Concentration (mg/10 mg dry weight)
Cellulose 7.8
Protein 0.26
Lignin Not detected
Hemicellulose 1.9
Xylosyl terminal 0.022
Xylosyl 2- or 4-linked 0.056
Fucosyl terminal 0.0093
Glucosyl terminal 0.035

Glucosyl 4-linked 1.4
Glucosyl 4,6-linked 0.17

Galactosyl 2-linked 0.017
Galactosyl 3,6-linked 0.10
Mannosyl 4-linked 0.041
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Fig. 2. X-Ray diffractograms of the G-layer. The crude isolated G-
layer and the G-layer after extraction of proteins are shown
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Fig. 3. Two-dimensional gel electrophoresis (2D-PAGE) of G-layer
proteins. Isoelectric point (pI) gradient strips with pI 3-10 were loaded
with 100 ug of extracted proteins. Proteins after the isoelectric focusing
were separated by 7.5% (upper) or 12.5% (lower) polyacrylamide gels.
Protein spots disclosed by silver staining were numbered and subjected
to liquid chromatography tandem mass spectrometry

Protein identification from total peptides

We separated the trypsin-digested G-layer proteins by
cation exchange chromatography by sequential elution
with 0, 1, 10, 25, 50, and 100 mM ammonium sulfate. Each
fraction was subjected to LC/MS/MS and analyzed by the
Mascot sequence database search program. Sixty-three
unique peptides corresponding to 39 proteins were identi-
fied. Table 3 shows a functional classification of the identi-
fied proteins.

Discussion

The proteins we identified using 2D-PAGE (Table 2) were
classified according to function, and organized according to
frequency in Fig. 4. Most abundant were lignin synthesis-
related proteins, such as peroxidase," lignin bispecific acid
methyltransferase,'® and phenylcoumaran benzylic ether
reductase,” although the G-layers did not contain lignin
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Fig. 4. Functional classification of proteins identified from 2D-PAGE.
XET shows the one poplar xyloglucan endotransglucosylase (XET)
isozyme, PtXET16E

itself (Table 1). Many putative functions of peroxidase have
been suggested, and some peroxidases have been thought
to be involved in lignin polymerization." One of the identi-
fied peroxidases (gi number 1279654) has been reported to
be present in differentiating xylem, supporting a lignin-
specific function in secondary wall formation."” Although
Andersson-Gunneras et al.” has not sequenced this gene,
they reported that some peroxidase genes had increased
transcript levels in tension wood formation. They also
reported that two caffeic acid O-methyltransferase gene
transcripts (COMTI and COMT2), involved in lignification,
were decreased during tension wood formation. It has been
shown that phenylcoumaran benzylic ether reductase is the
most abundant protein in the secondary xylem of poplar,"
suggesting that it plays a general role in wood development.
The transcripts of phenylcoumaran benzylic ether reductase
genes were decreased in tension wood.” We also found
one xyloglucan endotransglucosylase (XET) isozyme,
PttXET16E, which might serve to tighten xyloglucan to give
a tensile stress in the G-layer. The poplar cDNA micro-
array’ revealed that the Pu#XETI6C gene was highly
expressed in developing tension wood compared with
normal wood. Nishikubo et al.* established a XET gene-
specific macroarray for 16 poplar-expressed XET genes,
and reported that PuXETI6D, PuXETI6G, PuXETI6K,
and PuXETI6R genes were up-regulated during tension
wood formation. However, none of these gene products was
detected in the G-layers isolated in the present study. XET
is proposed to reinforce the xyloglucan network in the G-
layer to form a further connection between wall-bound and
secreted xyloglucans.

Proteins were also identified from the total trypsin-
digested peptides of G-layer proteins. The observed
proteins are classified as cytoskeleton proteins, lignin
synthesis-related proteins, methionine synthesis-related
proteins, cell wall-related proteins, or other proteins (Table
2). As discussed above, the lignin synthesis-related proteins
were also identified through 2D-PAGE analysis. In
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addition, two fasciclin-like arabinogalactan proteins (AGP1
and AGP2) were detected in the total peptides analysis.
Gene transcripts encoding fasciclin-like AGPs have been
also reported to be highly expressed in tension wood,"’
indicating the importance of fasciclin-like AGP in the for-
mation of tension wood. The poplar cDNA microarray’
revealed that fasciclin-like AGPI gene was the most
increased transcript during tension wood formation.

Plant hormones have long been implicated in tension
wood formation. A large set of auxin-related and ethylene-
related genes were reported to be differentially expressed
in developing tension wood.” Our data did not reveal the
existence of proteins related to hormonal signaling in the
G-layer. Auxin and ethylene are considered to be important
for induction of tension wood, but its signaling-related pro-
teins are unlikely to remain in the G-layer.

Our proteome profiling of poplar G-layer is believed to
provide new clues to highlight candidate proteins responsi-
ble for the G-layer mechanics. Previous studies using poplar
expressed sequence tag (EST) libraries were based on com-
parisons of the two physiological tissues of wood. However,
gene expressions do not link the properties of G-layers.
This work highlights the G-layer-localizable protein set.
Whether proteins localized in mature G-layers have enzy-
matic activities and functions is still unclear. Functional
analysis for each of these identified proteins should extend
our understanding of the role of the G-layer and the regula-
tion of posture of woody plants.
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