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HindIII restriction endonuclease fragments of DNA from temperate Bacillus
subtilis bacteriophage SP02 were cloned in B. subtilis by using the plasmid
pC194. Three hybrid plasmids which permit growth of the mutant SP02 susL244
in suppressor-negative bacteria were isolated. SP02 gene L is thought to code for
a DNA polymerase essential for autonomous replication of SP02 DNA. Extracts
of bacteria carrying one of these hybrid plasmids, pC194-96, had 10- to 30-fold
increased DNA polymerase activity. The plasmid-induced DNA polymerase
activity differed from that of the known B. subtilis DNA polymerases in several
respects. The results of the experiments support the idea that phage SP02 codes

for a new DNA polymerase.

SPO02 is a temperate bacteriophage of Bacillus
subtilis. It contains double-stranded DNA with
a molecular weight of 24 X 10° to 26 x 10° (2,
23); SP02 DNA has cohesive ends (23). SP02 is
unusual among temperate phages in that it does
not seem to require the host DNA polymerase
IIT (pol III) for replication. This suggestion is
based on the following observations: (i) SP02
replicates in the presence of 6-(p-hydroxyphen-
ylazo)-uracil (HPUra), a known inhibitor of pol
IIT (3, 20); (ii) infection of a pol I-deficient B.
subtilis mutant with SP02 is followed by a strong
increase in in vitro DNA polymerase activity
(19); (iii) a B. subtilis mutator pol III gives an
increased frequency of mutations in phage SPP1
but not in SP02 (15); (iv) SP02 will grow at high
temperature in pol III ¢s mutants (20; unpub-
lished data); and (v) SP02 gene L mutants are
DNA negative (22) and do not induce an in-
creased polymerase activity after infection of
nonpermissive bacteria (19).

Besides gene L, several other SP02 genes are
needed for replication of SP02 DNA. Only one
bacterial gene, dnaA, which is believed to be
involved in ribonucleotide reduction (18), is
known to be essential for SP02 replication (20).
In the present experiments we used the Staph-
ylococcus aureus plasmid pC194 (10, 13) to clone
HindlIII restriction endonuclease fragments of
SP02 DNA in B. subtilis. Hybrid plasmids which
permit growth of the mutant SP02 susL244 in a
nonpermissive host have been isolated. One of
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these plasmids gives rise to a large increase in
DNA polymerase activity as measured in crude
extracts. This activity can be distinguished from
that of the bacterial DNA polymerases by sev-
eral criteria. These results strongly indicate that
SP02 codes for a DNA polymerase which is
distinct from the DNA polymerases of its host
strain.

MATERIALS AND METHODS

Bacteria and phage. The bacterial strains em-
ployed are listed in Table 1. Phage SP02¢, was ob-
trained from J. Marmur. sus mutants of SP02 (22)
were obtained from T. A. Trautner.

The bacteria were kept on tryptic blood agar base
plates (Difco). Liquid cultures were grown in NY broth
(17). For strains containing plasmid pC194 or deriva-
tives thereof, 20 ug of chloramphenicol (CAP) per ml
was added to all media.

Stocks of SP02c, were prepared by infecting sensi-
tive bacteria in liquid culture as described (20). Stocks
of SP02 sus mutants were prepared by induction of
lysogenic derivatives of strain SR135 or as plate stocks
using SR135 as indicator bacteria. Phage was assayed
on NY plates as described previously (20). Phage was
purified by CsCl centrifugation, and DNA was pre-
pared from these purified stocks by phenol extraction
as described previously (20).

Plasmids. pC194 is a 2-megadalton (2.7-kilobase)
plasmid originally isolated from S. aureus (10). It was
prepared from S. aureus SA 25 as described by Lofdahl
et al. (13). For preparation of plasmid DNA from B.
subtilis the method of Canosi et al. (4) was used. DNA
concentrations were determined by reading the ab-
sorbancy at 260 nm, taking one unit to equal 50 ug of
DNA per ml with a 1-cm light path. Electrophoresis
of plasmid DNA was done on a vertical slab gel ap-

407



408 RUTBERG, RADEN, AND FLOCK
TABLE 1. B. subtilis strains used

Strain Relevant properties Source
3G18 ade met trpC2 G. Venema
BD294 trpC2 thr-5 polA59 polC25 T. A. Trautner
W168 Prototrophic J. Spizizen
SR135  trp-7 spoA9, Su*’ J. Hoch
1306 met leu, pol 1 J. Gross

paratus. The gels contained 0.8% agarose. The buffer
system contained 0.09 M Tris-hydrochloride, 2.5 mM
EDTA, and 0.09 M boric acid (pH 8.3). The gels were
stained with ethidium bromide (1 ug/ml), and the
bands were visualized under UV light.

Cloning of SP02 DNA fragments. SP02 DNA at
20 pg/ml was partially cleaved with restriction endo-
nuclease HindIIl. The DNA was reextracted with
phenol, and 0.7 ug was mixed with 0.7 pg of HindIII-
cleaved pC194 DNA. Ligation with T4 ligase was then
done in a volume of 40 pl. All enzymatic steps were
performed according to the recommendations of the
manufacturer (Bethesda Research Laboratories). The
ligase-treated DNA was used to transform competent
cells of strain 3G18. After 60 min of incubation in
broth at 37°C for phenotypic expression, CAP-resist-
ant transformants were selected on tryptic blood agar
base plates with 8 ug of CAP per ml. From these plates
312 colonies were picked for colony hybridization (9),
using nick-translated SP02 DNA as a probe. A total of
116 positive colonies were isolated. These colonies
were checked in spot tests for their ability to allow
growth of SP02 susL244, a mutant which is deficient
in SP02 DNA polymerase activity (19). Three positive
clones were found, and these hybrid plasmids were
named pC194-74, pC194-91, and pC194-96.

Preparation of bacterial extracts and assay of
DNA polymerase activity. For preparation of ex-
tracts the bacteria were grown in 100 ml of NY broth
in 1,000-ml flasks with shaking at 37°C to an absorb-
ancy at 600 nm of 0.8. CAP was added to the medium
at 20 ug/ml for all plasmid-carrying strains. The bac-
teria were centrifuged at 6,000 X g for 10 min, and the
pellets were suspenced in %o volume of 50 mM Tris-
hydrochloride (pH 7.5) containing 5 mM 2-mercapto-
ethanol and 2 mM EDTA with 600 g of lysozyme per
ml. The bacteria were incubated at 37°C for 60 min,
sonicated, and then centrifuged at 14,500 X g for 20
min. The resulting supernatant fraction was used for
assay of DNA polymerase activity. It contained 4 to 6
mg of protein per ml as determined by the method of
Lowry et al. (14).

The mixture for assay of DNA polymerase con-
tained (in 87 ul): 15% glycerol, 10 ug of bovine serum
albumin, 65 mM Tris-hydrochloride (pH 7.5), 5 mM
MgCl,, 3 mM 2-mercaptoethanol, 40 uM each of
dATP, dGTP, and dCTP, 10 uM of [*H]TTP (specific
activity, 20 mCi/mmol), and 30 umol of activated calf
thymus DNA. To this mixture was added 20 pl of
bacterial extract. Incubation was done for 30 min at
37°C. The reaction was terminated by placing the
assay tube in ice water and adding 0.1 ml of calf
thymus DNA (0.3 mg/ml) dissolved in 0.1 M sodium
pyrophosphate and 0.4 ml of HCIO, (10%) in 0.1 M
sodium pyrophosphate. The samples were then fil-
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tered through Whatman GF/A filters. The filters were
rinsed with 30 ml of 0.1 M HCI in 0.01 M sodium
pyrophosphate, followed by 10 ml of ice-cold ethanol.
The filters were dried in air and then put into vials
with 5 ml of toluol scintillation fluid (5 g of PPO [2,5-
diphenyloxazole], 65 mg of POPOP [1,4-bis-(5-phen-
yloxazolyl)benzene], and 500 ml of toluene), and the
radioactivity retained on the filter was determined.
Chemicals. Calf thymus DNA, polydeoxyade-
nylate-polydeoxythymidylate, deoxyribonucleotides,
ethidium bromide, bovine pancreas DNase, lysozyme,
and 2-mercaptoethanol were obtained from Sigma
Chemical Co. ["H]TTP was obtained from New Eng-
land Nuclear Corp. Dextran 500 and DEAE-Sephacel
were obtained from Pharmacia Fine Chemicals. Aga-
rose was obtained from Bio-Rad Laboratories. Restric-
tion enzymes and T4 ligase were obtained from Be-
thesda Research Laboratories. All other chemicals
were of the purest commercially available quality.

RESULTS

Expression of SP02 gene L in pC194-SP02
hybrid plasmids. Experiments were first per-
formed to see whether any of the three hybrid
plasmids which permit growth of SP02 susL244
also express the phage gene L. This would pre-
sumably manifest itself as an increased DNA
polymerase activity in extracts of bacteria which
harbor these plasmids. Strain BD294, which car-
ries the mutations polA59 and polC25, has the
lowest in vitro DNA polymerase activity of any
B. subtilis strain that we have tested. Plasmids
pC194, pC194-74, pC194-91, and pC194-96 were
transformed into BD294 protoplasts (5). The
protoplasts were regenerated on plates contain-
ing CAP. From 5 to 10 transformants were tested
for each plasmid. They all permitted growth of
SP02 susL244 in spot tests. One transformant of
each class was kept for further experiments.

Extracts were next prepared from each plas-
mid-carrying strain of BD294, and in vitro DNA
polymerase activity was assayed. Roughly simi-
lar activities were found in extracts of strains
BD294(pC194), BD294(pC194-74), and BD294-
(pC194-91), whereas at least 10 times higher
activities were consistently found in strain
BD294(pC194-96) (Table 2). This latter strain
was next grown overnight at 37°C in NY broth
without CAP, and dilutions were plated on tryp-
tic blood agar base plates without CAP. Single
colonies from these plates were tested for CAP
resistance. About 20% of the colonies were sen-
sitive to CAP, suggesting that they had lost the
original plasmid. The CAP-sensitive bacteria no
longer permitted growth of SP02 susL244. Ex-
tracts were prepared from two independently
isolated CAP-sensitive derivatives of strain
BD294- (pC194-96). These extracts were tested
for DNA polymerase activity together with
extracts from strains BD294(pC194) and



VoL. 39, 1981

BD294(pC194-96). The DNA polymerase activ-
ity of the CAP-sensitive bacteria was similar to
that of strain BD294(pC194). A simultaneously
prepared extract of strain BD294(pC194-96) had
about 17 times higher DNA polymerase activity
(Table 3). The DNA polymerase activity mea-
sured was proportional to the amount of extract
protein added in the protein concentration range
used (Fig. 1). Less than 10% activity was found
when the exogenous template was omitted from
the assay mixture. When extracts from strains
BD294(pC194) and BD294(pC194-96) were
mixed in various proportions, the DNA polym-
erase activity measured was proportional to the
activity found in each extract (data not shown).

Characterization of pC194-96. Restriction
endonuclease HindlIII cleaves SP02 DNA into
21 fragments which we have labeled A through
U. The hybrid plasmid pC194-96 contains frag-
ments F, and G or H (Fig. 2). We are presently
studying which fragment contains the wild-type
allele of the susL244 mutation.

Comparison of some properties of the
DNA polymerase activity in extracts of
strains BD294(pC194) and BD294(pC194-
96). The three known DNA polymerases of B.
subtilis can be distinguished from each other by
several criteria, e.g., salt sensitivity, heat stabil-
ity, and template specificity (7). Furthermore, in

TABLE 2. DNA polymerase activity in extracts of
BD294 and its pC194-carrying derivatives®

Extract
Strain .protein Acid-insolu-
in assay ble cpm
(18)
BD 294 12 1,940
BD294(pC194) 10 1,260
BD294(pC194-74) 10 3,200
BD294(pC194-91) 8 2,550
BD294(pC194-96) 10 52,700

¢ Extracts were prepared and assayed for DNA
polymerase activity as described in the text.

TaBLE 3. DNA polymerase activity in extracts of
BD294(pC194) and BD294(pC194-96) and in strains

cured of pC194-96°
Extract
Strain protein  Acid-insolu-

in assay ble cpm

(1g)
BD294(pC194) 10 3,970
BD294(pC194-96) 11 68,030
BD294.R1 11 2,440
BD294.R2 9 2,250

e Extracts were prepared and assayed for DNA
polymerase activity as described in the text. BD294.R1
and BD294.R2 are derivatives of strain BD294(pC194-
96) that had been cured of the plasmid.
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Fic. 1. DNA polymerase activity at various dilu-
tions of an extract prepared from strain BD294-
(0C194) (@) and BD294(pC194-96) (O).

the scheme devised by Okazaki and Kornberg
(16) for purification of pol I, it was later found
that pol II and pol III preferentially partition
into the polyethyleneglycol (PEG) phase upon
addition of 20% (NH,).SO, to the first PEG
phase. This fact has been used by Gass and co-
workers (8) to characterize a pol I-deficient mu-
tant of B. subtilis.

Extracts were prepared from strains
BD294(pC194) and BD294(pC194-96). The ex-
tracts were chromatographed on DEAE-Sepha-
cel to remove endogeneous template. Elution
was done with a linear NaCl gradient. All DNA
polymerase activity in both extracts eluted as a
single peak at 0.15 to 0.20 M salt. The peak
fractions were pooled and used in the following
experiments. The activity was measured in the
standard DNA polymerase assay at 37, 45, and
55°C. At 55°C about 70% of the strain
BD294(pC194) activity remained. In contrast,
strain BD294(pC194-96) activity was more tem-
perature sensitive, with 40% activity remaining
at 45°C and only about 5% remaining at 55°C
(Table 4). DNA polymerase activity was next
measured in the standard assay with various
amounts of KCl added. The results of these
experiments clearly show that the strain
BD294(pC194-96) activity is less sensitive to
high salt than is the activity of BD294(pC194)
(Table 5). The two preparations were also tested
in the standard assay with polydeoxyadenylate-
polydeoxythymidylate as a template; both prep-
arations gave about 20% of the activity found



410

RUTBERG, RADEN, AND FLOCK

1 2 3

FiG. 2. Gel electrophoresis pattern of HindIII-
cleaved DNA. Slot 1, Mature SP02 DNA; slot 2,
pC194-96; slot 3, pHVI14, which is a composite of
pBR322 (2.6 X 10° molecular weight) and pC194 (2.0
X 10° molecular weight). The molecular weights of
the SP02 fragments were determined by using Bacil-
lus phage $105 EcoRI fragments as a standard.

with activated calf thymus DNA as the template
(data not shown).

Extracts of strains BD294, BD294(pC194),
and BD294(pC194-96) were next subjected to
PEG-salt fractionation as described by Gass et
al. (8) (Table 6). As expected for pol I-deficient
mutants, most of the activity in BD294 (76%)
and in BD294(pC194) (80%) was found in the
upper (PEG) phase. In strain BD294(pC194-96)
the activity found in the upper phase was about
twice that found in the other strains. However,
the activity in the lower phase was about 20
times higher in strain BD294(pC194-96) than in
the two other strains, and it represented 74% of
the total activity found in BD294(pC194-96).

Finally, plasmid pC194-96 was transformed
into the pol I-deficient, HPUra-sensitive strain
1306. Extracts of strain 1306(pC194-96) had
about a 10-fold increased DNA polymerase ac-
tivity. When the reaction mixture contained 200
uM HPUra (reduced by dithionite), DNA po-
lymerase activity in strain 1306 extracts was
inhibited to about 75%, whereas at most 5%
inhibition was found in strain 1306(pC194-96)
extracts.

These results show that most of the DNA
polymerase activity induced by pC194-96 differs
from that found in the bacteria in heat sensitiv-
ity, salt sensitivity, and HPUra sensitivity, and
how it partitions in a two-phase system.

DISCUSSION

The present work is part of a study in which
we are attempting to use DNA recombinant
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technology to characterize genes and gene prod-
ucts required for phage SP02 DNA replication.
A number of plasmids originating from various
Bacillus species (12, 21) or from S. aureus (6,
11) have been used for DNA cloning in B. sub-
tilis. In this work we used the S. aureus plasmid
pC194, which contains a single HindIII site (13).
The main finding to discuss in this paper is
that strain BD294 when carrying the hybrid
plasmid pC194-96 had substantially increased
levels of DNA polymerase activity detectable in
vitro. Strain BD294 is deficient in pol I and has
an HPUra-resistant, temperature-sensitive pol
III (7). As a consequence BDD294 is more sensi-
tive than wild type to, e.g., mitomycin C. This is
true also for strains BD294(pC194) and
BD294(pC194-96) (unpublished data). When
pC194-96 is carried by bacteria which have a
HPUra-sensitive pol III, they are still unable to
replicate in the presence of this drug. The DNA
polymerase activity determined by the SP02
HindIII fragments of pC194-96 thus cannot sub-
stitute for either pol I in repair or pol III in
replication of bacterial DNA. This is true also
for the DNA polymerase activity induced upon
SP02 infection (1). pC194-96 does not replicate
in the presence of HPUra (unpublished data).
The pC194-96 DNA polymerase activity dif-

TABLE 4. Heat sensitivity of DNA polymerase from
strains BD294(pC194) and BD294(pC194-96)“

Percent activity

Assay temperature

o BD294(pC194)  BD294(pC194-96)
37 100 100

45 108 39

55 69 5

“ Extracts were prepared as described in the text
and chromatographed on DEAE-Sephacel. The peak
activity fractions were pooled, and the pooled samples
were assayed in the standard DNA polymerase assay.
Activity at 100% was 27,940 cpm for strain
BD294(pC194) and 55970 c¢pm for strain
BD294(pC194-96).

TABLE 5. Salt sensitivity of DNA polymerase from
strains BD294(pC194) and BD294(pC194-96)

KCI (mmol) added Percent activity

to standard assay

BD294(pC194-

mixture BD294(pC194) 96)
333 0 43
167 4 76

83 22 82
42 48 91
21 63 91

0 100 100

“ The same samples as in Table 3 were used. Activ-
ity at 100% was 32,260 cpm for strain BD294(pC194)
and 60,430 cpm for strain BD294(pC194-96).
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TABLE 6. Phase fractionation of DNA polymerase
from strains BD294, BD294(pC194), and
BD294(pC194-96)°

Polymerase activity (cpom/mg of
protein)

Strain
(NH.,),SO, Upper
vhase

1.6 X 10° (76%)

(NH,).S0,
Lower phase

5.1 X 10° (24%)
BD294(pC194) 2.1 X 10° (79%) 5.5 x 10° (11%)
BD294(pC194-96) 4.3 X 10° (26%) 1.2 X 107 (74%)

“ Bacterial extracts were prepared as described
in the text. Dextran 500 was added to a final concen-
tration of 1.6% (wt/vol), and PEG was added to 6.4%
(wt/vol). NaCl was then slowly added to 23.5% (wt/
vol) final concentration. Two phases were formed. Es-
sentially all polymerase activity partitioned into the
upper (PEG) phase. The PEG phase was dialyzed
against Tris-mercaptoethanol-EDTA-glycerol buffer.
(NH,),SO, was then added to 20% final concentration
(wt/vol). Two phases formed with PEG partitioning
in the upper phase. The two phases were separated
and dialyzed against buffer. The DNA polymerase
activity of each phase was then assayed.

BD294

fers from the activity found in extracts of strains
carrying only the vector pC194 in several re-
spects. It is more temperature sensitive and is
less sensitive to high salt, and in a PEG-salt two-
phase system, most of the DNA polymerase
activity of strain BD294(pC194-96) partitions
differently from the activity found in strain
BD294(pC194). These facts and the manyfold
increased activity found in strain BD294 carry-
ing pC194-96 strongly support the idea that the
SP02 HindIII fragments carried by the hybrid
plasmid code for a DNA polymerase which is
distinct from the known bacterial DNA polym-
erases rather than a “factor” which modifies,
e.g., pol III. A definite solution to this problem
requires purification of the proposed SP02 DNA
polymerase. Such work is in progress in our
laboratory.

In the present screening of pC194-SP02 hybrid
plasmids we found three plasmids which permit
growth of the DNA polymerase-negative mutant
SP02 susL244 in an Su™ host. Only one of these
plasmids, pC194-96, expresses the SP02 DNA
polymerase gene. All three plasmids carry SP02
HindIII fragments F, and G or H (manuscript in
preparation). The ‘“nonexpressing” plasmids
contain one or two additional SP02 HindIIl
fragments. In pC194-96, transcription of the
cloned DNA may start from a promotor located
on the plasmid or on the SP02 fragments. The
order of the SP02 fragments in the respective
hybrid plasmids is not known. Physical mapping
of these fragments together with recloning of the
fragments should enable us to get some under-
standing of the control of transcription of cloned
DNA in the respective plasmids. Identification
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of an efficient promotor for inserted foreign
DNA on pC194 or on a pC194 hybrid plasmid
should be of more general interest with respect
to DNA cloning in B. subtilis.
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