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ABSTRACT 
Three-type I I r e s t r i c t i o n endonucleases, Mael, MaeII and 

M a e l l l , w i t h novel s i t e s p e c i f i c i t i e s have been i s o l a t e d and 
" p u r i f i e d from the archaebacterium Methanococcus a e o l i c u s PL-15/H. 
The r e c o g n i t i o n sequences of these enzymes are 

C*T A G (Mael)-
A*C G T (MaelI) 

*G T N A C ( M a e l l l ) 
w i t h the s i t e s of cleavage as i n d i c a t e d by the arrows. The se­
quences were confirmed by r e s t r i c t i o n and computer analyses on 
sequenced DNA's of plasmid pBR322, bacteriophages X and 0X174 and 
v i r u s SV40. 

INTRODUCTION 
S i t e - s p e c i f i c endonucleases have become indispensable t o o l s i n 

the a n a l y s i s and manipulation of n u c l e i c a c i d molecules. Although 
a l a r g e number of r e s t r i c t i o n endonucleases have been de s c r i b e d 
(1), a d d i t i o n a l enzymes w i t h new s p e c i f i c i t i e s are r e q u i r e d f o r 
these s t u d i e s . We have examined a number of methanogenic b a c t e r i a 
f o r the presence of r e s t r i c t i o n endonucleases. In Methanococcus 
a e o l i c u s PL-15/H, a new a r c h a e b a c t e r i a l s t r a i n to be described 
elsewhere (K.O. S t e t t e r , i n p r e p a r a t i o n ) , we have found three 
r e s t r i c t i o n enzymes w i t h d i f f e r e n t sequence s p e c i f i c i t i e s . In 
t h i s communication we r e p o r t the i s o l a t i o n and c h a r a c t e r i z a t i o n 
of these enzymes which have new r e c o g n i t i o n sequences. In accord­
ance w i t h the proposal of Smith and Nathans (2) we designated 
these restriction endonucleases as Mael/ Maell, and Maelll. 

MATERIALS AND METHODS 
Bacterial strain and culture conditions 

The archaebacterium Mc.aeolicus PL-15/H belongs to the order 
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methanococcales as determined by i t s morphology, i t s s u b s t r a t e 
s p e c i f i c i t y , the GC content o f i t s DNA, and by i t s p r o t e i n c e l l 
envelope (K.O. S t e t t e r , t o be p u b l i s h e d ) . C e l l s were c u l t u r e d 
a n a e r o b i c a l l y a t 45°C f o r t h r e e days i n medium 3 (3) supplemented 
w i t h 1.5% formate and h a r v e s t e d i n the s t a t i o n a r y phase by cen­
t r i f u g a t i o n . 
Enzymes and DNAs 

DNA polymerase I (Klenow enzyme) and r e s t r i c t i o n enzymes were 
products of Boehringer Mannheim (FRG). pBR322 DNA was p u r i f i e d 
from an E . c o l i dam" background (4) by CsCl-EtBr e q u i l i b r i u m cen-
t r i f u g a t i o n as d e s c r i b e d p r e v i o u s l y (5). Phage DNAs were s u p p l i e d 
by Boehringer Mannheim (FRG). 
Enzyme assay 

R o u t i n e l y , 1-5 u l samples o f an enzyme p r e p a r a t i o n (column 
f r a c t i o n ) were incubated w i t h 1 ug pBR322 DNA i n 25 u l of the 
i n c u b a t i o n mixture c o n t a i n i n g 50 mM T r i s - H C l (pH 8.0/45°C), 6 mM 
M g C l 2 , 7 mM ß-mercaptoethanol, 0.01% T r i t o n X100 and 2 50 mM NaCl 
(Mael) or 175 mM NaCl (Maell) o r 350 mM NaCl ( M a e l l l ) . M i x t u r e s 
were incubated at 45°C f o r 60 min (Mael) and f o r 16 hours (MaeII 
and M a e l l l ) , r e s p e c t i v e l y . R e a c t i o n s were terminated by adding 
5 M 1 of stop mixture [7 M u r e a , 20% (w/v) sucrose, 60 mM EDTA, 
0.01% bromphenol b l u e ] . D i g e s t s were r e s o l v e d by g e l e l e c t r o p h o ­
r e s i s on 1% agarose i n 0.04 M T r i s - a c e t a t e (pH 8.2), 2 mM EDTA, 
and 1 ug/ml et h i d i u m bromide. 
I s o l a t i o n and p u r i f i c a t i o n o f Mael, M a e l l , and M a e l l l 

Frozen c e l l s (35 g wet weight) were suspended i n 70 ml o f 
b u f f e r (40 mM T r i s - H C l , pH 8.0/4°C; 0.1 mM EDTA; 7 mM ß-mercapto­
e t h a n o l ; 0.2 mM p h e n y l m e t h y l s u l f o n y l f l u o r i d e ) and d i s r u p t e d a t 
4°C by two passages through a French pressure c e l l at 23,000 l b / 2 * i n . The r e s u l t i n g homogenate was a d j u s t e d t o 0.3 M NH 4C1. DNA 
was p r e c i p i t a t e d by the a d d i t i o n o f 7 ml of a 10% (v/v) Polymin P 
(BASF, Ludwigshafen, FRG) s o l u t i o n and, a f t e r 30 min at 4°C, re­
moved by centrifugation (60 min at 23,000 x g)• Ammonium sulfate 
fractionation of the supernatant at 4°C precipitated most of Mael 
and p a r t i a l l y Maell at 60% saturation and most of Maelll plus the 
rest of Maell at 95% saturation. The two fractions were sediment-
ed each by centrifugation after standing at 4°C for 16 hours. 
Maell present i n both fractions was separated i n p a r a l l e l by sub-
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sequent molecular sie v e f r a c t i o n a t i o n s . 
The two p r e c i p i t a t e s were s e p a r a t e l y d i s s o l v e d i n TEMG b u f f e r 

[40 mM T r i s - H C l , pH 8.0/4°C; 0.1 mM EDTA; 7 mM ß-mercaptoethanol; 
10% (v/v) g l y c e r o l ] plus 0.5 M NaCl and f r a c t i o n a t e d on U l t r o g e l 
AcA 34 columns (3 x 100 cm; LKB) usi n g the same b u f f e r f o r e l u -
t i o n . Mael and M a e l l f r a c t i o n s from e l u a t e 1 and M a e l l l and M a e l l 
f r a c t i o n s from e l u a t e 2 were s e p a r a t e l y pooled and the Mae l l 
f r a c t i o n s of both e l u a t e s were combined. The r e s u l t i n g three 
p o o l s t h a t contained Mael, M a e l l , and M a e l l l a c t i v i t y , respec­
t i v e l y , were d i a l y z e d a g a i n s t TEMG b u f f e r and then s e p a r a t e l y 
p u r i f i e d by f r a c t i o n a t i o n on DEAE Sephacel columns (2 x 10 cm; 
Pharmacia), e q u i l i b r a t e d w i t h TEMG b u f f e r using 0-1 M NaCl l i n e a r 
g r a d i e n t s . Enzyme a c t i v i t i e s were e l u t e d at 0.1-0.3 M NaCl (Mael), 
0.15-0.35 M NaCl ( M a e l l ) , and 0.1-0.15 M NaCl ( M a e l l l ) , respec­
t i v e l y . A c t i v e f r a c t i o n s were pooled, d i a l y z e d a g a i n s t TEMG 
b u f f e r and f r a c t i o n a t e d on p h o s p h o c e l l u l o s e P11 columns (1 x 10 
cm; Whatman) using 0-1 M NaCl l i n e a r g r a d i e n t s . Enzyme a c t i v i t i e s 
were e l u t e d at 0.4-0.6 M NaCl (Mael), 0.3-0.5 NaCl ( M a e l l ) , and 
0.55-0.65 M NaCl ( M a e l l l ) , r e s p e c t i v e l y . A f t e r d i a l y s i s of the 
pooled f r a c t i o n s against TEMG b u f f e r Mael and M a e l l l were sub­
m i t t e d t o a f i n a l f r a c t i o n a t i o n on Heparin Sepharose CL-6B columns 
( 1 x 5 cm; Pharmacia) employing 0-1 M NaCl (Mael) or 0-1.5 M NaCl 
( M a e l l l ) l i n e a r g r a d i e n t s f o r e l u t i o n . Enzyme a c t i v i t i e s appeared 
a t 0.4-0.6 M NaCl (Mael) and 0.65-0.85 M NaCl ( M a e l l l ) , respec­
t i v e l y . The f i n a l pools of Mael, M a e l l , and M a e l l l were d i a l y z e d 
f o r 4 hours ag a i n s t storage b u f f e r [20 mM T r i s - H C l , pH 8.0/4°C; 
0.1 mM EDTA; 10 mM ß-mercaptoethanol, 100 mM NaCl; 50% (v/v) g l y ­
c e r o l , 0.01% (w/v) T r i t o n X100], which was exchanged every hour 
and s t o r e d a t -20°C. 

S t a r t i n g from 35 g of c e l l s the procedure y i e l d e d the f o l l o w ­
i n g t o t a l a c t i v i t i e s : 10,000 u n i t s o f Mael, 330 u n i t s of M a e l l , 
and 95 u n i t s of M a e l l l . One u n i t i s d e f i n e d as the amount of en­
zyme t h a t c l eaves 1 ug pBR322 DNA per hour under optimal assay 
c o n d i t i o n s . 
DNA sequencing 

N u c l e o t i d e sequences at the cleavage s i t e s were determined 
a c c o r d i n g to Maxam and G i l b e r t (6). 
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Table 1 Optimal c o n d i t i o n s f o r Mael, M a e l l , and M a e l l l 
r e s t r i c t i o n a c t i v i t i e s 

i : 

Mael Mae 11 M a e l l l 

M g Cl 2 (mM) 12-18 2-6 10-18 
NaCl (mM) 250 175 3 50 
ß-mercaptoethanol (mM) 6-12 2-8 0-20 
pH (50 mM Tris-HCl/45°C) 8.0 8.0 8.0 
Temperature (°C) 45-48 45-48 45-48 

RESULTS 
Optimal c o n d i t i o n s f o r enzyme a c t i v i t y 

The temperature optimum f o r Mael, MaelI and M a e l l l i s a t 45-
48°C, the pH optimum i s 8.0. The three enzymes are s t r i c t l y de­
pendent on M g + + i o n s , but do not r e q u i r e S-adenosyl-methionine or 
ATP f o r a c t i v i t y . Optimal c o n c e n t r a t i o n s o f M g C l 2 , NaCl and fe­
rner cap toe t h a n o l determined f o r each enzyme are l i s t e d i n Table 1. 
Dete r m i n a t i o n o f r e c o g n i t i o n sequences 

The r e c o g n i t i o n sequences of Mael, M a e l l and M a e l l l were de­
termined by mapping t h e i r r e s t r i c t i o n s i t e s on pBR322, a 4,363 bp 
plas m i d o f known DNA sequence (7-9), u s i n g double d i g e s t i o n s w i t h 
known r e s t r i c t i o n enzymes. By a n a l y z i n g n u c l e o t i d e sequences 
around these s i t e s , e i t h e r v i s u a l l y or by computer programs de­
sig n e d t o search f o r new r e s t r i c t i o n s i t e s on the b a s i s o f p h y s i ­
c a l mapping data (P.S. Neumaier, pers. communication), common 
p a l i n d r o m i c sequences have been i d e n t i f i e d . These are CTAG f o r 
Mael, ACGT f o r M a e l l and GTNAC f o r M a e l l l , where N stands f o r any 
o f the f o u r n u c l e o t i d e s . The frequency o f cleavage and the f r a g ­
ment s i z e s generated by Mael, M a e l l and M a e l l l on adenovirus-2 
DNA (Ad-2), plasmid pBR322 DNA, bacteriophage lambda DNA (X) , 

s i m i a n v i r u s - 40 DNA (SV40) and phiX174 Rf DNA (0X174) were d e t e r ­
mined (Fig.1 and Table 2). In the l a t t e r f o u r cases, the s i t e s 
were confirmed by computer search of the p u b l i s h e d sequences 
(7-14). 
A p h y s i c a l map of pBR322 wi t h the l o c a t i o n o f Mael, M a e l l and 
M a e l l l r e s t r i c t i o n s i t e s i s shown i n F i g . 2 . 
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Table 2 Number o f cleavage s i t e s of Mae r e s t r i c t i o n enzymes 
i n v a r i o u s DNAs 

Enzyme 
DNA 

Enzyme 
pBR322 Ad-2 SV40 ¿X174 

Mael 5 14 >35 12 3 
M a e l l 10 143 >35 0 19 

M a e l l l 17 156 >35 14 17 

Determination o f cleavage s i t e s 
The cleavage s i t e s o f Mael, M a e l l and M a e l l l were determined 

e s s e n t i a l l y as d e s c r i b e d by McConnel e t a l . (15). Fragments o f 
pBR322 c o n t a i n i n g c o n v e n i e n t l y l o c a t e d Mae r e s t r i c t i o n s i t e s were 
l a b e l e d a t one 3*-end and sequenced according t o Maxam and G i l ­
b e r t (6). In each case a second sample o f the l a b e l e d fragment 
a f t e r cleavage w i t h the a p p r o p r i a t e Mae r e s t r i c t i o n endonuclease 
was e l e c t r o p h o r e s e d i n p a r a l l e l t o the sequence l a d d e r . Compari­
son o f the two a l i g n e d samples on the sequence g e l allowed t o l o ­
c a t e the 5 1 - t e r m i n a l n u c l e o t i d e generated by Mae d i g e s t i o n i n the 

EcoHI 
4363/ 0 

Figure 2 Physical map of pBR322 with the re s t r i c t i o n sites of 
Mael, Maell and Maelll arranged i n concentric c i r c l e s . Coordinate 
numbers (in bp) refer to the positions of nucleotides in the re­
cognition sequences 5* adjacent to the cut. 
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Mael Mael M a e l 

i f Ü 
»t Í Alul Hinfl Alul Hinfl 

475 bp 330 bp 

F i g u r e 3 pBR322 fragments used f o r determining the cleavage 
s i t e s of Mael, M a e l l and M a e l l l . A* marks the 3 2 p - i a b e l e d adeno­
s i n e n u c l e o t i d e . Relevant r e s t r i c t i o n s i t e s are i n d i c a t e d by 
arrows. Numbers r e f e r to the n u c l e o t i d e p o s i t i o n s on pBR322 
( r e f . 7-9) de f i n e d as i n Fig.2 (fragment s i z e s i n c l u d e s t i c k y 
ends). 

sequence. 
The 517 bp and 506 bp H i n f l fragments B and C of pBR322 (7-9) 

were i s o l a t e d from an 1% agarose g e l , 3'-labeled by usi n g Klenow 
32 

DNA polymerase I and [a- P]-dATP (Amersham Bu c h l e r , Braunschweig, 
FRG) and then cleaved w i t h A l u l . A f t e r s e p a r a t i o n by e l e c t r o p h o ­
r e s i s on 7.5% Polyacrylamide g e l s , the 475 bp and 330 bp f r a g ­
ments ( i n c l u d i n g s t i c k y ends) were i s o l a t e d and p u r i f i e d . As 
shown i n F i g . 3 , these were cleaved w i t h M a e l l (475 bp A l u l / H i n f I -
fragment) o r w i t h Mael and M a e l l l , r e s p e c t i v e l y (330 bp A l u l / 
H i n f l - f r a g m e n t ) . A l i q u o t s of both A l u l / H i n f I - f r a g m e n t s were che­
m i c a l l y m o d i f i e d and cleaved f o r sequencing (6) and e l e c t r o p h o -
resed i n p a r a l l e l t o corresponding samples obtained by Mae d i ­
g e s t i o n . The r e s u l t s are shown i n Figure 4. 

T h e H i n f I / M a e l fragment (Fig.4A, "MI") migrates w i t h the C i n 
the Mael r e c o g n i t i o n sequence. In the sequence ladder the f r a g ­
ment r e p r e s e n t i n g a C (Fig.4A, "C") has a c t u a l l y l o s t t h i s 5'-
t e r m i n a l C as a consequence of the chemical cleavage (6) and 
th e r e f o r e ends w i t h the 3'-neighbor, i n t h i s p a r t i c u l a r case a 
T-residue. Mael thus cleaves between T and C i n the r e c o g n i t i o n 
sequence l i k e C^TAG. S i m i l a r c o n s i d e r a t i o n s apply to the other 
two cleavage s i t e s , analyzed in F i g u r e s 4B and 4C. The H i n f l / 
M a e l l fragment (Fig.4B, " M i l " ) migrates together with the nucleo­
tide A (Fig.4B, "A>G°) i n the M a e l l r e c o g n i t i o n sequence ACGT, 
thus l o c a t i n g the cleavage between A and C (A^CGT)• The H i n f l / 
M a e l l l fragment (Fig.4C, " M i l l " ) comigrates with an A (Fig.4C, 
"A>G"), the 5'-nearest neighbor of the M a e l l l r e c o g n i t i o n sequence 
GTTAC. Thus M a e l l l c l eaves at the 5'-side of the r e c o g n i t i o n se­
quence, l i k e ^GTNAC. 
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DISCUSSION 
Three r e s t r i c t i o n endonucleases w i t h novel s p e c i f i c i t i e s have 

been separated and p u r i f i e d from Mc.aeolicus PL-15/H. According 
to the i n v i t r o a c t i v i t y Mael i s the major sp e c i e s , whereas M a e l l 
and M a e l l l appear as minor forms. The three enzymes were c l a s s i ­
f i e d as type I I r e s t r i c t i o n endonucleases, owing to t h e i r s t r i c t 

2 + 
dependence on Mg i o n s , t h e i r independence of ATP and S-adenosyl-
methionine and to the dyad symmetry of t h e i r r e c o g n i t i o n s i t e s , 
t h a t are a l s o the substrates f o r cleavage. Mael and M a e l l recog­
n i z e the palindromic t e t r a n u c l e o t i d e s C^TAG and A^CGT, r e s p e c t i v e ­
l y , w i t h the s i t e s of cleavage as i n d i c a t e d by the arrows. The 
r e c o g n i t i o n sequence of M a e l l l c o n t a i n s a nondefined n u c l e o t i d e N 
i n the center of the otherwise p a l i n d r o m i c pentanucleotide ^GTNAC, 
and i s cleaved next to the 5'G as i n d i c a t e d . The three enzymes 
produce 5'-protruding ends, a f e a t u r e f a c i l i t a t i n g 3' and 5 1-end 
l a b e l i n g and u s e f u l f o r c l o n i n g . 

The c u l t i v a t i o n of Mc.aeolicus under s t r i c t l y anaerobic con­
d i t i o n s and the separation of three endonuclease a c t i v i t i e s from 
one s t r a i n are somewhat tedious. On the other hand, each of the 
enzymes has a novel sequence s p e c i f i c i t y and i s thus p o t e n t i a l l y 
u s e f u l f o r e l u c i d a t i n g DNA s t r u c t u r e and f u n c t i o n . Mael appears 
e s p e c i a l l y i n t e r e s t i n g , s ince i t cleaves DNAs of e u b a c t e r i a l 
sources a t s u b s t a t i s t i c a l frequencies (Table 2). I t i s tempting 
to speculate that palindromic sequences w i t h a c e n t r a l TA are 
rar e i n these DNAs and that r e s t r i c t i o n enzymes with correspond­
i n g s p e c i f i c i t i e s had the r e f o r e l i t t l e s e l e c t i v e advantage i n 
e v o l u t i o n . On the other hand, the r e c o g n i t i o n sequence C 1 TAG con­
t a i n s the amber codon UAG implying t h a t s t a t i s t i c a l l y Mael 
cleaves before every f o u r t h amber stop codon. In c o n t r a s t to Mael, 
the other two endonucleases cleave DNA of prokaryote and eukary-
ote o r i g i n w i t h about the frequencies expected f o r enzymes tha t 
recognize unique t e t r a n u c l e o t i d e s , 

Mc.aeolicus, the source of the new r e s t r i c t i o n enzymes, has 
been c l a s s i f i e d as an archaebacterium (K.O. S t e t t e r , to be pub­
l i s h e d ) . A r c h a e b a c t e r i a c o n s t i t u t e a " t h i r d kingdom" of organisms 
and d i f f e r i n many respects from e u b a c t e r i a (16). R e s t r i c t i o n en­
zymes have been a l s o detected i n Thermoplasma acldophilum (15) 
and i n the sulfur-dependent a r c h a e b a c t e r i a S u l f o l o b u s , D e s u l f u r o -
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coccus and Thermococcus (P.McWilliams, unpublished). However, 
a l l these endonucleases turned out to be isoschizomers of eubac-
t e r i a l enzymes (1; P.McWilliams, pers. communication). The f i n d ­
ing of Mael, Maell and M a e l l l i n Mc.aeolicus, however, should en­
courage systematic screening of other a r c h a e b a c t e r i a l s t r a i n s , 
which may reveal a d d i t i o n a l r e s t r i c t i o n endonucleases with novel 
s p e c i f i c i t i e s . 
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