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PART T : INVESTIGATIOMS GN CELL-WALL MCDIFICATICNS,
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* Centre de Recherches sur les Macronolécules Végétales, C.N.R.S.

B.P, 68 - 38402 Saint Martin d'Héres cedex (Grencble, France).
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P.P. €5 - 28402 Saint Martin d'Héres cedex {Grenotle, France)
¥** Centre Technique de 1'Industrie des Papiers,
Cartons et Celluloses
B.P. 711C - 38020 Grenoble cedex {France)

ABSTRACT

The action cf xylanases on chemical wcod pulps weas studied in
the preserce of a 1 m¥ HgCl, sclution. In that medium, the
encc-cellulases present in th& crude enzyre mixture from the
Casidicmycete Sperotrichum_dimerphosporum were inhibited as shown
by scluble sugar analycis arc by molecuTar weight determiration of
the carbanilated derivatives of the enzyme-treated pulps. After
erzymetic hydrolysis, although the mass lecss wes less than 2% of
the dry mraterial weight, impcrtant structural modificaticns were
revealed by physicel property deterrinations cn the residual pulps.
The water retention value which increases by 20%, the mean pore
radius which is reduced by a facter of 10, the scanring electron
microscopic photographs which show fiber flexibility and external
fibrillaticn and the molecular weight distribution curves, allcw us
to cone to the conclusion that xylans are actually hydrolyzed in

* Laboratoire propre du C.N.R.S., associé & 1'Universita
Scientifique, Technologique et M&dicale de GRENCBLE
** |Laboratoire de génie des proccédés papetiers U.A, 1100 C.N.R.S.
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the whole delignified cell walls. Therefore, because of the xylan
distribution with regard tc cellulose microfibrils, the selective
hydrclysis by xylanases might affect the cell wall cokesion and,
thus, influence the papermaking preperties of pulps.

INTRODLCTION

The use of rew specific markers makes it possible to gain a
better understandir¢ of the relationship of varicus cell wall

pclysaccharidic censtituents with each otherl‘z.

For example Ruel
and JoseTeau2 making use of gold-bearing xylarases c¢n ultrathin
sections of ycung tissves of parenchyma cells and fibers from the
reed Arundc donax, have shown that xylars are present with a high
cencentration in the whole cell wall, This caonclusion agrees with
previcus results3’4 which suyyest that xylans car constitute a thin
sheath ¢recurd each elementary fibril or each group c¢f fasciated
Fibrils®.

The present work is based on these conclusions. The study is,
hcwever, conducted with delignified fibers as lignin impedes
enzymatic action inside fully lignified cell walls. The objective
was to reveal cell-waill structural mcdifications following the
specific hydrc1ysﬁs of xylans in relation tlo their particular
distribution and to understand why xylans seem to be “"shielded from
or not reccgnized" by the xylanases according to Paice and Jurasek5
and Boutelje et a1e.

MATERIALS

Enzymes

The crude enzymatic complex constituting the culture filtrate
cf a Basidiomycete, Sporotrichum dimorphosporum, was kindly



13: 28 25 January 2011

Downl oaded At:

ACTION OF XYLANASES. I 149

provided by "La Rapidase" (59 - SECLIN, France) under the trade
name "cellulase de Basidiomycete". Curing the fungus growth many
enzymes are secreted intc the culture medium, amcrng which

. NPT |
cellulases, xylanases, amylases, and B-glucosidases were identified’.

Substrates

Xylan : This polysaccharide wes the extract cobtained from the
bleacred kraft pulp frem birch woce by stirring the pulp in &
M NaCH solution under nitroger atmosphere. Its neutral sugar

ok

cerpcsition was the following @ xylese 99.6 % and arabincse 0.4

[se]

(rolar ratics) as ceternined by triflucrcacetic acid hydrclysis
arnc  eralysis of the alditel ecetate derivatives in a gas
chrorategraph fitted witk o c¢less column containing SF 2240 (3 %)
¢n gas chrom wex-DMCS phase,

tierran : Manran was obtaired from ivory nut as described by
Chernzy et a]g. Tts reutral sugar ccmposition was manncse 94.2 7,
glucese 4.7 % anc xylcse 0.5 % as determined by total ecid

hydrelysis eccerding te Saeman et a’lc.

Carboxyrethylcellulose : Thic water scluble polysaccharide
{CMC; is the commercial groduct "Blancse cellulese gun” 7H3SXF
{Hercules, S.A. France).

Avicel celluleose powder : This microcrysteilire cellulose wes
ithe commercial product AYICEL PHICL. Clucnse was the only sugar

detected after total hydrclysis‘o.

Chemice: pulps : Industrial sulfite spruce and kreft birch
pulps, fully bleached by the counventicnal CFD bleach sequerce, were
erployed. They were received as cry sheets.

The aspen wecod pulp 1s @ labecratory preparetion frem a €
morth old stem of asper (Populus Furenericara hybridel. Delignifi-

cetion was performed asccarding tc Marechal11 er chips crushed in 2

precs roll machine (Fatent taken cut by the Centre Technique cu

Fepier, Crencble, Frarce). This employed alksline cocking with
o

sedium hydroxide 20 90 U/ dry weod) end anthracuirone {1 % W/W)

for 8 b st 128°C es first step. It was follewed by an acid
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hydrelyeis for 1 b at 100" € with (.68 o000 The thind wrep wee
a treatment with exygen (29C F.E.T00 o codin, hycresade (90 W)
at 125°C fcr 2h, The bleached polp wor v o v with weler ord Tveeie
dried.

METHCES

Enzymatic hydrolysis of the isglated substrates.

Each substrate was dissolved, or well disgersed, in water (2.5
o.l™h

complex. The incubaticn time was 4 h for microcrystalline cellulose

, and incubated, under shaking, at 40°C with the enzymatic

and mannan and 15 min only for xylan, and soluble celiulcse (CNMC)
because of the large amounts cf sugars rapicly released.The
formation of reducing-end groups wes measured by the Somogyi-lelson
method12

In the same manner, the hydrolysis of the substrates was
studied in the presence of a glycanases inhibitor. Mercuric
chloride in aqueous solution at the final concentratior of 1mM was
used and the reducing end groups produced were determinedlz. The
mercuric chioride molecule has a very low dissociaticr in water and
therefore mercuric ions do not significantly interfere with the
reducing end groups determination. However, a standard curve

obtained in the 1mM HgC12 medium is needed.

Enzymatic hvdrolysis of xylan in pulps.

Sheet fragments of the industrial pulps and the freeze dried
aspen pulp were soaked overnight in a 1 mM HgC12 sclution at room
temperature. Then, they were washed several times with HgCIZ
soluticn and stirred to obtain a pulp slurry.

1) Enzymatic hydrolysis of asper pulp.

The crude enzyre complex (20 mg) was shober Fov 17 adr in e

1 mM HgCl2 solution. It was peured intc the pulp slurry centaired
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in an Amicon ultrafiltration cell fitted with a non cellulosic UM1Q
diaflo membrane. The final volume was 1L and the pulp consistency
was 3%. The dincubation was performed at 40°C under gentle
agitetion fcr a pericd of 88 h during which the incubating medium
was pressed two times through the membrane. Each time new HgC]2
sglution was added to continue the hydrolysis, but the enzymes were
not replaced. At the end of that experiment the pulp was pressed
dry and heated at 100°C for 10 min to inactivate the enzymes. The
filtrates were also heated, collected and the reducing end groups12

analyzed.

2} Enzymatic hydrclysis of industrial pulps.

The birch kraft anc the spruce sulfite pulp were treated
according to the same procedure as outlined above, except that the
cruce enzyme complex was 60 mg and 120 mg during 24 h for the birch
and the spruce pulps, respectively. It should be noted however that
these experimental conditions may be optimized further.

Analyses of pulps and pulp degracdation products.

Initial pulp and enzyme-treated pulp were acid hydrolyzed
according to Saeman et a]lo. The reutral sugars were identified as
alditol acetate derivatives by gas chromatography as described for
isolated substrates. The soluble sugars carried through the
membrane were separated on a Biogel P2 column eluted with distilled
water at 60°C, and identified by comparison to standards.They were
also analyzed after being hydrolyzed by the trifluorcacetic acid
methods.

Physical tests on pulp.

The pore formation in the aspen pulp fibers during the
selective xylan hydrolysis was followed with a nitrogen poresi-
meter. The volume of pores (with a radius of less than 50 3) was
determined, and the specific area of the pulp fibers was measured.
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The water retention value (WRY) was calculated according to Silvy

113

et a with standardized centrifugations.

Mclecular weicht distribution.

The weight average mclecular weights ﬁ; and the wulecular
weight distritbution of the different pulps were determined
according the procedure established by Lauriol et a114 :

- The pulps were first submitted to carbanilaticn in
dimethyl sulfoxide with an excess of phenyl isocyanate, for 48 h at
70°C.

- After precipitation and purification14, the carbanilated
derivatives were characterized with regard to their degree of
substituticn (C.S.) on the Basis of their nitrogen content. This
was obtained by Kjeldahl's method. In all cases the obtained values
were near DS=3,

- The molecular weight distribution was obtained by size
exclusion chromatography (S.E.C.) using a doutle detection on
line : a low angle laser light scattering (L.A.L.L.S.) apparatus
(Chromatix KMX-6) equipped with a 15 ul cell working at 632.8 nm,
and a differential refractometer (Waters R 401). Elutions were
performed with tetrahydrofuran  (THF) through three columns
associated in series : EHA, E.1000 and E.500 (Waters-uyBondagel).
The flow-rate was 0.5 mL.min.'l. The refractive index giadients
dn/dc, needed for calculations, were measured in THF at 20°C with a
Brice Phoenix differential refractometer at 632.8 nm. The second
virial coefficients, A2, were also previously obtained, in THF,

from static determination of M, of each sample (A2 = 5.10'4 mel.

W
-ﬂ -ﬂ - - Py
em 7. g ). These measurements were carried out with the Chromatix

KMX-6 L.A.L.L.S. apparatus equipped with a 150 pl cell.
RESULTS

irhibiticr assays end molecular weight determinations.

Figure 1 dis a plot of the hydrolysis rate of the
hemicellulosic substrates, xylan and mannan, in water or in the 1
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FIGURE 1. £ifect of enzyme final concentration cn the hydrelysis
rate per hour of hemicellulosic substrates : xylan irn
water (A), xylan in the presence of 1 mM HeCl., (@),
mannan in water and in 1 mM HgCl, solution {af,

mM Hgm2 solutien versus the enzyme complex concentration. The

enzyme mixture shows a strong activity cn xylan in water, and this
activity decreases cnly near 80 % of its value when the reaction
medium is replaced bty the 1 mwH H9C12 solution.In the same way,
mannan is hydrolyzed to a lesser extent in water, but the mannanase
activity seems to be unaffected in the mercuric chloride medium.
Figure 2 illustrates the hydrolysis of two standard cellulosic
substrates over a wider range of enzyme concentrations.
The exocellulase activity related to the enzyme activity on
microcrystalline cellulose (AVICEL) can be detected at a low level
in water medium. The 1 mM mercuric chloride medijum does not reduce
that activity. But the strong endocellulase activity which is
measured in water by the hydrolysis of the carboxymethylcellulose
is totally lost in the inhibiting medium. Thus, one can expect a
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WH}HYDROLYSE

RATE per HOUR
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. _ ‘ , _g3 CONCENTRATION
¢ 100 S5 400 h/l

FIGURE 2. Effect of enzyme final concentration on the hydrclysis
rate per hour of cellulosic substrates :
carboxymethylcellulose in water (M), carboxymethyl-
cellulose in 1 mM HgCl, solution (@), microcrystalline
cellulose in water and“in 1 mM HgCT2 solution (E3).

hydrolytic effect on the hemicellulosic part of pulp fibers withcut
encountering a significant degradation of cellulose chains.

That conclusion was confirmed by determination of average
molecular weights ({Table 1) and of the molecular weight
distribution curves {Figs. 3, 4).

The c¢raphs for standard arnd for enzyme-treated pulps
(Figs.3,4) can te superposed in the high molecular weights domain.
Thus, the cellulose chains are not cleaved in spite of 88 h of
attack by the enzyme solution on the aspen pulp (Figure 3) or in
spite of 24 h of attack on the spruce pulp by a four times more
concentrated enzymes solution (Figure 4). After enzymatic
treatment, differences arise only in the low molecular weights

ENZYME COMPLEX
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TABLE I

Characteristics of the Carbanilated Derivatives From the Pulps.

Spruce ule 0.157 1,118,000 1,118,000 648,000  2.155 1250 1.72
Eb%&ié;ki%éted 0.160 1,150,900 1,160,00;.—_;70_000 2,235 1,290 1.73
5?523‘?'5”’ 0.164 /40,000 843 000 245 000 1.625 410 3.46
e et 0. 164 800,000 R05,000 315,000 1,550 605 2.5

(a) determined by L.AL.L.S. (Static Method)

(h) determined by Size Exclusion Chromatoaraphy (Dynamic tlethod using L.A.L.L.S. and differential
refractometer coupied on line)

(¢) molar weight of the carbanilated monomer unit = 519 q.mole‘1

domain., In addition, the distribution curves (Figure 3) for
enzyme-treated aspen pulp indicate a loss of low molecular weight
material while it is not the case for the curves (Figure 4)
cbtained from enzyme-treated spruce pulp. This can be explained by
differences according to wood origin and chemical pretreatment.
Indeed,the yield in xylan macromolecules which can be subjected to
enzymatic hydrolysis is higher in aspen pulp (Table 2) than in
spruce pulp (Table 4).

Moreover, the hydrolytic action on hemicelluloses reduces the
relative abundance of these macromolecules 1in the spruce pulp
(Figure 4) so that curve 2 related to enzyme-treated pulp lays
beneath curve 1 related to standard pulp. Some hydrolysis products
with low molecular weights are also generated. In the same way, &
marked effect was expected for experiments with aspen pulp where
xylans are the only hemicellulcses (Table 2). On the contrary, the
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FIGURE 3. Molecular weight distribution curve of the carbanilateg
derivatives from the aspen pulp.Control pulp curve !
(+++), enzyme-treated pulp curve 2 (=),

distribution curves (Figure 3) show an important increase in the
relative abundance of molecules having lower molecular weights. The
reason for that increase is not known but it coulcd te explained by
discrete cleavage of bonds in xylan chains with polymerization
degrees higher than those usually admitted. Indeed, the average
viscosimetric polymerization degree (DFv) of isolated xylans from
hardwccds is kncwn to be around 150-200, but no result was ever
cbtained about xylan chains which cannot be extracted with alkaline
medium. The use of carbanilated derivatives in this method14 which
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FIGURE 4. Molecular weicht distribution curve of the carbanilated
derivatives from the sulfite spruce pulp. Control pulp
curve 1 (+++), enzyme-treated pulp curve 2 (=),

involves the solubilization of all the fiber constituents seems to
be a proper way to identify the real hemicellulosic part of the
plant celi-walls.

Neutral sugar compositicn of pulps and pulp degradation

products.

Tables 2, 3 and 4 give the molar ratics cof neutral sugars in
the different pulps. The sugar compositicns are consistent with



13: 28 25 January 2011

Downl oaded At:

158 MORA ET AL.

TABLE 2

Neutral Sugar Composition of Initial and 88 Hours Enzyme-Treated
Aspen Pulps.

Ara Xyl Man Gic
Initial aspen pulp® 0.5%  19.6% 1.9% 78%
Enzyme-treated puip* 0.9% 15.8% 2% 77.8%
X molar ratios
TABLE 3

Neutra1 Sugar Compcsition of Birch _Fruft Pu?ﬁ _and  Relative
roportion of Each Neufral Sugar Present jn the Scluble Hydrolysis
Products After Enzyme Treatment For 24 Hours.

TPer cent
Ara Xyl Man Glc  mass loss*
(W/M)
Tnitial Birch Kraft - e 2w ow m
oulp (molar ratios) 0.7 4 25.2% 2% 712.1%

weight  (mg)

Fer cent of the initial
content of the 2.8 % 5.9%2 C % 0.3 %
censidered sugar (W/W)

* determined from moncsaccharide analysis. ** from 30 g of dry pulp.
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TAELE &

Meutral Sugar Ccmposition of Spruce Sulfite Pulp and Relative
Prooortion of Each Neutral Sugar Presert in the Soluble Hydrolysis
Proccucts Arter Enzyme Treatment For 24 Fours.

Per cent
Ara Xyl Man Gl¢ mass ioss*
(W/W)
Initia] spruce sulfite
pulp {molar ratios) 1.4 7.7% 8.9% 8%
Hydralysis procucts
weight**(mg) 3.8 104 15.8 37.5 0.6 %

Per cent of the initial
content of the 1.3% 6
considered sugar (W/W)

0.6 % 0.1%

R

* determined from monosaccharice analysis.** from 30 g of dry pulr.

analysis results of industrial pulps ariginating from the same
wood specics and which have been subjected to similar cooking
processes.

The analytical results on the enzyme-treated aspen pulp (Table
2) show that the enzymatic hydrolysis dces not cause a significant
decrease in the hemicellulose content of the pulp. The amcunt of
soluble sugars in the fincubaticn rmecium agrees with  the:
conclusion.

The hydrolysis rate calculated as the ratio of the
xylotricse-equivalent weight12 to the dry pulp weight was limited
to 0.5 %, although the incubation time was as long as 88 h with
hemicellulases. The sugars releesec were analyzed cn Biogel column
as seen for birch pulp hydrclytic preducts (Figure ). They belong
te the xylose series from dp 1 to 8; glucose or cellobicse which
are cbtained in 1ittle amcunts (Table 3) may be present beneath the
reaks of the xylose series.

Tables 3 and 4 give the percentage of each neutral sugar
initially present in the birch and spruce pulps respectively, which
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dp 1 2 3 4 5 8 78 Vo

FIGURE 5. Biogel P2 analysis of the dialyzable sugars from a 24 h
hydrclysis of the kraft birch pulp.Void vqume:VO.

can be determinec ir the rixture ¢t solubtle sugars preduced by an
enzymatic degradation for 24 h.

The results illustrate again tret little materijal is Tost;
they also indicate the selective hydrolysis action with regard tc
rannans and xylans (Tatle 4).

Moreover, the main enzymatic action on sulfite spruce pulp
(Table 4) comes from xylanases which appear to be 10 times more
efficient than mannanases with respect to recovered soluble sugars.
This, of course, assumes that soluble sugar content correlates well
with the number of bonds cleaved in the macromclecules inside the
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TABLE 5

Aspen Pulp Charzcteristics

Specific arsz peore voiume MEEINsYAGIUS  W.R.N

(mé/a} (m3/100 ¢) A {¢/a

Standard aspen pulp 1.4 1.16 168 2.23
Xylanasa treated pulp 2.4 0.2 17 2.70

fiber cell wall, That selectivity could be expected for hardwccd
pulp, but it is more surprising with a spruce pulp where mannans
are the main hemicellulose of the cell walls (Table 4}. Thus, the
respective Tccaliseticn cf the two macromolecules inside the plant
cell wall are to be guestioned,

Enzymes effects on pulp characteristics.

Table 5 summarises the results of the physical tests of the
aspen pulp after an enzyme degradation for 88 h.

The water retention value is increased by 20 %. That is a
first indication of important modifications within the cell wall of
the aspen pulp fibers which was not expected on the basis of the
small mass loss. The major result, however, is cbtained by specific
area measurements and pore radius calculations. The mean pore
radius is reduced by a factor of ten following the action of
xylanases, and this demonstrates the formation of micro-cracks
which may be opened in the walls of pores resulting from the
chemical treatments of the aspen wood.
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FIGURE 6. Scanning electron microscopic observations of the kraft
birch pulp : control (1}, enzyme-treated pulp for 24 h
(2).
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Electron microscopic examination of pulp.

The scanning electron microscopic observations of the bleached
kraft pulp from birch (standard and 24 h enzyme-treated pulps)
corfirm the abcve conclusicrs, The photographs clearly show an
external fitrillation and a good flexibility of fibers which alsc
imply internal modifications (Figure 6).

Furthermore, a careful survey of the preparation did not
reveal the chepped aspect characteristic of cellulase-degraded
fibers,thus confirming the efficient inhibition of endccellulases.

CONCLUS LON

Endc-cellulase irhibition was obtained in a mercuric chloride
solutior. with the objective to study selective modificalions inside
putp fiters. It cannct be expected that an incdustrial process might
be built ir such a medium, tut we have been atle to demcnstrate the
selective actior cf xylanases or a laboratory scale.

Certainly, the crude enzymatic complex includes manranases
which ere not irhibited in the reacticn ccrdéitions., However, since
¢luccmarnars are ten times less present than vylane in the aspen
rulp fibers anc since narnsreses are not very active on the
isolatec substrate, we cannct ascribe the important charces in the
physicel characteristics of the aspen pulp to niannanases.
Furthermore, the little exccellulase cor cellobichydrolase activity
cn crystalline celiulose nicrofibrils wculd not greatly affect the
microfibril ultrastructural cohesion, wmostly since this activity is
rot enhanced by synergistic effect with that of erdocellulases.

A1l these results,the molecular weight distribution curves as
vell as the physical tests, indicate that xylans are more widely
hydrclyzed in the fiber cell wall thar it is shown by the usua?l
mode of calculation of the hydrolysis rate based upon the release
of soluble sugars. Indeed, this calculation mode does nct account
for xylan hydrolysis preducts left "in situ" in the fiber cell wall
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where they are retaired via hydrcgen bonding. With respect tc the
distributien of xylans between cellulose microfibr1152’3’4’ cell
wall cchesion should be widely modified by a selective action on
xylans mainly in hardwocd pulps where the xylarn content is
important. It is the aim of part Il to test pulps with regard tc
papermaking properties in crder to confirm the rcle of aylans on
fiber strength.

We have also pcinted cut that manranases like xylanases keep
their activity in the inrhibiting medium. It is, then, irterestirg
to ncte agair that glucomanrans, in cortrast to xylans, are not
svignificantly degraced in spruce wcod pulp fibers, The difference
nust results frow a lower accessibility cf much of the gluccmanrans

vFich are in cleser asscciation with cellulose than xy]ansle’“’.
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