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A phenotypically restrictionless strain of Pseudomonas aeruginosa was found
to lack a deoxyribonuclease specific for linear duplex DNA. The purified enzyme
had an optimum pH of 8.5, required MgCl2 (10 mM) for maximum activity, and did
not require ATP. Neither the degradation of heat-denatured DNA nor the
degradation of bacteriophage F116 DNA was detected. The genome of bacterio-
phage F116 was shown to possess single-stranded terminal regions, which account
for the resistance to degradation and for the ability of the phage to transfect
restriction-proficient strains.

Pseudomonas aeruginosa is capable of genet-
ic recombination through conjugation, transduc-
tion, and transformation (8, 16). Mercer and
Loutit (14-16) have shown Mg2+-dependent
transformation of P. aeruginosa with the DNAs
of various plasmids and bacteriophages and with
chromosomal DNA. When linear duplex chro-
mosomal DNA was used for transformation, a
phenotypically restrictionless (Res-) recipient
strain was required, even when the source of
DNA was a closely related strain. This observa-
tion was puzzling for two reasons. First, bacte-
riophage F116 linear duplex DNA was capable
of transfecting Res' cells at a high frequency.
Mercer and Loutit (16) proposed that F116 DNA
was protected from degradation by a specific
mechanism which, for some reason, did not
occur with DNA from other bacteriophages.
Second, a Res- phenotype should not have been
necessary for transformation with linear DNA
from closely related strains if this DNA was
degraded by a restriction endonuclease. There-
fore, we thought it possible that the Res- pheno-
type was brought about by the lack of an exonu-
clease which was responsible for the
degradation of chromosomal DNA in wild-type
cells.

Miller and Clark (18) identified three nuclease
activities in P. aeruginosa and purified two of
them. One was similar to exonuclease I of
Escherichia coli, and the other was similar to
exonuclease V, both of which play a role in the
transformation process in E. coli (3, 21). Lehr-
bach et al. (10) recently isolated a P. aeruginosa
mutant lacking the ATP-dependent activity of
PaeExoV. A third nuclease, PaeExoIX, active
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on linear duplex and single-stranded DNA in the
presence of EDTA, was identified by Scurlock
and Miller (25). This enzyme does not appear to
have a functional analog in E. coli.
As part of our study on genetic transformation

in P. aeruginosa, we isolated mutants which
were phenotypically restrictionless (16). In this
report, we describe the purification and some
properties of an exonuclease which is present in
wild-type cells but absent in one of our Res-
mutants. In addition, the mechanism of the
protection of F116 DNA during the transforma-
tion process is described.

MATERIALS AND METHODS
Bacterial and bacteriophage strains. E. coli strain

PB1379 (F- thyA deoC2) was kindly provided by P. L.
Bergquist, University of Aukland, New Zealand. With
the exception of OT500, all of the other strains are
derivatives of P. aeruginosa strain 1 and are listed in
Table 1. OT500 is a valine-requiring mutant of P.
aeruginosa strain 78. DNA from the generalized trans-
ducing phages F116 (7) and B/78 was used for transfec-
tion and as a substrate in nuclease assays. B/78 is a
phage obtained from strain B (23).

Media. The growth media used were brain heart
infusion broth (Difco Laboratories, Detroit, Mich.),
supplemented with 4 g of potassium nitrate per liter,
and Luria broth (24). In cases in which solid medium
was required, brain heart infusion was solidified with
2% Davis agar. The minimal medium used was that of
Davis and Mingioli (4).

Chemicals. 12-3H]adenine and [methyl-3H]thymine
were obtained from the Radiochemical Centre, Amer-
sham, England. Lysozyme, bovine serum albumin,
ribonuclease, and S, nuclease were all obtained from
Sigma Chemical Company, St. Louis, Mo.; ammoni-
um sulfate, sodium dodecyl sulfate, and Tris buffer
were from BDH, Poole, England; and streptomycin
sulfate was from Glaxo Laboratories. Yeast nucleic
acid was obtained from Hopkins and Williams, and
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TABLE 1. P. aeruginosa strains

Strain Genotype' Source/referenceb
OT55 leu-l Iys-I str This laboratory
OT56 leu-I lys-l This laboratory (11)
OT374 leu-l Iys-l str/F116 F116 infection of strain

lysogen OT55
OT391 RP1+ prototroph This laboratory
OT500 val (16)
OT684 leu-l lys-l res-4 Spontaneous tempera-

ture-resistant
derivative of OT683
(15, 16)

a For gene symbols see Bachmann et al. (1).
b Strain OT683 (15, 16) was found to carry a muta-

tion rendering it temperature sensitive for growth.
Hence, OT684 was isolated as a spontaneous tempera-
ture-resistant clone and was used in all transformation
experiments. OT683 was isolated as a mutant of P.
aeruginosa strain 1 on which phage B/78 (grown on P.
aeruginosa strain 78) could form plaques. We have
retained the res4 gene symbol until the exonuclease
has been further characterized.

phosphocellulose was the kind gift of G. Peterson,
University of Otago, New Zealand. Phosphocellulose
was prepared for use by washing once with distilled
water and once with 0.5 M HCI, followed by repeated
washing with water until the pH was 5.0. Potassium
hydroxide (0.5 M) was added, and the mixture was left
for 30 min, followed by repeated washing with water
until the pH was 8.0 to 9.0. KCI (4.0 M) in 50 mM
potassium phosphate buffer (pH 7.4) was added, and
the phosphocellulose was stored overnight, washed
thoroughly with distilled water, and stored in 50 mM
potassium phosphate buffer (pH 7.4). Immediately
before use, it was washed with potassium phosphate
buffer containing 0.1 mM dithiothreitol (buffer A).
DNA. The DNA from bacteriophages F116 and B/78

was labeled with [2-3H]adenine as described by Miller
et al. (20) and extracted by the procedure of Hinkle
and Miller (6). P. aeruginosa and E. coli chromosomal
DNA were prepared by the method of Marmur (13)
after overnight growth in a minimal medium supple-
mented with [2-3Hladenine for P. aeruginosa or [meth-
yl-3Hlthymine for E. coli. Plasmid DNA was isolated
from cleared lysates of P. aeruginosa by the procedure
of Stanisich and Bennet (26). When single-stranded
DNA was required, duplex DNA was heated in a
boiling water bath for 10 min and immediately placed
in an ice water-NaCl bath for 10 min.

Exonuclease assay. The activity of various fractions
of the nuclease preparation was determined by mea-
suring the release of acid-soluble radioactivity from
the [3H]DNA substrate. The reaction mixture (0.5 ml)
was composed of 30 mM potassium phosphate buffer
(pH 7.0), 10 mM 2-mercaptoethanol, 10 mM MgCl2,
and 8 to 10 nmol of [3H]DNA. In some experiments, 50
mM Tris-hydrochloride (pH 8.5) was substituted for
potassium phosphate buffer. The specific activity of
the DNA was approximately 10,000 cpm/nmol. The
reaction was initiated by adding 100 ,ul of nuclease
preparation. After a 30-min incubation at 37°C, reac-
tions were terminated by placing the mixture on ice
and adding 0.2 ml of yeast nucleic acid (2 mg/ml in 50

mM Tris-hydrochloride, pH 8.0) followed by 0.7 ml of
ice-cold 10% trichloroacetic acid. After 30 min on ice,
the acid-insoluble material was collected on a What-
man GF/C filter disk and washed twice with 5%
trichloroacetic acid and once with ether. The filter was
air dried, and the radioactivity was measured under
5.0 ml of butyl-PBD scintillation fluid (6 g/liter in
toluene) in a Packard Tri-Carb liquid scintillation
spectrometer, model 2003. One unit of enzyme is
defined as the amount which converts 1 nmol of linear
duplex DNA to acid-soluble material in 30 min at 37°C.

Endonuclease assay. Endonuclease activity of the
nuclease preparation was measured by the method of
Scurlock and Miller (25), with the following excep-
tions. The DNA substrate was covalently closed circu-
lar RP1, and samples (30 p.1) were subjected to electro-
phoresis through 0.7% agarose as described by Meyers
et al. (17). After being stained with ethidium bromide,
the DNA bands were examined on a short-wave
transilluminator screen. A decrease in the intensity or
relaxation of the closed circular plasmid DNA was
indicative of endonuclease activity.
Preparation of cell-free extracts: method 1. Cells

were inoculated in 200 ml of nitrate brain heart infu-
sion and were incubated at 37°C until stationary phase
had been reached. They were washed twice with 50
mM potassium phosphate buffer (pH 7.0) and suspend-
ed in 2.5 ml of 0.85% saline. Cells were disrupted with
a Dawe Soniprobe on setting number 4, using 30-s
bursts followed by 30 s of cooling for a total of 3 min,
and the debris was removed by centrifugation for 10
min at 12,000 x g. The supernatant fluid was used
immediately to assay nuclease activity.

Preparation of cell-free extracts: method 2. Strains
OT56 and OT684 were used to inoculate 20 surgical
trays (13 by 19 cm), each containing 200 ml of brain
heart agar. The trays were incubated overnight at
37°C, and the cells were removed by scraping the
surface of the agar with a microscope slide. The cells
were washed three times with 0.85% saline and har-
vested by centrifugation. The wet weight of the cells
was generally 20 to 25 g. They were suspended in 10%
sucrose-50 mM Tris-hydrochloride (pH 8.0) at a con-
centration of 0.5 g/ml and frozen at -20°C. After
thawing at room temperature, lysozyme (2 mg/ml in
0.25 M Tris-hydrochloride, pH 8.0) and 1.0 M NaCl
were added at a volume of 0.1 ml per 1.0 ml of cell
suspension, and the mixture was left on ice for 90 min.
Cell debris was removed by centrifugation for 30 min
at 30,000 x g, and the supernatant fluid was saved
(fraction I).

Purification of the enzyme. (i) Streptomycin sulfate
precipitation. Fraction I was treated with streptomycin
sulfate at a final concentration of 1.0 mg/ml. The
solution was slowly stirred at 4°C for 60 min, and the
precipitate was removed by centrifugation for 20 min
at 25,000 x g. The supernatant fluid was saved and
dialyzed against 4 liters of 50 mM Tris-hydrochloride
(pH 7.4)-0.1 mM dithiothreitol (fraction II).

(ii) Ammonium sulfate precipitation. Solid ammoni-
um sulfate was added to fraction II to a concentration
of 35% (wt/vol), and this solution was slowly stirred at
4°C for 60 min. The precipitate was removed by
centrifugation for 15 min at 15,000 x g, and the
supernatant fluid was made 65% (wt/vol) with respect
to ammonium sulfate. After being stirred at 4°C for 60
min, the precipitate was removed as described above,
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TABLE 2. Purification of the nuclease from OT56'

Frac- _Vol Total Sp act Recov-Fm- Description (ml) protein (U per ertion (m)(g mg of (%"'protein)
I Cell-free extract 83 547 5.2 100
II Streptomycin 75 517 4.4 79

S04 superna-
tant

III (NH4)SO4 pre- 15 37.5 51.2 67
cipitate

IV Phosphocellulose 2 1.2 543 23
V Glycerol gradient 2 0.038 1,264 1.7
a Each fraction was assayed for exonuclease activi-

ty, using DNA from bacteriophage B/78 or E. coli
PB1379 as substrate.

and the supernatant was discarded. The pellet was
suspended in 10 ml of buffer A and dialyzed for 24 h
against S liters of the same buffer (fraction III).

(il) Phosphocellulse chromatography. A column (20
by 1 cm) containing phosphocellulose in buffer A was
washed with 100 ml of buffer A, and fraction III was
slowly layered onto the top. This was followed by a
100-nm wash with buffer A. A 150-ml linear gradient of 0
to 1.2 M KCI in bufferA followed, and 5.0-ml fractions
were collected. The flow rate was maintained at 10 ml/
h. Each fraction was checked for nuclease activity on
linear duplex DNA, and active fractions were pooled
and concentrated with an Amicon pressure concentra-
tor to produce fraction IV.

(iv) Glycerol gradient. Fraction IV was layered onto
a 20 to 4%o (wt/vol) linear glycerol gradient and
centrifuged for 18 h in the SW41 rotor of a Beckman
L5-65 ultracentrifuge. The gradient was fractionated
by puncturing the bottom of the centrifuge tube and
collecting 0.5- to 1.0-mi samples. Active samples were
pooled to make fraction V.

SI nuclease digestion. S1 nuclease (26 U) and 1 to 5
aug of DNA were mixed in 10 mM Tris-hydrochloride
(pH 8.0)-1.0 mM EDTA-0.12 mM ZnCl2 (250-,ul vol-
ume). The mixture was incubated at 37°C for 1.0 h and
the DNA was precipitated in ethanol and extracted
once each with phenol and chloroform.
Other methods. Protein determinations were made

by the procedure of Lowry et al. (12), using bovine
serum albumin as a standard. Transfection of P.
aeruginosa with the DNA of bacteriophages F116 and
B/78 was carried out by the procedure of Mercer and
Loutit (16), except the heat-pulse was for 1.0 min at
550C.

RESULTS
Nuclease activity in crude extracts of Res' and

Res- cells. Cell-free extracts ofOT56 and OT684
were prepared (method 1) and assayed to detect
nuclease activity on bacteriophage B/78 DNA.
The extract of the Res' strain OT56 exhibited
100-fold greater degradation of Bn8 DNA than
that of OT684 (data not shown). Neither extract
showed any activity in the absence of MgCl2 or
on a single-stranded DNA substrate, as one

would have expected from the data of Miller and
Clark (18). The difference in activity on B/78
DNA between Res' and Res- extracts encour-
aged us to purify the nuclease in OT56 since it
was apparently absent in OT684.

Purification of the nuclease. Lysates of P.
aeruginosa strains OT56 and OT684 were pre-
pared (method 2) and subjected to a number of
purification steps (Table 2). The enzyme activity
at each step was determined by measuring the
degradation of linear duplex DNA from phage
B/78 or the chromosome of E. coli PB1379.
During phosphocellulose chromatography, a
peak of nuclease activity was eluted with 0.6 M
KCl in the OT56 preparation, and a similar peak
was shown to be absent in the preparation from
OT684 (Fig. 1). This was the only difference
detected in nuclease activity between the two
strains, and this was confirmed in four separate
experiments. The optical absorbance profiles
were identical for both strains in each experi-
ment (data not shown). The pool of phosphocel-
lulose fractions showing this nuclease activity
was therefore purified further on a glycerol
gradient. The complete purification procedure
resulted in a 243-fold purification of the nucle-
ase, with 1.7% recovery.

Properties of the nuclease in fraction V. The
purified nuclease was found to be EDTA sensi-
tive and was partially dependent upon MgCl2. In
the absence of MgCl2, the enzyme retained 17%
of its maximal activity. The addition of ATP to
the reaction mixtures had no effect.
The optimum pH of the nuclease was approxi-

mately 8.5, and it retained 22% of its maximal
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FIG. 1. Phosphocellulose chromatography of P.
aeruginosa Res' and Res- lysates (fraction III). (A)
OT56 (Res'); (B) OT684 (Res-). Chromatography and
assay procedures are described in the text. The broken
line represents the KCl concentration. Optical absor-
bance profiles were identical in each case (data not
shown).
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TABLE 3. Substrate specificity of the nuclease in
fraction Va

nmol solubilized
DNA substrate Native Heat-denatured

DNA DNA

P. aeruginosa chromosome 2.10 0
E. coli chromosome 1.73 0
Phage Bn8 2.65 0
Phage F116 0 0

a Nuclease assays were carried out as described in
the text. The above values are corrected by subtrac-
tion of blanks containing no enzyme.

activity at pH 8.0 and 12% at pH 9.0. At pH 6.0,
29%o was retained. Most of the initial experi-
ments were carried out at pH 7.0, but similar
results were obtained when the pH was raised to
8.5.
The nuclease was active against linear duplex

DNA from P. aeruginosa strains 1 and 78, E.
coli PB1379, and bacteriophage B/78 (propagat-
ed on strains 1 and 78) (Table 3). When DNA
from these sources was heat denatured, no deg-
radation was detected. The DNA from bacterio-
phage F116 was not degraded under any condi-
tions, which was a curious result considering
that the F116 genome has been reported to be
linear duplex DNA (7). A possible explanation
for this observation is given below.
The plasmid RP1 was not degraded in the

presence of as much as 10 U of enzyme, indicat-
ing that the enzyme possessed little or no endo-
nuclease activity (data not shown). Therefore,
the only substrate which was susceptible to
degradation appeared to be linear duplex DNA,
with the exception of that from bacteriophage
F116. In reactions which were allowed to run to
completion, the enzyme rendered 100%o of na-
tive DNA to acid-soluble products.
Bacteriophage F116 DNA as substrate. F116

DNA is a linear duplex molecule (7, 20) and can
be maintained as a plasmid in lysogenic strains
(19). The latter was suggested as a result of
isopycnic centrifugation studies (19) and was
confirmed in this study (not shown). The linear
form was not degraded by the nuclease purified
from strain OT56, whereas other molecules of
this type, such as B/78 and chromosomal DNA,
are subject to degradation. In light of the obser-
vation that F116 DNA can exist in both linear
and covalently closed circular forms, we thought
it possible that the linear form may possess
single-stranded terminal regions, thus protecting
it from Res' exonuclease degradation. To test
this hypothesis, [2-3H]adenine-labeled F116
DNA was treated with S, nuclease, which is
specific for single-stranded DNA (27). The S1-
treated DNA was then used as a substrate for
the Res' exonuclease (Table 4). Under these

TABLE 4. Activity of the nuclease purified from
strain OT56 on F116 and S1-treated F116 DNA

Sample' nmolssolubilizedb

F116 DNA ..................... 0
F116 DNA treated with S, nuclease .... 1.48
DNA control ..................... 0

a F116 DNA was treated with S, nuclease by mixing
26 U of enzyme with 10 nmol ofDNA in TE buffer and
0.12 mM ZnCl2 and then incubating the mixture for 1.0
h at 37°C. The DNA was ethanol precipitated and
extracted once with phenol and chloroform before use.

b The specific activity of the DNA was 10,000 cpm/
nmol.

conditions, the Res' exonuclease was able to
degrade F116 DNA, with an activity comparable
to that found when a chromosomal DNA sub-
strate is used. Nearly 15% of the [3H]DNA was
solubilized in 30 min, compared with 26.5% when
phage B/78 was used (Table 3). Also, when S1-
treated F116 DNA was used to transfect OT56
and OT684 recipients, no protection of F116 was
observed in OT56, as measured by plaque for-
mation (Table 5). OT684 cells were still efficient
recipients. These results suggested that single-
stranded regions do exist at the ends of the F116
DNA molecule.

DISCUSSION
A new exonuclease has been identified in P.

aeruginosa strain 1. The enzyme was active
against linear duplex DNA and could not de-
grade heat-denatured linear DNA or circular
plasmid DNA. Exonuclease activity was inde-
pendent of ATP and was stimulated by the
presence of Mg2+. A Res- mutant of P. aerugi-
nosa, OT684, was shown to lack this exonucle-
ase activity.

Previous reports (15, 16) have indicated that
during the process of genetic transformation in
P. aeruginosa, linear duplex DNA is degraded,

TABLE 5. The effect of treatment with S, nuclease
on transfection with the DNA from bacteriophages

F116 and Bn8

No. of plaquesb
DNAa

OT684 OT56
F116 240 640
Sl-treated F116 190 0
Bn8 572 0
S1-treated B/78 468 0

a F116 and B/78 DNA were treated with S, nuclease
as described in the legend to Table 3.

b Transfection was carried out as described by Mer-
cer and Loutit (16), except that the heat pulse was for
1.0 min at 55°C.
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whereas it is not degraded in the Res- strain.
Plasmid DNA transforms Res' and Res- strains
with equal efficiency. The results presented in
this report support the in vivo studies and sug-
gest that the exonuclease present in wild-type
strains is responsible for the degradation of
linear duplex DNA during transformation.

Miller and Clark (18) carried out a survey of
major nucleases in P. aeruginosa strain 1 and
identified three activities. One was similar to
exonuclease V of E. coli, and the other was
similar to exonuclease I of E. coli (2, 9, 22). The
third activity, which was ATP independent and
degraded linear duplex DNA only, was not
purified since it was very unstable. The exonu-
clease identified in this report was also unstable,
losing activity after approximately 2 weeks at
-20°C. It is possible that the Res' exonuclease
was identified by Miller and Clark (18) and that
our purification procedure allowed for greater
stability. We did not detect any activity specific
for single-stranded DNA in crude lysates from
Res' and Res- strains, as was reported by
Miller and Clark (18). We cannot account for
this observation, although the methods of cell
growth and breakage were different in each case.
A possible E. coli counterpart for this enzyme is
exonuclease VIII (5), the recE gene product, but
it is premature to draw any conclusions. Hence,
we have retained the gene symbol res.
The bacteriophage F116 was shown to possess

DNA with single-stranded terminal regions, thus
providing an explanation for its resistance to
degradation by the Res- exonuclease. The end
regions are not required for normal phage infec-
tion and propagation, since plaques are pro-
duced after transfection of a Res- strain with S,
nuclease-treated F116 DNA. We do not know
whether or not these terminal regions play a role
in the establishment of lysogeny.
Although the exonuclease identified in this

report may play a role in genetic recombination
in P. aeruginosa, it is not possible to draw any
conclusions regarding the nature of the recombi-
nation pathways operating in this organism.
From the studies of Miller and Clark (18), Scur-
lock and Miller (25), and Lehrbach et al. (10) and
this report, it is becoming clear that P. aerugi-
nosa possesses nucleases both unique and simi-
lar to those found in E. coli.
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