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A New Bacterial Gene (groPC) which Affects 2 DNA Replication 

C.P. Georgopoulos* 
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Summary. A bacterial mutation affecting 2 DNA rep- 
lication, called groPC756, has been mapped between 
the thr and leu bacterial loci. Most of the parental 
2 DNA does not undergo even one round of replica- 
tion in this host. Lambda mutants, called ~z, which 
map in the 2 P gene are able to overcome the inhib- 
itory effect of the groPC756 mutation. It is shown 
that the mutation at the groPC locus also interferes 
with bactelial growth at 42 ° C. A A-transducing phage, 
carrying the groPC + allele, was isolated as a plaque- 
former on groPC756 bacteria. Upon lysogenization, 
it restores both the gro + and temperature resistant 
phenotypes. 

Introduction 

Successful DNA replication of bacteriophage 2 in Es- 
cherichia coli requires both phage and bacterial gene 
functions. The products of genes O and P are the 
only 2 genes known to be required for 2 DNA replica- 
tion; mutants defective in either gene are unable to 
carry out even one round of DNA replication (Joyner 
et al., 1966; Ogawa and Tomizawa, 1968). It has been 
suggested that genes O and P code for an endonucleo- 
lytic nicking activity (Shuster and Weissbach, 1969), 
that their products interact to form a complex (Tomi- 
zawa, 1971) and that they are both needed for the 
synthesis of a small RNA transcript, called oop, impli- 
cated in the initiation of 2 DNA synthesis (Hayes 
and Szybalski, 1973). Among the dna gene products 
necessary for E. coli DNA replication those of dnaB, 
dnaE, dnaG and dnaZ are required for 2 DNA replica- 
tion (Hirota et al., 1968; Kohiyama, 1968; Fangman 
and Feiss, 1969 ; Gross, 1972; Shizuya and Richard- 
son, 1974; Walker et al., 1976). 
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We have previously reported the isolation and par- 
tial characterization of a class of bacterial mutants, 
called groP, which appear to block phage 2 develop- 
ment at the step of 2 DNA synthesis (Georgopoulos 
and Herskowitz, 1971). The majority of these mutants 
have been shown to map near malB and appear to 
be located in the dnaB locus of E. coli (Herskowitz, 
Georgopoulos and K/ihnlein, manuscript in prepara- 
tion; d'Ari et al., 1975). Here, I report on the charac- 
terization of another class of groP mutants, ex- 
emplified by groPC756, which appear distinct from 
those which map in dnaB. A bacterial mutant, called 
groPC2 59, which blocks both 2 DNA replication and 
P2 phage propagation and maps very near groPC756 
is reported in this issue by Sunshine et al. Saito and 
Uchida (J. molec. Biol. in press and personal commu- 
nication) have recently reported the isolation of new 
bacterial mutants which affect 2 DNA replication. 
One class of these mutants maps in the same position 
as groPC756. 

Methods and Materials 

Bacterial and Phage Strains. Most of the bacterial and phage strains 
used in this study have been described before (Georgopoulos, 1971 ; 
Georgopoulos and Herskowitz, 1971). LC462 serB thy, LC37 C600 
leu thr, LC302 F-  leu purE trp his metA argG proC araB lac 
xyl mtlgal and LC164 gal-/F'gal + were provided by Lucien Caro. 

A pool of 2imm zl phage no. 540 carrying various restriction 
fragments ofE. coli DNA (prepared by cleaving both phage no. 540 
and E. coli DNAs by the R.HindIII restriction enzyme, annealing 
the fragments with ligase and selecting for plaque forming units) 
was kindly provided by Ken Murray (Murray and Murray, 1975). 

Media, Bacterial and Phage Platings were as previously described 
(Georgopoulosl 1971 ; Georgopoulos and Herskowitz, 1971). 

Isolation ofgroPC756. The isolation of the bactenal mutant B178 
groPC756 which is unable to propagate lambdoid phages has previ- 
ously been described (Georgopoulos and Herskowitz, 1971). 
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Transductions by Phage PI, F" strain Construction and Bacterial 
Matings were carried out as described by Miller (1972). 

Preparation of 2 Phage Carrying BudR-substituted, 14C-labeled 
DNA. A culture of C600 thy (2immXcI857Sam7) was grown at 
30 ° in M9 medium (Champe and Benzer, 1962) supplemented with 
0.2% casamino acids, 0.2% glucose and 20 gg/ml thymine to about 
2x108 cells/ml. The culture was washed twice with unsup- 
plemented M9 medium. After a period of 10 rain of thymine starva- 
tion at 30°C, BudR and 14C-TdR were added at 20 pg/ml and 
0.5 gg/ml (10 pC/ml) respectively. The culture was kept at 42°C 
for ten minutes and then shifted to 37°C for an additional two 
hours. The cells were collected by centrifugation and lysed with 
chloroform. After a five minutes centrifugation at 10,000 g to re- 
move bacterial debris, the supernatant was treated with 5 )ag/ml 
of Dnase I for 10min at 37°C. Phage was purified first in a 
CsC1 block gradient followed by two CsC1 equilibrium centrifuga- 
tions, 

Density Shift Experiment. B178 gro + and B178 groPC756 bacteria 
growing exponentially in Tryptone broth were centrifuged and 
concentrated in 10 z M MgSO 4 at 2 x 109 cells/ml. BudR-substi- 
tuted, 14C-labeled phage, prepared as described above, was added 
at a multiplicity of 0.5 phage per cell. Unadsorbed phage were 
removed by centrifugation, the infected cells were resuspended in 
prewarmed Tryptone broth at 1 x 108 cells/ml and shaken at 38.5°C 
for thirty minutes. The infected cells were collected by centrifuga- 
tion and total DNA was extracted by the lysozyme-SDS proce- 
dure described by Bode and Kaiser (1965). A solution of saturated 
CsC1 was used to adjust the density of the DNA preparations 
to approximately 1.745 g/ml followed by centrifugation in a Ti50 
rotor at 38,000 rpm for 24 h. Each gradient was collected from 
the bottom into fity fractions and every other fraction was counted. 

Results 

Characterization of  groP756. GroP756 (previously  de- 
s ignated groPAB756, G e o r g o p o u l o s  and  Herskowi tz ,  
1971) belongs  to the groP class of  bac ter ia l  mutan t s  
which were i so la ted  as large co lony  formers  in the 
presence o f  phage  2imm~cIh ~ and ~imm434cIh T M  

( G e o r g o p o u l o s ,  1971 ; G e o r g o p o u l o s  and  Herskowi tz ,  
1971). I t  does no t  a l low the p r o p a g a t i o n  o f  mos t  
l a m b d o i d  phages  (except  424) but  does a l low the 
g rowth  of  n o n - l a m b d o i d  he te ro logous  phages  (such 
as P1, T4, T5, etc.). The  b lock  exer ted  by  groPC756 
bacter ia  on 2 g rowth  had  prev ious ly  been shown to 
be pas t  the steps of  phage  adso rp t i on  and  D N A  pen- 
e t ra t ion  into  the cell cy top l a sm and  mos t  p r o b a b l y  
at  the level of  phage  D N A  repl icat ion.  This  was done  
in an indirect  way by  measur ing  the ra t io  of  parenta l ,  
P l - m o d i f i e d ,  D N A  st rands  to newly synthesized,  P1- 
unmod i f i ed  D N A  s t rands  in the  phage  p rogeny  
( G e o r g o p o u l o s  and  Herskowi tz ,  1971). A more  direct  
exper iment  which  shows tha t  phage  2 D N A  repl ica-  
t ion  is indeed  b locked  on groPC756 bacter ia  is shown 
in F igure  1. gro + and  groPC756 bacter ia  were infected 
with Z phage  whose D N A  was doub ly  labe led  with 
14C- and  BudR.  Af te r  minutes  at  38.5°C to ta l  D N A  
was ex t rac ted  f rom the infected cells and  b a n d e d  in 
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Fig. 1. CsCI equilibrium density centrifugation of DNA extracted 
from B178 gro + -o-o  and - o - o  B178 groPC756 bacteria 
infected at 38.5 ° C for thirty minutes in Tryptone broth with 2irnm ~- 
ci857Sam7 phage carrying BudR-substituted, 14C-labeled DNA. 
The positions of the two peaks correspond to densities of 1.7903 
for that of the heavy fraction and 1.7474 for that of the hybrid 
fraction 

a CsC1 equ i l ib r ium gradient .  I f  the pa ren ta l  phage  
D N A  repl icates  even once dur ing  the t ime o f  infect ion 
one wou ld  expect  to f ind the rad ioac t iv i ty  at  the posi-  
t ion  of  D N A  with hybr id  density.  This  was indeed 
found  to be the  case dur ing  infect ion o f  the gro + 
paren ta l  strain.  Over  eighty-five percent  of  the ra- 
d ioac t iv i ty  was found  at  the  pos i t ion  o f  hybr id  densi ty  
D N A  (Fig.  1). The  oppos i te  resul t  was found  dur ing  
infect ion of  groPC756 with over  seventy percent  of  
the rad ioac t iv i ty  assoc ia ted  with  the  heavy, pa ren ta l  
D N A  molecules .  This  result  suggests tha t  the ma jo r i ty  
o f  the pa ren ta l  2 D N A  molecules  d id  no t  even un- 
dergo  a single r o u n d  of  D N A  repl ica t ion  on 
groPC756 bac te r ia  dur ing  the t ime o f  infection.  

Phage Mutants (=) which Plate on groPC756. A n o t h e r  
indi rec t  obse rva t ion  which suggested tha t  2 D N A  rep- 
l ica t ion is affected on groP hosts  was the i so la t ion  
o f  2 phage  mu ta n t s  which m a p p e d  in or  a r o u n d  gene 
P and  could  overcome the b lock  exer ted  by  the host.  
These phage  mutan ts ,  cal led =, were used to a rb i t ra -  
rily d ivide  our  groP muta n t s  into two classes, groPA 
and  groPB ( G e o r g o p o u l o s  and  Herskowi tz ,  1971). 
L a m b d a  mu ta n t s  cal led =A, i so la ted  as p laque-for -  
mers  on  groPA hosts  were unab le  to p ropaga t e  on 
groPB bacter ia .  The  reverse p h e n o m e n o n  was not  
true,  inasmuch  as l a m b d a  mu ta n t s  cal led =B, i so la ted  
on groPB hosts,  were able  to pla te  on all  groP bacter ia  
(Table  1). The  except ion  to this rule was found  to 
be groPC756 (and hence the  reason  why it was origi-  
nal ly  cal led groPAB756) i nasmuch  as fifteen percent  
(15/100) of  the = mu tan t s  i so la ted  on  this host  p l a t ed  
on groPB558 bac te r ia  whereas  n inety-nine  percent  
(99/100) p l a t ed  on groPA15 and  only five percent  
(5/100) p la ted  on  groPC259 bac te r ia  (Sunshine et al., 
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Table 1. Efficiency of plating a of 2~ mutants 

37 

Bacterial strain 2cI )~cI~A1 b 2cI~zB1 b 2clnC2 ~ 2chzC3 c 2clgC4 o 

C600 gro + 1.0 1.0 1.0 1.0 1.0 1.0 
C600 groPC756 2.2 x 10 -6 1.5 x 10 -3 1.0 0.38 0.63 0.32 
C600 groPAl5 7.1 x 10 -6 0.75 1.0 0.05 1.25 1.0 
B178groPB558 <5x10 -8 1.0x 10 -7 0.45 1.5x I0 -7 <5x10 -a 0.28 

a Efficiency of plating denotes the number of plaques produced by a phage strata on a given bacterial host at 37 ° C relative to the 
number on B178 gro ÷ bacteria 
b 2cI~zA1 was isolated as a plaque-former on groPA15 was 2clTrBl was isolated as a plaque-former on groPB558 (Georgopoulos 
and Herskowitz, 1971) 
c Isolated as plaque formers on groPC756 

Table2. P1 transduction studies with groPC756 

Donor Recipient Selected Markers Unselected Markers Frequency 

1. thr+-leu~-groPC756 thr-leu-gro + (LC37) thr + groPC756 129/250 
gro+ 121/250 

leu + groPC756 3/304 
gro + 301/304 

thr + leu + proPC756 78/97 
gro + 19/97 

2. serB+ thr groPC756 serB-thr+ gro + (LC462) serB + thr+ groPC756 5/103 
thr-gro PC7 56 25/103 
thr + gro + 46/103 
thr-gro 27/103 

3. Suggested Genetic order: ser B thr groPC756 leu 

this issue). The  p la t ing  p roper t i e s  o f  5 typical  2 rc 
mu tan t s  are  given in Table  1. In  our  previous  publ ica-  
t ion,  we r e p o r t e d  tha t  a var ie ty  o f  Pare mutan t s  can 
p la te  on groPA15su+II  bac te r ia  ( G e o r g o p o u l o s  and 
Herskowi tz ,  1971). N o n e  o f  these Pare mutan t s  was 
found  able  to p la te  on  groPC756su÷II .  

Mapping o f  groPC756.  The  ma jo r i t y  of  the g r o P A  
and  groPB mutan t s  in our  co l lec t ion  which have been 
m a p p e d  were shown to be a p p r o x i m a t e l y  sixty percent  
co - t r ansduc ib le  by  phage  P1 with malB and  appea r  
to be loca ted  in the  dnaB locus of  E. coli (Herskowi tz ,  
G e o r g o p o u l o s  and  Kt ihnle in ,  manusc r i p t  in p repa ra -  
t ion ;  d ' A r i  et al., 1975). GroPC756 was the only  groP 
m u t a n t  m a p p e d  which d id  not  co - t ransduce  with 
malB. The a p p r o x i m a t e  m a p  loca t ion  o f  groPC756 
was de t e rmined  as fo l lows:  the s t ra in  B178groPC- 
756ga l - /F 'ga l  + was cons t ruc ted  and  m a t e d  with 
LC102, a mul t ip le  a u x o t r o p h i c  female  strain.  Recom-  
b inan t  c lones for  var ious  bac ter ia l  ma rke r s  were 
scored for  possess ion  o f  the groP phenotype .  It was 
f o u n d  tha t  the  groP charac te r  was co- t rans fe rab le  at 
a high f requency with the leu locus. M o r e  precise 
m a p p i n g  by  P1 t r an sduc t i on  showed groPC756 to 
be a b o u t  fifty percen t  co - t ransduc ib le  with thr. Two-  
and  th ree- fac tor  crosses,  as those  r epo r t ed  in Table  2, 

es tab l i shed  the genetic o rde r  s e r B -  t h r - g r o P C 7 5 6 -  
leu. F r o m  this genet ic  analysis  it appea r s  that  the 
locus def ined by groPC756 is dist inct  f rom the 
dnaC(D) locus of  E. coli which maps  to the left of  
serB. 

Bacterial Phenotype o f  the groPC756 Mutation.  
GroPC756 bac te r ia  were i sola ted  at  30°C on the basis  
of  their  ab i l i ty  to p r o p a g a t e  in the presence of  l amb-  
do id  phages  (Georgopou los ,  1971). In  spite  of  the 
fact tha t  no o ther  select ion was exerted,  af ter  subse- 
quent  test ing it was found  tha t  the groPC756 bac te r ia  
were unable  to fo rm colonies  at 42 ° C. F igure  2 shows 
the effect o f  a t empera tu re  shift (30 ° to 43°C) on 
the g rowth  o f  groPC756 bacter ia .  I t  can be seen that  
after a b o u t  two doubl ings  at  the high t empera tu re  
the bac ter ia l  cul ture  s tops growing as j u d g e d  bo th  
by  viable  coun t  measurement s  and  increase in the 
opt ica l  density.  P re l iminary  exper iments  suggest that  
at  the t ime of  arrest  o f  cell d ivis ion the rate  o f  D N A  
synthesis  declines faster  than  the rate  o f  R N A  syn- 
thesis (Geo rgopou los ,  unpub l i shed  data).  

The groPC756 Mutat ion is Responsible f o r  the Bacte- 
rial Temperature Sensitive Phenotype.  In o rder  to 
p rove  tha t  the bac ter ia l  t empe ra tu r e  sensi t ivi ty o f  
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Fig. 2. Bacter ia l  g row th  o f  C600 thr-leu + groPC756 and C600 

t h r - l e u  + gro + in M9 medium supplemented with 0.2% casamino 
acids and 0.2% glucose. Bacterial cultures, pregrown at 30°C, 
were shifted to 43°C at t=0 rain. Optical density at 600 mg of 
gro + - o - o -  and groPC756 -e-e-. Bacterial viable counts, 
assayed at 30°C, of gro + -n-n and groPC756 -e -e -  

Isolation of 2 Transducing Phage Carrying the groPC + 
Bacteria Gene. A transducing phage carrying the 
groPC + bacterial gene was isolated as a plaque former 
on groPC756 bacteria by plating a pool of J, irnm 21 
derivative phages carrying various segments of the 
bacterial chromosome (Murray and Murray, 1975). 
The frequency of isolation was 4 x  10 -4, about 200- 
fold higher than the occurrence of 2 rcC mutants. An 
isolate, designated 2imm21(groPC) +, was analyzed 
further. It was found that unlike the majority of 2 nC 
mutants it did not propagate on groPA15 bacteria, 
a property expected of a (groPC) + transducing phage 
but not of Z~zC: a groPC756 host lysogenic for 
2imm zl (groPC) + becomes both temperature resis- 
tant and able to propagate 2irnm ~ phage, suggesting 
that the complete gro + phenotype has been restored. 
These observations suggest that the bacterial segment 
carrying the (groPC) + gene on the phage chromosome 
is not subject to phage repressor control i.e. it proba- 
bly possesses its own promotor.  

strain groPC756 is due to the groPC756 mutation 
itself and is not a secondary consequence of the nitro- 
soguanidine mutagenesis used in the original selec- 
tion, two approaches were used. Firstly, the co-trans- 
duction of the bacterial temperature sensitivity and 
the groP phenotype was tested in the P1 transduction 
studies shown in Table 2. In all cases examined it 
was found that the two traits were always co-trans- 
ducible. In particular, all (129/129) of the 
thr+groPC756 transductants of cross 1, Table 2, were 
shown to have simultaneously become temperature 
sensitive for growth at 42°C, whereas none (0/121) 
of the thr+gro + transductants were found to be tem- 
perature sensitive for growth at 42 ° C. This result sug- 
gests that both phenotypes are due to one mutation 
although it does not exclude the possibility of two 
closely linked mutations. Secondly, temperature resis- 
tant bacterial revertants of strain C600 groPC756 
were isolated at 43.5°C at a frequency of 5x  10 -8, 
the majority of which had simultaneously lost their 
groPC phenotype, again suggesting that the groPC756 
mutation alone is responsible for both phenotypes. 
Interestingly, the majority of temperature resistant 
bacterial revertants isolated at 42 ° at a frequency of 
1 x 10-7 retained their groP phenotype. These rever- 
tants are unable to grow at 43.5°C and probably 
represent some type of intragenic suppressor muta- 
tions. This was verified by P1 transduction studies 
which showed that the original groPC756 mutation 
and the one causing the leaky temperature resistant 
phenotype could not be separated, suggesting that 
they are very closely linked indeed. 

Discussion 

The results presented in this paper demonstrate the 
existence of a new bacterial locus, defined by the 
groPC756 mutation, which affects bacteriophage 2 
DNA replication. The groPC locus maps between 
the thr and leu loci and therefore appears to be differ- 
ent from the known dna bacterial genes which affect 
host D N A  replication. 

The mutation groPC756 blocks 2 replication as 
judged by two criteria: 1. A high proportion of the 
progeny phage retains the D N A  modification of the 
parental phage (Georgopoulos and Herskowitz, 
1971), and 2. Bu-labeled phage DNA fails to convert 
to hybr id  density following infection of groPC756 
(Fig. 1). A role for the groPC gene in 2 DNA replica- 
tion is also indicated by the discovery of a class of 
phage mutants in gene P, called ~z, which are able 
to grow both on the groPC756 host and on the groPA 
and groPB mutants which map in the dnaB locus 
(Herskowitz, Georgopoulos and K/ihnlein, manu- 
script in preparation). These results, combined with 
those of Wickner and Hurwitz (1975) which show a 
functional interaction of the dnaB and C(D) products, 
suggest that )~ D N A  replication requires an enzyme 
complex containing (at least) the dnaB, dnaC(D) and 
groPC bacterial gene products and the phage gene 
P product. Other explanations have also been consid- 
ered (Georgopoulos and Herskowitz, 1971). 

In addition to blocking 2 DNA replication, the 
groPC756 mutation also interferes with bacterial 
growth at 42°C. After two doublings at the non- 
permissive temperature, bacterial growth is arrested 
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(Fig. 2). In this respect groPC756 does not behave 
similarly to the groPA or groPB strains or to the 
known dna mutants of E. coli whose cell mass con- 
tinues to increase at the non-permissive temperature 
even after arrest of DNA synthesis, with the conse- 
quent formation of long bacterial filaments (Hirota 
etal. ,  1968; Georgopoulos and Herskowitz, 1971). 
Preliminary experiments suggest that bacterial D N A  
synthesis is affected to a greater extent than RNA 
synthesis in groPC756 cultures at 43°C at the time 
when the optical density remains constant (Fig. 2), 
It remains to be shown, however, whether the primary 
effect of the groPC756 mutation on bacterial metabo- 
lism is exerted at the level of DNA replication. 

The groPC756 mutation appears to be closely 
linked to the groPC239 mutation (Sunshine et al., this 
issue) and to the dnaK group isolated by Saito and 
Uchida (J. molec. Biol. in press and personal commu- 
nication). It is not clear, however, if these mutations 
are allelic. The fact that the 2imm 21 (groPC) + trans- 
ducing phage isolated as a plaque former on 
groPC756 does not propagate on groPC239 suggests 
that the groPC756 and groPC259 mutations may 
indeed belong to different bacterial cistrons. 
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