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RsaI: a New Sequence-Specific Endonuclease Activity from
Rhodopseudomonas sphaeroides
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A new type II sequence-specific endonuclease, RsaI, has been identified from
Rhodopseudomonas sphaeroides strain 28/5. An RsaI purification scheme that
yields enzyme which is free of contaminating exonuclease and phosphatase
activities after a single column fractionation has been developed. The enzyme
recognized the tetranucleotide sequence 5'-GTAC-3' and cleaved between the T
and A, thereby generating flush ends. RsaI should be extremely useful in deoxy-
ribonucleic acid sequencing experiments.

Since their discovery over 10 years ago, more
than 140 type II sequence-specific endonucleases
have been identified (13, 14). The nucleotide
sequences recognized by these endonucleases
usually range from four to seven base pairs and
contain a twofold axis of symmetry. Endonucle-
ases which recognize tetranucleotide sequences
cleave DNA frequently (on the average, every
256 base pairs) and are especially useful for DNA
sequencing by the dideoxy chain terminating
method of Sanger et al. (17) and the chemical
modification method of Maxam and Gilbert (9).
To date, enzymes which are specific for 8 of the
16 possible symmetrical tetranucleotide se-
quences have been identified (13, 14). In this
report, we describe an endonuclease from Rho-
dopseudomonas sphaeroides strain 28/5, RsaI,
which recognizes the tetranucleotide sequence
5'-GTAC-3'.

MATERIALS AND METHODS

Strains and culture conditions. R. sphaeroides
strain 28/5 was obtained from G. Drews, University of
Freiburg, Freiburg, Germany. The conditions of
growth and the media employed have been described
previously (7). Cells (approximately 2 x l09 cells per
ml) were harvested by centrifugation and stored as a
cell paste at -20°C.

Preparation ofRsaI active fraction. Frozen cells
were thawed and washed once in column buffer (10
mM potassium phosphate, pH 7.4; 10 mM B-mercap-
toethanol; 0.1 mM EDTA; 10% [vol/vol] glycerol). All
procedures were performed at 4°C. The washed cell
pellet was suspended in column buffer (1:2, wt/vol)
and disrupted by one passage through a French pres-
sure cell at 20,000 lb/in2. Phenylmethylsulfonyl fluo-
ride was added to a final concentration of 50 itM, and
the crude cell lysate was freed of particulate material
by centrifugation at 150,000 x g for 2.0 h.
A freshly prepared 10% (wt/vol) streptomycin sul-

fate solution (0.35 volume) was slowly added with
stirring to the above supernatant fluid. After an addi-
tional 30 min of stirring on ice, the precipitate was

removed by centrifugation at 12,000 x g for 10 min.
The remauiing supernatant fluid was dialyzed over-
night against column buffer.
The dialysate was again centrifuged at 12,000 x g

for 10 min, and the supernatant fluid was loaded onto
a Whatman DE-52 column (3 by 10 cm) equilibrated
in column buffer. The column was washed with column
buffer, and 2-ml fractions were collected. Those frac-
tions exhibiting endonuclease activity were pooled and
dialyzed against storage buffer (25 mM potassium
phosphate, pH 7.4; 10mM ,-mercaptoethanol; 0.1mM
EDTA; 50% [vol/vol] glycerol). The preparation was
stored at -20°C.
Enzyme assay conditions and electrophoresis.

HaeH, HhaI, and TaqI were assayed by previously
described procedures (11, 15, 18). Reaction mixtures
(50 id) for detecting RsaI activity contained 2 ,ug of A
cI857 DNA, 10 mM Tris-hydrochloride (pH 7.9), 6
mM MgCl2, and 0.5mM dithiothreitol. Reactions were
terminated after 1 h of incubation at 340C by addition
of 10 pl of electrophoresis sample buffer (1). Electro-
phoresis was performed on 5% polyacrylamide gels (1)
or 1% (wt/vol) agarose gels (19).
Exonuclease and phosphatase assays. 5' Exo-

nuclease activity was measured essentially as de-
scribed by LeBon et al. (6). Restriction fragment DNA
labeled with 32p at the 5' end (approximately 106 cpm)
was incubated for 24 h at 370C in the standard RsaI
reaction mixture with 10 U of enzyme preparation per
0.01 itg of DNA substrate. Controls consisted of iden-
tical reaction mixtures lacking the Rsal preparation.
After incubation, the samples were subjected to elec-
trophoresis on a 5% polyacrylamide gel, and the gel
was autoradiographed. 32P-containing gel slices were
quantitated by Cerenkov radiation. 3' Exonuclease
activity was not directly measured.
DNA sequencing. Labeling of DNA with [y-iP]-

ATP by T4 polynucleotide kinase and sequencing were
carried out by the procedure of Maxam and Gilbert
(9).

Identification of 2r-deoxynucleoside 6'-phos-
phate after cleavage with RsaL Three independent
RsaI fragments were isolated and labeled on the 5'
end with [y-.nP]ATP by T4 polynucleotide kinase and
reisolated from 5% polyacrylamide gels. These frag-
ments were digested to completion with a combination
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of pancreatic DNase I and snake venom phosphodi-
esterase and then chromatographed adjacent to stan-
dard 2'-deoxynucleoside 5'-phosphates as previously
described (22).
Enzymes and chemicals. HhaI and TaqI were

isolated by the procedures of Roberts et al. (15) and
Sato et al. (18). T4 polynucleotide kinase was pur-
chased from New England Bio-Labs. DE-52 was pur-
chased from Whatman, Ltd. HaeIII was purchased
from Bethesda Research Laboratories. Plasmid DNA
was isolated by the procedure of Hershfield et al. (5).
Phage DNA was isolated as described previously (4).
Simian virus 40 form I and OX174 replicative form
were generous gifts from R. J. Hronek and K. Postle,
respectively. 2'-Deoxynucleoside 5'-phosphates were
purchased from P-L Biochemicals.

RESULTS
Isolation ofRsaI active fraction. The prep-

aration of the RsaI active fraction was relatively
simple, involving a single column fractionation
with no gradient elution. We routinely obtained
1,000 U of enzyme per g (fresh weight) of cells
(1 U of activity will digest 1 ytg of A c1857 DNA
in 1 h at 34°C). Optimal reaction conditions for
RsaI were found to be pH 7.9 and 34°C. NaCl
up to 200 mM had no effect on the enzyme
activity (data not shown). After extensive incu-
bation with excess enzyme of DNA labeled with
3P at the 5' end, there was less than 1% loss of
radioactivity, indicating the absence of both 5'
exonuclease and phosphatase activities (data not
shown). There was no significant 3' exonuclease
activity since digestion of a fragment labeled at
the 5' end containing an RsaI cleavage site gen-
erated a single band on DNA sequencing gels
(see Fig. 2).
Specificity ofRwI. The RsaI cleavage sites

were mapped relative to the known HaelI and
TaqI sites of pBR322 (20; Fig. 1). Since the
entire sequence of pBR322 is known (21), it
should be possible to deduce the RsaI recogni-
tion site by determining which TaqI or HaeIII
fragment(s) was cleaved by RsaI and then
searching the pBR322 sequence (21) for a com-
mon (or related) sequence at the suspected po-
sitions in each of the fragments. The occurrence
of the sequence 5'-GTAC-3' coincided with the
approximate position of the RsaI sites in
pBR322. In addition, the number of RsaI cleav-
age sites in simian virus 40 and 4X174 corre-
sponded to the number of 5'-GTAC-3' sites in
each DNA (Table 1). Other occurrences of RsaI
cleavage sites and the 5'-GTAC-3' sequence in-
clude a site in trpO DNA (R. Gunsalus and C.
Yanofsky, personal communication) and three
sites in the threonine (thr) operon regulatory
DNA at positions -157, -76, and 24 (3).
Determination of the RsaI cleavage site.

The Rsal cleavage site was detennined by a

b a b c

FIG. 1. Restriction endonuclease mapping ofRsaI
sites in pBR322 on 5% polyacrylamide gels. Left: (a)
HaeIII; (b) HaeIII + RsaI. Right: (a) TaqI; (b) TaqI
+ Rsal; (c) Rsal. Digestion conditions are described
in the text.

TABLE 1. Frequency ofRsaI cleavage sites in known
DNA sequences

No. of
No. of RsaI sites

DNA substrate RsaI sites predicted
observed from DNA

sequences

OX174 replicative form 11 lla
Simian virus 40 form I 10 lo,
pBR322 3 3c
A cI857 >40 _d
aAs determined by Sanger et al. (16).
b As determined by Reddy et al. (12).
c As determined by Sutcliffe (21).
d Sequence data not available.

variation of the method of Brown and Smith (2)
as described by McConnell et al. (10), using
DNA carrying the thr operon regulatory region
(3). The HhaI site at -183 was 5' end labeled
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with [y-32P]ATP, using T4 polynucleotide kinase
(9), and redigested with Taql. The mixture was
subjected to electrophoresis on a 5% polyacryl-
amide gel and the labeled fragments were visu-
alized by autoradiography and eluted from the
gel. The labeled fragment carrying an RsaI site
was then sequenced by the method of Maxam
and Gilbert (9). The RsaI-cleaved fragment was
subjected to electrophoresis adjacent to the se-
quencing lanes to determine the site of cleavage.
As shown in Fig. 2, the mobility of the RsaI-
cleaved fragment lay between the A and C of
the sequence 5'-GTAC-3'. According to Mc-
Connell et al. (10), this indicates that the RsaI
cleavage site lies between the T and A of the
sequence 5'-GTAC-3'.
To confirm the position of the RsaI cleavage

site, three different RsaI-generated restriction
fragments were 5' end labeled and digested to 2'-
deoxynucleoside 5'-phosphates with a combina-

TABLE 2. Identification of5'-terminal 2'-
deoxynucleoside 5'-phosphate (dNMP) generated

after cleavage with RsaI
dNMPa cpm (%)

dAMP ......................... 93.0
dCMP .............. 2.5
dGMP .......................... 1.8
dTMP ........................ 2.4

a Determination of the 5'-terminal 2'-deoxynucleo-
side 5'-phosphate after digestion with pancreatic
DNase I and snake venom phosphodiesterase was as
described by WelLs et al. (22).

tion of pancreatic DNase I and snake venom
phosphodiesterase as described above. In a rep-
resentative experiment (Table 2), 93% of the
radioactivity appeared in dAMP, indicating that
the RsaI cleavage site lies between the T and A
of the sequence 5'-GTAC-3'.

DISCUSSION
G A>G C+T

A

C
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FIG. 2. Determination of the RsaI
The HhaI 32P-labeled fragment descri
was sequenced by the method ofMaxa
(9). The mobility of the RsaI-cleaved
tween the A and C of the sequence 5'
dicates that the site of cleavage lies i
and A ofthat sequence (10). Only one b
in the RsaI-cut lane, indicating tha
significant 3' exonuclease activity pres

C R so I The procedure employed for the preparation
cut of the Rsal active fraction represents a modifi-

cation of the previously described procedure for
- the identification of another site-specific endo-

nuclease (RshI) from R. sphaeroides strain 2.4.1
(8). The activity, virtually free of exonuclease,
was recovered in the void volume ofa single DE-
52 column after fractionation of the streptomy-
cin sulfate-treated crude extract. Applying a 0.0
to 1.0 M KCI gradient after recovery of the
majority of the endonuclease activity (>90%)
resulted in elution of a small amount of addi-
tional RsaI activity at 0.15 M KCI.

........ The reason(s) for the second peak of activity
is unclear, although secondary interactions with
other macromolecules, probably nucleic acids,
are implicated. Fractionation of the soluble ex-
tract before DE-52 chromatography on either
Sephadex G-100 or phosphoceliulose did not
alter its elution from the anion.exchange resin.
Omission of the streptomycin sulfate precipita-
tion step decreased the amount of activity elut-
ing in the void volume and increased the amount
of activity displaced in the gradient. All activity
derived by gradient elution of the DE-52 column
was contaminated with exonuclease or phospha-
tase or both.
We have shown that RsaI recognizes and

cleaves the sequence 5'-GTAC-3'. Only one site
cleavage 8ie has been sequenced directly, but the frequency
bed in the text of this sequence, the numbers and sizes of frag-

frandGm lbent ments generated by cleavage of known DNA
-GTAC-3)t in- sequences (simian virus 40, 4X174, and
between the T pBR322), the DNA sequencing, and the 5' end
rand ispresent analysis are convincing. This core sequence
it there is no (GTAC) appears to be all that is necessary for
sent. recognition and cleavage since 14 of the 16 pos-
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sible combinations of nucleotides at the 5' and
3' ends of the site can be found in the aforemen-
tioned sequences. RsaI should be included in
the growing list of site-specific endonucleases
used for DNA sequencing studies because of its
ease of isolation, tetranucleotide recognition se-

quence, and freedom from objectional contami-
nating activities.
We have identified five other R. sphaeroides

strains producing isoschizomers of RsaI. The
origin of these strains is quite dispersed, coming
from three continents. No further work has been
done with these strains to determine their site(s)
of cleavage.

ACKNOWLEDGMEN1S

We thank K. Postle and R. J. Hronek for providing DNA
preparations and R. Roberts and T. Gingeras for providing
unpublished information. We gratefully acknowledge the work
of Debbie Hinton in determination of the 5'-terminal mono-

nucleotides.
This work was supported by National Science Foundation

grant PCM 78-07931 to J.F.G. and by National Science Foun-
dation grants PCM 77-15985 and PCM 78-19592 to S.K.

LTERATURE CITED
1. Blakesley, R. W., and R. D. Wells. 1975. "Single-

stranded" DNA from OX174 and M13 is cleaved by
certain restriction endonucleases. Nature (London)
257:421-422.

2. Brown, N. L, and M. Smith. 1976. The mapping and
sequence determination of the single site in #X174 am
3 replicative form DNA cleaved by restriction endonu-
clease Pst L. FEBS Lett. 65:284-287.

3. Gardner, J. F. 1979. Regulation of the threonine operon:
tandem threonine and isoleucine codons in the control
region and translational control of transcription termi-
nation. Proc. Nat. Acad. Sci. U.S.A. 76:1706-1710.

4. Gardner, J. F., and W. S. Reznikoff. 1978. Identifica-
tion and restriction endonuclease mapping of the thre-
onine operon regulatory region. J. Mol. Biol. 126:241-
258.

5. Hershfield, V., H. W. Boyer, L Chow, and D. R.
Helinski. 1976. Characterization of a mini-col El plas-
mid. J. Bacteriol. 126:447-453.

6. LeBon, J. M., C. I. Kado, L J. Rosenthal, and J. G.
Chirkjian. 1978. DNA modifying enzymes of Agro-
bacterium tumefaciens: effects of DNA topoisomerase,
restriction endonuclease, and unique DNA endonucle-
ase on plasmid and plant DNA. Proc. Natl. Acad. Sci.
U.S.A. 75:40974101.

7. Lueking, D. R., R. T. Fraley, and S. Kaplan. 1978.

Intracytoplasmic membrane synthesis in synchronous
cell populations of Rhodopseudomonas sphaeroides. J.
Biol. Chem. 253:451 457.

8. Lynn, S. P., L K. Cohen, J. F. Gardner, and S.
Kaplan. 1979. Characterization ofa site-specific restric-
tion endonuclease from Rhodopseudomonas sphae-
roides. J. Bacteriol. 138:505-509.

9. Maxam, A M., and W. Gilbert. 1977. A new method for
sequencing DNA. Proc. Natl. Acad. Sci. U.S.A. 74:560-
564.

10. McConnell, D. J., D. G. Searcy, and J. G. Sutcliffe.
1978. A restriction enzyme from the thermophilic my-
coplasma Thermoplasma acidophilium. Nucleic Acids
Res. 5:1729-1739.

11. Middleton, J. H., M. H. Edgell, and C. A. Hutchison
M. 1972. Specific fragments of oX174 deoxyribonucleic
acid produced by a restriction enzyme from Haemophi-
lus aegyptius, endonuclease Z. J. Virol. 10:42-50.

12. Reddy, V. B., B. lmmappaya, R. Dhar, K. N. Sub-
ramanian, B. S. Zain, J. Pan, P. K Ghosh, M. L.
Celma, and S. M. Welasman. 1978. The genome of
simian virus 40. Science 200:494-502.

13. Roberts, R. J. 1976. Restriction endonucleases. CRC Crit.
Rev. Biochem. 4:123-164.

14. Roberts, R. J. 1978. Restriction and modification en-
zymes and their recognition sequences. Gene 4:183-193.

15. Roberts, R. J., P. A. Myers, A. Morrison, and K.
Murray. 1976. A specific endonuclease from Haemo-
philus haemolyticus. J. Mol. Biol. 103:199-208.

16. Sanger, F., A. R. Coulson, T. Friedman, G. M. Air, B.
G. Barrell, N. L Brown, J. C. Fiddes, C. A. Hutch-
ison H, P. M. Slocombe, and ML Smith. 1978. The
nucleotide sequence of bacteriophage OX174. J. Mol.
Biol. 125:225-246.

17. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA
sequencing with chain-terminating inhibitors. Proc.
Natl. Acad. Sci. U.S.A. 74:5463-5467.

18. Sato, S., C. A. Hutchison Im, and J. I. Harris. 1977.
A thermostable sequence-specific endonuclease from
Thermus aquaticus. Proc. Natl. Acad. Sci. U.S.A. 74:
542-546.

19. Shinnick, T. M., E. Lund, 0. Smithes, and F. R.
Blattner. 1975. Hybridization of labeled RNA to DNA
in agarose gels. Nucleic Acids Res. 2:1911-1914.

20. Sutcliffe, J. G. 1978. pBR322 restriction map derived
from the DNA sequence: accurate DNA size markers
up to 4361 nucleotide pairs long. Nucleic Acids Res. 5:
2721-2728.

21. Sutcliffe, J. G. 1978. Complete nucleotide sequence of
the Escherichia coli plasmid pBR322. Cold Spring Har-
bor Symp. Quant. Biol. 43:77-90.

22. Wells, R. D., T. ML Jacob, S. A. Narang, and IL G.
Khorona. 1967. Studies on polynucleotides. LXIX.
Synthetic deoxyribonucleotides as templates for the
DNA polymerase of Escherichia coli: DNA-like poly-
mers containing trinucleotide sequences. J. Mol. Biol.
27:237-263.

VOL. 142, 1980


