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Abstract  A 1.6-kbp ful l - length cDNA for the Aspergi l -
lus on,zae enolase gene (enoA) was cloned. The sequenced
insert  contained a cont inuous open reading frame of
l3 l4 bp encoding a prorein of  molecular weight 47 405.
Among al l  enolases sequenced to-date,  the deduced amino-
acid sequence showed the highest homology (74.9To) wi th
Candida albicctrts enolase (El{oI). strong codon biases
and multiple transcription start sites downstream from cr-
blocks in the 5 ' - f lanking region suggested strong expres-
sion. enoA mRNA was found ro occupy approxim ately 3Tc
(w/w) of total mRNA of A. oryzae by quanritative RT-pCR.
This strong transcription was dependent on the carbon
source in the medium and correlated with the srowth rate
of the mycelium.
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tr ies.  However,  lack of  basic knowled_ee on i ts gene struc-
ture and the regulat ion of  i ts  gene expression makes more
extensive appl icat ion di f f icul t .

Enolase (2-phospho-D-glycerate hydrolase, EC
4.2.1.  I  I  )  is  a ubiqui tous enzyme that catalyzes the conver-
s ion of  2-phosphoglycerate to phosphoenolpyruvate in gly-
colysis and gluconeogenesis.  Enolases from a var iety of
sources, such as bacteria, yeast, Drosophilc. amphibian.
bird,  p lant and human, have been tound to be hi_ehly con-
served (Van Der Streaten et  a l .  l99l) .  In Sacchurotn\ , tces
cerevisiae, enolase is encoded by two genes (El', lOl and
El{02) whose transcriprion is meàiated ty muttirunctional
t ranscr ipt ional  modulators which bind to short  common
DNA sequences in the 5 ' region, as observed in several
house-keeping genes (Brindle et al. 1990; Shore and Nas-
myth 1987). The enzyme encoded by EIVO I increases dur-
ing the stationary phase (Iida and Yahara 1985), whereas
enolase encoded by ENO2 increases when glucose is
present in the growth medium (McAlister and Holland
1982). Complex regulatory mechanisms which govern the
expression of the El{O I and EÌl1O2 genes involve cis-act-
ing elements and trctns-acting positive regulators (Mach-
ida et  a l .  1988, 1989; Br indle et  a l .  1990) including prod-
ucts of  the GCR I  (Br indle et  a l .  1990),  GCR2 (Uemura and
Jigami 1992a) and GCR3 (Uemura and Jigami 1992b)
genes.

Enolase is a very highly expressecl  protein in many or-
ganisms including yeasr,  especial ly in cases in which the
ra te  o f  ,e lyco lys is  i s  h igh  (Ho l land and Ho l lanc l  l97B) .
Based on the relat ively c lose evolut ionary relat ionship be-
tween S. cerev,i.sicte and the fi lamentous fungus A. on,:.ae,
A. ory: l re enolase is l ikely to be an abundant protein whose
expression is regulated by t ranscr ipt ional  modulators
wh ich  cont ro l  mu l t ip le  _genes.  and the  5 ' - f lank ing  reg ions
of i ts gene may be useful  for  foreign -sene expression in A.
() r\':.0e.

Recent l i r .  the  -uenomic  DNA wh ich  mosr  l i ke ly  encodes
A. orv: .ae enolase (et t ,A) has been cloned ancl  seqLrencecl
tN lach ida  e t  a l .  1996) .  The 5 'non-cod ing  sequence.  inc lL rc l -
ing  the  s r - r r round inss  o l  the  t rans la t ion  in i t ia t ion  codon o f
,4.  r t rv: t te ertoA. sho'uvs character ist ics of  h ishlv exoressed

7?"

lntroduction

Aspergil lus ory,:oe is an important f i lamentous fungus in
the Japanese beverage and f-ermentation industries, and is
used to produce industr ia l ly  valuable hydrolyt ic enzymes.
A. ory:ae is considered a favorable host for heterologous
protein product ion (Barbesgaard et  a l .  1992) owing to i ts
abi l i ty  to secrete large amounts of  protein (chr istensen et
a l .  1988)  and i t s  w ide  ran_se o f  app l i ca t ion  in  food indus-
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s e  n r s  i n c l L r d i n g  g l v c o l v t i c  g e n c s  i n  v e a s t  r  \ l a c h i c l l L  c t  a l .
19961 .  The , { .  ( ) r \ . : . ( ! ( ,  a ro r \  - genc  r vo l r l c l  t hus  appea r  t o  be
I t i - uh l i '  cXp rc ' sSe ( l  t o  t hc  same  ex ten t  as  t he  c r . r o l usc  gc r ì r s
o f  o t h e r  o r g a n i s m s .

Th i s  pape r  repo ' t s  t he  c l o ' i ' - r  o f  cDNA co r re  spo rc l i n_g
to the , \ .  r t ry : . r tc  e t toA gent :  and c lentonst ra tes e t to , \  mRNA
to be a \ Ierv  abLrndant  t ranscr ip t .  as  expectec i  f rorn  nuc le-
o t i dc  sec luenc ing  d r t a .  Reg ì - r l a t i on  o f  t he  e r t o , , \  gcne  i n ,ua r -
rous  c l t r b r )n  soL l r ccs  i s  d i scL rssed .

;Y t t r r l r< ' r r r - l t l t ) t  ( t r t u l . \ ' , t i . i .  I ìN . \  w  as  c l cc t rophorcsc t l  on  1  .0% agarose
( ' \ g r r rosc  H .  N ippon  ccne .  Japan  )  con ta in in  g  6 .7 ( t l  f o r rna ldchv t l c
t S l t t t t h r t r t l k  c t  l r i .  I t ) S ( ) t l t t t t l  b l r r t t - ' t l  t r r ) l r r : r  n i r r t , . . c l l L r J , , * c  n r e n t b r i r r r c
( l r p p r o x i r n a t e l v  7  c n r  x  l l  c r n .  B i o - R u r l )  l ì r r  j  h  b v  v a c u u m  t r a n s f e r
( N i k k i ' o .  J a p a r r  ) .  D i g o x r g c n i n  r D t c  ) - r a h e i i e t l  R N A - p r o b c  r v a s  p r c -
pu red  bv  t ransc r ib ing  thc  1 .9 -kbp  B .q1 l l  f rag rncn t  (Mach ic la  e r  a l .

1 9 - 1 6 , : l r " l a i n i n g  a n  c n r i r e  c n r r a s e  c r d i n g  r e c i , , n  i ' r h e  p r e s e n c e  o f
D  I c -du rP  (  Boehr i  n  sc r  ) .  P re -  h r  b r id i  za r ión  Jnc t  h  vb r i c l i  za t i on  were
conc luc tcc l  a t  6E ' 'C  fb r  I  h  i n  l 0  m l  o l  p re -h i rb r id i za t ion  so lu t i on
l . 5 r S S C .  5 0 ( i  f o r m a m i c l c .  t ) . l ' i  s a r c o s i n e  .  ( ) . t ) 2 î Í  S D S  a n c l  0 . 0 5 7 o
B k r c k i n - g  R c a g c n t  ( B r c h r i n g c r r l  a n c r  , r e  r n i g r r t  i n  a  r . 5 - m r  p r e - r r y -
b r i d i z a t i o n  s o l u t i o n  c ' r r r l i n i n g  a p p r . r i n r a t c l y  0 . 3 5  p - r  o i  D I c - l i -
bc l l cd  RNA p robc .  A t ' t c r  r ' ash in .s  t r v i cc  a t  ro ( )m l cn rpe ra tu rc  i n  25  m l
o f ' l x S S C  c o n t a i n i n g  0 . 1 %  s D J a n c l  t h c n  r u i c e  a r  à s ' c  i n  2 5  m l  o f
0 . 1 x S S C  c o n t a i n i n g  0 . l t i  s D S .  r h e  r n e m b r a n r  w a s  r i n s e c l  i n . 1 0  n r l
o f  bu f f -e r  I  (100  rn r \ l  n ra le ìc  ac i t l .  r5 ( )  rn i \ l  Nac l .  ac l j us ted  to  pH 7 .5
w ' i t h  NaoH)  and  b lockec l  r i . i r h  - t ( )  m l  o f  bL r f l ' e r  I  c ion ta in ing  0 .57o
b lock in - r r  re i Ìgen t  a t  roo r . '  t en lpc ra tu rc  f r r  i 0  m in .  F ina l l y  thà  mem-
bnrnc  rvas  incuba tec i  w i th  bL r f fe  r  r  con ra in ing  -3  U  o f ,An t i -D Ic -Fab-
alkal  i  nc phosphatase con. j  Lr  uatc r  Bochr- i  nger )  at  ro()  m tenl  perature for
l0  rn in .  A f t c r  

" vash ing  
tw ice  rv i th  -10  n r l  o f  bu f ' f c r  I  a t  ro i r rn  r cmDcr -

a tLu ' c  fo r  l -5  m in .  hyb r id i zed  s i_sna ls  u ,e rc  de rec tcd  rvh i l e  i ncuba i ing
the '  n rembrane  in  bu f ' f e red  so lL r r i on  f  r00  rnNt  r r i s -HC l  {pH 9 .5 i
0 . 1  N ' l  N a c l . 5 0  m M  M g c l . l c o n t a i n i n g  0 . 3 3  n r g i n r l o f  n i t r o - - b l u e  t e t -
razo l i u rn  sa l t  and  0 .18  mg i rn l  o f  5 -b ro rno - - l - c l - r l o ro -3 - indo ly l  phos -
p l ra te .  The  co lo r ins  de tec t ion  reac t ion  rvas  te rm ina ted  by  in iuba t in_e
t h e  m e m b r a n e  f ì r r  l 0  n r i n  i n  l 0  r n M  T r i s - H C l  ( p H  7 . 5 j  c o n t e i n i n i
I  rnN I  EDTA.  De- ion ized  ware r .  l 0xSSC s rock  so lu t i on .  bL r f fe r  i .
anc l  a  b lock ins  reascn t  s tock  so lu t i on  ( l 0cÉ  b lock ing  reagen t  i n  bu f -
f -e r  l )wc re  t rea tcd  rv i th  d ie th rv l  p ; - roca rbona te  anc l i u toc l l avec l .  The
nrolecular  wei_sht  of  thc RNA hy br id ize c l  to rhe A.  r . r i . r . :n e enoA probe
rv 'as  de tenn incd  t ' r om the ' ' t un t Í l r rd  c t r r r , . - .  L rs ing  D IC- taue t t c , t  RNn
mo lccu la r -we igh t  s tandards  (  Boehr inger ; .

P r i rne r  e , r tens io r t .  DNA- f ree  to ta l  RNA (9 .0  ,ug )  o r  po ly (A)  RNA
( { ) . - l  , ug )  a 'd  IRD- l1 - l i i be l l ed  p r imer .  AEpx57ó ,  (0 .33  pmot )  were
d isso l r ' ' ed  i n  5  m l  o l ' pE-bu f fe r  [50  m] l  r r i s -HC l  tpH  g . : t ,  so  mrv t
KC l .  l 0  m lv l  N {gC l , .  l 0  mNI  d i th io th re i to l  f  DTT) ,  I  mNI  each  dNTp

l l , i  I  mNI  sperm id ine l  anc l  hvb r id i zed  by  incuba t ing  f i r s r  a r  5g .c  fo r
20  m in  and  then  a r  room tempere tu re  fo r  10  m in .  Fo l l ow ing  the  ac i -
d i t i on  o f  5  m l  o i  PE-bu t l ' e r  con ra in ins  5 .6  rnNI  soc l i um p l rophos -
pha te .  e igh t  un i t s  o t ' human p lacenra  ÈNot .  i nh ib i to r  1nòenr inger ;
and  one  un i t  o f  AMV reve rse  t ransc r ip tase  (p rome_ea) ,  t he  p r ime iex -
tens ion  reac t ion  rvas  ca r r i c .d  ou t  a t  J3oc  fo r  -10  m iÀ .  the  svn thes izec l
cDNA w 'as  e rhano l -p rec ip i ta rcd .  r vashec r  w , i t h  70% e thanb l  anc l  c l i s -
s o l v e d  i n  2  p r l o f  n u c l e a s e - f r e e  w a r r r . , À f t e r a c l c l i n - u  l . - l  p l o f  9 5 %  f o r -
mamide  con ta in in_s  l0  mN{  o f  e th_v lene-c l i am in i  t e t ra_ace t i c  ac i c l
( E D T A  ) . 0 . 1 c / c  x v l e n c  c y ' a n o l  a n d  0 .  l ?  b r o n r o p h e n o l  b l u e .  1 . 5  p l  o f
the ' reac t ion  m i r tu re  r ve re  hca t  dena tu rec l  i r t  9 i ' c  fb r  5  m in  anc l  an -
al-v-zcd by a LI-coR lvfode I  +000L DNA sequc-ncer.  Dic leoxy chain-
te rm ina t ion  reac t ions  were  ca r r i cd  ou t  us ing  a  sequ i rhe rm Lon_ t -
Read  cvc l c  scqLre  nc ing  K i t -LC (Ep icen t re  Techno ioe ies )  w i th  f - l u -
( ) rescen t  AEPX57( r  as  thc  p r i rne r  and  the  p lasn r id  r  ec t ì . , t  pCRI i  con -
ta in ins  fL r l l - l cng th  cDN. \  as  rhe  i cmpra re - .  Thc  s tandard  iequenc rng
proccdurc  r vas  fo l l o r . i  cd .  r v i t h  7 -dcaza-dGTp in  the  t c rn r ina t lon  rn i x -
tu rc  r cp laccd  bv  unnr r t r l i  f i ed , - iCTP.

Materials and methods

. \ l r t t i t t . t ,  t r rct l iu ,  r t t t t l  rcr t .qt 'n r . r .  The , \ .  on. t ta stnLin RIB-10 r i ,as uscd
l i r r  t o t a l  R N A  p r e p u r u t i o n .  D c x t r i n - p c p t ( ) n c  t D p r  m c d i u r r r .  c r r n s i s t -
r n g  r i  l ?  c l c x t r i n .  l 1 i '  p r l v p c p t u n c .  0 . - r Í i  K H . p o +  a n d  ( ) . 0 - i f c
\ l r S o r  '  7 u . o .  s c r v c d  a s  t h c  c o n r p r c t c  m e d i u n r  r l i i r i u r a  c t  a l .  l 9 B 7  r .
c z a p c k - D . x  t c D )  n r L ' d i L u r .  c o n s i s t i n s  o f  0 . i c i  \ a N O r .  0 . l t i  K C l .
0 . 1 ( ;  K H . p O + . 0 . 0 - 5 %  N I g S O I  . 7 H r ò . 0 . ( X ) t ( ;  F c . S O *  i g . O  r n ( . i
3 " r  g i u c o s c .  r r , a s  t h c  m i n i r r a l  m c ' d i u n r  ( I i r n u r a  c t  " r l .  l 9 g 7 ) .  i \ l u d i f i c d
cD r rcc l i L rn l  \ vas  sL rpp lcn ren tcd  r . v i t h  r? Í .  po l r .pep tone  (Ha ta  e t  a l .
l 99 l r .  E .sc ' l t t : r i t ' l t i a  t ' r l i  s r ra in .  XLr -B rL re  (Súor f  c t  a l .  l ggg )  l vas
g ro \ rn  i n  LB  b ro th  ( l 0gÉ  t r vp tone .  -59ó  veas t  ex t rac t  anc l  5% Nac l t
o r  I  x  YT  t  I  67 .  t r yp tone .  l 0 î / c  ve  as t  ex t rac t  anc l  5g i  NaC l t .  O l i gonu-
c l co t idc .  AEPX576  r5 'TTCTTCTTGGCGAGAGTCTTGAGC 3 , .
dcs igned  bv  o l i go ,5 .0  s . f ' twarc  as  a  sequenc ine  p r i rne r  a t  ve r ' h ig l r
s t r i n -se  nc r ' ) .  l abe l l ed  a t  5 ' - te rm in i  r v i t h  the  f ' l uo iescen t  dye  IRD j l .
w a s  s v n t h e s i z e d  b y  A l o k a .  J a p a n .

Pt-'e.purutiott o.l ',1. or\.:oe li lR,\A unt! tlte t.orre.spottdllg c.DrVrl. Total
RNA rvas  i so l l t ed  f rom approx ima te l y  . {  g  o f  t u . t -o . i gh t  myce l i um
and  s ro 'uvn  in  DP med ium fb r  l 2  h  a t  30 "Ò.  acco rc i i ng - to  the  sL ran i -
d inc  th ioc l ,anare -merhod  (ch i r s \ . r ' i n  e r  a r .  I t )791 .  n in i l l y .  -1 .6 ìng  o f
to ta l  RNA pur i f i ed  b l '  u l t racen t r i f uga t ion  in  the  p r . r .n . .  o f  csC l
was  d i sso lved  in  500  m l  o f  rE  and  s to rec l  a r  -90òc  un t i l  use .  Ap-
proximately 30 pg of^p-olyadenlrrated fpory(A)ì  RNA was preparècr
f rom l  - l  mg of  tota l  RNA using ol igo(c l r ) -cei lurose colLrrnn (phar-
macia)  pur i f icat ion.  Fi rst -  and seconi l -st rancl  cDNA svntheses of  po-
l l ' (A )  RNA were  ca r r i ed  ou t  us ing  o l i go (c1T)  as  rhe  p . i rn . r .

PC R unpl i f ' ícur ior t  t  f 'A.  r t r t ' :ne eno, . \  t 'Div 'A.  To br ins abour the GST-
l 'us i r rn. '1.  orr ' :c le c i r r r . l  cDNA was prrparecl  bv the p-olvr lerase c i ra in
rcac t ion  (PCR)  f rom^ the  cPNA poo l  * i t h  the  e r roA lspéc i f i c  p r imers .
AOENOpI ( -5 ' ,GTCCACATGCCTATCACCAAGATCCAac 3 ' .
lS-mer)  and AOENOP2 (5 'GTCGACGTCATATA.ATC.. \ - fACGG
TTCATTT 3 ' .  30 -mcr ) .  w 'h i ch  con ta ined  mura r . i ons  a r  nuc lc , , t i de  (n r )
pos r t i ons  - l  t , {  t o  G)  and  6  (A  to  C)  fo r  AoENop l  anc l  pos i t i on  3
lA  * i t h  to  c )  tb r , \oENoP l  ro  i n r roduce .s r r / l  s i t es  a r  bo ìh  en t l s  o f
t l re  an rp l i f i cd  p roduc t .  A rnp l i f i ed  cDNA fb r  the  ,1 .  r t r t : r t e  e r r r ;A  scnc
rvas  pL r r i f i cd  bv  agarose-ge l  c lec t roph( ì r c . s i s  and  e  l oncd  in t r i  t he
pc  R  I  I  \  cc ro r  (  l  n  v  i  r ros r ' n  ) .  c rca t i  n  g  pcR2- . - \oENo. \ .  Rap i t l  u rnp l  i  l  i  -
e  u t i . n  o l ' c D N ' \  c n d s  ( R . \ c E )  r r r r r - l  f t r s i r r r  o l '  t h e  R A C E ' p r . d u ó t s  r t r
o l ' ' t u i n  i t r l l - l c n g t h c D N , \  l ì r r t h e  , - \ .  r n . , r r l r , r r r r , . {  g g 1 1 g u . c r c i p c r t ì r r r n c c l
' ' r  i t h  r r  \ l r r r u r h . r  c D \ i . \  . \ r r p l i t  i c u t i . r r  K i t  t  c l ì r n r c c h  i  i n  c . n r b i r a -
1 1 1 r 1 1  , . r . i r l r  i o l r g - d i s l u n c c  P C R  ( B u r n c s  l ( ) r ) - 1 :  C h c n g  c r  l r l .  I g 9 . t ) u s i n s
l r r t  L . \ - P ( ' R  K i t  t J - r r k l r r l t  S l t t t z t l .  J r t p l t n  )  u e  u o r r l i n g  t , r  t h c  i n s t r u c t i g l ì
i r l  t hc  r t . t a r r r . r f l r c t r r r c r .  

- f hc , l .  
( ) t - \ . : ( t ( '  i , r r r . , . . l - spcc i l i c "p r in t c rs . \OENOpl

r t r t t l  \ ( ) F : N O P I  r r . c r c  L r s c d  l ì r r  . ì ' -  . L n t l  - i ' - R , \ C E . ' r . c s p e  c t i r  c l r .

í : - t i t , i r i  \ r '  r ' l l - \ ' t l l t , ( / . \  \ i t \ ' .  
. i - i t C  

C n Z r  n l l L t i e

. l ì l l l u r i  l , r  t l t C  ! , ) l l l r l c r l  : r ) \ . t \  . j e . . : ' i l . C , l

r i  i t i t  . i i t i r t  r n r , r l i l i e  l i t i r r n .  
- f  

i t c  i . c l r e  r i o r r

. t e  l l \  l t , \  r ) l  J l t ( ) l i t s c  r v l t s  t . l C t C f -

l r r  \ l l i t n r  l n d  L _ o b o  i  l t l T  l  t .
n r i r t r r r - c  c O | r : i s t e t i  i l l '  - i ( )  r r r \ l
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t r i c t hano la rn ine -HC l  {pH  7  : l ) .  I 0  mM M-sc l , .  0 . l 6  r n l v {  NADH.
1.0 mM ADP,  1 .0  mM g lycerate-2-phosphate.  1 .3  U lacrare c iehy-
dro_renase ( EC I .  l  .  |  .27 ) ( Boehrin_eer) and 2. 3 U pyrlrvare kinase t EC
2.7.1 .  I  l )  (Boehr in- rer ) .  The react ion was in i t ia ted by pur i f iec l  fus i .n
p ro te in  as  t he  samp le  o r  r abb i t  musc le  eno lase  (EC  4 .2 .1 . I  l )  (Boeh -
ringer) as the standard and monitored by a U-2000 spectrophotom-
eter  (Hi tach i ,  Japan)  a t  room temperature.  One un i t  o f  eno lase act iv_
i ty  was def ined as the convers ion of  I  mmolNADH to  NAD Der  min.
bascd on an exr inc t ion coef ' f ic ient  a t  3-10 nm for  N. {DH of 'ó . l l  mM- l
cm 

- l  
.  The react ion mix ture wi thout  the subst ra te  showed no nÌeasur-

ab le  chanses in  absorbance.

Results

DNA sequence

The 1.3-kbp cDNA fragment ampl i f ied by the pr imer pair
AOENOP I  and AOENOP2 was cloned into the pCRII  vec-
tor,  y ie ld ing pCAO-ENOC l .  Two independenr c lones were
picked up and subcloned onto the pBluescr ipt  vector (Strat-
agene) to al low the sequencing of  both strands ( the Gen-
Bank, EMBL and DDBJ Nucleot ide Sequence Database
accession No. D64l  l3) .  As expected from the genomic se-
quence, there was one lon_e open reading frame (ORF) of
I3I4 bp, start ing ar a merhionine codon (ATG, nt  posi t ion
2 l )  and end ing  ar  a  s rop  codon (TAA,  n t  pos i t ion  1335) .
Al ignment of  the deduced amino-acid (aa) sequence with
that of enolase 2 from S. cerey,isice stron_9ly suggested the
methionine at  nt  posi t ion 2l  to be the in i t ia l  amino acid in
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the protein.  The ORF predicted a protein of  molecular
weight 41 405 consist ing of  ;138 aa.

A 1.6-kbp DNA fragmenr f rom the 5 ' -  and 3'-RACE
was cloned into the pCRII  vecror,  y ie ld in_e pCAO-
ENOCFI.  The 5'- f lanking regions of  the resul t ing three in-
dependent c lones each contained 14, l8 and 20 addi t ional
nucleot ides f rom the in i t ia l  methionine. The 3'- f lanking re-
gions contained a poly(A) t racr of  . l - l  I  nucleot ides fo l -
lowing the AATAAA sequence locared at  nr  posi t ion 1530,
suggest ing th is AATAAA sequence to funct ion as a poly-
adenylat ion s ignal  in A. oryzae as in other f i lamentous
fung i  (Ba l lance 1986) .

A computer search of  data bases showed the predicted
aa sequence of  A.  ora,-cte enolase to be qui te s imi lar  to the
predicted enolase 2 (71.37o identical aa) encoded by rhe
ENO2 gene of  S.  cerev, is iue (Hol land et  a l .  198 I  )  (Fig.  l  ) .
Of al l  the enolases in the data bases, A. or l ,zae enolase
showed the greatest similarity to Cundidn albicans eno-
lase (Sundstrom and Al ia_ea 1992) (74.97c ident ical) ,  but
less similarity to Schizosctccharomtces pombe (Jackson
and Lopes 1995) (66.9%). Drosophi ln (Bishop and Corces
1990) (64.87o),  human (Peshavar ia et  a l .  1989) (63.9Va),
maize (Lal  et  a l .  1991) (58.7Vc) and Baci l lus subt i l is
(Leyva-Vazquez and Setlow 1994) (50.j7c) enolases
(part ly shown in Fig.  I  ) .  Al l  aa residues essent ia l  for
catalyt ic act iv i ty (aster isks in Fig.  1)  and rhose involved
in  subun i t  in te rac t ions  (open c i rc les  in  F ig .  l )  (Sund-
strom and Aliag a 1992) were conserved rn A. oryzoe eno-
lase.

Fig.  1 Mul t ip le a l i_enment of
amino-acid sequences of  var i -
ous enolases.  Dots indicate res-
idues ident ical  to those of  the
predicted A.  on,aae enolase.
Asterisks and open circles indi-
cate residues important  for  cat-
a lyt ic  act iv i ty  and subuni t  inter-
ac t i ons ,  respec t i ve l y  (Sund-
strom and Al iaga 1992).  Dush-
es indicate gaps introduced to
f i t  the sequences.  Homolo-ey
(pe rcen t  i den t i t y )  o f  , 1 .  on :ae
(n ( )A  lo  o thc r  cno lascs  i s  _u i r  en
a t  the  end  o f  each  sequence .
AoA A. or \ 'ane e/ loA ( th is
s tudy ) :  Cu l  C .  u lb i t ' u t t . ;  (Sund-
s t rom lnd  A l i aga  l9 i ) l ) ;  5 r .1
S. t 'creyi .s iua E,YO I  (Hol lancl  ct
a l .  l 9 l t  |  ) :  5c  l  5 .  c  r , ru , r ' i . r ' r r r t ,
E N 0 2  ( H o l l a n d  e t  r l .  I  9 8  I  ) :
.Sp I Sc h i :.o.sttt 'r ltu rrt rrrt t e.s

l t o r t rhe  (J l ckson  and  Lopes
|  995  ) :  ( ' r l / r  co t ì se r r  cd  re  s iducs
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F ig .2  Dc tcc t i on  o f  . { .  r . , n ' : cc  eno lase  fusec l  t o  g lu ta th ionc  S- t rans -
fcrase .  Crude cxtract  \ \ 'as prepared f rorn the XL l -BlLre t ransfornrant
h a r b t r r i n g  t h e  p G E X  p l a s m i d  v e c t o r  c o n t a i n i n g  A .  o n : l e  c n o l a s e
cDNA fuscd  to  GST in - l ' r amc  ( / c lnc . i  l ,  2 ,  5  tu rd  ó1 rnd  ou t  o t ' f ì -ame
( lanes  - l '  1 .7  u r t t l  E7  as  desc r ibed  in  r \ ra te r ia l s  l nc i  me tho t l s .  Fus ion
pro te ins  were  induced  b l ,  adc l i ng  I  mNI  ( l unes  I  t o  1 )  o r  0 .01  mM
\ lu t t c . t '  J  l a  8 )  o f  IPTG.  P ro te ins  i n  the  son ic  ce l l  ex r rac t  ( c )  Uun t , . s  I
u t t t l  - ì ) .  i n  the  so lL rb le  f rac t i on  (S )  ( l t ne .s  I ,  J ,  , t  t t n t l  71and  the  e lu_
ate f rorn the Glutathione Sepharose - lB chromarograph-r-  (  E) ( l t tne,s
( ;  ut td,9)  were c lectrophorescd on SDS-pol i racn, lamic le gel  (_5_20%,
grad icn t ; .  P ro tc ' i ns  an roun ts  were  appro r ima te l l  l 0  p -u ,  excep t  to r
0.-16 pr_u and I  . - l  p_u in f ture. i  ó und.g.  respect i r  e l i

Codon usase of  the A. on,: .ue enoA _sene was highly
biased and vir tual ly ident ical  to the coclon bias reported so
far in ,4spergi lhrr  -qenes (Bal lance 1986r.  Thc'  p iefcrence
of GGU for Gly (25 GGU in 35 Gly codons) and rhe rare
usage of  AGN (6 AGC for Ser in 438 codons) observed in
highly expressed -senes of  Nettrosporut  crasst  (Bal lance
1986) were also noted in the A. ort : ,cte enctA _sene. Rare us_
ace of  coclons endins wi th A (only 7 coclon.s endins wi th
r \  anron-u"138 codons)  mav poss ib ly 'be  a  un ique fea ture  in
hi_ehly expressed _senes. Several  codons (AGA, CAA.
CCA. UGU and UUG. encoding Ar_e, Gin.  pro,  Cys and
Leu, respect ively)  preterred in f i lamentous fungi  but  not
yeast (Bal lance 1986).  a.re also preferred in the A. , t - t ' : . t re
ertoA _qene.

Assay  . f  f ' s i .n  p ro te in  fo r  eno lase  enz 'mat ic  ac t i ' i t1z

Thu '  XL l -B Iue  r rans tornranr  harbor ìng  pGEX-AOENOA.
rvh ich  encoc les  A.  t t t ' t ' : t ta  eno lase  fuscd  to  the  c - te r - rn inus
of ' cs r .  \ \ r i . ì s  cu l tL r rec l  in  l xYT nrcd iunr  conta in ine  l î l c  _g lu -
c o s e  a n d  1 0 0  p r g / r n l  o f  a n r p i c i l l i n  a t  i 7 " c  f o r  3  h .  T h e  e x -
pre  ss ion  o t ' the  GST-eno lase  f 'us io r r  p ro te i r l  \ ! ,L rs  inc luced bv
l t ld i  n g i  sopropr '  l  - /3-  D-t t r  i  oral  actopr,ranrrs idc (  I  prc ) .  Th;
t r l u l s f o r r r u r n t  h a r b o r i n g  t h c  p G E X  \  c e  t ( ) r .  c o n t l i n i n g  t h c
s lu l re  a t ro . - \  gcnc  in  a  d i t ' l c rcn t  rcad ing  l ì ' a rnc  t r , . i th  an  adc l i -
t i t l t ì ; . t l  l -5  l ia  u t  t l t c  C- tc rp t i r . rL rs  6 l 'GST.  sc r rcc l  as  u  c t tn t l r [ .
T h c  c c l ì s  r i c r c  t l i s n r p t c t i  i r _ r  s r l n i c l r t i o n  l n c i  c c l l d c h r - i \  w , i r . \
t l ru 'c i  p i  t l t c r l  b r  cc r r t r i  t ' u  g l t ion .  I  nduc t io r r  o  t '  thc  t ,L rs ion  pr< l -
i c r n  [ r - r  I  r l \ l  I I ' ] T G . h o r i c d ; . r  \ t r ' o n g  b l r n d  u t  a  n . r o i c e u l l r .
r i  c i g h t  r r t '  7 J  k D u .  e  o r r c s p o n r i i n g  t o  t h a t  o f  t l r c  G S T _ c r r o _

B
a J; ó óoós ( a  m o l )

{  G e n o m i c
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* F'" t'

0 . 3  
-
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1 2 3 4 5 6

F ig .3A .B  De tec t ion  and  qL ran t i t a t i on  o f  A .  o r t :ae  enoA mRNA.
A  Nor thc rn -b lo t  ana lys i s  o f  A .  o r \ . : úe  eno lase  mRNA.  RNA was  p re -
p r r red  f ro rn  an  A .  o rv .ue  rnyce l i um cu l tu red  in  Dp  mecJ ium as  c le -
sc r ibed  in  r {a tc r ia l s  and  mcrhods .  D IG- labe l l ed  RNA p robe
transcr ibed f ront  the senornic crro,{  gene lvas h,rbr id izeci  to the blot
o f  0 .9  pg  ( l u r te  l 1  o r  7 .0  p rg  ( l une  2 )  o f  t o ra l  RNA and  0 .04  p r_e
( l a r t e  J  )  o r  0 . 3 1  ! !  ( l u t t e  J )  o i  p o l l - ( A )  R N A .  T h e  p o s i t i o n  o f  e n o -
lase  mRNA i s  i nd i ca ted  by  an  u r rov '  a t  l . l  kb .  B  compet i t i ve  pcR
rvas pertbrrned wi th AoENoPl and AoENopl  as pr imers ancl
0.- l  n*c of  A.  r . r^ ' : 'e  cDNA as a template.  The indic. ted amounts of
cornpet i tor  DNA contain ing genorrr ic  A.  or  ' , .oe erroA were acldeci  to
the PCR react ion

l ase  fus ion  in  the  son ica ted  ex t rac t  (F i_s .2 ,  lane  1) .  Most
of the band disiippeared after centrifugation to remove bac-
ter ia l  debr is (Fig.  2.  lane 2).  suggesr ing the format ion of
an  inc lus ion  body  in  the  fL rs ion  pro te in .  The y ie ld  o f  pur i -
f ied fusion protein thror-rgh Glutathione Sepharose 48 was
not  s ign i f i can t ly  improved by  inc reas ine  the  IPTG concen-
trat ion f ront 0.01 mNI to I  mM (data not shown).  The for-
mi i t ion  o f  an  inc lus ion  bod i r  may thL ls  be  ausmented de-
pend ing  on  the  express ion  o f  the  fus ion  Dro te in .  The pres-
ence o f  an  incor rec t l l ,  fo ldec i  fus ion  pro te in  may,  by  co-
pur i f i ca t ion .  rcc luce  the  e 'n t r lase-spec i f i c  ac t i v i t y  o f  the  pLr r -
i f ied  fL rs ion  pro tc in .  Conser luent lv .  0 .01  nrNI  IpTG was
lust- .d for  the inclLrct ion lvhe re hrv the forrnat ion of  an inclu-
s ion  body  u , 'o r , r ld  bc  rn in i rna l  anc l  u , ' i thou t  s ien i f i can t  loss
o l ' t h e  p L r r i t ' i c c l  f u s i o n  p r o t c i n .  T h e  s p e c i f i c  e n o l a s e  a c t i \ ' -
i t v  o f  p L r r i t ' i e c l  l ' L r s i o n  p r o t e  i n  t F i g .  l .  l r n c  ( r ) l n d  f o r  s t a n -
t la rc i  n r t  rnusc lc  en i l lasc  r i .as  l . l - l  and  -10  U/mg.  respec-
t i r  c l r .  Thc  obse rvcd  l i c t i v i t v  io r  the  eno lasc  fus i t - r r - r  p ro te in
\ \  i ì s  i - r t  l cus t  l ( )0 - t i r r rcs  the  c ie  te  c t ion  l im i t  unr le r  the  present
c r p c r i n r c r r t a l  e o n r l i t i o n s .  \ o  g 1 1 7 1 n r u r i e  i ì ù t i \  i i \  r i a s  o b -
scr rcd  uhcr r  c t ln t ro l  lus ion  l ) r 'o tc in  \ \ ' l s  uscc i  o r  i , vhe 'n  g l r , -
ccn i tc - t -phosph l i t c  o r -  , \DP \ \  i i s  ( )n r i t t c .c l  f ' ronr  the  re l re  t ion
n l l \ t u l ' c .
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Fig. 4 Mapping of transcript ion init iat ion sites. The reverse tran-
script ion reaction was carr ied out by AMV reverse transcriptase us-
ing the f luorescenr primer AEPX576 in rhe presence of poly(e) nXn
(lttne l') or total RNA (/ane 2) from A. oryzae, or without RNA (/ane
3). The sequencing ladder was prepared by the sequencing reaction
of pCAO-ENOCF1. containing a 1.6-kbp enoA cDNA fragment, us-
in-e the same f luorescent primer as described in Materiars and meth-
ods. The nucleotide sequence of the 5' f lanking re-9ion of enoA is as-
sìgned to the left. upper and lolrer case leners indicate regions where
the corresponding ladder is deri 'ed from the 5' terminal region of
enoA cDNA and the pcRII vector, respectively. solid horizontal bars
on the r ight and arrow' heatls on the left  indicate the posit ions of
f luorescent products by the primer extension reaction and the 5'-ends
of the RACE products, respectively. Numbers indicate nucleotide po-
s i t ions when the f i rs t  A o f  the r rans la t ion in i t ia t ion s i te  is  des ignat -
ed +1. The vert ical bur on the left  indicates the putat ive translat ion
init iat ion site

Characterization of A. ory' :rze enolase mRNA

Northern analys is  o f  to ta l  RNA and mRNA samples f rom
A.  orv- i ,oe RIB40 ind icated a s in_g le  enoA t ranscr ip t  o f
1.7  kb  (F ig .  3A) ,  rh is  s ize  be ing  cons is ren t  w i th  rhe
1535 bp  o f  the  5 ' -  and 3 ' -RACE PCR produc t  p lus  a
poly(A) t ract .  assumin_e rhe nr length of  the poly(A) t ract
to  be  approx imate lv  200 bp .  On ly  severa l -minu tes  incuba-
t ion  fo r  the  co lo r ing  reac t ion  led  to  c lear  and dense banc ls
in  to ta l  RNA and rnRNA.  depend ing  on  the  amounts  o f
RNAs.  su_s_ses t ing  s t rons  express ion  o f  the  enoAsene (F ig .
3 A  ) .

To conf i r rn thc abor, ,e expression. , -1.  ot \ . :oe enoA
rnRNA 'u r "as  de ternr ined b1 'compet i t i ve  pcR (Gi l l i l anc i  e t
a l .  1990)  u rs ing  thc  cDN, \  poo l  p repared f ro rn  po ly f  , {  )  RNA
of  , { .  r . , r ' r ' : r re  (F is .  3B) .  A  1 .3 -kbp f ragrnent  was ampl i f ie< i
a f te r  2 - l  cvc lcs  us in_g AOENOPI  and AOENOp2 pr imers

.t27

f rom 0 .4  ng  cDNA,  as  shown in  F ig .  38 .  The pB luescr ip t
plasrnid vector containing the 2.9-kbp Bgl [  f ragment
(Machida et  a l .  1996) of  an A. ort ' : .ae enoA genomic f rag-
ment was l ineartzed at the unique XhoI site and used as the
compet i tor .  The plasmid containins sequences ident ical  to
the anneal ing s i tes of  the two pr imers gave an ampl i f ied
fragment longer (  1.6 kbp) than that f rom cDNA ( I  .3 kbp)
due to the presence of  four introns in the enolase-coding
region. The compet i tor  p lasmid (0-2700 amol)  was added
in different amounts to the PCR reaction and the cDNA
calculated according to Pr ice et  a l .  (1992).  The rat io of
cDNA to genomic DNA bands in lanes of  2.7 amol and27
amol indicated the amount of  cDNA corresponding to the
enolase to be 12 amol.  Compet i t ive PCR using pr imers for
the Taka-amylase gene (am1-B) (Tada et al. 1989) showed
an expression simi lar  to that  of  arnyB mRNA (16 amol,
data not shown).  Taka-amylase is a very strongly expressed
gene in A. oryzae under inducible cul ture condi t ions (Tada
et al .  1991) and thus A. ort 'zae enoA should also be very
strongly expressed.

Mapping of the A. oryzae
ini t iat ion s i te

enoA 5' transcription

The start sites of A. oryzae enolase mRNAs were deter-
mined by pr imer extension analysis.  The reverse transcr ip-
tase reaction was init iated from the single-stranded fluo-
rescent primer AEPX576 hybridized to total or poly(A)
RNAs. The molecular-weight standard was prepared by the
sequencing reaction of pCAO-ENOCFI containing enoA
cDNA using the same fluorescent primer as described in
Materials and methods. Transcription start sites were
mapped at  posi t ions -45l-44, -381-3J,  -31 and -  l7 rei-
ative to the putative init iation codon (Fig. a). The results
were completely ident ical  whether roral  or  poly(A) RNA
was used, though the background level was slightly higher
in total RNA than in poly(A) RNA.

Effects of the carbon source on enoA gene transcription

A. oryzae was grown for 22 h at 30"C in modified CD me-
dium containin g2Vo glucose or2Vc pyruvate.  Al ternat ively,
A. oryzae mycel ia were pre-cul t ivated for 20 h at  30'C in
modif ied CD medium containing2Vc _glucose and. af ter  be-
ing washed, the mycel ia were inoculated in CD medium
along with var ious carbon sources each at  a f inal  concen-
trat ion of  37c.  As shown in Table l ,  the mycel ia were able
to _grow in medium containin_9 glucose or pyruvate when
polypeptone had been added. al thou_gh _srowth on _elucose
was more rapid.  When synthet ic medir , rm was used, myce-
l ia grew more rapidly on dextr in or _elucose than on glyce-
rol .  but  d id not ,srow on pyruvate or in the absence of  a car-
bon source.

Transcr ipt ion of  i .he et toA,qene was monitored by North-
ern  hybr id iza t ion  us ing  the  same enoA probe as  in  F ig .  3A.
Eth id ium bromide s ta in ins  showed rhe  amount  o f  RNA to
be essent ia l l v  the  same in  each sample  (F i_g .  5 .  upper
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Tub le  I  E i t ' cc ts  o f ' t he  c r r rbon
so l l r cc  t l r r  t hc  g ro r . l t h  o l 'A .  o r - r ' -
- - r t r '  ; tnt l  |ec() \  r : l 'v  0 l  poIr  t  A,)
RNA b"v  o l  i l o l t lT ) -cc l  I  L r  l osc
co lu rnn  pu r i f  i ca t i on :  nd .  n i t t  c l c -
te rm ine  c l

! l t d  i L r rn C'arborr
\ (  )  Lt  rcc

\ \ 'c t  rvc i_uht  of
r r r v c c l i t r r n  ( g  )

l l h + 8 h

Recovery  o f
po l r , (  A  )  RNA (? i  ) '

l s t lnc lli lr0 l r

Nlod i f i ed  CD"

C D h

G l u c o s e
Pv ru r ,atc

D c r t r i n
C  I  u c o s c
C l r ,  ce  ro l
P .  . , r , ' . , t , -
r  

- y r L . v ( l ( L

Nol re

ncl
n d

-t .  I
J . :

- . o

1 . 9
1 )

6 . 1
+.0
n d
ncl
n d
n d
n d

6.-j
-5 .8
t .

ì l
l . l

l . +

î f,-)
1 . 1

.+.0
3.-5
5 . 1
4 .0
3 . 8
3 . 5
3 . 6

1 . 0
t . 0
1 . 0
1 . 0
1 . 0

Modi f ied  CD
medium

28S -

1 8 S  -

m G l c  m P y r  D e x  G l c  G l y  P y r  n o

w tqnf

1 .66  0 .41  1 .07  1  0 .73  0 .27  0 .32

F ig .  5  T ransc r ip t i ona l  resu la t i on  o f  thc  e r r r , {  gene .  To ta l  RNA was
ex t rac ted  f rom myce l ia  g rown  in  mod i f i ed  CD med iL r rn  conra in ing
27c glucose (mGlc ' )  or  2cic pvruvate (mPtr)  fbr  l2 h at  30, ,C.  Al ter"_
na t i ' e l y ' ,  m lce l i a  i ncL rb : . i t ed  fo r  8  h  i n  cD  med ium con ta in ins  3z
c l cx t r i n  (Dc . r ) .  3% g lL rcose  ( .G lc ' | , 39 ' r  s l l , cc ro l  (Gh  ) .  3% p r r i r ' a te
(P,r ' r ' ) .  or  iv i thoLrt  carbon sourcc (r r r , r )  rvere used fur  tota l  RNA extr i Ìc-
t ro r r .  Approx ima tc l l '  5  p r_ l  o f  t o ta l  RNA u  e re  e rcc r rophorcsed .  s ta ine  t l
l v i t h  c ' t h id iLnn  b romide  (L rpper  pane l ) .  a r r c l  h r  b r id i zc t l  l v i t h  the  c r loA
pnrbc  a t ' t c r  b lo t t i ng  ( l o rv ' c r  pa r rc l ) .  Thc  ru . r r l r l  i nd i ca tes  rhc  p t t s i t i t r n
o l ' t h c  s i g n a l  c o r r c s p ( ) n d i n g  t o  t h c  c r r r , , . {  n r l ì \ . \ .  T h c  i n t c i s i t r , o t '
r i boso rna l  RNA und  thc  h l ,b r id i zcd  hands  \ \ l s  r ì ì rasu re r - l  [ r i  rL r r
. \ l ì C I . ' S  i t t t i t r c  r r t u t l r  z i n {  s r : t c r t t  e  t i L r i P p e  r l  r i  i t l r  r r  L ' \ '  t r u l r s i i f  i " r ì ' i -
l l i - Ì t ( ) r .  Thc  l i t t t t l t t t l t  o l ' t r unsc r ip t .  n r l rn ru l i zc r l  b r  the t  o f  r i boser r lL l
RN ' \ .  i s  s l ì ( ) \ \ n  i . r t  t hc  bo t to rn  o f  the  lo rvc r  pa r rc l  l r c low  thc  N t r r thc rp
h l  b r id i za t io r t  u ,hc r . r  t l r c  t , r ro , - l  r r rRNA l c r  c l  o t ' ce  l l s  l ì . o rn  CD r t r cc l rL r r r r
c r l t ' t t l t r r t i n g  g l r r c o s c  r r ,  l r s  l . ( )

l ) a n r l ) .  T l i c  I  . 7 - k b  s i g n l l  c o r r c s p o n d i n g  t o  t h c  t , t t o . , \  t r i ì n -
s e  r i p t  i n  t h c  p r ! ' \ c n e r  o t ' S l u c o s c  \ \ ' i r s  l l l [ ) r ' o r i r r t l t c - l _ r .  t ' o u r - -
l n n r s : t r ' o r l g r r  t h l r r t  i r . ì  t h c  l ) r ' r s t n c t  o f  p \  r l r \  l t t  w h e r l  n r o d -
i l ' i c t i  C D  r r r c d i L n n  \ \ i r s  L r s c d  r r c l u t i \  r  r i . i t i ( ) \  o t '  l . ó ( l  u n t l  0 . J  I
i n  F i g .  5 .  l o * c r  p l n c l ) .  \ L r g g c s t i n g  t n r n s c r i p t i r n  t o  l ; e  p o s -
: i h l r  i r r t i L r c c t l  b r  g l u c ( ) s r .  \ \  h c n  n l \ e c l i a  v u c r c  c L r l t i r a t e c l

"  Approx ima tc l r ' 3x  l 0s  con ic l i a  vu ' c re  i noc r - r l a tec l  i n  500  r r l  o f  rnoc i i f i ec l  CD n rec l i um anc l  cu l t i va ted  a t
30"C  in  the  p resencc  o f ' a  l r r  ca rbo t t  sou rcc .  N lvce l i a  a l ' t e r  f f  h  cu l t i va t i on  werc  usec l  f o r  to ta l  RNA ex -
t rac t l 0n

l -T I , l  s r l l l l s  o t ' rn1 ' cc l i L rn r  p re -cL r l r i va tec l  i n  r l od i l ' i c t l  CD mec l iu rn  con ta in ing  2% r : l ucose  fo r  20  h  a t
3 0 " C  w a s  t i a s h c d  a n c l  i n o c ú l a t c d  i n t o  5 ( X )  r n l  o f  C D  m e d i u n r  c o u t r i n i n c  a  3 *  c a r b o n  s o L r r c e .  M y c e l i a
a f te r  8  h  cu l t i ru t i on  vve re  used  l ì r r  t o ta l  RNA ex t rac t i on'  Po l l (A lR \A  \ \as  r ccovercc l  f ro t r  - l {X )  p rg  o f  to ta l  RNA b ,v -  a  sequL 'n t i a l  i l vo -s tep  pL r r i f i ca t i on  us in -u  an
o l i go (dT) -cc l l u losc  co lL t t t r t r .  The  an rou t r t s  o f  RNA a f t c r  eaóh  pL rn f i ca t i on  s tep  a ie  i n t l i ca tec l ,  w i th  to ta l
RNA se t  a t  1009?

C D  m e d i u m i n  syn the t ic  CD med ium,  band in tens i ty  in  the  presence o f
glucose was sl ight ly less than that in modif ied CD medir_rm
containing -elucose. As observed in modif ied CD medium.
the  t ranscr ip t ion  o f  pvrur ,a te -s rown ce l l s  was  approx i -
nlately one-fburth that  of  g lucose-gro'vvn cel ls (relat i l .e ra-
t io of  0.27 and I  )  and near l ! ,  the same as that wi thout a cetr-
bon source  in  syn the t ic  CD med ium (0 .321.  The t ranscr ip -
t ion  o f  g lycero l -g rown ce l l s  showed an express ion  in te r -
nre d i ate be tw e e n _9 I u c o s e - _u ro w n c e I I s and p yrLl v ate - gro w n
c e l l s .

The amounts of  poly(A) RNA in the var ious media de-
scr ibed above were determined by two-step pur i f icat ion
using an ol igo(dT)-cel lu lose column. Total  RNA (a00 pg)
three-t imes less the maximum capaci ty of  the column (ap-
prox imate ly  1 .25  m_s to ta l  RNA)  was used fo r  the  ls t  pur -
i f icat ion.  The recovery of  poly(A) RNA against  toral  RNA
after the l  st  and 2nd pur i f icat ions was 4.4- l  .3To and
3.5-5. l7c ( .57-807c recovery in the 2nd pur i f icat ion),  re-
spec t ive ly .  as  shown in  Tab le  I ,  ind ica t ing  po ly (A)  RNA
to be qLrant i tat i r  e ly recovered and highly pur i f ied by the
tu 'o -s tep  p l r r i f i ca t ion .  The po ly (A)  RNA ra t io  o f  the  h igh-
es t  recovery  (5 .19É,  dex t r in  in  CD rned ium)  to  the  lowest
recovery  (3 .5 tà .  pvruvare  in  CD and mod i f ied  CD media)
t r l r  a l l ser , 'en  san lp les  r r , 'as  1 .5  and tha t  o f  g lucose-  to  pyru-
va te-_qro \ \ 'n  ce l l s  i r r  CD and n tod i f  ied-CD media ,  l . l  ( re l -
l t i r e  r a t i o s  o f  1 . 0  a n d  - 1 . 5 t .  c h a n s e s  i n  t h e  e x p r e s s i o n  o f
thc  c r r r . r . {  genc  under  r , 'a r ious  cu l tu re  cond i t ions  (about  a  - l -
fo ld  c l i f f c rencc)  a rc  thLrs  r ro t  due on ly  to  those in  o r , 'e ra l l
t ra r rsc r ip t iona l  Icve l :  ( less  than a  l . - j - fo ld  d i f ie r -e l l ce  ) .  enoA
t r a n s c r i p t i o n  w  l i s  t h u s  c o n c l u d e  t i  t i i  b c  s p c c i f i c a l l y  r e g u -
lu tc t l  by ' the  carbon soL l t ' cc  cn i l t lovcc l .

Discussion

T l t c  D \ . \  sec lL r cnc t \  o l '  ù r . r o l l r : c
i rccn . l t t t \ \ i l l  I t )  bc  rcr t - t l t rk ; , rb l r

1 r ' o r r . r  nL rnv  t t r gan i sn t s  have
e onse r r ,  cc l  f ror t r  l  east  to

mGlc  mPyr  Dex  G lc  G ly  py r  no



TATA CT-r ich

A , o r y z a e  e n o A

f i g .  0  Summary  o f  t ransc r ip t i on  in i t i a t i on  s i res  anc l  t he  5 '  py r im i -
d ine - r i ch  reg ions .  Nuc leo t ides  conserved  in  the  py r im id ine - i i ch  re -
gions in a l l  fbur,qenes,  A.  or t :ae enoA, N. cras. ; r t  ADp/ATp carr ier
protein -eene, A. nidulans PGK gene and the A. rtrt.aae pgkA gene,
are indicatedby vert ical  l ines.  Nucleot ides ident ical  to theA. , ry ' . .p,
enoA gene but  not  conserved in the four genes are indicatedby c lots.
Arrovv heads and double under l ines represent the t ranscr ipt ion in i t i -
at ion s i tes of  A.  om^:ae enoA and those of  the other genès,  respec-
t i v e  l y

mammals (Verma and Dutta I9g4). A comparison of the
predicted aa sequence of A. oryzae enolase with those of
other eukaryotic enolases indicated a high degree of con-
servat ion (66.9-74.9%) as shown in Fig.  i .  Homology was
retained throughout the protein portion and numerous re-
gions among the f ive sequences analyzed were ident ical .
The predicted protein size (438 aa) was within the range
reported for other enolases [from 433 aa for Drosophila
(Bishop and Corces 1990) to 458 aa for human lung (Verma
and Kur l  1993) l  and mosr resembles that of  S.  pombe (439
aa; Jackson and Lopes 1995).

A comparison of  the cDNA with the genomic DNA of
the A. oryzae enoA gene (Machida et al. 1996) confirmed
the presence of four introns in the protein-coding region
predicted from the genomic sequence. The cDNA sequence
has been shown to be completely identical to the genomic
sequence of A. oryzce enolase following the removal of the
four introns (Machida et al. 1996). Splicing sites in all in-
trons obey the GT-AG rule of class-Il introns and as shown
by Bal lance (1986) involved conserved intron sequences
in fi lamentous fungi: [(l) 5'GTTAGT-45nI-GCTGAC_
I 4nt-TAG 3' , (2) 5'GTATGT-z|5nI-GCTGAT- 19nt-TAG
3', (3) 5'GTAAGT-48nt-ACTAAC-l2nt-TAG 3, and (4)
5'GTATGT-36nI-ACTGAA-20nI-CAG 3'1. The lengths
of  the  in t rons ,  ( l )  74  nr ,  (2 )  79  nr ,  (3 )  j5  n r  and (4 )  7  i  n t ,
are essent ia l ly  the same as those of  other f i lamentous funei
(Orbach e t  a l .  1986) .

The recombinant fusion protein produced frorn .  c lone
harbor ing  1 .3 -kbp cDNA (pCR2-AOENOA)  showec l  eno-
lase  enzymat ic  ac t i ' i t y .  Th is  fus ion  pro te in  was 1 .6- t imes
lar-eer than that of  the nat ive enolase ancr thus the speci f ic
ac t iv i t y  o f  GST-eno lase  fus ion  (3 .62  U/mg)  was I  l - t imes
less  than tha t  o f  ra t  musc le  eno lase  (40  u /mg) .  Sundst ronr
and A l iaga (1992)  repor ted  the  c .  t t lb icu t t .s  cST-eno lase
fusion to have a speci f ic  act i r , ' i ty  o i  -19.7 u/mg. rvhich is
comparable to that  of  .1.  c 'eray i .s i r tc enolase. C. ulbican.r  fu-
s ion  pro tc i r r  con ta ins  a  space o f  more  than l0 la  be t ,u l ,een
the  GST C- te rnr inus  and N- te rminLrs  o f  c .  c t lb i t ,un .s  en t t -
lase  (Sundst ro rn  and A l iaga 1992) .  S ince  A.  r . r r . r . :oc  cno-
lase  * 'us  p rcp l rcd  br  PCR s( )  i ì s  to  rn ; . rke  a .s r r l l  s i te  in rn re-
d ia te ly '  in  f ron t  o f  the  t rans la r ion  in i t ia t ion  coc lon .  the  GST-

- - _ - - - - -GTCîCTTTTCT- TCCGTCCTCCAÀ,GTTAGTCGACTGÀ.CCAÀ,TTCCGCA.GCTCGTC.AAÀATG
. . . 1 . . t  | t  | . . .

enolase fusion of  A.  r t r t , :ne contained only two aa between
GST and enolase. Hardly any of  the GST-enolase fusion
of A. ory:ne could be recovered from a soluble fraction by
induct ion wi th I  mM of IPTG. whereas the GST-enolase
firsion of C. albicans grown under normal induction con-
di t ions could be recovered. The insert ion of  a short  aa space
in the A. oryzae fusion protein may de-stabi l ize the GST-
enolase fusion and so decrease the enolase-speci f ic  act iv-
ity.

Compet i t ive PCR showed the expression of  the enoA
gene to be comparable to that of the Taka-amylase gene
(amyB),  which is very strongly expressed in A. orv-zoe
(Tada et  a l .  1991).  A.  or l tzae enolase mRNA const i tuted
approximately 37o (wlw) of the total mRNA. preliminary
screening of a ,l.-etl0 l ibrary of A. oryzae cDNA with the
DIG-labelled enoA RNA probe showed approximately 500
clones to be posi t ive among 19 000 (2.6Vc posi t ive).  Thus,
it may be concluded that enoA is a very stron_slv expressed
gene tn A. ory-zae.

cDNAs generated by pr imer extension were mapped at
s ix  ma jor  s i tes ,  a t  pos i t ions  -451-41,  -3B l -37 .  -31  and -
17 relat ive to the putat ive in i t iat ion codon (Fig.  a) .  The 5'-
f lanking region of the three independenr clones of the
RACE product terminated at  -20, -  18 and -  la (Fig.  a) .
Short cDNAs are preferenrially amplif ied in a pCR mix-
ture (Schaefer 1995) and rhe adaptor- l igat ion method fai ls
to correctly produce full- length cDNAs (Edwards et al.
1991).  The lengths of  RACE producrs,  whose 5'  rermini
are distributed about the shortest products by primer ex-
tension, are thus considered reasonable.

Mult ip le t ranscr ipt ion in i t iat ion has been noted in sev-
eral other _qenes from fi lamentous fun_9i which possess a
CT-r ich region (Kinnaird and Fincham 1983: Boel  et  a l .
1984;  Mu l laney  e t  a l .  1985) ,  and is  a  common tea ture  in
yeast _senes (Sentenac and Hal l  1982) including enolase
( H o l l a n d  e t  a l .  1 9 8 3 ; M a s o n  e r  a l .  1 9 9 3 ) .  T h e  s t r o n g l y  e x -
pressed A. ory:oe enoA gene should thus contain mLrl t ip le
transcr ipt ion start  s i tes.

Transcr ipt ion in i t iat ion s i tes \ \ 'ere mapped between the
TATA box and AUG codon immediately dorvnsrream from
the cr-blocks in the enoA gene (Fis.  6)  as is the case 'v i th
o ther  funga l  genes  (K inna i rd  and F incham lg83:  Arencrs
and Seba ld  1984:  C lements  and Rober ts  1986) .  A  s t re tch
of  pyr im id ine- r i ch  res id 'es  mav improve the  1 , ' ie lc i  o f  func-
t iona l  r lRNAs and l im i t  nuc leo t ide  t r iphosphate  consump-
t ion  by  lessen ing  the  aber ran t  r ranscr ip t iona l  in i t ia t ion  o f
h i -uh ly  expressed senes  in  yeas t  (V IcNe i l  1988) .  The re -
su l ts  t i f  p r imer  ex te  ns ion  in  the  present  s tuc l l '  su_sges t  the
same rnechan ism to  e  f fec t i ve ly ,  p roduce func t iona l  mRNAs
of  h igh l ; -  expressed genes in  A .  on ' :ac .  Sequences  in  the
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- 3 0
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C ' f - r i ch  re  g ion  o f  ,1 .  o r r ' :  ( t (  ( i ro ,1  a rc  h i -g t l l r  hor .no lo - {ous
[ o  t h o s e  o f  o t h e r  l r i g h l v  c x p r c s s c c l  g e n c s  o f ' t ' i l u r n e n t o u s
f 'L rng i  s r , rch  as  thc ,v .  ( ' t ' ( r . \ . \ ( r , , \DP/ATP c l r r i c r  p ro tc in  g rnc
(Arcnds  ar rc l  Seba ld  l9S-11 anc i  the  , - \ . spcr , t i ! l t t . s  n id t r l tu t .s
P G K  g L ' n c  ( C l c m c n t s  a n d  R o b c r t s  1 9 8 6 ) .  a n t l  i s  a l s o  h o -
r t to logous to thc- reccnt lv scclLrenced . \ .  r t r t ' : t ta p,gkA genr
( O g a r . v a e t a l .  l 9 9 4 . , A c c e s s i o n  N o .  D I S - l 1 3 . l t  t F i g .  6 ) .  T h L r s .
poss ib ly .  the  seqLrencc  o f  the  p1 ' r in r id ine- r i ch  rcs ion  n lav
be essent ia l  fo r  re  la t i r , ' c l v  h igh  sene erpress ion  in  t ' i l a rncr r -
tc l i rs fungi .

c t to r \  -gene t ru inscr ip r ion  appe i . r rs  inc luc ib le  by  _u lL rcose
irr  contrast  to c i lses lv i th other -ulvconco,uenic carborr
sol l rces such as gl-v-cerol  and pvrur, 'ate.  i . rs has been ob-
servc-d for  the EN02 -uene of  s.  cereyi .s ictc.  In the present
studv. gro 'uvth rate rvas af fected by'  cLr l ture concl i t iorrs ancl
c lose l .v -  re la tec l  to  t l re  t renscr ip t ion  o f  e t to .A .  Horvcver .  s incc
po ly (A l  RXe amoLt r . t t s  \ \ ' e re  a lmost  the  samc in  a l l  ce l l s
gro \ \ 'n  w i th  t l i t tè ren t  carbon sources  and under  var ied  cu l -
ture concl i t ions (Table I  ) .  expression of  the enoA sene \ \ , .1s
shorvn  to  be  spec i i i ca l l l '  regu la ted  b1  the  carbon soL l rce
ancl  to be gror.vth-r Í Ì te dependent.  The correlat ion bet lveen
at to ,4  t ranscr ip t ion  and s rowth  ra te  i s  reasonab le  s ince  en-
olase is a house-keepint  gene and A. r t r t . : .ctc most I ikel .v-
possesses  on ly  a  s ing le  copy  o f  i t  ( fu lach ic la  e r  a l .  lgg6) .

Th is  i s  the  f i rs t  repor t  ro  p resent  resu l ts  o f  the  ana lys is
of  the s lVcol) ' t ic  _sene from A. on.Jte and the cloning of
enolase cDNA in f i lar-nentolrs fungi .  The A. on' : t te enolase
gene was sho lvn  to  be  s t rong lv  expressed.  and express ion
was regulated by the carbon sol l rce in the mecl iurn.  Further
anaiysis of  the regulator l '  n iechanism of t r re 5 ' - f lanking re-
-eion of  the ertoA eene rv i l l  be important for  the stron,s er-
pression of forei_sn genes in A. on';oe and, for the regula-
t ion of  house-keeping genes in fungi .
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