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ABSTRACT 

Cell walls of wheat bran were treated with Oxyporus “celluIase” (a mixture 
of polysaccharide hydrolases) in order to release compounds containing ferulic acid 
bound to carbohydrate. The major feruloyl compound released has been identified 
as 2-0-[5-O-(truns-feruloyl)-P-L-arabinofuranosyl]-D-xylopyranose. Similar treat- 
ment of the cell walls of other graminaceous plants also released this compound. 

INTRODUCTION 

Ferulic (4-hydroxy-3-methoxycinnamic) and p-coumaric (Chydroxycin- 
namic) acids, mainly in the tram configuration, are covalently bound to cell walls 
of plants from several families, including the economically important 
Gramineae’.*. Small amounts (<l-2.5% walls) of these phenolic acids can be re- 
leased from graminaceous cell-walls on treatment with alkali3,4. 

Ferulic and p-coumaric acids are thought to be esterified to cell-wall polysac- 
charides, because of their release from cell walls on treatment with alkali and be- 
cause spectral changes accompanying the addition of alkali are diagnostic of ester 
bond-cleavage 5,6. Ferulic acid is thought to be bound to pentosans, since a fraction 
of the water-soluble pentosans from wheat flour comprised xylose and arabinose 
residues together with a small proportion of ferulic acid7T8. Hartley6 found that 
small molecules containing bound ferulic acid were released from cell walls of 
shoots of Lolium multiflorum Lam. on incubation with a commercial “cellulase” 
consisting of a mixture of polysaccharide hydrolases from Oxyporus spp. We have 
now treated cell walls of wheat bran and other graminaceous tissues with a differ- 
ent batch of “cellulase” from the same fungal source and, from the hydrolysates, 
have isolated and characterised the major oligosaccharide to which ferulic acid is 

esterified. 

*Present address: CSIRO, Division of Plant Industry, P.O. Box 1600, Canberra City, A.C.T. 2601. Au- 
stralia. 
‘The Grassland Research Institute is financed through the Agricultural Research Council. 
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RESULTS AND DISCUSSION 

Previous work’)~“’ indicated a high content of ferulic acid covalently bound to 

aleurone cell-walk of wheat and barley. The bran fraction is rich in alcurone, and 

a cell-wall fraction was therefore prepared from wheat bran. Fcrulic acid is the pre- 

ponderant phenolic acid (although only a trace component of the wall) released 

from bran cell-walls by treatment with NaOH (Table I). Enzymic hydrolysates 

(**cellulase” O.uyporns spp.) of these walls contained (l.c., systems 2 and 3) a single 

component (FAX) that accounted for all of the ferulic acid esterified to the walls. 

Walls from three different wheat-bran:, were examined, and those from cr. 

“Flanders” were isolated on a large scale bccausc they contained the highest levels 

of bound ferulic acid (‘Table II). 

A kinetic study of the degradation of cell walls of wheat bran showed that 

TABLE I 

TABLE II 
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rapid hydrolysis was practically complete after incubation for 24 h with the 

Oxyporus “cellulase”. After prolonged enzymic hydrolysis, the carbohydrate- 

ferulic acid complexes accounted for all of the ferulic acid released from wheat- 

bran walls by treatment with NaOH (Table II; c$ l.c. assay of ferulic acid, and with 

that released by treatment with “cellulase”). 

FAX is soluble in water, methanol, ethanol, and 2-methoxyethanol, and 

slightly soluble in 1,4-dioxane and diethyl ether, and could be extracted with 

methanol from polymeric components (protein and polysaccharide) of the water- 

soluble fraction of the enzymic hydrolysate. The final step in the purification in- 

volved reverse-phase l.c. (system 3), in which FAX was retarded relative to most 

of the more polar molecules by virtue of its aromatic function. This enabled the 

carbohydrate-ferulic ester to be separated from the large quantities of mono- and 

oligo-saccharides in the enzymic hydrolysates. 

Reverse-phase l.c. of FAX consistently gave two peaks that could be fully re- 

solved with methanol-water (system 3). These two compounds were in the ratio of 

2:l (peak area), with retention times (T) of 19.3 and 23.9 min. When the ascending 

part of the first peak or the descending part of the second was collected separately 

and immediately re-chromatographed, the two peaks were again obtained in the 

same ratio. This indicated a rapidly equilibrating system and, in subsequent work, 

the fractions corresponding to both peaks were combined for chemical identifica- 

tion. 

- 

Wavelength (nm) 

Fig. 1. Absorption spectra of FAX: -, spectrum of FAX (0.02 mg) m water (1 .O mL), t = 0 min; 

-----1 spectrum of FAX (0.02 mg) in 0.1~ NaOH (1.0 mL), t = 30 s after addition of the alkali; 

--. spectrum of FAX (0 02 mg) in 0.1 M NaOH (1 .O mL). t = 75 min after addition of the alkali. 



FAX behaved as one compound when examined by t.1.c. (systems I-6) and 

l.c. (systems I and 2). 

Identlficntinn of FA .Y m 2-0-[S-O-( trans-~enr/r)vl)-B-1 -NruFinotirrurlosvl]-n- 
.+7p_vrunr~w ( 1) -. .U ) C”onzplcte hydrolysis. FAX gave colour reactions typical of 

a pentose and of ferunc kd (anilinc hydrogrnphthalate. diazotlsedp-mtroaniline. 

u.v.-induced tluorescencc). but its chromatographic mobility in t.1.c. ;tnd 1.~. dit- 

fcred from thaw of a wide range ol phennlic acids and mono- and ohgc:-~a~churidr 

reference-compounds. After alkaline or enzymic hydrolysi:, (.+rr,qi/lrr\ nigcr “ccl- 

lulasc”). xylose. arabinosc, tind true\-ferulic acid wcrc obt:lined m ihc molar ratio\ 

of 1 .(Jll:O.Y2: 1 .W. Xylose and araknose were also identified its componcntx of 

FAX hydrolys&cs by t.1.c. (solvent 5): /rldn.s-ferulic :~id ~114 Identified br I l.c. Hifh 

solvent\ I and 2. 

(hj L’.I.. -cAorptron sptwru. The spectral shifts of FAX t FIN. I ) on addition 

of alkali or sodium ethoxrde arc consistent with those ot d compound contslninp 

fcrulic acid ester-lrnked at its c;lrboxyl group<. The Initial \hilt 111 the uhsorption 

maxlmum from 32.5 III 3711 nm immcdlately after the aclditicm ot dllutc \aOH (0. lat 

final) probably rcprchcnts the formation of the sodium UII of the ph~~nohc hjdro- 

xyl-group. The subsequent hjpsochromk shlti to a maximum ;II 34’ nm after 73 

min rcprcsents the formation of sodium tr~~rw-ferulatc. 

The bathochromic shilt in the ahsorpllon maximum from 327 to 3% nm on 

addition of sodium cthouidc i to <I solution of F;\N In ethanol ck)nhrm\ that the 

phenolic hydroxyl-group formed the sodium salt Thr m:rgnrtudc ot the shilt com- 

pared with that f&jr fwllk :wd indwltck that the cAxyl proup I\ cskrrtiedG 

(c) ‘I{-N.m.r. .spc~ctrum. The MO-MH;r spectrum in I&O (me I ior ldentifica- 

tion of protons) exhibited signals charactcristtc of ;L rrltns-fcruloyl group. is 6.31 (cl. 

1 H. Jx.: 16.3 Hz. H-3). 0.S7 (cl. I Fl,J, I, 8 0 Hz. H-X). 7.0’) (I tl. J., < tr.0 tfz. tl-9). 
7.14 (\. I H. 11-Y). 7 hl td. 1 11. J,.3 16.3 Hz, H-2). and metho\\ proton> at (5 3.G 

(\. 3 H. H-IN The coupling constants of the srde-chain doul~lt&nd protons mdi- 

cated the rmn.r-contigurntion’ ’ 

The spectrum (Fig. 71 is also consistent with ;I pyranl)\t- wgar :lt the reducing 
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5.4 52 46 44 42 40 30 36 34 3.2 

6 (P.Pti 

Fig. 2.360~MHz ‘H-n.m.r. spectrum of FAX recorded m DzO at 21” (X = xylose, A = arabinosc). 

end, the anomeric (X-H-l) (Y (6 5.22, d, J 4.2 Hz) and p (6 4.62, d, J 7.7 Hz) forms 

being in the ratio of - I:2 and accounting for a total of one proton. The anomeric 

proton (A-H-l) of the furanose ring gave a single, asymmetric and broad peak (S 

5.38), consistent with a l-O-linked furanose, but further downfield than expected 

(cf.6 4.88 and 4.86 in refs. 12 and 17). The shift and 1.2-coupling do not allow as- 

signment of the anomeric configuration”. 

Decoupling of the xylose H-la and H-l@ signals enabled identification of the 

signals for xylose H-2n (6 3.57, dd, J 4.2, 9.0 Hz) and H-2P (S 3.29, dd. J 9.2, 7.7 

Hz). Esterification of HO-2 of xylose would produce a downfield shift of -1 p.p.m. 

for the corresponding proton 13, indicating that the ferulic acid is not linked at this 

position. Similarly, by decoupling xylose H-20. assignment of xylose H-3P (S 3.56, 

TABLE III 

ASSIGNMENT OF SIGNALS IN “C-N M R SPECTRUM OF FA? 

Residue 
_____ 

p-L-Arablnofuranosyl 
wD-Xylopyranose 
fi-D-Xylopyranose 

C-l C-2 C-3 c-4 C-5 

102.6 77.7 77.4 82.7 73.6 
92.9 82.0 72.3 71.8 63.9 
97.3 82.3 74 8 68.6 65.9 

C-I c-2 c-3 c-4 c-5 C-6.7 C-8 c-9 C-IO 

trans-Feruloyl -172 114.3 141.6 124.6 109.0 147.6 112 6 117.0 56.7 

“In D?O at 25”. Chemical shifts are expressed as p.p,m. relative to tetramethylsilane. For ldentificatlon 

of C atoms, see 1. 



dd. J 7.7. 9. I Hz) and tentatlvc assignments of xylose k-l-k. H-k. ~ri fi-Jfi i11 the 

region of 8 3.65-3.83 suggested that the fcrulic acid is not csterificd to x\losc. 

-The arabinose H-51 (8 4.30, dd. / 17.0. h.7 Hz) and h (6 -4.5, ~~~:mpk\ mUI- 

tiplet) signals suggest that the fcrulic acid is esterlhcci to 0-q ot arahinorc. Esteriti- 

cation of a primary hydrc,x\I-group results in a d~wniicld shift 01 .- (I.5 [‘.p.n’. t’or 

the corresponding protons. u hereas unsubstitutt‘d ;Irahinc,fur,rno~~ II-5 signals 

uould normally OUCUI- in the region of3,7--i. I p.p.~n” 

Proton signals wcrc not aksigncd tar arahinoxcr H-2 and W.3 ;mJ for YylOsc 

H-S~cu and H-Srp. 

(rf) ‘3C’-1V.m.r. ,sprc~rrm. Assignments of the signals In the 90-MH7 “C- 

n.m.r. spectrum in DJ) arc gitcn in ‘Tahk 111. in 17.p.m. relative to tetr:m~cthyl- 

silane. 

Signals for the C‘-H type ot aromatic atom of the feruloyl group are stronger 

than, and upfield from. those for C-4, C-h. and C-7 (see I far numhcring of carbon 

atoms). The C-l signal may occur at - 172 p.p.m._ but was very wrah. I’hc C-6 and 

C-7 signals could not he distinguished from one another at 147.~7 p,p~m. I’hc signal 

at 141.6 p.p.m. was assigned to C-.3. Assignments fl)r (‘-2. (‘4. C-S. .111d i’-‘j are 

114.3. 123.6. 112.6. ,md 117.0 p.p.m,. rcspecti\cly. and agree \\lttl pubhshed 

values for feruhc esters’.’ ii. .fhe signal at 109.0 p~p.rn” was aGgned to ( -5 ‘ind that 

at 56.7 p.p.m, to the methouyl carbon (C-10) of the tcruloyl group. 

Because the signal at lO9.0 p.p.m. 1s more compatihlc!‘,“ with that of 

feruloyl C-5, the arahinohe (‘-I signal must be that at 103.h p.p.m I’ ‘!’ “. uhlch is 

consistent with a P-t,-furanosyl residue at the non-reducing end“ ‘r’,‘7. I‘he a%lgn- 

ment of the arabinose C-5 signal at 7.3.6 p.p,m, is consistent with the fzruloyl re.- 

sidut: being esterified to this position. with a downfield shitt ot -+‘J 3 ~>.p.rn. 

Assignments of the xylose signals are more compatible with 7- r,tther than 3- 

substitution. The ,B and CY anomeric carbons f+cre assigned the signal+. &it 97.3 and 

92.9 p.p.m., respectively, representing shifts ot -0.~1 and ---0.4 p.p.m compared 

with unsubstituted xylo~e’~, ‘rhe 2p and 2n positions wt‘re dssigncd the \ignalx at 

X2.3 and X3.0 p.p.m.~ representing shifts of -k-7.7 and ~9.5 p.p.m. <ompared with 

unsubstituted xylose’~:. If O-3 were <ubstituted, ;I signal at --X4 p.p.ni. would he i‘x- 

petted for the p configuration; this \~a:, not observed. The re’\ults qcc rrasonahl~ 

well with published data”’ f’or ;I Z-substituted. reducmg xylose residue T’he intc’n- 

sity of the signals at 97.3. 72.3. and 71 .ri p.p.m. has much lowc~ than t*\pectccl and 

probably suggests that the (‘-Ifi and the C-3n and C’--kr positions arc \tcrically hin- 

dered. This is consistent bith other data [see (i) b~lo~j]. 

Some decomposition may have occurred or a small propor-tion 01 Impuntie\ 

may have been present, as unassigned signal\ were obscrvcd at 96.8,59.Q (weak in- 

tensity). and 61.6 p.p.m. (moderate intensity). 

(e) G.1.c. cr./’ trir~ledlvlsrl~latrcl FA,Y (Me+%FAX). The T value c>f McSi- 

FAX is consistent with that of a feruloyl disaccharide derivkve” (‘l‘ahk IV). 

(2.1.~. of Me,Si-FAX gave two peaks in the ratro of 2: 1 (as did rcierse-phase l.c. 

of FAX). Formation of the oyime prior to trimethylsilylation resulted in only one 
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peak, indicating that the reducing end of the disaccharide component is free. 

CjJ G.f.c.-m.s. of Me&-FAX. The mass spectrum of Me-$i-FAX contained 

peaks at m/z (relative intensity): 349 (219), 348 (18), 260 (492), 259 (2224), 258 

(61), 245 (44), 243 (176), 219 (668), 217 (7184), 204 (2088), 191 (1003), 169 (915), 

147 (756), 145 (439), 133 (178), 129 (1422), 117 (375), 115 (464). 103 (1558), and 

73 (4072). There were no ions that could be used to predict the molecular weight 

of FAX in the e.i. mass spectrum of Me3Si-FAX or in the direct-insertion. c.i. mass 

spectrum of FAX. However, the mass spectrum of Me,Si-FAX does indicate that 

the molecule contains feruloyl and pentose residues, including a pentofuranose at 

the non-reducing end. Ions of mlz 349.348,259,258,245, 243, and 169 are typical 

of the fragmentation of a trimethylsilylated, unsubstituted. pentofuranosyl residue 

at the non-reducing end*l. 

The ions at m/z 259 and 260 could arise from a doubly substituted pen- 

topyranose fragment. The fragment with m/z 467 is the pentose equivalent of the 

hexose m/z 569 peak present in the mass spectra of all disaccharides, which is said 

to come from the reducing-end (singly substituted) residue and to indicate the type 

of linkage or substitution**. Its presence could support a singly substituted xylose- 

residue. However, the negligible intensity of the ion is much less than predicted22. 

Thus, the m.s. evidence is consistent with a pentofuranose at the non-reducing end 

TABLE IV 

G L C OF TRIMETHYLSILYL DERIVATIVES” 

Compound Column temperature Retenuon time 
(degrees) (min) 

- 

Monomer 
trans-Ferulic acid 150 

220 

6.3 
-1.0 

Dimers 
I-O-(trans-p-Coumaroyl)-P-D-glucose 

Xylobiose 

Cellobiose 

Oxime of cellobiose 

230 
220 
230 
150 
220 

230 
230 

-0.5 

1.3 
-0.7 

b 

2.5,2.9 
1.6 
1.4 

Trrmers 
2-0-[5-O-(trans-Feruloyl)-p-L-arabmo- 

furanosyl]-D-xylopyranose (FAX) 

Oxime of FAX 

Cellotriose 

150 
220 

230 
230 
220 
230 

b 

Y.4,10.2 
5.4,5.8 
4.2 

30.0 
17.9.21.9 

“Column of 0.2% of OV-25 on Gas Chrom Q, 1.5 m x 4 mm 1.d. bWas not eluted. 
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and perhaps a doubly substituted pentopyranose at the reducing end. 

The two-carbon fragment m/z 204, originating from C-2-C-3 and C-3-C-4 of 

the pentose ringl’ , is abundant. Other fragments of trimethylsilylated pentoses are 

those with m/z 217 (C-3-C-S. base peak) and 129 (abundant). Ions corresponding 

to CHL-O’-SiMes (m/z 103) and MeSit (m/z 73) are abundant. Ions derived from 

the trimethylsilylated feruioyl group are probably those wtth rni~ 219. 191. and 117. 

as the spectrum of trimethylsiiylated methyl trans-ferulate gave the following prin- 

cipal ions: m/z (relative intensity): 380 (Mf, 773), 150 (M’ - 30, 963), 719 (M’ 

- 61, 429). 191 (M’ - x9, 284). 117 (M’ - 163. 302). X9 (M’ - 191. 524), 74 

(M’ - 306, 384). and 73 (M’ - 207.4288). 

M.s. of Me,Si-FAX suggests an unsubstituted. non-reducing pentosyi re- 

sidue, but n.m.r. evidence indicates that the non-reducing arabinofuranosyl re- 

sidue is truns-feruloylated at O-5, This apparent discrepancy could be caused by 

acyl migration of the feruioyl group under the conditions (pyridine-tetrahydrofu- 

ran. heat) used to prepare Me,Si-FAX. The presence of the feruloyl group in FAX 

was confirmed by direct-insertion. c.i.-m.s. of underivatised FAX in comparison 

with ferulic acid. 

(g) Z.r. spectrum. FAX had major i.r. bands with v;‘:: 3700-3200 (OH), 2920 

(CH), 1695 (C=O), 1633 and 1600 (aliphatic C=C. cu,/3 conjugation to ester and 

aromatic C=C). 1.5 17 (aromatic C=C). 890 and X44 cm 1 (anomeric configuration 

of sugars, since absent in i.r. spectrum of rrans-ferulic acid and methyl ferulate). 

The C=O band at 169.5 cm I is lower than expected for an ester ( 173L 17 17 cm ’ I. 

but H-bonding of C=O is possible. 

(h) Lability in acid and afkali. FAX was labile in 0.1 M acid and in 0. I~I alkali. 

Disappearance of the arabinose, relative to the xylose, residue in 0.1 M NaOH at 

20” is probably caused by alkaline degradation reactions, although all solutions 

were rigorously purged with N7, These data are consistent with 2- rather than 3-0 

arabinosyl substitution of xylose, as 2-Q-substitution inhibits alkaline degradation 

from the reducing end of the molecule”. Ferulic acid is also rapidly released from 

FAX In dilute alkali. The lability of FAX in 0.1~ acid is consistent with an 

arabinofuranosylxylose structure. No arabinosylxylose disacchartde or feruioyi- 

arabinose was obtained by acid or alkaline hydrolysis. 

(i) Sodium horohydride reduction. FAX was not reduced by sodium borohyd- 

ride (60 molar excess for 34 h). although l.c. and g.1.c. showed that FAX has a free 

reducing-end. Furthermore. the low-intensity signal for /%xylose C-l in the “C- 

n.m.r. spectrum also indicates steric hindrance. 

0’) 0.r.d. spectra. Aqueous solutions of FAX showed very intense absorption 

between 200 and 400 nm. because of the feruloyl chromophore. but had a relatively 

low, associated optical activity. The o.r.d. over the range 43&650 nm was a reason- 

ably linear. one-term. Drude plot centred at - 280 nm. This analysis can be carried 

a stage further by using the Kronig-Kramer transformation and an Iterative. least- 

squares, curve-titting technique to estimate the intensity and width of the (inacces- 

sible) transition giving rise to the o.r.d. spectrum. The results were concistent, with 
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a single optically active (laevorotatory) transition centred at -280 nm with a 

bandwidth of -25 nm, and a maximum molar ellipticity of - -5000 

deg.cm2.dmol-‘. 

However, the U.V. spectrum of FAX indicated that there may be two opti- 

cally active bands at -240 and -320 nm, which are too close together to be resol- 

ved by this method and are inaccessible by direct measurement of cd. because of 

the feruloyl chromophore. 

The observed moleular rotations, [4] (deg.cm’.dmol-‘), over the range 430- 

650 nm, are given in Fig. 3. From published data24, it is possible to calculate the 

[+lr, for /3- and cY-L-arabinosyl-D-xylose as - +24.110 and - -17,390, respectively. 

However, the [$I p value for FAX of - 167 does not allow assignment of the L- 

furanosyl configuration. Goldschmid and Perlin*’ were also unable to assign, from 

rotational data, the configuration of the arabinosyl group of a trisaccharide, con- 

sisting of an L-arabinofuranosyl group (l-+3)-linked to a xylobiose residue, that 

was isolated from an enzymic hydrolysate of wheat arabinoxylan. 

(k) Zsomerisation induced by u. v. irradiation. Reverse-phase l.c. (system 3) of 

an aqueous solution of FAX (1 mg/mL) that had been exposed to U.V. irradiation25 

Wavelength (nm) 

450 490 530 570 610 650 

Sodium D lune 

Fig. 3. Optical rotatory dispersion spectrum of FAX. 



for 1 h revealed two components in addition to FAX (Table V) The new compo- 

nents had retention times shorter than those of the original anomers and were 

probably the corresponding c,is-isomers of FAX, as u.\,. irradiation is known to 

cause trarzs+cu isnmerisation rn the side-chain double-bond of hydrouycinnamic 

acids”,‘h. Furthermore. in a similar l.c. system. czs isomers have shorter retention 

times than the corresponding tmns isomers”. 

Action of Ovyporus “ccll~lusr” 011 pherzolic acid-l,ol~suc-c,/ruritlc complexes irz 

hrun cdl-~~dls. -- Alkaline treatment of cell-wall residues that were insoluble in 

water and resistant to attack b> Os_~p~~nt.s “cellulase’” showed that -70% of the 

feruloyl groups had been previously removed by enzymic hydrolysis (2-i h; Table 

VI) Sequential treatment with Oxyporzrs “cellulase” and IVaOI-I removed 5c).Rc,; 

of the cell-wall dry-matter. However. the cell-wall residues after treatment with 

Oxypnrzis “cellulase” still contained appreciable amounts of unidentified com- 

pounds that are soluble in Jkal~ and absorb strongly in the 3O(L-350 nm region. Sig- 

nificant differences were noted in the absorption maxima of alkaline extracts of 

bran cell-walls before and after treatment with “cellulase” (Table VI). These re- 

sults emphasise the limitations of using U.V. absorption at 147 nm for determination 

of ferulic acid in alkaline extracts of cell walls, and help to explain earlier di- 

screpancies between this and the l.c. methods (Table II. c$ determination of ferulic 

acid in the NaOH extract by absorbance and by l.c.). L.c. (systems 3 and 4) failed 

to detect other aromatic compounds in the alkaline extract after ncutralisation. or 

in an ether extract of the alkaline extract adjusted to pH 2.0. 

Hatches of 0.ryporzr.s “cellulase“ are variable and ill-defined mixtures of 

polysaccharide hydrolases The hydrolysate * after cell walls had been incubated 

with another batch of enqmc, contained a second ferulic ester-complex and much 

less FAX. When this batch of “cellulase” was incubated with isolated FAX. the 

bulk of the substrate remained unchanged even after 74 h. A small amount of the 

second feruloyl complex was present at 48 h, but had disappeared b\ 74 h with a 

concomitant appearance ot free ferulic acid. Nevertheless. free ferulic acid was 

negligible in all 0qporu.s “cc1lulase” hydrolysates of wheat-hrnn cell-walls, 
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TABLE VI 

RtLEASE OF trans-FEKULIC ACID FROM CELL WALLS OF WHEAT BRAN (~1’ FLANDERS) BY TREATMENT WITH 

SODIUM HYDROXIDE 

Proportion 
soluble 
in M NaOH 
(% of cell wall)” 

Filtrate from NaOH treatment 

Absorbance method 
___ 
h rnirl trans-Ferulic 

(W acrd eymv.’ 
(mglg of cell wall)” 

L.C. method 

trans-Ferulic 
acid content 
(mgig of cell wall)” 

Cell walls 

Residue from 
“cellulase” treatment 

of the walls’ 

50.2 306 
347 13.7 6.6 

15 5 298 

330 7.1 1.9 

“Dry-weight basis, as fraction of orlgmal cell-wall. hCalc from absorbance in 0.2M NaOH at 347 nm, by 
comparison with F of sodium trans.ferulate at 347 nm. ‘Water-insoluble restdue from the treatment of 
cell walls with “cellulase” (Oxyporus “pp.). Yield of residue, 55.X’% of original walls. 

Presence of FAX in enzymic hydrolysates from other graminaceous cell-walls. 
- FAX was present in Oxyporus “cellulase” hydrolysates from other graminace- 

ous cell-walls (barley straw, leaves of wheat and Italian ryegrass, and wheat endos- 

perm containing ~5% of aleurone cell-walls) and from water-soluble pentosans 

isolated from wheat flour. It is likely that the amount in cell walls is a function of 

genotype, cell type, component polysaccharides. and. possibly, conditions of 

growth. 

Cell walls from wheat endosperm and bran, and a water-soluble pentosan 

isolated from wheat flour. were treated with NaOH or with Oxyporus “cellulase”, 

and ferulic aid and FAX in the filtrates were determined by l.c. (systems 2 and 3, 

respectively). From these results and from published analyses of the sugar residues 

present in wheat endosperm2* and bran” cell-walls, it is possible to estimate the 

degree of feruloyl substitution of wheat pentosans. The estimates were as follows: 

water-soluble pentosans from flour, 1 in 20,000 pentose residues (0.4 pmol of 

feruloyl groups/g of polymer); endosperm cell-walls, 1 in 1140 (5.6 pmol/g of 

walls); and cell walls from bran (cv. Flanders), 1 in 150 (34.0 pmollg of walls). The 

molar amounts of ferulic acid released from walls of polysaccharides by treatment 

with NaOH were the same as those released as FAX by treatment with Oxyporus 
“cellulase”. 

Role of FAX as a structural unit of cell-wall polymers. - Arabinoxylans from 

graminaceous cell-walls occur as linear backbones of (1+4)-linked P-D- 

xylopyranosyl residues, to which single arabinofuranosyl (and xylosyl, galactdsyl, 

and glycosyluronic acid) groups are attached directly by (l--+2) and/or (l-+3) lin- 

kages3”. Some internal xylosyl residues from the backbone of pentosans from 

“Beeswing” bran cell-walls”’ and from wheat and barley aleurone cell-walls”’ are 



doubly substituted. at O-3 and O-3. Why then should ferulx ester\ specifically 

occur at 3-O but not 3-O-arabinosyl branch-points of the xylan backbone. and 

what is the function of the feruloql substituent? Ferulovl substitucnts ot pcntosan4 

may act as precursors of more-complex aromatic molt’culcs” ” (>I- ma\ motl~fy thtz 

conformation of the pentosans, and both roles ma)’ bc Lital rn c!ctcrminmg and 

stabilising the quaternarv structure of the cell-wall polymer\ 

EXPERIMENTAl 

Isolatior~ of cdl wrtlls. -- ((I) I,solution oj’crll uull~s of rvhrat hrrrn. Wheat grain 

( Triticurn arstir~ztm L.. CL’. Flanders) was milled (Riihler Mill typt: MlLl.r-X7). The 

bran “stream” was further milled to pass through an 0.8-mm xievc (C’hnstic and 

Norris Laboratory Mill. \IZC 8), and ‘-tlour” u’;I\ removed 1~~ slexinp (Endocott. 

0.15 mm). The rrtained bran (10 g) was shaken wrth neutral detergent s<>lutlon’~’ 

( 100 mL, from which Na2SOP and decahydronaphthalei~~ were omitted) for 2-I h ;tt 

25”. The cell walls from bran (50 g) mere collected on a slnter‘ (porov!\ No. I j. suc- 

cessivelq washed with cold water (I L). hot water (I ii.). acetone (31111 mL). and C~I- 

ethyl ether (iO(l mL), and then dried in wc~~~~ (yield c)t ~t:~ll~. %‘c <)I drk. nlilled 

bran). The absence of cytopla\mic contaminants adhering to the ccl1 \\:nlls \~;I\ con- 

firmed bv microscopy, so that the origin of :+n\ ferulic ester\ could bc reason;~hl\ 

attributed to cell-wall polysaccharirle\. Cell walls \ycrc :rivt isirlatcd Irom (‘1’. 

Huntsman (yield: 39’; of dry. milled Ivan) and from tiurum uhzat (7‘. d~~rum: 

sield: 27C; of dry, milled hrwn I. 

(h) Issoldon of’ cell 1~~11s _from other Sr”rnir2clccous .sour( ES. I_yophilised leaf- 

blades of wheat ( T. ~lrsfi~,~n~ L. ). Italian ryegrass ( L. tnrdti~lorur~~ Len:. . (‘1’ KVP). 

and barley straw (Ilortiuu~~ \‘ulgurc I,. . ~1’ .Iulia) Lvere trcatcd with bollmg. neutral 

detergent solution. and the cell walls were isolated as dtxx-ibrd ahovc. 

Isolatio~z of FAX. -- Bran cell-walls (I g) from Mlieat (<,I,. Flandci-4) wcrc sus- 

pended in a commerci,il ~‘c~llulasc” [ 0,~~poru.v <pp., Merck, 20 ml T rrl?: 550 mg:20 

mL of o.(blM acet:ltc buffer (pH 5 0)) and incubated in the dark for 21 h ;kt i7’ uith 

stirring. In this and all other incubations. a few drops of tolut’nc ut’rc’ .~dded to pre- 

vent microbial growth. The suspension w:js flltered (pcm)sit\ No. 1 slntcr). and the 

r&due was washed with water. The filtrate and wnxhlngs \vere Iyop!lrtiscd. and 

then resuspended in methanol ( IO ml.). The insoluble maten;~l w:is cc,llected h\ 

centrifugation. and rtxutractrd with methanol (5 x 10 ml.): the comhineci 

methanolic extract< were concentrated in ~YKIIO (.%I-). and PAS M’;I\ I\,olatt~d from 

the resulting OII hy i.c. Samples ot the oil ( --60 puL) wart’ fr-actic)n,ited tjii ;t column 

of Sphcn\orb NDS (25 x 0 35 cm 1.d.) wltti nicthanc&walcr \.? 7) i I i) rnl...‘niin. 

X.96 x IOh Pa). The column effluent was monitored at 2% nm ,rnd 1.13s AliFS 

(Pye-llnicam LC.I detector with a IO-I_LL flow-cell). ‘1 he fraction c~~rrqvmdin~ to 

FAX was collected manually. diluted with water. and Iyc~philis~tl. FAY M;I\ \t+jrcd 

In the dark irl \‘NCIU) over silic;t gel. In all manipulations. c;tre c\;I\ tahsn to ;IV~I~ 

u.v. irradiation. which C;IUW~ trtltts--r( I.$ I\omt.risation of h\--dr-~,si,cinn~lrnic acid\ 
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Determination of the structure of FAX. - (a) Complete hydrolysis. Enzymic 

and alkaline treatments were used to achieve complete hydrolysis of FAX. Xylose 

and arabinose in the hydrolysates were measured by l.c. (system 1). and ferulic acid 

by comparison with the absorbance of ferulic acid in 0.1~ NaOH at A,,,, 347 nm 

(E 24,230) and by l.c. (system 2). 

FAX (1.0 mg) was incubated in a solution of type I “cellulase” (Sigma; 10 

mg/mL, 0.01~ acetate buffer, pH 5.0) from Aspergillus niger for 24 h at 37”. No 

transferase activity could be detected when the “cellulase” was incubated with 

amounts of ferulic acid and/or sugars equivalent to those present in the 24-h hydro- 

lysate of bran cell-walls. Methanol (0.1 mL) was added to the enzymic hydrolysate 

before measurement of ferulic acid by l.c., and acetonitrile (1.0 mL) was added be- 

fore measurement of sugars by l.c. 

FAX (1.0 mg) was shaken in the dark with NaOH (0.1~. 50 mL) under N, 

(containing <5 p.p.m. of 0,) for 2 h at 20”, and the ferulic acid released was deter- 

mined by U.V. absorption. No further increase in absorbance at 347 nm was de- 

tected after 75 min at 20”. For l.c. determination of the ferulic acid released. FAX 

(1.0 mg) was incubated with NaOH (O.~M, 5 mL), as described above, for 2 h, and 

the solution was then acidified (6~ HCI, 0.1 mL). For l.c. determination of the 

sugars released, the alkaline solution of FAX was neutralised with Amberlite TR- 

120 (Hf) resin, the resin was removed by filtration and washed with water (5 X 1 

mL), the filtrate and washings were evaporated to dryness in vacua, and the re- 

sidue was dissolved in acetonitrile-water (1: 1. 100 pL). 

(b) Trimethyfsilyfation. A suspension of FAX (1 mg) in “Tri-Sil Z” (100 pL. 

N-trimethylsilylimidazole reagent, Pierce) was shaken vigorously and incubated in 

the dark for 2 days at 37” before adding pyridine (100 pL) and tetrahydrofuran (100 

FL), with heating for 30 min at 60” after the addition of each reagent. The suspen- 

sion was concentrated to 100 PL in a stream of N2. N,O-bis(trimethyl- 

silyl)trifluoroacetamide (100 pL, Pierce) was added, and the suspension was incu- 

bated at 70-80” for 1 h. The following reference compounds were trimethylsilylated 

by the same method: (l-+4)-P-xylobiose, cellobiose, cellotriose, trans-ferulic acid, 

and I-O-(transp-coumaroyl)-P-D-glucose (gift of Dr. L. Nagels, Rijksuniversitair 

Centrum. Antwerp, Belgium). 

(c) Formution of the oxime. FAX was suspended in a solution of hydro- 

xylamine hydrochloride in pyridine (1 mg/lOO pL) and heated for 30 min at 75”. 

The mixture was cooled, and trimethylsilylated as described above. Xylobiose and 

cellobiose were treated similarly. 

(d) G. 1. c. of the trimethylsilyl derivative and reference compounds. Trimethyl- 

silyl derivatives were separated by using a glass column (I .5 m x 4 mm i.d.) packed 

with 0.2% of OV-25 on Gas Chrom Q (801100 mesh); the NZ flow-rate was 40 mL/ 

min. The detector (FID) temperature was 50” above the column-oven temperature, 

as shown in Table IV; samples were injected directly into the column packing. 

(e) G.l.c.-m.s. A Finnigan Automated Gas Chromatograph 4021 El/C, Mass 

Spectrometer was used. G.1.c. conditions: 0.2% QV-25 column (1.5 m x 4 mm 



i.d.) at 330°; injector at 350”; separator at 250’; 4ourct’ at 770”; helium tlo*-rate. 20 

mlimin. The scan was calibrated against tns( perlluoroheptyl)-1.3.<-trla/inc 

(mol.wt. 866). For the Mc3Si deri\ative 01 methyl ~rccrzs fcrulatc the g l.c. c~cjndl- 

tions were: 57; OV-15 column (1.5 m x 4 mm i.c!.) at 31.5 irilector 21 275 . ‘ 

separator at ___ 775n; source 41 XY: 11014 rate . 20 mL/miri. The rL’tentiorl timt’ was h.3 

min. 

v) M.s. Samples were directly inserted into the mass spectl<)mc!cr (hIS QO?. 

Kratos); the temperature ot the ion soturct’ was 3 W.V)O’. Specrr2 b cl i‘ compared 

with those of rrclns-ferulic acid, n-xyl~e, and x~lohiosr. Fur i.i -1li.h.. ~amplrx 

were directly inserted into the Finnigan Mass Spectrometer. ;tnd ~sobutane \\a5 

used as the ionising gas. ~)urcc temperature. 3’0-: prcssurc, Z7 Pa: .inci electron 

energ!, 40 eV. 

(g) N.m.r. spcc~frn. ‘H-Spectra were recorded at 3%) MH7 111 DYO at ?_I (rela- 

tive to tetramethylsilane), and “C-spectra at (IO.5 MHz 111 D4) at 21 relative t(> 

tetramethylsilanc, with I .-I-dioxant: as mtcrnal standard. 

(II) 1.r. ,ym rut. The<e were measured for KBr d~>ca. 

(i) O.r.11. .spwcra. Spectra of FAS (5 mg) in H,O (I mt_I \berc rc~orded with 

a Jasco 530 sp~ctrol”‘larimtt~r (pathlength. 1 cm) at 75” More-prccisc measure - 

ments were made at tised wavelengths (Hg emission lines) with a Pzrhin-Flmcr 

731 polarimeter (same concentration and p&length). 

Partiul l~~drolyvis c!f I;.-1 .Y ult11 “c~~llultrsc~“. -~ FA‘X (37 /_Lg) M3S I!touhated at 

37” in the dark in acctatc buffer (O.Ol~t. 0. I ml_; pH 5.0) containing 30 mL’ ot ‘Vctzl- 

lulase” from 0.rypom.s spp, (20 mU.‘mg). Control incutWtic>ns incc:l\cct FAN plus 

buffer, and cnqme mixture plus buffer. Samples were rcmo\,cd penociic:~ll~ and 

examined by l.c. (system .I 1. 

Release elf phcnolic mtcarr from cdl N~LT md rsdtrtrri po[~.srrr,c,trorili(~\ by trcat- 

rnmt udh “crlldasc”. - Ceil walls (5CL-100 mg) or polysacchandcs t X0 mg) Mert) 

suspended in acetate buffer (0 Olbt, pH 5.0) containing “cellulasc”’ tram 0.t vporu7 

spp. (43 mg in 3 mL) and incubated in the dark for 23 h at 37’ \vlth shaking unless 

otherwise indicated. The suspension was filtered (porositv N~‘cr. I srntt’rb. the re. 

slduc was washed with water, and the comblnrd filtrate and washings w.\c‘rc diluted 

to a standard volume. The rrslduc was washed nith acetone (20 ml I and diethyl 

ether (30 mL). dried in ~WL‘UO. and welghed. 

Treuftlwtlt ofpol~.~clc,c,ilc~rrtles, c di rtds. atd cdl-ndi jrctc.tlorr.5 wrtlz NaOH. 

- The sample (30-100 mg) was suspt~~drd in NaOH (ht. 2 ml.). purged with NJ. 

and incubated for 2-I 11 at 3,“. I’hc suq~ens~on was filtcrcd, the rexrduc RYIS washed 

with water (5 x 0.5 ml,). ;lnd the liltratc and cashing?; wcrt’ diluted 10 a standard 

volume. The phenolic acids were measured ~pcctroph~,tomtttrrcall!, (11 \ ahscjrp- 

tion), and by l.c. (system 2 below). 

7’.1.c. - Cellulose plates (Fl400 Schlelcher and Schtill) wcrc u~d. Solvent 

system\ for phrnolic acid\ wtzrt’ I, formic acid-water ( 1 :?-I): 2. toluene--formic 

acid-water (X:9:3, upper phase); and, for sugars. ;, 1 -propanol-etli! I acetatc- 
water (6: 113); 4, I-propanokthyl acetate-water (1, 1 :2): 3. p\ridln+cthyl ace- 

tate-water (3:6:7); 6. pyridine--ethyl acetate--water (4: 1 :3, upprr plwsr). Platt-s 
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were examined by U.V. irradiation and then sprayed with aniline hydrogenphtha- 

late (to detect sugars) or diazotized p-nitroaniline (to detect phenolic acids3’). The 

RF values for FAX were: solvent I, 0.43; 2, zero; 3, 0.74; 4, 0.72; 5, 0.89; and 6, 

0.82. 

Liquid chromatography (l.c.). - (a) System 1 for sugars. A column of 

Spherisorb 5NHz (25 x 0.45 cm i.d.) was used with acetonitrile-water (4:l) at 2.0 

mL/min (5.65 X 10h Pa). The column and detector were maintained at 25”. The ef- 

fluent was monitored with a refractive-index detector (Refract0 Monitor Model 

11074, Laboratory Data Control, Riviera Beach, Florida, U.S.A.). The limit of 

sensitivity was -10 pg of pentose or hexose. Retention times were xylose, 7.4 min; 

arabinose, 8.5 min; glucose, 11.0 min; and xylobiose, 12.1 min. 

(b) System 2 for phenolic acids. A reverse-phase column of Spherisorb 50DS 

(25 x 0.45 cm i.d.) was used*’ with I-butanol-acetic acid-water (11:1:347) at 1.2 

mL/min (7.65 X 10h Pa). The effluent was monitored at 280 nm and 0.04 AUFS. 

(c) System 3 for phenolic acid esters of sugars. A reverse-phase column of 

Spherisorb 50DS (25 x 0.45 cm i.d.) was used with methanol-water (3:7) at 1.0 

mL/min (13.79 X 10h Pa). The effluent was monitored at 280 and 325 nm and 0.04 

AUFS . 

(d) System 4 for aromatic compounds of high molecular weight. As for system 

3, except that the solvent was methanol-water (3:2). 

Isolation of water-soluble pentosan from wheatpour. - Water-soluble pento- 

san was isolated from a commerial flour (“Sterling”) according to the method of 

Medcalf et al. “. 
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