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ABSTRACT-S-GIucosidase [EC 3.2,121] and  endo-B-1,4-glucanase  IEC 3.2,1.4] actMties  were  measured

in the wood-eatlng  higher termite Nasutitermes takasagoensis. 3-Glucosldase activity was  present main[y  in

the salivaty glands (66.7e/o) and  midgut  {22,2%), whereas  endo-fi-1,4-glucanase  actMty  was  detected majnly
in the midgut  (90,1 %). Specific actMty  of endo-B-1  ,4-glucanase  was  also  the highest in the midgut,  indicating
that cellulose  is digested in the mldgut.  The  major  endo-P-1,4-glucanase  componemt  ot  IV. takasagoensis

was  purified from whole  termites by ge[ filtration on  Sephacryl S-200 HR, Superdex-75 and  hydroxyapatite

column  chromatography,  Subsequentiy, the endo-B-1  ,4-glucanase activity from a crude  midgut  extract  was

eluted  in an  identical volume  {Kd=O,68> to that from whole  termites, suggesting  the purified endo-S-t  
,4-

glucanase Is identical to that in the midgut,  The molecular  weight  of  the purified endo-P-1,4-glucanase  was

47  kDa, and  its speclfjc activity was  1 ,200  unitslmg,  The optimal  pH and  temperature were  5,8 and  650C,
respectively,  The  IC, and  L4.., values  on  carboxymethyl  cellulose  were  8.7 mgtml  and  2,222 unitstmg,

respectively. The  purified endo-P-1  
,4-glucanase

 hydrolyzed cellopentaose  to cellotriose and  cellobiose, and

cel[otetraose  to cellobiose  and  a trace of cellotriose and  g]ucose, but cellotriose  and  cei)obiose  were  not

hydrolyzed. The activity and  stability on  pH and  temperature ot the purified endo-fi-glucanase  are  prominent
among  those from various  organisms.

bNTRODUCTION

   Cellu)ose is one  of the most  abundant  renewable

biornasses in the biosphere, It is a  polysaccharide composed

of E}-D-glucopyranosyl units joined by 1 ,4-glycosldic  bonds,
There  are  three major  types of enzyme  involved in hydrolysis
of ceHulose  (Wood, d 985). Endo-B-1 ,4-giucanases  [EC 32.1 ,4]
hydrolyze mainly  amorphous  cellulose, resulting  in a  rapid

decrease  in chain  length together with  a siow  increase in

reducing  sugars.  S-Glucosidases [EC 3.2.1.21] hydrolyze
cellobiose  and  soluble  cellooligosaccharides  to glucose.
Cellobjohydrolases[EC3,2,1.9f]degradecellulosebysplitt]ng
off ce"obiose  units from the non  reduclng  end  of cel)ulose

chain,  but not  attack substituted  cellulose  llke carboxymethyl

cel[ulose.  Natlve cellulose has been supposed  to be hyd roryzed

by cooperative  actien  of the enzymes,  However, insects never

appear  to be capable  of  forming cellobiohydrolases  except

'
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the possible case  of the silverfish {Prins and  Kreulen, 1991},

   Cellulolytic $ystems  of insects have been mainly  studied

in lower termites and  wood-eating  cockroaches  which  were

closely  related  to each  other  phylogenetically (Kambhampati,
i9g5), It has been widely  known that lower termites and  wood-

eating  cockroaches  have  numerous  protozoa  within  an

enlarged  part of their hindgut, so-called  
"paunch':.

 In early

studies  on  cel:ulose  digestion in termites, CIeveland (1 923,
1924, 1925, 1934> proposed that intestinal protozoa were
essential  for the lower termite Reticuiitennes fiavipes and  the

wood-eat]ng  cockroach  Ccyptocercus  puncturatus. Yokee

<1 964) first demonstrated in Leucotermes (=Reticuiitermes)
speratus  that termites have their own  cellulase  activity.

Subsequentlv, Yamaoka  and  Nagatani (1975) demonstrated
that ceLlulolytic activity is present in both the  salivary  glands
and  hindgut of R. speratus.  Sim"ar  reports  suggesting  the

presence  of the salivary and  hindgut cellulases were  obtained

in Mastotermes  darwiniensis (Veivers et ai, , 1 982), Neoterrnes

bosei (Mishra, 1980), Coptotermes Jacteus (ObBrien et al,,

1 979) frorn the late 1970s  te the beginning of 1 980s, Therefore,
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Yamaoka O989) assumed  in R  speratus  that cellu)ose was

degraded in food vacuoles  of the symbiotjc  protozoa by
synenergistic  action  of both protozoan Ci-cellulase

(celiobiohydFolase)andendogenousCx-cellulase(endo-B-1,4-
glucanase) trom the salivary glands, ln 1 994, Scrivener and
Slayiorseparatedandcharacterizedendogenousendo-S-1,4-
gtucanase and  P-glucosidase components  from the wood-
eating  cockroach  Ranesthia cribrata, Subsequently, Watanabe
et aL (1 997) reported  puritication and  propertIes of endogenous

endo-S-1,4-glucanase  components  from the lowertermite R,
speratus,  Thus, enzymatic  prope rties of  cellulases  in Eower

termites and  xylophagous  cockroaches  have  started  to be

clarifjed,

   ln higner termites, it has been considered  that their

cel:ulolytjc systems  differ from that of bower termites because
higher term[tes  have  no  symbiotic  protozoa in spite of

numerous  bacteria within  theirgut (Bignell etaL,  1979, 1980a,

b, 1983; Czo]ij et at,, 1985; Anklin-MUhlemann  et aL, 1 995),

Until the beginning of 1 980s, it had been  assumed  that hindgut

bacteria of higher termites substituted  for protozoa oHower
termites in the role of ceilulose  digestion (Breznak, 1982).
However, severali  nvestigations indjcated that a Iarge amount
ofcellulaseactivitywaspresentinthemldgut(PottsandHewitt,

1973; Martin and  Martin, 1 979; O'Brien et ai,, 1979; Malaka,

l986; Hogan et aL, 1988; Chararas and  Noirot, 1988; Veivers
et al, t991), ln addition, there are  no  affirmative  reports  on

bacterial cellulose  degradation except  one  study  whlch

suggested  the possible role  of  bacteria in ceMulose  degradation

ot wood-eating  termites <French, 1975), The presence of a
largeamountofcellula$eactMtyindependentofanysymbionts
has led to the propesal that celluiose is digested ln the midgut
by endogenous  cellulases  in xylophagous  higher termites

although  it is controversial  on  the role  of fungus in cellulose
digestion of fungus-growing termites which  ingests fungal
nodules  growing on  specjal  faece$ of termites (Martin, 1991;

Slaytor, 1992). Cellulases were  not  fully purified from a
xy)ophagous  higher termite although  a  tew of  them  were

partiaUy purified from Tlinervitermes tn'nervoides (Potts and

Hewitt, 1974a, b) and  Nasutitermes walkeri  (Schulz et at.,

1986). Characterization of the enzymatic  properties is a  key
to understand  the cellulolytic systems  of termites and

cockroaches,  Since higher termites are  more  evolved  species

than R. speratusor  P. cribrata, and  are  the most  successful

species  in the tropical area  (Wood, 1988), the clarification of

the cellulolytic system  in the higher term ite is of importance in
understanding  not only  cellulolyiic system  of termites but also
the evolution  of  the interactjon between termites and  their
intestinalsymbionts,

    In the present study,  we  report  ceHulose  digestion,

purjfication and  properties of the major  endo-P-1  ,4-glucanase

componentfremthewood-eatlnghighertermite,Nasutiteimes

takasagoensis  {Shiraki) (lsoptera: Termitidae:

Nasutitermitinae).

MATERIALS  AND  METHODS

fermites

   Arborea1nestsandIogsinhabitedbyNasutitermestakasagoensis

(Shiraki) were  collected  at lriomote-island [n Okinawa prefecture
tocated in the subtropical  region  of Japan, Termltes were  kept at room
temperature  with  nest  materials.

Prepararion of  extracts  tor enryme  assays

   O.1 M  Sodium acetate  buffer, pH 5.5, was  used  in the preparat[on
of ali extracts  and  in all assays,  unless  otherwise  jndicaled. Alt

procedures were  carried eul at 4"C.

   The salivary glands and  whole  gut were  removed  from 20 termites
and  dMded  into the toregut, mldgut,  mixed  segment,  first proctodeal
segment,  paunch and  coion with the rectum. The saliva ry glands and
each  ef  gut sectlons  were  homogenized  in 10 pl ot buffer in
microcentrif-ge  tubes (1 .5 mO  and  centrituged  at  20,1OO  x  g for 20

min,  Supernatants were  coliected  and  dlluted to 600 pl with  buffeT,
then which  were  referred  to as enzyme  extracts.

Eniyme  assays

   Endo-tl-i,4-glucanase. Enzyme  extract  (25 y]> was  ]ncubated
with  20e  y1 of 2V'e (w,tv) sodium  carboxymethy)cellulose (CMC; sta"dard
molecular  weight/  250,OOO, degree of ca rboxymethyl substitution/ O,7
{wfv); Aldrich) in buffer at 37eC for 30 min.  Reduclng sugars  were

detected  with  tetrazolium bbue (SigmaHJue and  Llpke, i985} and
expressed  as  glucose equ[valents.

   fi-Gfucosidase. Enzyme  extract  {25 ul} was  incubated with  200

yl of  2%  (wtv) cellobiose  <Nakalai Tesque)  in butter at 37"C for 30
min.GIucoseproductionwasdetectedwithaGOD-mutarotasereagent

kit <G]ucose Cl1 Test Wake; Wako  Pure Chemical).

Pfotein measurement

   The  protein content$ of samp]es  were  determ[ned by the djrect
UV  melhod  of absorbance  at 280  and  260  nm  (Layne, 1957)  or at

215 and  225 mm  (Murphy and  Kies, 1960) using  bovine serum  albumln

as  a  standard,

Definition of  enzyrne  unit

   One umit of enzyme  activity is defined as  the amount  of enzyme

which  produced 1 pmoi  of  reducing  sugar  (glucose equivalents)  Qr

gEucoserminete. SpecMc actMty  is defined as un[tslmg protein,

Columnchromatography
   Worker and  soldier  termites (15 g} were  homogenized  in i50  mL

of  djstilled water,  and  centrifuged  at 24,OOO x  g for 30 min,  The
supernatant  was  recovered  as  a  cfude  extract.  Ammonlum  sulfate

was  added  to the crude  extract  and  centrifuged  at 24,OOO  x  g for 30

mln  te collect  precipitation. Precipitation from 35 to 70%  (ws"v}
ammenium  $ulfate solution was  co"ected  and  djssolved in 30 mi ot

O.3 M  ammonjum  acetate  buffer, pH 5.0. This is referred  to as  70%

precPitation and  was  applied  to celumn  chromatography.

   A[1 chromatography  was  earriea out at 4"C. Fractions containing
endo-5-1,4-glucanaseactivitywerecencentratedusinganuitratiltration

cell (Model 8003, 801O or  8050; Amicon, Grace Japan K.K.) with  a

UK-1O  membrane  (PVDF, molecular  cut ofi 1O,ooO, Advantec TOYO).
Protein was  mon-tored  at  280 nm  "si ng  a UV-1 monltor  {Pharmacja),
   The 70%  piecipitation {5 ml  at  once)  was  applied  to Sephacty1 S-
200  HR  (Pharmacia) gef tiltration column  (26 × 900 mm},  equilibrated

and  eluted  with  O,3 M  ammenium  acetate  buffer, pH 5,O, at a fiow rate
ot 1 ,O mVmin,  with  the collection of 5 ml  fractions, Fractions contalning

endo-S-1  
,4-glucanase

 activity trern 6 replicalions  of the gel f"tration

were  concentrated  to 1 ml  using  the ultrafiltration  cell, and  then

chrematographedonaHiLoad16?60SupeTdex-75prepgradecolumn

(Pharmacia). The column  was  equilibrated and  eLuted with  O,3 M
ammonium  acetate  buffer, pH 5.0, at a  f]ew rate  ot O,6 mVmin,  with

the collection  of  1.2 ml  tractions. Active fractions vifere recevered                                               '
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desalted and  concenttated  to 1 ml usJng  the ultratjltration cell with

destilled water, The concentrated  sampie  was  adsorbed  on  a

hydroxyapat]te (DNA grade, Bio-Rad) column  (10 × 50 mm).  The
column  was  washed  wlth  40  ml  of starting  bufier (20 mM  sodium

phosphate buffer, pH  5,5}, and  eluted  with  a 50 ml  linear gradient to 1
M  sodiurn phosphate, pH  5,5, at a  flow Fate  of O,2 mVmin,  wLth  the

col)ection of t,O ml ffactions. Actlve tractions vvere  desalted and
concentrated  ta 1 ml  using  the ultrafiltration cell, and  again adsorbed

on hvdroxyapatite, then eluted  by the same  precedure,
   Mldguts from 1OO workers  were  hemogenized in 1 ml  ot buffer in
a  microcentrifuge  tube, and  centrifuged  at 20,1eO x  g tor 30 min. The
supernatant,  which  is reterred  to as  a  crude  midgut  extract, was

sirnilarly chromatographed  on  lhe Supe rdex-75  column.

   Activity durjng the purification steps of endo-B-1,4-glucanase  was

measured  using  25 ul of appropriately  diluted sample  and  200 ltl of
2%  (wlv) CMC  at 37ZC for 1O min,

Electrophoresis

   The  purified endo-B-1  ,4-glucanase  was  examined  by SDS-PAGE
accord  Lng  to the method  of Laemmii {1 970>, The sample  and  proteFn
standards  (GIBCO BRL,  Life Technolegies,  lnc,) were  run on a 1O%
(wlv) acry[amide  gel aU  5 mA,  Proteins were  detected with  sllver

stain kit (Bio-Rad).

Characte riza tion of  the purified end"ff  1, 4-gtucanase

   Optjmal temperature andpH,  Activity of  the pure endo-3-t,4-

glucanase was  measured  at pH 5.5 over the range  from 20 te 70'C
with 50C inte rval$ for 5 min  to determine the optima[  temperature. To

evaluatethermaIs{ability,enzymesampleswereincubatedatconstant

temperature  trom 20 to 700C  with  5CC inte rvals  for 30 min  and  then
assayed  at 37"C {or 5 min,  ln ordeF  to measure  optimal  pH, 2%  (wJv)
CMC  in three klmds ot buffers was  used  forenzymatic assays/  O.04 M

phosphorie acld,  O,04 M  acetic  acid  and  O.04 M  boric acld mixture
-
 O,2 M  NaOH  bu ffer {pH 1 .B to 1 2.0)/ citrate  

-
 phosphate buffer (pH

2.2 to 8,O] Mcllvaine, 1921}; O.2 M  boric acid  and  O.2 M pota$sium
ehloride  

-
 O.2 M  sodium  carbenate  buffer (pH 7.4 to 1 1 ,O),

   Hydro4vticproducts from cellodextrins  by  TLC. Samples (1O pO
were  ificubated with 1O pl of 60 mM  solvtions  of cellopentaose,

cellotetraose,  cellotrlose,  cellobiose (Sigma) at 37'C. Aliquots <2 .Ltl)
were  collected  at O time and  30  min  for estimation  ot kjnetic constants,

and  e time and  18 hr for analysis of hydrolytic products, The products
were  analyzed  by TLC as described by Hansen O975). The TLC p]ates
for hyd rolytic pioduct analysis  were  scanned  by a  GT-5000 $can  mer

(EPSON), The density of each  spot was  estimated  using  NIH )mage
software  on Macintosh computer  (Apple ComputeF lnc,),
   Estimation oikinetic  constants,  Forthe evaluation  et IC,, and
1(.. va)ues,  soFuVons  of ce]lopefitaose  (O 25  to 6,O mM),  celjotetraose

(O,2 to 2,O mM)  and  CMC  (1 to 40 mgtml)  in buffer were  used  as

substrates.  Reducing sugars  were  detected as  described in enzyme

assays,

RESULTS

Generat view  ofthe  afimentary  canat

   Figure 1 shows  a schematic  drawing of the alimentary
canal  and  the salivary  glands in At. takasagoensis,  The

alimentary  canal  was  composed  oi the foregut, midgut,  and

hindgut. The midgut  elongated  toward  the  hindgut, and  fo rmed
the mixed  segment,  The hindgut was  further subdivided  into

five segmentsl  the first proctodeal segment  (Pl ), enteric valve

(P2), paunch  (P3), coLon  (P4>, and  rectum  (P5).

Cetlutase activity in the alimentaty canat

   The distributlon of cellulase activity through the gut of  N.

Fig. 1, General view  et  the alimentary  canal  and  salFvary  glands in

   N, takasagoensis, Oe, oesophagus;  S, salivary  glands; F, foregut;

   M, midgut;  Ms, mixed  segment:  Mp,  Maipighian  tubules; H,

   hlndgut: Pl , tirst proctodeal segment;  P2, enteric  valve:  P3,

   pauncini P4, colon: P5, rectum.

takasagoensis is shown  in Table 1 , B-GIucosidase activi  ty was

dominant in the salivary  glands (66,7%), while  22,2%  of  S-
glucosidase actjvity was  detected in the midgut,  The level of

P-glucosidase activity  was  lower in the mjxed  $egment  O ,2%>
than that tn the midgut,  and  it was  hardly detected in the first

proctodeal segment,  Only  a  small  amount  of  fi-glucosidase
actMty  was  detected in the paunch (4,9%), B-Glucosidase
activity was  not detected in the colon  and  rectum,  Specific
activity of S-glucosldase was  the highest in the midgut,  and

was  slightiy higher than that Ln the salivary glands.
   More  than 90%  of endo-P-1,4-g)ucanase  activ]ty  was

localized in the midgut.  The  level of endo-S-1  ,4-glucanase

actMty  was  much  lower in the foregut (3.6%) and  mixed

segment  (2.3%> than in the midgut,  and  jt was  hardly detected

in the salFvary  glands and  first proctodeal segment  (O.4%).
Endo-B-1,4-glucanase actMty  was  absent  in the paunch,
where  was  considered  as  the main  site of celiulose  digestion

in lower termites. A srnall amount  of endo-B-1,4-glucanase

activity  was  detected in the colon  and  rectum  (3.29S), Specific
activityofendo-P-1,4-glucanasewasthehighestinthemidgut.

It was  2.9 and  240  times hlgher than those of  the foregut and

salivary glands, respectively.
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Table  a.Distrjbutjon of  ce]lu]ase  activjties ln the gut of N. takasagoensis

endo-S-1,4-glucanase B-glucosidase

section   totalactivity

(un[ts> (%}specificactivity  (unitsimg)
  total activity

(units) (%)specMc
 activlty

  {unitsrmg)

salivaty glands
foregutm]dgutmixed

 segment

PlP2-P3P4-P5

O,Ol ±, O.OO
O.08 ± O.OO

f.99±O.09
e.os ± o.oo
e,ol ± o.eo

  oo,e7
 ± o.oo

 O.4
 3,690.1

 2.3
 O,4

  o
 3.2

O,Ol ±O.OO
O,83 ±O.03

2,40± O]O
O,03±O.OO
o,ol ± o.eo

  oO,07
 ± O.OO

o.32±o.e4
o.o3 ± o.al

O,ll ± O.06
o.el ± o.oo
  oO,02

± O.OO
  o

66,7
 4,922,2

 12
  o
 4,9

  D

O.34± O.04
O.07±O,03
O.36 ± O.21
o.el ± o.oo
  oO."

 ± O.Ol
  o

Values are  means  of  5 determinations ± S.D,
One  unit [s the amount  of enzyme  which  produced either  1

equlvalentsYmin,

-mel  of glucose or reducing sugar  (glucose

Purification of the major  endaff  1,4-gtucanase component

   A  major  endo-S-1  
,4-glucanase

 component  was  purified
from the whole  termites. The  major  endo-P-t,4-glucanase

activity  was  eluted  on  Sephacry: S-200 HR  at 365  ml

(Kd=O,75), However, the protein profiie did not show  any  peaks
at a corresponding  volume  to the actFvity peak because the
sample  contained  only  a  small  amount  of endo-B-1,4-

glucanase pretein (Fig. 2). Active fractions in eaeh  replication

were  combined  and  chromatographed  on  a Superdex-75
column  (Fig, 3), The ende-B-1  ,4-gtucanase  activity was  eluted

at 87,6 ml  (Kd=O.68), The protein prof"e also  showed  an

identical peak to the endo-B-1,4-glucanase  actMty.  In
hydroxyapatite chromatography,  the endo-P-1,4-glucanase
actMty  was  eluted  at 49 ml (1 75 mM  sodium  phosphate) (Fig.
4), Active fractions were  again  appljed  to the same

hydroxyapatjte column.  Then,  the endo-S-1,4-glucanase

activ]ty was  also  eluted  at 49 ml  {175 mM  sodium  phosphate).
The  purified endo-S-1,4-glucanase  was  pure after  the

duplicated hydroxyapatite chromatography  because it was
detected as  a single  band  on  SDS-PAGE  by silver staining

(Fig. 5). The melecuiar  weight  of  the major  endo-B-1,4-

glucanase component  was  estimated  to be 47  kDa  by
comparing  its mobility  with  standard  proteins on  SDS-PAGE.
Thepurificationofthemajorendo-3-1,4-glucanasecomponent

was  summarized  in Table 2. The  endo-3-1,4-glucanase  vvas

purified 6,OOO-fold from the crude  extract.

   The crude  midgut  extract was  also  chromatographed  on

Swperdex-75 (Fig. 6>. Endo-B-1,4-glucanase actMty  was

eluted  in an  identjcal vo]lime  (Kd=O.68) to that trom whoie
termites,

Fig.2,nm.

Aecopt<v.Ee9tu

1.2

O,9

O,6

O.3

             O 100 200 30Q

                            EIution Volume (ml)
Elution profile of crude  extract  on  Sephacryl S-200 HR.
One unit is the amount  ot enzyme  which  produced 1 limol of reducing  sugari'min

4oo

4.0

3,O

2,O

1.0

oEN..ve--u$:8epast98fi

{<>) Endo-S-1 ,4-glucana$e activity; (-) protein measured  by absorbance  at 280

                Bar indicates pooled fractions.
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AocoN<v.E99q

O.08

O.06

O.04

O.02

o 50 100 150

12,O

9.0

6,O

3,e

ogin-===vothes=dioprf--co

 1tt

 -d

 dn

 1ov=pt

                                    Elution Volume  (ml)

Hg. 3. EFution prefile ot the pooled fractlons of Sephacryl S-20e HR  on  Superdex-75,

   by absorbance  al 280  nm.  Bar  indicates pooled fractions.
(Q) Endo-B-1,4-glucanase activjty; (-) protein measured

O.Ol

ficcopt<w.E2

   o,oo)'
9pt

o 2S 50 75

s.e1.0

   o
    e4.o

 ). g.s
   

'a

   e
    $3.o

 8 o.6
    8
    =

   
-tu

   "2.0
 --  O.4

   di
    6
   E
   tu1.0
      O.2

AEwo.ed=amo=ptfi,eTotn

                                   Elution Volume  <ml)
Fig. 4, Chromategraphy  ef the pooleti fractlons ot Superdex-75 on  hydroxyapatite. (O) Endo-S-1,4-glucanase  activity; {-) protein rneasured  by

   ab$orbance  at 280 nm:  (--} sociium  phosphate gradient.

Charactetizationofthepurifiedendo-fi-1,4-giucanase

   Figure 7 shows  the etfect of pH on  actMty  of the major

endo-S-1  ,4-glucanase component.  The  major  endo-S-1  
,4-

glucanase component  had  optlmal  activjty  at  pH  5.8, and
retained  more  than 60%  of the maximal  activity from pH 5.0 to

9.2. However, the actMty  dropped sharp)y  in more  acidic or

aikaline  ranges,  The  activity was  Iost at pH  4.0 and  1 1 .8,

                                       '

   The major  endo-fi-1 ,4-glucanase  component  had optimal
temperature at 650C {Fig, 8). The  activity was  stable  up  to

550C during 30 min  preincubation  but was  iost after

preincubation at  650C (Fig, 8),

    Hydrolytic products by the major  endo-P-1,4-glucanase

cemponent  were  examined  using  cellodextrins  (Table 3).
Cellopentaose was  hydrolyzed  to equimelar  amounts  ot
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Fig. 5. SDS-PAGE  forthe purified endo-B-1,4-glucanase  by silver
   staining.  E, purified endo-P-1,4-glucana$e  (arrow); M, molecular

   weight  standards  consisting  of myosin  H-chain (20 kDa),
   phosphorylase b (97.4 kDa}, bovine serum  albumin  (68 kDa),
   ovalbumjn  (43 kDa), carbonic  anhydrase  (29 kDa), and  B-
   lactoglobulin (18.4 kDa). The molecular  weight  of the purified
   endo-S-1,4-glucanase  was  estimated  to be 47 kDa.

cellotr[ose and  cellobiose. Ce[lotetraose was  hydrolyzed mostly
to cellobiose,  and  to a trace of cellotriose  and  glucose.
However, the major  endo-6-1 ,4-glucanase  component  did not
hydrolyze cellotriose or cellobiose,

   Kinetjc con$tants  on  CMC,  cellopentaose  and  cell-
otetraose  were  shown  in Table 3, PC, value  on  cellopentaose

was  smaller  than that on  cellotetraose.  K;, value  on  CMC,  8,7
mglml,  is almost  equivalent  to 34.8  pM  according  to the
average  molecular  weight  of CMC.  Thus, the PC. value  on  CMC
was  extremely  smaller  than those on  cellopentaose  and

cellotetraose.  In contrast,  i4... value  on  cellopentaose  was

larger than that on  cellotetraose,  Similarly, 1(... value  on  CMC
was  much  larger than those on  cellopentaose  or cellotetraose,

DISCUSSION

   P-Glucosidase actMty  was  found in the salivary  glands
and  midgut.  Specific actMty  was  also  high in the salivary

glands and  midgut.  This is the first,report suggesting  that the

saljvary  glands are the major  secretion  site of B-glucosidase
as  well as  the midgut  in higher termites.

    The  midgut  had more  than 90%  of endo-B-1  ,4-glucanase

activity, whereas  a  smal[  amount  of the activity was  detected

jn the hindgut, This result is consistent  with  the case  of other

xylophagous  higher termites (Potts and  Hewitt, 1 973; O'Brien
et  aL, 1979; Hogan et aL, 1988; Chararas and  Noirot, 1988),

supporting that the midgut  is the main  site of cellulose  digestion
in N. takasagoensis. Gel filtration profile irom the crude  midgut

extract  showed  that the major  endo-B-1,4-glucanase  actMty

was  eluted  in a  corresponding  volurne  with  that from whole

termites, suggesting  that the major  endo-P-1  
,4-glucanase

component  was  identical to that in the midgut.  AIthough
absence  of symbionts  was  reported  in the midgut  of termite$

belonging to Nasutitermitinae (Potts and  Hew[tt, 1 973; Czolij
et al,, 1985), the specific  activity in the midgut  was  higher

than upstream  and  downstream parts ot the alimentary  canal

(i.e. sa[ivary  glands, foregut and  hindgut). These results

indicate that endo-B-1,4-glucanase  is secreted  jn the midgut
tissue, Worthy to note,  the main  secreting  site of endo-B-1,4-

glucanase is the salivary glands in lower termites (Yokoe, 1 964;
Yamaoka  and  Nagatani, 1975; O'Brien et aL, 1979; Mishra,
1980; Veivers et al,, 1982; Mednicova  and  Tiunova, 1984;
Watanabe  et aL, 1997). It is probable that secretion  sites of

cellulase  have  been  changed  in the course  of evolution  of

termites, ln the present study, no  endo-B-1  ,4-glucanase  activity

was  detected in the paunch, where  is considered  as  the main

site of cellulose  digestion in lower termites, suggesting  that

the paunch  is not  the site of cellulose  digestion in N.
takasagoensis. Although no  bacterial cellulase  was  found in
the hindgut of N. exv'tiosus (Hogan et aL, 1988), the presence
of bacterial cellulase  is not deniable in the hindgut of N.
takasagoensis  because the small amount  of endo-P-1  ,4-

glucanase was  detected in the colon  and  rectum,  where  have
no  secretory  cells but are associated  with intestinal bacteria

(Noirot and  Noirot-Timothee, 1977; Yamaoka  and  Nagatani,

1978; BigneH et al., 1980c; Czolij et aL, 1984).

   In spite of numerous  studies  on  purification and  properties
of  ceilulases  from fungi, bacteria and  plants, only  a few  insect
cellulases  have been purified and  characterized.  Endo-P-1,4-

g[ucanase components  have been purified from four species
of insects; the fungus-growing  higher termite A,lacrotermes
mafieri  (Rouland et al., 1988), the lower termite R  speratus

(Watanabe etal,, 1 997), the wood-eating  cockroach  P. cmbrata

Table 2.Purification of  the major  endo-B-1  ,4-glucanase component  from N, takasagoensis

total activjty

  (units)
total protein
  (mg)

recovery

  (%)specificactivity
 purification

  (unitslmg) (fold)
crude  extract

70%  precipitation
Sephacryl S-200 HR
Superdex-75
Hydroxyapatite 1
Hydroxyapatite2

1100

 755
 167
 57.2
 10.7

  6.0

6200
 383
   t.75
  027
  O.O16
  O,O05

1OO
 68.6
 15.2
 5.2

  1.0
 O.5

  02

  2.0
 95.4
 210
 6701200

 ･

   1
  10
 477105033506000

One  unit  is the amount  of enzyme  which  produced t pmol  of  reducing  sugar(giucose  equivalents)fmin.

NII-Electronic  



The Zoological Society of Japan

NII-Electronic Library Service

The  ZoologicalSociety  of  Japan

Ce]lulase from N. takasagoensis 89

o.og

O.06

A=coN<v.

 o.04
,Ee9mO.02

o so leo 150

1,O

    o
    ff
    x

    ee
    

'a

    e
    8
    8
    8
    :O,5

 
-hm

    "
    -p
     1

    o.     1

    o
    v
    =
    pt

                                       Elution Volume  (ml)
Fjg. 6. Elution profile of crude  midgut extract om Superdex-75, (< >> Endo-P-1,4-glucanase activity; (-) pfotein measured  by absorbance  at  280

   nm,  The endo-B-t,4-glucanase  activity wa$  eluted  in an  identical volume  (Kd=O,68) to that trom whole  termltes.
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Fig. 7, Effect of  pH on  the purif[ed endo-B-1,4-glucanase  actMty,

   cFtrate, or  (A) boric acid,  KCI  - sodium  carbonate  buffer.

   pHActMty

 was  measured  using  (/'1) acids  mixture  - NaOH,  (O) phosphate  -

(Scrivener and  Slaytor, 1994) and  the wood-eating  larvae of

the longicorn beetle Eigates laber(Chararas et aL, 1983>,

Table4summarizesenzymaticpropediesamongendo-P-1,4-

giucanase components  trem different organisms.  In the

present study,  molecular  welght  ot  the major  endo-fi-1,4-

glucanase component  from N, takasagoensis was  estimated

to be 47  kDa, This value  is similar to the previously reported

moleculaT  weights  from the insects, and  is within the range  ot

that of most  fungat and  plants endo-P-1  ,4-glucanases  <Wood,
1991 : Maclachlan and  Carrington, 1991).

   Specjtic actMty  ef  the major  endo-5-1,4-glucanase

component  from IV, takasagoensis is higher than those from
other  organisms,  Since CMC  which  has universally  used  as

substrate  has varied  in degree of polymerizatjon and
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Fig. 8. Effect of temperature (/1) and  thermostability (<>} on  the purMed  enao-B-1  ,4-glucanase aetivity. For measuring  thermostabi[ity, enzyme

   samp[es  were  pre]ncubated at each  tempe  rature  tor 30 min,  and  then assayed  enzyme  activity at 37"C.

Tabie 3, Kinetic constants and  hydrolytic products forthe

   majorendo-P-1,4-glucanasecomponent

substrate it VTax products

CMC
 G5
 G4
 G3
 G2

8.7 mglml

1,1 mM4.5
 mM

2222unitsimg

 216unitsJmg

 101 unitslmg

  G3=G2
G2>>G3, Gl
   n.d.

   n.d.

One  unit is the amount  of enzyme  which  produced i umol  of

reducing  sugar(glucose  equivalents)fmim.

CMC=carboxymethyl  ceHulose;  G5=ceMopentaose:
G4=cellotetraose/G3=ce:]otriose;G2=cellobiese;G1=g)ucose
n.d.=notdetected,

substitution  among  lots or suppljers,  enzyme  affinity and

reaction  veloclty  are  affected  by degree  of them. Even  if
differences of enzyme  affinity and  reaction velocity are  taken

into account,  specific  actMty  of the major  endo-3-1,4-

glucanase component  from N, takasagoensis is considered
to be prominent among  those from djfferent organisms  (Table
4>,

   OptimalpHotthemajorendo-B-1,4-glucanasecomponent

from N. takasagoensis is identical to that of Z  trinervoides

(Potts and  Hewitt, 1 974a), and  is similar  to those of R. spera tus

(Watanabe et aL, 1997), N, exitiosus  <Schulz et  af,, 1986),

most  anaerobic  bacteria (Rapp and  Beermann, 1991) and

plants (Maclach)an and  Carrington, 199t). Aithough actMties
of endo-B-1,4-glucanase  components  irom the other  insects
decreased in alkaljne pH, more  than 60%  of  activjty  of the

purified endo-B-1,4-glucanase  from N. takasagoensis was

retained  even  jn pH 9.e. Optimal temperature of the major

endo-3-t,4-glucanase  component  irom N, takasagoensis was
650C  and  stable  at 550C at least 30 min,  The optimal

temperature and  high thermostability are  similar to those ot

N. exitiosus  <Schufiz et aL, 1986) and Z  trinervoides{Potts

and  Hewitt, 1974a), but the major  endo-P-1,4-glucanase

componentfrom  N, takasagoensis is stablerthan  those ot  other

insects,

   Hydrolytic properties of the major  endo-S-1,4-glucanase

component  trom N. takasagoensis  are  similar  to those of

partially purified endo-P-1  ,4-glucanase  from N. exitiOsus, whlch
hydrolyses cellotetraose  to cellobiose, but does not hydrolyze
ce[lotriose or cellobiose  (Schulz et aL  1986>, ln R  speratus,

YEGI  aiso  shows  simiFar  properties to the major  endo-P-1  
,4-

glucanase component  frem N. takasagoensis though YEG2
hydrolyses cellotr}ose (Watanabe et ai,, 1997), ln P. cribrata,
EG1 and  EG2  also  do not hydrolyze cellotriose or  cellobiose

(Scrivener and  Slaytor, 1994), A trace of glucose production
from cellotetraose  by the major  endo-5-1,4-glucanase

component  from N. takasagoensis  was  pTesumably due to
transglycosjdation as  is reported  in the case  ot  EG1  of P.
cribrata  {Scrivener and  Siaytor, 1994). As the IC. value

decreased with higher polymerization degree of substrate, the

purifiedendo-B-1,4-glucanaseisconsideredtoincreaseaffinity
to the substrate  when  polymerizatjon degree become higher,
The X,.. values  indicate that specific  activity also  beceme

h]gher when  polymerization degree become  highcr, Simliar
tendency was  reported  for endo-P-1  ,4-glucanase  components

from R  speratus  {Watanabe et aL,  1997> and  P, cribrata

(Scrivener and  Slaytor, 1994}. Therefore, endo-B-1,4-

glucanase activity from these species  depends on the length
of cellulose chains.
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Table4.Compar[son of enzymatic  properties among  purified endo-P-1,4-glucanase  cempenents  frem various  erganlsms

Species
MW  Sp.act,
{kDa> (units]mg)Opt.pHopttemp.

 Stabletemp. i<, LC"ax
  ("c) ("c) (mgtmO (unitsfmg)iiDS

HiGHERTERMITES
Nasutitermes takasagoensis

iMacrotermesmafferi

       Cellulese IT

       Cellulase LI
LOWER  TERMITE
2Re;iculitermessperatus

           YEGI
           YEG2
COCKROACH
3Panesthia

 cribrata

            EGI
            EG2

LONGiCORN  BEETLE
4Eigates

 faber
       celiulaseA

FUNGI5AspeigiY}usniger

6Tricoderma
 viride

      Cel)ulasellA
      Cel)ulase llB

      Cellulaselll
7Robt?larda

 sp. Y-20
       CMCase  1
       CMCase  il

BACTERIA
S777ermomonospora

 tusca

              El

              E,
"Ctostridiumthermocetlum

ie51-kDa
 subunit  of cellulosome

47

3452

424t

53,648.8

25

31

304345

5659

9446

83-94
 51

1200

360274

73,683,4

17t,t318,2

116.83

29,834.9520,OO

17.072.3

76877

65,1595

5.8

44,4.4

6,O6,O

4.0-4,7

4.0

5Ds.es.e

 s.e4.0-5.0

6.e6.0

525.0

65

5537

5050

45-50

605050

6055

7458

6260

-60-･55--42

-40-40

-60

-･60-50

-50-50

B,7

7.51.0

1,831,48

9,46,8

20

O.86

O.81O.96O.54

O.60

O.36O.12

2222

527540

123.2490.1

O,7

O.71O.71

O,55-O,65

O,7i

O.62-O.64

O.62-O.64O.62-O.64O.62-O.64

O.51

One unitis  the amount  of enzyme  which  produced i ymol of  reduclng  suga  r(glucose  equivalents)tmin.  Each  endo-B-1  
,4-glucanase

actMty  was  measured  at 37"'C unless  othervvise  indicated. 
"
 Rou[and et aS, (1 988). Cellulase IT vvas  puritied trom the whole  termites

but was  supposed  ta be orjginated trom iungus, 2 Watanabe et af. (1997>. 
i
 Scrivener and  Slaytor (1 994). Activity was  measured  at

40CC, Original values  were  1850 and  3440  unitsimg  (unit$ were  mg  reducing  sugarJhr)  for specific  activities  of EG1  and  EG2,

respectively,  va.. value$  were  22,2 and  88,3 unitslmg  {units were  mg  reducing  suga  rfmin)  for EG1 and  EG2, respectiveiy.  
"
 Chararas

et  aL  (1983}, 
S
 Okada (l985). ActMty  was  measvred  at 30 'C.  

6
 Okada (1975, 1976). Activity was  measured  at 30CC. 7 Yeshigi et aL

O988), S  Calza etaf,  (1 985). Act;vity was  measured  at 56aC. 
"
 Ng  and  Zeikus (19Bl), and  

'OMori
 (1992). Activity was  measured  at

60'C. iiDegree
 of substitution for used  CMC.

    Our results  demonstrated prominent eftic[ency  oi the

major  endo-S-1,4-glucanase  component  from N.
takasagoensisincelFulosedigestionamongthosefromvarious

organisms.  This higher efficiency seems  to compensate  the

lack of  protozoan cellulases  because higher termite lost
cellulolyticprotozoainthecourseotevotution,Thewood-eating

h[gher termites must  have increased adaptability to cellulose
diet and  have flourished by acquisition  of highly efficjent endo-

5-ri ,4-glucanase,  This higher efficiency also seems  to partially
expiain  why  higher termites play more  slgnificant role than

Iower termite$ in keeping carbon  balance in nature  (Wood
and  Johnson, 1 986),
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