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Thwe emrymes which degrade dil’l’crem puiyi:lechundc sampamnu of plani eell walls have bccn chamctcrizud by cireutar :Imhrmim (€D). A m«:tcn o

- al endoglucanase, which In the native state formx part of & muliproteln eellulase complex, showed i 1ends aey (o forin sggregules as measured

: by €Dy Depending vn its degree of aggregation, thix enzyme displayed between 50% and 100% helica) structure, whereas » bacterial xylanase and

) !'ungnl palygnlnclummse exhibited more[} wheel strugivre, 'The pulygu!ucmromse wiis nppurcntly devaid ufhchcal struelure

Cc:llulnsi:. Pdlyg.nuc:lurmm;e Xylanase

INTRODUCTlON

The polysacchz\nde polymcrq LG"UIQﬁC. hcmu.cliulose '
and pectin are 3 of the main structural componems of

plant cell walls. Cellulose - consists entirely: of $-1,4

" linked glucose molecules; the major polymeric ccmpo-

~nent of hemicellulose, xylan, consists:of g-1,4-linked
" xylose residues which may be substituted with variable
amounts of other side ¢hain sugars. Pectin is 4 polymer
of £-1,4-linked galacturonic acid contammg est..nrxcd
methyl groups:

- Complete degradation or plant cell walls is effected

" by arepertoire of microbial enzyme activities (bacterial -

~and fungal) which includes endoglucanase, polygalac-
turonase and xylanase. :

Cellulases (endoglucanases, ccllobiohydrolases and

A-glucosidases) of bacterial and fungal origin, have

. been the subject of detailed studies. In both classes of

microorganism the c«:llulase system consists of multiple
proteins encoded by multiple genes but; apart from
primary sequence data, comparatively little is. known

‘about the structures of individual proteins. Endogluca- .

- nase D, synthesized by E. coli containing the cloned -
celD gene from Clostridium -thermocellum, has been

Lrystalhzed but the crystal structure is not yet available,

- [1]. Similarly,. cellobiohydrolase 11 from the fungus
- Trichoderma reesei has been crystallized and the struc-

“ture of the catalytic domain, obtained by treating the
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‘native enzyme with papain, -héé-‘ been shqwn (s} bé éi _
- 7-fokd a/@ barrel [2,3]. This is the first report of this-  ©

type of 7-fold structure as opposed to the 14 cxamples ‘
of 8-fold /@ barrels (for review see [4]). e
Hemicellulases have been less extensively studied but

‘a purified xylanase from Bacilius pumilus has been

crystailized and preliminary X-ray data indicate a struc-"
ture containing predominantly g-sheets [5,6}). ;
The polygalacturonase family of enzymes has been

 investigated in some detail and a gene coding for thisac-
- tivity has recently been cloned (7]. A similar enzyme, -

pectate lyase, which cleaves pectin by a 8- ellmmatlonj :
mechanism, has also been crystallized, but no structulal '

~ information is available [8,9].

- Efficient hydrolysxs of each of the pulysacchande o

coinponents of plant cell walls using microbial enzymes

would allow more effective use 1o be made of cellulosic

. biomass contained in agricultural and domestic wastes,

and is an obvious goal for bwtechnology In order to

develop 1he mixtures of enzymes necessary to achieve '
~ this goal, we will require knowledge. of each of these

proteins at the molecular level, including an- undel- ‘
standing of their structure/function relationships. It
may then be possible 10 use protein. engineering tech-
niques to produce highly active composite enzymes. .
In this paper, we describe the biophysical analysis of
an endoglucanase from the anacrobic bacterium C.

' thermocellum, a xylanase from the aerobic bacterium
Pseudomonas fluorescens subsp.. cellulosa and a poly-
‘galacturonase from the fungus Calletotrichum linde-

muthianum. The first two proteins were purified from

~ cultures of E. coli expressing cloned genes; the poly-’
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aamrzturannse is me full- kmgth native. dnxymc praduceed

by the normal l’ungﬂl hosl. The data abtained highlight
significant differences bétween the secondury strugtures
of the endoglucanase and the 1we enzymes which attack

rhe more amorphuu; substrmes pec.tln and wlau.

2, 'E‘(PELR!MENTA!,

b Enzyme mutﬁwrian

AN Endoghicanpie 8, B, eoti ]N 8) cﬂmnining Y mnm.ms:tt viersion
of the cefB gene cncoding residues 4367 of mawire EGE from €.
thernroesiinm eloned 6 pSTLIP (10) wis cultured [n LI Breth con.
tatning ampiillin (160 agsmb), Caatyvically active EGE contained in

the puriplasmic. feacden lll; witd purified by anien oxelange
chramatagraphy [12].

-3
1)
]
-

2.2 Xylanase s (X YLAL XYLA from P ,mmmmls aymiesized

by & veft PM8Y harbouring pREIG (1] was purified form cell-Tree exs
tract ax deicribed previowdy [12). Ax-a consequénce af post.
tramintional processing by &, eali, XY LA produced by this meahod
consisted af 1the catalytic domuln mul had an af kD) ki (e.f, 60
% Du for the fulldengih prareink

240 Polvgalaciuronase, Polygalaciurenase. nurcletl by O Inu.‘f
mmhimmm Wis punrmd as deweribell nrevlausl) (13,

2.2, Clrrumr Dichrofsim

" §loek salutions of EGE dndl \\'LA were prcp.lrm in 10 mM Tris.

HC1 buffer, pH 8.0. Pulyg:\lnc\umn*’m wiig dissolved in 50 mM
sodinm acetate buffer, pH 3.8, Samples for circular dichrolsy (CD}

ware prepared by diluting these stock solutions to i finnl protein con.

gentrasion of approximately 0.1 mg/ml. Absolute pratein concentra-
tions were determined” from the stock -solutions by amind agid
an.tlym‘ far-UV CDx specira (260-190 am) were measured: using a

laseo JEOO spectropolarimeter, and dain were redorded on-ling using
an 1BM personat computer. Spectra presented are-the average of 4
“seans, recorded at 10 amJmin, using siliea quarntz spmmphomnwmr

cells generally of 1 mm pathiength, The coneentration dependence of

the €D spectra - of EGE was measured using cells with a range of
- pathlengits, An instrument sensitivity of = 20 mdeg full ‘;-.ale wil
routinely used, along with 4 5 time constant (4],

- Secondary strugturg was dedueed by analysing CD spectra recordedt” -
with protein solutions of kiown coneentration, using the CONTIN -
program [15] ona VAX computer, This program fits the experimental

cata wirth the CD spectra of 16 proteins of known secondary strue-
ture, The results of the best it were output as fractions of the 3 strue-
wral components, wehelix, #-cheet and random coil. Instrument

calibration was regularly checked during the course of the work using

!l'?l

3. RESULTS AND DISCUSSION.

Far-UV CD spectra'obtaihed for EGE as a function
of concentration are shown in Fig. L. The specitra are

_nc:rmahsed with respect to concentration since they are
plotted in terms of Ae and this highlights their concen-~

tration dependence. At G.1 mg/ml the spectrum is in-
tense and typical of a protein containing high lévels of
" helix in its structure. It has been shown that CD can
predlct an helical structure with a corrclation coeffi-
cient of 0,97 if the correct statistical methods are ap-
plied [18]. The spectrum showed distinet minima in the
218 and 208 nm regions and a positive peak at less than
200 nm. The intensity of this latter peak is a little low
for helix but this may be due to excessive light absorp-
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Fig. 1. Concemration dependence of the far-UV cirewlar dichrobsi
speciyn of endoglicannse,, The provelin concentrarion was (x), 0.1
mgsmly (), GL.OS mpsmb; (+), 0.02 mg/ml and (0}, 0.08 mginl.
The symbels are YOWIT 1O assist 0 eurve identifieaton ~ind tlu nat
represent individual dain pomu :

tion. Al ‘0.05 and 0.02 mg/mil the in_tensity'in the sub

.200 nm region is more-typical of helix but the intensily
~of the minima is reduced. The results of analysis of-

these spectra using the CONTIN programmie are shown

in'Table 1. The table shows how the enzymeis apparent-

ly moving from alarge proportion of helical structure at

" high concentrations to a much more évenly balanced

situation at lower concentrations with equal amounts of
helix and sheet, It is well known that the cellulase

- system (*cellulosome’) of C.-thermocellum is an ordered

complex containing 14-18  polypeptides with en-

doglucanase activity. 1t is now possible to dissociate

and reassociate the cellulosome components [19] and

~the possibility that the EGE catalytic domain used in

our experiments is. reassociating spontaneously cannot
be excluded. This may have the effect of appareritly in-

creasing the ordering of the system such that it appears

Table | ) ‘
Results from a .compuier programme which analyses circular
dichroism  spectra and. -atiributes -secondary ‘protein ; structural
‘ elements statistically. :

© Endoglucanase  Secondary structure (%) Random
cong, {meg/mi).. - k “structure
' _ a \ .8 : (o)
0.1 100(0,15) o= e
0.05 © .. 76.8¢3.0) 23.1(3.70) -
0.02 . . 42.6(4.8) 57.4(4.8) =
001 : 353008 32.4(5.3); 323

Figurés in brackets are the standard deviations.
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thm there s a prepcndemnee al’ helix. Lt:nf:entmﬂﬁn-

dependent changes in peptide and protein structure

have been reported previously. The bee venom peptide,
melittin, i% perhaps one of the best documented, Cir-
* cular dichrolsm studics of this peptide reveal & transfor-

“matlon from a largely random structure to a highly

hetical structure with increasing concentration [20].
“Thiz structural change only occurs under certain buifer

tonditions but the transformation correlates with the
formation of a tetrameric aggregate as the peptide eon-

centration is increased. Aggregation phenomena in

several proteins are aecompanied by an ineretse in

structure in- the rvegion ol the interFace bBetween

monomers in the aggregate, Dimer formation of 4~

lactoglobulin B is induced by raising the pH from 2 o

-3, Infra-red and circular dichroism measurements have
identified that dimers are stabilized by the formation of

an intermolecular &-sheet formed by hydrogen bonding

‘between surface F-strandsof the monomers at the june-

tion zone (21]. Our hypothesis is that the concentration
depandent lielix formation that we observe with EGE is
linked to the f‘carmat‘wn of aggregates by this protéin, It
- would seem likely that ‘the interface between: en-
2 doglucanasc monomers in these aggregates is stabilized
by interactions between helix motifs (most probably

hydrogen bonds [22), which form at the junction be-

tween neighbouring monomers), The structure at inter-
faces between subunits of dimeric and tetrameric pro-
teins has been recently reviewed [22]. ‘Proteins that

form aggregates by helix-helix packing include citrate -
synthase, cytochromec¢’, phosphofructokmase and laL-‘

tate dehydrogenase.

. The other alternative is that iner casmg the concentra- -
. tion of the truncated enzyme.favours the folded confor-
mation and as the concentration is decreased denatura- -

tion increases with apparent loss of conformation.

"Far-UV CD specira obtained from xylanase and -

-polygalacturonase are shown in Fig. 2. Again the spec-
tra show helix-like features but their intensity is much
reduced compared with the endoglucanase spectra, The

“results of the CONTIMN analysis of these spectra are
shown in Table 1I-and indicate a more stable structure

“for these enzymes in solution. In particular the xylanase
gives a figure for 4g-sheet of around 60% which is
similar to the figure of ca. 57% proposed for B

pumilus [6] xylanase (based on X-ray diffraction). The

information  for polygalacturonase indicates around
60% of sheet and ‘a very low amount of a-helix.
" These results indicate that there may wel] be somedif-

ficulty in obtaining reliable structural data for the.

~ catalytic domain of EGE. The general impression one
can gain is that at some concentrations the enzyme may

© be at the ‘molten globule’ stage of folding [23] and the
extent of the gene truncation may have to be modified
 to obtain a stable molecule. However the indications
~are that the truncated form seems to have a minimumn -
conformatxon of equal guantities of sheet. and hellx ‘
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-‘ Fig. .2 . Far-UV r.heulnr du.hromm m-:s.rm abtained I‘ram (x]. ‘
‘xylnnnse and (), polygalaciuronuse samples, The specira were

recorded ara concemration of 0.1 mig/ml, The symbols argshown o
.uml i gurve, udmuflcz\limt and do not représent individual data
pumts

~which Is similar to the suuc.tule proposed for

cellobiohydrolase II. The xylanase and polygalac- -

turonase are clearly mamly sheet structures with licle if ~
- any helical structure in. the polygwiacwlonase

“The results reported here are the first comparlson of -
the structures that are responsible for the degradation
of ‘cellulose, hemicellulose and pectic- materials.” The

catalytic protein which degrades cellulose is different in -
. secondary structure to the enzymes degrading the more
amorphous

hemicellulose. and . pectic materials,
However this should not be taken to mean that there
will be great differences in the active site regions of

. these -enzymes, Attempts .to crystallize other intact:
. cellulases rather than cellobmhydrase 1l from. T reesel
-~ and endoglucanase D from C. thermocellum have failed

and it appears to ‘be very _mlpo:tant o lprep_are
fragments of the endoglucanase which contain the ac-
tive site region only [3]. The evidence we provide is that

Tnhlc Il

Results from a computer programme which analyses circular
- dichreism spectra ‘and attributes secondary, .protein s[ruclural

_elements statistically .

Prmcin and coue. ‘Secondary structure (%) Random

: : ‘ : strucrure
o B )

Kyiansse 29527 65.9(3.1) 4.603:1)

(0.1 mg/mi) ‘

Polygalacturonase - .5,4(3.1) 58.8(3.5} 35.8(3.9

. l mg/mol)

Figures in brat.kels are the smndard deviations,
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truncated  endoglucansse - énzymes from . rther=
“nrocellum are still able to aggregate, For workers trying

to erystaflize these enzymes, our results highlight the

importince of examining them by techniques such ag -

CD, which can identify aggregmmn ‘before proceeding

to erystallization trials; this is particularly relevant in -

‘the case of known aggregating enzymes such as EGE

from €. thermocellum, We used an ¢ndoglucanase
fragment from 4-467 (362 amino acids) compared ta -
the fragment 83-447 of cellobichydrase I1 (365 amina -
acids) used by others [23] and would have expected

similay erystallization vesutis Flowever, it has not prov-
ed possible to obrain erystals of EGE thus far using the
methods of Rouvinen ([3]. This is almosz certainly
because the protein aggregates as b increases in concen-
tration in‘the hanging drop. Further constructs will be

made to try and reduce the tendency for aggregation in -

this protein as measured by CD.
Attenipts Lo crystallize xylanase have met wuh more

success and pretiminary crysmlhzmmn clmn wnl bc‘

pubhshcd separ'uely

REFERENCES

I}, Juhrr G., Béguin, P..Mnllm ‘A f\uhm 1P, Alzari, P, vy,
M. and Pohah R.J. {1086} I, \1ollhol 1RY; 249-150,

(2] Berglors, T., Rouwinen, J.. Lehtovaara, P, Caldemey, X.,
Tomme, P, Cla’eysscm M., Petterssen, G, chn T., Knowles,
I, and JancsTA (1989) J, Mol. Biol. 20‘3 167~ 169

3] Rouvinen, J,. Bergfors, T.. Teeris T., Knowles, .H\C and SR
-122] ‘Miller, 8, (1989} Prot. Eng. 3, 77- 83, .
(23] Mantouschek, A., Kellis, ). T,, Serrano, L Bytmn M. and

Jones, T.A. (1990) Seience 249, 380-386. -

{4} Goodenough, P.W. (1991} In: Enzymes for Food Processing ' -

(Tuc.kcr anu WoocH cds ) pp. 35~ 97

358

FERS LETTERS

My 1991

" (3 Morlyama, H., Hae, Y., Yamaguchi, H., Saa, M. Shinmye,

A.kTaumh.N..mwa,H.aw Katsubg, Y. tl%‘nj M, Bml
193, 237-13K,

(6} Kavwbe, Y., Hawa, Y. Yamagwehio H.. Moriyama, H..

Aninmyo, Ao and Okuda, H, tl%i)l Prwmlingv af Pmtein
Euogineering 89, pp. 289, .
l‘-‘l Griersan, B, Ticker, A Keen, 1o, Pay, L., Bird, C: R. and
CSueh, RoU989 MNuslele Acid RBev. 14, &AWSWIHMH ‘
(31 Kim, €Y., Modser, U Keen, Noand dienak, F, (IQE‘JU Mal.
Hial. 208, 364-347, ‘

(99 Yeder, M.I., De Chntne D.A. m's:i Jurpak, CFL 199m X, Biol,

Chem, 265, (1439-1 421,

‘{l(l] Hull, .. Haziewoor, (‘.P‘.' Surani. Mh Hirst, IL.H. anel

tunhert, .1 (19903 1-Biol. - Chem, 2635, IB‘J%”]‘)W‘J

{1 Huelewead, GLP., Dwidmn. K., Clirke, L.H., Durrant, A, J..'

Hall, 1. and cnilhern H.IL uwm Lsuymc Midrob, Teehnal 12
656082,

- 112} Hall 1., Hazlewoed, 6.9, Huskmmn N‘i Durmm AL, nnci

Gilbart, H.J, (19891 Mol Micreblol, 3, 1211-1219,

: [ia] Keen. J PR, and Waksman, G, (1990} Appla Environ,

Micrabjal. 56, 28222828,
[1-1] Clark, D.C. nml Snsith, 1.3 (1939)1 A;m Food Chem, 37,
647,

.us} Prt,wcm.iwr, SV, *mtl Clmkncr 1. (l‘)Bl) Bmchtmmry i1

33-37.

”[llﬁl hoann. T..  Meguro, H, and ’[‘ummura. k. (1975) Aﬁ‘ll

Biochem. 67, 226-232.

{l?} Taknkuwa, T., ‘Konno, T. and Meguro, H (W?S)An'\l Sel, l.

15218,
[18] Johnson, W.C. (1940) P:omns? .205- 214,

T119] Bhat; KM, (1990), pers. comm.

{20! Bella, J., Bella.H R.and Cran:\dos B, (1982) Bmchcmmry"l

‘ 461-465,

(211 Casal, H L., Kohler, u. and Mums;!l H.H, (1933) Blm.hlm.
- Biophys, Acta 957, 11-2¢,

¥ershi, AR, (1990) 346 440-445



