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ABSTRACT

The close linkage of the ginA gene with polA was exploited to construct a
fine structure map of polA by means of generalized transduction with phage
P1. Nine different polA- alleles were mapped by recombinational crosses. The
results indicate a gene order consistent with previous observations (KeLLEY and
GrinpLEY 1976a; Murray and Kerrey 1979). Three mutations, polA5, polAé
and polA12 map within the “carboxy-terminal” or “large-fragment” portion
of the gene in unambiguous order. Four alleles, known to affect the “amino-
terminal” portion of the gene, polA107, palA214, polA480ex and polA4113, ap-
pear to be closely linked with certain ambiguities in their exact order. All four
of these mutations are known to alter the 5'—3" exonuclease activity of DNA
polymerase I and three of them result in the conditional lethal polA- pheno-
type. The pold! nonsense mutation maps between these two groups in a
position consistent with its known effect, production of an amber fragment that
includes the 5’3’ exonuclease. The final allele, resA1, is another nonsense
mutation that maps at the extreme “amino-terminus” of the cistron.——A
number of control experiments were conducted to determine the effects of
polA- mutations on the Pl-mediated recombinational event. These experi-
ments indicated that abortive transduction occurs quite frequently, but the
formation of abortive transductants and segregation of unselected transduced
markers among daughter progeny is like that observed by other investigators.
There was no evidence that any individual polA- allele behaved in an excep-
tional fashion during recombination.

T HE polA gene of E. coli is the structural gene for DNA polymerase I (KeLLEY
-and Warrrierp 1971), a single polypeptide with multiple enzymatic func-
tions (KornBERG 1980). A large number of allelic mutations of polA exist, and
the enzymatic defects resulting from several of these mutations have been char-
acterized. Such polAd- cells are sensitive to methyl methanesulfonate, providing
a rapid plating test by which polA+ and polA- strains may be distinguished.
The polA gene lies in the chromosomal region bounded by the metabolic mark-
ers metE and rha at 85 and 87 minutes, respectively, on the E. coli genetic map
(BacuMANN, Low and Tavror 1976). These markers were originally used to
orient the polA cistron by means of transduction with phage P1 (Keriey and
GrinNpLEY 1976a). More recently, we have confirmed this orientation by a sep-
arate set of experiments utilizing the more closely linked g/nA marker (MuUgraY
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and Kerrey 1979). In this communication, I report data used to construct a fine-
structure map of the polA cistron, utilizing P1-mediated generalized cotransduc-
tion of nine different polA alleles with the glnA marker. The genetic map order
derived from these experiments correlates well with the known enzymatic
defects resulting from the polA- mutations tested.

Of the thirty or more different polA- alleles described in the literature, nine
were selected for mapping because of their especially interesting phenotypes or
because the mutant species of DNA polymerase I that they produce have been
well characterized. The polymerase molecule has three enzymatic functions
and can be dissected by subtilisin cleavage into two unequal polypeptides. Jacos-
sEN, KieNow and OveErcaarp-HanseEn (1974) demonstrated that the small pep-
tide, corresponding to the “amino-terminal” third of the gene, contains the 5" = 3’
exonuclease active site; the larger fragment, corresponding to the “carboxy-
terminal” two-thirds of the enzyme polypeptide contains the polymerase and
3 - 5’ exonuclease active sites. This has allowed partial assignment of the sites
of enzymatic defects when mutant polymerase species can be purified and proteo-
lyzed. The nine alleles chosen for mapping are:

polA1: The first mutation isolated by pe Lucia and Camrns (1969). This is
a nonsense mutant that has been shown to make an amber peptide corresponding
to the “amino-terminal” third of the enzyme (LEmman and Cmiex 1973;
Friepeerc and Lerman 1974).

polA5: A missense mutation from the original Cairns collection. The purified
mutant enzyme has recently been shown to be defective in polymerizing capacity
(Matson, CapaLpo-KimBarr and BaAmBara 1978).

polAé6: A missense mutation from the original Carrns collection. The purified
mutant enzyme has been shown to be defective in polymerizing capacity, perhaps
m affinity for DNA binding (Kerrey and Waitrierp 1971; Kerrey and
GrinpLEY 1976b).

polA12: A missense mutation isolated by Monk and Kinross (1972) and
characterized on the basis of its temperature-sensitive phenotype in vivo. The
purified mutant enzyme has a normal 5” =3’ exonuclease and polymerase activity
at low temperatures, but has an apparent conformational alteration that makes
it much more thermolabile than wild-type enzyme in vitro (UveEmMURa and
Lerman 1976). DNA binding studies indicate that the enzyme binds poorly
to DNA and is sluggish in initiating polymerization (BamBara, UvEmMURA and
Lesamaw 1976).

polA107: A missense mutation characterized by GLickMAN et al. (1973). The
polymerase made by this mutation has been purified and shown to be defective
in 5~ 3’ exonuclease activity HeroNERER et al. 1973). The polymerase frag-
ment liberated from the enzyme by subtilisin proteolysis is normal (HEYNEKER
and Krenow 1975).

polA214: A missense mutation isolated by Kinessury and Herinskr (1973a)
via g complex two-step mutagenesis and enrichment procedure. Originally char-
acterized as temperature sensitive for the replication of ColEl-type plasmids
(Kinessury and Herinski 1973b), E. coli strains containing this mutation



E. coli polA FINE STRUCTURE 17

are actually temperature-sensitive conditional lethals for colony formation
(Keriey, Reesrn and LeEDonNe 1978). The purified polymerase from this strain
is extremely labile to endogenous proteases and has a defective 5’ — 3’ exo-
nuclease (KerLiey, Reemr and LeDonne 1978; LeDonne and Kerrey,
unpublished).

polA480ex: A missense mutation isolated by Konrap and LErman (1974) and
characterized as imparting “hyper-rec’” phenotype. This mutation was originally
designated as polAex?, but has been renumbered according to the nomenclature
convention of Bacumann (B. BAcHMANN, personal communication). Cells
carrying the polA480ex allele are deficient in colony formation on rich medium
at elevated temperatures (Koxrap and Leaman 1974). The purified DNA poly-
merase I is defective in 5’ — 3’ exonuclease activity at 30° and 43° and loses the
ability to carry out coordinated “nick translation” type of DNA synthesis at 43°
(UyrmMura, Excarer and LEaman 1976).

polA4113: A missense mutation isolated by Orivera and BoNuoEFFER (1974).
Like polA214 and polA480ex, this mutation confers a temperature-sensitive
phenotype on E. coli. The polymerase may be temperature-sensitive in in vitro
assays. However, the proteolytic large fragment appears to have wild-type
enzymatic activity when isolated (Lunpquist and Ovrivera, personal com-
munication). The mutational defect apparently lies within the 5’ — 3’ exonuclease
component of the enzyme.

resA1: A nonsense mutation isolated in E. coli B by KaTto and Konoo (1970).
This allele has been particularly useful to us in experiments with integration
proficient polA transducing phages since resAf E. coli strains are clearly Pol-
at temperatures between 32° and 42° and do not spawn Pol+ revertant papillae
as frequently as polA7 cell lines (Reeni and Keviey, unpublished). The resA?
phenotype is suppressed by supD, supE and supF and cells carrying the non-
suppressed mutation are fully viable in all plating tests we have performed on
nutrient and minimal medium at temperatures of 25°-42° (Coren and KeLLEY,

unpublished).

MATERIALS AND METHODS

Bacteria were grown in L broth (Lex~ox 1955) and plated on solid medium containing L
broth or M9 salts as previously described (Grinprey and Kerrey 1976). When glnA- strains
were propagated on minimal plates, the medium was supplemented with filter-sterilized L-
glutamine (Sigma Chemicals) at a final concentration of 2 mg/ml.

Bacteriophage stocks: Plvir and P1CMclr100 were obtained from J. L. RosnEer and were used
for strain constructions and crosses of polA alleles as indicated in the text. P1CMclr100 lysogens
were isolated by the methods described by Roswver (1972). P1vir stocks were prepared from the
indicated bacterial strains by infecting log-phase cultures of the cells at an M.O.L. of approxi-
mately 0.1 to 0.2, followed by propagation on fresh L broth plates. All nutrient media used for
phage growth and transductions contained 0.01 m CaCl,.

Bacterial strains: The primary bacterial strains are described in Table 1a. Utilizing bacterio-
phage Plvir, a series of polA- ginA202 stocks were constructed in the JG108 genetic background.
Details of the linkages of the metE, polA and ginA markers are described in Murray and KxLrey
(1979) for comstruction of polA7-ginA202, polA6-ginA202 and polA107-ginA202 double-mutant
strains. The same methodology was used to construct similar strains carrying the other six pol4-
alleles used in this study; all of these final recipient strains are listed in Table 1c.
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P1CMclr100 lysogens: The construction of P1CMclri00 lysogens of polA glnA strains has
been described previously (Kerrey and Grinprey 1976a; Keriey, Reenr and LeDonng 1978).
The final lysogenic derivatives that served as donor strains for recombinational crosses are listed
in Table 1d. Strains intermediate in their construction have been described previously and are
listed in Table 1b.

polA- phenotype: The strains carrying the different polA- mutations were obtained from the
gsources indicated in Table 1a-d. All alleles have the same general phenotype—sensitivity to
methyl methanesulfonate (MMS)—which allows them to be scored by simple replica-plating
tests on MMS-containing nutrient agar. The methyl methanesulfonate was Eastman number
6936, obtained from Fisher Scientific Company. The general test has been described previously
{(KeLrey and Grinprey 1976a). Minor variations in quantities of MMS and in temperature of
incubation are necessary in scoring crosses involving the polA707 mutation (use 0.025% MMS
at 42°) and the polA4113 mutation (use 0.020% MMS at 45°). All other tests were carried out
with 0.0209%, MMS at 42°. No comprehensive complementation testing has been carried out, but
complementation between polA7 and a number of other alleles has been checked and no comple-
mentation was observed. The Pol- phenotype is recessive and, because of the apparent nature of
the recombinational event in transductional crosses, polA- transductants of pold+ cells cannot
be scored before purification by streaking. Pol+ clones arising from crosses between nonidentical
polA- alleles are readily recognized in replica plating tests. We have {ound it most convenient to

TABLE 1a

Primary E. coli K12 strains

Designation Genotype Source or reference
JG108 metE70 thyA36 deoC2 lacZ53 lacY14am J. D. Gross via
rha-5 rpsL151 A~ J. WeCHSLER
ET{118 supE44 tonA2 tzs68 rpsE rpsL hutC- glnA202 B. TyLer
CAS8000 Hfr Hayes, thi-1 relA1 spoT1 M- J. BeckwITH via
E. G. MINKLEY
CM1070 JG108 metE+ polA1 via transduction Kerrey and GRINDLEY
(1976a)
JG110 metE70 thy A36 deoC2 polAS5 A~ M. Pracey
JG111 metE70 thy A36 deoC2 polAé N J. D. Gross (KELLEY
and WarrrIerp 1971)
MM383 thyA36 rha-5 lacZ53 deoC2 rpsL151 polA12 M~ M. Peacey (Monxk and
Kinross 1972)
KMBL1789 thyA305 argA103 bicA2 pheA97 endA101 H.J. HEXINEKER
deoB301 polA107 M~ (GLicRMAN et al. 1973)
DS602 JG108 metE+ polA214 N~ D. SurrrATT Via
N. D. F. GRINDLEY
RS5064 W3110 trpA33 polA480ex M- I R. LemMan
BT4113 met+ thy— polA4113 B. M. Orivera (OrivERA
and Bonuoerrer 1974)
KMBL1791 thyA305 argA103 bioA2 pheA97 endA101 H. L. HEXINEKER
deoB301 resA1 A (GLICEMAN 1974)
CM3225 P1CMcIr100 lysogen of RC703 == F- E. coli Kerrey and GRINDLEY
wild type (1976a)
CM3762 JG108 rha+ A~ CM3225 x JG108

The E. coli strains representing the ultimate sources of the transduction donor and recipient
strains are listed above.
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TABLE 1b

Intermediate E. coli strains

Designation Relevant genes Construction

CM3574 JG108 metE+ polAl glnA+ rha+t Met+ transductant of
CM1070 with CM3225

CM4050 JG108 metE+ polAS5 glnA+ rhat polA5 allele ex JG110
into CM3762

CM3572 JG108 metE+ polA6 glnA+ rhat polAé allele ex JG111
into JG108

CM3593 JG108 metE+ polA6 glnA~+ rha- polAé allele ex JG111
into JG108

CM3857 JG108 metE~* pold12 ginA+ rha+ polA12 allele ex MM383
into JG108

CM3819 JG108 metE+ polA107 glnA+ rha polA107 allele ex
KMBIL.1789 into JG108

CM3842 JG108 metE+ polA107 glnA+ rha+ polA107 allele ex
KMBL1789 into CM3762

CM3665 JG108 metE-+ polA214 glnA+ rha+ polA214 allele ex DS602
into CM3762

CM4076 JG108 metE+ polA480ex rha+ polA480ex allele ex
RS5064 into CM3762

CM3860 JG108 metE+ polA4113 rha+ polA4113 allele ex
BT4113 into JG108

CM4277 JG108 metE+ resAf rhat resAf allele ex KMBL1791

into JG108

The various polA- alleles were transduced from the original strains into the JG108 genetic
background utilizing phage P1CMclr100 induced from lysogens of the primary strains. Trans-
ductions were either into CM1062 with Mett+ or Rhat selection followed by a second transduc-
tion of Rha~ or Met+ from CM3225 or directly into CM3762 with Mett selection. For the sake
of brevity, the designations of the lysogenic intermediates are omitted here. Strain construction
details for the polAf, polAé and polA107 derivatives have been detailed in KeL1EY and GRINDLEY

(1976a).
TABLE 1c
gInA202 Transduction recipient sirains
Designation Relevant genes Construction
CM5294 metE70 polA+ glnA202 rha+ Murray and KerLey (1979)
CM5500 metE+pol A+ glnA202 Pivir ex CA8000 X CM5294
CM5321 metE+ polAl glnA202 Pivir ex CM1070 x CM5294
CM5587 metE+ polA5 glnA202 Plvyir ex CM4050 x CM5294
CM5307 metE*+ polA6 glnA202 Pilvir ex CM3593 X CM5294
CM5580 metE+ polA12 glnA202 Pivir ex CM3857 X CM5294
CM5309 metE+ polA107 glnA202 Pivir ex CM3819 x CM5294
CM5538 metE+ polA214 glnA202 Pivir ex CM3665 x CM5294
CM5532 metE+ polA480ex glnA202 Plvir ex RS5064 X CM5294
CM5541 metE+ polA4113 glnA202 Plvir ex CM3860 x CM5294
CM5589 metE+ resA1 ginA202 Plvir ex KMBL1792 X CM5294

Strains used as recipients in the mapping experiments are listed here. Description of the strain
construction techniques are found in Murray and KeLrey (1979).
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TABLE 1d
PICM1r100 lysogens of glnA+ polA- donor strains

Designation Relevant genes Parent nonlysogen
CM3579 JG108 ginA+ polAt CM3574
CM4414 JG108 glnA+ polA5 CM4050
CM3577 JG108 ginA+ polA6 CM3572
CM3895 JG108 ginA+ polA12 CM3857
CM3864 JG108 glnA+ polA107 CM3842
CM3667 JG108 ginA+ polA214 CM3665
CM4089 JG108 glnA+ polA480ex CM4076
CM3896 JG108 glnA+ polA4113 CM3860
CM4294 JG108 ginA+ resAt CM4277

Phage P1CMclr100 lysogens were derived from the relevant strains in Table 1b via the
methods of Rosner (1971).

do this via gridded master plates, which makes recognition of Pol+ patches easier, especially if
there are substantial variations in colony size on the original transductional selective plate.

RESULTS

The experiments described below are a series of analyses of the behavior of
nine different allelic mutations of the pold gene in crosses between different
E. coli genotypes carried out by generalized transduction with P1 phages.
Although the use of P1 phages in such experiments has long been recognized
(Lenmox 1955), very little is known about the actual molecular mechanism by
which the transducing fragment recombines with the . coli chromosome. Recent
experiments of SANDRI (personal communication) have indicated that the frag-
ment can persist in the E. coli cytoplasm as a physical entity for considerable
periods of time after phage infection and transfer. DNA polymerase I is an
enzyme involved in DNA metabolism, and a number of polA- alleles have been
described as “hyper-rec” (Kowrap and Leaman 1974; Konrap 1977). There-
fore, genetic experiments designed to study recombinational events within the
polA cistron could be subject to a number of artifacts resulting from abortive
transductional events. Because of these possibilities, a thorough study of the
transductional system was carried out as a background to constructing an
intracistronic linkage map of these polA- alleles,

Co-transductional linkage of polA and metE: The initial genetic characteriza-
tions of Gross and Gross (1969) relied on the linkage of polA to the metE gene;
more recently, we were able to utilize this linkage for limited fine-structure
analysis of polA (KeLrEy and GrINDLEY 1976a; KELLEY, REEHL and LEDONNE
1978.). However, we have always observed that co-inheritance of polA- alleles
with the selected metE+ marker varies considerably from allele to allele (Table
2). In this experiment, transduction of each of the nine polA- markers with
phage P1CMclr100 produced Met* pol- clones at frequencies of 3 to 189%.
These values are considerably lower than some previously reported for polA-
alleles (e.g., GLICKMAN e7 al. 1973; Hours and DeNuARDT 1979). Although the
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TABLE 2

Co-transduction of polA- alleles with metE

Met* transductants

(Mixed (Mixed
for for Percent
PolA) Rha) metE polA
PolA*+ PolA- PolA- PolA*/~ PolA~  co-trans-

Donor Recipient Rha-  Rha~ Rhat Rha+/~  duction
CM3579 = %X JG108 =
metE+ polAf rhat metE70 polA+ rha5 90 7 0 0 10%
CM4414 — x JG108 =
metE+ polA5 rha+ metE70 polA+ rha5 92 6 0 0 8%
CM3577 = x JG108 =
metE+t polAé rhat metE70 pol A+ rhas 90 10 0 0 109%
CM3895 = X JG108 =
metE~+ polA12 rha™t metE70 pol A+ rha5 91 3 0 1 49,
CM3864 — X JG108 =
metEt polA107 rhat metE70 pol A+ rha5 94 1 1 0 3%
CM3667 — X JG108 =
metE+ polA214 rha+t metE70 polA-+ rhas 82 16 1 1 0 189%,
CM4089 — x JG108 =
metE+ polA480ex rhat metE70 pol A+ rha5 92 6 1] 2 0 8%
CM3896 — X JG108 =
metE+ polA4113 rhat metE70 pol A+ rha5 85 12 1 2 0 159,
CM4294 = X JG108 =
metE+ resAf rhat metE70 polA+ rha5 96 3 0 1 v} 49,

Crosses between P1CMclr100 lysates of metE+ polA- rha+t E. coli lysogens and the metE70
polA+ rha5 E. coli strain JG108 were carried out as described in MATERTIALS AND METHODs. The
transductants were selected by plating on minimal medium lacking methionine at 37°. One
hundred Met+ transductant clones from each cross were picked and streaked on the same selective
medium. Two subclones of each were then picked and transferred to a master nutrient plate,
allowed to grow overnight and then replica-plated onto minimal medium, nutrient and nutrient
plus methyl methanesulfonate and scored for inheritance of nonselected markers. Segregation of
a metE+ transductant clone to yield one polA+ and one polA- subclone or one rha+ and one
rha subclone was observed in several cases. These segregating clones were scored as under the
column heading of “mixed” in the table, but are included in the metE+ polA- class for the
purpose of calculating the frequency of co-transduction of polA- with metE.

absolute values might reflect differences in recipient strains between these experi-
ments and those of others, the linkage variations among the various alleles 1s
disturbing since many investigators have relied on this criterion for genetic
authentication and characterization of polA- mutations.

Segregation of the unselected polA- marker: A further concern is the obser-
vation that, in such a cross, considerable segregation takes place among the unse-
lected markers. This is apparent when Met+ transductant clones are purified and
two daughters of each clone are scored for inheritance of the unselected polAd-
and rhat markers (Table 2, right hand columns). Among siblings arising from
a single Met+ transductant, segregation yielding Pol+ and Pol~ or Rha+ and
Rha- daughters was frequently observed. Segregation bebavior was further
demonstrated when each of the 76 pairs of Pol- subclones was passed through a
second cycle of streaking and testing (Table 3). In the second cycle, ten colonies
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of each were tested, and further segregation of the unselected Pol phenotype was
observed in three of the daughter lines (two of which had appeared stable on
the first cycle). Only one of these sets was passed through a third cycle of
streaking and testing and no further segregation was observed.

This experiment raised two obvious possibilities: (1) that the phenomenon
was due to lysogenization by the phage; (2) that the phenomenon was due in
some way to the nature of the incoming polA- marker, resulting in some subtle
counter-selection of hyper-recombinational event. To guard against the possi-
bility of lysogenization artifacts, many experiments have been conducted with
the nonlysogenic phage Plvir (Scort 1968), and tests of the ability of the trans-
ductants to restrict growth of phage lambda have been conducted. The results
of some of these experiments are detailed below and show no evidence supporting
lysogeny as the cause of this segregation or abortive transduction. Artifacts of
“selection for or against polA- alleles are difficult to exclude categorically, but
the individual Pol+ and Pol- segregants appear to grow equally well on selective
plates. I have observed similar segregation with markers other than polA- alleles.
I also have been able to conduct Met~ Pol- homogenotes by carrying out such a
transduction (under Mett selective conditions) and purifying transductant
clones on nutrient rather than selective medium (data not shown). This type
of phenomenon has occasionally been reported in the past with other transduc-
tional studies (e.g., LENnNox 1955; BrumenTHAL 1972; Stoporsky, Rar and
MurrENBacH 1972) and seems to be inherent in phage P1 transductions. Experi-
ments by R. Sanpri (personal communication) have provided additional bio-
physical evidence that P1 transducing DNA can persist within the recipient cell
in an unintegrated form following the transductional event. Presumably my
observations reflect the persistence of such an unintegrated fragment. Believing
that such segregation phenomena are normal to this system, I proceeded with
the fine structure analysis described below.

Co-transduction of PolA and glnA: The glnA gene is more closely linked to
polA than is metE, lying between polA and rha and has been utilized for the
construction of lambda polAglnA specialized transducing phages (KerrEy,
Caavrmers and Mugrray 1977; Murray and Keriey 1979). The glnA202 allele
is a nonreverting mutation obtained from B. Tyrer Details of the linkage of
metE, polA and gIinA are described in Murray and Kerrey (1979).

To test the glnA-polA linkage in phage P1-mediated generalized transduction,
I carried out a series of transductions in which the nine different polA- alleles
were transduced into the metE+ polA+ ginA202 derivative of JG108, CM5500.
Recipient cells were grown at 37° and infected with the same P1CMclr100
phage stocks utilized in the Met+ transduction experiments described above.
These infected cells were then spread on selective plates at both 32° and 37°
and allowed to grow. GIn+* transductant clones were picked, purified by streak-
ing at the respective temperatures and scored by replica-plating as before. The
results (Table 4) show that co-transduction of polA and ginA is much more
frequent than with metE (52-809, vs. 3-189,), that the co-transduction of polA-
alleles with glnA is essentially equal for each of the nine alleles tested, that
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TABLE 4

Co-transduction of polA- alleles with glnA

glnA* Transductants

(Mixed) Percent
GlnA+ GlnA+ GlnA+ glnA polA
Donor Recipient Temp. PolA+ PolA- PolA+/- co-transduction
CM3579 = X CM5500 —= 32° 48 50 2 529,
polA1 glnA+ polA+ ginA202 37° 37 56 7 63%,
CM4414 = X CM5500 —= 32° 33 63 4 67%,
polA5 glnA+ polA+ glnA202 37° 33 63 4 679%
CM3577 = X CM5500 = 32° 22 70 8 78%
polAé ginA+ polA+ ginA202 37° 27 71 2 73%
CM3895 = X CM5500 == 32° n.d.* n.d. n.d. nd.
polA107 glnA+ polA~+ ginA202 37° 28 65 7 72%
CM3864 = X CM5500 = 32° 40 55 4 609%
polA107 glnA+ polA+ glnA207 37° 40 53 7 60%,
CM3667 = X CM5500 = 32° 21 72 7 79%
polA214 glnA+ polA+ glnA202 37° 20 76 4 80%
CM4089 = X CM5500 = 32° 31 62 4 679%
polA480ex ginA+ polA+ glnA202 37° 31 72 2 719
CM3896 — X CM5500 —= 32° 40 57 3 60%
polA4113 glnA+ polA+ glnA202 37° 25 73 2 75%
CM4294 = X CM5500 = 32° 48 51 1 529,
resAl glnA+ polA+ glnA202 37° 43 53 4 57%

Crosses between P1CMclr100 lysates of pold ginA+ E. coli lysogens and polA+ glnA202
E. coli strain CM5500 were carried out as described in MATERIALS AND METHODS. The transduc-
tants were selected by plating on minimal medium lacking glutamine at 32° and at 37°. One
hundred GInA+ transductant clones from each cross at each temperature were picked and
streaked on the same selective medium at the respective temperature. T'wo subclones of each were
then picked and transferred to a master nutrient patch plate, allowed to grow overnight at 37°,
and then replicated onto minimal medium, nutrient and nutrient plus methyl methanesulfonate
and scored for inheritance of nonselected markers. Segregation of a glnA+ transductant clone to
yield one ginA+ polA+ and one ginA+ polA— subclone was observed in each cross. These segre-
gating clones are scored as ‘“mixed” in the table, but are included with the ginA+ polA- class in
calculating the frequency of cotransduction of polA- with glnA.

* n.d. = not determined.

co-transduction occurs as well or better at 37° than at 32° and that some segre-
gation of unselected markers also occurs in this experiment.

Each of these conclusions is interesting, albeit for different reasons. Generally
speaking, the practical implication is that intragenic crosses of the type pre-
viously carried out utilizing metE co-transduction (KeLrey and GRINDLEY 1976a;
Krerrey, Reern and LEDoNNE 1978) can now be carried out much more readily
since the linkage to glnA is much higher and fewer transductants need be scored.
With the closely linked g/nA marker, one can be sure that each polA- allele is
being brought into the recipient bacterial genome at approximately the same
frequency. And, even though three of the alleles (polA214, polA480ex and
polA4113) have been described as temperature-sensitive conditional lethals, there
does not appear to be any selection against inheritance of polA- at 37° as opposed
to 32°. Finally, the segregation frequency of Pol+ and Pol- clones is somewhat
higher in this experiment than in the metE transduction (1-89 vs. 0-3%), but
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not significantly so. This implies that the segregation phenomenon is normal
and not one that is closely linked to the pol4- locus in particular, nor is it likely
to vary substantially over the length of the P1 transducing fragment.

Construction of polA- glnA202 recipient strains: A series of polA~ ginA202
strains was constructed via co-transduction of metE+ and each individual polA~
allele into the metE70 polA+ gln202 strain, CM5294. All transductions for strain
construction were carried out using phage Plvir to minimize any possibility of
the formation of lysogens. Individual transductant clones were streaked on selec-
tive agar and two subclones of each were picked and tested by replica plating.
As with the P1CMclr100 transductions, these subclones showed segregation of
the polA- markers, the glnA markers and occasionally both glnd and polA (see
Murray and Kerrey 1979, Table 2b). Each Met+ Pol~ Gln- clone was carried
through two further cycles of subcloning and testing before being given a strain
number designation and utilized as a transduction recipient. No further segrega-
tion of either polA or glnA occurred after the first subcloning or when each strain
was carefully tested for both the polA- and ginA- characters during use as a
recipient in each subsequent transduction (see below).

Verification of genetic linkages in polA- ginA202 strains by backcrossing: To
verify the genetic constitution of the polA~ glnA202 strains, each was crossed
to polA+ glnA+ as shown in Table 5. In this experiment, the glnA+ polA+
region was transduced via P1vir grown on wild-type E. coli of a pedigree differ-
ent from that of JG108 genetic background. In this cross, the ginA polA co-trans-

TABLE 5

Testing of polA glnA [inkage in recipient strains by backcrosses

GInA* Transductants

(Mixed for Pol) Percent
GlnA+ GlnA+ GInA+ glnA pold

Donor Recipient PolA+ PolA- PolA+/- co-transduction
CK8000 = prototroph X CM5321 = polA71 ginA202 63 34 3 66%
CKS8000 == prototroph X CM5587 — polA5 ginA202 61 35 3 659%,
CK8000 = prototroph X CM5307 == polAé ginA202 70 29 1 71%
CK8000 — prototroph X CM5580 = polA12 ginA202 65 31 4 69%,
CK8000 = prototroph X CM5309 = polA107 glnA202 65 32 3 68%,
CK8000 = prototroph X CM5538 — polA214 glnA202 70 27 3 73%
CK8000 = prototroph X CM5532 = polA480ex glnA202 60 35 5 65%,
CK8000 = prototroph X CM5541 == polA4113 glnA202 59 36 5 649%,
CK8000 = prototroph X CM5589 == resAf glnA202 75 17 3 82%

Crosses between Plvir lysates of the prototrophic strain CK8000 == HfrHayes and each of the
polA- glnA202 recipient strains were carried out as described in MATERIALS AND METHODS. The
transductants were selected hy plating on minimal medium lacking glutamine at 37°. One hun-
dred GlnA+ transductant clones from each were picked and streaked on the same selective
medium. Two subclomes of each were then picked and transferred to a master nutrient patch
plate, allowed to grow overnight at 37°, and then replica-plated onto minimal medium, nutrient
and nutrient plus methyl methanesulfonate and scored for inheritance of the nonselected polA+
warker. Segregation of GInA+ transductant clones to yield one GInA+ PolA+ and one GlnA+
PolA- subclone was observed in each cross. These segregating clones are scored as “‘mixed” in the
Table, but are included with the GInA+ PolA+ class in calculating the frequency of co-trans-
duction of polA+ with glnA+.
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ductional linkage was once again shown to be high (64-829) at 37° and about
the same number of mixed Pol+ and Pol- clones appeared (1-5%), indicating
that there are no cis-trans differences between ginA-polA crosses dependent on
donor and recipient strains (Tables 4 and 5). This is interesting because, in
previous experiments with the metE70 marker, we had noted differences in
metE—polA linkages depending on the marker and on the direction in which
the experiment was carried out (Table 2 above; KerLey and GrINDLEY 1976a;
Kerrey, REenr and LEDonwE 1978).

Self-transduction: Self-transduction or “selfing” (Demerec 1963), i.e., rever-
sion of a mutation via crossing into itself, was occasionally observed in earlier
metE polA crosses, although at a very low frequency. Similar tests were con-
ducted with the polA- glnA202 recipient strains, but no “selfing” was observed
among the nine strains in a total of 104 transductants scored (Table 6).

Segregation in polA- interallelic transductional crosses: Although we have no
precise molecular mechanism to explain the abortive transductions or segregation
events observed above, the most reasonable suggestion would seem to be that the
transducing fragment persists within the cell in some form and can be expressed
while undergoing recombinational events. If this residence time is long, an
extended period of partial diploidy should result. If polA- alleles complemented
each other, such a partial diploid might appear as a Pol* clone in the absence
of recombination. In complementation studies with ¥ merodiploid E. coli strains,
no such in vivo complementation has been observed among the alleles tested
(Pracey and Gross, personal communication; GLICKMAN ef al. 1973). Alterna-
tively, if two mutant enzyme molecules could associate to form an active dimer,
one might expect interallelic complementation to take place. However, DNA
polymerase I is active as a single subunit enzyme and not known to associate or
form enzymatically active aggregates in vitro. Whatever the mechanism, the
effects of this phenomenon or recombination are not obviously incompatible with
the use of P1 transduction for genetic analysis. In our previous studies (KELLEY

TABLE 6

Tests for self-transduction

CMB3579 == polAf glnA+ X CMB5321 = polA1 glnA202 0/1435 < 0.07%
CM4414 = polA5 glnA+ X CM5587 = polA5 glnA202 0/1000 < 0.10%
CM3577 = polAé6 glnA+ X CM5307 = polAé glnA202 0/970 < 0.10%
CM3895 = polA12 glnA+ X CM5580 = polA12 glnA202 0/1000 < 0.10%
CM3864 == polA107 glnA+ X CM5309 = polA107 glnA202 0/1097 < 0.09%
CM3667 = polA214 glnA+ x CMB5538 = polA214 glnA202 0/996 < 0.10%
CM4089 = polA480ex glnA+ X CMA5532 = polA480ex glnA202 0/679 < 0.15%
CM3896 = polA4113 glnA+ X CMB8541 = polA4113 glnA202 0/1000 < 0.109
CM4294 == resAZ glnA+ X CM5589 = resA1 ginA202 0/1000 < 0.109%,

Crosses between P1CMcir100 lysates of pold glnA+ E. coli lysogens and pold- glnA202
E. coli recipients were carried out at 37°, as described in MATERIALs aND METHODS. Individual
colonies were picked onto nutrient master plates, incubated at 37° overnight and replica-plated
onto minimal, nutrient and nutrient plus methyl methanesulfonate. No Pol+ clones were
detected in any of these crosses.
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and GrinpLEY 1976a; KeLLEY, REEHL and LEDoNNE 1978) we noted segrega-
tion among the recombinants and yet were able to obtain an unambiguous gene
orientation that has been verified by alternative genetic tests (Murray and
KeLrEY 1979; Warp 1979). Presumably, an extended intracellular life time for
the transducing fragment merely extends the period of time during which genetic
recombination can occur, Such an effect would not invalidate the results, as long
as the event was not spontaneously reversible.

In order to examine segregation during intragenic recombination, the experi-
ment described in Table 7 was carried out. The cross chosen for testing was polA7
glnA+ X polA6 glnA202, which previous studies had indicated should give
positive” results since a wild-type polA gene could be generated via a two-cross-
over event. Furthermore, the two allelic mutations had been shown oz to comple-
ment in diploids (KeLLEY and WriTFIELD 1971), and the mutant gene products
have been characterized and are not expected to complement each other’s
enzymatic defects (LEaman and CaieN 1973; KeLrey and GrinpLEY 1976b).

These data show that of 10° independent transductant clones, 10 produced
Pol+ daughters when restreaked on selective medium. Six of these appeared
homogeneously Pol+ (all 10 daughters were Pol*+) and were not examined
further. The remaining four showed segregation into various mixtures of Pol+
and Pol- daughters, and each daughter was restreaked on selective medium.
At that stage, three clones had produced homogeneous daughter lines and were
not examined further. One segregated at this stage, and its mixed daughter clones
were followed through another cycle (its daughters, which were not mixed,
were not examined further). Segregation was complete by the third cycle of
restreaking, and each subclone now appeared to cast off homogeneous sibs. Thus,
as indicated in Table 3, formation of stable transductants and intragenic recom-
binants appears to occur during an extended period of time after the initial
transductional event.

Two conclusions seem reasonable. First, since the phenomenon occurs with
the nonlysogenic Pivir and above the normal lysogenization temperature of
P1CMclr100, it does not appear to be due to lysogenization by the phage via
any obvious “classic” mechanism. Second, if the clones are followed through
several cycles of restreaking, they eventually breed true. Assuming that it takes
twenty generations to produce a visible colony for manipulation and testing,
however, the implication is that the transducing fragment does exist in the cell
for at least forty generations. Still, whatever the mechanism, recombinational
studies utilizing this system are clearly feasible.

Three-factor gInA polA intra-allelic crosses: The 36 possible permutations of
pairwise crosses between the nine polA- alleles and ginA202 were carried out
and are summniarized in Tables 8 and 9. From each set of data, a probable map
order could usually be assigned. The rationale used is exactly that explained in
KeLLey and GrINDLEY (1976a), i.e., that two crossover events are more likely
than four. Pairs of alleles giving recombinational frequencies differing by less
than a factor of two are enclosed in parentheses. Pairs of crosses that gave
recombinational values of less than 0.159 are bracketed.



w. S. KELLEY

28

souo[o(Ns

-10d + VYO 07
SOA1D)

seuopqns
+1od +VIO 01
S9ALS oy
seuo[oqns

-1od +VUu9 01
saald yoeH
sauo[qns

+1od + VU9 0F
59A1L)

samo[IqNs
Lxenaoy
+YUD

ﬂwuﬂmo.zmwh 6H Jmﬂohﬁﬁ 1d jetiones sauooqns
) Jo seuo[oqNs Juederdas

1593 pryy, (€)

+VUI

ssuopqus -[od +VUD 01
soA1d Yory

samo[qus -[0d 4+ VIO 1
pue od + VO 6
S3AL0)

SBUOPYNS ~[od +VUID 6
pue +10d + V9D

-od + VU = @3 S59A10)
souoqns -1od + VIO 01
+10d +VUID = $OA13 YorH

IgH ySnoyl egy
seuo2qns -[0d +VUI[D 0}
saAL3 yory

-Tod + VU —

[7H ySnoayt qid sauoqns -[0d + VU 01

soALd yoey

souo(oqns 4+ [0d + VIO 07

+10d + VU = 1 soA18 Yoy
(g) woxy sauopPqNs
puoToyNs K1epuodes
+YWD +VID

-Iod + VIO =
69 ysnoxq ¢

+10d + VYO = 2d

+10d +VHIO = TH

-1od +VUID =
01Q yBnoaq v

-1od + VU =
¢q ydnoaq 1L

-10d + VU =
010 ‘6D

+10d +VUO =
gD ydnoay 10

(1) wmony
2uOOYNS

YO

poyvansax Y pue g ‘( ‘D SSUO[2
+VU[D Tertut yo m&nﬁ&uﬁﬁw JueBax SR
159} puoddg ()

(4 9 A
0 o1 £
0 () I
01 0 H
0 ot O
0 0l A
8 ) d
A ¢ a
(4 8 0
0 11 q
0 o1 v
-od +1od

souooqug Lrewrid
+VYID peytmd

Eﬂn J9)set
oy auofd
FVEIO U]

5311000 D|FUIS J0] POYEINS

sauop HueUpsUeS] 104 +UD [enuslof

1501 3510d (1)

gogvurd ovied X +

2 ATdV.L

vud 1yiod fo sso joroyonpsund [ 41afd ¥ Ul sjuvulq

w0024 -Jod +170 fo suepmd uoywBfaigag



29

E. coli polA FINE STRUCTURE

"PoAIasqO Sesm
uoneSo180s Iy ON "patoos pue pajerd-eordax ‘payojed ‘pavord ‘payeaxms seam ([e101 Og) ssmopqns A1epu00es Jo s}as oM} asat Jo ey (¢)
"ad £1oueyd _[od pue +[od Yioq SurHqIyxe sauo[dqns LIepuoedss usy Jo 5195 0} 3L
saed (g pue JH) om], 'paxoos pue pajerd-eordex ‘peyojed ‘peyord ‘paxyeams sem ([eiol (f) seuopqns Azrewand Jo s19s anoj asotp jo yoey (3)
ad&ousyd _Jod Pue .1.[0d Yiog SunIquyxs ssuopqus
L1eurrad us) Jo 5335 0] 3stt @AES (f pue H ‘(I ¢)) Inoy ‘paross pue parerd eordex ‘peyared ‘paxdrd ‘pasesys S1om SIUO) UBAI[D Teuwrsuo oy, (1)
‘pesesd souopd
Pgnep jod pue 4.1oJ orut uoneSoafes [uun Juneqd-eorider £q pamorpe} ‘sorerd 9a1jos[es wo Jupyeans jo sap£ y8noxy ad&ousyd 4104 10§
polselal sea esam) Jo 1or ‘{10 poleadde usaals ‘pa3se; serdjed PUBSNOY} U0 J() ‘9IEUOJ[NSIUEYOWL [ATIom snid jueLnNU PueR JUSLINU ‘TNIPIW
[BUITUTUX GUO PajedI[dsl ey} PUR , /¢ 18 HSILIBA0 M013 0} Pamor[e ‘ayerd ypred 1sjsem B 0] polissues pue payord 3I5m SOUOO [ENpIAIpUT ‘q1amo13
-no Surmoryoy ‘eurmeinid Suryoe] winipaw [ewruiw wo Sune[d Aq Psios[es SI0M S)UELIINPSURI] Y, "STOHIAN ANV STVIHALVIN UT PIQLIOSIP SB 1no
porLIRd SBM JOEGIAID UTens Zog ul8 9p7iod oyl pue 4 GeIND urens 4 upd Fyjod ot U0 usmod 91esA] IIATJ B US9MIA(] SSOI) [EUONINPSURY SY ],

seuopqns —[oq 4+ VU 01

59418 1ORY 07y ydnory: 1y
souopqns 1[0 +VU[D 0]  +10d + VIO =
soA1d ory 93 ySnoxm 1
souopquns (g) woiy sauo[oqns (1) woy souofoqns Lreuttd ojerd Jorseur
Krerjral suopqus Arepuooas suoqns FVU[D payLmg ﬂﬂwu wﬂwﬂws .
0] VU9 D + ot
+Muﬂwcab$u 61 ySnoayy 17 woxy mwﬁmoﬁmm +W%_~.mwnummn Y pue qd ‘d D MMMM? $910[0 A[Fuls J10J Paeans
+VU[9) 30 seuoqns juesaideg FYU[D [enn jo sewopqus juedaidog SOUO]O JURIONPSURL 4]0 +ULD [eNURI0g
193 par, (€) 1501 puooeg () 1503 1801 (])

panunuey—/ HIdV.L



30

W. S. KELLEY

TABLE 8

Three-factor transductional crosses between polA- alleles — GlnA+ selection

Donor

Recipient

polA* Recombinants

Probable map order

la
1b
2a
2b
3a
3b
4a
4b
5a
5b
6a
6b
7a
7b
8a
8b
9a
9b
10a
10b
11a
11b
12a
12b
13a
13b
14a

14b CM3896=—polA4113

15a
15b
16a
16b
17a
17b
18a
18b
19a
19b
20a
20b
21a
21b
22a
22b
23a
23b
24a

CM3579=polA1
CM4414=polA5
CM3579—=polA1
CM3577—=polA6
CM3579—=polA?
CM3895=polA12
CM3579—polA1
CM3864—polA107
CM3519=polA1
CM3667=polA214
CM3579=polA1

X CM5587=polA5

X CM5321=polA1

X CM5307=—=polAé

X CM5321—=polA1

X CM5580-—=polA12
*x CM5321=polA1

x CM5309=polA107
« CM5321=pol A1

X CM5538=polA214
X CM5321=polA1

X CM5532==polA480ex

CM4089=—=polA480ex X CM5321—palA1

CM3579=polA1

CM3896=polA4113

CM3579=polA1
CMA4294==resAl
CM4414=polA5
CM3577=polA6
CM4414=—polA>5
CM3895=polA12
CM4414—=polA5
CM3864=polA107
CM4414—=pol A5
CM3667=polA214
CM4414—=polA5

X CM5541—=polA4113
X CM5321—=polA1

K CM5589=—=resAl

X CM5321—=polA1

X CM5307—=polAé

X CM5587—=polAS5

X CM5580=polA12
X CM5587=polA5

X CM5309—=polA107
X CM5587=polA5

X CM5538=—=polA214
X CM5587—=polA5

X CM5532—polA480ex

CM4089=polA480ex X CM5587=polA5

CM4414==polA5

CM4414=polA5
CMA4294—resA1
CM3577=polAé6
CM3895=polA12
CM3577=polAé
CM3864—=polA107
CM3577=polAé
CM3667=polA214
CM3577=polAé

« CM5541==pol 44113
X CMA587=polA5

X CM5589=resA1

% CM5587=polA5

X CM5580=—=polA12
X CM5307=—=polAé

X CM5309:=polA107
X CMB307=polAé

X CM5538=—polA214
X CM5307 =polAé

X CM5532==polA480ex

CM4089=p0lA480ex X CM5307=—polA6

CM3577—=polAé

CM3896=—polA4113

CM3577—=polA6
CM4294=—=resAl
CM3895—=polA12
CM3864=polA107
CM3895=—polA12
CM3667—=polA214
CM3895=—=polA12

X CM5541=—=polA4113
X CM5307—=polA6

X CM5589—=resAt

X CM5307=polAé

X CM5309=polA107

X CM5580=—=pold12

X CM5538=polA214

X CM5580=polA12

X CM5532=polA480ex

24b CM4089—=polA480exx CM5580=polA12

12/997 =1.20%
3/1000=0.30%,
24./1446—1.66%,
3/999 =—0.30%
12/999 =1.20%
3/1000=0.30%,
5/715 =0.70%
17/897 =1.90%
1/997 =0.10%
3/900 =0.339
6/900 =0.60%
9/960 =094,
4/991 =0.40%,
8/999 =0.80%,
0,/3395=0.27%
9/1650=0.54%,

polA1 polA5 glnA
polAf polAé glnA
polA7 polA12 glnA
polA107 polAl glnA
polA214 polAL glinA
(polA480ex polAl glnA)
polA4113 polA1 glnA

resA1 polAl glnA

0/1000=<0.10% polAé polA5 ginA

4/998 =0.40%
5,/1000=0.50%,
18,/1000=1.80%,
16/1000=1.60%
26/998 —2.619,

3/999 —0.30%,
13/998 =1.30%,
10/998 =1.00%

19/1000==1.90%,
5,/1000=0.50%,
26/996 =2.619,
5,/1000=0.50%
15/700 =2.109,
5/1000=0.50%,
6/816 ==0.73%
5/795 =0.63%
12/973 ==1.299%,

polA12 polA5 ginA
(polA107 polA5 ginA)
polAZ214 polA5 ginA
(polA480ex polA5 glnA)
polA4113 polA5 ginA
resAl polA5 ginA
(polA12 polAé glnA)

polA107 polA6 glnA

0/995 =<0.10%, polA214 polA6 ginA

16/2071==0.77%
9/2672=0.34%,
62,/4294==1 44,
5/995 ==0.50%,
40/992 =4.03%,
2/1000=0.20%,
12/853 =1.419,
6/991 =0.619%
17/809 =1.899%
2/992 =0.20%
8/998 =0.80%
6/1000=0.60%,
14/998 ==1.40%

polA480ex polAé6 glnA
polA4113 polAé6 glnA
resA1 polAé ginA
polA107 polA12 glnA
polA214 polA12 ginA

polA480ex polA12 ginA
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TABLE 8—Continued
Donor Recipient polA+ Recombinants Probable map order

25a CM3895=polA12 X CMBs4d—=polA4113 1/999 =0.10%  polA4113 polA12 glnA
25h CM3896=polA4113 X CM5580—=polA12 13/999 —1.309,

26a CM3895=—polA12 X CM558%—resAl 5/998 =050%  resAf polA12 glnA

26b CM4294—resA1 X CM5580—=polA12 21/998 =2.10%

27a CM3864—=polA107 X CM5538—=polA214 3/2380=0.13%, [polA107 polA214 ginA]
27b CM3667=polA214 }CM5309=polA107  1/2609=0.04%

98a CM3864=polA107 X CM5532=polA480ex 7/991 —0.71% (polA107 polA480ex ginA)
28b CM4089=—polA480ex X CM5309—polA107 4/1054—0.389,

20a CM3864—=polA107 XCM5541=palA4113 1/2195=0.05% [polA4113 polA107 ginA]
29b CM3898—polA4113 X CM5309=polA107 2/1599=0.13%,

30a CM3864—polA107 XCM5589=—=resA1 15/1994—=0.75%, (Not resolved)

30b CM4294—resA1 X CM5309—=polA107 8/1287=0.629,

31a CM3667—polA214 XCM5532=—polA480ex 0/2697—<0.04%, [Identity?]

31b CM4089=—=polA480ex X CM5538=polA214 0/2054=<0.05%

32a CM3667—=polA214 XCM-s41—=polA4113 7/2588=0.27% (Not resolved)

32h CM3896—polA4113 X CM5538—=polA214 4/1798—=0.229%,

33a CM3667—=pold214 XCM5589—=resA1 9/1997=0.45%, resAl polA214 ginA

33b CM4294—resA1 X CM5538=polA214 85/2385=3.489,

34a CM4089—=polA480ex X CM5541—polA4113 2/1882=0.11%  polA4113 polA480ex glnA
34b CM3896—=polA4113 X CM5532=polA480ex 5/1695=0.30%

35a CM4089=polA480ex X CM5589—resAl 5/1990=0.25%, resA? polA480ex glnA
35b CM4294—resA1 X CM5532=polA480ex 20/1859—=1.07%
36a CM3896-=—=polA4113 X CM5589%=—resA? 8/999 —0.80%  resAf polA4113 glnA

36b CM4294—=resA1 X CM5541=polA4113 16/997 =1.60%

Crosses between P1CMclr100 lysates of polA- glnA+ E. coli lysogens and polA- glnA202
E. coli recipients were carried out at 37° as described in MATERIALS AND METHODS. Individual
colonies were picked onto nutrient master plates, incubated at 37° overnight and replica-plated
onto minimal, nutrient and nutrient plus methyl methanesulfonate. Potential Pol+ clones were
then streaked on selective medium for single colonies and retested for Pol+ phenotype as
described in Keriey and Grinorey (1976a). Probable map orders for the pairs of alleles are
indicated in the right hand column. Several pairs of crosses yielded appreciable recombinants in
each configuration; these map orders are enclosed by parentheses (crosses 6, 11, 13, 16, 28, 30
and 32). Several other pairs yielded extremely few recombinants in either configuration; these
map orders are enclosed in brackets (crosses 27, 29 and 31). Interpretations of these results are
discussed in the text.

To make the visualization of these results simpler, a “most reasonable” gene
order was assumed, and the data are tabulated in summary form as a matrix
(Table 9). For the sake of clarity, this matrix includes only the data from the
self-transductions that define the null values at the diagonal and the “positive”
percentages derived from the raw data in Table 8. Note that values in paren-
theses and brackets that represent uncertain determinations fall in the upper
left-hand corner of the matrix and mainly near the diagonal, as might be expected
for closely linked alleles. The matrix is a representation of genetic order only.
Map distances separating alleles should not be inferred from these data.

Relying on knowledge of the enzymological defects found in the mutant
enzymes produced by these alleles, the gene order may be represented as in
Figure 1 for correlation of the genetic data with the known molecular structure.
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TABLE 9
Summary of three-factor crosses of polA- alleles — GInA+ selection

pold, -+

T

prostintonl B N oo polA, Allele = Recipient

pold, glnA~ resAl polA167  pclA4113 pold480ex polA214  polAl pold12 poldé polA3

resAt <0.10% (?) 1.609% 1.07% 3.48% 0.54% 2.10% 1.41% 2.10%
polA107 <0.09% (7] 0.71%) [?] 1.909% 1.899% 1.239% (2.61%)
polA4113 <0.10% 0.30% (?) 0.809% 1.30% 4.30% 2.61%
polA480ex <0.15% [?] (0.94%) 1.409% 1.449% (1.90%)
polA214 <0.10% 0.33% 0.80% 0.77% 1.30%
polA1 <0.07% 1.209% 1.669% 1.20%
polA12 <0.10% (0.73%) 1.80%
polAé <0.10% 0.409%
polA5 <0.10%

Thz data of Tables 6 and 8 are presented as a matrix to emphasize the reasons for selection of
the map order cf the individual alleles. The diagonal values represent the results of crosses
cf individual alleles into themselves. Only the positive values of the interallelic crosses are
represented.

ginA
metE polA rha
1 1 { T T ] T
resdt | 44113l 4214 A1 a2 de 45
A107 A480ex

Small Fragment Large Fragment
N = SAALS COOH

5 —3 Exonuclease Polymerase

3' —5'Exonuclease

Figure 1.—The portion of the E. coli genetic map lying between 85 and 87 minutes is repre-
sented with the four loci that have been utilized for transductional mapping shown on the upper
line. The region represent’ng the polA cistron has been expanded and the order of the nine
polA~ alleles is indicated on the middle line. This ordering may be correlated with the repre-
sentation of the primary structure of DNA polymerase I at the bottom of the figure.

Map positions represent the order derived for the different allelic mutations within the
small and large fragment portions of the polymerase structural gene; linear spacings are
arbitrary.
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DISCUSSION

These experiments were initiated in order to determine the intracistronic
mabp order of a series of polA- allelic mutations. The mutations chosen for analy-
sis are those about which the greatest amount of physiological and enzymatic
structural detail is known. A number of E. coli cistrons and operons have been
analyzed by the traditional techniques of bacterial genetics—recombinational
crossing via conjugation, transduction and partial deletion analysis. Perhaps the
most classic case of this sort of fine-structure analysis is that of YANOFsKY et al.
(1964), in which the zrpA cistron was analyzed, in part, by co-transductional
mapping with phage P1. To apply such an analysis to pold4, I have utilized a
series of co-transductional crosses of different polA- allelic mutations via linkage
to the glnA202 marker.

One particular concern in such an experimental approach is the possible role
of the polA gene product itself in the recombinational event. DNA polymerase
Iis an enzyme of DNA metabolism that has been shown to be capable of carry-
ing out key steps of the excision repair processes in vitro by means of its nick
translation reaction (KevrrLy et al. 1969). Furthermore, a number of polA- allelic
mutations have been isolated that are characterized as being “hyper-rec” due
to their effects in elevating levels of intrachromosomal rearrangements in E. coli
(Konrap and Leaman 1974). In addition, there are substantial arguments that
at least part of the DNA polymerase I molecule is necessary for replication
of the E. coli chromosome (Konrap and LExmanN 1974; OriveEra and BoNmoEF-
¥ER 1974; LErMaN and Uvemura 1976). Faced with these realizations, I carried
out a series of control experiments to assure that the P1 transductional system
obeys traditional behavior patterns in polA- cells.

DNA polymerase I is not known to play any significant role in the replication
cycle of phage P1, although the effects of polA- alleles have not been systemati-
cally examined (VapNEK, personal communication). We have been able to
propagate Plvir on strains carrying all of the polA- alleles used in this study,
although there have been minor variations in efficiencies of phage production.
Phage P1CMclr100 lysogens can be easily constructed, and all yield uniformly
high-titer lysates upon thermal induction. Thus, there seem to be no reasons for
concluding that the polA- alleles interfere with phage reproduction per se.

Of greater concern to this work is the capacity of these cells to integrate the
P1 transducing fragment. Initially, we were concerned with the segregation of
nonselected markers in our first co-transductional experiments (KeLrey and
GrinpreEY 1976a). However, it is clear from the work of others that analogous
phenomena are found in P1 transductional analysis of other E. coli genetic sys-
tems: LENNox (1955) was the first to observe such second-generation segrega-
tion events in transductions with various metabolic markers. Later, StopoLsky,
Rae and MurLENBAcK (1972) were able to demonstrate transduction and main-
tenance of the proA-proB-lac portion of E. coli chromosoroe in a host cell line
with a substantial deletion. In similar experiments, BLumENTHAL (1972) ana-
lyzed metG and hisl co-transduction of linked P2 lysogens via P1. The net con-
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clusion of these two latter studies is that the incoming DNA fragment can create
a partial heterozygote that need not recombine with the chromosome and that
can exist for several generations, although it is ultimately unstable. SANDRI
(personal communication) has examined the DNA of P1 transducing particles
via density transfer experiments with purified 5-bromouracil-labeled P1. Her
data provide physical evidence for persistence of the transducing DNA in an
unreplicated and nonintegrated form in a population of infected cells. What-
ever the mechanism of recombination and formation of abortive transductants,
it appears that this phenomenon is generalizable to all P1 transductions, so that
there is no reason to suspect that polA is particularly affected by the vagaries of
the P1 system.

The physiological studies of polA~ mutations have implied the necessity of
DNA polymerase I for chromosome replication. These are further reinforced by
the failure of a series of experiments designed to generate partial deletions of
the polA gene (Gross, personal communication). Lacking such deletions, the
current analysis is confined to an examination of recombination between the
various point mutations. Further experiments are underway to extend these data
with partial deletions constructed in ApolA specialized transducing phages.

The experiments described in this paper were undertaken with the purpose
of extending earlier studies of the polA genetic structure via co-transductional
mapping with metE and rhe (Kerrey and GrinbreY 1976a). Since the ginA
marker is much more closely linked to polA than is either of those two, more
mutations could be mapped with a greater assurance and less effort. The linkage
of polA~ mutations to metE is variable, as shown by our data here and by the
different results reported in the literature. To some extent, this phenomenon
appears to be allele specific, although we have not conducted a systematic study.
Linkage to glnA is consistently high and relatively invariant from allele to allele.
Previous attempts to generate a fine-structure map of the gene had yielded
recombination frequencies between polA- alleles of 0.01 to 0.35%, in metE
transductional crosses (KELLEY ez al. 1978). Recombination frequencies between
polA- alleles reported here are often greater than 19, and occasionally as high
as 49, of all Glnt transductants.

In interpreting the results of individual crosses, I have followed the general
rule described in KerLey and Grinprey (1976a) that a stable Gln+ transductant
is generated by two crossovers, one on either side of g/nA. Pol+ transductants
are assumed to result from crossovers within the interval separating the two
polA~ markers. Predictably, the two-crossover event diagrammed in the upper
left corner of Table 9 should generate polA+ recombinants between polA, and
polA,. Should the donor-recipient roles of polA, and polA, be reversed, a polA+
recombinant could be generated only as the result of four crossovers. In the
absence of high negative interference (Jacos and WorLman 1961), these inter-
pretations should be straightforward. In analyzing a system of similar linkage
(proC-lac) by Hfr X F- crosses, Beckwita (1970) pointed out such possibilities,
however, and cautions about the interpretation of “positive” versus “negative”
values when the differences are less than two-fold.
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From an examination of Table 9 and the genetic map displayed in Figure 1,
correlations between the putative gene order and information about specific
polA- enzymological defects are obvious. Assuming that polA7 lies at or slightly
distal to the in vitro subtilisin cleavage point that divides the small from the
large fragment, the mutations may be divided into two classes. The alleles polA5,
polA6 and polA12 all produce enzymes that, when purified, have demonstrable
defects in polymerization capacity but are not defective in 5’ — 3’ exonuclease.
The mutations in polA107, polA214, polA480ex and polA4113 are known to
have some defects in 5’— 3’ exonuclease function and appear to be closely
clustered.

Recombination levels indicated by brackets represent experiments in which
very little recombination was observed between the alleles in either configura-
tion. This might be anticipated in the crosses between very closely linked
adjacent markers, represented by the diagonal row of values adjacent to the null
values. In these cases, 27 = polA107 X polA214 and 29 = polA107 X polA4113,
the positive values are low, although not zero (0.13% for each) and essentially
zero for 31 = polA480ex X polA214 (<0.05%). These spaces in the matrix are
indicated by question marks. The lack of measured recombination between
polA480ex and polA274 is striking. This is essentially a reaction of identity.
Both mutational alleles code for isolabile polypeptides. polA480ex and polA214
cells are very similar in colony-forming ability at various temperatures (KELLEY
et a. 1978) and in their effects on the stability of various DNA polymerase I-
requiring plasmids (GriNpLEY and KeLLEY 1976). However, minor phenotypic
differences do appear in both tests, and the alleles seem to recombine with their
neighbors in the matrix with slightly different frequencies. The polA274 mutation
was initially isolated following a bromouracil-enrichment regimen (KingsBURY
and Herinskr 1973), and it is possible that this mutation could be the result
of a short in-frame insertion or deletion mutation coinciding with polA480ex.
Tt seems unlikely that these uncertainties will be further resolved by this type
of analysis.

The positive transductional recombination values for all crosses in which the
positive and negative values differ by less than two-fold have been enclosed in
parentheses in the matrix. From examination of the data displayed in Table 8,
it is clear that the predicted four-crossover event is usually a measurable parame-
ter. Only two such crosses (9a = polA5 X polAé and 18a = polAé x polA214)
gave no recombinants. Thus, either multiple crossover events do appear to occur
frequently or certain recombinations of double mutants actually result in a Pol+
phenotype. Values of the pairs of crosses 30a and 30b (polA? X resA?) and
32a and 32b (polA214 X polA4113) cannot be resolved and are displayed in the
matrix as question marks in parentheses; other values in parentheses are shown
and fit into the matrix array.

One question about the fate of the transducing fragment and its expression
in abortive transductants has not been explained by these experiments. The
polA+ allele is dominant in tests with merodiploids (Gross and Gross 1969) and
in lysogens of ApolA+ transducing phages in polA- cells (Murray and KeL1EY
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1979). However, the data of Table 3 clearly indicate that Pol* clones can segre-
gate among the subclones derived from transduction of polA12 and polA480ex
into polA+ cells, although the primary transductant clones were Pol~. This
result has little bearing on the recombinational mapping data, but does imply
that the primary transductional event and subsequent segregation of daughter
cell lines may include a number of complex transcriptional and recombinational
steps.

With respect to the polA- alleles, one Important result is the establishment
of the resA1 allele as a mutation mapping in the “‘amino-terminal” portion of
the polA cistron. Independent biochemical experiments (KeLLEY, unpublished)
indicate that this mutation results in the production of an enzymatically active
amber fragment containing the 5’— 3’ exonucleolytic capacity. This fragment
is immunologically similar to that produced by the polAZ mutation (LEEMAN
and Cuien 1973) but appears to be smaller when examined by gel filtration
chromatography. Even under nonsuppressing conditions there is some “read-
through” of both the polAf and resAf mutations to produce whole DNA poly-
merase I at about one percent of wild-type levels. Thus, the hypothesis of Len-
MaN and UveMURA (1976) that DNA polymerase I is an essential E. coli repli-
cation protein remains unaltered by my results.

An interesting implication of the positioning of the resAf mutation is that
the polA107, polA4113, polA480ex and polA214 alleles are positioned between
it and the polA7 allele. Since both polA1 and resA7 produce enzymatically active
amber fragments, this implies that these four missense mutations that alter
the enzyme’s 5’—> 3’ exonucleolytic activity do not actually map within that
enzymatic active site.

Ultimate resolution of the genetic fine structure of polA will rely upon DNA
sequencing techniques and deletion mapping analysis utilizing the polA chro-
mosomal fragment as cloned on the ApolA transducing phages (Kerrey, Cuar-
MERs and Murray 1977; Murray and KerLLEY 1979). We are currently pursuing
both objectives.

I thank A. T. Lenky, E. J. Couen, S. Scuaerrer, C. Luson, H. SiLeer for technical assis-
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from the Public Health Service.
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