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Construction and Characterization of Escherichia coli polA-
lacZ Gene Fusions
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The promoter of thepoA gene of Escherichia coli K-12 was fused to the lacZ
gene by selecting deletions within a XlacZpolA transducing phage. Four fusions,
deleting varying amounts of the poLA gene, were characterized. The poU pro-
moter was found to be approximately 3% as active as the fully induced lac
promoter. This figure is compatible with the normal intracellular level of deoxy-
ribonucleic acid polymerase I. No evidence was found for autogenous regulation
of transcription from the poA promoter. Expression from this promoter was
influenced by neither recA nor mitomycin C, but uvrD and uvrE mutations
reduced expression slightly.

Chromosome replication is vital to the life
cycle of all organisms, and therefore studies of
the enzymes involved in DNA replication are of
particular interest. The first enzyme shown to
have DNA polymerase activity was identified in
Escherichia coli (28). Although this enzyme,
now called DNA polymerase I (polI), is not the
major polymerase involved in DNA replication,
it nevertheless appears to play an essential role
(29). Although the mechanism of action of poll
has been studied biochemically in great detail
(22), the mechanism of regulating expression of
the polI structural gene (poL4) remains obscure.

Genetic analysis of the polA gene has been
hampered because the polA mutations isolated
either are conditionally lethal or result in some
residual enzyme activity. The absence of any
chromosomal deletion mutations in the polA
gene and the high reversion frequencies of many
polA alleles have made conventional fine-struc-
ture mapping difficult (21). The recent cloning
of the polA gene in a lambda vector (20) opens
new approaches for the genetic study of this
gene, particularly an investigation of its regula-
tion.

In contrast to thepolA gene, the regulation of
expression of the lac operon (3) is well under-
stood; this reflects, in part, the ease of assay of
,8-galactosidase in crude cell extracts. Genetic
fusions, conveniently joining the lacZ structural
gene to the regulatory elements of another op-
eron, extend much of the experimental conven-
ience of the ,B-galactosidase system to analysis
of the control system to which the lacZ gene has
been fused.

Insertion of phage Mu, and thence Xp(lac::

t Present address: National Cancer Institute, Bethesda,
MD 20205.

Mu), into a gene provides an in vivo means for
fusion of lacZ to the control system of the inac-
tivated gene (5). However, this elegant approach
is less readily applicable to a gene whose product
is essential for cell viability. In this paper we use
an alternative route dependent on the in vitro
construction of a AlacZpolA transducing phage
and the subsequent isolation of deletion mutants
in which transcription of the lacZ gene is de-
pendent on the polA promoter.

MATERIALS AND METHODS
Bacterial and phage strains. All bacteria used

(Table 1) were derivatives of E. coli K-12. The geno-
types of the phages used, including those constructed
during the course of this work, are given in Table 2.
Phage JDW36 carries the lacZ gene fused to the distal
end of the trp operon by deletion W205 (32). It is a
derivative of JDW19 (48) in which the central part of
the trp operon, between the HindIII targets in the
trpB and trpD genes, was deleted in vitro.

Additional information concerning the construction
of strains used in this study is contained in the legends
to the figures and tables. All bacterial strains carrying
XlacZ phages were verified to be singly lysogenic by
the ability of the semivirulent phage AcI c17 to plaque.
Media. Media were made and used as described by

Murray et al. (35). Minimal liquid medium was that of
Vogel and Bonner (44) with either 0.2% glucose or
0.2% glycerol as the carbon source. Casamino Acids
(0.05%) was added where indicated. Thiamine (1 ug/
ml) was added routinely, and other supplements were
added where necessary.

General techniques. The methods for preparing
phage stocks and making phage crosses have been
described (37). The Lac phenotype of phage was de-
tected by using lacZM15 indicator bacteria and plates
supplemented with 40,g of 5-bromo-4-chloro-3-indo-
lyl-fi-D-galactoside per ml (7). Phage purification and
DNA extraction have been described (45). DNA was
digested with restriction endonucleases, and the frag-
ments were analyzed after separation by electropho-
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resis in 1% agarose gels (47). DNA fragments were
joined by using T4 polynucleotide ligase and recom-
binant molecules recovered by transfection of strain
AA125 made competent in the uptake of DNA by a
slight modification of the calcium chloride procedure
(27) in which the first calcium chloride treatment was
omitted (46).

TABLE 1. Bacterial strains
Genotype

supE tonA thr leu thi lac
AlacZM15 trpLD102

lig-7(Ts) supF
AlacZM15 (Ximm21)
trpA88
trpA23 supF tonA
trpA96
polAl endA thi
poU+ endA thi
poUA6 thyA lacY14
polA107 thyA lacY14
polA10 supE tonA
poU+ thyA lacY14
Prototrophic progenitor of
JG108

uvrA
HfrH thi-l metE46 reUAI
uvrD3 trp-56 galT23
rpsLI 78

Hfr P054 relAl ilvD188
uvrEl56 thi-1

uvrD3 HfrH thi-I reIAl
uvrD' HfrH thi-I relAl
uvrE156 HfrH thi-1 reIAl
uvrE' HfrH thi-l reIAl
supE recA+
supE recA

Reference

A. Anilonis, Ph.D.
thesis, University
of Edinburgh,
Edinburgh,
Scotland, 1977

40
This paper
11
50
50
10, 37
This paper'
21
21
36, 51
21

18
12
38

43

This paper'
This paperb
This paperb
This paper'
46
46

a Pol+ P1 transductant of strain KB8.
bmetE+ P1 transductant of strain AB2545.

Enzyme and chemicals. Enzymes were provided
by J. Boothroyd, K. Brown, S. A. Bruce, S. G. Hughes,
K. Murray, B. Sain, and P. J. Southern. 5-Bromo-4-
chloro-3-indolyl-,8-D-galactoside was purchased from
Bacham Inc., Marina Del Ray, Calif., and methyl
methane sulfonate was purchased from Eastman Ko-
dak Co., Rochester, N.Y. Whenever possible, chemi-
cals used were of analytical reagent grade.

Selection of deletion mutants of Alac pol
phages. Deletion derivatives of lambda were selected
by their increased resistance to chelating agents (39).
Single plaques were each picked into 1 ml of phage
buffer from which a 0.1-nil sample was preadsorbed to
0.2 ml of C600 plating cells before plating on Trypti-
case agar (BBL Microbiology Systems, Cockeysville,
Md.) containing sodium pyrophosphate (pH 7.0). For
phage D48, whose genome size is 97% wild type, a
concentration of 7 to 7.5 mM was found to be optimal.
Only one plaque from each selection plate was picked.

Specialized transduction by lambda. A fresh
exponential culture of bacteria was starved in 10 mM
magnesium sulfate for 30 min and infected with the
transducing phage at a multiplicity of 5. Fifteen min-
utes at room temperature was allowed for absorption,
after which the infected cells were pelleted and washed
with 0.1 M trisodium citrate, pH 7. Dilutions were
spread onto selective plates. In transductions of poLA
hosts, 30 min of incubation in L broth at 37°C was
allowed for phenotypic expression before selection.
TrpA+ transductants were selected on glucose min-

imal agar supplemented with Casamino Acids (0.05%).
For the selection of PolA+ transductants, 0.4% methyl
methane sulfonate was added to the minimal medium
supplemented with thymine (40 l.g/ml).

,8-Galactosidase assay. The differential rate of
B-galactosidase synthesis was determined by growing
the bacteria in minimal media supplemented where
necessary. At least four samples were taken at inter-
vals and assayed. /8-Galactosidase activity was plotted
against sample optical density at 600 nm. The gradient
defines the rate of enzyme synthesis or steady-state

TABLE 2. Phage strains
Genotype

XlacZ trpA A(shn trpB-shn trpD) trpE imm2"ts ninR5 shnX6°
XWam polA 1' A(att-red) imm2' ninR5 shnA6°
ApoAr A(att-red) imm21 ninR5 shnA6°
h"O att; gamam2l0 immA
h' attA' imm' c1857
AA(srXl-srA2) att+ imm" ninR5 shnX6°
Acl indt
AlacZ trpA polA 1 A(att-red) imm2' ninR5 shnA6°
XlacZ trpA polA' A(att-red) imm2' ninR5 shnA60
AlacZ trpA polA' att+ red' gamam immA
AlacZ trpA polA' A(att-red) immA cI857
Fusion derivatives 3, 13, 14, and 24, all from D48
AlacZpolA fusion 14 att' imm21 ninR5 shnA60
XlacZpolA fusion 24 att+ imm21 ninR5 shnA6°
AlacZpolA fusion 14 att+ immA ind-
AlacZpoU fusion 24 att+ immA ind-

Comments

trp-lac fusion W205a

S+ derivative of MH480 (33)
att+ A vector (4)

See Fig. 1
polA derivative of D42
From cross D44 x NM74b
From cross D44 x NM125b

D54 x NM540, see Table 5
D55 x NM540, see Table 5
From cross D59 x Aind7C
From cross D60 x Aind7'

Strain
C600
AA125

N3098
C38
trpA88
ED8365
trpA96
KB8
C53
CM3571
CM3842
feblO
JG108
W3110

S159
AB2545
N14-4

ES245

uvrD
uvrD'
uvrE
uvrE'
QR47
QR48

Designation

JDW36
NM920
NM822
NM74
NM125
NM540

D42
D44
D46
D48
D52-D55
D59
D60
D61
D62
a JDW36 was provided by J. Windass; Adc ind7 was provided by D. Mount.
' hA immA recombinants selected on C600(Aimm21).
c Lac' immA recombinants selected on strain C38.
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specific activity. ,B-Galactosidase was assayed essen-
tially as described by Miller (31) except that samples
were diluted with lx Vogel and Bonner salts and
assayed at 37°C. Enzyme activity was expressed as
nanomoles of o-nitrophenol per minute per milliliter.
One enzyme unit equals:

241 x
(A420-1.75 x A5so)

assay time in minutes

where A420 is absorbancy at 420 nm and Aso is absorb-
ance at 550 nm. One optical density unit at 600 nm
was taken as equal to 220 ,g of protein per ml.

Analysis ofpolypeptides after infection ofUV-
irradiated cells. Protein synthesis, directed by phage
infection of E. coli S159 previously irradiated with a
high dose of UV light, was analyzed by L-[nS]methi-
onine pulse-labeling (18). Samples (usually 10 pd, con-
taining 105 to 106 aS cpm) were analyzed by electro-
phoresis (20 mA, overnight) in gels with a gradient
acrylamide concentration (10 to 20%, wt/vol) made in
0.38 M Tris-hydrochloride (pH 8.8)-0.1% sodium lau-
ryl sulfate (25). The gels were dried and radioauto-
graphed.

RESULTS
Construction of AlacZ polA phages. A A

transducing phage which carries both the polA
and lacZ genes in the same orientation with
respect to direction of transcription was a pre-
requisite for the isolation of genetic fusions in
which expression ofthe lacZ gene was controlled

J DW36

lacZ trpA E red+ imm21ts

I

complete
digestion

R.
Hindlil

lacZ trpA

t

from the promoter of thepolA gene. Orientation
of a gene in a A transducing phage is defined by
the transcribed DNA strand; when the sense
strand is the phage 1 strand the gene is said to
be in the I orientation (15). The lacZ gene in the
Aplac5 (17) is in the I orientation and can be
transcribed from the A promoter pL.
The left arm of the AlacZpoA phage, includ-

ing the lacZ gene, was from a derivative of
Aplac5 in which the lacZ structural gene had
been fused to the end of the trp operon (2). This
trp-lac fusion, W205 (32), removes not only the
lac promoter but also the transcriptional termi-
nation sites between the lacZ gene and the trp
operon. A XpoL4I phage (NM920) served as do-
nor of both the polA gene and the right arm of
phage A.
The steps in the construction of the AlacZ

poU phage are illustrated in Fig. 1. Three re-
combinants were recovered with the genotype
AlacZ trpA polA A(att-red) imm2' ninR5. These
recombinants, like the ApoL 1 donor phage, car-
ried the poUlI amber allele as shown by their
ability to form plaques on a supE poLA10 host
but not on a suppressor-freepoLAI strain.poU +
derivatives of the three recombinants were iso-
lated after growth of the ApolA1 phages in the
Pol+ bacteria, C600. A significant proportion
(10-3 to 10-4) of the phage in such a lysate are

NM920

Wam polAl red- i,21

t t
partial |
digestionl

polAl red- imr21

t I

lgass

lacZ trpA polAl red imm21

I It t
FIG. 1. Construction of AlacZ polA phages. The polA gene of the Apol ' phage (NM920) is within a 5-kb

fragment ofDNA defined by two HindIII targets (T). Digestion of the DNA of the lacZ donorphage (JDW36)
with HindIIIproduced only two fragments, one of which was the left arm ofphage A including the trpA-lacZ
fusion. The restricted phage DNAs were mixed and treated with T4 DNA ligase, and recombinants were
recovered by transfection of the suppressor-free strain AA125. The use of this host precluded the recovery of
phages with the left arm (Wam) of the ApolA phage. Recombinant phages with the right arm of the ApolA
donor were recognized as Red- by their inability to form plaques on a lig(Ts) host at 37°C (51). Pol+ Red-
phages will, however, form plaques on PolA - (20).
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polA , presumably as the result of recombina-
tion with the host chromosome. Such derivatives
were selected by their ability to form plaques on
the suppressor-free polAl bacteria.

All three phages included the lacZ gene since
they retained the ability to produce ,B-galacto-
sidase as evidenced by the hydrolysis of the
chromogenic galactoside, 5-bromo-4-chloro-3-in-
dolyl-fl-D-galactoside (7). The cautious approach
of selecting against the left arm of the ApolA
phage, rather than selecting directly for the left
arm of the AlacZ phage, was adopted to avoid
any selective pressure for the expression of the
lacZ gene despite the expectation that it would
be transcribed from the A promoter, pL.
Restriction targets and the orientation of

the polA gene. DNA was prepared from each
of the three XlacZ polA phages and digested
with HindIll, and the presence of the 5-kilobase
pair (hb) fragment that carries the poLA gene
was confirmed. The simplest method of deter-
mining the orientation of this DNA fragment
within the A vector requires digestion with a
second restriction endonuclease that cuts the
fragment asymmetrically. The resulting pattern
of DNA fragments will then depend on the ori-
entation of the fragment.
DNA was isolated from each of two XpoU

phages differing in the orientation of the poA
gene (NM822 and NM920; see Table 2). The
direction of transcription of the poA gene in
these two phages was known (36). The restric-
tion enzymes EcoRI, BamHI, HpaI, SalI, and
KpnI did not cut the fragment containing the
poA gene. AvaI (16, 34) cut the fragment twice,
giving fragments of DNA diagnostic of the ori-
entation of the included gene (Fig. 2). XhoI (14),
whose recognition sequence is a subset of those
recognized by AvaI, was shown to cleave both
of the AvaI targets within the poA fragment,
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and BglII has a site within the promoter-proxi-
mal portion of the fragment.
DNA from each of the three XlacZ poA re-

combinants was digested with AvaI, and the
resulting fragment was compared with those ob-
tained from the ApolA 'and ApoAr phages. Two
of the recombinant phages had the 3.9-kb frag-
ment characteristic of phages in which thepoA
gene is in the I orientation (see Fig. 2). The Pol+
derivative of one of these two phages (D44) was
the progenitor of all of the XlacZ polA deriva-
tives described in this paper.
Construction of gene fusions. Deletion de-

rivatives of the AlacZpoLA phage were selected
with the aim of making new fusions in which
maximal expression of the lacZ gene would be
achieved under the control of the polA pro-
moter.
A derivative of D44 with an almost wild-type

complement of DNA was constructed (D48; see
Table 2). Forty-four independent deletion deriv-
atives of this phage were selected and screened
for the PolA- phenotype which would result
from a deletion extending into the poA gene.
Four Lac' PolA- deletion derivatives were iso-
lated, and these fusions (no. 3, 13, 14, and 24)
were analyzed further.
The markers in phage A are conventionally

described from left (gene A) to right (gene R),
and therefore the genotype AlacZpoLA indicates
that the lacZ gene is left of poU. Fusions in
which the lacZ gene is transcribed from thepoU
promoter are, however, referred to aspolA-lacZ
fusions, in keeping with previous conventions
(32).
Expression of f8-galactosidase in polA-

lacZ fusions. Lysogens of the four fusion
phages were isolated in C38, a lacZ deletion host
lysogenic for Aimm21. The presence of the
Aimm2' prophage provides homology to facilitate

I-orientation

A J polA att imm2 ni-
_~~~~~~~~~: _ W_

f Ift
< 3.9kb <

0.5kb

'r'-orientation

A __ J polA att imm2' nin

<- 4.7kb 0-

FIG. 2. Orientation of the poLA gene. Digestion of the DNAs of ApolA phages with AvaI indicates a 3.9-kb
fragment diagnostic of the I orientation. This fragment is replaced by a 4.7-kb fragment in the ApoU'Aphage.
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integration of the fusion phages.
The steady-state level of ,B-galactosidase in

these dilysogens was measured (Table 3). All
four fusions gave higher rates of expression of
lacZ than the original AlacZ poU phage, but
there was some variation in the rates of enzyme
synthesis. This was also the case for fusions
between the trp and lac operons, where a 60-
fold variation in the rate of expression of,-
galactosidase was observed (42); this is attrib-
uted to polarity resulting from fusions which are
out of frame. Fusions 14 and 24 gave the highest
levels of 8l-galactosidase and were therefore pre-
ferred for further study.
The possibility that transcription from pro-

moters, other than that ofpoU, could be signif-
icantly affecting,8-galactosidase synthesis seems
unlikely. There does not appear to be any major
promoter preceding polA; infection of a UV-ir-
radiated lysogenic host by ApoU failed to reveal
any additional polypeptides which would indi-
cate the presence of a promoter potentially ca-

pable of transcribing in the same direction as
polA (A. Newman, personal communication).
Similarly, no appreciable transcription could
originate at a bacterial promoter outside of the
integrated transducing phage since a AtrpA
transducing phage, of similar structure to these
AlacZ polA fusion phages, fails to express trpA
in the lysogenic state (15).
Genetic characterization of the gene fu-

sions. The objective in selecting deletions that
fuse the lacZ gene to the polA promoter was to

TABLE 3. Expression of /3-galactosidase in AlacZ
polA phagesa

Differen-
Strain tial rate ofenzyme

synthesis
C38 .............................. 0.4
C38 (XlacZ polA cI857) parent ......... 93
C38 (AlacZpoIA c1857) fusion 3 ........ 290
C38 (XlacZpolA cI857) fusion 13 ....... 410
C38 (AlacZpolA cI857) fusion 14 ....... 730
C38 (XlacZ polA c1857) fusion 24 ....... 920

a Lysogens of the integration-defective AlacZ polA
phages were made in strain C38 [lacZAM15 (Aimm21)],
using the homology provided by the resident pro-
phage. The parent phage (D48) was made by crossing
the original AlacZ polA imm2' (strain D44) with Ah'
c1857 and selecting for hA iA recombinants. Phage D48
has almost a full complement ofDNA and was used as
the starting point for the selection of deletion deriva-
tives (see text). Strains were grown in glucose-Casa-
mino Acids-thiamine Vogel and Bonner salts (44) at
32°C, and the steady-state level offi-galactosidase was
determined. Enzyme level is expressed as the differ-
ential rate of enzyme synthesis in nanomoles of o-
nitrophenol per minute per milligram of protein.

use the simple f3-galactosidase assay to monitor
the level of transcription from the polA pro-
moter. It was therefore necessary to establish
that expression of the lacZ gene is directed by
the polA promoter and that the rate of expres-
sion of lacZ is not susceptible to regulatory
influences other than at thepolA promoter. The
endpoints of the deletions were therefore deter-
mined with respect to both markers in the inter-
vening trpA gene and markers in the polA gene.

(i) Mapping with respect to trpA
markers. Fusion 24 not only transduced trpA
alleles to Trp+ (Table 4) but also complemented
trpA88. It therefore retains a functional trpA
gene. The other fusions transduced trpA96,
which maps very close to the C-terminus of the
gene (50), to trp+ but gave no trp transductants
with trpA88, a mutation close to the N-terminus
(11). All of these deletions must end within the
trpA gene. Fusion 13 failed to transduce trpA23
(50), indicating that it extends closer to the distal
end than the others.

(ii) Mapping with respect topolA alleles.
Transductional analyses with fusions 13 and 24
failed to detect recombination with either the
polAI or thepoLA10 allele, whereas the deletions
in fusions 3 and 14 stopped short of these
markers (Table 4). Unfortunately, very high re-
version frequencies prevented mapping the dele-
tions with respect to poLA6 and pol4107. These
mutations define the C- and N-terminal seg-
ments of the poLA gene, respectively (21). Al-
though all four fusion strains are PolA-, it is not
proven that the deletions end within the poLA
gene.
An altemative, more sensitive recombina-

tional analysis was undertaken. Various PolA-
hosts were lysogenized by integration-proficient
derivatives of the fusion phages 14 and 24. The
frequencies with which Pol+ cells arose were
estimated. A pol+ gene could be generated by a
process analogous to homogenotization. The
data (Table 5) are consistent with deletion of
the entire polA gene in fusion 24 and retention
of even thepoUA6+ allele in fusion 14. Although
these genetic data fail to localize the right-hand
ends of these deletions to sites within the poUt
gene, all the physical evidence suggests that this
must be so.
Physical characterization of gene fu-

sions. (i) Analysis of DNA with restriction
endonucleases. DNA was isolated from each
of the four fusion strains, and fragments result-
ing from digestion with HindIII and with AvaI
were analyzed. As expected, the HindHI target
linking the poLA fragment to the t7p-lac fusion
had been deleted in each of the fusions, but no
deletion extended beyond the right-hand
HindIII target. All the deletions must, therefore,
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TABLE 4. Transduction frequencies for the polA-
lacZ fusionsa

Transduction frequency
Strain

rpA96 trpA88 polAl poLA10
AlacZpolA cI857 >1,000 >1,000 >1,000 42,000 75,000

parent
AlacZpolA cI857 -500 60 0 70 50

fusion 3
AlacZpoU c1857 -400 0 0 0 1

fusion 13
AlacZpoIA c1857 -600 70 0 150 70

fusion 14
XlacZpoUA cI857 >1,000 >1,000 >1,000 0 0

fusion 24
a Frequency of transduction of either trpA or poLA muta-

tions by these XIacZpoUA phages was measured; the frequency
is exVressed per 109 phage. The parent phage (strain D48) is
trpA polA+.

TABLE 5. RecombinationfrequencieswithpolA
mutations?

Recombination frequency
Host

Fusion 14 Fusion 24

polA107 18,000 4
polAl 1,400 3
poUA6 420 5

a Integration-proficient derivatives of AlacZ polA
fusions 14 and 24 were constructed in vitro (strains
D59 and D60). The left arm of these phages up to
shnA3 and containing the polA-lacZ fusion was com-
bined with the right arm of phage NM540 from shnA3
including a functional att site and integration gene.
Lysogens were made in the PolA- hosts, and the
frequency with which PoLA+ bacteria arose was meas-
ured. This process occurs by a similar mechanism to
homogenotization.

enter the fragment carrying the polA gene and
stop within it.
Two targets for AvaI, within the fragment of

DNA containing the polA gene (see Fig. 2),
divided the region of interest into three sectors
and allowed approximate physical mapping of
the right-hand endpoints of these fusions. In
fusions 3 and 14, the deletion stopped short of
both the AvaI targets, that in fusion 13 ended
between the two AvaI targets, and that in fusion
24 removed both of these targets.
From the sizes of the fragments missing in the

AvaI digests and the sizes of the new fusion
fragments, estimates of the extent of each dele-
tion could be made. The deletions ranged in size
from 2.9 to 4.6 kb. The genetic and physical data
were used to construct the maps of the fusions
(Fig. 3).

(ii) Heteroduplex analysis. The positions
of the right-hand endpoints of deletions 14 and
24 were determined by heteroduplex analysis.
AlacZpolA att+ immA ninR5 (strain D46) is an
att' derivative of the original AlacZpolA A(att-
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red) imm21 (strain D44) progenitor of the fusion
phages. Heteroduplexes of D46 with the fusion
phages therefore gave a structure with three
single-stranded loops (Fig. 4). The first of these
was formed by the ninR5 deletion and served as
the internal standard. The size of this loop was
assumed to be 2.9 kb of single-stranded DNA,
and the distance from the phage right-hand cos
site was assumed to be 5.1 kb of double-stranded
DNA (N. Willetts, personal communication).
The second loop, due to the att-red deletion
present in the fusion phages, served to mark the
position of the phage attachment site, whereas
the polA-lacZ fusion caused the third loop. The
distance between the second and third loops
therefore defines the distance between att and
the right-hand end of the fusion.

Heteroduplex molecules were prepared and
analyzed by P. Beattie according to the method
of Davis et al. (8). At least 10 molecules for each
heteroduplex were measured. The distance from
att to the endpoint of fusion 14 was 3.9 + 0.2 kb
(errors expressed are standard deviations); for
fusion 24 it was 1.7 ± 0.1 kb. Since the fragment
of DNA carrying the polA gene was inserted
some 260 base pairs left of the phage attachment
site at the HindIII target (9, 26), fusion 14 ex-
tends to within approximately 3.6 kb of the end
of the fragment and fusion 24 to within 1.4 kb.
The coding sequence required for the polA gene
is 3 kb, and these data are therefore quite con-
sistent with one deletion ending in the distal
part of the polA gene, the other in the proximal
part. At least one of these deletions must end in
thepoA gene, and the heteroduplex data are in
agreement with the map shown in Fig. 3.

(iii) Analysis of fusion polypeptides. The
polypeptides synthesized after infection of UV-
irradiated cells (18) with the XlacZ polA fusion
phages were labeled with [3S]methionine and
separated by electrophoresis through a sodium
dodecyl sulfate-polyacrylamide gel (Fig. 5). The
lacZ polypeptide, of molecular weight 116,000
(13), was readily resolved from polI, molecular
weight 109,000 (19). None of the fusion phages
produced a polypeptide of the same mobility as
the wild-type polA product, but each produced
a new polypeptide of a size consistent with the
predicted fusion product.
The presumed fusion polypeptide from the

polA-lacZ fusion 14 is greater than the wild-type
polypeptide. Assuming that this polypeptide ter-
minates at the normal trpA termination site,
little of the poA gene is deleted by this fusion.
The endpoint of this deletion should therefore
be close to the terminus of the polA gene and,
since the poA gene requires 3 kb of DNA, the
promoter should be -1 kb from the right-hand
HindIII target. This indicates that the promoter
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polA

lacZ trpA (trpB) AS A1,AIO A107 OP del cIS57(satt-re9d )

I I >
A A 010

co Restriction Sites

FUSION Deletion Size

#3 3.2kbb I

#13 4.6kb I I

#14 2.9kb I I

#24 4kb I I

FIG. 3. Genetic and physical map of AlacZ poA fusion phages. Composite map of the poA-lacZ region
shows: restriction endonuclease targets ([Al Avaj, [H] HindIII, [X] R.XhoI); approximatephysical locations
of genetic markers used for mapping; and extent and position of the poA-lacZ gene fusions based on the
genetic and physical mapping described in the text.

D46

J lacZ trpA polA att int red

Fusion
Deletion

- 3 -2-

cl ninR5

Fusion
Phage

1

Single Strand loops

_

Double Stranded DNA

FIG. 4. Heteroduplex analysis of AlacZpolA fusion phages. Heteroduplexes between AlacZ trpA polA att+
cI857 ninR5 (D46) and the fusion phages give three single-stranded regions: (1) ninR5 deletion; (2) att-red
deletion; and (3) DNA deleted by the polA-lacZ fusion. The double-stranded region between loops 2 and 3
defines the distance between att and the right-hand endpoint of the fusions.

would be present in fusion 24.
Effect of cellular level of DNA poll on

expression of polA. The polA-lacZ fusions
within a A phage provide a simple method of
examining what effect the level of polI has on
the rate of transcription of the poU gene. The
expression of the polA gene can be measured
under steady-state conditions in the absence of
phage lytic functions by using lysogens of the
fusion phages. Since these phages are PoA-,
they should not contribute to the intracellular
level of polL. Fusions 14 and 24 were used since
these gave maximal expression of the lacZ gene.

The left-hand endpoints of both fusions are

within the trp genes; the right-hand endpoint of
fusion 14 must lie just inside the distal end of
the polA gene, and that of fusion 24 must lie in
the promoter-proximal region.

Integration-proficient, immA ind- derivatives

of the fusion phages were isolated (strains D61
and D62), and monolysogens were made in oth-
erwise isogenic poA + and poA strains.
The steady-state levels of f8-galactosidase (Ta-

ble 6) in the lysogenic cells showed that expres-
sion from thepoA promoter was elevated in the
polAl host. The magnitude of the increase was
very low despite the 100-fold difference in the
polymerase activity in the PolA+ and PolA-
hosts (10). In contrast, the levels of,-galactosid-
ase (Table 6) in the lysogens of the poUA6 and
poLA107 strains were slightly lower than in the
control polA+ host. These results provide no

support for the self-regulation of polI.
Comparison of the level of B-galactosidase

expression from these polA-lacZ fusions with
that for a fully induced lac operon showed that
thepoA promoter was about 3% as active as the
lac promoter. Assuming that there are 20,000

A

a a

I I I I I
x x H x_ J. BACTERIOL.
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a b c d e f g h

.. -.
..sII.

__.IacZt polA

jtrpD)
__. rpE

-XE

trpA

FIG. 5. Radioautographic analysis ofthe 35S-labeledpolypeptides after electrophoresis through a 10 to 20%
polyacrylamide gel containing sodium lauryl sulfate. The cells (S159) were labeled from 3 to 13 min after
infection. The genes whose products are identified are indicated to the right of the gel. (a) No phage; (b)
AtrpE; (c) ApolA; (d) AlacZ trpA polA (D48); (e) AlacZpolA fusion 3 (D52); (f) AlacZ polA fusion 13 (D53); (g)
AlacZpolA fusion 14 (D54); (h) AlacZpoUA fusion 24 (D55); (i) AlacZ trpABCDE. For each of the fusionphages,
thepolIpolypeptide is missing and a novelpolypeptide, presumed to be a fusion product, is detected. The trpA
polypeptide is missing in fusion phage D52, D53, and D54. The weak band in track g (D54) moving slightly
slower than the trpA polypeptide is a A product not detected in other experiments with thisphage. The relative
abundance of the A E protein also detected in this infection indicates more labeling of A late proteins than in
those with D52 and D53.

molecules of ,B-galactosidase in a cell when lacZ
expression is fully induced (6), this would be
equivalent to 600 molecules per cell for thepolA-
lacZ fusions. If polA mRNA is translated with
the same efficiency as that of lacZ, this would
indicate a steady-state level of about 600 mole-

cules of polI per cell, which is compatible with
the estimated 400 molecules per cell (23).
Effect of recA and mitomycin C on polA

expression. recA is a component of the "SOS"
repair pathway (41) responsible for repairing
damaged DNA. Since polI functions as a DNA
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TABLE 6. Effect ofpoA alleles on pol
transcriptiona

Sp act of ,6-galactosidase
Host

Fusion 14 Fusion 24

poLAU (C53) 280 340
polAl (KB8) 350 500
poU+ (JG108) 610 640
polA107 (CM3842) 340 350
polA6 (CM3571) 520 530
a Strains monolysogenic for the att+ immA ind7 de-

rivatives of the AlacZ-poLA fusion phages were used.
C53 is a polAU derivative of KB8; JG108 is a poUA+
isogenote of the polA107 and poLA6 strains. The ly-
sogens were grown in appropriately supplemented glu-
cose-Casamino Acids minimal medium at 370C, and
the differential rates of /3-galactosidase synthesis were
determined; enzyme levels are expressed in nanomoles
of o-nitrophenol per minute per milligram of protein.
(Note: Owing to strain differences, specific activities
should only be compared within a set of isogenic
strains.)

repair enzyme, it is possible that its expression
might be controlled by recA or affected indi-
rectly in the absence of the recA pathway.
Expression of the SOS pathway normally results
in induction of phage A; therefore, noninducible
(cI ind-) derivatives of the AlacZ polA phages
were used.
Monolysogens of QR47 (rec+) and QR48

(recA) were made by using the att+ cI ind-
derivative ofAlacZ-polA fusion 24. No difference
was detected in the steady-state levels of ,B-ga-
lactosidase in these strains (Table 7). Mitomycin
C, which induces the SOS functions, also had no
effect on polA expression (Table 7).
Effect of uvrD and uvrE on polA expres-

sion. IfpoLA is regulated, a mutation in a control
gene could impair expression of the polA gene,
and such a strain could be sensitive to radiation.
The roles of uvrD and uvrE are not documented,
and therefore the effects of mutations in these
genes on expression from the polU promoter
were examined. Monolysogens of the poA-lacZ
fusion phages were constructed in otherwise is-
ogenic pairs of hosts.
The steady-state level of 8l-galactosidase in

these strains (Table 7) showed that the rate of
expression of the lacZ gene, and hence by infer-
ence the rate of transcription from the poA
promoter, was approximately twofold lower in
the mutant hosts than in the isogenic wild-type
hosts. This effect was too small to warrant the
conclusion that uvrD and uvrE are involved in
the regulation of the polA gene.

DISCUSSION
Gene fusions are usually constructed in a two-

step process involving the transposition of ge-

netic material followed by the selection of dele-
tion mutations. Generally the E. coli chromo-
some is manipulated to make such fusions. In
this paper we use an alternative approach de-
pendent on the fusion of genes carried by a A
transducing phage. ThepoLA gene of E. coli was
transferred by recombination in vitro to a AlacZ
phage, and deletion derivatives of this phage
were isolated in which expression of the lacZ
gene was under the control of the polA pro-
moter. Lysogens of these fusion phages were
used to examine factors affecting transcription
of thepoU gene.
Fusion derivatives were recognized as deletion

mutants defective in the poU gene. The PolA-
phenotype is most likely to be associated with
the deletion rather than the result of an addi-
tional chance mutation. Indeed, each of the four
deletions had an endpoint in the fragment of
DNA containing the poU gene. Furthermore,
for each fusion thepoU polypeptide was shown
to be missing, but always a new polypeptide of
a size in keeping with the extent of the deletion
was detected. The data are consistent with each
of the fusions ending within the polA gene.

Genetic analysis of the fusion phages showed
that they could be used as deletion mutants in
the mapping ofpolA mutations. In the present
analysis, too few polA alleles were available to
define the endpoints of the fusions within the
polA gene, but a series of fusions with endpoints
throughout the polA gene would allow a fine-
structure mapping of this gene.

TABLE 7. Effect of host mutations on poLA
transcriptiona

Enzyme
Host Fusion no. level (sp

act)
recA+ 24 520
recA 24 470
Minus mitomycin C 24 320
Plus mitomycin C 24 350
uvrD' 14 690
uvrD 14 400
uvrD+ 24 700
uvrD 24 400
uvrE+ 24 720
uvrE 24 330

a Isogenic pairsiof strains monolysogenic for the att+
immA ind- derivatives of the XlacZ-polA fusion phages
were used. recA = QR48; uvrD = uvrD3; uvrE =
uvrEl56 (mutU4). The effect of mitomycin C (10 ,g/
ml) was tested by using a lysogen of W3110. Strains
were grown in glucose-Casamino Acids minimal me-
dium at 37°C, and the differential rates of 8-galacto-
sidase synthesis were determined; enzyme levels are
expressed in nanomoles of o-nitrophenol per minute
per milligram of protein. (Note: Owing to strain differ-
ences, specific activities should only be compared
within a pair of isogenic strains.)
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Two XhoI targets were located within poA,
and one BglII target must be close to the pro-
moter of this gene. These targets should be
useful for DNA sequence analysis.
Although poll was isolated more than two

decades ago and has been extensively studied
biochemically, little is known about the regula-
tion of its production. The poLA-lacZ gene fu-
sions were used in a preliminary investigation of
this problem. By measuring steady-state f8-ga-
lactosidase expression in lysogens of these fusion
phages, the rate ofpoA transcription could be
determined in different genetic backgrounds. Ly-
sogens were used, as opposed to lytic infection,
to obviate any effects A infection might have.

IfpoA expression is regulated, then the sim-
plest mechanism would be for the gene product
to regulate its own expression. Comparison of
the 83-galactosidase levels in PolA- and Pol'
hosts provided no evidence for such autogenous
control. Since the rate ofpoA transcription, as
estimated in these fusions, corresponds to a
steady-state level of about 600 molecules of ,B-
galactosidase per cell, and since there are about
400 molecules of polI per Pol+ cell, this implies
that the polA mRNA is translated efficiently
and suggests that translational control may not
be significant.
One characteristic phenotype ofpoA strains

is sensitivity to UV light. The effect ofincreasing
DNA damage by a radiomimetic agent or by
blocking the SOS repair pathway was therefore
examined. Neither mitomycin C treatment nor
-a block in the recA gene itself had any effect on
transcription from the poA promoter. Muta-
tions in the uvrD and uvrE genes were associ-
ated with only a modest reduction in the expres-
sion of the poA gene, too small an effect to
imply a direct regulatory role for either of these
genes. Recent experiments (24) indicate that
uvrD and uvrE mutations define a single gene.
This would explain the similar effect of these
mutations on poA transcription. Kushner and
co-workers (24) have suggested that the product
of the uvrD (or uvrE) gene may be involved in
the regulation of either DNA polymerase I or
polymerase III.
Although it would be possible to screen many

more genes for their effect on transcription of
the polA gene, a better approach would be to
use the poLA-lacZ fusions to isolate mutations
that alter the control ofpolA expression.
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