ISOLATION AND CHARACTERIZATION OF dneX AND dnaY
TEMPERATURE-SENSITIVE MUTANTS OF ESCHERICHIA COLI

JOAN M. HENSON, HERMAN CHU, CARLEEN A. IRWIN anp
JAMES R. WALKER

Microbiology Department, University of Texas at Austin,
Austin, Texas 78712

Manuscript received October 13, 1978
Revised copy received February 23, 1979

ABSTRACT

Escherichia coli mutants with temperature-sensitive (ts) mutations in drneX
and dnaY genes have been isolated. Based on transduction by phage P1, dnaX
and Y have been mapped at minutes 10.4-10.5 and 12.1, respectively, in the
sequence dnaX purE dnaY¥. Both dnaXts36 and Yts10 are recessive to wild-
type alleles present on episomes. F13 carries both dnaX+ and Y+, the shorter
F210 carries dna¥Y+, but not X+. Lambda transducing phages that carry
dnaX+ or Y+ have been isolated, and hybrid plasmids of Col E1 and E. coli
DNA from the CLarkE and Careon (1976) collection also carry portions of the
dnaX purE dnaY region. Results obtained with the A transducing phages and
the hybrid plasmids suggest that dnaX is a different gene from the previously
characterized draZ gene, which is also near minute 10.5. The dnaXts36
mutant, after a shift to 42°, stopped DNA synthesis gradually, and the total
amount of DNA increased two-fold. When this mutant was shifted to 44.°,
the rate of DNA synthesis dropped immediately and the final increment of
DNA was only 10% of the initial amount. Replicative DNA synthesis in
toluene-treated cells was completely inhibited at 42° and was partially in-
hibited even at 30°. When the dna¥ts10 mutant was shifted to 42°, DNA
synthesis gradually stopped, and the amount of DNA increased 3.6-fold. At
44°, residual DNA synthesis amounted to a two-fold increase. Replicative
DNA synthesis in vitro in toluene-treated cells was inactivated after 20 min-
utes at 42° or by “preincubation” of cells at 42° before toluene treatment.——
The dnaX and dna¥ products probably function in polymerization of DNA,
although participation also in initiation cannot be excluded.

TUDIES of Escherichia coli chromosome replication have been facilitated by

isolation and characterization of temperature-sensitive (ts) mutants that are
defective in DNA synthesis at nonpermissive temperatures. DNA replication is
known to involve the dna loci dnaA, B,C, E,G,1,],K,L, M, P, and Z and nalA,
cou, and lig. The products of dnaA, B, C, I, and P are necessary for initiation of
DNA synthesis at the origin of replication (BEyErsMaNN, MESSER and SCHLICHT
1974; Faneman and Novick 1968; KuempeL 1969; Wapa and Yura 1974;
Zyskinp and SmrtH 1977) ; dnaB, C, E (DNA polymerase III), G, and Z products
are required for DNA polymerization (Carr 1970; Fivip ef al. 1974; Hirora,
Byrer and Jacos 1968; WecHsLEr and Gross 1971; WickNER and HurwiTz
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1975; GEFTER et al. 1971; NussLEIN et al. 1971). DNA ligase and the 5’ — 3’
exonuclease activity of DNA polymerase I (polAex) are essential for viability
and for joining short pieces of DNA to high molecular weight strands (GoTTEs-
maN, Hicks and GELLErT 1973; Konrap, MobpricH and LErman 1973; KoNRAD
and LEaman 1974; Orxvera and BoNuoEFFER 1974) . Functions of the other gene
products in specific stages of replication have not been defined (FEiss, personal
communication; Sarro and Ucuipa 1977; Sevastorouros, WEHR and GLASER
1977; Ryaw 1976; BourcuicNon, LEviTT and STERNGLANZ 1973, GELLERT éf al.
1977).

Sevasropouros, WenR and Graser (1977) reported the isolation of over 100
E. coli mutants that cease to synthesize DNA when shifted to the restrictive
temperature. Two previously undiscovered loci were defined (dnaL and dnalM).
One mutant, SG133, was thought to carry a single mutation that was 11%
co-transducible with purE. This co-transduction frequency suggested that the ts
mutation was in the dnaZ gene, which is located at min 10.5 and is 6.69
co-transducible with purE (WALKER et al. 1977). However, we report here that
strain SG133 contains two ts mutations, each of which creates a defect specifically
in DNA synthesis. Both mutations are co-transducible with purE and are located
in previously unknown genes. These two genes are designated dnaX and dnaY.

In vivo and in vitro experiments with toluene-treated cells provide evidence
that both dnaeX and Y function in the polymerization phase of chromosome
replication, rather than specifically in initiation of replication at the origin.

MATERIALS AND METHODS

Bacterial Strains: Table 1 is a list of strains used in this study. Information relevant to their

TABLE 1

Principal strains

Strain Genotype Characteristics Source or reference
DG17 F- thi leu his arg met Wild type but grew slowly  Sevastorouros et al. (1977)
thy A deo lac mal zyl on Yeast Extract-Tryptone
mil rpsL AR (YET) without NaCl
at 42°
SG133 ts mutant of strain DG17 ts when plated at 42° on SevastorouLos et al. (1977)
YET supplemented with

1% (or less) NaCl

59080 ¥-1hi lac gal purE rpsL. Wild type but grew slowly M. MaLamy
at42° on YET without

NaCl
GM241 F-thr leu pro purE uid  Grew vigorously at 42° B. Bacamanw
his arg thi lac gal on YET without NaCl

zyl mtl tonA rpsL

JH241 thy A deo derivative of
strain GM241
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Strain Genotype Characteristics Source or reference

GM36 dnaX1ts36 transductant ts on YET without NaCl;

of strain GM241 temperature-sensitivity
was suppressed by 0.25%
NaCl
JH36 thy A deo derivative
of strain GM36
GM10 dnaY¥ts10 transductant ts on YET with 0.59 NaCl
of strain GIM241
JH10 thyA deo derivative
of strain GM10
AX727  purE+ dnaZis2016 FiLip et al. (1974)
transductant of
strain S9080
JH727 recA derivative of
strain AX727
W3747 F13 lac™t lon+t tsx E. LEDERBERG

dnaX~+ dnaZ+ purE+
dnaY~+ /thi met

x790 F210 purE+ dna¥Y+/
his T R

F152/ F152 lip+ gal+ /thi

KI.253 pyrD trp tyr recA
mtl xyl mal gal rpsL

JH1 dnaXts purE+ dna¥ts
transductant of strain
S9080

JH2 Spontaneous sz mutant
of strain S9080

JA200 F+ recA/pLC* C. PrckerT

* pLC numbers 6-2, 8-25, 10-24, 10-26, 22-1, 22-2, 22-8, 30-3, 30-4, 30-23 and 75 were used.

growth properties also is included, because it was observed that some wild-type K12 strains
grew poorly at 42° when plated on medium with no added NaCl. Two such strains that grew
poorly at 42° were DG17, the parent of SG133, and S9080. Ability of wild-type strains to grow
at 42° on medium with no added NaCl was important because the residual amount of DNA
synthesis in strain SG133 at the nonpermissive temperature was proportional to the NaCl con-
centration in the medium. This suggested that one or both of the mutations in strain SG133 was
suppressible by NaCl.

Low-thymine requiring, spontaneous mutants of GM241, GM36 and GM10 were selected in
two steps: thyA mutanis were selected by the technique of Caster (1967), except that tri-
methoprim was substituted for aminopierin, and then deo mutants were selected by spreading
the thy A mutants on minimal medium supplemented with 2 ug per ml thymine.

A recA derivative (JH727) of sirain AX727 was prepared as follows: Hfr JC5088 (thyA+



1044 J. M. HENSON et al.

recA) was mated with a thy A mutant of strain AX727 and thyA+ recombinants were selected.
These were screened for the recA character by testing their ability to support growth of Abio10.
One thy A+ recA derivative was labelled JH727.

Media: Yeast-extract tryptone medium (YET) (Howarp-Franpers, Stmson and Teerior
1964) was used. It was supplemented with 0.59, NaCl unless otherwise specified. For phage A
growth, YET was also supplemented with 0.001 m MgSO,. Minimal media (Howarp-FraNDERs,
Smmson and Trerior 1964) contained glucose (10 mg per ml), thiamine-HCl (5 ug per ml),
amino acids (50 ug per ml), adenine (50 pg per ml) and thymine (2 or 50 g per ml), as
required. Bacteriophage Plvira was grown in the medium described by Rosner (1972), and
P1 transductants were selected on the medium of Caro and Berc (1971).

Phage preparations: Plvira was grown according to Rosner (1972). AcI857dneZ+ and
AcI857purE+ transducing phages were grown according to WarLker, Henson and Lee (1977).
AcI857dnaZ+18 is a plaque-forming phage and was grown lytically; other AcI857dnaZ+ phages
are defective and were induced by UV and heat from primary heterogenotes of genotype
AX727dnaZts(At) (AcI857dnaZ+). All AcI857purE+ transducing phages are defective and
were induced from primary heterogenotes of genotype S9080 purE(Mt) (\cI857purE+). T6
was grown by infecting strain S9080 at a multiplicity of five.

P1 transduction and recombinant scoring: Transduction was performed according to
WirrerTs, Crark and Low (1969). P1 was grown on the donor strain twice before use. Minimal
medium plates, incubated at 30°, were used for selecting and scoring purE+. Temperature-
insensitive (Tst) recombinants were selected on YET plates supplemented with 0.1% NaCl and
incubated at 44°; these conditions reduced background growth. Ts+ was scored, after the initial
selection, on YET plates, without NaCl, incubated at 42°. T6 sensitivity or resistance among
recombinants was scored by streaking strains on a YET plate with 10° phage suspended in a
soft agar overlay.

Mating conditions for episome-containing strains: The mating procedure of Moopy and
Lukin (1970) was followed. Partial diploids were selected on minimal media containing
streptomycin (200 gg per ml). There was no selection for F210 partial diploid strains. These
mating mixtures were plated at 30° on YET medium supplemented with streptomycin, and
males were identified by their ability to transfer purE+ and by sensitivity to M13 phage.

Episome curing: The procedure of Hirora (1960) was used, except that cells were grown
in YET broth (pH 7.6) with 100 ug per ml of acridine orange.

Spot test for transduction by \. Transduction to Ts+ was performed according to the method
of Warker, HEnson and Lee (1977). Sterile lysates (0.05 ml) of A\cI857dnaZ+ or AcI857purE+
phages were spotted on YET plates (0.1% NaCl) that had been spread with 2 X 107 recipient
cells, either strain GM10(A+) or GM36(A+). The plates were incubated at 44° and positive
transduction tests were recognized by the growth of several hundred colonies of the recipient
strain. Transduction of the dnaZts strain AX727(A+) was tested on YET plates with 0.25%
NaCl, incubated at 42°.

Complementation by hybrid plasmids: The collection of hybrid colicin E1 plasmid-containing
strains of CLarke and Carson (1976) were maintained on YET master plates spread with
colicin E1. This colony bank was screened by replica plating onto recipients that were dnaXts,
Y1s or Zts to determine which plasmids carry the X, ¥ or Z regions. The recipients were spread
on YET plates (without NaCl or with 0.59, NaCl for the Zts recipient) containing streptomycin
(200 ug per ml) and incubated at 42° after replica plating. Complementation was identified
by growth of the recipient.

Growth, cell number, and DNA and RNA synthesis: Culture absorbance was measured in
a Zeiss PMQII spectrophotometer at 540 nm. Cell counts were made in a model ZB Coulter
Counter after dilution in 0.99 NaCl-0.5% formaldehyde. The steady state synthesis of DNA or
RNA was followed by the incorporation of [*H]thymine or [3H]uracil into 59 trichloroacetic
acid (TCA)-insoluble material. YET medium was supplemented with 1 uCi/2 ug per ml
[methyl-8H]-thymine or 1 pCi per 20 ag per ml [5- 3H]uracil for five or six generations before
-experiments began. DNA was also measured by the diphenylamine reaction (GiLes and MyErs

1965).
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DNA synthesis in vitro: DNA synthesis i vitro was measured in toluene-treated cells by
the procedure of Moses and Ricearnson (1970). Cultures were grown in YET medium with
no added NaCl at 30° to an absorbance of 0.5, harvested, and mixed with toluene at room tem-
perature for three min. Cultures to be “pre-incubated” at 42° were grown at 30°, shifted to 42°
for two hr, during which time the absorbance increased to 0.5, and then harvested. [methyl-3H]-
thymidine triphosphate incorporation in TCA-precipitable material was used as the measure of
DNA synthesis.

RESULTS

Strain SG133 has at least two temperature-sensitive mutations: The mutant
SG133, isolated from the parental strain DG17, synthesized an increment of
599% of DNA after a shift from 30° to 41° (Sevastorouros, WEHR and GLASER
1977). When strain SG133 was transduced to Tst by P1 bacteriophage grown
on a purE Tst donor, 119 of the transductants were purE (SEVASTOPOULOS,
WenR and GLASER 1977).

We suspected that mutant SG133 contained two (or more) mutations, for two
reasons: (1) “revertants” of strain SG133, selected for the ability to form
colonies at 42°, did not grow as well as the parental strain DG17 at 42°, and
(2) “Ts*” transductants of mutant SG133, prepared with P1 grown on the wild-
type strain S9080, were not as fully temperature-insensitive as the parental strain
DG17. These results suggested that the “revertants” were revertant at one locus
and mutant at a second, and that “Ts*” transductants were transduced to wild
type at one locus and were still mutant at a second.

To test the possibility that mutant SG133 contained two mutations, P1 was
grown on this strain and used to transduce ts (along with purE+) into the wild-
type strain GM241, which grew well at 42° on YET medium without added
NaCl. The ts transductants were examined for ability to form colonies at 42° on
YET plates with 0 or 0.25% added NaCl. Residual DNA synthesis and mass
increase at 42° in YET broth were also measured. Two phenotypically different
classes of ts transductants were, indeed, detected (Table 2, cross 1).

Class I ts transductants were unable to form colonies at 42° on YET plates
without added NaCl, but grew at 42° on YET plates with 0.25% NaCl. In liquid
YET medium without added NaCl, these transductants synthesized a residual
two-fold increase in DNA and an 18 to 20-fold increase in mass (after five hours).
As will be shown below, Class I ts transductants are mutant in a gene we designate
dnaX; strain GM36, a typical Class I ts derivative of strain GM244, was chosen
for further study.

The second class (Class IT) of ts transductants failed to form colonies at 42°
on YET plates with 0 or 0.25% NaCl. After shifting to 42° in YET broth (with
no added NaCl), Class II transductants increased DNA and mass by factors of
3.5 and seven to eight, respectively. Class II transductants are defective in a gene
that we designate dnaY. Strain GM10, a typical Class II transductant of strain
GM241, was selected for further work.

To test the possibility that strains GM36 (dnaXts) and GM10 (dnaYts) con-
tained more than one mutation each, phage P1 was grown on these mutants and
used to transduce purE+ to wild-type strain GM241. The properties of all ts
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purE* transductants were identical to those of the parent donor. When strain
GM36 was the donor, all the ts transductants resembled the dnaXts donor, GM36.
When strain GM10 was the donor, all the ts transductants resembled the draY'ts
donor, GM10. These data are consistent with the conclusion that strains GM36
and GM10 contain only one ts mutation each. Strains GM36 and GM10 reverted
to TsT with frequencies of 1 X 10-° and 2 X 1075, respectively, and these revert-
ants grew as well as the parental wild-type strain, GM241.

The dnaYts mutation could be transferred to another wild-type strain, S9080
(Table 2, cross 2), but it was not possible to detect dnaXts transductants of this
strain (no ts strains out of 400 purE+ transductants). This resulted from the fact
that the wild-type strain S9080 grew poorly on YET medium without NaCl at
42°, and the obligatory addition of NaCl suppressed the ts phenotype of dnaXts
mutants. It was also possible to transfer dneYts from the double mutant SG133
(danXts dnaYts) to strain S9080 (Table 2, cross 3). Among the ts transductants
of strain S9080 prepared with P1 grown on strain SG133, one strain, JH1, was a
double mutant (dnaXts dna¥ts). This mutant was recognized by the fact that it
synthesized, after shifting to 42° in YET broth (plus 0.25% NaCl), an increment
in DNA of only 109%. Strain JH1 was shown to carry both dnaXts and dna¥ts
alleles by using it as a donor to transduce strain GM241 to purE*; of 45 purE*
transductants that were also ts, nine were dnaXts and 36 were dnaYts.

Position of dnaX and Y: To determine the dnaX-purE and purE-dna¥
distances, the percent co-transduction of purE with each dnaX and Y was
measured. The data of Table 2, cross 1, were considered inadequate for this
purpose because purE* transductants that were ts formed very small colonies on
the selection plates. Possibly, some ts purE+ transductants were overlooked
during testing of those recombinants.

Therefore, phage P1 was grown on a dnaX+ purE donor and used to transduce
a dnaXts purE* recipient to dnaX+t. The dnaX* transductants then were
screened for purE. dnaX and purE are 5.3% co-transducible (Table 2, average of
data in crosses 4 and 5), which corresponds to a map distance of 1.3 min (Wu
1966). purE and dnaY are 47% co-transducible (Table 2, cross 6) or 0.44 min
apart.

{dnaX) dnaY

¢4 lac  proC tsx dnaz urE o3 /7 /
M 3p3 Il L + T \l T el r( 4p4 T I'p ;':l g"’ T
8 9 to 1l P i 14 17
F13 : LI
98.9 o 1198.9
7290.2 i
F210 i
0 35.8
Fi52 - 4

Ficure 1.—Map of the lac-gal region of the E. coli chromosome (top; numbers refer to
minutes) and of the bacterial sequences on F plasmids (numbers refer io kilobase pairs). The
exact position of dnaX relative to dnaZ is unknown. Data taken from Bacmmann, Low and
Tayror (1976) and Hu, OrTsuso and Davipson (1975). Not drawn to scale.
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dnaX is located between sz and purE (Figure 1). This was proved by cross 5
(Table 2), which demonstrated that drnaX is co-transducible with both zsz, located
atmin 9, and purkE. tsx and dnaX are about 1.5 min apart (1.3% co-transducible
by P1). dnaX is located near min 10.4-10.5, very near dnaZ.

The sequence of genes is dnaX purE dnaY (Figure 1) because the P1 trans-
duction data prove that dnaX and dnaY must be on opposite sides of purE. purE+
transductants that were ts and were prepared from P1 grown on a dnaXts purE*
dnaYts donor were almost always (215 out of 216 tested) either dnaXts purE*
or purE+ dnaYts (Table 2, cross 1 and similar, additional experimenis). Only 1
of the 216 such transductants carried both the drnaXts and Yts markers (Table 2,
cross 3). Had dnaY been located between dnaX and purE, most dnaXts purE+
transductants would have been dnaXts dnaYts purE*. Inasmuch as dnal is
0.44 min from purE, dnaY must be near min 12.1 on the standard map.

Episome mapping: The dnaXts and dnaYts mutations are both recessive
because they are complemented by the presence of their respective Ts* alleles.
F13 contains both dneX+ and Y+. All F13/GM36 dnaXts partial diploid strains
were Ts+; all F13/GM10 dnaYts strains were Tst. On the other hand, F210
carries dna¥*, but not dneX+. All F210/GM36 dnaXts strains were ts, but
F210/GM10 dnaYts strains were Tst. F152 did not complement either mutation
(Figure 1). All Ts* partial diploid strains, when cured of the episome by growth
in acridine orange, became ts.

Mapping with specialized )\ transducing phages: WaLkEeR, HEnsoN and LEE
(1977) described plaque-forming phages that carry the dnaZ+ allele. These
phages were isolated from a AcI857 lysogen in which the prophage occupies a
secondary attachment site near purE. Also isolated were defective AdnaZ+ and
defective ApurE+ phages (Inwin and WaLKER, unpublished data). Both the
defective and nondefective AdnaZ+ phages formed with very low frequency
[2 X 10 per plaque-forming unit (PFU)] and probably resulted from two
events, such as a deletion followed by aberrant excision. Although all the ApurE+
phages are defective, they form at a frequency of about 1 X 10~ per PFU and
presumably result from only one genetic event, i.e., aberrant excision.

The use of these phages to complement drnaX and Y confirmed that draX and
Y are separate and also indicated that dnaX is a gene distinguishable from dnaZ
(Table 3). All six AdnaZ* phages transduced Ts* to a recA+ dnaZts (AX727)
and to a recA dnaZts (JH727) recipient with comparable frequencies, which
suggests that a complete dnaZ+ allele is carried by these phages. Of the six
AdnaZ+ phages, four carry dnaX+, but two (AdnaZ*14 and AdnaZ+38) do not.
This finding indicates the dnaX gene is separate and distinct from the dnaZ
gene. The ApurE* phages carry dna¥+, but not X+ or Z+*. One phage
(AdnaZ+20) was very unusual because it carried dnaX+, ¥+ and Z*+. An
alternative explanation is that it suppresses the dna¥ts mutation by an indirect
mechanism rather than carrying all three wild-type genes.

Presence of dnaX and Y on synthetic Col E1 hybrid plasmids: CLarkE and
CarBon (1976) described the construction of a bank of clones containing Col E1
hybrid plasmids carrying E. coli chromosome segments. Several of these hybrid
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TABLE 3

Transduction® by specialized M transducing phages

Recipient.:t

GM36 AX727 JH727 S$9080 GM10
Phaget dnaXts dnaZts recA dnaZts purE dna¥ts
AdnaZ+18
AdnaZ+20

NnaZ+6
MnaZ+11
MnaZ+14
AdnaZ+38 —
ApurE+11§

| ++++

| ++++++

| ++++++
[l

P+

+ |
+ |

I

* -, positive transduction; —, no transduction.

+ Phages were present in lysates with A+ helper, except AdnaZ+ 18, which is plaque-forming.
Phages were named for the selection used to isolate them.

1 All recipients were A+ lysogens.

§ Eight additional, independently isolated phages were genetically identical to ApurE+11.

plasmids carry the dnaZ gene (CLARKE and CarBoN 1976). The colony bank was
screened by replica plating onto recipients that were dnaXts or Yts to determine
if any plasmids carry these genes. Complementation of a draZts recipient also
was tested. Six plasmids carried the wild-type dnaZ gene, but only four of these
carry dnaXt (Table 4). Another plasmid, pLC75, carries drnaX *, but not dnaZ+.
These data corroborate the conclusion that dnaX+ and dnaZ+ are separate genes.
In addition, one plasmid covers the purE region and three cover the dnaY region.

DNA synthesis inhibition at nonpermissive temperatures: To determine the
pattern of growth, cell division, and macromolecular synthesis at nonpermissive
temperatures, cultures of thymine-requiring dnaXts and Yts mutants were
shifted from 30° to 42° or 44°, These measurements were made in YET medium
without added NaCl because of the suppression of dnaXts36 by as little as 0.25%
added NaCl.

The temperature sensitivity of the dnaXts mutant (strain JH36) resulted from

TABLE 4
Complementation of dnaX, Y and Z by hybrid plasmids

Recipient
GM36 AX727 S9080 GM10

pLC dnaXts dnaZts purE dnaYts
75

6-2
30-3
30-4
30-23
10-24
10-26

8-25
221
22-2 —
22-8 —

| +++++
|
I

I
I

I

| ++++++ 1
I
I

I
|

I
I

I
|
o+ |
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a defect in DNA synthesis because, at 42°, DNA synthesis was inhibited, but
RNA synthesis and growth continued (Figure 2). Residual DNA synthesis con-
tinued for about two hours, during which time there was a two-fold increase in
amount of DNA. Why the residual synthesis took place in two steps in unclear.
When the total amount of DNA was measured by the diphenylamine reaction,
the residual synthesis was 1.8-fold (data not shown), confirming the experiment
based on radioactive thymine incorporation. RNA synthesis and growth (meas-
ured by absorbance) proceeded faster at 42° than at 30° for about one hour; they
then gradually slowed, but did not stop. After four hours, RNA had increased
eight-fold and mass 13-fold. Ceil division stopped gradually, also in a two-step
process.

At 44°, the specificity of the defect in the draXts mutant for DNA synthesis
was dramatically demonstrated. DNA synthesis rate dropped immediately and
the total increment was only 10%, of the initial amount. RNA and mass increased
by 500 and 7009%, respectively, and residual cell division resulted in a doubling
of cell number.

Relative Amount

Hours

Ficure 2.—DNA (A), RNA (B), cell number (C), and mass (D) increase in the dnaXtis
mutant JH36 during incubation at 30° (open symbols), 42° (half-closed symbols), and 44°
(closed symbols). (A) Relative amount 1 represents 4,000 cpm per ml TCA-insoluble [*H]-
thymine, (B) 4,700 cpm per ml TCA-insoluble [3H]Juracil, (C) 4 X 107 cells per ml (D) 0.07
A, ,,. The medium was YET with no added NaCl.
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The gradual inhibition of DNA synthesis at 42° indicated that the dnaXts36
mutation is leaky and made it impossible to determine if dnaX is involved in
polymerization or initiation of replication. However, the pattern of inhibition of
DNA synthesis at 44° includes an immediate decrease in rate of synthesis and a
limited residual increase of only 109, the initial amount. These data are con-
sistent with the conclusion that dneX participates in polymerization, or perhaps
in both initiation and polymerization of DNA.

Cultures of the dnaYts mutant were shifted to 42° or 44° for measurement of
growth and macromolecular synthesis. At high temperature, DNA synthesis was
specifically inhibited (Figure 3). At 42°, DNA synthesis was inhibited after
three hours of incubation and the total amount of DNA increased by a factor of
3.6. Measurement of residual DNA synthesis by diphenylamine indicated a 3.5-
fold increase in amount (data not shown). RNA and absorbance increased by
factors of eight and seven, respectively. Cell division was gradually inhibited and
the residual increase was five-fold. At 44°, DNA synthesis rate dropped immedi-
ately in the dna¥ts mutant and the total increase was two-fold; RNA and mass

T T — 1 T T T T T
A B

10 | b
= L 4
o }
o
E
< | f)
<4 —+— + —+ +
Z
_‘é C D
s | 4 -
x

Hours

Ficure 3.—(A) DNA, (B) RNA, (C) cell number, (D) mass increase in the dna¥ts mutant
JH10 during incubation at 30° (open symbols), 42° (half-closed symbols), and 44° (closed
symbols). (A) Relative amount 1 represents 3,700 cpm per ml TCA-insoluble [3H]thymine,
(B) 4,000 cpm per ml TCA-insoluble [3H]uracil, (C) 3.7 X 107 cells per ml, (D) 0.076 A;,,.
The medium was YET with no added NaCl.
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increased 4.6- and four-fold. Cell number increased only 309 and was not
measured after lysis began at two hours.

The residual DNA increases of 3.5- and two-fold at 42° and 44° resulted pre-
sumably from leakiness of the dnaYts10 mutation. Perhaps the drnaYts10 product
is inactivated slowly at these temperatures, or the functional dnaY product exist-
ing at the time of the temperature shift is diluted out by growth. This leakiness
makes it impossible to determine from physiological experiments if dnaY has a
polymerization or initiation function, although the immediate decrease in rate of
synthesis at 44° suggests a polymerization defect.

Although many wild-type K12 strains did not grow well at 42° in YET medium
with no added NaCl, the parental strain JH241, as well as revertants of JH10 and
JH36, continued growth, macromolecular synthesis and cell division at 42° and
44° (data not shown).

Addition of 0.25% NaCl to YET broth completely suppressed the draXts muta-
tion and partially suppressed the dnaY mutation. When the thymine-requiring
dnaYts10 strain, JH10, was shifted from 30° to 42° in YET medium with 0.259%,
NaCl, the amount of DNA increased five-fold and mass increased 15-fold over a
3.5 hour period (data not shown).

dnaXts dnaYts double mutants are more severely inhibited in DNA synthesis
at 42° than is either single mutant: Although the residual DNA synthesis at 42°
in dnaXts and Yts mutants amounted to two- and 3.5-fold increases, respectively,
dnaXts dnaYts double mutants synthesized increments of DNA of only 20 to
30%. Two such double mutants exist, strain SG133 (SevastorouLos, WeHR and
Graser 1977) and JH1, a derivative of strain S9080. Residual DNA synthesis in
strain SG133 at 42° was 25 to 309, of the initial amount, but mass increased to
four times the mitial amount (data not shown). In strain JH1, the residual DNA
synthesis and mass increases were 109, and 3009 of the initial amount (data
not shown). In both cases, residual DNA synthesis was measured at 42° in YET
medium with 0.259 NaCl because the parental strains of these organisms did
not grow well at 42° in YET medium with no added NaCl. Unfortunately, iso-
genic strains that carry each one of the ts mutations are not available for com-
parison to strain SG133 or JH1. A dnaXts derivative of strain S9080 was not
detectable because the obligatory addition of NaCl to the medium suppressed the
mutation. A dnaYts transductant of strain S9080 (Table 2, cross 2) synthesized
a 2.5-fold increment of DNA over the initial amount at 42° in YET broth plus
0.259, NaCl (data not shown).

DNA synthesis in vitro in toluene-treated cells: DNA synthesis in toluene-
treated cells depends on polymerization at existing replication forks (Burcer
1971). This procedure can be used to distinguish between defects in polymeriza-
tion or initiation at the replication origin. Replicative synthesis was inhibited at
42° in a polymerization mutant, but proceeded at 42° in a ts initiation mutant
until replication cycles in progress were completed (Morpox, Hirora and JacoB
1970).

A culture of the dnaXts mutant GM36 was grown at 30°, toluene-treated and
assayed for DNA synthesis at 30° and 42° in the presence and absence of ATP.
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By subtracting the level of repair synthesis (ATP-independent) from the level
of synthesis in the presence of ATP, the extent of replicative synthesis can be
determined (Moses and RicHarpsoNn 1970). DNA synthesis in the toluene-
treated dnaXts cells at 42° was even more sensitive than in living cells in culture
(Figure 4). Replicative DNA synthesis was completely inhibited at 42° and was
partially inhibited even at 30°. These results with permeabilized cells indicated
that dnaX is involved in polymerization and corroborate the conclusion drawn
from in vivo measurements. For comparison, replicative DNA synthesis in
toluene-treated cells of the wild-type strain GM241 was stable at 30° and 42°
(Figure 5). Synthesis proceeded for at least 45 minutes at 42°, even after the
cells had been “pre-incubated” at 42°.

Replicative DNA synthesis also was temperature sensitive in toluene-treated
dnaYts cells. Cells were grown at 30°, toluene-treated and assayed at 30° and
42° (Figure 6A, B). At 30°, replicative synthesis was normal. At 42°, replicative
synthesis proceeded initially, but repair synthesis was stimulated. The initial
replicative synthesis became temperature sensitive and was inhibited after 20
minutes, as determined by subtracting the synthesis due to repair from the total
synthesis curve (Figure 6B). The replicative synthesis that occurred during the
first 20 minutes at 42° was eliminated by “pre-incubation” of cells at 42° before
toluene treatment and assay (Figure 6C). The inhibition of replicative synthesis
after 20 minutes of incubation at 42° was demonstrated by a second procedure
(Figure 6D). Cells were grown at 30°, toluene-treated and added to an assay
mixture containing no [*H]thymidine triphosphate; after 20 minutes, the
labeled precursor was added. There was little, if any, replicative synthesis. These

34 TMP Incorporation /0. mi{X10-3)

o 20 40 O 20 40

Minutes

Ficure 4—Total (O) and repair (@) DNA synthesis in toluene-treated cells of strain
GM36 (draXts). A culture was grown at 30° in YET broth with no added NaCl, toluene-treated,
and divided into two portions: (A) assay at 30°; (B) assay at 42°. “Total” synthesis was meas-
ured in the presence of ATP and includes replicative and ATP-independent repair synthesis.
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34 TMP Incorporation/0.ImI {X1073)

Minutes

Ficure 5.—Total () and repair (@) DNA synthesis in toluene-treated cells of wild-type
strain GM241. A culture was grown in YET broth with no added NaCl at 30°, toluene-treated,
and divided into two portions: (A) assay at 30°; (B) assay at 42°. (C) A second culture was
grown at 30°, shifted to 42° for two hours’ incubation, toluene-treated and assayed at 42°.

TABLE 5

Growth of N in dnaXts and Yis mutants

Pre-incubation  Progeny yield (PFU/input phage) Ratio

Host at 42° 30° 41° 42° 41°/30°  42°/30°
GM241 dnaX + dna¥ + no* 120 160 33 1.3 025
GM36 dnaXts no* 110 110 13 1.0 0.08
GM10 dra¥ts no* 230 70 2.9 0.3 0.01
GM244 yest 240 250 23 1.04 0.095
GM36 yest 260 50 20 019  0.076
GM10 vest 120 30 0.83 025  0.0069

* Cultures were grown in YET broth plus 0.001 m MgSO,, but with no added NaCl, to about
5 X 108 cells per ml, infected with AcI857 at an MOI of 0.1 (five min adsorption period), and
diluted 1:200 in the same medium at 30, 41, or 42°. Incubation was continued for two hr, after
which chloroform was added and the progeny titered on strain GM241 at 37°.

+ Cultures were grown as above to about 2 X 108 cell per ml, shifted to 42° for 90 min, infected
with AcI857 at 42° at an MOI of 0.1 (five min adsorption period), and diluted 1:200 in the same
medium at 30, 41, or 42°. Progeny were titered as above.
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34 TMP Incorporation/O.Iml (XI0™3)

1
40 ©
Minutes
Ficure 6.—Total (O) and repair (@) DNA synthesis in toluene-treated cells of strain
GM10 (dnaYts). A culture was grown in YET broth with no added NaCl at 30°, toluene-
treated, and divided into two portions: (A) assay at 30°; (B) assay at 42°. In (B), the dashed
curve represents replicative synthesis, i.e., total synthesis minus repair synthesis. (C) A second
culture was grown at 30°, “pre-incubated” at 42° for two hours, toluene-treated, and assayed
at 42°. (D) A third culture was grown at 30°, toluene-treated, and added to an assay mixture
complete with the exception that only unlabelled thymidine triphosphate was present. After 20
minutes, [3H]thymidine triphosphate was added at the same specific activity as in other assays.

results are consistent with the interpretation that the dnaY product functions in
polymerization.

In the case of both dnaX and Y mutants, these experiments with toluene-
treated cells rule out the possibility that inhibition of DNA synthesis at high
temperature is an indirect effect of precursor limitation, as would be expected if
dnaX or Y were involved in precursor synthesis.

Growth of phage ) requires the dnaY product: Phage A growth was only
slightly restricted in a dnaXts mutant at the nonpermissive condition, but was
more inhibited at high temperature in a dnaY¥'ts host. Cultures of wild-type and
mutant strains were grown and infected at 30° and portions were then shifted
to 41° and 42°. After two hours of incubation, progeny phage were titered. In
medium without added NaCl, A yield at 42°, even in the wild-type host, was
reduced to about 259 of the yield at 30°. At 42°, the dnaXts host produced about
one-third the wild-type yield, but the drna¥ts mutant produced only about one-
tenth the wild-type yield (Table5).

When the hosts were pre-incubated at the nonpermissive temperatures and
then infected, the dnaXts host supported about the same degree of A growth as
did the wild-type strain. However, the dnaYts host was limited in its ability to
support A growth and produced less than one progeny per infecting phage under
these conditions.
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The dnaX function, thought to be required for polymerization of the E. coli
chromosome on the basis of experiments in vivo and in toluene-treated cells,
apparenily is not required for A DNA polymerization. The dnaY mutant, appar-
ently leaky in DNA synthesis at 42° and 44° in vivo but deficient in polymeri-
zation in toluene-treated cells, did not support A growth. This finding suggests that
dnaY functions in polymerization of DNA because all the known dnats mutants
that do not support A growth (dnaB, E, G, and Z) are polymerization-defective
strains (WicknNER 1978). Growth of phage M13 also requires the product of
dnaY , but apparently not the product of dnaX (data not shown).

DISCUSSION

The dnaX and Y genes have been identified by separating two ts mutations
from a mutant isolated by Sevastorouros, WeHr and Graser (1977) after
nitrosoguanidine mutagenesis. Both the ts mutations specifically cause defects in
DNA synthesis as shown by the preferential inhibition of DNA synthesis at the
nonpermissive temperature.

The dnaX gene is co-transducible with zsx and purE and is located near min
10.4-10.5, very near dnaZ (min 10.5). The genetic evidence that dnaX is a gene
separate and distinct from the previously described drnaZ gene (Fivip et al. 1974)
is based on transduction by AdnaZ+ phages and complementation by hybrid
plasmids. Of six A phages that carry a complete dnaZ+ gene, only four trans-
duced a dnaXts recipient to Ts*. In addition, two Col E1 hybrid plasmids were
found to carry dnaZ*, but not dnaX*, and one hybrid plasmid was discovered
to carry dnaX+, but not dnaZ+.

Based on P1 transduction data, dnaY has been located at min 12.1 on the
clockwise side of purE. A possible sequence of the dnaX dnaZ purE and dnaY
genes is shown in Figure 1, although the relative positions of dnaX and Z are
not proved. The position of dnaX relative to other genes in this area (popA, plsA)
is also unknown. The AdnaZ phages cannot at this time be used to provide an
unequivocal map of this region because they are thought to have been formed by
two genetic events (WaLxer, HEnsoN and Lee 1977).

It is possible to explain all the results presented here by assuming that the
SevastorouLos, WeHR and Graser 1977) mutant strain SG133 (dnaXts purE+
dnaYts) carries only the two mutations dnaXts and Yts and that the strains
GM36 (dnaXts) and GM10 (dnaY1s) each contain only one mutation. However,
it is also possible that strain SG133 carries three or more mutations and that
there might be two (or more) mutations in either strain GM36 or GM10.

We also considered the possibility that the parental strain used by Sevasto-
pouros, WEHR and Graser (1977), DG17, might have carried either the dnaXts
or the Yts mutations and that the mutation might not previously have been
recognized because of its suppression by NaCl in culture media. However, this
possibility was tested and strain DG17 does not harbor either of these mutations
(data not shown).
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The dnaXts36 mutant is leaky at 42° and is suppressed by as little as 0.25%,
NaCl added to the enriched medium YET. However, DNA synthesis rate dropped
immediately upon a shift to 44°, and residual DNA synthesis was only 10%
more than the amount present at the time of the shift. The interpretation that
dnaX is a polymerization gene is supported by the finding that DNA synthesis
in toluene-treated dnaXts cells is temperature-sensitive, without the need for
“pre-incubation”.

The dna¥ts10 mutant was leaky at 42° and 44° and was partially suppressed
by adding NaCl to the medium. The dnaY product probably functions during
polymerization because DNA synthesis in toluene-treated cells became temper-
ature sensitive within 20 minutes of being incubated at 42°.

If dnaX and Y products function in polymerization, what might be their
specific roles? Wickner and Hurwrirz (1976) reported that primed single
strands of DNA supported polymerization on the addition of only four separately
purified proteins—DNA polymerase III (the product of dnak), the dnaZ gene
protein, and Elongation Factors I and III. These Elongation Factors were purified
from wild-type cell extracts, and the structural genes for these proteins are
unknown. The dnaY product (required for A and M13 growth) could correspond
to one of the Elongation Factors. It seems unlikely that dnaX codes for one of the
Elongation Factors because no requirements for dnaX could be demonstrated for
M13 growth in vivo. However, the participation of dnaX in A and M13 replica-
tion in vivo might not have been detected in the drnaXts36 mutant because of
leakiness or because NaCl suppressed the ts defect of this mutant.

McHEenrY and Korneere (1977) prepared a DNA polymerase holoenzyme
that contained six (or more) proteins. The dnaX and Y genes could correspond
to any of the four proteins for which genes are unknown. Another possibility is
that dnaX codes for a product, as yet biochemically undefined, that is required
for E. coli, but not A or M13 replication. Finally, it should be pointed out that,
although A and M13 growth is inhibited in the dnaYts mutant, it has not been
proved that the growth inhibition is due to a defect in DNA synthesis. If the
growth inhibition did reflect replication inhibition, the stage(s) of A and M13
replication that requires the dnaY function is not known.

An interesting aspect of the dneX and Y mutants is that double mutants
(dnaXts dna¥ts) were inhibited in DNA synthesis at 42° to a greater extent
than either single mutant. This suggests that X and Y function in different
reactions. Alternatively, X and Y products might function as a complex in vivo,
the complex of Xts and Y'ts products being even more unstable than a complex
of wild-type and ts subunits.
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