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ABSTRACT 

A procedure has been developed for the methylation of intact (mature) plant 
cell-walls in good yield. The method depended on the reduction of particle size by 
dry milling in liquid nitrogen to a level that allowed plant fragments to swell and 
disperse in the methylation solvent. Quantification of the results was achieved by 
using methyl P-D-allopyranoside as internal standard. Perennial ryegrass cell- 
walls, whole barley straw, and beechwood, with degrees of lignification of 1.93, 
12.66, and 19.33%, respectively, were used to determine the efficiency of methyla- 
tion after milling. The recoveries of parent sugars, calculated by summing values 
for the appropriate partially methylated sugars, were 116, 102, and 109%. respec- 
tively, of those determined on the basis of alditol acetates. Acetalation of the free 
hydroxyl groups of milled, whole cell-walls, using methyl vinyl ether, enabled 
selective methylation to be performed at sites of alkali-labile substitution. The re- 
sulting recovery of pentoses was nearly quantitative, but that of (cellulosic) glucose 
was very low. These procedures allow linkage analysis of the structural polysac- 
charides and determination of the location of sites of alkali-labile substitution in 
the matrix polysaccharides of the intact cell-wall. 

INTRODULTION 

Improvements in the techniques of methylation analysis’,’ and in the 
methods of separation and identification of partially methylated sugars’ now ena- 
ble structural analysis of polysaccharides to be undertaken on a routine basis. Al- 
though methylation analysis has been applied to fractionated polysaccharides from 
plant cell-walls”~5 and to tissue-cultured, primary cell-wall@,‘, there have been no 
reports of the methylation of whole cell-walls from mature plant tissue. We now re- 
port a method which allows the methylation of unfractionated cell-walls of plants 
in good yield even when applied to highly lignified, hardwood cell-walls. The 
method depends on the reduction of the particle size of the material to such a level 
that swelling and dispersal in the methylation solvent occurs. 

UO08-h215/83/$ 03.00 0 19x3 Elsewcr Science Publishers B.V. 



Inlernal standards are not usually employed m methylation analysis. c]uantifi- 

cation being based on the relative proportions of the products’. This pr-occdure as- 

sume~ that incomplete mrthylation will hc apparent from the IratIo of terminal to 

branching points, or from the number of unmethylated sugars or sugars having 

more than two free hydroxyl groups. When the original matt~rial contains consider- 

able proportions of unrcactivc or insoluble carbohydrate. or ncln-carbohydrate 

components. as with cell walls from mature plants, the methylation rcwlts must al- 

ways be open to doubt unle+ the recovery of mrthylatrd products can he deter- 

mined. Large-scale mcthylation, which can enable recovery to hc calculated h) 

weight”. is not generally practical. 

The inclusion of an internal standard enables the recovery of partially mcth- 

ylated sugars to be monitored. and the recovery of the parenl wgars can thrn he 

computed and compared with the results ot standard sugar analysis. To our knowl- 

edge. this is the first report of the use of such an internal standard in the methyla- 

tion analysis of polysaccharides. 

The investigation of unfractionatcd walls makes possible the study of labile 

structutw that are lost or rearranged during fractionation and iwiation procedure>. 

Howcvcr. the powerful Hakomori-rnethylation tcchniqur’ destro!,q alkali-labile 

linkages that may be important in the overall architecture of the cell wall. partlcu- 

larly the secondary wall’ ‘I’. Modification of the methylation procedure. hased on 

the acetalation of hydroxyl groups. when applied to intact cell-walls. rnahlrs deter- 

mination of the location and quantification of alkali-labile linhagea to the matw 

polysaccharides of the cell wall. 

General. - Methyl sulphoxide was dried over molecular sieves. distilled 

under reduced pr-essure, and stored in a desiccator over P&IT. Acettme was dried 

over molecular sieves and distilled. Other solvents and chemicals wcrc of analytical 

grade. All evaporations were performed at reduced pressure at less than JO”. 

Plant mnteriaf. ~ Perennial ryegrass (Idinrn pewme L.. 0. Talbot) (31 g). 

collected in May from an established field, was extracted sequentially with chloro- 

form-methanol (1 : I, 700 ml,). water (700 mL). and chloroform~rnethnnol. ‘l‘he rc- 

maining cell-wall material (-- I3 g) was air-dried at 60”. Burley straw (~lrrr&uru I~U/ 

gare L., cv. Golden Promise) was obtained from a commercial lield which had been 

combine-harvested The whole straw, inclwiing hIIrk\. xv;,\ uwd. Rcechwood 

(Fagrrs syl~uficn L.) was obtained as shavings from :j large piece. All plant material 

was ground to pass through a l-mm mesh before use. 

Milling. - Freezer(cryo)-milling wa\ carried out dry in liquid nitrogen for i 

min. using B Spex 6700 Fr-eezer-mill (Spca Industries Inc.). 

Analyse.~. - Sugar-s were analyzed as their alditol acetates. The method 01 

Blakeney et aI. ” was used, except that the volumes used in the hydrolysi> step 

were doubled. and glass rods wrr-e inserted into the hydrolysis tubes to awiht mix- 
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ing. The duration of the initial hydrolysis with cold, aqueous 72% sulphuric acid 
was also increased to 1 h. and that of acetylation to 20 min. 

Tolal phenohcs were determined by the method of Morrisor~‘~. using fcrulic 

acid as standard. Lignin was measured by the Christian method”‘. 
Acetdation of planf material. - The sample (-10 mg) was dispersed in 

methyl sulphoxide (2 mL) with ultrasonication, and toluene-p-sulphonic acid (20 
mg) was added followed by methyl vinyl ether (2 mL, condensed at -10”). The 
mixture was maintained at 15” for 3.5 h with intermittent mixing, and then ccn- 
trifuged at 16OOg for 10 min. The pellet was washed three times with acetone and 
then dried in vacua over P&Is. 

Methylation. - Sodium methylsulphinylmethanide was prepared by adding 
oil-free sodium hydride (300 mg) to methyl sulphoxide (12 ml.) under nitrogen. 
The mixture was agitated under a stream of nitrogen in an ultrasonic bath at 60”, 
and reaction was complete in 1 h15. 

Samples for methylation (-10 mg) were dried in V~CUO over P,O,, methyl 

sulphoxide (1 mL) containing methyl @-D-dlopyranoside (0.145 mg) was added. 
and the mixture was ultrasonicatcd under nitrogen for 30 min. Freshly prcparcd 

sodium methylsulphinylmethanide in methyl sulphoxide (1 mL) was then added 

under nitrogen, and the tube was ultrasonicated for 30 min and stored at room tem- 
perature overnight. Methyl iodide (1 mL) was added in portions during 1 h with 
cooling, and. after a further 1 h, the mixture was poured into 5.5M NaCl (2.5 mL), 

the pH was adjusted to 1.5 with 2M HCI, and the mixture was extracted three times 
with chloroform. The combined extracts were washed with 0.05~ HCI and water 
(4x), concentrated, and transferred to a tube containing quebrachitol (0.506 mg). 
The chloroform was evaporated and aqueous 90% formic acid (1 m1,) was added. 
The tube was Rushed with nitrogen and then heated at 100” for 5 h. Formic acid was 
then removed, 0.25~ H&GO4 (1 mL) was added, and heating at 100” was continued 
for 16 h. The hydrolysate was ncutraliscd with Amberlite IRA-400 (HCO,) resin 
and then concentrated to dryness. Fresh. aqueous sodium borodeuteride (1 mL, 
-10 mg) was added and, after 3 h at room temperature. excess of borodeuteride 
was destroyed by the addition of 50% acetic acid. Dry methanol acidified with ace- 
tic acid (1OO:l) was then added and evaporated. four times, followed by one addi- 
tion of methanol. Acetic anhydride (1 mL) was added to the residue, the mixture 
was heated at 100” for 16 h, acetic anhydride was then removed by codistillation 
with toluene, and the residue was partitioned between chloroform and water. The 
chloroform layer was washed with water (4x) and then concentrated to dryness. 
The remaining partially methylated alditol acetates were dried in wcuo over P,Os. 

G.1.c. - Carlo-Erha Fractovap 4160 gas chromatographs, with on-column 
injection facilities, were employed throughout. Integrations were performed with 
either a Spectra-Physics SP4100 or a Trivector Trilab I11 computing integrator, and 
the data were fed directly into a Prime 550 computer for storage and further 
manipulation, Retention coefficients were calculated, and a provisional idcntifica- 

tion of the peaks was made using algorithms developed from whose described previ- 



ously’. .l’hc peak for 1.5.di-U-acetyl-2.3,3,0-tetra-O-msthyl-D-~llitol was uwd ss 

the first retention-coefficient standard and as the internal standard. Quebrachitol 

was used as the second retention-corf~cient standard. Separaliw~s were performed 

on glass columns (SO m x 0.3 mm) wall-coat& with SP lflO0 (Phaw Separations). 

Ratios of 2. and 3.Xyl were obtained by chromatography 011 a wall-co&xi fuscd- 

silica column (SO m x 0.3 mm) of OV I (H~wlstt-Packard)‘“. 

Alditol acctatcs of sugars wcc‘re ana lyscd by using a Pye GC.fI chromatn- 

graph cquippcd with columns (3 m X 3 mm) of 5% of SP 2340 on Chromosorb W 

(If&120 mesh)“. Peaks were integrated with a Trivcctor ‘I‘rilab II1 computing in- 

tegrator. Sugar compositions wrre calculated ax “anhydro” residues. 

Mas.~ spectrometry. ~~ A VG Micromass I6 mass spectrometer coupled to a 

VG 2025 data system was used. For g..l.c.~~m.a.. a wall-coated fused-silica column 

(30 m X 0.2 mm) of Silar-SCP was used: ionisalion potential. 70 eV; wurcr tem- 

perature, 200”. 

Methyl P-D-nllopyrarlosi~r. -- Methyl glycosidation of D-al&c was per- 

formed in the presence of strontium chloride’“. The mixture of methyl glycosides 

was eluted from a column (60 x I .8 cm) of Bio Rad AG I-X2 (HO ) resin (200 400 

mesh) with water. to give the a-u-pyranosidc (16.9’;: ), P-D-pyraosidc (9.7% ). a- 

D-furanoside (27.7%). and p-D-furanoside (7.6%. Contrary LO the expcrirncc of 

Evans and Angyallx. the n-pyranosidc failed to crystaltise. ‘l‘hc fi-pvranusidc (81 

mg. 7..5%), after rccrystallisation from ethanol. had m.p 15(!-151”: li;.“‘m.p. ISI- 

152”. G.1.c. of the derived l,~-d~-O-acet~l-2,3.3.h-trtr~-~-m~thy~-D-~~iit~~~ showed 

it to be chromatographically pure. 

RESUL rs 

lnternnl standard. ~ Methyl P-D-allopyranoside was chosen as an internal 

standard which. after methytation. gave a single peak in g.1.c.. with a rccovcry of 

109%, relative to methyl ,!!,-D-glucopyranoslde. ‘l‘he rctcntion coefhaent ut I .5-di- 

O-acetyl-2.3.4.6~tetra-O-methyl-D-allitol on SP lOOf was 0.774, (relative to 2,3.-l.& 

tetra-O-mrthyl-D-gtucosc and qucbr-achitol) and wds well separated Irum other 

partially mcthytated sugars likely to be derived from plant cell-walls (Fig. I). 

Mevhylatinn of‘plant cell-rcoll.~. The average particle size <>f plant samples 

was reduced to l&40-pm diametrr on freexr-milling. Such particles swelled and 

dispersed in methyl sulphoxide, and could he mcthylatcd hy the llakrrmori 

technique with little apparrnt residue of unreactcd material. To ascertain the ex- 

tent of methylation, three plant samples. pcrcnnial ryegrass. barley straw. and 

beechwood, showing different dcgrecs of lignitication. were methylatrd. Methyla- 

tion was performed directly on the freezer-milled hardwood and straw samples. 

However. in order to avoid the inclusion of non-structural sugar residues in any 

suhscqucnt analysis, perennial ryegrass was first cxtractcd with water and chloro- 

form~methanol to provide R crude cc&wall preparation (h(l.X’,+ recovery ot origi- 

nal dry-matter). 
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Fig. 1. Gas chmmarograms of partially methylatcd aiditol acetates ohlain& by methyl&on (A) and 
acet&uioemethylation (s) of freezer-milled beeehwuod, fttn on a column @tl m x 0.3 mm) of SP foD0 
WCOT at Z?@, mth helium carrier.gas (175 kPa): 1,2,3,9_Ara: 2.2.3.4.d-All (internal standard); 3. 
2,S-Ars: 4, 2,3A.&Gk; 5, 2.3~Fuc; 6, U-Am; 7. 2,kXyl; 8, Z-Pm; 9, 2,4,6Gk; 10. 2.36-M% 11. 
2,3,6-Gk; 12.2&Xyl; 13.2,3,&Gal; 14, Ara: 15.2,h.Gk; Ih, 4,6-G&: 17, Xy,: l&2,3-Gk; 19.3&&I; 
20, qwtwa&iwl (~a~dard); 21,2-Glc; 22.2-G&; 23,3-G% 2.4. Glc; 7.5. Gal. 

The total contents of phenolics and Christian %ignin for the three samples are 
shown in Table 1. The discrepancy found between the two assay methods, when 
applied to barley straw and ryegrass, suggested that much of the phenolic material 
present in these samples was not in a polymeric form resistant to concentrated acid. 
No such discrepancy was found for bee&wood. 
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Table II shows the results of methylation analysis of the samples, with and 

without freezer-milling. There was a considcrahlc increax in recovery afler 

freezer-milling. notably for the most highly lignified samples, where the rccovcries 
increased six-fold. The identities of the components (H.576) listed. and indicated 

by their chromatographic properties. were confirmed by mass spectroscopy. 

I‘he parent sugar composltmn ot the samples was calculated Irom the me- 

thylation data by summng the values obtained for the appropriate partially mcthyl- 

dted bugarb. A comparison uf thex ICUII~ with thoar obtainsd diirctly flom acid 

hydrolysates by alditol acetate analysis, and rxprewd as percentages of the 

“anhydro” sugar rcsiduc. is shown in Table III. Good agreement between the 

“freezer-milled” methylation results and those from alditol acetate analysis was 

found for all three samples. No trend towards poorer recoveries with increasing lig- 

nilication was discernible. Although the recovery of methylated products from 

samples without prior freezer-milling was low. especially for the more highly lig- 

nitied samples. the relative proportions ofthe major products remained reasonably 

representative of the cell wall as a whole (Table IV). This similarity suggested that 

the freezer-milling process did not significantly modify the ccl1 wall. 

Acetalation ofplant cell-walls. -- ‘l‘he protection of free hydroxyl groups by 

acetalatlon” allows selective methylatlon to be performed at sites of alkah-lablle 

substitution’,‘. This reaction is carried out in methyl sulphoxidr: since freezer- 

milled plant cell-walls could bc dispcrsrd in this solvenl. ac~talalwn of inlacl walls 

was attempted. The separation of acctalated plant-material and the products of 

reagent polymerisation after treatment with methyl vinyl ether proved difficult by 

chromatography” on Sephadex LII-20. The acetalated samples. however, could be 

recovered by centrifugation. and washing with acztonr rrmoved by-products that 

interfered with subscqucnt g.1.c. Since methyl P-n-allopyranosidc would he lost in 

this process, it was added after acetalatlon, but hefore mcthylation. 

Table V shows the methylation products of the major sugars obtained after 

acetalation, and the recoveries based on the sugar composition calculated from the 

alditol acetate analysis (Table III). The recovery of pentoses was nearly quantita- 

tive, hut that of glucose was very low. Rccovcries may have heen reduced by ma- 

nipulatlon losses hetore the addition of the internal standard, and some compo- 

nent? of the cell walls may have been extracted by methyl sulphonide and lost on 
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TABLE II 

Sugar 

2,3,4-Rha’ 0.492 
2,3,5-Ara 0.521 
2,3,5-Fuc 0.590 
2,3,4-Fuc 0.611 
2,3.4-Ara 0.645 
2.3.4.Xyl 0.658 
3,4-Rha 0.875 
3,5-Ara 0.929 
2,5-Ara 0.968 
2,3,4,6-Glc 1 .OOO 
2,3,5,6-Gal 1.070 
2,4-Fuc 1.080 
2,3,4,6-Gal 1.149 
2,3-Xyl 1.227 
2.Rha 1.426 
4.Rha 1.495 
3.Rha 1.580 
3,4,6-Man 1.658 
2,4,6-Glc 1.725 
2,3.6-Man 1.800 
2,4,6-Man 1.855 
2,3,6-Gal I.873 
2,3,6-Glc 1.931 
2.Xyl” 2.n21 
3.Xyld 2.021 
2,3,5-Gal 2.380 
2,3,4-Gal 2.427 
2,6-Man 2.654 
2,6-Glc 2.761 
4,6-Gal 2.902 
3,4-Man 3.430 
2,3-Glc 3.4Y6 
6.Man 3.594 
2,3-Gal 3.673 
2.4.Man 3.774 
3,4-Gal 4.115 
2.Glc 5.051 

Total - 

Ryegrass 

A 

0.03 
1.04 
0.13 
0.28 
0.03 
0.03 
0.08 
0.12 
0.15 
0.31 

- 

0.71 
2.02 
0.05 
0.05 
0.04 

- 

1.84 
0.15 

0.09 
21.35 

0.28 
0.52 
0.22 

0.03 
0.71 
O-46 

I.09 
- 

0.03 

0.03 
- 

0.03 

31.90 

B 

0.04 
2.77 
0.14 
0.17 
0.04 
1.00 
0.11 
0.30 
0.36 
0.51 

- 

1.21 
7.35 
0.08 
0.10 
0.21 
0.04 
1.24 
0.21 

- 

0.30 
40.37 

1.60 
2.97 

- 

0.24 
0.05 
0.90 
0.61 
1.43 

- 
- 
- 
- 

0.28 
- 

64.60 

0.02 
0.38 
0.23 
0.24 
0.02 
0.03 
D.02 
0.04 
0.09 
0.38 
0.03 

0.21 
1.56 
0.09 
- 

0.02 
0.02 

0.04 
- 

4.22 
0.35 
0.24 
0.04 

- 

0.10 
0.23 
- 

0.06 
0.02 
0.87 

0.04 

9.55 

1.51 
0.03 
0.18 

- 

0.18 
0.05 
0.17 
0.24 
0.80 

- 
0.08 

- 

- 
0.09 

- 

0.3s 

0.0x 
0.16 
0.05 

- 

0.73 

0 40 
0 08 
2.85 

0.56 
0.49 

0 07 
0.14 
0 10 

4 1s 

0 22 
0.07 

0.65 

0.04 
0.80 

12.25 
0.04 

0.23 
23.70 

0.07 

0.38 
0.26 

0.04 

1.02 

0.14 

35.72 
3.07 
2.05 

- 

0.03 
- 

0.03 
0.88 

- 

0 09 
0.13 

- 

30.70 
2.32 
0.99 

0.07 
- 

0.39 
0.23 

- 

0.51 

- - 
- 

0.11 

58.90 10.23 61.64 

“Components were separated 0” SP lco0 (set Bxp erimental). Methyl P-o-allopyranoside was used as 
the standard for quantification. bRetention coefficients are based on the standards 2,3,4,&All (p = 
0.77Y) and quebrachitol (p = 4.300). ‘2,3,4-Rha = l,S-di-0-acetyl-2,3,4-tri-0-methylrhamnitol, etc. 
‘?be ratio of 2. and 3.Xyl was obtained by g.1.c. on OV 1. 
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centrifugation. Extraction of the samples with methyl sulphoxide, under conditions 
similar to those of the acetalation reaction, gave material which was methylated 
(Table VI) and represented 7.5, 3.4, and I .9% of the dry matter of ryegrass, bar- 
ley, and beechwood, respectively. In-chain glucosyl (2,3.6-Glc) and xylosyl (2,3- 

Xyl) residues accounted for 6&700/o of the sugars in the soluble material, and were 

found in proportions similar to those obtained by mcthylation of the whole sample. 
A higher proportion of terminal glucosyl groups was found in methyl sulphoxide 
extracts of barley and beechwood, which may have reflected the presence of small 
proportions of free glucose in these samples. 

DISCUSSION 

The chemical fractionation of plant cell-walls often modifies polysaccharide 
structure and may lead to the isolation of non-representative products”‘. The 
method described here enabled linkage analysis of the unfractionated material and 
provided a base against which fractions obtained by chemical or enzymic treat- 
ments could bc compared. 

TABLE V 

Y 

(“41) (%m) f%) (%J 

Xylose 2.3 0.67 5.0 I.18 7. I 
2 2.26 16.9 2.53 lS.2 
3 1.22 9.1 2 97 17 8 
unmcthylatcd 6.40 47.8 X71 5x 2 
TOtal 10.55 78.8 16.39 Y8.3 

Arabinosc 2,3 0.03 1.1 
2.5 0.13 31 0.33 1l.h 
3.5 0.14 3.4 0.14 4.9 
2 0.06 1.5 - - 

S (I.67 16.2 0.62 21.7 
unmerhylated 2.05 49.4 1.54 54.0 
Total 1 .OS 77 6 2.66 93.3 

GlUC0X 2.3.4.6 0.14 0.4 
2.3.6 2.53 7.2 5.33 14 4 
2.3 1.8s 5.3 3.79 10.3 
2 0.07 0.2 
3 

5.52 
- 0.05 0. I 

unmethylated 15.7 3.47 0.4 
Total 10.04 28.6 12.71 34.4 

“As % of the dry sample. “Based on the alditol acetate analysis. 

Recoveryh 

(%) 

2.4s 13.x 
5.83 32 7 
3.14 17.6 
7.77 43.6 

19 19 107.7 

0.03 
0.04 
0 04 

4.0 
5.3 
5.3 

0.10 
0.31 
0 s2 

- 

13.3 
41 3 
h9 3 

- 

3.94 

0.73 
1.21 
5.16 

11.04 

11.1 
- 

2.1 
3.4 

14.5 
31.1 

_~ 
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Quantification of the results was dependent on the inclusion of methyl P-D- 

allopyranoside as internal standard, and its derivative, l,S-di-O-acetyl-2,3,4,6- 
tetra-O-methyl-o-allitol, gave a single peak in an empty area of the chromatogram 
(Fig. 1). It was assumed that the equal weight response-factors for the various 
methylated sugars, relative to the allitol derivative, were close to unity; for studies 
of the changes in cell-wall structure of plant material undergoing degradation by 
micro-organisms”, this assumption was valid. Ideally, all response factors should 
be determined, hut, as Sweet et al.22 pointed out, this is a long and arduous task. 
As an alternative, they suggested that response factors calculated on the basis of 
the Effective Carbon Response theory” could have some validity for partially 
methylated sugars, and they have published values, relative to terminal hexose, 
ranging from 0.X6-1 -20. Application of their data to the results shown in Table I 
suggests that the recovery of 2,3,6-Glc might be overestimated (-6%). whereas 
that of the methylated pentoses could be underestimated (-6%). 

The recovery of parent sugars, calculated from the results of methylation 
analysis of whole cell-walls, was equal to or higher than that predicted by conven- 
tional methods of sugar analysis. There are considerable problems associated with 
the routine analysis of plant cell-wall polysaccharides. Methods involving acid hy- 
drolysis always represent a compromise between rates of hydrolysis of the more re- 
sistant polysaccharide components and rates of destruction of released monosac- 
charides. Complete analysis of plant cell-walls rarely sums to 1000/o, and some of 
the shortfall is almost certainly caused by an underestimate of total sugars. Hydro- 
lysis of methylatcd cell-walls appears to he more straightforward, with a lower 
range of lahilities shown by the various glycosidic linkages. However, as a method 
of sugar analysis, mcthylation has two major disadvantages, namely, the long and 
complicated methodology, and the need for sophisticated instrumentation to sepa- 
rate and identify the large number of compounds produced. 

Alkali-labile linkages, which are an important feature of plant cell-walls9~‘0, 
are destroyed during methylation. In order to locate and quantify suhstitucnts at- 
tached by alkali-labile linkages, the technique developed by de Belder and 
Norrman” for the location of acetyl groups in partially acetylated dextrins was 
applied to milled plant material. Although the recovery of pentoses from aceta- 
lated walls was satisfactory, recovery of glucose was very low. The high proportion 
of partially methylated glucose residues detected suggested that protection by 
acetalation was incomplete. It seems likely that polymerisation products formed at 
the surface of cellulose microfibrils prevented complete acetalation and subsequent 
penetration by the methylation reagents. Although the method is clearly not 
applicable to cell-wall glucans (notably ccllulosc), in our experience, it produces 
valuable information when restricted to the matrix polysaccharides of the cell 
wall”. 
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