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The c r y s t a l  c o n s i s t s  of d imer ic  p r o t e i n  sub- 
u n i t s .  The monomer pep t ide  cha ins  a r e  he ld  to- 
g e t h e r  i n  t h e  subuni t  and t h e  subuni t  i n  t h e  
c r y s t a l  by d i s u l f i d e  and non-covalent bonds. The 
monomer p e p t i d e  h a s  a  molecular  weight of about 
130 k d a l t o n s  which, i n  t h e  presence of p r o t e a s e s ,  
is hydrolyzed t o  a  p r o t e a s e - r e s i s t a n t - p r o t e i n  of 
65 kda t h a t  is t o x i c  both t o  l a r v a e  by i n j e c t i o n  
and t o  t i s s u e  c u l t u r e  c e l l s  and thus  is t h e  
a c t i v e  tox in .  The gene f o r  t h i s  p r o t e i n  is on a  
plasmid which g r e a t l y  s i m p l i f i e s  t h e  work of t h e  
g e n e t i c  eng ineers .  The gene has been p a r t i a l l y  
sequenced and t h e  secondary s t r u c t u r e  of t h i s  
p a r t  has  been p r e d i c t e d  bu t  not demonstrated. 

BaciZZus thuringiensis (Bt )  is  d i v i s i b l e  
i n t o  20 v a r i e t i e s  o r  s e r o v a r s  based on s e r o l o g i -  
c a l  and biochemical  t e s t s  on t h e  v e g e t a t i v e  c e l l .  
The p r o t e i n  t h a t  is r e s p o n s i b l e  f o r  most of t h e  
t o x i c i t y ,  and e s p e c i a l l y  f o r  t h e  i n s e c t i c i d a l  ac- 
t i v i t y  of commercial p r e p a r a t i o n s ,  is  produced a s  
a  bipyramidal  c r y s t a l  dur ing  s p o r u l a t i o n  of t h e  
B a c i l l u s  (Fig. 1 ) .  The s u r f a c e  p a t t e r n  observed 

F igure  1. E l e c t r o n  micrograph of a  p a r a s p o r a l  
c r y s t a l  o f  BaciZlus thuringiensis 
(Courtesy of C.  Hannay) 

is  due t o  t h e  r e g u l a r  p o s i t i o n i n g  of rod-shaped 
molecules  wi th  dimensions of about  9 X 13  nm and 
a  c a l c u l a t e d  molecular  weight of 230,000 d a l t o n s  
( 1  d a l t o n  is t h e  mass of a  hydrogen atom) (Holmes 
and Monroe, 1965). The shapes of t h e  c r y s t a l s  
vary  from almost  cuboida l  t o  s l e n d e r  need le  
shapes depending on t h e  se rovar .  I s o l a t e s  can 
of t e n  be recognized by c r y s t a l  shape a lone .  

Serology of the  c r y s t a l  broadly r e f l e c t s  t h e  
groupings r e f e r r e d  t o  above but  wi th  c o n s i d e r a b l e  
o v e r l a p  (Krywienczyk e t  a l . ,  1978, 1981). I n  
t h i s  review I s h a l l  r e f e r  t o  s e r o v a r s  by t h e i r  
f u l l  names but c r y s t a l  types  by t h e i r  f i r s t  3  
l e t t e r s ,  o r  i n  t h e  c a s e  of kurgtaki c r y s t a l  t y p e s  
t o  K-1' and K-73, a s  suggested by Krywienczyk e t  
a l .  (1978). 

Many of t h e  problems of d i s s o l v i n g  and char- 
a c t e r i z i n g  t h e  c r y s t a l  t h a t  have h i s t o r i c a l l y  
plagued t h e  s t u d y  of Bt c r y s t a l  t o x i n  have been 
overcome i n  t h e  p a s t  5-8 years .  C r y s t a l s  a r e  now 
r e a d i l y  s e p a r a t e d  from s p o r e s  (Milne e t  a l . ,  
1977, Sharpe et  a l . ,  1975) and can be f r e e d  of 
t h e  p r o t e a s e s  t h a t  a r e  adsorbed t o  t h e  c r y s t a l  
which have, i n  t h e  p a s t ,  caused confusion about  
t h e  molecular  weight of t h e  c o n s t i t u e n t  pep t ide  
c h a i n s  (Chestukhina e t  a l . ,  1978; Nickerson and 
Swanson, 1981). 

The techniques  f o r  d i s s o l u t i o n  of the  crys-  
t a l  a r e  a l s o  now reasonably def ined .  The c r y s t a l  
is he ld  t o g e t h e r  p r i n c i p a l l y  by i n t e r m o l e c u l a r  
d i s u l f i d e  bonds of which t h e r e  a r e  a s  many p e r  
pep t ide  cha in  a s  i n  wool k e r a t i n  (Huber, 1982) 
and by noncovalent i n t e r a c t i o n s  such a s  s a l t  
b r idges  and hydrogen bonds. Highly a l k a l i n e  con- 
d i t i o n s  (pH 11-13) d i s s o l v e  t h e  c r y s t a l  by alka-  
l i n e  h y d r o l y s i s  of d i s u l f i d e  bonds but a  consid- 
e r a b l e  l o s s  of t o x i c i t y  p r o p o r t i o n a l  t o  t h e  
l e n g t h  of time i n  a l k a l i  occurs  (Trumpi, 1976). 
Under l e s s  a l k a l i n e  c o n d i t i o n s  (pH 9.5-11) d i s -  
s o l u t i o n  w i l l  occur  i n  t h e  presence of d i s u l f i d e  
reducing a g e n t s  such a s  d i t h i o t h r e i t o l  ( D t t )  o r  
mercaptoethanol  and t o x i c i t y  i s  preserved .  Under 
n e a r  n e u t r a l  pH c o n d i t i o n s  d e n a t u r a n t s  such a s  
i o n i c  d e t e r g e n t s ,  guanidine hydrochlor ide ,  u r e a ,  
o r  c h a o t r o p i c  s a l t s  a r e  r e q u i r e d  along with d i s -  
u l f i d e  reducing a g e n t s  and i n  most c a s e s  t o x i c i t y  
is  t o t a l l y  des t royed .  Huber (1982), however, de- 
s c r i b e s  c o n d i t i o n s  f o r  t h e  d i s s o l u t i o n  of crys-  
t a l s  i n  guanidine hydrochlor ide  i n  which t o x i c i t y  
is r e t a i n e d .  The t o x i c i t y  i s  a l s o  des t royed  by 
h e a t  a s  w e l l  a s  by d e n a t u r a n t s ,  l e a d i n g  t o  t h e  
conc lus ion  t h a t  secondary s t r u c t u r e  ( h e l i c a l  o r  
b e t a  o r g a n i z a t i o n )  o r  t e r t i a r y  s t r u c t u r e  (packing 
of t h e  h e l i c a l  o r  b e t a  s t r u c t u r a l  e lements)  of 
t h e  c r y s t a l  p r o t e i n  is requi red .  

A p r o t e i n  with a  molecular  weight of about  
230 k i l o d a l t o n s  (Kda) is ob ta ined  when the  crys-  
t a l  is d i s s o l v e d  under c a r e f u l l y  c o n t r o l l e d  con- 
d i t i o n s  without  reducing a g e n t s  (Huber 1982). 
This  is i n  good agreement wi th  t h e  molecular  



weight c a l cu l a t ed  from t h e  x-ray d a t a  ( s e e  
above). I n  t he  presence of reducing agents  a 
s i n g l e  molecule with a molecular  weight of 130 
kda is observed i n d i c a t i n g  t h a t  t he  unreduced 
molecule is  probably a dimer. Although t h i s  has 
ge ne ra l l y  been t he  accepted i n t e r p r e t a t i o n ,  Hu- 
b e r  (1982) was the  f i r s t  t o  presen t  d a t a  c l e a r l y  
suppor t ing  t h i s  i n t e r p r e t a t i o n .  The d isc repancy  
i n  t he  molecular  weights observed i n  t h e  monomer 
and the  dimer remains unresolved where molecular  
weights  a r e  determined by e l ec t ropho re s i s  i n  
SDS. U l t r a c e n t r i f u g a t i o n  (Huber, 1982; Gla t ron  
e t  a 1  . , 1972) gave lower values f o r  t h e  monomer 
but t he  dimer molecular weight is e x a c t l y  2X 
t h a t  of t h e  monomer. For t h e  sake of c l a r i t y  
l e t  us accept  t h e  130 kda molecular weight i n  
t h e  balance of t h i s  d i scuss ion .  

The amino ac id  compositions vary from sero-  
va r  t o  se rovar  (Table I) .  The g r e a t e s t  var ia -  
b i l i t y  i s  seen i n  t h e  charged amino ac id s  and 
g lyc ine .  The d i ca rbox y l i c  amino ac id s  a s p a r t a t e  
and glutamate a r e  presen t  i n  unusual ly high 
amounts i n  a l l  se rovars ,  about ha l f  a s  t h e i r  
amides glutamine and asparag ine  (Glatron e t  a l . ,  
1972; Fa s t ,  1981). 

Table I. Amino ac id  compositions and minimal 
molecular  weights  

AA/type thu (8). fin (2Ib sot (3)' ufe (3)* 
ASP 14 14 13 14 
~ h r  8 8 7 8 
Ser 8 9 8 9 
Glu 13 12 15 14 
Pro 5 6 8 6 
G~Y 10 I5 9 12 
Ala 8 13 7 8 
Val 8 9 6 9 
C Y ~  1 2 1 2 
Met 1 I 1 1 
Ile 7 8 8 8 
Leu I I 1 1  13 1 1  
T Y ~  5 4 5 5 
Phe 5 4 6 5 
LYS 4 6 4 4 
His 2 3 2 2 
A@ 6 3 8 7 
Try 1 I 1 1 
min. mol. wt. 12820 13231 13231 11895 

tol(2)* gcrl(2)' ken (2)' and (1)" Aucr-I (I)' 
15 16 15 12 14 
9 9 8 7 7 

Considerable cont roversy  e x i s t s  a s  t o  
whether carbohydrate is bound t o  the  c r y s t a l  pro- 
t e i n  and is e s s e n t i a l  t o  t o x i c i t y .  Severa l  work- 
e r s  have repor ted  concent ra t ions  of carbohydrate 
i n  t h e  c r y s t a l  ranging from 0.5% t o  12% i n  crys- 
t a l s  (Holmes and Monroe, 1965; Bateson and 
S ta insby ,  1970; Bulla  e t  a l . ,  1977). Other in- 
v e s t i g a t o r s  working with r e l a t e d  i s o l a t e s  f a i l e d  
t o  d e t e c t  carbohydrate i n  r i go rous ly  p u r i f i e d  
c r y s t a l s  (Lecadet ,  1965; Huber e t  a l . ,  1981). 
Treatment with carbohydrases t o  remove sugars  o r  
with immobilized concanavalin A t o  remove glyco- 
p r o t e i n s  conta in ing  g lucose  and mannose ( t h e  
sugars  repor ted  t o  be p r e sen t )  from s o l u t i ~ n  
f a i l e d  t o  m a t e r i a l l y  reduce t o x i c i t y  (Fa s t ,  
1981). Amino sugars  o r  s i a l i c  a c id s ,  o f t e n  asso- 
c i a t e d  with g lycopro te ins ,  were not  de tec ted  i n  
the  c r y s t a l  (Fa s t ,  1981; Bulla  e t  a l . ,  1977; 
Bateson and S ta insby ,  1970). Whether t h e  carbo- 
hydra tes  a r e  cova l en t l y  bound t o  t he  pept ide  
cha in  o r  only adsorbed t o  i t ,  they do not  appear  
t o  p a r t i c i p a t e  i n  t o x i c i t y  t o  i n s e c t s .  There is 
no l i p i d  o r  n u c l e i c  a c id  a s soc i a t ed  wi th  t h e  
c r y s t a l .  

The monomeric 130 kda pept ide  chain i s  a 
pro toxin  t h a t  must be a c t i v a t e d  by p r o t e o l y t i c  
hydro lys i s  (Lecadet and Martouret ,  1965; and many 
o t h e r s ) .  The a c t i v a t e d  product  is gene ra l l y  a 
pro tease  r e s i s t a n t  p r o t e i n  (PRP) with a molecular  
weight i n  t h e  range of 50-70 kda al though smal le r  
t o x i c  fragments have f r equen t l y  been repor ted  but  
gene ra l l y  not  we l l  documented (Fas t  and Angus, 
1970; Pendleton,  1973; Faust  e t  a l . ,  1974). Le- 
cade t  and Dedonder, (1967) i s o l a t e d  and p a r t i a l l y  
cha r ac t e r i z ed  2 small  t o x i c  pept ides  from 350mg 
of s t a r t i n g  p r o t e o l y t i c  d i g e s t .  Work on t h i s  
s c a l e  has not  been repea ted .  

The amino a c i d  composition of PRP is s i g n i f -  
i c a n t l y  d i f f e r e n t  from t h a t  of t h e  c r y s t a l .  
Amino ac id  compositions of PRP from 3 s e rova r s  
a r e  shown i n  Table I1 (Chestukhina e t  a l . ,  1982). 
A major reduc t ion  i n  t h e  amount of l y s i n e  and an  
i nc r ea se  i n  hydrophobici ty i n  PRP over  t h a t  of 
t he  pro toxin  is  observed. I n  the  l i g h t  of Bee- 
g l e ' s  f i nd ing  (Abs t rac t ,  I t haca  meeting of t h e  
SIP, 1983) t h a t  t h e  t o x i c i t y  spec t r a  of a c t i v a t e d  
PRPs is t h e  same a s  t h e  . s p e c t r a  of t he  c r y s t a l ,  
t h e  d i f f e r ences  i n  amino a c i d  composition seen i n  
t h e  t a b l e  a r e  probably s i g n i f i c a n t .  

There a r e  s i gn i f - i c an t  sequence d i f f e r e n c e s  
i n  PRP of t he se  s e rova r s  a s  wel l .  SDS g e l s  of 
cyanogen bromide cleavage products  of PRP from 3 
d i f f e r e n t  s e rova r s  have been published (Chestu- 
khina e t  a l . ,  1982) (Fig.2). Cyanogen bromide 
c l eaves  pept ides  only a t  methionine. Because t he  
products  of cleavage have d i f f e r e n t  molecular  
weights i n  t h e  t h r e e  s e rova r s  shown, sequence 
d i f f e r e n c e s  must e x i s t  and aga in  a r e  l i k e l y  t o  
a f f e c t  t o x i c i t y  spec t r a .  



Table 11. Comparison of t he  amino ac id  composi- 
t i o n  of t he  PRP of 3 serovars  of 
BaciZZus thuringiensis (from Chestu- 
khina 1982). 

gaZZeriae totworthi atesti 
65 kda 65 kda 70 kda 

Amino Acid (molX) (molX) (molx) 

1 /2  cys 
a sp  
t h r  
s e r  
g l u  
Pro 
g l y  
a l a  
v a l  
i l e  
l e u  
t y r  
phe 
h i s  
l y  s 
a r g  
met 
t r p  

Figure 2. SDS-Page pa t t e rns  of PRP of serovars  
(A) totworthi (B)  atesti and (C) gal- 
Zeriae a f t e r  t reatment with cyanogen 
bromide. Numbers a r e  molecular weight 
i n  kda. 

Recently t he  gene f o r  t he  130 kdalton pep- 
t i d e  has been cloned and expressed i n  both E. 
cozi and Baciztus subtitus (Schnepf and Whiteley, 
1981; K l i e r  e t  a l . ,  1982). The expressed pro- 
t e i n  i n  both these  hos t s  has been shown t o  be 
t ox i c  t o  lepidoptera.  The sequence of the  f i r s t  
333 res idues  of t h i s  p r o t e i n  from HD-1 Dipel have 
been in fe r r ed  'from the nucleotide sequence of the  
gene (Wong e t  a l . ,  1983). I n  f i g .  3 I have re- 
produced t h a t  sequence and have marked the  hydro- 
phobic and charged amino ac ids .  

F igure  3. Amino ac id  sequence of t he  N-terminal 
333 amino ac ids  of t he  HD-1 Dipel 
c r y s t a l  pro te in .  Amino ac ids  a r e  des- 
ignated  by the  s i n g l e  l e t t e r  code. * 
des ignates  hydrophobic amino ac ids .  
Charged amino ac ids  a r e  designated by 
+ o r  -. 

Techniques a r e  a v a i l a b l e  f o r  predic t ing  the  
secondary s t r u c t u r e  of a p ro t e in  from sequence 
information (Chou and Fasman, 1978). I have 
appl ied  these  techniques t o  t he  c r y s t a l  p ro t e in  
sequence and show the  probable pos i t i on  of turns  
and of alpha h e l i c a l  and be ta  s t r u c t u r e s  (Fig.4). 



Because many of t h e  t u r n s  a r e  s o  t i g h t ,  only 4-8 
r e s idues ,  i t  i s  l i k e l y  t h a t  a t  l e a s t  some of t h e  
b e t a  s t r u c t u r e  i s  a n t i p a r a l l e l .  While such pre- 
d i c t i o n s  of s t r u c t u r e  a r e  of l im i t ed  accuracy 
t h e r e  a r e  good i n d i c a t i o n s  t h a t  t u r n s  and secon- 
dary s t r u c t u r e  a r e  h igh ly  conserved, even more 
h igh ly  than  sequence, i n  homologous p ro t e in s .  
The a v a i l a b i l i t y  of a d d i t i o n a l  sequences, which 
a r e  p r e s e n t l y  being der ived ,  should g r e a t l y  
a s s i s t  i n  i d e n t i f y i n g  the  s t r u c t u r e ( s )  respon- 
s i b l e  f o r  t o x i c i t y .  

'. - ,-------,,,- 309-333 RANDOM 

Figure  4. Secondary s t r u c t u r e  of t he  N-terminal 
333 r e s i dues  of HD-1 d i p e l  c r y s t a l  
p r o t e i n  a s  pred ic ted  by the  method of 
Chou and Fasman (1978). Zigzag ind i -  
c a t e s  be ta  s t r u c t u r e ,  c o i l s  i n d i c a t e  
h e l i c e s ,  and dashed l i n e s  i n d i c a t e  
random s t r u c t u r e s .  Chain r e v e r s a l  in -  
d i c a t e s  pred ic ted  tu rns .  

U t i l i z i n g  a program developed t o  d e t e c t  re- 
p e t i t i o n  of sequences, I have found no r epea t i ng  
sequences i n  t he se  f i r s t  333 r e s idues .  This  and 
the  observa t ion  t h a t  the  gene product has a mol- 
e c u l a r  weight of 130 kda i n d i c a t e s  t h a t  t h e  sub- 
u n i t  cannot  be composed of aggrega tes  of smal l  
pe p t i de s  a s  prev ious ly  suggested (Fas t  and Mar- 
t i n ,  1980). 

So what? The s u b t i t l e  of t h i s  s e s s ion  is 
"Where do we go from here?"  What I have reviewed 
i n  t h i s  paper is  t h e  b a r e s t  of beginnings,  but i t  
is  a beginning. We do not  know what the  s t r uc -  
t u r e  of PRP is,  nor even where it comes from i n  
the  sequence of the  monomer. We do not  know what 
t h e  a c t i v e  s t r u c t u r e s  a r e  i n  PRP. We do not  know 
how d i f f e r e n t  i s o l a t e s  w i th in  a se ro type  wi th  
d i f f e r e n t  t o x i c i t y  s p e c t r a  d i f f e r  from each 
o the r ,  much l e s s  how tox in s  from d i f f e r e n t  sero-  
types  d i f f e r .  We do not  know why t he  t o x i c i t y  of 
a s i n g l e  i s o l a t e  v a r i e s  so  much between t a r g e t  
i n s e c t s ;  i t  may be because of d i f f e r e n c e s  i n  
t h e i r  p ro teases  o r  t h e i r  t ox in  r ecep to r s  i f  t h e r e  
a r e  such (I th ink  t h e r e  a re ! ) .  I n  some cases  we 
have h i n t s ,  but nothing s o l i d .  When we know t h e  
answers t o  t he se  ques t ions  then I p red i c t  t h a t  
molecular b i o l o g i s t s  w i l l  be a b l e  t o  ta i lo rmake  a 
c r y s t a l  p r o t e i n  f o r  each pe s t  o r  crop,  and Bt o r  
r e l a t e d  products  could dominate the  i n s e c t i c i d e  
market f o r  d e f o l i a t i n g  i n s e c t s .  The p o t e n t i a l  is  
enormous. 

I f  B t  is  t o  reach t h i s  p o t e n t i a l  i t  w i l l  be 
necessary t o  r e c r u i t  and support  much more funda- 
mental work on c r y s t a l  t ox in .  Because of i ts 
economic i n t e r e s t ,  i ts  p o t e n t i a l  f o r  much more 
benign pe s t  con t ro l ,  and i t s  p o t e n t i a l  f o r  gene- 
t i c  manipulat ion i n t e r e s t  i s  growing but  support  
is meager. We need t o  convince our co l leagues  
doing fundamental work on p r o t e i n  s t r u c t u r e  and 
molecular gene t i c s  t h a t  Bt is a good model f o r  
s tudy .  More p a r t i c u l a r l y  we need t o  convince t h e  
funding agenc ies  of t he  value of such work s o  
t h a t  i t  is supported.  S i g n i f i c a n t  growth i n  sup- 
po r t  of such fundamental s t u d i e s  is requi red  t o  
r e a l i z e  t h e  p o t e n t i a l  of t h i s  organism f o r  envi- 
ronmentally benign i n s e c t  con t ro l .  
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