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The amino acid sequence (197 residues) of xylanase A from the fungus, Schizophyllum commune, was determined by automated analysis of peptides

from proteolytic and acid cleavage. The sequence is similar to two Trichoderma xylanases (approximately 56% identical amino acids), but also shows

at least 40% identities with xylanases from Bacillus subtilis, B. pumilus and B. circulans. The conserved regions of the enzyme contain only two

glutamic acid residues which implicates their possible involvement in catalysis. The disulfide bond in xylanase A is not conserved in this family.
In spite of this, the B. subtilis xylanase was found to be more thermostable than xylanase A.

Xylanase; Basidiomycete; Homology; Bacillus

1. INTRODUCTION

Xylanase-aided bleaching of kraft pulps is currently
being practised in several mills in Canada and Scandi-
navia (for a review see [1]). The enzyme reacts with
acidified or neutralised unbleached pulp (brownstock)
and allows subsequent savings in bleaching chemicals
required to achieve a target brightness [2,3]. The com-
mercially available xylanases differ slightly in their pH
and thermal stabilities. Ideally the enzymes should re-
main stable at temperatures commonly encountered
during brownstock storage. With current efforts to con-
serve water, the brownstock storage temperature is
likely to increase beyond the present average of around
50°C. One approach to increased stability is to modify
the enzyme structure by protein engineering. In order
to understand more fully the structural features which
contribute to enzyme stability, and thereby to allow a
rational approach to protein engineering, we have de-
termined the structure of a fungal xylanase and com-
pared its thermostability to that of a bacterial xylanase.

The wood-degrading Basidiomycete, Schizophyllum
commune, produces extracellular xylanases (EC 3.2.1.8)
[4-6], which, together with acetyl xylan esterase [7], fer-
ulic acid esterase (8], and xylosidase [9], are capable of
complete hydrolysis of xylan, the predominant hemicel-
lulose in deciduous trees and annual plants. One strain
of S. commune (ATCC 38548) yields 200 U/ml of xyla-
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nase when cultured on a wood-meal medium [10], a
relatively high productivity which may be of industrial
interest. The major xylanase (xylanase A) has been iso-
lated and partially characterized previously [6]. Xyla-
nase A hydrolyses larchwood xylan to xylooligsac-
charides, with xylobiose and xylose accumulating as
final products. The enzyme active site contains carboxyl
groups which are essential for catalytic action [11]. Ear-
lier studies with partial N-terminal amino acid sequence
of xylanase A have indicated some similarities to the
corresponding sequence of xylanases from Bacillus sub-
tilis [12] and B. pumilus [13]. We describe here the total
amino acid sequence of the enzyme and its striking sim-
ilarity with xylanases from prokaryotes. We conclude
that the unique presence of a disulfide bond in xylanase
A does not confer increased thermostability relative to
B. subtilis xylanase.

2. MATERIALS AND METHODS

Schizophyllum commune (Delmar) (ATCC 38548) was maintained
on malt agar broth. Xylanase A was produced in 10 [ liquid spruce
wood meal cultures as described previously [10]. Nine-day cultures
were centrifuged (7,200 x g) and then concentrated (5 x) with a Mil-
lipore ultrafiltration unit (10,000 M, cut-off membrane). The concen-
trate was purified by elution from DEAE-Biogel A as described previ-
ously [3], followed by further fractionation on Sephacryl S-200 and
Mono-Q columns. The B. subtilis xylanase was purified from cultures
of Escherichia coli expressing the gene, as described previously [3].

Xylanase A was reduced and carboxymethylated in 6 M guanidine
hydrochloride, 0.05 M Tris-HC buffer, pH 8.25, by addition of dithio-
threitol under nitrogen, followed after 1 h by [**Cliodoacetic acid.
Protein was recovered on a Biogel P-6 column. In the absence of
guanidinium hydrochloride, no reduction occurred.

The sequence of xylanase A was determined by automated sequence
analysis of peptides obtained by digestion of the reduced, alkylated
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protein with lysyl- and arginyl-endopeptidases, staphylococcal V8
protease, and hot acetic acid. The large peptides were isolated with
TSK SW columns (7.5 x 600 mm x 4) in 6 M guanidine hydrochloride
and the smaller peptides were further fractionated with reverse-phase
HPLC columns.

Automated gas- and liquid-phase sequence analysis were performed
as described previously [14]. Amino acid composition analysis was
performed on a Dionex D-500 or Applied Biosystems 420H analyzers.
A SCIEX quadrupole mass spectrometer AP1 III with an ion spray
interface and a mass range of 0-2400 amu/e [15] was used to analyze
a 5% acetic acid solution of the enzyme (0.1-0.2 mg/ml).

Alignments of amino acid sequences and evolutionary relationships
of xylanases were determined with Geneworks version 2.2.1. software
by Intelligenetics Inc., Mountain View, CA.

3. RESULTS AND DISCUSSION

The sequencing strategy and complete amino acid
sequence of xylanase A is shown in Fig. 1. The molecu-
lar weight deduced from the sequence was identical
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{within one unit) to that determined by electrospray
mass spectrometry. The cysteine residues (positions 111
and 160) were found to be linked by peptide mapping
of proteolytic digests before and after reduction. This
is in agreement with earlier experiments [11] which sug-
gested that no free thiols exist in xylanase A.

Gilkes et al. [16] have classified f-1.4-glycanases
{mainly cellulases and xylanases) into ten families. Fam-
ily G is composed of bacterial and fungal xylanases
(Fig. 2). An alignment of S. commune xylanase A with
these sequences, and with Strepromyces and
Trichoderma xylanase sequences determined since the
Gilkes classification, indicates extended regions of con-
served sequence (Fig. 2). The S. commune xylanase is
most similar to Trichoderma harzianum, T. reesei, and
T. viride xylanases (Fig. 3). The Bacillus xylanases are
more distantly related and have a lower turnover num-
ber on larchwood xylan {27]. Torronen et al. [28] have

»
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Fig, 1. Amino acid sequence of xylanase A from S. commune. The peptides shown were obtained by treatment with trypsin (T), chymotrypsin (C),

tys/C enzyme (K) Arg/C enzyme (R), Ghw/C enzyme (E), or mild acid hydrolysis (D). + indicates residues identified directly by phenylthiohydantoin

amino acid derivatives obtained by automated Edman degradation. The molecular weight calculated from the amine acid sequence was 20,978
Da, and the average mass determined by mass spectrometric analysis was 20,977,
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shown a correlation between sequence similarity and pl
in the family G xylanases. However, this correlation
breaks down with S. commune xylanase (pl 4.5 [10}),
which is grouped with the alkaline pI Trichoderma en-
Zymes.

Of the sequences shown in Fig. 2, only S. commune
xylanase has a proven disulfide bridge. Generally, such
bridges stabilize the protein, due to decreased confor-
mational entropy in the unfolded state [29]. However,
when S. commune xylanase was compared to the rather
similar B. subtilis xylanase, the thermal stability was
lower (Fig. 4). Evidently other factors, such as electro-
static and hydrophobic interactions [30], play a more
important role in establishing thermal stability in the B.
subtilis xylanase, Reduction and carboxymethylation of
denatured xylanase A gave a protein that could not be
renatured, as observed in conformational studies of a
thermostable xylanase from the fungus, Humicola
lanuginosa {31]. Other thermostable xylanases, from
Caldocellum saccharolyticum [32] and Clostridium
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thermocellum [33], are larger enzymes than xylanase A,
and are both found in family F of Gilkes classification
[16], i.e. they are structurally unrelated to S. commune
xylanase A.

Carboxylic amino acids are essential for catalytic ac-
tion of xylanase A {11}, Only two glutamic acids, Glu-87
and Glu-184, are conserved in the sequence alignments
shown in Fig. 2. They align with glutamic acid residues
which eliminate or reduce enzyme activity when re-
placed by site-specific mutagenesis in Bacillus sequences
[27,34]. From previous reports on the functionally sim-
ilar cellulase enzymes, it appears that either Asp [35] or
Glu [36] can serve as catalytic-site residues.

The three-dimensional structures of two bacterial
xylanases from B. pumilus [34,37] and B. circulans (R.
Campbell, unpublished data), and one fungal xylanase
from Trichoderma harzianum (R. Campbell and D.C.
Rose, unpublished data) have been determined so far.
These xylanases have very similar structures which con-
sist of a single domain containing three S-sheets and one

A.tubigensis, A = 06-=—-mommeess ee AGINYVON YNQNLGDFTY DESAGTFsMY MEDGVSSDFV GGWITGS TYSAE 57
A.niger awa - «~=AGINYVON YNGNLGDFTY DESAGTFSMY DGVSSDFV ~GWTTGS TYSAE 587
T.reesel,I == 00@ memsososoe e ASINYDQN YQTG-GQVSY SPSNTGFSVN WN--TQDDFV ~GWTTGS NFGGS $3
S.lividans,B DTVVTTNQEG TNNGYYYSFW TDSQGTVSMN MGSGGQYSTS WMR--NTGNFV —~GWANGG QY-SG 65
Streptomyces sp, 36a ATTIT--NET GYDGMYYSFW TDGGGSVSMT LNGGGSYSTR [Mr~~NCGNFV ~GWANGG RY-TG 63
S.lividans,C ATTITT-NQT GTDGMYYSFW TDGGGSVSMT LNGGGSYSTQ [I--NCGNFV ~GWSTGD RY-NG 63
B.circulans AST-—=—mwm ] D~~YWONW TDGGGIVNAV NGSGGNYSVN [WE--NTGNFV ~CWTTGS NYNAG 56
B.subtilis AST——mmmmm D-~YWONW TDGGGIVNAV NGSGGNYSVN [WE--NTGNFV ~GUTTGS NYNAG 56
T.reese1, ] QTIQP--GTG YNNGYFYSYW NOGHGGVTYT NGPGGQFSVN NSGNFV —~GNQPGT NF-5G 64
T.viride QTIGP--GTG FNNGYFYSYW NDGHGGVTYT NGPGGQFSVN ME--NSGNFV ~GWOPFGT NF-SG 64
T.harzianum QTIGP--GTG YSNGYYYSYW NDGHAGVTYT TVN S--NSGNFV ~GUQPGT NF-5G 84
3, commune SGTPS--8TG TDGGYYYSWW TDGAGDATYQ YTLT LV -GWNFGA SY-5G 65
B.pumilus RTITNN-EMG NHSGYDYELW XDYGNTSMTL NNG~GAFSAG WNNIGNALFR -KFDSTR TH-HQLGNIS INYNA 71
C.acetobutylicum,B KTITSN-EIG VNGGYDYELW KDYGNTSMTL KNG-GAFSCQ MWMSNIGNALFR ~KENDTQ TY-~-KQLGNIS VNYDC 71
R.flavefaciens SAADQQ-TRG NVGGYDYEMW NQNGQGQASM NPGAGSFTCS MENIENFLAR ~NYDSQK KNYKAFGNIV LTYDV 13
Consensus Teao==eG . .GY.Y..W .DGGG.V... N,.GG.FS.. ~=N.GNFV JGK-GW..G. ..-==—- I .Y..G 75
A.tubigensis, A YSASGSASYL AYGWWNYPQ YYJVEDYG PYYRVCTD 313 FTQYF 131
A.niger awa YSASGSSSYL AMYGWNYPQ YYEVEDYG PRVCTD! P FTQYF 131
T.reesex, I FSVNSGTGLL SUYGWSTNPL YY[MEDNH g um.ﬂﬁ 12 FNQYI 125
5.lividans,B SFNPSGNAYL ALYGWISNPL MEYYEVDRWG IYKT poide o -FDQY 136
Streptomyces sp,38a WFNPSGNGYG CIYGWISNPL YYEVDNRG IYKTY pNFP -FDQY 134
S.lividans,C YFNPVGNGYG ClYGWIISNPL YY{EVDNRG 1¥QTY -FOQY 134
B.circulans VWAPNGNGYL THYGWIRSPL YYWVDSWG IYTTY TETQY 128
B.subtilas VWAPNGNGYL THYGWIRSPL YYNVDSWG TYRPHT-GTY K VKS( nYTTy TFTQY 128
T.reesel, 11 SYNPNGNSYL SMYGWSRNPL YYQVENFG TY T~GAT KUGEVTSH IYRT( FYQ-Y 137
T.viride SYNPNGNSYL SYYGWSRNPL YYIVENFG TY T~GAT KIGEVTSH IYRT( FYQ-Y 127
T.harzianum SYNPNGNSYL SHy L YYLVENFG TY T-GAT KIGEVTSQ IYRT( FYQ-Y 137
S.commune TYQPNGNSYL SMYGWIRSSL YYJVESYG SYLPES~AAS H VTC ILSTWRY FEQ-F 138
B.purilus SFNPGGNSYL CMYGWIQSPL AEYYEVDSWG TYRPRG-=-A Y. FYAQGG IYETY FXQ-Y 142
C.acetobutylicum,B NYQPYGNSYL CUYGWISSPL YYEVDSWG SWRPPG-~GT S 1TV IYETIRE FKQ-Y 143
R.flavefaciens EYTPRGNSYM CUYGWIRNPL YYEVEGWG DWRPPGNDGE VHGIIVSAN IRKT FPQ-Y 147
Conssensus .. .P.GNSYL .\YGW¥.NPL .| VE.®WG .YRPLT-G.. K V.54 I¥. T8 F.Q.Y 150
A.tubigensis, A FvREsT-~~ RTSGmwwmm T VIV N;E hnHGunso- FryovvavEp wsspimw'r 15§mmmmmm 184
A.niger awa 4SVREST-=~~ RTSG--~~~ T VIV, N. ROHGFGNSD~ FNYQVMA ! WSGAGEASVT I55-=~—-= 184
T.reesex, I SVRNGP = RTBG-==== T VTIVQ N-M PSIKRHLGQO- MNYQVVA WGC ASQS VSN-w——== 177
S.lividans, B SVRRSK==-~ RTGGTIT--T GN D, PRAGMPLGNE SYYMIMATEG YQSHATSSIN VGGTGGGDS 197
Streptomyces sp,d6a WSVROSK==~ VTSGTIT--T ---G DA AR, RYYMIMAT YOSEHSTIT VSG—=——m—m 189
S.livadans,C [SVROSK~=~ YTSGSGTITT ---Gl DAW R, MGQF RYYMIMATE YOSEFENIT VSGwmm—ew 191
B.circulans WSVRRSK-~~ RPTGSNATIT --FTNHNVN & LGSN WAYQVMATEG YQ NVT VW 185
B.subt:lis WSVRPSK~~~ RPTGSNATIT --F 1 LGSN WAYQVMATEG YQS. NUT VW————mee 185
T.reesei, 1T ISVRRNH RESG~ - S VNTANHFNMW ROQGELTLGT- MDYQIVA' YFSEPASIT VS——-m——m 130
T.viride YRRTH-~~ RESG~--—-. S VNTRNHFN POQR.TLGT- MDYQIVA ¥F ASIT VS§ 1380
T.harzianum ISVRRNE~~~ RSSG 5 VNTANEFN SHOLTLGT~ MDYQIVA’ YF ASIT Vs 150
5.commung SVRNPK~~~ KAPGGSISGT VDVQRFD G LGSE HNYQIVATEL YOSHAUATIT VI-—--—-- 137
B.pumilus WSVRDT-~m~ «KRTS--=-GT VSVS R ESIKRMPM~GK MYETAFT YOSEBANVM TNQLFIGN- 201
C.acetobutylicum,B SVRRT-~~~ ~KRT§5---GT ISVS AN PL-GK MHETAFN .l YQs: ADUN SMSINIGK~ 202
R.flavefaciens SVRDTSGSA NNQTNYMKGT IDVSHHFDAW BA. DMSGT LYEVSLNIES YRSNGEANVK SVSVe---- 211
Consensus SVR). 5, === R.5G.~-=-=T V...N FNFLK..QM.LG.. ..YQ..AEG YQSHFA..T VS.cvmmmn 219

Fig. 2. Alignment of S. commune xylanase A with other xylanases from family G. Sequences obtained from Aspergillus niger [17], Aspergillus
tubigensis [18], Trichoderma reesei [19], Streptomyces sp 36 A [20], Streptomyces lividans [21), Bacillus circulans [22), Bacillus subtilis [12],
Trichoderma viride [23), Trichoderma harzianium [21), Bacillus pumilus {13}, Clostridium acetobutylicum [25}, Ruminococans flavefaciens [26].
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Fig. 3. Possible evolutionary relationships among xylanases from fam-

ily G, based on the multiple alignments of amino acid sequences. The

extended N-terminal sequence of C. acetobutylicum xylanase B (resi-

dues 1-31) and the C-terminal sequence of S. lividans xylanase B
(residues 198-293) were omitted.

a-helix. The f-sheets are mostly composed of anti-par-
allel strands. The active site cleft lies in a deep groove
between f-sheets I and II1. Two completely conserved
glutamic acid residues, which corresponds to Glu-87
and Glu-184 of S. commune xylanase A, are found in the
active site of the three xylanases. The distance between
the two carboxyl groups is about 7 A [37]. Conversely,
none of aspartic acid residues of the xylanases of this
family are completely conserved (Fig. 2), and it appears
that they are not essential for activity [27,34].
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