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A b s t r a c t  - The c e l l  w a l l s  and septa o f  f u n g i  a r e  u s e f u l  models f o r  
morphogenesis and p o t e n t i a l  t a r g e t s  f o r  a n t i  funga l  agents. I n  t h e  yeas t ,  
Saccharomvces c e r e v i s i a e ,  t h e  main s t r u c t u r a l  components o f  t h e  p r imary  
septum and o f  t h e  c e l l  w a l l  a r e  c h i t i n  and ,¶(1+3)glucan, r e s p e c t i v e l y .  
Two c h i t i n  syn the tases  have been i d e n t i f i e d  i n  yeas t ,  one o f  which i s  
e s s e n t i a l  f o r  septum fo rmat ion ,  whereas t h e  o t h e r  one has a r e p a i r  
f u n c t i o n .  
i n  e x t r a c t s  i n  a zymogenic fo rm t h a t  can be a c t i v a t e d  by pro teases .  
/?(1-+3)Glucan syn the tase i s  a l s o  a t tached t o  t h e  plasma membrane. 
a c t i v i t y  i s  s t r o n g l y  s t i m u l a t e d  by GTP and i t s  analogs. 
e x t r a c t i o n  o f  t h e  membranes, two components have been ob ta ined  i n  s o l u b l e  
form. One con ta ins  a GTP-binding p r o t e i n ;  t h e  o t h e r  p robab ly  i nc ludes  t h e  
s u b s t r a t e - b i n d i n g  s i t e .  Both components, i n  a d d i t i o n  t o  GTP, a re  r e q u i r e d  
f o r  g lucan  syn thes i s .  

Both synthetases a r e  bound t o  t h e  plasma membrane and a re  found 

I t s  
By sequen t ia l  

INTRODUCTION 

Fungal c e l l  w a l l s  and septa  have e s s e n t i a l  r o l e s  i n  t h e  l i f e  o f  t h e  funga l  c e l l .  They 
p r o t e c t  mechan ica l l y  t h e  c e l l  f rom t h e  environment, p revent  osmot ic b u r s t i n g  o f  t h e  c e l l  by 
t h e  t u r g o r  p ressure  and a c t  as a s ieve  f o r  l a r g e  molecules t h a t  m igh t  harm t h e  c e l l  
membrane. 
elements; septum fo rma t ion  i s  an e s s e n t i a l  s tep  i n  c e l l  d i v i s i o n .  
c e l l  i s  determined by t h e  c e l l  w a l l :  p r o t o p l a s t s  t h a t  have l o s t  t h e  c e l l  w a l l  assume t h e  
spher i ca l  form. Because o f  t h i s  shaping r o l e  and o f  t h e i r  r e l a t i v e l y  s imp le  composi t ion,  
funga l  c e l l  w a l l s  and septa a r e  good models f o r  morphogenesis i n  e u c a r y o t i c  c e l l s .  

C e l l  w a l l s  and septa  have a l s o  r e c e n t l y  awakened t h e  i n t e r e s t  o f  researchers  i n t e n t  on 
f i n d i n g  o r  des ign ing  drugs  aga ins t  funga l  i n f e c t i o n s .  Because o f  t h e  v i t a l  f u n c t i o n  o f  c e l l  
wa l l s ,  i n t e r f e r e n c e  w i t h  t h e i r  b iosyn thes i s  may r e s u l t  i n  a r r e s t  o f  funga l  growth.  
Furthermore, some o f  t h e  main components o f  t h e  c e l l  w a l l  a re  n o t  found i n  animal t i s s u e s .  
There i s  hope, t h e r e f o r e ,  o f  f i n d i n g  s p e c i f i c  agents aga ins t  t h e  c e l l  w a l l  t h a t  w i l l  no t  
harm t h e  hos t .  

We have s t u d i e d  t h e  b i o s y n t h e s i s  o f  yeas t  (Saccharomvces c e r e v i s i a e )  c e l l  w a l l  and septum 
(F ig .  I ) ,  because much i s  known about t h e  b iochemis t r y  and c e l l  b i o l o g y  o f  t h i s  organism; 
yeas t  i s  a l s o  admi rab ly  s u i t e d  t o  t h e  man ipu la t i ons  o f  gene t i cs  and mo lecu la r  b io logy .  

The major  components o f  t h e  yeas t  c e l l  w a l l  a r e  carbohydrates.  
o f  t h e  c e l l  w a l l  i s  accounted f o r  by two be ta-g lucans  (Table 1); t h e  more abundant one i s  
composed o f  8(1+3) l i n k e d  glucose, w i t h  some 8(1-+6) branches; t h e  o t h e r  o f  8(1+6) l i n e a r  

Growth o f  t h e  c e l l  w a l l  goes hand i n  hand w i t h  t h a t  o f  t h e  o t h e r  c e l l u l a r  
The shape o f  t h e  fungal  

About h a l f  o f  t h e  d r y  weight 

TABLE 1. Composi t ion o f  c e l l  w a l l  and septum o f  Saccharomvces c e r e v i s i a e  
~ ~~~ 

B (  1+3)glucan j( 1+6)91 ucan mannoprotein c h i t i n  
~~~ 

C e l l  w a l l  t t t f 

Pr imary  septum ? t 

Secondary septa  t t t 
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Fig.  1. Ce l l  wa l l  and septum o f  S. cerev is iae.  I n  the c e l l  wa l l ,  the inner, more 
e lec t ron - lucen t  l a y e r  i s  r i c h  i n  glucans, whereas the outer, darker l a y e r  has a 
h igh content o f  mannoprotein ( r e f  3). The l o c a l i z a t i o n  o f  c h i t i n  i s  ind icated by 
the  c o l l o i d a l  go ld  granules (dark dots)  attached t o  wheat germ agg lu t i n in ,  a 
l e c t i n  w i t h  a h igh a f f i n i t y  f o r  c h i t i n .  A, emerging bud: t he  wa l l  i s  t h inne r  
than i n  the  mature c e l l ;  n o t i c e  the  r i n g  of c h i t i n  (here seen i n  cross-sect ion)  
a t  t he  base o f  t he  bud. B, channel between mother and daughter c e l l  before 
septum closure. 
primary septum i s  sandwiched between the secondary septa (from r e f  4 ) .  The gold 
g ra ins  on the vacuole areas (dark regions i n  the  middle o f  each c e l l )  do n o t  
r e s u l t  from attachment t o  c h i t i n .  They are s t i l l  present i n  the  same areas when 
go ld  wi thout  wheat germ a g g l u t i n i n  i s  used. 

C, t he  two c e l l s  a f t e r  completion o f  the septum. The c h i t i n  

chain w i t h  some 8(1+3) l inkages ( r e f .  1). Most o f  the remainder o f  t he  wa l l  cons is ts  o f  a 
mannoprotein i n  which carbohydrate accounts f o r  almost 90% o f  the weight ( r e f .  2 ) .  
8(1+3) glucose l i nkage  appears t o  be essent ia l  f o r  maintenance o f  t he  wa l l  s t ruc tu re .  
Treatment o f  i s o l a t e d  c e l l  w a l l s  w i t h  p u r i f i e d  8(1+3) glucanase r e s u l t s  i n  s o l u b i l i z a t i o n  o f  
the s t ruc tu re ,  i nc lud ing  the  mannoprotein component ( r e f .  3). 
concentrated i n  an e x t e r i o r  l a y e r  o f  t he  wal l ,  appears t o  act  as a sieve f o r  compounds o f  
high molecular weight. I t  can be s o l u b i l i z e d  wi thout  dest roy ing the i n t e g r i t y  o f  the wal l  
( r e f .  3). There i s  a l so  i n  the wa l l  a very small amount o f  c h i t i n ,  too low t o  measure 
accurately, but  poss ib l y  important i n  s t a b i l i z i n g  i n  some way the 8-glucan ( r e f .  5 ,  6) .  

The septum has a complex, s t r a t i f i e d  s t ructure,  t h a t  i s  best discussed i n  terms o f  i t s  
ontogenesis. The primary septum, composed o f  c h i t i n ,  begins t o  be l a i d  down a t  the onset o f  
budding, as a r i n g  around the  base o f  the bud (Fig. 1). 
d i v i s i o n  cycle, t h i s  r i n g  grows c e n t r i p e t a l l y  i n t o  a d isc,  the primary septum, t h a t  
e f f e c t i v e l y  separates the  two d i v i d i n g  c e l l s .  Secondary septa, conta in ing the same 
components as the  l a t e r a l  wa l l ,  are then l a i d  down from both the mother and the daughter 
c e l l  side, r e s u l t i n g  i n  a t r i - l a y e r e d  s t ruc tu re  (Fig. 1). Ce l l  separation occurs along the 
c h i t i n  boundary, l eav ing  one o f  the secondary septa and most o f  t he  primary septum i n  the 
bud scar on the  surface o f  the mother c e l l  ( r e f .  1). 

From the foregoing i t  i s  c l e a r  t h a t  i n  yeast 8(1+3)glucan and c h i t i n  are the  main s t ruc tu ra l  
polysaccharides o f  c e l l  wa l l  and primary septum, respec t i ve l y .  
has a l e s s  s p e c i f i c  d i s t r i b u t i o n  and i s  a lso a major component o f  t he  c e l l  w a l l .  
those organisms, c h i t i n  and 8(1+3)glucan are the most important s t r u c t u r a l  components o f  
both c e l l  w a l l s  and septa ( r e f .  7 ) .  As a consequence, i t  i s  poss ib le  t o  study the formation 

The 

The l a t t e r ,  which i s  more 

Towards the  end o f  the c e l l  

I n  many other  fungi ,  c h i t i n  
Again, i n  
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of a biological structure, the cell wall, by investigating the biosynthesis of certain 
polysaccharides. This approach may lead to an understanding at the molecular level of 
morphogenetic processes in the intact cell: 
biosynthesis of chitin and the primary septum, followed by that of 8(1+3)glucan, the main 
structural component of the cell wall. 

THE BIOSYNTHESIS OF CHITIN 

it will be used here in a discussion of the 

Two chitin synthetases in yeast 
Up to the present time, two chitin synthetases have been identified in S. cerevisiae, chitin 
synthetase 1 (Chsl) (ref. 8) and chitin synthetase 2 (Chs2) (ref. 9). They catalyze the 
same reaction, a transfer of N-acetylglucosamine from UDP-N-acetylglucosamine to a growing 
chain of 8(1+4)-linked N-acetylglucosamine residues. Chsl and Chs2 share some properties, 
but differ in others (Table 2). the 
best stimulator for Chsl is magnesium, for Chs2 cobalt. 
than Chsl. 
has been shown to catalyze a simultaneous synthesis and extrusion of chitin towards the 
external face of the membrane (ref. 11). 
way, but no data are available as yet. 

One important difference is the cation preference: 
Also, Chs2 has a higher pH optimum 

Chsl The bulk of both enzymes is attached to the plasma membrane (ref. 9, 10). 

It is probable that Chs2 functions in the same 

TABLE 2. Comparison of properties of chitin synthetases 

Chitin synthetase 1 Chitin synthetase 2 

Bound to plasma membrane 

Zymogen, activated by proteases Zymogen, activated by 

Bound to plasma membrane 

proteases (different from 
Chsl in specificity) 

Stimulated by GlcNAc Stimulated by GlcNAc 

Inhibited by polyoxin D and 
ni kkomyci n 

Mg2' best stimulatory cation 
(Co" inactive or inhibitory) 

Inhibited by polyoxin D and 
nikkomycin less than Chsl 

Co2* best stimulatory cation 

pH optimum 6-6.5 pH optimum 7-8 

Another property in common between the two synthetases is their presence in the cell in a 
zymogen form that can be converted into an active form by partial proteolysis (ref. 9, 12). 
It is not known how the zymogen is activated in vivo, but it is clear that an activation 
step is required: it is probably at this step that the enzymatic activity is controlled. 
Function of chitin synthetase 1 and 2 
Information about the function of the chitin synthetases has come for the most part from a 
genetic approach. The first gene to be cloned was that coding for Chsl, at that time the 
only chitin synthetase known in yeast (ref. 13). After a study of its structure, the gene 
was disrupted and substituted for a normal gene in a wild-type strain. Unexpectedly, cell 
division and chitin content were not affected in the cells containing the disrupted gene. 
Obviously, Chsl was not essential for chitin synthesis and some other synthetase (later 
identified as Chs2) was present in the cell. However, further studies revealed that cells 
with a disrupted CHSl gene were not completely normal. When such cells were grown in a 
medium insufficiently buffered to prevent the acidification that accompanies yeast growth, 
many buds lysed during separation from the mother cell (ref. 13, 14). The lysis is 
apparently due to a small perforation in the center of the birth scar (Fig. 2). 

Analysis of the conditions that lead to lysis indicated the possible participation of a 
chitinase that normally facilitates separation between mother and daughter cell by degrading 
some of the chitin of the primary septum. In fact, when allosamidin, a chitinase inhibitor, 
was added to the medium, bud lysis was drastically reduced (ref. 14). Lysis can be totally 
abolished by introducing in a cell devoid of Chsl a disrupted chitinase gene (kindly 
provided by M. Kuranda and P.W. Robbins). The last result shows unambiguously that 
chitinase is required for bud lysis in the absence of Chsl (S.J. Silverman, J.A. Shaw and E. 
Cabib, in preparation). 
excessive activity of the chitinase by replacing some of the lost chitin. 
Chsl is not absolutely required for viability, it has an auxiliary function that may be 
important for survival under certain conditions. 

With Chs2 the results were quite different. 
chsl strains with high-copy plasmids carrying a yeast DNA library and looking for cells that 
would overproduce chitin synthetase (ref. 15). 

It also indicates that Chsl must repair the damage caused by 
Thus, although 

The structural gene was cloned by transforming 

Later, the gene was disrupted and 
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Fig. 2 .  Lys is  o f  daughter c e l l  du r ing  
growth i n  unbuffered minimal medium. 
A small p e r f o r a t i o n  can be seen i n  the  
b i r t h  scar (arrow) through which some 
membranous ma te r ia l  has escaped. The 
mother c e l l  bud scar i s  i nd i ca ted  by 
an arrowhead (from r e f .  14). 

subs t i t u ted  f o r  one o f  t h e  two copies o f  CHSZ i n  a d i p l o i d  s t r a i n .  Sporu lat ion and t e t r a d  
d i ssec t i on  showed t h a t  i n  each t e t r a d  on ly  the  two spores con ta in ing  the  normal CHSL gene 
were able t o  g i v e  r i s e  t o  co lon ies.  
elongated c e l l s  w i thou t  septa. It was concluded t h a t  ChsZ i s  the enzyme normal ly  invo lved 
i n  the  cons t ruc t i on  o f  t he  primary septum ( r e f .  15). Whether the  c h i t i n  r i n g  t h a t  forms a t  
bud emergence i s  a l s o  synthesized w i t h  the  help o f  Chs2 o r  w i t h  another synthetase, i s  not  
y e t  c l  ear. 

I n  view o f  t he  d i f f e r e n t  f unc t i ons  o f  t he  two c h i t i n  synthetases, i t  was o f  i n t e r e s t  t o  
compare t h e i r  amino a c i d  sequences, as p red ic ted  from the  coding sequence o f  t he  respect ive 
Penes. Such a comoarison revealed a larcie reciion, comDrisinci about two- th i rds  o f  each aene. 

The other  two y i e l d e d  small clumps o f  abnormal, usua l l y  

. I -  

i n  which more than'40% o f  t he  amino acid; were i d e n t i c a l  
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NLTANRALKRSGTEIRKFKLWNGNFVFDSPISKTLLDQYATTTENANTLPNEFKF~YQA 
*I * * *  . 111- I -I 

RRAPISESXRRMVSDLPPPSKK~LLKLDNPIPKGLLD------TLPRRNSPEFTEMRYTA 

VTCEPNQLAEKNFTVRQLKYLTPRETELMLWTMYNEDHILLGRTLKGIMDNVKYMVKKK 
D I  *I+= I f *- I+=* I I t I* 

CTVEPDDFLREGYTLR-FAEMN-RECQIAICITMYNEDKYSLARTIHSIMXNVAHLCKRE 

NSSTWGPDAWKKIWCIISDGRSKINERSLALLSSLGCY DGFAKDEINEKKVAMHVYEH 

KSHVWGPNGWKKVSVILISDGRAXVNQGSLDYLAALGVYQED~S~GDPVXAHIFEL 

TTMINITNISESEVSLECNQGTVPI LLFCLKEQNQKKINSHRWAFEGFAELLRPNIVTL 

TTQVSI----NADLDY-VSKDIVPVQLVFCLKEENKKKINSHRWLFNAFCPVLQPT~L 

LDAGTMPGKDSIYQLWREF-RNPNVGGACGEIRTDLGKRFVKLLNPLVASQNFEYKMSNI 
*I I I t  I D*D I .*I I *l *- 
VDVGTRLNNTAIYRLWKVFDMDSNVAGAAGQIKTMKGKWGLKLFNPLVASQNFEYKISNI 

L D K T T E S N F G F I T V L P G A F S A Y R F E A V R - - - - - G Q P L Q K Y L  

LDKPLESVFGYISVLPGALSAYRYRALKNHEDGTGPLRSYFLGETQEGRDHDV~~MYL 

AEDRILCFEVVTKKNCNWILKYCRSSYASTDVPERVPEFIL RRRWLNGSFFASVYSFCH 

AEDRILCWELVAKRDAKWVLKYVKEATGETDVPEDVSEFISQRRRW~NG~FAAIYAQLH 

FYRVWSSGHNIGRKLLLTVEFFYLFFNTLISWFSLSSFFLFFRILTVSIALAYHSAFNVL 
I r I + I * l  m - m . + . - *  .I. I I+I " I 

FYQIWKTKHSVVRKFFLHVEFLYQFIQMLFSWFSIANFVLTFYYLAGSM~LVIKHG-EAL 

SVIFLWLYGICTLST-FILSLGNKPKSTEKFYVLTCVIFAVMMIYMIFCSIFMSVKSFQN 

FIFFKYLI-FCDLASLFIISMGNRPQGAKHLFITSMVILSICATYSLICGFVFAFKSLS 

ILKNDTISFEGLITTEAFRDIVISLGSTYCLYLISSIIYLQPWH~TSFI YILLSPSYI 

GTESHKI----------FVDIVISLLSTYGLYFFSSLMYLDPWHMFTSSIQYFLTLPAFT 

NVLNIYAFCNVHDLSWGTKGAMANP--LGKINTTEDGTFKHEVLVSSSEIQANYDKYLKV 
.*I*- I+- I. I ** * .*I 

CTLQIFAFCNTHDVSWGTKGSTQESKQLSXAIWQGPDGK-QIVETDWPQEVD-KKFLEI 

LNDFDPKSESRPTEPSYDEKKTGYYANVRSLVIIFWVITNFIIVAWLETGGIADYIAMX 

KSRLK-EPEFEESSGNEKQSKNDYYRDIRTRIVMIWMLSNLILIMSIIQVFTPQDTDNGY 

- *-* rn t- m+m S, I 

I.. .* I.&*- I - +I *I I t- 

m D =*I,- -t I** I I D  I me - 
-+..I I* I*m . - I - Q I .. I 

f I *I I I * D*.*l*I ***I * I*I D 

I I--= D + * 1 0 D s I I  I* 

I *  I I +I* .** I+**= I** ** I 

i n  both sequences (F ig.  3). T6e 

F ig.  3. Comparison o f  Chsl (1) and 
Chs2 ( 2 )  sequences i n  the  homologous 
reg ion (amino ac ids 361-1017 f o r  
Chsl and 213-904 f o r  Chs2). 
Bars (.) i n d i c a t e  i d e n t i c a l  amino 
acids, as te r i sks  (*) conservat ive 
s u b s t i t u t i o n s .  The t o t a l  l e n g t h  
of t he  sequence i s  1131 amino ac ids 
f o r  Chsl and 963 f o r  ChsZ (from 
r e f .  16). 
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smal l  remain ing  segment a t  t h e  carboxy l  te rminus  and t h e  much l a r g e r  one a t  t h e  amino 
te rminus  were q u i t e  un re la ted .  These s i m i l a r i t i e s  and d i f f e r e n c e s  a r e  conserved i n  t h e  
hyd ropa th i c  p r o f i l e s ,  which show a few p o s s i b l e  membrane-spanning domains near  t h e  carboxy l  
end ( r e f .  16). 

D e l e t i o n  o f  t h e  non-homologous amino te rm ina l  r e g i o n  o f  CHSZ i n  a h igh-copy  p lasmid  r e s u l t e d  
i n  express ion  o f  a gene p roduc t  e x h i b i t i n g  enzymatic a c t i v i t y  and ab le  t o  complement a 
d i s r u p t i o n  o f  t h e  chromosomal W (J.A. Shaw, S.J. Si lverman and E. Cabib, unpub l ished 
r e s u l t s ) .  T h i s  r a t h e r  s u r p r i s i n g  r e s u l t  suggests t h a t  t h e  d i v e r g e n t  amino te rminus  i n  ChsE 
and p o s s i b l  
determine tKe d i f f e r e n t  f unc t i ons  o f  Chsl  and Chs2 must occur  e i t h e r  i n  t h e  homologous 
r e g i o n  o r  a t  t h e  ca rboxy l  te rminus .  

a l s o  i n  Chsl  may be d ispensab le .  If t h i s  i s  so, t h e  sequence(s) t h a t  somehow 

THE BIOSYNTHESIS OF fi (1+3)GLUCAN 
As i n  t h e  case o f  c h i t i n ,  syn thes i s  o f  8(1+3)glucan proceeds by a t r a n s f e r  o f  a g l y c o s y l  
res idue  f rom a n u c l e o t i d e  sugar t o  a growing cha in  o f  po lysacchar ide :  t h e  sugar here  i s  
g lucose r a t h e r  than  N-acety lg lucosamine and t h e  p roduc t  i s  8(1+3) r a t h e r  than 8(1+4)-1inked 
( r e f .  17). As shown f o r  c h i t i n  syn the tase and by t h e  same methodology, 8(1+3)glucan 
syn the tase has been found t o  be a t tached t o  t h e  plasma membrane. 
de tec ted  i n  o t h e r  f r a c t i o n s .  

There i s  no i n d i c a t i o n  t h a t  g lucan syn the tase i s  i n  a p r o t e o l y t i c a l l y  a c t i v a t a b l e  zymogen 
form. I n  f a c t ,  t rea tmen t  w i t h  severa l  d i f f e r e n t  p ro teases  l e d  t o  i n a c t i v a t i o n  o f  t h e  enzyme 
(E. Cabib, unpub l ished r e s u l t s ) .  On t h e  o t h e r  hand, t h e  a c t i v i t y  i s6  s t r o n g l y  s t i m u l a t e d  by 
guanosine t r i p h o s p h a t e  and i t s  analogs, a t  concen t ra t i ons  i n  t h e  10' -lo-' M range ( r e f .  18). 
A s tudy  o f  t h e  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p  of many compounds revea led  t h a t  severa l  
phosphory la ted  substances show some s t i m u l a t i o n ,  b u t  t h e  guanine nuc leo t i des  a re  by f a r  t h e  
best,  p robab ly  because o f  a much t i g h t e r  b i n d i n g  t o  t h e  enzyme ( r e f .  19).  

The s t i m u l a t i o n  by guanosine nuc leo t i des  i s  a p r o p e r t y  shared by 8 (  1+3)glucan synthetases o f  
severa l  f u n g i  ( r e f .  20). A s tudy  o f  these g lucan synthetases cu lmina ted  i n  t h e  f i n d i n g  t h a t  
by e x t r a c t i o n  w i t h  de te rgen t  and s a l t s ,  t h e  membrane p repara t i ons  c o u l d  be d i s s o c i a t e d  i n t o  
two components, one so lub le ,  one s t i l l  membrane bound; bo th  components a re  necessary f o r  t h e  
r e a c t i o n  t o  occur,  i n  a d d i t i o n  t o  GTP ( r e f .  21). 
p ro te inaceous component i n  t h e  s o l u b l e  f r a c t i o n  was respons ib le  f o r  i n t e r a c t i o n  w i t h  GTP: 
t h e  s o l u b l e  component was p r o t e c t e d  by GTP aga ins t  thermal dena tu ra t i on ,  i n a c t i v a t i o n  by 
EDTA a t  3OoC and i n a c t i v a t i o n  by s a l t s  a t  h i g h  concen t ra t i on .  On t h e  o t h e r  hand, t h e  
component t h a t  remained membrane-bound a f t e r  e x t r a c t i o n  was p r o t e c t e d  by t h e  subs t ra te ,  UDP- 
g lucose, but n o t  by GTP, aga ins t  thermal  dena tu ra t i on  ( r e f .  2 1 ) ,  It seems probab le  t h a t  
t h i s  component con ta ins  t h e  c a t a l y t i c a l l y  a c t i v e  s i t e  o f  t h e  r e a c t i o n ,  whereas t h e  GTP- 
b i n d i n g  p r o t e i n  would a c t  as a r e g u l a t o r y  component. 

Recent ly,  these r e s u l t s  have been extended t o  SL c e r e v i s i a e  (H.-M. Park, S. Das Gupta, J.T. 
M u l l i n s  and E.  Cabib, unpub l ished r e s u l t s ) .  I n  a d d i t i o n  t o  s o l u b i l i z i n g  t h e  p u t a t i v e  GTP- 
b i n d i n g  component, we have succeeded i n  o b t a i n i n g  i n  s o l u b l e  fo rm t h e  o t h e r  component as 
w e l l .  Here a lso ,  bo th  components p l u s  GTP o r  a GTP analog a re  necessary f o r  f u l l  a c t i v i t y  
(F ig .  .4) .  From g e l - f i l t r a t i o n  
exper iments,  i t s  mo lecu la r  we igh t  under non-denatur ing  c o n d i t i o n s  appears t o  be i n  t h e  
65,000-70,000 range. 

No a c t i v i t y  has been 
No pr imer  appears t o  be r e q u i r e d  f o r  t h e  r e a c t i o n .  

Several  c r i t e r i a  i n d i c a t e d  t h a t  a 

The GTP-binding component has been p a r t i a l l y  p u r i f i e d .  

GTP@ - + - + - + - 2 0  = 

0 

10 g 
Y 
W 

3 
0 

0 

C G C+G 
F i g .  4. R e c o n s t i t u t i o n  o f  8(1+3)glucan synthetase a c t i v i t y  f rom i t s  components. G, 

GTP-binding component, ob ta ined  by e x t r a c t i n g  yeas t  membranes w i t h  2M NaCl and 2% 
T e r g i t o l  NP40; C, presumed c a t a l y t i c  component, s o l u b i l i z e d  by f u r t h e r  e x t r a c t i o n  
w i t h  1.1% o c t y l g l  ucoside and 0.2% (3-  [ (3-Chol amidopropyl ) -d imethy l  ammonio] -1- 
propane s u l f o n a t e  (CHAPS). 
1 i t t l e  a c t i v i t y  i n  t h e  presence o r  absence o f  guanosine 5'-0-(3-thiotriphosphate) 
(GTPgS). A m i x t u r e  o f  bo th  components w i t h  t h e  a d d i t i o n  o f  t h e  n u c l e o t i d e  i s  
r e q u i r e d  f o r  h i g h  i n c o r p o r a t i o n  o f  g lucose f rom UDP-glucose i n t o  glucan. 

It can be seen t h a t  each component separa te l y  y i e l d s  
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Because o f  t h e  l o c a l i z a t i o n  o f  c h i t i n  synthetases and g lucan  syn the tase i n  t h e  plasma 
membrane, i t  seems probab le  t h a t  t h e  fo rma t ion  o f  bo th  po lysacchar ides  takes  p lace ,  as has 
been shown f o r  Chsl ,  by s imultaneous syn thes i s  and e x t r u s i o n  th rough t h e  membrane. On the  
o t h e r  hand, t h e  mannoprotein o f  t h e  c e l l  w a l l  and secondary septa  appears t o  be syn thes ized 
i n s i d e  t h e  c e l l ,  s t a r t i n g  a t  t h e  endoplasmic r e t i c u l u m  and f o l l o w i n g  t h e  genera l  sec re to ry  
pathway f o r  g l y c o p r o t e i n s  ( r e f .  22).  To understand how t h e  growth o f  septum and c e l l  w a l l  
takes  p lace ,  i t  w i l l  be necessary t o  f i n d  o u t  how t h e  syn thes i s  and/or e x c r e t i o n  o f  t h e i r  
components i s  l o c a l i z e d  i n  t i m e  and space. For ins tance,  how i s  i t  determined t h a t  a t  
budding c h i t i n  w i l l  be l a i d  down i n  an annu lar  space a t  t he  base o f  t h e  bud? o r  how i s  
g lucan syn thes i s  i n i t i a t e d  a t  t h e  budding s i t e ,  r e g u l a t e d  s p a t i a l l y  s o  as t o  o b t a i n  an ova l -  
shaped c e l l  and shut  o f f  when t h e  c e l l  a t t a i n s  m a t u r i t y ?  For c h i t i n  syn thes i s ,  t h e  
zymogenic cha rac te r  o f  t h e  enzyme may o f f e r  a p a r t i a l  answer: i f ,  as i t  appears t o  happen 
w i t h  Chsl ,  t h e  c h i t i n  syn the tases  are  d i s t r i b u t e d  r a t h e r  u n i f o r m l y  on t h e  plasma membrane, 

as t h e i r  temporal  and s p a t i a l  r e g u l a t i o n  may be c o n t r o l l e d  by d e l i v e r i n g  an a c t i v a t o r ,  such 
a pro tease,  a t  a s p e c i f i c  s i t e  and a s p e c i f i c  t ime,  perhaps by us ing  a v e s i c l e  o r  a 
component o f  t h e  cy toske le ton  as c a r r i e r .  We know n o t h i n g  a t  t h i s  p o i n t  about t h e  a c t i v  
o r  t h e  d e l i v e r i n g  apparatus.  

The morphogenet ic system must a l s o  i n c l u d e  s i g n a l s  t o  a l e r t  t h e  c e l l  t h a t  c h i t i n  synthes 
i s  r e q u i r e d  a t  c e r t a i n  l o c a t i o n s ,  such as a t  t h e  septum, e i t h e r  f o r  c o n s t r u c t i o n  o f  t h e  
p r imary  septum, i n  t h e  case o f  Chs2, o r  f o r  r e p a i r ,  i n  t h e  case o f  Chsl .  F i n a l l y ,  t h e  
a c t i v i t y  o f  each enzyme w i l l  have t o  be modulated accord ing  t o  t h e  requ i rements  o f  each 
s i t u a t i o n ,  and somehow stopped when t h e r e  i s  no l o n g e r  a need f o r  i t . 

t o r  

S 

Many o f  these concepts a l s o  app ly  t o  t h e  problem o f  r e g u l a t i o n  o f  syn thes i s  o f  /3(1+3)glucan. 
Here, however, t h e  means by which t h e  enzymatic a c t i v i t y  i s  modulated appear t o  be 
d i f f e r e n t .  I n t e r a c t i o n  w i t h  GTP i s  p robab ly  t h e  p r i n c i p a l  mechanism by which t h e  a c t i v i t y  
o f  g l  ucan syn the tase i s  regu la ted .  

It i s  u n l i k e l y  t h a t  t h e  r e g u l a t i o n  i s  a t t a i n e d  by changes i n  t h e  l e v e l  o f  GTP, because i t s  
average concen t ra t i on  i n  t h e  c e l l  i s  p robab ly  always h i g h e r  than t h a t  necessary t o  sa tu ra te  
the  synthetase. I n  o t h e r  GTP-binding r e g u l a t o r y  p r o t e i n s  (G-pro te ins) ,  found i n  yeas t  o r  
elsewhere, r e g u l a t i o n  can be conserved independent ly  o f  t h e  concen t ra t i on  o f  GTP, by 
modu la t ing  t h e  a b i l i t y  o f  t h e  G-p ro te in  t o  a c t  as a GTP-ase as w e l l  as by  i n f l u e n c i n g  t h e  
exchange between GTP and GDP on t h e  p r o t e i n  ( r e f .  23).  
i n t e r a c t i o n  w i t h  o t h e r  r e g u l a t o r y  p r o t e i n s ,  phosphorylation-dephosphorylation, and perhaps 
o t h e r  m o d i f i c a t i o n s .  

From t h e  above d i scuss ion ,  i t  i s  c l e a r  t h a t  f o r  t h e  r e g u l a t i o n  o f  bo th  c h i t i n  and 
B ( 1 J ) g l u c a n  b iosyn thes i s ,  i . e .  f o r  septum and c e l l  w a l l  fo rmat ion ,  an a r r a y  o f  p r o t e i n s ,  
o rgane l l es  and p o s s i b l y  elements o f  t h e  cy toske le ton  a re  necessary. 
system i s  go ing  t o  be a d i f f i c u l t  t ask .  
approach. 
o r  t h e  o t h e r  o f  t h e  c e l l  w a l l  po lysacchar ides  may be h e l p f u l .  
c o n d i t i o n a l - l e t h a l  mutants i n  t h e  a l ready  known genes o f  t h e  synthetases and then l o o k  f o r  
ex t ragen ic  suppressors t h a t  may d e f i n e  o t h e r  components o f  t h e  system. 

T h i s  c o n t r o l  may be exe r ted  by 

To unrave l  t h i s  complex 
A s t a r t  cou ld  perhaps be achieved by a gene t i c  

Mutants whose phenotype shows a d e f e c t  o r  abnorma l i t y  i n  t h e  b iosyn thes i s  o f  one 
One can a l s o  seek 

CELL WALL AND SEPTUM AS TARGETS FOR ANTIFUNGAL AGENTS 

As mentioned i n  t h e  I n t r o d u c t i o n ,  i n h i b i t i o n  o f  t h e  syn thes i s  o f  c e l l  w a l l  components may be 
used as a way o f  s topp ing  growth  o r  even caus ing  death  o f  a pa thogen ic  fungus. 
and /3(1+3)glucan seem t o  c o n s t i t u t e  good t a r g e t s  f o r  t h i s  t ype  o f  a t tack ,  f i r s t ,  because 
they  appear t o  be e s s e n t i a l  s t r u c t u r a l  components o f  c e l l  w a l l  and/or septum; second, 
a l though j3(1+3)glucan i s  p resen t  i n  p l a n t s ,  n e i t h e r  po lysacchar ide  i s  found i n  animals.  
Th i s  enhances t h e  p o s s i b i l i t y  o f  f i n d i n g  s p e c i f i c  i n h i b i t o r s .  Some such i n h i b i t o r s  a re  
a v a i l a b l e :  among t h e  most power fu l  f o r  c h i t i n  syn the tase a re  t h e  p o l y o x i n s  ( r e f .  24) and 
nikkomycins ( r e f .  25),  which compete w i t h  t h e  subs t ra te ,  UDP-N-acetylglucosamine. The 
po lyox ins  have been used aga ins t  p l a n t  pathogens, b u t  n e i t h e r  they  n o r  t h e  nikkomycins have 
been found e f f e c t i v e  aga ins t  animal o r  human i n f e c t i o n s .  There a re  problems o f  c e l l  
p e r m e a b i l i t y  and p robab ly  a l s o  enzymatic breakdown of  t h e  a n t i b i o t i c s  i n  t h e  funga l  c e l l .  
I n  S .  c e r e v i s i a e ,  p o l y o x i n  D i s  e f f e c t i v e  i n  v i v o  b u t  a t  concen t ra t i ons  severa l  o rde rs  o f  
magnitude g r e a t e r  than those t h a t  i n h i b i t  t h e  c h i t i n  syn the tases  i n  v i t r o  ( r e f .  26). I t  i s  
o f  i n t e r e s t ,  however, t h a t  Chs2, t h e  e s s e n t i a l  synthetase, i s  i n h i b i t e d  much l e s s  than Chsl 
i n  v i t r o  ( r e f .  9 and E. Cabib, i n  p r e p a r a t i o n ) .  Th i s  i n v i t e s  c a u t i o n  i n  j u d g i n g  t h e  e f f e c t  
o f  such i n h i b i t o r s  on o t h e r  f u n g i ,  where t h e  p r o p e r t i e s  and f u n c t i o n s  o f  c h i t i n  synthetases 
have n o t  been es tab l i shed .  

I n h i b i t o r s  o f  g lucan  syn thes i s  i n  v i v o  have a l s o  been descr ibed.  
papulacandin B ( r e f .  27), has t h e  bas i c  s t r u c t u r e  o f  a d isacchar ide ,  t o  which two f a t t y  
ac ids  and an aromat ic  res idue  a r e  a t tached.  Another group o f  3 compounds, acu leac in  ( r e f .  
28), echinocandin ( r e f .  29) and c i l o f u n g i n  ( r e f .  30), share a c y c l i c  hexapept ide backbone 

Both c h i t i n  

One i n h i b i t o r ,  
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and d i f f e r  i n  a s i d e  cha in .  
d i f f e r e n t  f u n g i  ( r e f .  31) and acu leac in  and c i l o f u n g i n  on yeas t  p ( l+3 )g lucan  synthetase (E .  
Cabib, unpub l ished r e s u l t s )  and found them ve ry  poor as i n h i b i t o r s .  However, papulacandin 
has been found t o  be f a i r l y  e f f e c t i v e  aga ins t  t h e  g lucan syn the tase o f  Schizosaccharomvces 
& ( r e f .  32) and c i l o f u n g i n  aga ins t  t h a t  o f  Candida a lb i cans  ( r e f .  33). A t  t h i s  p o i n t  i t  
i s  n o t  c l e a r  whether t h e i r  e f f e c t  i s  exe r ted  d i r e c t l y  on t h e  enzyme o r  i n d i r e c t l y ,  through 
some o t h e r  component necessary f o r  g l  ucan b iosyn thes i s  and e x t r u s i o n  th rough t h e  membrane. 

The very  ex i s tence  o f  i n h i b i t o r s  o f  c h i t i n  and g lucan syn the tase t h a t  have a t  l e a s t  some and 
i n  c e r t a i n  case cons ide rab le  e f f e c t s  i n  v i v o  suggests t h a t  t h i s  approach towards b e t t e r  and 
more s p e c i f i c  a n t i  funga l  agents m e r i t s  f u r t h e r  e f f o r t s .  

We have t e s t e d  papulacandin on B( l+3)g lucan synthetases o f  
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