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SUMMARY 

Studies have been carried out on the nuclease in pupae of the silkworm, Bombyx 
mori Linn6. Purification of the nuclease resulted in a preparation that  was essentially 
free from contamination with phosphodiesterase and phosphatase. The following 
properties of the purified enzyme have been established: (I) I t  has a pH opt imum of 
9.0 and requires Mg 2+ for maximum activity. (2) I t  can act on both native or heat- 
denatured DNA and RNA. (3) I ts  activity is inhibited by high salt concentration 
(more than 0.2 M). (4) I ts  mode of action appears to be endonucleolytic, yielding a 
mixture of small oligonucleotides terminated with a 5'-phosphoryl group. 

INTRODUCTION 

Among the well-studied nucleolytic enzymes, little is known about those ob- 
tained from insect sources. MUKAI 1 reported the purification and characterization of 
the sugar-non-specific nuclease from the digestive juice of the silkworm, Bombyx 
mori Linn6. I t  is a MgZ+-activated endonuclease, has a pH optimum of lO.5 and acts 
on both DNA and RNA at a similar rate. YAMAFUJI AND YOSHIHARA 2 reported that  
s ilkworm pupae have no such alkaline nuclease. 

We have undertaken a more detailed s tudy of silkworm pupae nuclease in order 
to obtain further insight into its properties. The pupal nuclease has been found to 
have properties which are distinctly different from those of the larval nuclease. I t  
acts optimally on both DNA and RNA at pH 9.0 yielding a mixture of 5'-phosphate- 
terminated oligonucleotides. In this paper, we describe the purification procedure and 
some properties of the enzyme. 

EXPERIMENTAL PROCEDURE 

Materials 
Nucleic acids 
Native 32P-labeled DNA was prepared according to MARMUR 3 from Escherichia 

coli BS extensively grown in sodium lactate medium containing 20 mC Es~P~ortho - 
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phosphate per 1. Denatured DNA was prepared by heating native DNA at Io(/' flJr 
IO min prior to rapid chilling to o °. RNA was purified from commercial yeast RNA 
(Sigma Chemical Co.) according to S~;VAG, LACKMAN AND SMOLENS 4. 

Enzymes 

Snake venom phosphodiesterase (EC3.I.4.I) and pancreatic ribonuclease 
(EC 2.7.7.I6 ) were COlmnercial products (Sigma Chemical Co.). Seminal plasma 5'- 
nucleotidase (EC 3.I.3.5) was kindly supplied by Dr. Y. SUGINO. 

Other reagents 

Bis-p-nitrophenylphosphate calcium salt and p-nitrophenylphosphate were the 
products of Tokyo Kasei Kogyo Co. Sephadex G-IOO and DEAE-Sephadex A-5o were 
the products of Pharnlacia, and DEAE-cellulose was that of Midorijuji Ltd. Hydro- 
xylapatite gel was prepared according to Tlsl~;Lit s, f-tJERT~;X AXI> LF.VIX '~. C<fllodion 
bags were the products of Membrane Filter Co. 

Methods 
Enzyme assay 

Deoxyribonuclease activity was determined by measuring tile conversion of 
a~p-labeled E. coli DNA to fragnlents which were soluble in perchloric acid. Tile 
reaction mixture (I.O ml), unless otherwise stated, contained o.I mmole of Tris-HC1 
buffer (pH 9.o), 2o#moles of magnesimn acetate, 4o re#moles of a2p-labeled DNA 
and tile enzyme. The mixture was incubated at 37 ° for 3o min and then chilled. To 
this were added carrier albumin ((/.1 ml containing 2 mg of bovine serum albumin) 
and o. 5 nil of cold IO~)o perchloric acid. After remaining at o ° for 20 rain, the mixture 
was centrifuged at 3ooo × g for IO inin. The supernatant fluid was pipetted into 
stainless-steel planchets which were dried, and the radioactivity was measured. One 
unit of deoxyribonuclease activity was defined as the amount of enzyme required 
for solubilizing Io re#motes of nucleotides in 3 ° rain. Direct proportionality between 
acid-soluble a2p released and enzyme concentration was obtained over the range of 
o.I to 2.5 units of enzyme, and, when 4 ° re#moles of DNA was incubated with o. 5 
unit of enzyme, the reaction proceeded linearly for 2 h. 

Ribonuclease activity was estimated by lneasuring the formation of acid- 
soluble, ultraviolet-adsorbing products from RNA. The reaction mixture (I.O ml) 
contained o.I mmole of Tris-HC1 buffer (pH 9.o), 20/zmoles of magnesium acetate, 
I,o mg of yeast RNA and the enzyme. The mixture was incubated at 37 ~' fi)r 6(1 min 
and then chilled. To this were added the carrier albumin and 0.2 ml of 25°.(~ perchloric 
acid containing o.75°<'/() uranium acetate. After centrifugation, the absorbance of 
liberated nucleotides was measured at 200 mff by reading against a control solution 
containing no enzyme. One unit of ribonuclease activity was defined as the anlount 
of enzyme required for solubilizing I A,>60 mu unit of nucleotides per ml of the reaction 
mixture under the conditions described. Direct proportionality between acid-soluble 
products and enzyme concentration was obtained over the range of o.o 5 to 3.o units 
of enzyme, and, when I m g  of RNA was incubated with 0.8 unit of enzyme, the reaction 
proceeded linearly fi>r 3 h. 

Other methods 
Protein concentrations were determined by the method of LowI~v et at. 

Radioactivity was measured with a Shimadzu Geiger counter, Model D-55. 
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RESULTS 

Purification of the enzyme 
All of the subsequent operations were carried out at 0-4 ° . 
Preparation of cell extract 
300 silkworm pupae (51o g) kept at 25 ° for 8 days after pupation were washed 

with 0.05 M Tris-HC1 buffer (pH 7.5) and homogenized in a Waring blendor in 2 vol. 
of the same buffer saturated with phenylthiourea to inhibit tyrosinase. The homo- 
genate was filtered through gauze and centrifuged at lO5 ooo x g for I h, and the 
supernatant fluid was recovered (Fraction I). 

Butanol treatment 
To Fraction I (512 nil) was added, with stirring, 0.6 vol. (307 ml) of n-butanol. 

After stirring for I h, the emulsion was centrifuged at IO ooo x g for 30 min. The 
upper layer was discarded, and the resulting clear lower layer was recovered to give 
Fraction II .  

( N H 4) ~SO 4 f r  actionation 
To Fraction I I  (435 ml) was added solid (NH4)2SQ (lO6 g) which was dissolved 

by gentle mixing to give 4o% satn. After gentle stirring for 3o min, the precipitate 
was removed by centrifugation at io ooo × g for 3o rain, and then to the supernatant 
fluid (NH4)2S Q (57-3 g) was added resulting in 6o% satn. After stirring for 3o rain, 
the precipitate was collected by centrifugation and dissolved in 25 ml of o.oi M 
phosphate buffer (pH 7.5). The solution was dialyzed overnight against the same 
buffer (Fraction III) .  

Gel filtration 
Fraction I I I  (7o ml) was applied to a Sephadex G-Ioo column which was then 

eluted with o.oi M phosphate buffer (pH 7.5). Deoxyribonuclease activity was eluted 
in one peak, while ribonuclease activity was eluted in two peaks, one of which was 
superimposed on the deoxyribonuclease peak (Fig. i). Fractions 48-64 were pooled 
and concentrated in a Collodion bag (Fraction IV). 

Chromatography on DEA E-Sephadex A-5o 
Fraction IV (57 ml) was applied to a DEAE-Sephadex A-5o column equilibrated 
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Fig. i. Gel f i l t ra t ion of  t he  (NH4)2SO 4 prec ip i ta te  t h r o u g h  Sephadex  G-Ioo  c o l u m n  (5.0 cm × 
58 cm). , p ro te in  concen t r a t i on  in A2s 0 mu; © - - - - ( 2 ) ,  deoxyr ibonuc lease  ac t iv i ty ;  
0 - - - - - - 0 ,  r ibonuclease  ac t iv i ty .  

Fig. 2. Co lumn  c h r o m a t o g r a p h y  of  the  Sephadex  e lna te  on D E A E - S e p h a d e x  A-5o (2.0 cm × 
27 cm). , p ro te in  concen t r a t ion  in A2s0mu; O - - - - - - @ ,  deoxyr ibonuc lease  ac t iv i ty ;  
t - - - - - 0 ,  r ibonuclease  ac t iv i ty .  
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T A B L E  1 

S U I v I M A R Y  O F  N U C L E A S E  I ' U R I F 1 C k T I O N  

Activit ies  were measured  under  s tandard condi t ions  wi th  a q ' - l a b e l e d  D N A  as  substrate,  

Fraction Tog al Prole i n .S'p ec ific leecove~ 9, 
O/ activity (mg,lml) activity ("o) 

(uni l s )  ( un its per 
mg protein) 

1. Crude extract  3 o 2o0  "5 .8  2.72 l o o  
l I .  B u t a n o l  ~9 20o  7.0 5 .62 03 .5  

l i l .  (NH~)~SO~ ~ ~ Soo ~3.t ~2.8 38 .8  
IV .  S e p h a d e x  7 0 7 o  ~.95 63 .7  z3.4 

V.  D E A E - S e p h a d e x  3 6 3 °  0 .28  839  t 1.9 
VI .  H y d r o x y l a p a t i t e  2 5oo  o .o23  4o4  ° 8. 3 

with o,oz M phosphate buffer (pH 7-5). A linear gradient (o.o5-o. 4 M) of Na(-1 dis- 
solved in the phosphate buffer was used to elute the proteins. Deoxyribonuclease and 
one of the ribonuclease activities were found to be eluted at o.Io M NaCI; the other 
ribonuclease activity was eluted at o. 12 M NaC1 (Fig. 2). Fractions 3(> 36 were pooled 
and dialyzed overnight against o.o2 M sodium phosphate buffer (pH 6.8). The solution 
was then concentrated to 15 ml (Fraction V). 

Chromatography o n  hvdrom/lapatite 
Fraction V was applied to a hydroxylapatite colunm equilibrated with o.o2 M 

sodium phosphate buffer (pH 6.8). Elution was carried out with a linear gradient 
(o.o2-o.4 M) of sodium phosphate buffer (pH 6.8). Both deoxyribonuclease and ribo 
nuclease activities were eluted at about o.II M sodium phosphate bufl'er (Fig. 3). A 
small amount of another ribonuclease activity appeared at about o.17 M buffer 
concentration. Fractions 29 32 were pooled and dialyzed against o.oI M Tris HC1 
buffer (pH 7.5). This fraction (Fraction VI) contained 8.3% of the total activity 
present in the crude extract and represented a I5oo-fold purification (Table I). The 
preparation hydrolyzed native or denatured DNA and yeast RNA. In this prepa- 
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Fig .  3. C o l u n m  c h r o m a t o g r a p h y  o f  t h e  D E A E - S e p h a d e x  e l u a t e  o n  h y d r o x y l a p a t i t e  gel  ( i -4  c m  :: 

16 c m ) .  - , protein concentrat ion  in .42s o mu; (~, d e o x y r i t ) o n u c h ' a s e  a c t i v i t y  ; 
- - - - 0 ,  r ibonuclease  act iv i ty .  

Fig .  4. E f f e c t  o f  p H  o n  n u c l e a s e  a c t i v i t  3 . "File r e a c t i o n  m i x t u r e  c o n t a i n e d  1.2 d e o x v r i b o n u c l e a s e  
unit  (with  D N A )  o r  o .5  ribonuclease  uni t  (with R N A )  o f  the purified e n z y m e .  A c t i v i t y  w a s  ex 
pressed as re#moles  of  acid-soluble a2p (with D N A )  or as A2,~( ~ ma units  l iberated per ml ()f reaction 
m i x t u r e ,  p H  5, o . i  M acetate  buffer; p H  7 8, o . I  M T r i s - H C l  b u f f e r ;  p H  8 Io .5 ,  o . t  M borate  
N a O H  buffer; p H  i o  t l .£ ,  o.~ M g l y c i n e  N a O H  b u f f e r .  ( )  () ,  w i t h  1 ) N A ;  0 - - 0 ,  w i t h  R N A .  
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ra t ion,  there  r ema ined  no de tec tab le  amoun t s  of phosphodies te rase  and phospha tase  
act ivi t ies .  The enzyme was s tored  for 3 mon ths  at  - -  15 ° wi th  only  a small  loss of  
ac t iv i ty .  

Properties of the enzyme 
Effect of pH 
Using Tris and  bora t e  buffers the  p H  o p t i m u m  was found to be 9.o when bo th  

DNA and R N A  were used as subs t r a t e  (Fig. 4). 
Effect of bivalent cations 
The purif ied enzyme requi red  Mg 2+ for m a x i m u m  ac t iv i ty .  In  the  absence of 

MgC12, 22% of the  m a x i m u m  a c t i v i t y  was observed,  and  the add i t ion  of E D T A  
( i .  lO -4 M) abol ished this  res idual  ac t iv i ty .  The o p t i m u m  Mg z+ concent ra t ion  was 
2. lO-2-4 • lO -2 M, when bo th  D N A  and R N A  were used as subs t ra te .  Ba  z+, a t  5" lO-3 M, 
also s t imu la t ed  the  reac t ion;  the  ac t i v i t y  was 65% of t h a t  ob ta ined  with  the  o p t i m u m  
Mg 2+ concentra t ion .  Co s+, Mn 2+ and Zn z+ were s t rong ly  inhib i tory .  The effect of 
o ther  b iva len t  ca t ions  is summar ized  in Table  I I .  

T A B L E  I I  

EFFECT OF BIVALENT CATIONS ON THE RATE OF REACTION 

T h e  i n c u b a t i o n s  w e r e  c a r r i e d  o u t  b y  t h e  a d d i t i o n  o f  t h e  b i v a l e n t  c a t i o n  i n d i c a t e d .  T o  t h e  r e a c t i o n  
m i x t u r e  w e r e  a d d e d  1. 5 u n i t  o f  e n z y m e  a n d  4 ° m / t m o l e s  o f  82P- l abe led  D N A  (2.8 • lO 5 c o u n t s / m i n  
p e r / ~ m o l e ) .  

Metal Conch. A ctivity Metal Concn. A c/ivity 
(raM) (ml~moles) (raM) (re#moles) 

MgC12 2 5-95 MnCI~ 2 o 
MgCI 2 20 15. 5 CoC12 2 o 
BaC12 2 7-49 CaCI~ 2 2 .75 
BaC12 20  7 .43 ZnCI~ 2 o 
CuC12 2 3.91 E D T A  o . i  o 
N o n e  3 .46  

Effect of ionic strength 
The reac t ion  was s t rong ly  inh ib i ted  b y  NaC1, KC1 or NH4C1 in concent ra t ions  

more t han  0.2 M. At  lower sa l t  concent ra t ions  (5" lO-2 M), however,  the  react ion was 
somewhat  s t imula ted .  

Time course of reaction 
Hydro lys i s  of na t ive  and  dena tu red  D N A ' s  over  a 24-h per iod  was inves t iga ted .  

There  was an in i t ia l  r ap id  hydro lys i s  of na t ive  DNA,  which reached a m a x i m u m  
value  af te r  abou t  4 h. In  contras t ,  the  hydrolys is  of dena tu red  D N A  proceeded slowly 
with  a g radua l  increase over  the  last  20 h. The  ra t io  of the  in i t ia l  r a te  of  hydro lys i s  
of  na t ive  D N A  to t ha t  of dena tu red  D N A  was approx .  2.1 : I .  

Substrate concentrations 
In  Fig.  5 the  dependence  of the  reac t ion  on the concent ra t ion  of subs t ra te  is 

indicated.  Sa tu ra t ion  of na t ive  DNA was a t t a ined  at  a concent ra t ion  of abou t  
7" lO-5 M ; the  Km value  was 2.2. lO -5 M. In  contras t ,  dena tu red  D N A  was s a tu r a t ed  
at  a concent ra t ion  higher  than  i o -  lO -5 M and exh ib i ted  a s l ight ly  higher  Km value,  
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[gig. 5. D e p e n d e n c e  of  t he  r e a c t i o n  oi l  the  c o n c e n t r a t i o n  of  s u b s t r a t e .  The  r e a c t i o n  m i x t u r e  
(1.o ml) c o n t a i n e d  o.r  m m o l e  of  T r i s - H C l  buf fer  (pH 9.o), 2 o / , m o l e s  of  m a g n e s i u m  a c e t a t e ,  
2. [ u n i t s  of  e n z y m e ,  a n d  n a t i v e  or  d e n a t u r e d  a2P- labe led  D N A  (2.6- i o  5 c o u n t s / r a i n  pe r /mlOle )  a t  t h e  
i n d i c a t e d  c o n c e n t r a t i o n ,  so  m / , m o l e s  of  n o n  l a b e l e d  y e a s t  R N A  w e r e  ad( led  to  t he  r e a c t i o n  m i x -  
t u r e ,  w h e r e  i n d i c a t e d .  Af t e r  i n c u b a t i o n  a t  37 ° for  15 min ,  t h e  r a d i o a c t i v i t y  of  aci(1 solul)Ie  pro-  
d u c t s  w a s  measu re ( l .  ',) ,: ,, n a t i v e  D N A ;  0--0, d e n a t u r e d  I ) N A ;  2, ,  / ' \ ,  n a t i v e  I )NA 
plus y e a s t  R N A .  

Fig .  6. C h a i n  l e n g t h  a n a l y s i s  of  t h e  d i g e s t i o n  p r o d u c t s .  The  r e a c t i o n  m i x t u r e  (,S.o mr) c o n t a i n e d  
o. 4 m m o l e  of  T r i s  HC1 bufl\~r (pH 9.o), o.~6 m m o l e  of  m a g n e s i u m  a c e t a t e ,  6oo u n i t s  of  enzvm( ,  
a n d  o . 7 7 / , m o l e  of  a 'aP-labeled I )NA (1.2 - l o" c o u n t s / m i n  pe r  p m o l e ) .  The  m i x t u r e  was  i n c u l ) a t e d  
a t  37 ° for  2o h, a f t e r  x~hich t i m e  loo~!~, of l ) N A - p h o s p h o r u s  w a s  f o u n d  aci( l -solul) lc .  The  m i x t u r e  
of  t he  d i g e s t  a n d  a u t h e n t i c  n o n - l a b e l e d  UMP,  as  a n l a r k e r ,  x~as a p p l i e d  to  a IH ' ; : \ l ' ; <c l l u lo sc  
c o l u m n  (o.55 c m  -: 38 cm),  e q u i l i b r a t e d  w i t h  o .o i  M Tr i s  HC1 buffer  (pH 7.~) c o n t a i n i n g  o.oe M 
NaC1 a n d  7 M urea .  E l u t i o n  w a s  c a r r i e d  o u t  w i t h  l i n e a r  g r a d i e n t  (o.o2 o. 3 M) of  NaCI  in Tr i s  
buf l \ ' r  c o n t a i n i n g  7 M urea .  , r a d i o a c t i v i t y ;  - , m a r k e r  17MI' {.l~,m.,.). 

3.2"IO "~ M. \,Vhen non-labeled yeast RNA was added to tile reaction mixture in 
which native DNA served as substrate, competitive inhibition ~f the reaction was 
observed (Fig. 5). 

A~mlvsis of digestion products 
After prolonged incubation of E. coli DNA with a large excess of enzyme, the 

digestion products were chromatographed on a DEAE-cellulose column at pH 7.6 
with 7 M urea 7, and separated according to their negative charge or chain length. 
The elution pattern in Fig. 6 shows that the products were mono-, di-, tri-, tetra-, 
penta-, and hexanucleotides. The relative percentages of nucleotides produced were 
o.8, 16.7, 23.8, z4.5, I9.5 and 13.7, respectively. 

In order to determine whether the oligonucleotides possess a 5'- or 3'-mono- 
phosphate terminal, each nucleotide was incubated with snake venom phospho- 
diesterase and/or seminal plasma 5'-nucleotidase. It was found that the treatment 
with snake venom phosphodiesterase easily degraded these oligonucleotides to mono- 
nucleotides, which were susceptible to 5'-nucleotidase. It  is known that oligonucleo- 
tides possessing a 5'-terminal phosphate are susceptible to snake venom phospho- 
diesterase, but those possessing 3'-terminal phosphate are extremely resistant to the 
enzyme 8. The results indicate that the digestion products possess 5'-terminal phos 
phate. The nuclease, therefore, cleaves the internucleotide bond on the 3'-phosphate 
side. 

D I S C U S S I O N  

The purification of tile nuclease from silkworm pupae resulted in a preparation 
which appears to be essentially free from contamination by phosphodiesterase and 
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phosphatase. The purified enzyme catalyzes the hydrolysis of both DNA and RNA, 
but the rate of hydrolysis of native DNA is higher by a factor of about 2 than that  
of RNA. I t  is suggested that  this result is not due to the presence of two enzymes, 
deoxyribonuclease and ribonuclease, but to a single enzyme which acts on both 
nucleic acids. This fact is confirmed by the following evidences: (I) The ratio of 
activities of deoxyribonuclease and ribonuclease is approximately constant during 
the process of purification (Figs. I, 2 and 3)- (2) The optimum pH and the opt imum 
Mg 2+ concentration are identical for both activities (Fig. 4). (3) The two activities are 
inactivated at identical rates during storage or heating. (4) Deoxyribonuclease ac- 
t ivity is competitively inhibited by the addition of RNA (Fig. 5). 

In the digestive juice of silkworm larvae, there exists sugar-non-specific endo- 
nuclease 1. Furthermore, the existence of such endonuelease has been observed in the 
pine caterpillar 9. I t  is interesting that  such sugar-non-specific endonucleases are found 
in insects whose nucleases have so far been studied. 

Characterization of the nuclease has shown that  the properties of the enzyme 
are different from those of the nuclease of larval digestive juice 1. The most obvious 
differences are the pH opt imum and the inhibition at high salt concentrations. Thus, 
it can be concluded that  pupal nuclease differs from larval nuclease. In the extracts 
of pupae, larval nuclease was not detected, and in extracts of tissues and digestive 
juices of larvae, pupal nuclease was not detected*. These observations seem to indicate 
that  during metamorphosis, larval nuclease disappears and a new pupal nuclease 
appears. 

An analysis of the reaction products has revealed that  the degradation of DNA 
by the nuclease results in the production of 5 '-phosphate-terminated di- to hexa- 
nucleotides. The result indicates that  the enzyme is an endonuclease. I t  is difficult 
to conclude whether or not these oligonucleotides are the end-products, although 
these nucleatides are extremely resistant to a t tack by the enzyme. In order to clarify 
the mode of action of this nuclease, further investigations are required. 
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