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Joséphine Lai-Kee-Him‡, Henri Chanzy‡, Martin Müller§¶, Jean-Luc Putaux‡, Tomoya Imai‡�,
and Vincent Bulone‡**
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Detergent extracts of microsomal fractions from sus-
pension cultured cells of Rubus fruticosus (blackberry)
were tested for their ability to synthesize in vitro sizable
quantities of cellulose from UDP-glucose. Both Brij 58
and taurocholate were effective and yielded a substan-
tial percentage of cellulose microfibrils together with
(133)-�-D-glucan (callose). The taurocholate extracts,
which did not require the addition of Mg2�, were the
most efficient, yielding roughly 20% of cellulose. This
cellulose was characterized after callose removal by
methylation analysis, electron microscopy, and electron
and x-ray synchrotron diffractions; its resistance to-
ward the acid Updegraff reagent was also evaluated.
The cellulose microfibrils synthesized in vitro had the
same diameter as the endogenous microfibrils isolated
from primary cell walls. Both polymers diffracted as
cellulose IVI, a disorganized form of cellulose I. Besides
these similarities, the in vitro microfibrils had a higher
perfection and crystallinity as well as a better resist-
ance toward the Updegraff reagent. These differences
can be attributed to the mode of synthesis of the in vitro
microfibrils that are able to grow independently in a
neighbor-free environment, as opposed to the cellulose
in the parent cell walls where new microfibrils have to
interweave with the already laid polymers, with the re-
sult of a number of structural defects.

The organized deposition of cellulose in plant cell walls is one
of the most important biochemical phenomena during cell
growth and differentiation. The process of cellulose biogenesis
requires a number of steps that occur in a coordinated fashion,
from the polymerization of long flawless (134)-�-D-glucan
chains to their precise assembling and extrusion as slender
monocrystalline microfibrils into the cell wall matrix (1–5).
Despite the ubiquity of cellulose in plant cell walls and the
relative simplicity of the molecular structure of this polymer,
its biosynthesis is far from being fully understood, although

substantial progress has recently been made in the genetics
(6–10), the biochemistry (11–16), and the regulation (17–19) of
cellulose synthases. In particular, one has not yet reached the
point where sizable amounts of plant cellulose microfibrils can
be synthesized in vitro, in contrast with other biologically im-
portant polysaccharides such as plant and fungal (133)-�-D-
glucans (13–15, 20–24) or fungal �-chitin (25, 26), for which
significant quantities of in vitro microfibrillar polymers can be
readily prepared.

The intrinsic nature of native cellulose (or cellulose I) micro-
fibrils where all of the chains are organized in parallel fashion
appears to be due to the organization of cellulose synthases in
the plasma membrane. It seems now accepted that these mem-
brane proteins are organized as rosette-like structures (7, 27–
31), designated as terminal complexes, that act as spinnerets
for the extrusion of microfibrils. Apparently, it is only when the
integrity of this machinery is kept intact, as in the plant
plasma membrane, that all of its proteinaceous subcomponents
are able to polymerize glucosyl units in a coordinated fashion,
leading to the spinning of cellulose I microfibrils (7). Other
systems where the enzymes that synthesize cellulose are not
arranged in organized terminal complexes tend to produce
cellulose II whose structure and morphology differ from those
of native microfibrils (32–34).

Given the instability of the cellulose synthase complexes,
their extraction from plasma membranes and their use to pro-
duce in vitro cellulose I have proven quite challenging. In fact,
when incubated with UDP-glucose, plant membrane extracts
usually yield quantities of (133)-�-D-glucan but no cellulose
(22–24). It is only in very few instances that a careful fraction-
ation of membrane extracts has led to the preparation of mi-
nute quantities of cellulose I in the middle of large amounts of
(133)-�-D-glucan (13–15). In these experiments, cellulose could
be detected by fluorochrome and radiochemical labeling. In
addition, ultrastructural observations by transmission electron
microscopy (TEM)1 have revealed the occurrence of very long,
slender microfibrils, dispersed in the preparation. These micro-
fibrils were identified as cellulose by immunogold labeling
and/or electron diffraction analysis (13–15).

Despite the hopes brought by the first in vitro syntheses of
cellulose I from plant membrane extracts (13–15), the full
description of the polymer requires the biosynthesis and puri-
fication of a sizable amount of product. Indeed, milligrams of
purified sample are necessary to obtain reliable structural in-
formation on a given polymer. With this in mind, the aim of the
present work was to produce relatively large quantities of in
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vitro cellulose from detergent extracts of plant microsomes. We
isolated cellulose synthases from Rubus fruticosus (blackberry)
suspension-cultured cells and selected biosynthesis conditions
that led to the preparation of in vitro cellulose in quantity
suitable for chemical, biochemical, and physical characteriza-
tions. These characterizations revealed the differences existing
between the in vitro synthesized polymer and the endogenous
cell wall cellulose.

MATERIALS AND METHODS

Chemicals—Taurocholate, Brij 58, Mops, UDP-glucose, and cellobi-
ose were purchased from Sigma. UDP-D-[U-14C]glucose (300
mCi�mmol�1) and the liquid scintillation mixture were bought from
Isotopchim (Peyruis, France) and Amersham Biosciences, respectively.
All other chemicals, including the medium used for suspension cultures,
were from Sigma.

Suspension Cultures of R. fruticosus Cells—Cells from R. fruticosus
(35) were maintained as suspension cultures in Heller medium (36).
They were grown at 23 °C under agitation on a rotary shaker (120
oscillations/min) and successive 12-h night and day periods. Cells har-
vested in stationary phase after 18–24 days of culture were washed
thoroughly with distilled water and used for isolation of the microsomal
fraction.

Preparation of Microsomal Membranes and Detergent Extraction of
Glucan Synthases—Cells were disrupted at 80 megapascals using a
French press (SLM-Aminco Instruments, Thermo Spectronic, Roches-
ter, NY), and the microsomal fraction was isolated by differential cen-
trifugation as previously described (24). Taurocholate or Brij 58 were
used at their critical micellar concentrations, 0.3 and 0.05%, respec-
tively, to extract the membrane-bound proteins (�4 mg�ml�1, final
concentration). After a 30-min incubation at 4 °C in the presence of
either of the two detergents and under continuous stirring, the micro-
somal membranes were centrifuged at 150,000 � g for 1 h. The super-
natant was used as the detergent-extracted enzyme preparation.
(133)-�-D-Glucan and cellulose synthase activities were stable for sev-
eral hours when the fractions were kept at 4 °C.

Determination of the Yield of in Vitro Synthesis of Cellulose and
(133)-�-D-Glucan—To determine the yield of cellulose synthesis, radio-
active products were synthesized in vitro in the presence of UDP-D-[U-
14C]glucose and incubated with enzymes that specifically hydrolyze
cellulose or (133)-�-D-glucan. A typical in vitro synthesis reaction con-
sisted of a mixture of 6 ml of either of the two detergent extracts, 12 ml
of 100 mM Mops/NaOH buffer, pH 6.8, containing 40 mM cellobiose, 1.2
ml of 20 mM nonradioactive UDP-glucose (i.e. 24 �mol of UDP-glucose)
and 2.9 �Ci of UDP-D-[U-14C]glucose. The volume of the reaction mix-
ture was completed to 24 ml with distilled water. The molar ratio
between the total UDP-glucose and the 14C-labeled UDP-glucose was
2410. As opposed to the reactions with the Brij 58 extract, which were
performed in the presence of 8 mM Mg2� (final concentration), no cation
was required for in vitro synthesis of cellulose using the taurocholate
extract. The syntheses were carried out at 25 °C, and the reactions were
stopped after 2 h by centrifugation. The radioactive products were
washed with distilled water and resuspended in 200 �l of 0.1 M acetate
buffer, pH 6.5.

The products from one reaction performed as described above were
incubated with a mixture of enzymes that specifically hydrolyze cellu-
lose and cellobiose, i.e. 20 �l of Novozyme� 188 cellobiase (40 mg�ml�1),
10 �l of cellobiohydrolase I (CBHI or Cel7A; 40 mg�ml�1), 10 �l of
cellobiohydrolase II (CBHII or Cel6A, 40 mg�ml�1), and 3 �l of endo-
glucanase V (EG V or Cel45, 10 mg�ml�1). Cel7A, Cel6A, and Cel45 from
Humicola insolens are recombinant enzymes expressed in a noncellu-
lolytic host organism, Aspergillus oryzae (37). These enzymes were
provided by Dr. Schülein (Novo Nordisk).

The products from a second in vitro synthesis reaction were incu-
bated with 43 �l of (133)-�-endoglucanase from barley (0.5 mg�ml�1),
which specifically hydrolyzes (133)-�-glucans (38).

A control was performed with the products from a third in vitro
synthesis reaction by incubating the radioactive polysaccharides with
43 �l of 50 mM phosphate buffer, pH 6.5.

The control and the tubes containing the cellulases or the (133)-�-
endoglucanase from barley were kept at 37 °C for 18 h, and the residual
radioactive product was recovered by filtration on glass fiber filters
(AFPA; Millipore Corp.). The filters were successively washed with 4 ml
of 66% ethanol, 4 ml of water, and 4 ml of ethanol and dried. The
radioactivity was measured in 5 ml of liquid scintillation mixture, using
a Packard Instrument Co. Tri-Carb 1600 Tr counter.

The experiments described above for the determination of the yields
of in vitro cellulose and (133)-�-D-glucan were repeated six times in
order to demonstrate the reproducibility of the synthesis reactions. The
average and S.D. values obtained from these experiments are presented
in Table I.

Large Scale Synthesis of Cellulose—As indicated in Table I, the
highest yield of in vitro cellulose was obtained using taurocholate ex-
tracts. When 6 ml of these detergent extracts were used for in vitro
synthesis, the equivalent of up to 25 �g of glucose was incorporated into
cellulose. For the large scale production of cellulose, a typical synthesis
was performed from 60 g of fresh cells. This allowed the preparation of
25 ml of taurocholate extract, which yielded, according to the data
presented in Table I, nearly 100 �g of cellulose. Such large scale
syntheses were repeated 10 times in order to accumulate enough cel-
lulose (�1 mg) for structural characterization.

Purification of the in Vitro Cellulose—Although the conditions de-
scribed above were optimal for the synthesis of cellulose, (133)-�-D-
glucan was the dominant polysaccharide synthesized in the reaction
mixture. In order to characterize the cellulose produced in vitro, it was
therefore necessary to eliminate the (133)-�-D-glucan. The in vitro
products were first incubated for 2 h at room temperature in chloro-
form/methanol (2/1, v/v) and then washed five times by centrifugation
with distilled water. The (133)-�-D-glucan was selectively solubilized
by incubating the preparation in a 3% NaOH solution at 4 °C for 2 h.
The insoluble product was washed with distilled water in order to reach
neutrality and incubated in the Updegraff reagent (39) at 100 °C for 30
min. After extensive dialysis against distilled water, the resulting cel-
lulose was kept at 4 °C as a suspension in 0.01% sodium azide before
TEM observation. For the other analyses (x-ray diffraction and meth-
ylation analysis), the cellulose was freeze-dried.

Preparation and Purification of the Plant and Bacterial Celluloses
Used as Controls—Twenty-one-day-old R. fruticosus cells were washed
thoroughly with distilled water and disrupted in a French pressure cell
at 80 megapascals, as previously described (24). The homogenate was
centrifuged at 5000 � g for 10 min. The pellet containing unbroken cells
and primary walls was extracted by a 5% KOH solution during 48 h at
room temperature under continuous mild stirring. The mixture was
centrifuged at 5000 � g for 10 min, and the pellet was dispersed in 50
mM acetate buffer, pH 5, containing 1.7% sodium chlorite. This suspen-
sion was heated during 8 h at 80 °C, and the treatment was repeated
twice. The insoluble cellulose composing the cell wall was recovered
after centrifugation at 5000 � g for 10 min, washed with distilled water,
and extracted with 3% NaOH for 12 h at 4 °C. The insoluble material
was centrifuged (5000 � g, 10 min), washed with distilled water until a
neutral suspension was obtained, and centrifuged again before treat-
ment with the Updegraff reagent (39) for 30 min at 100 °C. The mixture
was extensively dialyzed against distilled water, and the cellulose re-
covered by centrifugation (5000 � g, 10 min) was used as a control for
the following analyses.

Bacterial cellulose was extracted from Acetobacter xylinum cultures
prepared in a peptone-rich medium containing yeast extract and glu-
cose (40). The cellulose resulting from 1 month of culture was thor-
oughly washed under tap water for 1 week and then successively
washed with 1% NaOH, 1% HCl, and distilled water. It was finally
treated with the Updegraff reagent (39) for 30 min at 100 °C and
extensively dialyzed against distilled water. The cellulose recovered by
centrifugation (5000 � g, 10 min) was stored at 4 °C in distilled water
containing 0.01% sodium azide.

Cellulose Methylation Analysis—The purified cellulose samples
treated with the Updegraff reagent were permethylated and analyzed
for linkage type by the alditol acetate method of Harris et al. (41). The
methylated monosaccharides released by trifluoroacetic acid hydrolysis
were reduced with NaBD4 and acetylated. The methylated alditol ace-
tates were separated by gas chromatography (GC) with a 30 m � 0.53
mm SP 2380 macrobore column (Supelco), with a temperature program
increasing from 165 to 225 °C at a rate of 2.5 °C min�1. The GC peaks
were identified by electron impact mass spectrometry at an ionizing
potential of 70 eV, using a Nermag R10–10C mass spectrometer con-
nected to a Delsi Di 700 GC fitted with a capillary SP 2380 column.

Purification and 13C NMR Spectroscopy of (133)-�-D-Glucan—The
(133)-�-D-glucan present in the biosynthetic mixture was purified and
characterized as follows. The in vitro polysaccharides were treated for
18 h at 37 °C with proteinase K (6 units/mg of polysaccharides) in 10
mM Tris/HCl, pH 7.5, and recovered by centrifugation (5000 � g, 10
min). Lipids and peptides were successively extracted with distilled
water, 66% methanol, and chloroform/methanol (1:2, v/v). These extrac-
tions were repeated four times. The in vitro products collected by
centrifugation were washed thoroughly with water and treated for
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complete bleaching with 3% sodium chlorite for 1 h at 60 °C. They were
finally washed with water and dried under vacuum. The (133)-�-D-
glucan present in the preparation was dissolved in (CD3)2SO at a
concentration of 10 mg�ml�1. 13C NMR spectra were recorded with a
Brucker AM 300 spectrometer operated at 295 K and 75.5 MHz. The
central peak of the (CD3)2SO multiplet (39.5 ppm) was used as a
reference.

TEM and Electron Diffraction—TEM observations were achieved
using a Philips CM200 CRYO microscope operated at 80 kV for imaging
and 200 kV for electron diffraction. All images and diffraction diagrams
were recorded on Agfa Scientia or Eastman Kodak Co. SO163 films.
Specimens were either negatively stained with uranyl acetate (2%) or
observed unstained.

Low dose electron diffraction patterns were recorded at liquid nitro-
gen temperature on unstained specimens, using selected circular areas
of 1 �m in diameter. The patterns were calibrated with a gold standard.

A Leica EM CPC quench-freezing device was used to prepare cryo-
TEM specimens. Drops of detergent extracts, before and after in vitro
synthesis, were deposited on lacy carbon films supported by 300-mesh
copper grids. After blotting the excess of liquid with filter paper, the
grids were immediately plunged into liquid ethane cooled to �170 °C
with liquid nitrogen. The excess of ethane was blotted away with filter
paper, and the grids were mounted on a Gatan 626 cryoholder, trans-
ferred into the microscope, and observed at �11,500, using an under-
focus of 1–3 �m.

Selective Labeling of the Reducing Ends of the in Vitro Cellulose
Microfibrils—The reducing ends of the in vitro cellulose microfibrils
were visualized by TEM following a gold labeling technique adapted
from a recent report describing the reducing end labeling of �-chitin
microfibrils (42). A drop of an in vitro preparation not treated with the
Updegraff reagent and containing cellulose and (133)-�-D-glucan was
deposited on a carbon-coated stainless steel grid and allowed to dry. The
(133)-�-D-glucan was selectively removed by immersing the grid into a
solution of 3% (w/v) NaOH. The grid was then washed with methanol
and subjected to the biotinylation reaction before coupling with strepta-
vidin-gold (42). The grid was washed in distilled water, dried, and
shadowed with W/Ta prior to TEM observation.

Synchrotron X-ray Diffraction Analysis—The following samples were
analyzed: (i) a sample of in vitro cellulose after Updegraff treatment; (ii)
a sample of cellulose extracted from R. fruticosus cell walls after dis-
encrustation and Updegraff treatment; (iii) a sample of bacterial cellu-
lose treated with Updegraff reagent. All samples were washed with
distilled water and freeze-dried. Small amounts of these samples were
then mounted across the hole of holders that consisted of thin rigid
cardboard disks of 1.5-cm diameter, perforated in their center with a
2-mm diameter hole. These sample holders were then positioned on a
goniometer head.

The Microfocus Beamline ID13 at the European Synchrotron Re-
search Facility (ESRF, Grenoble, France), operated at a wavelength of
0.096 nm, was used to obtain microdiffraction x-ray patterns from
selected areas of the specimens. An x-ray beam, 3 �m in diameter at the
sample position, was obtained with a tapered glass capillary in combi-
nation with focusing by an ellipsoidal mirror (43). The sample on its
goniometer head was optically aligned with the help of a video micro-
scope and then translated into the x-ray beam. The distance between

the optical axis of the microscope and that of the beam was 70 mm. This
distance was calibrated with an accuracy of better than 1 �m. Two-
dimensional diffraction patterns were recorded on a CCD detector
(2048 � 2048 pixels; MAR Research) at a sample to detector distance of
57 mm. The detector had a pixel size of 64.45 � 64.45 �m2 and a
dynamic range of 16 bit. Corundum powder in a glass capillary was
used for calibration.

Each of the three samples was sequentially translated through the
beam in steps of 10–30 �m, in order to sample over the whole specimen
area. At every position, a two-dimensional diffraction pattern was ac-
quired during 60 s. Background images were collected as well, and the
data analysis (e.g. background removal, averaging, azimuthal integra-
tion, etc.) was achieved with the ESRF image processing software
FIT2D (44). The diffraction diagrams were fitted with a least-squares
algorithm. The peak shape was assumed to be Lorentzian (45), and the
peak positions were calculated using cellulose I� cell parameters (46).
The lattice parameter a, the reflection widths, and a linear background
were the only variable parameters in the fit. The peak widths (ex-
pressed as 2� angle) were used to calculate the apparent lateral crystal
sizes, using the Scherrer equation (47). The relative x-ray crystallinity
of each sample was obtained by computing the ratio of the intensity of
the 200 reflection and the total scattering intensity at this position in
the diagram (i.e. the sum of the peak intensity and the amorphous
background). Our values of crystal size and crystallinity obtained with
bacterial cellulose are in agreement with the data in the literature
(48, 49).

RESULTS

Biochemical Characterization of the in Vitro Products—A
series of detergents were screened for their ability to extract
cellulose synthases in an active form from plasma membranes.
Taurocholate and Brij 58 used at their critical micellar concen-
trations were the most efficient detergents for in vitro synthe-
sis of cellulose. However, the reaction mixture recovered after
synthesis with Brij 58 or taurocholate extracts also contained
(133)-�-D-glucan. The proportion of cellulose and (133)-�-D-
glucan synthesized in vitro was determined after hydrolysis of
the radioactive products with specific cellulases and a (133)-
�-D-glucan hydrolase. Apart from giving information on the
yield of in vitro cellulose and (133)-�-D-glucan, these experi-
ments based on the incorporation of radioactive glucose into
insoluble polysaccharides prove that the glucans analyzed were
indeed synthesized de novo and not carried along from the
membrane preparations that were used as a source of enzyme.
The results presented in Table I show that the highest yield of
in vitro cellulose is obtained when taurocholate is used to
extract the cellulose synthase. For this reason, the large scale
synthesis of cellulose was performed with taurocholate extracts
in order to accumulate enough polysaccharide for structural
characterization. About 20% of cellulose was present in the
reaction mixture, whereas the use of Brij 58 allowed the syn-

TABLE I
Yields of in vitro cellulose and (133)-�-D-glucan as a function of the detergent used for extraction of the glucan synthases

from R. fruticosus membranes
In vitro synthesis was performed using either Brij 58 or taurocholate extracts as a source of enzyme. The reaction mixture contained 6 ml of

either of the two detergent extracts, 12 ml of 100 mM Mops/NaOH buffer, pH 6.8, 1.2 ml of 20 mM nonradioactive UDP-glucose, and 2.9 �Ci of
UDP-D-[U-14C]glucose. The molar ratio (2410) between the total UDP-glucose and the 14C-labeled UDP-glucose was used to calculate the total nmol
of glucose incorporated. The reactions performed with Brij 58 extracts contained 8 mM Mg2� (final concentration), whereas no cation was added
for synthesis with taurocholate extracts. The volume of the reaction mixtures was completed to 24 ml with distilled water. Each mixture contained
24 �mol of UDP-glucose (i.e. the equivalent of 4.3 mg of glucose). The amount of cellulose and (133)-�-D-glucan was determined by measuring the
radioactivity released by specific hydrolases from the in vitro products, as described under “Materials and Methods.” Six replicates were carried
out for each condition to obtain S.D. values.

Detergent extract used
for in vitro synthesis

Polysaccharide
synthesized in vitro dpm incorporated pmol of radioactive

glucose incorporated
Total nmol of glucose

incorporated
Total �g of glucose

incorporated
Percentage of

in vitro products

dpm pmol nmol �g %

Brij 58 extract Cellulose 21,445 � 6971 33.4 � 10.8 80.5 � 26.2 13.0 � 4.2 16.2 � 5.2
(133)-�-D-Glucan 111,089 � 29,929 173.0 � 46.6 417.2 � 112.4 67.6 � 18.2 83.8 � 22.5
Total 132,533 � 11,962 206.4 � 18.6 497.7 � 44.9 80.6 � 7.3 100 � 9.1

Taurocholate extract Cellulose 38,994 � 3824 60.7 � 5.9 146.5 � 14.4 23.7 � 2.3 20.0 � 1.9
(133)-�-D-Glucan 156,559 � 4275 243.9 � 6.7 588.0 � 16.0 95.3 � 2.6 80.1 � 2.2
Total 195,553 � 4210 304.6 � 6.6 734.4 � 15.8 119.0 � 2.6 100 � 2.2
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thesis of only 16% cellulose (Table I). In addition, the amount of
cellulose synthesized in vitro expressed as �g of glucose incor-
porated into the polymer was on average 2 times higher with
taurocholate extracts than with Brij 58 extracts (Table I). In-
deed, the use of 6 ml of taurocholate extract and a final reaction
mixture of 24 ml containing the equivalent of 4.3 mg of glucose
allowed the synthesis of up to 25 �g of cellulose, compared with
13 �g with Brij 58 extracts (Table I). From this result, we can
predict that large scale synthesis reactions performed using 25
ml of taurocholate extract yield about 100 �g of cellulose. Since
10 runs of synthesis in these large scale conditions were carried
out, we can estimate that the total amount of cellulose synthe-
sized in vitro is about 1 mg. Similarly, since the reaction mix-
tures after in vitro synthesis contained on average 80% of
(133)-�-D-glucan (Table I), it can be estimated that the total
amount of (133)-�-D-glucan produced in the large scale condi-
tions is 3.8 mg. Interestingly, the presence of Mg2� was re-
quired for cellulose synthesis when Brij 58 was used to extract
the cellulose synthase, whereas the yield of cellulose was
higher in the case of taurocholate extracts when no Mg2� was
added.

The structure of the (133)-�-D-glucan present in the reaction
mixture was confirmed by 13C NMR spectroscopy. The spec-
trum obtained after dissolution of the polysaccharide with
(CD3)2SO (Fig. 1) contains six sharp peaks at 60.9, 68.4, 72.8,
76.3, 86.2, and 103.0 ppm. It is characteristic of a strictly linear
(133)-�-D-glucan (50–52). In addition, there is no hint of peaks
that can be attributed to the chain ends. Altogether, these data
indicate that this polymer is linear and of a relatively high
molecular weight.

Chemical Characterization—One part of the purified in vitro
cellulose treated with the Updegraff reagent was subjected to
methylation analysis, and the resulting permethylated alditol
acetates were identified by GC/MS. The gas chromatogram
presents only one intense peak that was identified as corre-
sponding to 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl-D-glucitol by
electron impact MS (Fig. 2).

The methylation analysis of cellulose from R. fruticosus cell
walls subjected to the same purification protocol as the in vitro
product was also achieved. The gas chromatograms (data not
shown) presented the same intense peak as that in Fig. 2A. In
addition, a minor peak with a short retention time could be
identified by mass spectrometry as corresponding to 1,5-di-O-
acetyl-2,3,4,6,tetra-O-methyl-D-glucitol. From the ratio of the
area under this small peak to that of the larger one, corre-
sponding to 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl-D-glucitol, we
deduced that the endogenous cellulose treated with Updegraff

reagent had a DPn on the order of 20. This value is far smaller
than that obtained for the in vitro product treated in the same
manner. Indeed, no 1,5-di-O-acetyl-2,3,4,6,tetra-O-methyl-D-
glucitol could be detected after methylation analysis of the in
vitro cellulose (Fig. 2), indicating that this polymer has a DPn
higher than 100.

TEM Imaging—Cryo-TEM observations of the taurocholate
extract revealed a number of vesicles of different shapes and
sizes ranging from 10 to 500 nm (Fig. 3A). The small vesicles
appeared to be spherical, whereas the larger ones were elon-
gated, a deformation that can be attributed to the effect of the
surface tension of the thin liquid layer before quench-freezing.
In addition to the vesicles, finer structures were also observed
in the background of the preparations. They were assigned to
micelles as judged by their size. Observation of several grids
indicated that the samples did not contain any microfibrillar
polymer. It is only when the preparations were incubated with
UDP-glucose that a number of isolated slender endless micro-
fibrils were synthesized throughout the sample. This result
confirms that the observed microfibrils were synthesized de
novo. Fig. 3B is a typical illustration of an area of a preparation
that had undergone 4 h of biosynthesis. Other denser areas (not
shown) probably correspond to bundles of (133)-�-D-glucan
short fibrils. In Fig. 3B, vesicles as well as small objects are still
observed, and it is not clear whether some of these are attached
to the tips of the microfibrils. The lateral size of the microfibrils
appears to be constant. However, giving their width with ac-

FIG. 1. 13C NMR spectrum of the (133)-�-D-glucan extracted
and purified from the reaction mixture after in vitro synthesis
by the taurocholate extract. The chemical shifts were measured at
75.5 MHz in (CD3)2SO at 295 K, by reference to the central peak of the
(CD3)2SO multiplet (39.5 ppm).

FIG. 2. Methylation analysis of the purified cellulose synthe-
sized in vitro by the taurocholate extract. A, gas chromatography
of the permethylated alditol acetates. Peak 1 was identified by electron
impact MS (B) as corresponding to 1,4,5-tri-O-acetyl-2,3,6-tri-O-meth-
yl-D-glucitol. Peak 2 corresponds to myo-inositol peracetate (internal
standard).
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curacy is difficult, since the defocus required to record such
cryo-TEM images produces Fresnel fringes that artificially in-
crease the width of small objects.

In another experiment devised to further demonstrate that
the observed cellulose was indeed newly synthesized, a nega-
tive control was performed and used for TEM observation. To
prepare this control, 10 ml of a taurocholate extract were
freeze-dried, and the resulting material was resuspended in a
minimum volume (�400 �l) of distilled water prior to negative
staining and TEM observation. In parallel, in vitro synthesis
experiments were performed in the presence of UDP-glucose,
using freshly prepared taurocholate extracts (see “Materials
and Methods”). The in vitro cellulose was purified as described
under “Materials and Methods” and used for TEM observation
(negative staining). A thorough observation of the negative
control very rarely revealed the presence of some microfibrillar
polymers that were found to be sensitive to the Updegraff
treatment (not shown), whereas the sample obtained after in
vitro synthesis systematically contained microfibrillar cellu-
lose, as illustrated in Figs. 4C and 6. These data confirm that
the observed cellulose was not arising from the original micro-
somes but was indeed newly synthesized by the detergent
extract used as a source of enzyme.

A comparison of the ultrastructure of the endogenous and in
vitro celluloses is presented in Fig. 4, where all the micro-
graphs were recorded from negatively stained specimens. Fig.
4A corresponds to a purified preparation of endogenous cellu-
lose that had not undergone the Updegraff treatment. As ex-
pected, this cellulose consists of a bundle of parallel endless

thin microfibrils only about 2–3 nm in diameter. After Upde-
graff treatment, these microfibrils kept their initial lateral
width, but they were drastically cut longitudinally into frag-
ments of no more than 200–300 nm in length (Fig. 4B). In
addition, the sample in Fig. 4B is no longer organized in bun-
dles but occurs as small packets of 3–10 elements. A sample of
in vitro cellulose recovered after Updegraff treatment is shown
in Fig. 4C. As opposed to the corresponding endogenous cellu-
lose (Fig. 4B), the Updegraff-treated in vitro cellulose consists
of much longer elements, frequently several micrometers in
length. As in the case of endogenous cellulose, the microfibril
width of this newly synthesized cellulose is on the order of 2–3
nm. The in vitro cellulose microfibrils are bundled together to
form small packets consisting of 3–10 units.

Fig. 4D illustrates an area of a sample as in Fig. 4C, but prior
to Updegraff treatment. In this figure, a cellulose microfibril
seems to be associated at one of its tips with a globular particle,
which may correspond to a rosette-like structure that has sur-
vived the NaOH treatment used for the purification of the
cellulose. The association of in vitro microfibrils with globular
particles at one of their tips is also illustrated in Fig. 5, where
a small fascicle of cellulose microfibrils is seen originating from
a globular mass (arrow). Remarkably, the other ends of these
microfibrils can be identified as reducing ends, since they can
be labeled with streptavidin-gold (arrowheads) following a bi-
otinylation reaction.

Electron Diffraction Characterization—A low dose electron
micrograph of randomly distributed unstained microfibrils of
in vitro cellulose is shown in Fig. 6. The inserted powder
diagram corresponds to the diffraction pattern of an area of the
specimen 1 �m in diameter. In this diagram, three rings can be
clearly observed, a very sharp one at 0.2585 nm and two
broader ones centered at 0.43 and 0.40 nm. Other rings close to
the central beam may be present but cannot be visualized,

FIG. 3. Cryo-TEM images of a taurocholate extract of mem-
branes from R. fruticosus. A shows a number of vesicles and finer
objects that could correspond to micelles. B, the sample shown in A was
observed after incubation for 4 h with 1 mM UDP-glucose.

FIG. 4. TEM images of the cellulose synthesized in vitro and of
the endogenous cellulose extracted from primary walls of R.
fruticosus cells. The cellulose from cell walls was observed before (A)
and after (B) Updegraff treatment. C, the purified in vitro cellulose
resulting from the incubation of a taurocholate extract with UDP-
glucose, after Updegraff treatment. D, a typical example of an in vitro
cellulose microfibril with its tip associated with a globular particle (this
sample was not treated with the Updegraff reagent). All images were
recorded after negative staining of the samples with 2% uranyl acetate.
Scale bar, 0.1 �m.
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since they are lost in the diffuse central halo originating from
the inelastic scattering. Following an indexation according to
the monoclinic unit cell of cellulose I given by Sugiyama et al.
(46), the ring at 0.2585 nm is unambiguously assigned to the
meridional 004 reflection. Its sharpness indicates that the cel-
lulose crystals have a high perfection along the chain direction.
The two rings at 0.43 and 0.40 nm can be assigned to the 102
and 200 reflections of cellulose. These rings are somewhat
wider than the 004 ring. Their larger width is expected from
the line-broadening phenomenon resulting from the diffraction
of cellulose crystals that are very long in the chain direction but
substantially narrower in a perpendicular direction.

X-ray Diffraction—A series of diffraction diagrams was col-
lected for each sample. The diagrams were averaged and cor-
rected for background. Ten representative diagrams were used
for the endogenous and bacterial celluloses, whereas the aver-
age trace of the in vitro sample was deduced from the super-
position of 20 diagrams. The diffraction data are presented in
Fig. 7, which shows the 2� scans obtained by azimuthal inte-
gration of the averaged diagrams of the three specimens. In
Fig. 7, the inset is a composition that reproduces 120° sectors of
the three corresponding powder diffraction patterns. Sector A
corresponds to the in vitro sample, sector B to the endogenous
sample, and sector C to the bacterial cellulose standard. A
visual comparison of these patterns indicates marked differ-
ences in the crystalline features of the three samples.

The traces of the three diagrams clearly show the strongest
cellulose reflections, namely 11�0, 110, 102, 200, and 004. De-
pending on the specimen, some of these reflections appear
either individual or merged into one another. All three dia-
grams display the sharp meridional 004 diffraction peak at a
d-spacing of 0.2585 nm (dashed vertical line). Besides this
common feature, the three diagrams are substantially differ-

ent. The bottom diagram corresponds to the in vitro sample. In
this diagram, in addition to the sharp 004 peak, one notices two
broad peaks: a very strong one centered at 0.40 nm and another
one of a lower intensity at 0.55 nm. The middle diagram was
obtained from endogenous cellulose; its strongest peak is
slightly less intense and broader than the one corresponding to
the in vitro sample. In addition, when comparing the traces of
the endogenous and in vitro samples, the strongest peak has
slightly moved toward longer d-spacings, since it is centered at
0.41 nm in the endogenous sample as opposed to 0.40 nm for
the in vitro specimen. The second most intense peak at 0.55 nm
is roughly at the same position in both patterns. It is never-
theless slightly broader and more intense for the endogenous
sample than for the in vitro cellulose. The top trace in Fig. 7 is
that of bacterial cellulose. This diagram contains sharp peaks
due to the high crystallinity of the sample. The reflection 200 is
the strongest. It is located at 0.396 nm (i.e. at a d-spacing
significantly lower than those observed for the other two dia-
grams). In the case of bacterial cellulose, the other peaks,
namely 110 (0.54 nm) and 11�0 (0.60 nm), are clearly resolved,
whereas the peak corresponding to the 102 reflection (0.43 nm)
occurs as a shoulder in the left foot of the 200 peak.

Table II gives some quantitative data for the characteristic
crystalline parameters of the three samples. The in vitro cellu-
lose presents a significant higher crystallinity and larger lat-
eral crystal size than the corresponding endogenous polymer.

FIG. 5. Orientation of the reducing ends of the in vitro cellu-
lose chains. Shown is a small fascicle of cellulose microfibrils originat-
ing from a globular mass (arrow) that could correspond to terminal
complexes or terminal complexes left over. The microfibril tips were
labeled as described by Imai et al. (42) with gold particles (arrowheads)
revealing their reducing ends. Scale bar, 0.1 �m.

FIG. 6. Electron diffraction analysis of the in vitro cellulose. A
low dose image of a preparation of in vitro cellulose as in Fig. 4C was
recorded without negative staining. The inset shows the electron dif-
fraction pattern of an area of the specimen of 1 �m in diameter.

FIG. 7. X-ray diffraction analysis of the cellulose synthesized
in vitro. The diffraction patterns of the in vitro sample (A), the endog-
enous (B), and the bacterial (C) celluloses (all treated with the Upde-
graff reagent) are represented by a 120° sector as well as after averag-
ing the recorded diagrams. The microdiffraction patterns were recorded
with an x-ray wavelength of 0.096 nm. In the three diagrams, the 004
reflection (dashed vertical line at a d-spacing of 0.2585 nm) was used as
an internal standard for fine calibration of the detector distance. The
sharp peak at 20° (asterisk) in the trace of the endogenous sample
corresponds to a detection artifact due to cosmic rays. The peak at 17°
(arrowhead) in the trace of the in vitro cellulose arises from unidentified
salt powder rings.
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Both samples are, however, far less crystalline than the bacte-
rial cellulose. Also, the average lateral crystal size of the bac-
terial cellulose is more than 2 times larger than those observed
for the endogenous or in vitro samples.

DISCUSSION

Before claiming a successful in vitro synthesis of cellulose, a
number of criteria have to be satisfied (53, 54). One must
demonstrate that (i) the in vitro product consists exclusively of
(134)-�-linked glucosyl moieties, (ii) it is of a high molecular
weight, and (iii) it corresponds to crystalline microfibrils dif-
fracting as native cellulose. The product described in this study
meets all of these criteria, as confirmed by radioactivity up-
take, methylation data, electron microscopy, and diffraction
analyses. Indeed, the GC/MS analysis of the permethylated
derivatives of the in vitro product indicates that the polysac-
charide synthesized contains exclusively (134)-linked glucosyl
residues. In addition, the polymer analyzed by methylation was
resistant to the Updegraff reagent and exhibited electron and
x-ray diffraction patterns characteristic of native cellulose.
These data indicate that the presence in the sample of 4-linked
glucans synthesized by noncellulosic synthases from the Golgi
apparatus is unlikely. Indeed, this type of 4-linked glucans,
which is expected to be rather amorphous, would neither yield
diffraction patterns characteristic of cellulose nor be resistant
to the Updegraff reagent. The quantitative experiments based
on the incorporation of radioactive glucose into cellulose, as
well as the controls used for TEM observation, prove that the
polymer analyzed in this study was indeed newly synthesized.
In addition to this evidence, one important feature of this work
is that our biosynthesis conditions were optimized to the point
where we could obtain about 1 mg of purified product devoid of
any (133)-�-D-glucan and microsomal contaminations. To our
knowledge, this is the first time that such a “large” amount of
cleaned in vitro cellulose is produced from plant cell-free ex-
tracts. Indeed, so far only minute quantities of cellulose I have
been reported to be synthesized in vitro using cell-free extracts
of mung bean and cotton fibers (13–15). Digitonin extracts of
cotton membranes allowed the synthesis of a larger quantity of
cellulose than the detergent extracts prepared from mung bean
(15). These results and ours suggest that the choice of the plant
model used for the in vitro experiments is critical to achieve a
successful synthesis of sizable amounts of cellulose. This idea is
further supported by the observation that the conditions de-
scribed in the present paper did not allow the synthesis of
cellulose when cell-free extracts from suspension cultured cells
of Arabidopsis thaliana were used as a source of enzyme (data
not shown).

Also, the choice of the detergent to extract the membrane-
bound enzymes is certainly another critical step. Indeed, in our
conditions, it is only with Brij 58 or taurocholate extracts that
the yields of in vitro cellulose became significantly high. From

these observations, we can speculate that enzymes from vari-
ous plant species may have a different lipid environment and,
consequently, that the selection of the detergent used to extract
the cellulose synthase complexes from a given species is criti-
cal. Also, it could well be that the enzyme complexes are located
in the plasma membrane within microdomains that have a
specific lipid composition. If this is the case, the detergents that
allow in vitro synthesis of cellulose may not actually solubilize
the enzymes but extract them as intact complexes together
with structural lipids required for the cohesion of the multi-
meric synthases.

It seems that the in vitro synthesis of cellulose can be
achieved only when intact enzyme complexes containing all of
the proteins required for cellulose polymerization and spinning
of the chains into microfibrils have been extracted. This idea is
further supported by the observation, at the tips of nascent
microfibrils, of globular particles that have the same appear-
ance as rosettes. The presence of similar particles at the ends of
in vitro microfibrillar products was also reported by Kudlicka
and Brown (14). In addition, the fact that the in vitro microfi-
brils have a diameter in the same range as their endogenous
counterpart suggests that it is the very same rosettes that are
responsible for endogenous or in vitro cellulose synthesis.

Interestingly, the globular particles that may correspond to
the synthesizing enzyme complexes appear to be attached to
the nonreducing ends of the cellulose molecules (Fig. 5). This
result is in keeping with the work of Koyama et al. (55), where
the addition of glucose units on the cellulose microfibrils from
Acetobacter aceti was proven to occur at the nonreducing ends
of the growing ribbons. The question of the direction of chain
growth remains controversial, however, since cellulose chains
from A. xylinum were described by other authors to elongate
from the reducing ends (56). Interestingly, it has been demon-
strated that �-chitin microfibrils, the counterpart of cellulose I
in the chitin world, are polymerized from their nonreducing
ends (57). It is therefore likely that polymerization of both
cellulose I and �-chitin chains occurs in a similar way (i.e. from
their nonreducing ends).

In their work on the in vitro synthesis of �-glucans from the
cotton fiber, Kudlicka et al. (13) have defined conditions that
favor cellulose biosynthesis. These imply the presence of MgCl2
(8 mM) and CaCl2 (1 mM) in the reaction mixture. Bivalent
cations were also recently described by Peng et al. (16) to be
required for cellulose synthesis. The results from these authors
showed that Mops buffer favors the synthesis of Updegraff-
sensitive and -resistant (134)-�-glucans over (133)-�-glucan.
Similarly, in our work Mops proved to be the best buffer for in
vitro synthesis of cellulose. However, as opposed to the data
reported for the cotton fiber (13, 15, 16), the addition of bivalent
cations was not always necessary for cellulose synthesis from
R. fruticosus cell-free extracts. Indeed, the highest yield of in
vitro cellulose was obtained with taurocholate extracts incu-
bated in the absence of Mg2� and Ca2�. The presence of Mg2�

was necessary, however, to obtain the highest cellulose syn-
thase activity from Brij 58 extracts. Mg2� and Ca2� are be-
lieved to be involved in a coregulation process of the callose and
cellulose synthases or, more directly, in the catalytic activity of
both enzymes. However, their role in the mechanisms of �-glu-
can synthesis remains to be clarified.

A sitosterol-�-glucoside was identified as a primer for cellu-
lose synthesis in the cotton fiber (16). The addition of this kind
of compound in our reaction mixture was not necessary for in
vitro synthesis of cellulose. It is likely that this primer, if
required for cellulose synthesis in R. fruticosus, is present in
the preparations obtained after detergent extraction. It is also
possible that the in vitro synthesis of cellulose does not start de

TABLE II
Characteristic parameters of the three samples analyzed by

synchrotron diffraction

Sample d-spacing for
the 200 peak

Lateral
crystal sizea Crystallinitya

nm nm %

In vitro cellulose 0.40 (1) 2.9 (2) 39 (4)

Endogenous cellulose 0.41 (3) 2.1 (2) 29 (3)

Bacterial cellulose 0.396b (1) 6.2 (1) 64 (6)
a The apparent crystal size and relative crystallinity parameters were

deduced from the diffraction peak 200. Errors were estimated from
least-squared fits.

b The 200 peak of bacterial cellulose is quite sharp and could there-
fore be defined with greater precision.
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novo in our preparations but that elongation of the chains
rather occurs from preexisting cellulose molecules or chain
fragments that are too small to be identified by TEM. If this is
the case, the addition of a primer such as the sitosterol-�-
glucoside (16) is not necessary for a successful in vitro synthe-
sis of cellulose.

Our in vitro reactions have allowed the synthesis of enough
cellulose to perform biochemical, chemical, and ultrastructural
characterizations but also to probe the sample by an x-ray
analysis that revealed some of the specific characteristics of the
in vitro cellulose. The analysis of the diffraction diagrams of the
in vitro and endogenous celluloses indicates that the two poly-
mers can be classified as cellulose IVI (58) (i.e. a variety of
cellulose I). As for cellulose I, a fiber diagram of cellulose IVI

displays a sharp meridional reflection at 0.2585 nm, indicating
a quasiperfect organization along the microfibril length. Per-
pendicular to this direction, the diagram of cellulose IVI con-
tains only two broad equatorial diffraction rings near 0.39 and
0.55 nm, as opposed to the diagram of cellulose I, which dis-
plays three sharper equatorial rings at 0.40, 0.54, and 0.60 nm.
Cellulose IVI may be considered as a disorganized state of
cellulose I occurring when the fibrillar sample contains crys-
talline domains that are too narrow or too disorganized to be
considered as real cellulose I crystals. Cellulose IVI occurs in
nature and has been observed in plant primary walls and
fungal cell walls (58–64). In these cases, the diameter of the
microfibrils is such that they contain no more than 20–40
cellulose chains. Of these, only 30–50% correspond to the core
of the crystalline microfibrils, the remaining being at the sur-
face. With such a small number of chains, the definition of
“crystal” no longer applies, and a given microfibril is better
defined as a loose arrangement of parallel cellulose chains held
together by a nonperiodic system of hydrogen bonds, with the
net result of very poor lateral coherence, despite a nearly per-
fect longitudinal organization. The result of this situation is the
occurrence of diffraction diagrams as in Fig. 7, where the equa-
torial 200 reflection is close to the position of the corresponding
reflection of cellulose I but where the peaks 110 and 11�0 have
collapsed into one reflection (65).

The comparison of the diffraction diagrams of the endoge-
nous and in vitro celluloses shows significant differences be-
tween the two samples. The calculated lateral crystal size of
the in vitro sample is larger than that of the endogenous
sample. In addition, the position of the 200 diffraction peak in
the endogenous sample is shifted toward higher d-spacings by
0.01 nm with respect to that of the in vitro sample. This shift is
small but nevertheless meaningful. Indeed, several x-ray anal-
yses of cellulose samples that were systematically decrystal-
lized showed that the creation of defects induces a shift of the
200 diffraction peak toward higher d-spacings, indicating some
swelling of the cellulose unit cell along its a axis (48, 66, 67). In
light of these data, a comparison of traces A and B in Fig. 7
indicates clearly that, despite identical microfibrillar widths,
the endogenous cellulose is less perfect than the in vitro sam-
ple. These structural differences are in agreement with the
observed difference in sensitivity toward the Updegraff treat-
ment. This acid treatment chops the endogenous cellulose mi-
crofibrils into smaller elements, whereas it leaves the in vitro
microfibrils nearly intact. The drastic effect of the Updegraff
reagent on the endogenous cellulose and its limited action on
the in vitro sample is also reflected in the difference in DPn
inferred from the methylation analysis of both samples.
Whereas the Updegraff treatment had reduced the DPn of the
endogenous sample, it is far less damaging for the in vitro
specimen. Indeed, as opposed to the case of endogenous micro-
fibrils, the methylation analysis of the Updegraff-treated in

vitro product did not yield any 1,5-di-O-acetyl-2,3,4,6,tetra-O-
methyl glucitol (Fig. 2). These data allow us to conclude that
the DPn of the corresponding sample was high, since 100 is
considered to be the lower detection limit of the method.

Reasons to account for the difference in crystallinity and
chemical sensitivity of the two samples can be proposed. De-
spite their morphological similarity, the in vitro and endoge-
nous cellulose microfibrils differ markedly in their state of
aggregation. In the wall of R. fruticosus cultured cells, as in
other plant primary walls, the cellulose microfibrils are orga-
nized in more or less interwoven fascicles (63, 68). Thus, during
their deposition, the microfibrils need to push their way
through the already laid compact cell wall, with the result of a
number of defects, the occurrence of the ubiquitous microfibril-
lar twists being the most prominent (69). It seems reasonable
to state that, in contrast to the endogenous cellulose, the in
vitro microfibrils are able to grow without restraint in a neigh-
bor-free environment and contain fewer defects. This hypothe-
sis is well supported by the differences in the two specimens,
either in terms of their crystallinity or their sensitivity toward
the Updegraff reagent.

For the first time, our data open new opportunities to isolate
and characterize directly the machinery responsible for cellu-
lose biosynthesis. Another benefit of the present study was to
show that the in vitro cellulose microfibrils had specific struc-
tural superiority (and therefore higher mechanical strength) by
comparison with the cellulose from primary walls. These prop-
erties together with the insensitivity of these microfibrils to-
ward acid hydrolysis are quite attractive for potential applica-
tions in the field of material science, in particular those of
composites and nanocomposites (70). In this context, the fact
that the in vitro microfibrils occur as dispersed aqueous sus-
pensions make them a unique system in the world of cellulose.
Indeed, for various industrial applications, considerable energy
is being spent to disrupt cellulosic structures in order to dis-
perse their microfibrils (71, 72). As seen here, such dispersions
are readily achieved during in vitro experiments. It remains,
however, to devise conditions to produce large quantities of in
vitro cellulose in the absence of callose before exploiting fully
the potential of these preparations.
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