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SUMMARY: We have determined the nucleotide sequence recognized by the restric-
tion endonuclease Hae IT from Haemophilus aegyptius which cleaves the simian
virus 40 (SV40) DNA at a single specific site. By using terminal radioactive
labeling of the cleavage site at at both the 5' and 3'-ends we have deduced the
recognition sequence, 5'...A-G-CG-C pT...3'

3'.. TpJC—G—C-G——A...S with elements of a two-fold ro-
tational symmetry. The endonuclease produces staggered ends with protruding
3'-terminated single-strands, four nucleotides in length. 1In plasmid RSF 2124
DNA, which contains multiple Hae II cleavage sites, it was observed that the
5th nucleotide from the 3' terminus is either a pdA or a pdG, indicating al-
ternating recognition sequences.

INTRODUCTION - Haemophilus aegyptius contains three restriction endonucleases

designated Hae I, Hae ITI (1) and Hae IIT (2). Only Hae III is well character-
ized and it has been shown to recognize a tetranucleotide sequence

' — - v
g,"'g_gigg_g g, producing an even break at the site of cleavage (2).

The restriction endonuclease Hae II cuts the SV40 DNA at a single specific
site (1). By using double digestion of the same DNA molecule with two differ-
ent restriction endonucleases, Roberts et al (1) have shown that the Hae II re-
cognition sequence is different from that of all other known restriction endo-

nucleases. Only the endonuclease H-1 from Haemophilus influenzae strain H-1

produced a gel pattern of DNA bands similar to Hae II with ADNA as substrate (1).
Takanami and Kojo (3) have found pdC and pdT as the 5' terminal nucleo-

tides at the cleavage site of endonuclease H-1 which indicates that the enzyme
probably recognizes two alternate sequences. However, the exact nature of

these sequences as well as the recognition sequence of Hae II remains unknown(4).

In this communication, we report the recognition sequence of this enzyme,
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which was determined after end labeling the single cleavage site in the SV40
DNA, or the multiple cleavage sites in the RSF 2124 DNA, by two independent
methods, i.e. labeling 3'-ends with terminal transferase (3) and 5'-ends with
polynucleotide kinase (6). The unique labeled ends were isolated by digestion
with a second restriction endonuclease and subjected to sequence analysis. By
alignment of the resulting nucleotide sequences we have deduced the recognition
sequence of Hae II endonuclease in these DNA molecules.

MATERIALS AND METHODS - [a—32P]rCTP (specific activities 50-150Ci/mmole) was
obtained from New England Nuclear Corporation. [Y—32P]ATP (specific activit-
ies 100-200 Ci/mmole) was a product of ICN Pharmaceuticals. Polynucleotide
Kinase (specific activity 20,000 units/mg) was obtained from Biogenics Re-
search Corporation. Terminal transferase (specific activity 20,000 units/mg)
was isolated as described earlier (7). Restriction endonuclease Hinc II
(specific activity 9000 units/mg), Hind III (specific activity 45,000 units/mg)
and Hae II (specific activity 20,000 units/mg) were obtained from New England
Biolabs. Covalently closed circular SV40 DNA was isolated as described by Wu
et al (6). The plasmid RSF 2124 DNA (8) was a gift of K. Marians of this lab-
oratory.

Circular Form I SV40 DNA (50 ng) was incubated in 6 mM Tris-HC1, pH 7.8,
6 mM MgCly, 1 mM dithiothreitol and 10 units of Hae II endonuclease in a final
volume of 100 ul. After incubation at 37° for 11 hours all of the SV40 DNA
molecules were converted to the linear form as revealed by agarose gel electro-
phoresis (1). The DNA was labeled either at the two 5'-ends using polynucleo-
tide kinase or at the two 3'-ends using terminal transferase as described
earlier (6). The labeled DNA was isolated by gel filtration followed by
ethanol precipitation. The two labeled ends were separated after a second
digestion as follows: The DNA was suspended in 6 nM Tris-HCl, pH 7.8, 6 mM
MgCl,, 1 mM dithiothreitol and incubated with 16 units of Hinc II and 18
units of Hind III at 37° for 7 hours in a final volume of 50 pl. The digested
DNA was subjected to polyacrylamide slab gel electrophoresis as described
earlier (6). The labeled bands were eluted from the gel and partially diges-
ted with pancreatic DNase in order to obtain a homologous series of oligo-
nucleotides from each unique labeled end of DNA (6). 1In the case of terminal
transferase labeled DNA the samples were subjected to alkali and alkaline
phosphatase (BAPF grade) treatment (9) before the pancreatic DNase digestion.
The digested products were fractionated using two~dimenslonal electrophoresis—
homochromatography (10) and the nucleotide sequence at each labeled end was
deduced using calculations for mobility-shift analysis (11).

For determination of Hae II recognition sequence in DNA with multiple
cleavage site, the plasmid RSF 2124 DNA (50 ug) was digested with 20 units of
Hae II, 6 mM Tris, pH 7.8, 6 mM MgCl,;, 1 mM dithiothreitol at 37° for 22 hours
in a final volume of 300 uyl. An aliquot (10 ul) of the digested DNA was ex-
amined by agarose gel electrophoresis in the presence of ethidium bromide.
More than ten fluorescent DNA bands were detectable. The DNA fragments were
then labeled with terminal transferase as described earlier (5) and the whole
reaction mixture was treated with alkali and alkaline phosphatase (9). After
dilution the labeled DNA fragments were absorbed onto a small column of DEAE-
cellulose, washed with 0.25M triethylammonium bicarbonate, pH 7.5, and eluted
with 2M NaCl, 10 mM Tris, pH 7.8, 100 uM EDTA. After ethanol precipitation
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the DNA was partially digested with pancreatic DNase and subjected to two-
dimensional electrophoresis-homochromatography (10).

RESULTS - The site of cleavage on SV40 DNA produced by Hae II is located be-
tween 0.80 - 0,835 unit length (clockwise) from the Eco RI site (1). There-
fore, the cleavage is made on Hind D fragment of SV40 DNA according to the
SV40 physical map (12, 13) Isee Figure 3]. When the DNA labeled at the Hae II
cleavage site was digested with Hind endonuclease, two labeled fragments de-
signated Dl and D2 were obtained (Figure 3). The two labeled duplex DNA frag-
ments, Dl and D2 containing only one labeled strand per fragment, were separ-
ated by electrophoresis on 5% polyacrylamide slab gel as shown in Figure 3 (on
the right-hand side). The other Hind fragments were non-radioactive and there-
fore remain undetected.

When the kinase labeled shorter DNA fragment (D2) was subjected to two—
dimensional mobility-shift analysis, the nucleotide sequence 3'...A-C-T-A-G-

*
T-T-G-Tp 5' was obtained (Figure la). The nucleotide sequence in the comple~
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Fig. 1. Nucleotide sequence at the Hae IT cleavage site in fragment D, pro-
duced by Hind cleavage of SV40 DNA

The Figure shows two-dimensional map of kinase labeled (a) and transferase
labeled (b) duplex Dy, The letters on the map indicate the following: O -
origin, I - electrophoresis at pH 3.5 on cellulose acetate, II - homochromato-
graphy, Y - position of yellow dye (methyl orange), B - position of blue dye
(xylene cyanol FF) and the numbers at the left of each map between nucleotides
indicate d-value (16) in millimeters.
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Fig. 2, Nucleotide sequence at the Hae II cleavage site in fragment D; pro-

duced by Hind cleavage of SV40 DNA
The figure shows two~dimensional map of kinase labeled (a) and transferase

labeled (b) duplex fragment Dl' The other letters on the map are those des-
cribed in Figure 1.
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{irgns }--- CAACAGCGCOH {kinase) ET'C'A—C-A—C- C-A
A CTAGT-T-GTE (kinase) HO-CGCGAGTGT GG (trans)
3‘ 5/ 3/ 5:

Sequence in the complete duplex

’

5’ —_ 35
T-G-ATC-AACAGCGCpl-C-ACAGCCA
ACTAGT-TGTGGECG-A-GT-GT-G-GT

sequence 5 __‘.‘=/ 3’
recognized Haell G/AG CiGC TC
8y cut CLCGCOAG
_—

axis of symmetry

Fig. 3. Schematic presentation of the location, isolation and deduction of a
21 base pair nucleotide sequence at the Hae II cleavage site in SV40 DNA

mentary strand of D2 was obtained as 5'..,C-A-A-C-A-G-C-G-CprC 3' (Figure 1b).

Therefore, the antiparallel orientation of the two strands yields a duplex:
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*
5'...C—A-A—C-A;G-C-G-C prC 3’
3'...A-C-T-A-G~T-T-G-Tp
Hae II cut

In the same way, the orientation of the two strands obtained from the

longer fragment (Dl) yields a duplex configuration (Figure 2):
*
. pT~C~A-C-A-C—C-A. ..3’
3'...rCp[C-G-C-G—A-G-T-G-T--G-G,5'

The alignment of the two staggered ends of fragments D2 and D1 yields a
complete duplex nucleotide sequence at the Hae II cleavage site in SV40 DNA as:

5'...C~A~A~C-A~-G-C=G-
3' ... A-C-T-A~-G-T-T-G-TP [C-G—C
Hae II cut
To determine whether the above sequence is recognized in every case, or
whether there are two sequences recognized by this restriction endonuclease
as in endonuclease H-1 (3), the terminal sequences from a mixture of DNA frag-

ments were analyzed. Accordingly, a mixture of about 12 fragments generated

by Hae IT cleavage of the plasmid RSF 2124 DNA were labeled at the 3'—ends

NAGCGCAHC

G A Fﬂ""!;vl
Pl .
oy
G2 Oy

d pl B

Fig. 4. Two dimensional map of 3' terminal [32PJrCMP labeled mixture of du-
plex fragments generated by Hae II cleavage of the plasmid RSF 2124 DNA
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with [32P]prC by terminal transferase and the sequence analyzed. Figure 4
shows a sequence of 5'..G—C—G—C;C 3' common to all fragments; moreover, the
nucleotide at the 5' side of this common sequence is either a pdA or a pdG.
Hence, it appears that Hae II cleaves the DNA to give either 5'..A-G-C-G-C 3'
or 5'.. G-G-C-G-C 3", and the general recognition sequence at the cleavage
site is:

5'...(A/G)-G=C-G—C[p(T/C)...3"

3'..(T/C)p] C=G-C—G-(A/G)... 5'

Hae II cut
In this way, it became clearly evident that Hae II produces a staggered

break with an unusual feature consisting of protruding 3' terminated single-
strands, four nucleotides in length.
DISCUSSION - Nucleotide sequence analysis using two independent methods of
terminal labeling provides a simple and general means for the determination of
the recognition sequence of restriction endonucleases.

If the cleavage is staggered with protruding 5'-terminal nucleotides,
then the 5'-terminal sequences in the separated duplex ends will be complemen-
tary to each other. However, the two 5'-terminal sequences from the two 5'~
terminal ends (kinase labeled) of Hae II cleavage site in SV40 DNA clearly are
not complementary to each other. Therefore, Hae II endonuclease does not pro-—
duce protruding 5'-ends. On the other hand, if an even break is produced,
then the 3' terminal nucleotides in any one end of the duplex should be com—
plementary to the 5' terminal nucleotides in the opposite strand of the same
duplex end. When the 3'-terminal nucleotides in D2 are compared with the 5'-
terminal nucleotides in the opposite strand, they are not complementary to each
other. Therefore, Hae II does not produce an even break.

When we consider the possibility that the 3'-ends may be protruding, we
expect that the first few 3'-terminal nucleotides in one separated end of the
duplex should be complementary to the first few 3'-terminal nucleotides in the

other end of the duplex. Indeed, we find 5'...A-G-C-G-C-OH 37
37 HO-C—G-C—GA.eeerrnnas 5°

the first four 3' terminal nucleotides from the two 3'-ends of the duplex to
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be complementary to each other. Furthermore, if the 3'-ends are protruding,
then the first few 5' terminal nucleotides in any one end of the duplex must
be complementary to the 3' terminal nucleotides in the opposite strand of the

same duplex-end, just four nucleotides away from the 3' terminus.

four ses
5'...C—A—A—C—A;G—C~G—C-OH 3' (transferase labeled)
3',..G-T-T-G-Tp 5' (kinase labeled)

This was found to be the case. Similarly, the Dj-end of the duplex confirms
similar observation (see Figure 3). 1In this way, it is clearly evident that
Hae II cut produces four protruding 3' terminal nucleotides. The only other
cases of protruding 3' terminal nucleotides are those produced by the endo-
nuclease Hph [with one protruding nucleotide (14)] and Hha 1 {with two pro-
truding nucleotides (15)]. That a hexanucleotide sequence is responsible for
Hae II recognition is evident from the following consideration. The endo-
nuclease Hha I recognizes a tetranucleotide sequence,

5'...G—Ic;cj-c...3'

3'...C4{G-C-G...5"
and cuts at the sites indicated by the arrows producing two 3'~terminal pro-
truding nucleotides (14). This endonuclease cleaves SV40 DNA at two sites.
If the Hae-II recognition-site consisted of the same four nucleotides, then it
would have cut the SV40 DNA at the two sites also. Since this is not the case
and since Hae II makes only one cut on SV40 DNA it must have a longer recog-
nition sequence than that of Hha I. Therefore, we conclude that Hae II recog-
nizes a hexanucleotide sequence, 5'-A~G-C-G~C-T, on SV40 DNA. Similar work
with the use of the plasmid RSF 2124 DNA as substrate showed that Hae IT re-
cognizes either 5'-A-G-C-G-C-T or 5'-G-G-C~G-C~C.

Barrell and Slocombe (Barrell, B.G. and Slocombe, P.M., personal

comnunication) have independently determined the recognition sequence of
Hae II to be 5’—purine—G—C—G—C¢—pyrimidine. Furthermore, they found that
the purine and the pyrimidine in this hexanucleotide sequence need not be

complementary.
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