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The Streptococcus pneumoniae polA+ gene was introduced into Escherichia coli on the recombinant plasmid
pSM31, which is based on the pSC101 replicon. Extracts of E. coli polA5 mutants containing pSM31 showed
DNA polymerase activity, indicating that the pneumococcal DNA polymerase I was expressed in the
heterospecific host. Complete complementation of the E. coli polA5 mutation by the pneumococcal polA+ gene
was detected in excision repair of DNA damage.

DNA polymerase I (Poll) of Escherichia coli has been
considered a good model for analyzing the mechanism of
DNA replication (5). The enzymatic functions of Poll in-
clude discontinuous DNA synthesis in the processing of
Okazaki fragments and in the excision repair of damaged
DNA. The polA+ gene of E. coli, which encodes Poll, has
been sequenced (4), and the base changes in various muta-
tions have been determined (3). Cloning of the wild-type
polA+ gene of E. coli in multiple copies was possible only by
placing its expression under the inducible control of the
bacteriophage lambda PL promoter (13) or by subcloning the
entire polA+ gene on plasmids with a moderate copy number
(15). The pneumococcal polA gene has been cloned in
Streptococcus pneumoniae (12) by using the multicopy
plasmid vector pLS1 (9). In addition, this gene could be
subcloned in an E. coli expression vector (18) in which the
pneumococcal polA+ gene was placed under the control of
the phage T7 410 promoter (12). S. pneumoniae Poll has
been shown to be synthesized in three bacterial hosts, viz.,
Bacillus subtilis, E. coli, and S. pneumoniae (12), and to
complement polA mutants of B. subtilis (S. Martinez, P.
L6pez, M. Espinosa, and S. A. Lacks, submitted for publi-
cation). The pneumococcal enzyme is similar to E. coli PolI
with regard to its polypeptide size and enzymatic activities
(4, 5, 12). Furthermore, both enzymes are susceptible to
specific proteolytic fragmentation by subtilisin and show
homology in their amino acid sequences (Lopez et al.,
unpublished data). This report describes the subcloning and
expression of the pneumococcal polA+ gene in E. coli under
its natural control signals. In addition, functional comple-
mentation of E. coli polA5 mutants by Poll from S. pneumo-
niae is reported.

Cloning of the pneumococcal polA+ gene in E. coli was
performed by ligation (at a ratio of 10:1) of the 4.4-kilobase-
pair EcoRI fragment of the recombinant plasmid pSM22 (12),
which contains the entire gene, with the EcoRI-linearized
plasmid vector pLG339 (17). This vector carries the pSC101
origin of replication and was chosen because of its ability to
replicate in an E. coli polA5 background. The ligation mixture
was used to transform strain C600 (thr-J thi-J leu-6 lac YJ
ffluA21 supE44) by the method of Kushner (6). Transform-
ants were selected in agar medium containing tetracycline
(10 ,ug/ml) and kanamycin (25 ,ug/ml). The plasmid content
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was analyzed for 20 clones, and 12 of them contained a
plasmid larger than the vector pLG339. The recombinant
plasmid, called pSM31, was thus isolated (Fig. 1). Restric-
tion mapping of pSM31 demonstrated the integrity of the
pneumococcal insert. Plasmid pSM31 was then transferred
to E. coli MB1034 (HfrH thi-J rel-I X polA5). In this
background, pSM31 was structurally and segregationally
stable for at least 120 generations in the absence of selective
pressure.

Since the pneumococcal polA gene is present in pSM31
together with its own regulatory signals, we wanted to
determine whether this gene was expressed and whether its
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FIG. 1. Physical maps of pLG339, pSM22, and pSM31. -*,
Transcription of genes; , pLG339 genes; _, S. pneumoniae
chromosomal insert; PR, pLS1 genes; Kb, kilobase pairs. Only
relevant restriction sites are shown.
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FIG. 2. Gel polymerase assay of extracts from E. coli MB1043
polA5(pLG339) (lane 1), E. coli C600 (lane 2), E. coli MB1043
poiA5(pSM31) (lane 3), and S. pneumoniae 641(pSM22) (lane 4). In
lane 4 only 5 ,ug of protein was loaded; 100 ,ug was loaded in lanes
1 to 3. kDa, Kilodaltons.

product was active in a heterospecific host. To this end,
crude extracts of E. coli and S. pneumoniae were prepared
by the passage of a cell slurry through a French pressure cell
as described previously (12), and the exonuclease and poly-
merase activities of Poll in the extracts were determined.
Enzymatic activities in the cell extracts were detected in situ
after electrophoresis in DNA-containing polyacrylamide gels
in the presence of sodium dodecyl sulfate and renaturation of
the enzymes (14). Nuclease activities in extracts of S.
pneumoniae 641 (end-i noz-19 exo-2), a mutant strain that
lacks both the major endonuclease and exonuclease (7, 8),
harboring pSM22 showed an increase in the PolI exo-
nuclease activity as compared with that of the strain without
the plasmid (12; results not shown). The nuclease activity of
the native pneumococcal PolI cloned in pSM31 was clearly
observed in cell extracts of the E. coli MB1043 polA5
(pSM31) mutant strain at the expected position of 100
kilodaltons; no detectable S. pneumoniae PolI nuclease
activity could be seen for the poiA5 mutant harboring the
vector pLG339 (data not shown). Detection of DNA poly-
merase in situ was performed as described previously (16).
E. coli MB1043 polA5(pLG339) exhibited a reduced poly-
merase activity (Fig. 2, lane 1) as compared with that of the
polA+ strain (lane 2). This reduction resulted from the polAS
mutation, which gives rise to a protein showing decreased
processivity in polymerization (3). The position of the E. coli
Poll band in the gel corresponds to its molecular mass of
103 kilodaltons (Fig. 2, lanes 1 and 2). E. coli MB1043
poiA5(pSM31) produced active pneumococcal Poll as dem-
onstrated by the high polymerizing activity observed (Fig. 2,
lane 3). This activity banded at approximately the same
position as the PolI of S. pneumoniae 641(pSM22) (Fig. 2,
lane 4), which is slightly smaller than the E. coli Poll. This
difference was more visible in less-exposed autoradiograms
(data not shown). From these results, we conclude that the
pneumococcal Poll is synthesized as an active product by E.
toi.
To evaluate the DNA polymerase activities, the aforemen-

tioned cell extracts of E. coli and S. pneumoniae were
assayed in vitro for their ability to catalyze the incorporation
of labeled [methy_-3H]dTTP into nicked salmon sperm DNA
(12). The assays were performed in the presence of 250 mM

TABLE 1. DNA polymerase activity in cell extracts

Host strain Plasmid Polymerase sp act(U/mg of protein)

S. pneumoniae 641 polA+ None 138
pSM22 2,627

E. coli C600 polA + None 222.3
E. coli MB1034 polAS pLG339 16.7

pSM31 186.7

KCl, which enhanced the pneumococcal enzymatic activity,
although the conditions were not optimal for the E. coli Poll.
An 11-fold increase in polymerase activity was obtained for
E. coli MB1043 polA5 when this strain harbored pSM31
(Table 1). This increase was due to expression of the
pneumococcal PolI in E. coli. The level of Poll activity in E.
coli MB1043 poiA5(pSM31) was the same as that in S.
pneumoniae 641 without a plasmid. However, inasmuch as
pSM31 has a copy number of approximately 7 (17), the
heterospecific expression of the pneumococcal polA gene
seemed not to be as efficient as the homospecific expression.
Furthermore, a single copy of the E. coli polA+ gene gives
the same level of polymerase activity as several copies of the
pneumococcal polA gene cloned in pSM31. Since these
results are difficult to reconcile with those shown in Fig. 2,
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FIG. 3. Effect ofpSM31 on resistance to UV light (A) and methyl

methanesulfonate (B) in E. coli MB1043 poiAS(pLG339) (A),
MB1043 poiA5(pSM31) (0), and C600 (0).
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an alternative explanation could be that competition for
substrate between pneumococcal Poll and the low-
processing altered polAS product may occur in our assays
with unfractionated extracts. As a consequence, we may be
underestimating the pneumococcal Poll values in the E. coli
polAS background. Also, it is difficult to quantitate two
different enzymes under standard conditions. This may be
true because in extracts prepared from S. pneumoniae, there
was a correlation between gene dosage (1 copy in the
chromosome or 24 copies in pSM22) and polymerase activity
(Table 1 and reference 12). We conclude that in addition to
being stable in E. coli, the S. pneumoniae polA+ gene is
expressed, although maybe not fully, under its own regula-
tory signals in a gram-negative host.

In vitro assays do not necessarily reflect the in vivo
situation. To test the possibility of a functional complemen-
tation of the E. coli MB1043 polAS mutation by the pneu-
mococcal Poll, experiments were performed to measure
DNA excision repair. Cultures of E. coli, with or without
plasmids, were grown to 108 CFU/ml in M9 medium (11)
supplemented with the appropriate nutrients. The cultures
were treated with UV light or with methyl methanesulfonate.
For UV light treatment, a germicidal UV lamp emitting
predominantly at 254 nm with a flux of 2.7 J/m2 per s was
employed. Cell viability was determined by plating appro-
priate dilutions. All manipulations were performed in dim
light or in the dark to avoid photoreactivation. Treatment of
E. coli cells with 25 mM methyl methanesulfonate was
carried out as described previously (1). The results are
shown in Fig. 3. Under our experimental conditions, E. coli
MB1043 polA5(pLG339) was very sensitive to DNA-
damaging agents. However, the presence of pSM31 in the
polAS background enhanced the excision repair ability of
strain MB1043 and fully restored the polA+ phenotype.
Evidence for a different in vivo function of the pneumococ-
cal PolI enzyme in E. coli was recently reported (9). In that
case, the pneumococcal polA gene contained in pSM22
allowed replication of that plasmid in both polA+ and polA
mutant strains of E. coli, whereas the pLS1 replicon present
in pSM22 could only be established in polA+ strains. Al-
though we have not observed homology between the E. coli
and S. pneumoniae polA genes at the level of DNA hybrid-
ization (data not shown), our results demonstrate that the
pneumococcal Poll complements its E. coli counterpart in
the processes of DNA excision repair. This complementa-
tion is remarkable in the case of a protein that appears to be
a component of a multifunctional complex (2). It indicates a
similarity at the structural level between the Poll proteins of
gram-positive and gram-negative bacteria. It is noteworthy
that preliminary results from our laboratory on the DNA
sequence of the pneumococcal polA gene have shown ho-
mology at the amino acid level between Poll from E. coli and
from S. pneumoniae. Complementation between proteins
that play a fundamental role in the physiology of procary-
otes, such as RecA and Poll, may be a general feature,
although complementation for DNA repair is partial for
RecA (10) and complete for Poll (this work).
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