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SUMMARY: The nucleot ide sequences at the cleavage sites of two res t r ic t ion  en- 
donucleases from Hemophilus parainf luenzae, Hp.__~a I and Hpa II, have been deter-  
mined. Terminal  label ing at both the 3 ' -  and 5'- termin i  was used to show that 
the Hpa I enzyme cleaves the sequence 

I 

5 ' . . . N -  G - T - T % A - A - C -  N . . . 3 '  
3 ' . . . N -  C - A - A p 4 T - T -  G -  N . . . 5 '  

and the sequence cleaved by the Hpa II enzyme is 
I 

5'. . . N -  C ~ p C -  G -  G -  N. . .3' 
3'. . .N - G -  G -  C p~C- N. . .5' 

where the ar rows indicate the points of strand scission. 

INTRODUCTION. HemoPhilus parainf luenzae contains two res t r ic t ion  endonucleases, 

designated Hpa l and  HPa ,II , wh ich  have d i f ferent  speci f ic i t ies ( I ,  2, 3). H_._~I makes 

three double-s t rand cleavages and Hpa II one double-s t rand scission in simian v i r u s  

40 (SV40) DNA. For all other DNA'stested Hpa II makes more breaks than Hpa I (2). 

We have made use of these di f ferences to determine the nucleot ide sequences at the 

cleavage sites of the two endonucleases. 

EXPERIMENTAL PROCEDURES. The res t r i c t ion  enzymes of H. parainf luenzae were 

prepared from sonicated cel ls according to the procedure of Smith and Wilcox (4) or 

by the method of Sharp et al .  (2). For most of the studies reported here, the enzyme 

solut ion was a mix tu re  of the Hpa I and Hpa II ac t iv i t ies  and a contaminat ing exo- 

nuclease (2). The fact that it was possible to obtain unambiguous resul ts  from 5'- 

W 

Abbrev ia t ions .  The abbrev ia t ions for res t r ic t ion  endonucleases are those proposed 
by Smith and Nathans (3). The symbo l sA ,  C, G, T,  and N wi thout  pre f ixes repre-  
sent deoxynucleosides.  
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label ing experiments (see below) indicates that the contaminant wasan exonuclease 

that worked in the 3'-  to 5'- d i rect ion.  In the experiments designed to determine 

the nucleotides at the 3'-  ends of the cleavage sites, pur i f ied preparat ions of Hpa I 

and Hpa II free of exonuclease and nonspecific endonucleaseact iv i t ies were used (2). 

The basic strategy employed for the nucleotide sequence analyses of the clea- 

vage sites of the Hp.a enzymes was s imi lar  to the schemes used in analyses of other 

rest r ic i t ion specif ic i t ies (5,6, 7). The speci f ic i ty  of Hpa II was investigated by 

digest ing bacteriophage ~. DNA (5) to completion with excess enzyme in 10raM T r i s -  

HCI, pH 7.4, 10ram MgCI 2, and 10mM l~-mercaptoethanol (3-4 hours, 37°C). H p.a I 

was studied by hydro lyz ing SVLI0 DNA (6) in the same buffer also containing 0. I M 

KCI to inh ib i t  Hpa II (2). Samples were dialyzed overn ight  against 50 mM Tr is -HCl ,  

pH 8.5, 5 mM EDTA and then treated with bacterial a lkal ine phosphatase (Worthing- 

ton BAPF; I -2 un i ts /ml ,  I hour, 37°C). The digestion mixtures were extracted 

with phenol, dialyzed against 0.15 M NaCI-I mM EDTA, and precipitated from 75% 

ethanol. Digests were assayed for completeness bye lec t rophores is  in 1.2%Agarose 

gels (2). 

RESULTS. The phosphorylat ion of the H~.a cleavage products with or without pr ior  

treatment with bacterial a lkal ine phosphatase was examined by means of the poly-  

nucleotide kinase reaction (5). As controls, intact X and SV40 DNA's, also with 

and without phosphatase treatment, were labeled by the kinase reaction. Total acid- 

insoluble 32p-radioact iv i ty  was measured (6). Four-fold increases in precipi table 

counts were observed when Hpa-generated fragments were treated with phosphatase 

pr ior  to labeling (data not shown). This and the observation that terminal deoxy-  

nucleot idyl  transferase (8) catalyzed nucleotide polymerizat ions equal ly well on the 

3'- termini  of Hpa fragments regardless of pr ior  dephosphorylat ion (data not shown) 

indicate that both Hpa endonucleases produce 5'-phosphates and 3'-  hydroxy ls  at 

the cleavage sites, as do other restr ic t ion enzymes. 
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Fragments terminally labeled with 32p at the 5'- ends were completely digested 

to mononucleoside 5'-monophosphates. After electrophoretic separation the radio- 

activity in each mononucleotide was measured (9). The results of this analysis 

(Table I} show clearly that all Hpa I fragments have pAattheir 5'- ends while Hpa II 

TABLE I. 5'-Terminal Residues of Hpa I and Hp__all Cleavage Products. 

Enzyme DNA Mole Percent Nucleotides at 5'-Termini 

pC pA pG pT 

Hp.__a I SV40 I. 2 96.7 0.8 I. 3 

Hpa II ~, 86.5 6.5 3.2 3.8 

Dephosphorylated DNA fra#ments produced by Hpa I and Hpa II digestions were 
treated for 3-4 hours at 37 C with 30 units per ml of polynucleotide kinase (P-L 
Biochemicals) in 0.07 ~v%Tris-HCl, pH 7.4, 0.01M MgCI , 0.014M ~-mercaptoethanol, 
containing 0.1 mM [~,-~'P]rATP at about 15 m C i/~ molLe (12). EDTAand sodium 
phosphate (to 20 mM each) were added to stop the reactions and the mixtures were 
pas%%d through a I .2 x 40 cm column of Sephadex G-75 in 0.1 M NaCI to separate 
the- P-labeled fragments from unreacted ATP. The first peak eluted from the 
column was collected and the DNA precipitated with ethanol. The terminally labeled 
fragments were reduced to small 5'- phosphorylated oligomers with pancreatic DNase 
(Worthington. 0.I mg/ml in 0.01 MTris-HCI pH 7.5 0.01 M MgCI_ for 2 hours 

O ' ' ' Z' 
at 37 C). One-tenth of the DNasedigest was hydrolyzed completely tomononucleo- 
side 5'- monophosphates by addition of snake venom phosphodiesterase (Worthing- 
ton) to 0.I mg/ml (3 hours at 37°C). The resultant mononucleotides, along with 
5'- mononucleotide markers, were fractionated by electrophoresis at pH 3.5 on 
Whatman 540 paper (9) and located by radioautography. The r,~a~dioactive spots 
coincided with the ultraviolet markers and were measured for --P-activity by liquid 
scintillation counting. Counting times were adjusted to give better than 5% accuracy 
for each mononucleotide. 

fragments have pC. Restriction endonuclease-digested DNA fragments were labeled 

at their 3'-termini by polymerization of a single [a 32p] deoxynucleosidetriphos- 

phateusing terminal deoxynucleotidyl transferase (8). The products, fragments 

with [a-32p] - labeled deoxynucleotide homopolymers linked to their 3'-ends, were 
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TABLE II. 3'-Terminal Residues of Hpal and Hpall Cleavage Products. 

Enzyme DNA --[c~-32p] dNTP Mole % Nucleotides in 3'-Polymers 

Polymer ized Cp Ap Gp Tp 

Hpa I SV40 dATP 0.3 96.9 0.2 2.6 

dGTP 0.6 I .0 90.8 7.6 

Hp._..a II X dGTP 4.7 0.7 93.4 I . 2 

dTTP 2.5 0.2 0.7 96.6 

Hpa digestion products, without prior phosphatase treatment, were denatured for 
I0 minutes at room temperature with the addition of 0. I volume of IN NaOH. 2.5 
volumes of water were added and the solution was neutralized with 0.3 volumes of 
2 M Tris, pH 7.2, and made 0.2 M in sodium cacod~,Jate and 2 mM in B-mercaptoethanol. 
Separate reactions were carried out with three [c~-~P] deoxynucleoside triphosphates: 
0. I mM dGTP (10 mCi/iJmole), 0. I mM dTTP (20 mCi/la mole), and I mM dATP 
(I mCi/la mole) (New England Nuclear). Divalent cation concentrations were 7 mM 
MgCI for dATPand dGTP reactions and 3 mM CoCI 2 withdTTP. In addition, 40mM 

2 
KCI was included in the dTTP reaction (8). Polymerizations were for 4 hours at 
37°C with 100 units/ml of terminal deoxynucleotidyl transferase (P-L Biochemicals). 
Reactions were stopped and labeled fragments freed of unreacted materials as des- 
cribed for the 5'- labeled products (Table I). The 3'- terminally labeled compounds 
were digested to mononucleoside 3'- monophosphates for nearest neighbor analysis 
by consecutive 2 hour reactions at 37°Cwith micrococcal nuclease (I mg/ml) and 
spleen phosphodiesterase (7 units per ml) both from Worthington, and both in 0. I M 
Tris-HC1, pH 8.5, 0.01 M CaCI_. Themononucleotides werecoelectrophoresed 

2 
with appropriate 3'- mononucleotide markers at pH 3.5 on Whatman 3MM paper (9) 
and located radioautographically. Quantitation was by liquid scintillation counting. 

digested to mononucleoside 3'- monophosphates (Table II). The majority of the radio- 

activity (90.8%- 96.9%) appeared in the same mononucleotideas the input [c~-32p] 

deoxynucleosidetriphosphate. This is the product of the digestion of the homo- 

polymer. The other labeled mononucleotide resulted from a transfer of 32p from the 

5'- position of the [c~-32p] deoxynucleosidetriphosphatetothe 3'- terminus of the DNA 

fragment. The results (Table II) show that pT-OH occupies the 3'- termini ofHpa I 
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TABLE Ill. Mobilities of Oligonucleotides Arising from the 5'-Termini of 
Hpa I and Hpa II Digestion Products. 

Enzyme DNA Sequence Mobi l i ty  Relative to Xylene Cyanol 
D EAE-cel I u lo se AE-cel I u l o se 
pH 1.9 pH 3.5 pH 3.5 

Hpa I SV40 pA 2.4 1.8 

pApA 2.2 I .0 0.51 

pApApC 2. I 0.7 0.32 

Hpa II X pC 2.6 I .9 - 

pCpG 2.0 1.2 0.58 

pCpGpG 0.8 0.4 0.16 

Pancreatic DNasedigestion products (Table I) were subjected to one-dimensional 
e lectrophoresison either DEAE-cellulose paper (Whatman DE-81) at pH 1.9 (9} 
or on AE-cel lulose paper (Whatman AE-81; gi f t  from K. Murray)  at pH 3.5 (10). 
Other portions of the DNase digest were separated in two dimensions by e lect ro-  
phoresis on cel lulose acetate (7M urea, pH 3.5) and DE-81 paper in 7% formic acid 
(9), and by cel lulose acetate electrophoresis and homochromatography (9). All 
ol igomers were fur ther  analyzed by means of partial digestion with snake venom 
phosphodiesterase. The one-dimensional fractionations of the part ial digestion 
products were used to confirm the identi t ies of the compounds listed in this table 
(10). 

breaks and that pC-OH is the 3'- terminal nucleotide on Hpa. II fragments. 

To determine the complete sequences of the cleavage sites, DNA fragments pro- 

duced by restr ic t ion endonuclease digestion and bearing [5'-32p] phosphate groups, 

were hydrolyzed to small ol igonucleotides with pancreatic DNase. The oligomers 

were fractionated on a va r ie ty  of one- and two-dimensional systems and the labeled 

products were located by radioautography (9). Comparison with published f ract ion- 
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ation patterns (10) and prev ious work in our laboratory (5,6) led to the ident i f icat ions 

of the sequences at the 5'- ends of the Hpa fragments (Table III, Fig. 1). The electro-  

phoret ic mobi l i t ies l isted in Table I11 were taken from one-dimensional separations 

of pancreatic DNase digest ion products and from the f ract ionat ions of the products 

of part ial  d igest ions w i th  snake venom phosphodiesterase (10) wh ich  were carr ied 

out on all DNase end-products  to determine or conf i rm the i r  ident i t ies.  Two-d imen-  

sional electrophoret ic and homochromatographic (9) analyses were also performed 

on the DNasedigest ion products.  The use of homochromatographic f ract ionat ion 

(Fig. 1) is advantageous in that the posit ions of products in a series hav ing a common 

terminus is ind icat ive of the i r  sequences (11). Fur ther  analys is  was, of course, 

necessary to conf i rm the sequences, and those shown in Fig. 1 were deduced from 

snake venom phosphodiesterase part ial  d igest ion products of each ol igonucleot ide 

(10). 

As seen in Fig.  1, the u n i q u e n e s s  of the s e q u e n c e s  at the c l e a v a g e  s i tes  of 

the two Hpa e n d o n u c l e a s e s  t e rmina t e s  at the th i rd  nuc leo t ide  from the 5 ' -  end; the 

s e q u e n c e s  become d e g e n e r a t e  t he r ea f t e r .  Combining all r e su l t s  the s t r u c t u r e s  of 

the r e s t r i c t i on  s i tes  d iagrammed in the "Summary"  w e r e  d e d u c e d .  

DISCUSSION. The  nuc leo t ide  s e q u e n c e s  at the c l eavage  s i tes  of the r e s t r i c t i on  en -  

Fig. I. Homochro:[l~atographic f ract ionat ions of the products of pancreat ic DNase 
digest ions of [5 ' -~ 'P ] - labe led  Hpa I fragments from SV40 DNA (a) and Hpa II 
fragments from bacteriophage :~ DNA (b) .  The f i r s t  dimension was electrophoresis 
on cel lu lose acetate in 7M urea at pH 3.5, and the second dimension was t h i n -  
layer homochromatography in "homomixture C" made wi th  a 3% solut ion of 15-minute 
hydro lyzed RNA (BDH) (9). The sequences of molecules larger  than t r imers were 
deduced both from the i r  posit ions on the f ract ionat ion patterns (11) and the resul ts  
of part ial  d igest ion w i th  snake venom phosphodiesterase. The part ial  hydro lyses 
were carr ied out at room temperature wi th  0.01 mg/ml of the phosphodiesterase 
in 0.02 M T r i s -HC l ,  pH 8.5, 0.01 M MgCI 2 for 60-90 minutes. Sampleal iquots  
were taken at zero time (control) and every  15 minutes thereafter.  The part ial  
d igest ion products were separated e lec t rophoret ica l ly  on DE-81 paper at ei ther pH 
3.5 or pH 1.9. Ident i f icat ion of the products was made on the basis of absolute and 
relal~i;ye (M-va lues)e lec t rophore t i c  mobi l i t ies (10). Al l  of the sequences have 
[5 ' - - -P ]  phosphate groups.  Symbols for all phosphates have been omitted from the 
f igure .  
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donucleases from H. parainf luenzae have been analyzed by 5'- end label ing pro-  

ceduresand  a novel use of a 3 ' - e n d  label ing scheme (8, 13). The combined data 

unequ ivoca l l y  establ ish the sequences. These are recognizable as being the same 

as those cleaved by the enzymes from two other s t ra ins of Hemophilus. The Hpa I 

sequence is the same as one of the speci f ic i t ies of Hind II from H. inf luenzae (3, 14) 

and the sequence cleaved by Hpa II is identical to the one sp l i t  by the H. aph i roph i l us  

res t r ic t ion  endonuclease (15). Mapping studies of res t r ic t ion  enzyme cleavage sites 

on SV40 DNA have placed two of the Hpa I breaks (Hpa 1 and Hpa 2) at posi t ions 

coinc ident  wi th  two of the Hind II spl i ts (Hin 3 and Hin 5), and have localized the 

th i rd  HPa I scission close to the Hin. 8 cleavage point (2,16).  The ident i ty  of the two 

sequences proves that Hpa I and Hpa 2 are identical to Hin 3 and Hin 5, respect ive ly ,  

and, moreover, establ ishes Hpa 3as the same site as Hin 8. Th is  also means that 

the sequences at sites Hin 1 and Hin 2 are probab ly  the double-s t randed equivalents 

of the sequence . . . N - G - T - C - G - A - C - N . . .  (3,14). An ear l ie r  f i nd ing  that H. para- 

inf luenzae res t r ic t ion  enzyme generates fragments from the rep l ica t ive  form of (~X174 

DNA bearing 5 ' - deoxycy t i dy l a t e  res idues (17) is ver i f ied  by the sequence spec i f ic i ty  

of Hpa 11 and shows that Hpa II makes the major i ty  of breaks in that par t i cu la r  sub- 

strate. 

The doub le-s t rand scission produced by H Pa I is an "even" break whi le  that 

made by Hpa II i sa  "staggered" break (14). Nonetheless, both of the double-s t randed 

s t ruc tures at the cleavage sites contain cent ra l ly - located dyad axes of symmetry. The 

possible s igni f icance of th is  symmetry has p rev ious ly  been discussed (14, 18). 

Results essent ia l ly  identical to those reported here have been obtained by K. 

Mur ray  us ing d i f ferent  methods (personal communicat ion).  
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