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Plant cell walls are comprised of cellulose and hemicellulose and other polymers that are intertwined, and
this complex structure presents a barrier to degradation by pure cellulases or hemicellulases. In this study, we
determined the synergistic effects on corn cell wall degradation by the action of cellulosomal xylanase XynA and
cellulosomal cellulases from Clostridium cellulovorans. XynA minicellulosomes and cellulase minicellulosomes
were found to degrade corn cell walls synergistically but not purified substrates such as xylan and crystalline
cellulose. The mixture of XynA and cellulases at a molar ratio of 1:2 showed the highest synergistic effect of 1.6
on corn cell wall degradation. The amounts both of xylooligosaccharides and cellooligosaccharides liberated
from corn cell walls were increased by the synergistic action of XynA and cellulases. Although synergistic effects
on corn cell wall degradation were found in simultaneous reactions with XynA and cellulases, no synergistic
effects were observed in sequential reactions. The possible mechanism of synergism between XynA and

cellulases is discussed.

Plant cell walls are the most abundant and renewable source
of fermentable sugars on earth (7). The cell wall of plants is
comprised of cellulose, hemicellulose, pectin, lignin, and other
components. Cellulose and hemicellulose are the major com-
ponents and are tightly connected and intertwined; this ham-
pers biomass degradation by pure cellulases or pure hemicel-
lulases. The main focus of the present study was to determine
whether there is any synergistic effect of cellulases and xylanase
when a natural substance such as corn fiber is used as their
substrate.

Clostridium cellulovorans produces an enzyme complex (cel-
lulosome) containing a variety of glycosyl hydrolytic subunits
attached to the nonenzymatic scaffolding component termed
CbpA (3). We have cloned and sequenced cellulosomal xyla-
nase gene xynA (11), mannanase gene manA (21), and pectate
lyase gene peld (22), as well as eight cellulosomal cellulase
genes (engB [4], engE [20], engH [23], engK [23], engL [21],
engM [23], engY [22], and exgS [13]). Therefore, the existence
of hemicellulase genes and pectate lyase gene, as well as cel-
lulase genes, suggests that C. cellulovorans enzymes can de-
grade plant cell walls effectively. In fact, it has been shown
recently that C. cellulovorans cellulosomes liberated reducing
sugars from corn cell walls (16) and released protoplasts from
cultured tobacco and Arabidopsis cells (24).

One of our goals is the preparation of “designer” cellulo-
somes that can degrade plant cell walls efficiently to ferment-
able sugars. Therefore, by biologically converting plant cell
walls to fermentable sugars for fuel (e.g., ethanol), we could
obtain not only economic but also environmental benefits, such
as the reduction of greenhouse gas emission (14). Recently, we
assembled recombinant cellulosomes in vitro (15, 17) and op-
timized the cellulase composition with three cellulosomal cel-
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lulases from C. cellulovorans (EngE, EngH, and ExgS) to in-
crease the cellulase activity (17). This development was our
first step to prepare designer cellulosomes that can degrade
plant cell walls efficiently.

To determine the mechanism of corn cell wall degradation
by C. cellulovorans cellulosomes, we have purified cellulosome
fractions, which degrade corn cell walls (16). In the purified
cellulosome fractions, xylanase XynA and mannanase ManA,
as well as cellulases, have been identified as enzymatic sub-
units. In the case of corn, which is a potential substrate for
biomass conversion to obtain fermentable sugars (9), arabi-
noxylans are known to be major hemicelluloses (2). The arabi-
noxylan in corn cell walls is thought to cross-link several cel-
lulose microfibrils to generate a network structure in cell walls
(2). Therefore, cleavage of xylan cross-linkages is considered to
be one of the key reactions to degrade corn cell walls. The
subunit composition of cellulosomes and the cell wall structure
suggest that xylanases may play an important role in corn cell
wall degradation.

To determine the enzyme composition for designer cellulo-
somes that can degrade corn cell walls effectively, it is impor-
tant to analyze the role of xylanase. Although synergistic effects
between cellulases on cellulose degradation are well known (5,
6, 8, 18, 26, 28), there are few studies concerning synergistic
effects between xylanases and cellulosomal cellulases on plant
cell wall degradation. In the present study, we used synthetic
complexes of xylanase A and miniscaffolding proteins (XynA
cellulosomes) and of cellulases and miniscaffolding proteins
(cellulase cellulosomes) to form minicellulosomes with specific
enzymatic functions. We used these XynA cellulosomes and
cellulase cellulosomes to determine whether they had any syn-
ergistic effects on corn cell wall degradation. We found that
XynA cellulosomes and cellulase cellulosomes did degrade
corn cell walls synergistically. The results presented here may
help us not only to understand the mechanism of plant cell wall
degradation but also to design better enzyme compositions for
effective degradation of various plant cell walls.
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MATERIALS AND METHODS

Materials. Avicel (crystalline cellulose) was purchased from FMC Corpora-
tion. Xylan from oat spelts was purchased from Sigma. The powder of the
water-insoluble fraction of corn stem (corn cell walls) was supplied by Meiji
Seika Kaisha, Ltd.

Bacterial strains and media. Escherichia coli BL21(DE3) (Novagen) was used
as an expression host for mini-CbpA, ExgS, EngE, and XynA production with
pET-22b-mini-CbpA (15), pET-22b-ExgS (17), pENGE (10), and pEXYNA29
(11). E. coli TOP10 (Invitrogen) was used as an expression host for EngH
production with pBAD/Thio-EngH (17). Recombinant strains were cultivated in
Luria-Bertani medium supplemented with ampicillin (50 pg/ml) for expression
of mini-CbpA, EngE, ExgS, and EngH or kanamycin (20 pg/ml) for expression
of XynA.

Expression of recombinant proteins. For production of recombinant mini-
CbpA, ExgS, EngE, and XynA, E. coli BL21(DE3) harboring pET-22b-mini-
CbpA, pET-22b-ExgS, pENGE, or pEXYNA29 was grown and recombinant
proteins were induced by adding IPTG (isopropyl-B-p-thiogalactopyranoside) as
an inducer. The E. coli cells were grown in 1 liter of medium at 37°C to an optical
density at 600 nm of 0.9. After the culture broth was cooled on ice for 30 min,
IPTG was added to a final concentration of 0.4 mM for mini-CbpA and XynA
production or to a final concentration of 0.04 mM for ExgS or EngE production.
The culture was then grown at 18°C for 16 h. For production of the recombinant
EngH, E. coli TOP 10 harboring pBAD/Thio-EngH was grown, and recombinant
proteins were induced by adding L-arabinose as an inducer. The E. coli cells were
grown in 1 liter of medium at 37°C to an optical density at 600 nm of 0.9. After
the culture broth was cooled on ice for 30 min, L-arabinose was added to a final
concentration of 0.1%. The culture was then grown at 18°C for 16 h.

Purification of recombinant proteins. The recombinant mini-CbpA, ExgS,
EngE, EngH, and XynA were purified in the same manner as follows. After the
E. coli cells, grown as described above, were collected by centrifugation, the cells
were resuspended in 30 ml of the lysis buffer (50 mM NaH,PO,, 300 mM NaCl,
10 mM imidazole, 1 mg of lysozyme/ml; pH 8.0). The mixture was incubated on
ice for 30 min and then the cells were disrupted by sonication to extract soluble
proteins. After clarification by centrifugation, the clarified extract was applied to
4 ml of nickel-nitrilotriacetic acid agarose resin (Qiagen), and the proteins bound
to the resin were purified and pooled according to the product manual. The
pooled solution was desalted and concentrated into 1 ml of 20 mM Tris-HCI
buffer (pH 8.0) by use of the Ultrafree 10-kDa membrane (Millipore). The
concentrated solution was applied to an anion-exchange column Mono Q HR5/5
(Amersham Pharmacia Biotech AB) preequilibrated with 20 mM Tris-HCI
buffer (pH 8.0). After the column was washed with 5 ml of the same buffer, the
proteins were eluted with a linear-gradient from 20 mM Tris-HCI buffer (pH 8.0)
to 1 M NaCl in 20 mM Tris-HCI buffer (pH 8.0). The fractions were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (12),
and the fractions containing recombinant proteins were collected and dialyzed
against 50 mM sodium acetic acid buffer (pH 6.0).

Protein determination. Protein was measured by the method of Bradford (1)
with a protein assay kit from Bio-Rad by using bovine serum albumin as a
standard. The molar amount of each recombinant protein was calculated by use
of the theoretical molecular weight of each protein.

Assembly of recombinant cellulosomes. For the cellulases, the purified mini-
CbpA (5.0 nmol) and the recombinant cellulosomal cellulases (2.5 nmol of ExgS,
2.5 nmol of EngE and 5 nmol of EngH) were mixed in 100 pl of the binding
buffer (25 mM sodium acetate buffer [pH 6.0], 15 mM CaCl,) and kept for 1 h
at 4°C. For XynA, the purified mini-CbpA (5.0 nmol) and the purified XynA (10
nmol) were mixed in 100 pl of the binding buffer and kept for 1 h at 4°C. The
assembly of recombinant cellulosomes was confirmed by native PAGE analysis
by using a 4 to 15% ready-made gel (Bio-Rad) as described previously (15, 17).
For clarity, we call the minicellulosomes containing mini-CbpA and cellulases as
cellulase cellulosomes and the minicellulosomes containing mini-CbpA and
XynA as XynA cellulosomes.

Determination of enzymatic activities. The enzymatic activities were assayed
in 100 pl of the reaction mixtures (0.5% substrate, 50 mM sodium acetate buffer;
pH 6.0) at 37°C by measuring the liberated reducing sugars, as p-glucose equiv-
alents, by the Somogyi-Nelson assay method (25). The substrates were corn cell
walls for cellwallase, Avicel for cellulase, and xylan for xylanase. Activities were
expressed as units with 1 U defined as the amount of enzyme releasing 1 pmol
of reducing sugar per min.

Determination of glucose. The amounts of glucose were determined by use of
a glucose assay kit (Sigma). To convert cellooligosaccharides to glucoses for
glucose detection, 100 pl of the reaction solution for cellwallase activity deter-
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mination were incubated with 5 U of B-glucosidase from almond (Sigma) in 125
mM sodium acetate buffer (pH 5) at 37°C for 2 h.

Determination of sugar composition by TLC. The products formed upon
degradation of plant cell wall powder were analyzed by thin-layer chromatogra-
phy (TLC). The hydrolysis products were applied to a silica gel plate (Merck).
For development, a solvent mixture of butanol, acetic acid, and water (3:3:1
[vol/vol/vol]) was used. The sugars on the plate were visualized by spraying the
plate with 0.1% methanolic orcinol in 10% sulfuric acid, followed by heating at
110°C.

RESULTS

Preparation of recombinant cellulosomes. The xylanase A
(XynA), which is a family 11 glycoside hydrolase with a dock-
erin domain and an NodB domain, was expressed by E. coli
with a C-terminal His tag from the vector pET-29b as de-
scribed recently (11) and purified by combination of nickel-
affinity chromatography and anion-exchange chromatography.
As a scaffolding protein, the mini-CbpA contained one cellu-
lose-binding domain, one hydrophilic domain, and two cohesin
domains of CbpA as described previously (15). The mini-CbpA
was also expressed by E. coli and purified by combination of
nickel-affinity chromatography and anion-exchange chroma-
tography. SDS-PAGE analysis indicated that both XynA and
mini-CbpA were purified almost to homogeneity (Fig. 1A).

Since one cohesin domain binds one cellulosomal enzyme,
one mini-CbpA could bind at most two cellulosomal enzymes.
Therefore, XynA was mixed with mini-CbpA at a molar ratio
of 2:1 to assemble the recombinant cellulosomes containing
XynA and mini-CbpA. The assembly of the mini-CbpA and the
XynA was confirmed by native PAGE analysis (Fig. 1B). The
XynA or the mini-CbpA showed one major band on the native
PAGE gel. The mixture of XynA and mini-CbpA showed one
new band, and the XynA band had disappeared. The new band
was considered to be the band for the “XynA cellulosome.”
Although XynA was mixed with mini-CbpA at molar ratio of
2:1, the band for mini-CbpA still appeared in the mixture of
XynA and mini-CbpA. This result indicated that the molar
amount of mini-CbpA was underestimated or XynA was over-
estimated by Bradford method. Native PAGE analysis indi-
cated that most of the XynA was bound with mini-CbpA to
generate XynA cellulosomes.

Recently, we determined the synergistic effects on cellulase
activities between three cellulosomal cellulases (EngE [EC
3.2.1.4/Swiss Prot Q9XD99], EngH [EC 3.2.1.4/Swiss Prot
065987], and ExgS [EC 3.2.1.29/Swiss Prot 065986]) (17).
Among the compositions, we determined that the mixture of
EngE, EngH, and ExgS at a molar ratio of 1:2:1 with mini-
CbpA had the highest cellulase activity. Therefore, in the pres-
ent study, we used this cellulase cellulosome mixture as the
“cellulase cellulosomes” (Table 1). All three cellulosomal cel-
lulases were purified almost to homogeneity and confirmed to
bind with mini-CbpA to generate cellulase cellulosomes by
native PAGE analysis as described recently (17).

Characterization of recombinant cellulosomes. The hydro-
lytic properties of the recombinant cellulosomes are summa-
rized in Table 1. The XynA cellulosomes showed xylanase
activity but not cellulase activity. The major hydrolytic product
generated from corn cell walls by XynA cellulosomes was xy-
lobiose with xylotriose as a minor product. On the other hand,
the cellulase cellulosomes had both cellulase and xylanase ac-
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FIG. 1. Purification of XynA and mini-CbpA and assembly of XynA cellulosomes. (A) SDS-PAGE gel of the purified mini-CbpA and the
purified XynA. Lane M, molecular weight markers; lane 1, purified mini-CbpA; lane 2, purified XynA. (B) Native PAGE analysis of purified mini-
CbpA, purified XynA and the XynA-mini-CbpA complex (XynA cellulosome). Lane 1, purified mini-CbpA; lane 2, mixture of mini-CbpA and

XynA; lane 3, purified XynA.

tivities. Since purified EngE has been shown to possess xyla-
nase activity (20), the xylanase activity of cellulase cellulo-
somes was considered to come from EngE. The major
hydrolytic product generated from corn cell walls by the cel-
lulase cellulosomes was cellobiose, with trace amounts of cel-
lotriose and cellotetraose. Despite the presence of xylanase
activity in cellulase cellulosomes, xylooligosaccharides were
not detected in hydrolytic products from corn cell walls by TLC
analysis. These results with corn cell walls indicated that XynA
cellulosomes degraded xylan and that the cellulase cellulo-
somes degraded cellulose in cell walls.

Synergistic effect on corn cell wall degradation activity (cell-
wallase) between XynA and cellulases. We determined the
synergistic effects on corn cell wall degradation activity (cell-
wallase [16]) between XynA cellulosomes and cellulase cellu-
losomes. Corn cell walls were degraded by various amounts of
XynA cellulosomes (0 to 2 nmol/ml) with or without a constant
amount of cellulase cellulosomes (1 nmol/ml). The amounts of
liberated reducing sugars were determined after reaction by
the cellulosomes for 15 h. The activity of the mixtures of XynA
cellulosomes and cellulase cellulosomes was compared with

the theoretical activity (sum of the activities of XynA cellulo-
somes and cellulase cellulosomes). The results are shown in
Fig. 2. The activity of the mixture of XynA cellulosomes and
cellulase cellulosomes was higher than the corresponding the-
oretical activity. These results strongly suggested that XynA
cellulosomes and cellulase cellulosomes degraded corn cell
walls synergistically.

The synergy effects of cellulase and xylanase activities be-
tween XynA and cellulase cellulosomes were also determined.
The synergy degree (the activities of XynA and cellulase cel-
lulosome mixtures divided by the corresponding theoretical
activities) of cellulase was 1.0, and that of xylanase was 0.96.
These results indicated that XynA cellulosomes and cellulase
cellulosomes degraded crystalline cellulose or xylan indepen-
dently. These results also suggested that the synergy effect of
cellwallase (cell wall degrading activity) activity between XynA
cellulosomes and cellulase cellulosomes did not come from
synergistic degradation of cellulose or xylan in corn cell walls.

Since the mixture of 0.5 nmol of XynA and 1 nmol of
cellulase cellulosomes/ml showed the highest synergy degree of

TABLE 1. Substrate specificities of recombinant cellulosomes of XynA and cellulases

Cellulosome Composition”

Content (U/pmol of enzyme) Products from

Cellwallase Cellulase Xylanase cell walls®
XynA XynA (2), mini-CbpA (1) 0.103 ND¢ 741 X2 (X3)
Cellulase EngE (1), EngH (1), ExgS (1), and mini-CbpA (2) 0.274 0.540 41 G2 (G3, G4)

“ The values in parentheses indicate relative molar amounts.

b X2, xylobiose; X3, xylotriose; G2, cellobiose; G3, cellotriose; G4, cellotetraose. The sugars in parentheses indicate sugars liberated in trace amounts.

¢ ND, not detected.
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FIG. 2. Synergistic effects between XynA cellulosomes and cellu-
lase cellulosomes on corn cell wall degradation. The amounts of re-
ducing sugars liberated from corn cell walls were determined. Corn cell
walls were degraded by XynA cellulosomes with or without 1 nmol of
cellulase cellulosomes/ml at 37°C for 15 h. The x axis indicates the
concentrations of added XynA cellulosome. The theoretical activity
indicates the sum of individual activities of XynA cellulosomes and
cellulase cellulosomes. The synergy degrees (the activity of XynA cel-
lulosome and cellulase cellulosome mixtures was divided by the cor-
responding theoretical activities) are indicated by arrow bars.

cellwallase (1.61), this cellulosome mixture was used for fur-
ther determinations.

Sugar composition of hydrolytic products from corn cell
walls. The sugar composition of hydrolytic products from corn
cell wall by the mixture of XynA and cellulase cellulosomes
was determined.

TLC analysis showed that the major hydrolytic product from
corn cell walls was cellobiose with xylobiose, cellotriose, and
cellotetraose as minor products. As described above, XynA
cellulosome liberated only xylooligosaccharides from corn cell
walls and cellulase cellulosomes only cellooligosaccharides
(Table 1). Therefore, xylobiose by XynA cellulosomes from
corn cell walls and cellooligosaccharides was considered to be
produced by cellulase cellulosomes.
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The TLC pattern of liberated cellooligosaccharides by mix-
tures of XynA cellulosomes and cellulase cellulosomes was
similar to that caused by cellulase cellulosomes alone (data not
shown). These results suggested that the existence of XynA
cellulosomes did not affect the degradation manner of cellulase
cellulosomes against cellulose in corn cell walls.

To determine the amount of cellooligosaccharides present in
the hydrolytic product, the total amount of glucose in the
reaction mixtures was determined. The total amount of glucose
was quantified after B-glucosidase treatment, which converted
all cellooligosaccharides to glucose. The total amount of glu-
cose produced by cellulase cellulosomes was also determined.
The results are shown in Table 2. In the case of hydrolytic
products produced by cellulase cellulosomes, the total amount
of glucose was 0.714 pmol/ml, and the calculated average de-
gree of polymerization of liberated cellooligosaccharides was
2.38. On the other hand, the total amount of glucose in the
hydrolytic product produced by the mixture of XynA cellulo-
somes and cellulase cellulosomes was 1.095 wmol/ml and 1.53-
fold higher than that produced by cellulase cellulosomes.
These results indicated the cellwallase activity of cellulase cel-
lulosomes was increased by a synergistic effect between XynA
cellulosomes and cellulase cellulosomes.

The approximate amount of xylobiose in the hydrolytic prod-
ucts was also estimated. The approximate amount of xylobiose
was calculated by subtracting the calculated amount of cello-
oligosaccharides from the total amount of reducing sugar (Ta-
ble 2). The approximate amount of xylobiose liberated by the
mixture of XynA cellulosomes and cellulase cellulosomes was
calculated to be 0.162 wmol/ml and 1.86-fold higher than that
liberated by XynA cellulosome alone. These results suggested
that the cellwallase activity of XynA cellulosomes was also
increased by a synergistic effect between XynA cellulosomes
and cellulase cellulosomes.

Determination of the mechanism of synergistic effects on
cellwallase between XynA and cellulases. To determine the
mechanism of synergistic effects on cellwallase activity between
XynA cellulosomes and cellulase cellulosomes, time course
experiments and sequential reactions were carried out.

To determine the relationship between reaction period and
synergy degree, corn cell walls were degraded by a mixture of
XynA cellulosomes and cellulase cellulosomes for 5, 15, and
45 h. As shown in Fig. 3, the synergy degrees decreased from
1.73 (5 h) to 1.44 (45 h), according to the length of the reaction

TABLE 2. Determination of sugar composition of plant cell wall degradation products

C Mean amt (pmol/ml) of Mean total glucose” Avg DP? Calculated amt (mol/ml) of:
ellulosome . -

reducing sugar® = SD (pmol/ml) = SD of Gn' Gn® Xylobiose
XynA 0.087 = 0.004 ND# 0.000 0.087
Cellulase 0.300 = 0.003 0.714 = 0.017 2.38 0.300 0.000
XynA + cellulase 0.622 = 0.014 1.095 = 0.056 (2.38)¢ 0.460° 0.162

“ The values are the average of three determinations. Corn cell walls were degraded by 0.5 nmol of XynA cellulosome (XynA), 1 nmol of cellulase cellulosomes
(cellulase), or 1 nmol of cellulase cellulosome plus 0.5 nmol of XynA cellulosome (XynA + cellulase/ml) at 37°C for 15 h.

> DP, degree of polymerization.
¢ Gn, cellooligosaccharides.

4 The degree of polymerization of cellooligosaccharides liberated by XynA plus cellulase was assumed to be equal to that of cellulase alone based on the similarity

of the TLC patterns of the cellooligosaccharides.

¢ This value was calculated by the amount of glucose at 1.095 wmol/ml divided by the assumed average degree of polymerization (2.38).
/This value was calculated by taking the amount of reducing sugar (0.622 pmol/ml) and subtracting the calculated amount of cellooligosaccharide (0.460 pmol/ml).

&ND, not detected.
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FIG. 3. Time course of corn cell wall degradation by a mixture of
XynA cellulosomes and cellulase cellulosomes. The amount of reduc-
ing sugar liberated from corn cell walls was determined. Corn cell walls
were degraded by 0.5 nmol/ml of XynA cellulosome (XynA), 1 nmol of
cellulase cellulosomes (cellulases)/ml, or a mixture of 1 nmol of cellu-
lase cellulosome and 0.5 nmol of XynA cellulosome (XynA plus cel-
lulases)/ml at 37°C. The x axis indicates the reaction periods. The
theoretical activity indicates the sum of individual activities of XynA
cellulosomes and cellulase cellulosomes. The synergy degrees (the
activity of the mixtures of XynA cellulosomes and cellulase cellulo-
somes divided by the corresponding theoretical activities) are indicated
by arrow bars.

period. These results suggested that the synergistic effects be-
tween XynA cellulosomes and cellulase cellulosomes were
more effective in the initial degradation steps than in the later
steps.

To further determine the synergistic effects between XynA
cellulosomes and cellulase cellulosomes, sequential reactions
were carried out. Corn cell walls were treated by either XynA
or cellulase cellulosomes for 15 h in the first reaction. Then,
the reaction mixtures were boiled for 20 min to inactivate the
cellulosomes, which were used for the first reactions. By this
heat treatment, the cellulosomes were inactivated completely
(data not shown). After the reaction mixtures of the first re-
action were boiled, the cellulosome that had not been used for
the first reactions was added to the reaction mixtures, followed
by incubation for an additional 15 h. The amount of liberated
reducing sugars was then determined. The results are shown in
Table 3. The amount of reducing sugars liberated by the same
cellulosomes before or after the boiling treatment was almost
the same, indicating that the boiling treatment had no effect on
cellwallase activity. The synergistic degree of cellwallase activ-
ity in the “simultaneous reactions” was ca. 1.6. On the other
hand, almost no synergistic effects were observed in the “se-
quential reactions.” These results indicated that XynA cellu-
losomes and cellulase cellulosomes degraded corn cell walls
synergistically only in a simultaneous but not in a “sequential
manner.”

The contribution of mini-CbpA to cellwallase activity was
also determined. The reducing sugar amount liberated by the
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mixture of XynA and cellulases without mini-CbpA was 0.378
pmol/ml (15-h reaction). Compared to the amount of reducing
sugar liberated by the mixture of XynA and cellulase with
mini-CbpA (0.622 wmol/ml), 40% of the cellwallase activity
was lost by removal of mini-CbpA. These results suggested that
mini-CbpA helped XynA and the cellulases to degrade corn
cell walls.

DISCUSSION

To determine the mechanism of cell wall degradation by
cellulosomes from C. cellulovorans, we recently determined the
subunit composition and enzymatic activity of two cellulosome
fractions that showed cellwallase activity (16). The xylanase
XynA and the mannanase ManA, as well as three cellulases,
were identified as major enzymatic subunits in the cellulosome
fractions. Although both cellulosome fractions had the same
level of cellulase activity, one of them possessed fourfold-
higher cellwallase activity than the other. Moreover, the cellu-
losome fraction with higher cellwallase activity contained
higher amounts of XynA and xylanase activity than the other.
Xylan (ca. 20% of total weight), as well as cellulose (ca. 40%),
is known to be a major component of the corn cell wall (2, 9).
Therefore, we assumed that the difference of cellwallase activ-
ity between the two cellulosome fractions came from differ-
ences in xylanase activity. This assumption prompted the
present study to determine the synergistic effects on cellwallase
activity between XynA cellulosomes and cellulase cellulo-
somes.

As we expected, XynA cellulosomes and cellulase cellulo-
somes degraded corn cell walls synergistically. The cellwallase
activity increased in relation to the amount of XynA cellulo-
somes present until the content of XynA cellulosomes reached
50% of the molar amount of cellulase cellulosomes (Fig. 1).

TABLE 3. Sequential and simultaneous reactions against plant cell
wall by recombinant cellulosomes of the cellulase
mixture and of XynA*

Added cellulosome(s) Mean amt
(pmol/ml) of Degree of
. i . liberated reducing  synergy®
First reaction Second reaction sugar’ * SD

Simultaneous reaction

Cellulase + XynA  No enzyme 0.622 = 0.014 1.61

No enzyme Cellulase + XynA  0.595 = 0.043 1.59
Sequential reaction

Cellulase XynA 0.407 = 0.022 1.03

XynA Cellulase 0.357 = 0.048 0.98
Control reaction

Cellulase No enzyme 0.300 = 0.003

No enzymes Cellulase 0.278 = 0.010

XynA No enzyme 0.087 = 0.004

No enzyme XynA 0.096 = 0.002

No enzyme No enzyme 0.007 = 0.003

“ Corn cell walls were degraded by 0.5 nmol of XynA cellulosome (XynA), 1
nmol of cellulase cellulosomes (cellulase), or 1 nmol of cellulase cellulosome plus
0.5 nmol of XynA cellulosome (XynA + cellulases)/ml at 37°C for 15 h. Between
the first and the second reactions, the reaction mixtures were boiled for 20 min
to inactivate the cellulosomes used for the first reaction.

> The values are the average of three determinations.

¢ The synergy degree values were calculated as the activity divided by the sum
of the activities of the control reactions.
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This result implied that xylan degradation by XynA could be a
rate-limiting factor for corn cell wall degradation by cellulo-
somes, when the amount of XynA was less than 50% of the
amount of cellulase in cellulosomes. Actually, we showed pre-
viously that molar amounts of XynA in the higher and lower
activity cellwallase cellulosome fractions were 14.5 and 3.5% of
the molar amounts of cellulases, respectively (16). Therefore,
the difference in XynA content appears to be one of the rea-
sons for the difference in cellwallase activity between the two
cellulosome fractions that were tested previously (16).

The synergistic degradation of cellulose by several cellulases
is a well-known phenomenon (5, 6, 8, 18, 26, 28), although
there have been no reports to our knowledge about synergism
between cellulosomal xylanases and cellulosomal cellulases on
plant cell wall degradation. Recently, we demonstrated that
three cellulosomal cellulases from C. cellulovorans (EngE,
EngH, and ExgS) degraded crystalline cellulose synergistically
(17). In cellulase synergism, the synergistic reaction between
endoglucanases and exoglucanases was considered to be a
mechanism in which endoglucanases initially nicked the crys-
talline cellulose surface, and this was followed by exoglu-
canases liberating cellobiose from these nicks (27). As ex-
pected from this mechanism, synergistic effects are observed
not only in “simultaneous reactions” but also in “sequential
reactions,” in which endoglucanases are used for the first re-
action followed by the exoglucanase reaction (17-19). This
feature was considered to be one of the major reasons for
synergism of cellulases.

Compared to the synergism of cellulases, the synergistic
effect on cellwallase activity between XynA and cellulases has
unique features. These features are as follows: (i) XynA and
cellulases degraded different substrates in the cell walls (xylan
by XynA and cellulose by cellulases); (ii) synergistic effects
were found only against complex substrates (corn cell walls)
but not against pure substrates (xylan or crystalline cellulose);
and (iii) synergistic effects were observed only in the “simul-
taneous” but not in the “sequential” reactions. These features
suggested that the synergistic effect on cellwallase activity be-
tween XynA and cellulases had a different mechanism from
that of synergy between cellulases.

The structure of plant cell walls gives insight into the mech-
anism of synergistic effects between XynA and cellulases. In
cell walls, xylan chains (arabinoxylans) are considered to hy-
drogen bind to cellulose microfibril surfaces and connect sev-
eral cellulose microfibrils to generate cross-linked structures
(2). This cell wall structure model suggests that degradation of
xylan networks between cellulose microfibrils by xylanases
might allow cellulases to access and degrade cellulose micro-
fibrils embedded in the deeper structure. Also, degradation of
cellulose microfibrils in the deeper structure might help xyla-
nase to access and degrade xylan chains further in the deeper
structure. This degradation model could explain the unique
features of synergism between XynA and cellulases. Therefore,
the mechanism proposed above could be a possible mechanism
for the synergistic effect between XynA cellulosomes and cel-
lulase cellulosomes.

One of our goals is to prepare “designer cellulosomes,”
which could efficiently degrade plant cell walls to fermentable
sugars for the production of energy-yielding compounds such
as ethanol. Although we found a synergistic effect between
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XynA cellulosomes and cellulase cellulosomes, the specific ac-
tivity for cellwallase of the recombinant cellulosome mixture of
XynA and cellulases was still 10-fold lower than that of purified
cellulosomes from C. cellulovorans culture broths (data not
shown). Other hemicellulases might increase the specific activ-
ity of the cellwallase of recombinant cellulosomes. In addition
to the XynA gene, we have also isolated cellulosomal mannan-
ase ManA gene (21) and pectate lyase PelA (22) genes. More-
over, we recently have found noncellulosomal arabinofurano-
sidase activity in the cultural broth of C. cellulovorans (11).
These hemicellulases might also act synergistically against corn
cell walls, since mannan, pectin, and arabinose in arabinoxylan
are also components of corn cell walls. We are proceeding to
determine the effects of these hemicellulases on plant cell wall
degradation.
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