
 Cellulose synthesis in plants is believed to be carried out by 
the plasma membrane-associated rosette structure which 
can be observed by electron microscopy. Despite decade-
long speculation, it had not been demonstrated whether the 
rosette is the site of catalytic activity of cellulose synthesis. 
To determine the relationship between this structure 
and cellulose synthesis, we successfully isolated detergent-
insoluble rosettes from the plasma membrane of bean 
epicotyls. However, the purifi ed rosettes did not possess 
cellulose synthesis activity in vitro. Conversely, detergent-
soluble granular particles of ∼9.5–10 nm diameter were also 
isolated and exhibited UDP-glucose binding activity and 
possessed  β -1,4-glucan (cellulose) synthesis activity in vitro. 
The particle, referred to as the catalytic unit of cellulose 
synthesis, was enriched with a 78 kDa polypeptide which 
was verifi ed as sucrose synthase like by mass spectrometry 
and immunoblotting. The catalytic units were able to bind 
to the rosettes and retained the cellulose synthesis activity 
in the presence of UDP-glucose or sucrose plus UDP when 
supplemented with magnesium. The incorporation of the 
catalytic unit into the rosette structure was confi rmed by 
immunogold labeling with anti-sucrose synthase antibodies 
under an electron microscope. Our results suggest that the 
plasma membrane-associated rosette anchors the catalytic 
unit of cellulose synthesis to form the functional cellulose 
synthesis machinery.  

  Keywords:   Azuki bean ( Vigna angularis )  •  Catalytic unit  •  
Cellulose synthesis  •  Rosette  •  Sucrose synthase  .  

   Abbreviations  :      CBH  ,    cellobiohydrolase   ;       CESA  ,    cellulose 
synthase A   ;     CHAPS  ,    3-[(3-cholamidopropyl) dimethylammonio] 
propanesulfonic acid   ;     DMP  ,    dimethyl pimelimidate   ;       DTT  , 
   dithiothreitol   ;     EGTA  ,    ethylene glycol-bis(2-aminoethylether)-
 N , N , N  ′ , N  ′ -tetraacetic acid   ;     MALDI-TOF-MS  ,    matrix-assisted laser 
desorption/ionization time-of-fl ight mass spectrometry   ;      p ABSF  , 
   4-(2-aminoethyl)-benzenesulfonyl fl uoride hydrochloride   ;       PEG  , 
   polyethylene glycol   ;     PIPES  ,    piperazine- N ,  N  ′ -bis (2-ethanesulfonic 
acid)   ;     TFA  ,    trifl uoroacetic acid.         

 Introduction 

 Organized biosynthesis and deposition of cellulose microfi brils 
are essential for anisotropic expansion of plant cells. The cellu-
lose synthesis machinery was initially correlated to rosette-like 
structures associated with the plasma membrane in cells of 
both the green alga  Micrasterias denticulata  and higher plants 
( Kiermayer and Sleytr 1979 ,  Giddings et al. 1980 ,  Mueller and 
Brown 1980 ). Because of the repeated appearance of rosettes 
on the plasma membranes of cellulose-synthesizing organisms, 
there is little if any doubt about their function in cellulose 
biosynthesis. It has been hypothesized that the hexagonal 
rosette is assembled from 36 catalytic subunits for the synthesis 
of 36  β -1,4-glucan chains, to form a cellulose microfi bril ( Doblin 
et al. 2002 ). However, to date there is no direct experimental 
evidence demonstrating cellulose synthesis by the rosette. 

 In studies with a different approach, plant genes homolo-
gous to bacterial glucosyltransferase were fi rst identifi ed in a 
cDNA library prepared from developing cotton fi brils carrying 
out vigorous cellulose synthesis ( Pear et al. 1996 ). Such plant 
genes, collectively called cellulose synthase A ( CESA ), are in 
a large gene family found in various plants ( Richmond and 
Somerville 2000 ). Direct evidence showing the role of CESA 
in cellulose biosynthesis comes from a genetic analysis of the 
 Arabidopsis thaliana  mutant  rsw1 / cesA1  ( Arioli et al. 1998 ). 
In this mutant, the irregular appearance of plasma membrane-
associated rosettes is concomitant with a reduction in crystal-
lized cellulose and accumulation of non-crystallized  β -1,4-glucan. 
To date, numerous mutations in  CESA  genes have been isolated 
and exhibit various degrees of defects in cellulose synthesis 
and cellulose microfi bril deposition in the cell wall, as reviewed 
by  Somerville (2006) . Biochemical experiments have also 
demonstrated that, in cotton fi brils, membranes harboring 
CESA1 synthesize sitosterol-cellodextrins using sitosterol- β -
glucoside as a primer ( Peng et al. 2002 ). Using antibodies 
prepared against CESA proteins, immunogold labeling showed 
that CESA appeared near the rosette structures ( Kimura et al. 
1999 ). Thus, it is believed now that CESA polypeptides form 
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large complexes, in various developmentally important combi-
nations, to fulfi ll their roles in producing cellulose microfi brils 
with the guidance of cortical microtubules during cell growth 
( Mutwil et al. 2008 ). 

 Besides CESA polypeptides, several lines of evidence support 
the proposition that the cellulose synthesis complex contains 
additional components. An earlier attempt to isolate the 
cellulose synthase complex resulted in a prediction that the 
complex might contain at least 15 polypeptides, suggesting 
that proteins other than CESA are required for cellulose 
biosynthesis and deposition ( Kudlicka and Brown 1997 ,  Saxena 
and Brown 2005 ). Recent studies suggest that the endo-1,4- β -
glucanase-like protein, KOR1, is present in various endomem-
branes and the developing cell plate, and is required for cellulose 
deposition and crystallinity in the cell wall ( Zuo et al. 2000 , 
 Robert et al. 2005 ,  Takahashi et al. 2009 ). Unfortunately, to date 
the identities of most non-CESA proteins in the complex are 
unknown. 

 One of the requirements for robust cellulose synthesis is 
the supply of its substrate UDP-glucose. Plasma membrane-
associated sucrose synthase fulfi lls this function by catalyzing 
the formation of UDP-glucose from sucrose ( Haigler et al. 2001 ). 
Although no direct interaction has been found between sucrose 
synthase and CESA, at the cell cortex sucrose synthase exhibits 
a localization pattern similar to that observed for CESA ( Amor 
et al. 1995 ,  Paredez et al. 2006 ). It was unclear whether sucrose 
synthase is part of the cellulose synthesis complex or the rosette. 

 To understand how the rosette functions in cellulose bio-
synthesis, the ultimate goal is to purify the complex to homoge-
neity. Technically, it is challenging to solubilize this gigantic 
structure from the plasma membrane. Using epicotyls of the 
Azuki bean  Vigna angularis , we have purifi ed protein fractions 
from the plasma membrane with the aim of maintaining 
cellulose synthesis activities. A detergent-soluble fraction con-
tained granular particles and was able to carry out  β -1,4-glucan 
synthesis in vitro. Conversely, a detergent-insoluble prepara-
tion of the plasma membrane exhibited rosette-like structures 
by electron microscopy but did not possess cellulose synthesis 
activity in vitro. We suggest the granular particles represent 
the catalytic unit of the cellulose synthesis machinery, and the 
detergent-insoluble, rosette-like structures form the scaffold or 
structural unit. The assembly of this catalytic subunit with the 
scaffold allows the formation of the functional cellulose synthe-
sis complex, with the rosette appearance, on the plasma 
membrane.   

 Results  

 Identifi cation of the soluble catalytic unit of 
cellulose biosynthesis 
 We used epicotyls of Azuki beans to obtain plasma membrane-
associated proteins bearing cellulose synthesis activities. 
We aimed to obtain fractions containing proteins exhibiting 
in vitro UDP-glucose binding activities. NP-40-extracted 

proteins were separated by a linear sucrose density gradient of 
17–7.5 %  (w/w) following DEAE–Sephacel column chromatog-
raphy (see Materials and Methods). Protein fractions 7–11 
contained a prominent band of molecular mass ∼78 kDa 
(      Fig. 1A ), together with a few less prominent bands ( Fig. 1B ). 
This polypeptide was detected by photoaffi nity labeling with 
[ 32 P]UDP-glucose and this result indicated that the 78 kDa 
polypeptide bound UDP-glucose in vitro. 
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 Fig. 1      Isolation and identifi cation of the catalytic units. (A) Proteins 
from each fraction separated by sucrose gradient on an SDS–
polyacrylamide gel as revealed by Coomassie Brilliant Blue staining. 
A major band at 78 kDa was detected by both photoaffi nity labeling 
with [ 32 P]UDP-glucose (B) and immune blotting using antibodies 
raised against mung bean sucrose synthase (C) in fractions 7–11. 
Molecular weight markers are shown on the left. Fraction numbers are 
shown on the bottom of the gel corresponding to the sucrose gradient 
shown at the top.  
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 We used preparations from these fractions to analyze 
further whether they possess cellulose biosynthesis activity. 
Under the electron microscope, abundant granules with a 
diameter of 9.5–10 nm were observed using these fractions 
(      Fig. 2A ). To determine whether these granules were able to 
carry out  β -1,4-glucan synthesis in vitro, they were incubated 
with UDP-glucose in the presence of magnesium. Fibrils were 
detected near the granules by electron microscopy, and some 
of them appeared to terminate at the granules ( Fig. 2B ). When 
other fractions were subject to identical treatments, no fi bril-
like structures were observed (data not shown). To test whether 
these fi brils were made of  β -1,4-glucans, the preparations were 
treated with  β -1,4-glucanase ( Trichoderma viride ; Wako, Osaka, 
Japan), which resulted in their disappearance (data not shown). 
These results suggested that the fi brils were probably cellulose, 
and proteins in these fractions were carrying out cellulose 
biosynthesis activities. We propose that these soluble granules 
represent the catalytic unit of cellulose biosynthesis.   

 Identifi cation of sucrose synthase as a prominent 
component of the catalytic unit 
 To reveal the identity of this 78 kDa polypeptide, peptides were 
analyzed by matrix-assisted laser desorption/ionization time-
of-fl ight mass spectrometry (MALDI-TOF-MS) and compared 
with existing proteins in GenBank. Multiple peptides matched 
those derived from sucrose synthase polypeptides in mung 
bean and soybean. This result was further confi rmed by the 
amino acid sequence of sucrose synthase in Azuki bean deduced 
from its cDNA sequence (      Fig.e 3A)  (accession No. AB495095), 
which is 99 %  identical to the mung bean ortholog. Indeed, the 
78 kDa band cross-reacted with antibodies raised against mung 
bean sucrose synthase ( Fig. 1C ). 

 To test further whether sucrose synthase is an integral 
component of the catalytic unit of cellulose biosynthesis, 
proteins were purifi ed by immunoprecipitation using anti-
sucrose synthase antibodies from the fractions of sucrose 

gradient centrifugation. The 78 kDa band was enriched in the 
precipitate ( Fig. 3B ). As seen in earlier fractions, similar gran-
ules were detected by electron microscopy, suggesting that 
these granules were enriched with sucrose synthase ( Fig. 3C ). 
Again, these granules were able to catalyze the formation of 
fi brils when UDP-glucose was supplied ( Fig. 3C ). To assess 
quantitatively the quality of the fi brils synthesized in vitro, 
fi brils formed with UDP-[ 14 C]glucose were treated with  β -1,4- 
or  β -1,3-glucanase and the mixture was passed through an 
Ultracel YM-3 membrane. The fi ltration would retain polysac-
charide chains of  > 18 glucan subunits. After digestion with 
 β -1,4-glucanase, but not  β -1,3-glucanase, a signifi cant drop 
was detected for polysaccharides with labeled substrates 
incorporated ( Fig. 3D ). When UDP-[ 14 C]glucose was replaced 
by [ 14 C]sucrose plus UDP, robust incorporation of glucan 
subunits was detected ( Fig. 3E ). Collectively, these results 
suggest that sucrose synthase is an integral component of the 
catalytic unit of cellulose biosynthesis as granular particles 
revealed here.   

 Isolation of detergent-insoluble rosette-like scaffold 
of the structural unit 
 When the plasma membrane preparation of epicotyls of 
Azuki beans was subject to aqueous two-phase partitioning, 
a detergent-insoluble fraction was obtained after treatment 
with NP-40 and separation by low speed centrifugation. This 
detergent-insoluble fraction contained structures resembling 
rosettes when examined by electron microscopy (      Fig. 4A ). 
They were assembled from ring-like subunits, and many of 
them formed hexagonal structures of 30–40 nm in diameter 
with six such subunits ( Fig. 4B ). These structures resembled the 
rosettes found on the plasma membrane observed by the 
freeze-fracture technique ( Giddings et al. 1980 ,  Mueller and 
Brown 1980 ). When they were tested for cellulose biosynthesis 
as described above, no  β -1,4-glucan synthesis activity was 
detected in vitro (data not shown).   

 Fig. 2      Catalytic units before and after incubation with UDP-glucose. (A) Granules of 10 nm in diameter were detected in fractions 9–11. (B) Fibrils 
were associated with 10 nm granules (arrowheads) after incubation with UDP-glucose. Bars = 50 nm.  
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 Reconstitution of functional rosettes for cellulose 
biosynthesis 
 Because these hexagonal structures were almost morphologi-
cally identical to rosettes, we tested whether they interacted 
with granular particles of the catalytic unit. After incubation 
with the preparation containing the granular catalytic unit in 
the presence of magnesium, the detergent-insoluble, rosette-
like structures were again isolated by centrifugation. We 
detected sucrose synthase by immunoblotting in the insoluble 
fraction, indicating that the soluble catalytic unit was probably 
associated with the insoluble rosette-like structures (      Fig. 5A ). 
To test further whether they indeed interacted in vitro, 
immuno-gold labeling was carried out using the sucrose 
synthase antibodies. Indeed, gold particles were detected in 
the rosette-like structures ( Fig. 5B ). Such labeling was not 
observed when detergent-insoluble rosettes alone were used in 
the control experiment ( Fig. 5C ). We have detected multiple 
labeling of sucrose synthase in one rosette-like structure, 
suggesting that multiple catalytic units were associated with 
each rosette-like structure ( Fig. 5B ). 

 To test whether the reconstituted preparations were func-
tional in cellulose biosynthesis, similar experiments were carried 
out as described above. When associated with the catalytic units, 
the rosette-like structures were able to synthesize fi brils robustly 
( Fig. 5D ). To verify that they were cellulose, cellobiohydrolase I 
(CBH I)–gold was also used for specifi c detection. The fi brils 

synthesized by these reconstituted rosettes were decorated by 
CBH I–gold as observed by electron microscopy ( Fig. 5E ). 

 Taken together, we suggest that the detergent-insoluble 
structures lacking the catalytic activity represent the scaffold or 
the structural unit for the cellulose biosynthesis machinery. 
The association of the catalytic unit with this scaffold allows 
the formation of rosettes on the plasma membrane which are 
functional in cellulose biosynthesis.    

 Discussion 

 Our results show that the plasma membrane-associated 
rosettes consist of the detergent-insoluble scaffold or structural 
unit plus soluble granules of the catalytic unit. We also report 
that sucrose synthase is a major integral component of the 
catalytic unit. This report also suggests that a single catalytic 
unit is competent for cellulose biosynthesis. The association of 
the catalytic unit with the scaffold allows cellulose to be 
synthesized by the reconstituted rosettes. 

 In cells undergoing rapid elongation, such as those of 
bamboo shoots, sucrose synthase constitutes up to ∼1 %  
of the total soluble proteins ( Su et al. 1977 ). The function 
of sucrose synthase in cellulose biosynthesis has long been 
expected, based on both biochemical and cell biological 
evidence. Membrane-associated forms of sucrose synthase 
have been detected in the plasma membrane and implicated 
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 Fig. 3      Identifi cation of sucrose synthase as the major component in the catalytic units. (A) The deduced amino acid sequence of sucrose 
synthase in Azuki bean. (B) Plasma membrane protein eluted with 0.1 M NaCl from a DEAE–Sephacel column (lane 2) and then precipitated 
by anti-sucrose synthase antibodies (lane 3) using SDS–PAGE analysis. Molecular weight markers are shown in lane 1. (C) Cellulose synthesis by 
immunoprecipitate preparation after incubation with UDP-glucose. Bar = 100 nm. (D) Ultracel YM-3 membrane-retained products in (C) after 
treatment with  β -1,4 or  β -1,3-glucanase. (E) Membrane-retained cellulose using either UDP-[ 14 C]glucose (UDPG) or [ 14 C]sucrose plus UDP 
(sucrose/UDP) as substrates determined by incorporated glucose.  
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in both cellulose and callose biosynthesis ( Amor et al. 1995 ). 
Another line of evidence indicates that sucrose synthase is 
highly enriched near the plasma membrane in tracheary 
elements undergoing vigorous secondary cell wall thickenings 
( Salnikov et al. 2001 ,  Salnikov et al. 2003 ). In addition, cells 
expressing plant-specifi c sucrose synthase exhibit enhanced 
cellulose production in the bacterium  Gluconacetobacter /
 Acetobacter xylinum  ( Nakai et al. 1999 ). Conversely, down-
regulation of sucrose synthase expression by antisense 
mRNA causes a reduction of both cellulose and starch biosyn-
thesis in transgenic carrot plants ( Tang and Sturm 1999 ). 
Similarly, initiation and elongation of cotton fi ber cells were 
inhibited when sucrose synthase expression was repressed 
( Ruan et al. 2003 ). However, an  A. thaliana  quadruple mutant 
of  sucrose synthase  genes, in which sucrose synthase activity 
is down-regulated in soluble protein, shows no difference in 
cellulose content in stems when compared with wild-type 
 A. thaliana  plants ( Barratt et al. 2009 ). In this mutant, sucrose 
synthase activity in centrifuged pellets showed almost the 
same activity as that in the wild type. Other sucrose synthases 
probably account for the normal activity in the mutant. Because 
rosettes are most probably present in the insoluble fraction, 
this activity may explain normal cellulose synthesis activity by 
effi ciently supplying substrates. 

 In the present report, the cellulose synthesis catalytic activities 
are estimated to be 3.1 or 2.6 nmol glucose min   −  1  mg   −  1 , using 
UDP-glucose or sucrose plus UDP as the respective substrate. 
Using cotton fi ber membranes, cellulose synthesis catalytic 
activities were calculated to be ∼4.05 nmol glucose min   −  1  mg   −  1  
from UDP-glucose and ∼69.3 nmol glucose min   −  1  mg   −  1  from 
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 Fig. 4      Isolation of the structural unit/scaffold of cellulose synthesis. 
(A) Isolated structural units of the rosette by negative staining. 
Aggregates of hexagonal structures are observed. (B) Enlarged view of 
the hexagonal structural unit resembling the rosette. Bars = 100 nm.  
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 Fig. 5      Reconstitution of rosettes functional in cellulose biosynthesis. (A) Association of the catalytic unit with the structural unit. Analysis of the 
precipitated structural unit with buffer (lane 1) or the catalytic unit (lane 2) after immunoblotting with anti-sucrose synthase. (B) Immunogold 
labeling of sucrose synthase on reconstituted rosettes. Arrowheads point to the gold particles associated with rosettes. (C) Control experiment 
shows that sucrose synthase does not appear on the structural unit prior to incubation with the catalytic unit. (D) Fibrils synthesized by 
the reconstituted rosettes. (E) Arrow indicates a cluster of functional rosettes. Fibrils synthesized by reconstituted rosettes are detected by 
CBH I–gold (arrowheads). Bars = 100 nm.  
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sucrose ( Amor et al. 1995 ). Compared with these activities in 
crude plasma membrane proteins, the rates in our study are rela-
tively low. This may be due to differences in the source material 
or the loss of some unknown factors during the purifi cation. 

 In this study, sucrose synthase was detected as a 78 kDa 
band. However, the cDNA sequence (accession No. AB495095) 
predicts a 91 kDa polypeptide for the sucrose synthase protein 
in Azuki bean. There are two possibilities for this discrepancy. 
The native sucrose synthase in this plant might migrate at 
78 kDa on SDS–PAGE. It is also possible that proteolysis might 
have caused a cleavage of the polypeptide before loading. 

 We have also detected binding of UDP-glucose to a band of 
 > 700 kDa, which was detected by sucrose synthase antibodies 
in immunoblotting ( Fig. 2 ). By MALDI-TOF-MS analysis, this 
band included sucrose synthase, suggesting that it contained 
an SDS-resistant aggregate of sucrose synthase. 

 We had anticipated that our purifi cation would include 
CESA polypeptide(s). However, photoaffi nity labeling with 
UDP-glucose did not detect polypeptides near 100 kDa, 
which is close to the typical molecular mass of CESA proteins. 
However, this result does not rule out the possibility that our 
preparation contains CESA. Unfortunately, antibodies against 
Azuki bean CESA were not available to us. However, CESA 
proteins have been immunoprecipitated from cell extracts in 
 A. thaliana  ( Taylor et al. 2003 ). It was unclear whether sucrose 
synthase co-precipitated with CESA. 

 While the catalytic unit was initially purifi ed from the 
plasma membrane fraction, it was also present in the cytosolic 
fraction (data not shown). Previous reports suggested that the 
cytoplasmic domain of the cellulose synthase complex bears 
the catalytic activity ( Delmer 1999 ,  Doblin et al. 2002 ,  Saxena 
and Brown 2005 ,  Somerville 2006 ,  Bowling and Brown 2008 ). 
Our results suggest that the catalytic unit facing the cytosol 
interacts directly with the structural unit or scaffold. This 
interaction could be destroyed by detergent-based protein 
isolation. Whether such a model is common among all 
cellulose synthase complexes remains to be rigorously tested. 

 Our results support the proposition that sucrose synthase is 
part of the catalytic unit for cellulose synthesis, but the catalytic 
unit probably contains other proteins as well. As suggested by 
a published report, the functional cellulose synthase complex, 
as an intact rosette seen on the plasma membrane, is expected 
to contain  > 15 different polypeptides ( Kudlicka and Brown 
1997 ). Most models suggest that CESA polypeptides themselves 
jointly form the hexagonal rosette structure. It is possible that 
some structural proteins may oligomerize into the hexagonal 
scaffold so that the catalytic unit can be docked onto it.   

 Materials and Methods  

 Plant material 
 Azuki bean ( V. angularis ) seedlings were grown for 7 d at 26 ° C 
under continuous white light (FL20SS EX-D/18-H, Toshiba, 
Japan) at 90  µ mol photons m   −  2  s   −  1 . Segments of the elongating 

part of epicotyls of light-grown seedlings were used for prepara-
tion of plasma membrane.   

 Preparation of the catalytic and the structural units 
of cellulose synthase 
 Plasma membrane was isolated and purifi ed according to 
the method of aqueous two-phase partitioning, as described 
previously ( Yoshida et al. 1983 ). All procedures were performed 
at 0–4 ° C. A 100 g aliquot of epicotyl segments was homogenized 
in 200 ml of homogenizing buffer of 50 mM PIPES [piperazine- N , 
 N -bis (2-ethanesulfonic acid)]–KOH (pH 7.6) containing 
300 mM sorbitol, 5 mM ethylene glycol-bis(2-aminoethylether)-
 N , N , N  ′ , N  ′ -tetraacetic acid (EGTA), 5 mM EDTA, 50  µ g ml   −  1  
leupeptin, 10  µ g ml   −  1  4-(2-aminoethyl)-benzenesulfonyl fl uoride 
hydrochloride ( p -ABSF) and 100  µ g ml   −  1  dithiothreitol (DTT) 
with an ultra-turrax homogenizer T25 (Janke and Kunkel type, 
Ika, Staufen, Germany). Homogenate was squeezed through 
four layers of gauze and the crude extract was centrifuged at 
1,800  ×   g  for 10 min. The resulting supernatant was centrifuged 
at 100,000  ×   g  for 10 min to collect the microsomes. The 
microsomal pellet was suspended in partitioning mixture that 
contained 5.6 %  (w/w) dextran (cat. # 31392; Fluka, New York, 
USA), 5.6 %  (w/w) polyethylene glycol (PEG) (cat. # P3640; 
Sigma, St Louis, MO, USA) and 0.176 %  (w/w) NaCl. After 
mixing, the mixture was centrifuged at 1,800  ×  g  for 10 min. The 
resulting upper phase (PEG layer) was suspended in washing 
buffer of 50 mM PIPES–KOH (pH 7.6) containing 250 mM 
sorbitol, 10  µ g ml   −  1  leupeptin, 10  µ g ml   −  1   p -ABSF, 50  µ g ml   −  1  
DTT. The plasma membrane was collected by centrifugation 
at 100,000  ×   g  for 10 min. The plasma membrane precipitate 
was suspended in 10 ml of lysis buffer of 50 mM PIPES–KOH 
(pH 7.6) with 5 %  (v/v) NP-40, 50  µ g ml   −  1  leupeptin, 10  µ g ml   −  1  
 p -ABSF, 100  µ g ml   −  1  DTT, and the mixture was centrifuged at 
100,000  ×   g  for 10 min. The resulting supernatant was used as 
a source of the catalytic units of cellulose synthesis. 

 Structural units were extracted from the precipitate of the 
centrifugation. The precipitate was suspended in lysis buffer 
and centrifuged at 10,000  ×   g  for 10 min to precipitate the 
structural units. The precipitate was washed again, after which 
the pellet was suspended in column buffer and subjected to 
a differential sucrose density partitioning with 50 %  (w/w) and 
10 %  (w/w) sucrose. After centrifugation at 1,800  ×   g  for 15 min, 
the 10 %  sucrose layer was obtained and centrifuged at 10,000  ×   g  
for 5 min. The precipitate was suspended with column buffer 
and used as the structural units. 

 Catalytic units were extracted from the supernatant of 
the centrifugation at 100,000  ×   g  for 10 min after lysis of the 
plasma membrane. Supernatant was applied to a DEAE–
Sephacel column. After thorough washes with column buffer 
of 50 mM PIPES–KOH (pH 7.6) with 0.2 %  (w/v) CHAPS {3-[(3-
cholamidopropyl) dimethylammonio] propanesulfonic acid}, 
50  µ g ml   −  1  leupeptin, 10  µ g ml   −  1  p-ABSF, 100  µ g ml   −  1  DTT, pro-
teins were eluted with the column buffer supplemented with 
100 mM NaCl. Then the eluent was laid on the top of a linear 
sucrose gradient of 7.5–17 %  (w/v) and centrifuged at 100,000  ×   g  
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for 12 h. Fractions of 1.2 ml were collected from the bottom of 
the tube. 

 Reconstitution was performed by mixing the catalytic units 
and structural units, rotated to mix at room temperature for 
30 min in the presence of 1 mM magnesium. Free catalytic units 
were removed by centrifugation at 15,000  ×   g  for 10 min on the 
cushion of 10 %  (w/w) sucrose solution in the column buffer. 
The precipitate was used as the mixture of structural units and 
reconstituted rosettes.   

 UDP-glucose photoaffi nity labeling 
 Synthesis of [ α - 32 P]UDP-glucose was carried out as published 
( Delmer et al. 1991 ). Proteins were incubated at 27 ° C for 5 min 
with 1 mM magnesium, 100  µ M UDP-glucose including 0.5  µ Ci 
of [ α - 32 P]UDP-glucose. The sample was irradiated with short-
wave UV (253.6 nm) from 2 cm above for 20 min on ice. Then 
samples were suspended in SDS sample buffer and subjected to 
SDS–PAGE. Gels were fi xed and stained with Coomassie Brilliant 
Blue R-250, and destained gels were dried before being loaded on 
a Fuji imaging plate. Images of  32 P labeling were obtained by a 
BAS-2500 imaging analyzer (Fujifi lm, Tokyo, Japan).   

 Cellulose synthesis assay 
 A 100  µ M concentration of 0.2  µ Ci of [ 14 C]sucrose with 10  µ M 
UDP or 100  µ M of 0.1  µ Ci of UDP-[ 14 C]glucose were used for 
assaying cellulose synthesis. The reaction mixture contained 
these substrates and 5  µ g of catalytic units of protein in a reac-
tion buffer of 50 mM PIPES–KOH (pH 7.6) containing 10  µ g ml   −  1  
leupeptin, 10  µ g ml   −  1  p-ABSF and 1 mM magnesium. An equal 
volume of 8 %  (w/v) KOH was added to terminate the reaction 
after incubation at 27 ° C for 30 min. The samples were fi ltered 
through Ultracel YM-3 membranes (Millipore, Bedford, MA, 
USA) to exclude the materials of <3 kDa and to retain the 
polysaccharides over approximately 18 glucan chains. The 
membrane was washed three times with water, and retained 
radioactivity was measured by a liquid scintillation counter. 

 To determine the glucan chain linkage, two units of  β -1,4-
glucanase ( T. viride ; Wako) or  β -1,3-glucanase (yeast lytic type 
recombinant; Wako) were used. The product was incubated 
with either  β -1,4-glucanase in 50 mM MES/KOH (pH 5.0) or 
 β -1,3-glucanase in 50 mM Tris–HCl (pH 7.0) for 72 h at 40 ° C or 
room temperature, respectively. Then the reactions were 
fi ltered through Ultracel YM-3 membranes, and retained 
radioactivity was measured by a liquid scintillation counter.   

 Immunoblotting and immunoprecipitation 
 Proteins were separated by SDS–PAGE and transferred to 
a nitrocellulose fi lter. Samples were probed with polyclonal 
antibodies raised against recombinant protein of mung bean 
sucrose synthase ( Nakai et al. 1997 ) followed by horseradish 
peroxidase-conjugated goat anti-rabbit IgG antibodies (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA). The detection was 
carried out using either 4-chloro-1-naphthol or a super signal 
femto trial kit (Thermo Scientifi c, Waltham, MA, USA) as the 
substrate. 

 For immunoprecipitation of sucrose synthase, anti-sucrose 
synthase antibodies were mixed with protein A–Sepharose 
beads (GE Healthcare UK Ltd., Buckinghamshire, UK) at room 
temperature for 30 min and antibody–protein A–Sepharose 
beads were prepared according to the manufacturer’s instruc-
tion, followed by treatment with the cross-linker dimethyl 
pimelimidate (DMP). Proteins were mixed with beads at room 
temperature for 1 h and washed by brief centrifugation with 
column buffer. Proteins were eluted using 100 mM glycine–HCl 
buffer (pH 2.6) and separated from the beads by brief centrifu-
gation, and the solution was immediately neutralized to pH to 
7.6 with 2 M Tris.   

 MALDI-TOF/MS analysis 
 The 78 kDa band on the SDS–polyacrylamide gel was excised 
and washed three times each with 100 mM ammonium bicar-
bonate buffer, pH 8.0 and 100 %  acetonitrile. Gels were dehy-
drated with 100 %  acetonitrile followed by the addition of 3  µ l 
of 3  µ g  µ l   −  1  trypsin. After trypsin was absorbed by the gel at 0 ° C 
for  > 30 min, 10  µ l of digestion buffer of 40 mM ammonium car-
bonate (pH 8.0) with 10 %  (v/v) acetonitrile were added and 
incubated overnight at 37 ° C. An aliquot of 1  µ l of mixture was 
mixed with an equal volume of matrix solution containing 
0.2 mg ml   −  1   α -cyano-4-hydroxycinnamic acid (CHCA), 0.1 %  
(v/v) trifl uoroacetic acid (TFA), 40 %  (v/v) acetonitrile. After 
mixing, 0.5  µ l of mixed solution was put on a 600 nm Anchor 
Chip (Bruker Daltonics, Billerica, MA, USA) and dried. Then, 
it was washed with 0.1 %  (v/v) TFA and re-dried for analysis. The 
samples were analyzed with an Ultrafl ex TOF/TOF mass spec-
trometer (Bruker Daltonics) under refl ector mode to collect 
peptide mass spectra. Mascot (Matrix Science, USA) in-house 
version software was employed to identify the spots from the 
Viridiplantae (Green Plants) database in a local Mascot server 
by PMF (peptide mass fi ngerprinting) analysis.   

 Electron microscopy 
 Samples were observed by negative staining with 1 %  (w/v) 
uranyl acetate. For immunogold labeling, anti-sucrose synthase 
antibodies were conjugated with colloidal gold according to 
 Slot and Geuze (1981) . The conjugates were applied on samples 
after a centrifugation at 5,000  ×   g  for 10 min to remove dena-
tured IgG proteins and aggregated gold particles. Cellulose 
labeling was carried out using CBH I–gold complex prepared 
according to a published protocol ( Chanzy et al. 1984 ). 
Reconstituted rosettes were incubated with 1 mM UDP-glucose 
in the presence of 1 mM magnesium for 15 min at room 
temperature prior to CBH I–gold incubation as reported 
( Okuda et al. 1993 ). Observation by transmission electron 
microscopy was achieved using JEOL 1200 EX (JEOL, Tokyo, 
Japan) at 80 kV for imaging.    

 Funding 

 This work was supported by the Japan Society for the Promotion 
of Science [as part of the doctoral dissertation of S.F.].     

300

S. Fujii et al.

Plant Cell Physiol. 51(2): 294–301 (2010) doi:10.1093/pcp/pcp190 © The Author 2010.

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/51/2/294/1942577 by guest on 17 April 2024



 Acknowledgments 

 The authors thank Dr. K. Kim (Osaka University) and 
Dr. S. Serada (National Institute of Biomedical Innovation, 
Osaka) for technical assistance in MS analysis, and Dr. B. Liu 
(University of California at Davis, USA) for his comments on the 
manuscript.   

 References 

     Amor  ,   Y.  ,     Haigler  ,   C.H.  ,     Johnson  ,   S.  ,     Wainscott  ,   M.   and     Delmer  ,   D.P.     
(  1995  )   A membrane-associated form of sucrose synthase and its 
potential role in synthesis of cellulose and callose in plants  .   Proc. 

Natl Acad. Sci. USA     92  :   9353  –  9357  .   
     Arioli  ,   T.  ,     Peng  ,   L.  ,     Betzner  ,   A.S.  ,     Burn  ,   J.  ,     Wittke  ,   W.  ,     Herth  ,   W.  ,    et al   . 

(  1998  )   Molecular analysis of cellulose biosynthesis in Arabidopsis  . 
  Science     279  :   717  –  720  .   

     Barratt  ,   D.H.  ,     Derbyshire  ,   P.  ,     Findlay  ,   K.  ,     Pike  ,   M.  ,     Wellner  ,   N.  ,     Lunn  ,   J.  ,    et al   . 
(  2009  )   Normal growth of Arabidopsis requires cytosolic invertase but 
not sucrose synthase  .   Proc. Natl Acad. Sci. USA     106  :   13124  –  13129  .   

     Bowling  ,   A.J.   and     Brown  ,   R.M.     (  2008  )   The cytoplasmic domain of the 
cellulose-synthesizing complex in vascular plants  .   Protoplasma     233  : 
  115  –  127  .   

     Chanzy  ,   H.  ,     Henrissat  ,   B.   and     Vuong  ,   R.     (  1984  )   Colloidal gold labelling of 
l,4- β - D -glucan cellobiohydrolase adsorbed on cellulose substrates  . 
  FEBS Lett.     172  :   193  –  197  .   

     Delmer  ,   D.P.     (  1999  )   Cellulose biosynthesis: exciting times for a diffi cult 
fi eld of study  .   Annu. Rev. Plant Physiol. Plant Mol. Biol.     50  :   245  –  276  .   

     Delmer  ,   D.P.  ,     Solomon  ,   M.   and     Read  ,   S.M.     (  1991  )   Direct photolabeling 
with [ 32 P]UDP-glucose for identifi cation of a subunit of cotton fi ber 
callose synthase  .   Plant Physiol.     95  :   556  –  563  .   

     Doblin  ,   M.S.  ,     Kurek  ,   I.  ,     Jacob-Wilk  ,   D.   and     Delmer  ,   D.P.     (  2002  )   Cellulose 
biosynthesis in plants: from genes to rosettes  .   Plant Cell Physiol.     43  : 
  1407  –  1420  .   

     Giddings  ,   T.H.  ,     Brower  ,   D.L.   and     Staehelin  ,   L.A.     (  1980  )   Visualization of 
particle complexes in the plasma-membrane of  Micrasterias 

denticulata  associated with the formation of cellulose fi brils in 
primary and secondary cell walls  .   J. Cell Biol.     84  :   327  –  339  .   

     Haigler  ,   C.H.  ,     Ivanova-Datcheva  ,   M.  ,     Hogan  ,   P.S.  ,     Salnikov  ,   V.V.  , 
    Hwang  ,   S.  ,     Martin  ,   K.  ,    et al   . (  2001  )   Carbon partitioning to cellulose 
synthesis  .   Plant Mol. Biol.     47  :   29  –  51  .   

     Kiermayer  ,   O.   and     Sleytr  ,   U.B.     (  1979  )   Hexagonally ordered rosettes of 
particles in the plasma-membrane of  Micrasterias denticulata  Breb 
and their signifi cance for microfi bril formation and orientation  . 
  Protoplasma     101  :   133  –  138  .   

     Kimura  ,   S.  ,     Laosinchai  ,   W.  ,     Itoh  ,   T.  ,     Cui  ,   X.  ,     Linder  ,   C.R.   and 
    Brown  ,   R.M.  ,   Jr.     (  1999  )   Immunogold labeling of rosette terminal 
cellulose-synthesizing complexes in the vascular plant Vigna 
angularis  .   Plant Cell     11  :   2075  –  2085  .   

     Kudlicka  ,   K.   and     Brown  ,   R.M.     (  1997  )   Cellulose and callose biosynthesis 
in higher plants. I. Solubilization and separation of (1,3)- and (1,4)-
 β -glucan synthase activities from mung bean  .   Plant Physiol.     115  : 
  643  –  656  .   

     Mueller  ,   S.C.   and     Brown  ,   R.M.     (  1980  )   Evidence for an intramembrane 
component associated with a cellulose microfi bril-synthesizing 
complex in higher plants  .   J. Cell Biol.     84  :   315  –  326  .   

     Mutwil  ,   M.  ,     Debolt  ,   S.   and     Persson  ,   S.     (  2008  )   Cellulose synthesis: 
a complex complex  .   Curr. Opin. Plant Biol.     11  :   252  –  257  .   

     Nakai  ,   T.  ,     Tonouchi  ,   N.  ,     Konishi  ,   T.  ,     Kojima  ,   Y.  ,     Tsuchida  ,   T.  ,     Yoshinaga  ,   F.  , 
   et al   . (  1999  )   Enhancement of cellulose production by expression of 

sucrose synthase in  Acetobacter xylinum   .   Proc. Natl Acad. Sci. USA   
  96  :   14  –  18  .   

     Nakai  ,   T.  ,     Tonouchi  ,   N.  ,     Tsuchida  ,   T.  ,     Mori  ,   H.  ,     Sakai  ,   F.   and     Hayashi  ,   T.     
(  1997  )   Expression and characterization of sucrose synthase from 
mung bean seedlings in  Escherichia coli   .   Biosci. Biotechnol. Biochem.   
  61  :   1500  –  1503  .   

     Okuda  ,   K.  ,     Li  ,   L.  ,     Kudlicka  ,   K.  ,     Kuga  ,   S.   and     Brown  ,   R.M.     (  1993  )    β -Glucan 
synthesis in the cotton fi ber. I. Identifi cation of  β -1,4- and  β -1,3-
glucans synthesized in vitro  .   Plant Physiol.     101  :   1131  –  1142  .   

     Paredez  ,   A.R.  ,     Somerville  ,   C.R.   and     Ehrhardt  ,   D.W.     (  2006  )   Visualization 
of cellulose synthase demonstrates functional association with 
microtubules  .   Science     312  :   1491  –  1495  .   

     Pear  ,   J.R.  ,     Kawagoe  ,   Y.  ,     Schreckengost  ,   W.E.  ,     Delmer  ,   D.P.   and 
    Stalker  ,   D.M.     (  1996  )   Higher plants contain homologs of the 
bacterial  celA  genes encoding the catalytic subunit of cellulose 
synthase  .   Proc. Natl Acad. Sci. USA     93  :   12637  –  12642  .   

     Peng  ,   L.  ,     Kawagoe  ,   Y.  ,     Hogan  ,   P.   and     Delmer  ,   D.     (  2002  )   Sitosterol-beta-
glucoside as primer for cellulose synthesis in plants  .   Science     295  : 
  147  –  148  .   

     Richmond  ,   T.A.   and     Somerville  ,   C.R.     (  2000  )   The cellulose synthase 
superfamily  .   Plant Physiol.     124  :   495  –  498  .   

     Robert  ,   S.  ,     Bichet  ,   A.  ,     Grandjean  ,   O.  ,     Kierzkowski  ,   D.  ,     Satiat-Jeunemaître  ,   B.  , 
    Pelletier  ,   S.  ,    et al   . (  2005  )   An  Arabidopsis  endo-1,4- β - D -glucanase 
involved in cellulose synthesis undergoes regulated intracellular 
cycling  .   Plant Cell     17  :   3378  –  3389  .   

     Ruan  ,   Y.L.  ,     Llewellyn  ,   D.J.   and     Furbank  ,   R.T.     (  2003  )   Suppression of sucrose 
synthase gene expression represses cotton fi ber cell initiation, 
elongation, and seed development  .   Plant Cell     15  :   952  –  964  .   

     Salnikov  ,   V.V.  ,     Grimson  ,   M.J.  ,     Delmer  ,   D.P.   and     Haigler  ,   C.H.     (  2001  ) 
  Sucrose synthase localizes to cellulose synthesis sites in tracheary 
elements  .   Phytochemistry     57  :   823  –  833  .   

     Salnikov  ,   V.V.  ,     Grimson  ,   M.J.  ,     Seagull  ,   R.W.   and     Haigler  ,   C.H.     (  2003  ) 
  Localization of sucrose synthase and callose in freeze-substituted 
secondary-wall-stage cotton fi bers  .   Protoplasma     221  :   175  –  184  .   

     Saxena  ,   I.M.   and     Brown  ,   R.M.  ,   Jr.     (  2005  )   Cellulose biosynthesis: current 
views and evolving concepts  .   Ann. Bot.     96  :   9  –  21  .   

     Slot  ,   J.W.   and     Geuze  ,   H.J.     (  1981  )   Sizing of protein A–colloidal gold 
probes for immunoelectron microscopy  .   J. Cell Biol.     90  :   533  –  536  .   

     Somerville  ,   C.     (  2006  )   Cellulose synthesis in higher plants  .   Annu. Rev. 

Cell Dev. Biol.     22  :   53  –  78  .   
     Su  ,   J.C.  ,     Wu  ,   J.L.   and     Yang  ,   C.L.     (  1977  )   Purifi cation and characterization 

of sucrose synthase from the shoot of the bamboo  Leleba oldhami   . 
  Plant Physiol.     60  :   17  –  21  .   

     Takahashi  ,   J.  ,     Rudsander  ,   U.J.  ,     Hedenström  ,   M.  ,     Banasiak  ,   A.  ,     Harholt  ,   J.  , 
    Amelot  ,   M.  ,    et al   . (  2009  )   KORRIGAN1 and its aspen homolog 
PttCel9A1 decrease cellulose crystallinity in Arabidopsis stems  . 
  Plant Cell Physiol.     50  :   1099  –  1115  .   

     Tang  ,   G.Q.   and     Sturm  ,   A.     (  1999  )   Antisense repression of sucrose 
synthase in carrot ( Daucus carota  L.) affects growth rather than 
sucrose partitioning  .   Plant Mol. Biol.     41  :   465  –  479  .   

     Taylor  ,   N.G.  ,     Howells  ,   R.M.  ,     Huttly  ,   A.K.  ,     Vickers  ,   K.   and     Turner  ,   S.R.     
(  2003  )   Interactions among three distinct CesA proteins essential 
for cellulose synthesis  .   Proc. Natl Acad. Sci. USA     100  :   1450  –  1455  .   

     Yoshida  ,   S.  ,     Uemura  ,   M.  ,     Niki  ,   T.  ,     Sakai  ,   A.   and     Gusta  ,   L.V.     (  1983  ) 
  Partition of membrane particles in aqueous two-polymer phase 
system and its practical use for purifi cation of plasma membranes 
from plants  .   Plant Physiol.     72  :   105  –  114  .   

     Zuo  ,   J.  ,     Niu  ,   Q.W.  ,     Nishizawa  ,   N.  ,     Wu  ,   Y.  ,     Kost  ,   B.   and     Chua  ,   N.H.     (  2000  ) 
  KORRIGAN, an Arabidopsis endo-1,4-beta-glucanase, localizes to 
the cell plate by polarized targeting and is essential for cytokinesis  . 
  Plant Cell     12  :   1137  –  1152  .     

301

Sucrose synthase in cellulose synthesis

Plant Cell Physiol. 51(2): 294–301 (2010) doi:10.1093/pcp/pcp190 © The Author 2010.

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/51/2/294/1942577 by guest on 17 April 2024


