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Summary. We show tha t  a col lec t ion o f  93 E. coli 

muta t i ons  which m a p  between thr and  leu and  which 
b lock  phage  l a m b d a  D N A  rep l ica t ion  define two 
closely l inked cistrons.  W o r k  pub l i shed  in the ac- 
c o m p a n y i n g  p a p e r  shows that  these mu ta t i ons  also 
affect hos t  D N A  repl ica t ion ,  so we des ignate  them 
dnaJ and  dnaK; the gene order  is t h r - d n a K - d n a J -  

leu. D e m o n s t r a t i o n  of  two cis t rons was poss ible  with 
the i so la t ion  o f  l a m b d a  t r ansduc ing  phages  ca r ry ing  
one or  the o ther  or  bo th  of  the dna genes. These 
phages  were e m p l o y e d  in phage  vs bacter ia l  comple -  
m e n t a t i o n  studies which u n a m b i g u o u s l y  show tha t  
dnaK and  dnaJ are different  cis trons.  

Introduction 

Several  g roups  have recent ly  descr ibed  mu ta t i ons  o f  
E. coli which interfere  with rep l ica t ion  o f  bac ter io-  
phage  l a m b d a  and  which m a p  be tween thr and  leu. 

Because l a m b d a  mutan t s  with an  a l te red  P gene pro-  
duct  (2~'s) are able to g row on these strains,  the bacte-  
r ial  genet ic  des igna t ions  given were:  groPC756 for  
the m u t a n t  s tudied  by G e o r g o p o u l o s ,  1977 ( former ly  
cal led groPAB756,  G e o r g o p o u l o s  and  Herskowi tz ,  
1971) ; groPC259 for  the m u t a n t  s tudied by Sunshine,  
et al. 1977; and  91 mu tan t s  i so la ted  by Sai to  and  
Uchida ,  1977, were des igna ted  grpC. We now r epo r t  
exper imenta l  evidence tha t  these mu ta t i ons  fall in to  
two cistrons.  These new f indings  necessi ta te  some 
changes  in the  genetic des ignat ions .  

Des igna t ions  used in an  ana logous  s i tua t ion  pro-  
vide a ra t iona le  for  r enaming  these mutan ts .  Two 
prev ious ly  s tudied  classes o f  hos t  mu ta t ions ,  cal led 
groPA and  groPB were la ter  f o u n d  to m a p  in the 
dnaB gene ( G e o r g o p o u l o s  and  Herskowi tz ,  1971). The 
p r ima ry  genet ic  des igna t ion  o f  the hos t  gene is dnaB, 
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and  G r o P A  and  G r o P B  remain  as pheno typ ic  symbols  
for  those dnaB muta t ions  tha t  confer  the G r o P -  phe- 
notype.  The Gro  des ignat ions  are useful when one 
charac ter izes  strains for  ab i l i ty  to suppor t  l a m b d a  
growth.  

Sai to  and  Uch ida  (1977) have a l r eady  presented  
exper iments  ind ica t ing  tha t  the groPC756 m u t a t i o n  
affects hos t  D N A  me ta bo l i sm  and  accord ing ly  they 
r e na me d  the gene dnaK. 

Evidence tha t  mu ta t i ons  co r r e spond ing  to 
groPC259 are also in a gene affect ing hos t  D N A  meta-  
bo l i sm will be presented  in the a c c o m p a n y i n g  pape r  
(Saito and  Uchida ,  1978), and  thus this gene is r enamed  
dnaJ. The des igna t ion  groPC should  not  be re ta ined  
for mu ta t ions  ma pp ing  in dnaJ. We suggest using 
G r o P F  or  G r p F  as a l ternat ive  pheno typ ic  des ignat ions  
for  dnaJ muta t ions .  To s implify p resen ta t ion  of  re- 
sults, we a d o p t  these des igna t ions  for all the studies 
presented.  

Materials and Methods 

Strains. Principal strains are listed in Table 1. Several derivatives 
of MF634 and GR756 were employed: thr + derivatives were ob- 
tained by selecting spontaneous thr + revertants; recA1 derivatives 
were obtained by first selecting spontaneous streptomycin resistant 
(rpsL) mutants, which were then mated with KL16-99, selecting 
for lac ~ streptomycin resistant recombinants. The recombinants 
were screened to identify" those containing recAl by testing for 
sensitivity to ultraviolet light (Feiss, et al., 1972). 

Georgopoulos (1977) described a phage capable of transducing 
GR756 to Gro +. The complete genotype of the phage is 2 zlsrI21-2 
shinIII23 + att + imm21 ninR5 dnaK (see Murray and Murray, 1975, 
and below for details). This strain, which we will call 2dnaK, was 
the starting strain from which two additional transducing phages 
were derived as described below. Derivatives of )~dnaK (and 2dnaJ 
dnaK) which were imm2 and nin + were recovered from standard 
crosses with 2ci857 or )~cl60. 2imm434 cI IS contains an uni- 
dentified insertion segment 62.4% (+ 0.1%) from the left (A gene) 
chromosome end. Additional phage strains mentioned were from 
our collections. 
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Table 1. Bacterial strains 

Strain Remarks Source/Reference 

C600 thr leu thi supE lacY Bachmann (1972) 

MF634 C600 dnaJ259 Sunshine et al., 
(1977) 

GR756 C600 dnaK756 Georgopoulos 
(1977) 

HR1 series 91 independent dnaK and Saito and Uchida 
dnaJ mutant isolates (1977) 

MF184 C600 A (gal att)L bio) Iowa Collection 

W3805 galE22 E. Lederberg 

KL16-99 Hfr, thi, recA1, transfers Low (1968) 
counterclockwise with recA1 
an early marker 

MF228 supE, gaiT1, fecAl3 Franklin (1971) 

MF687 mutD thr leu thi his arg Degnen et al., 
lac xyl mtl ara rpsL (1974) 

MF237 sup °, galT1, reeA13 Franklin (1971) 

transduce to Gro  ÷) GR756 but not MF634. This ob- 
servation raised the possibility that the mutations in 
the two bacterial strains were not allelic. We have 
accumulated additional information by further study 
of 2dnaK and by the isolation of two derivatives, 
2dnaJ dnaK and ,tdnaJ. The isolation and structure 
of the three phages is discussed below. The phages 
divide the bacterial mutants MF634, GR756 and the 
91 mutants of Saito and Uchida into two classes. 
2dnaJ dnaK is able to grow on all the strains. 2dnaK 
is able to grow on GR756 and three of  the isolates 
of Saito and Uchida, dnaK165, dnaKl70 and dnaK515. 
2dnaJ is able to grow on MF634 and the remaining 
88 isolates of Saito and Uchida, including dnaJ2, 
dnaJ70 and dnaJ285. These results are consistent with 
the existence of two cistrons into which the 93 muta- 
tions fall; additional genetic experiments are 
presented below. 

2. The Order o f  Genes is thr dnaK dnaJ leu 

Media. Tryptone broth (TB), TB soft agar and TB agar were 
as described by Campbell (1961) except each was supplemented 
with 0.01 M MgSO4. The synthetic medium was that of Davis and 
Mingioli (1950), appropriately supplemented. Eosin methylene blue 
agar lacking sugar (EMBO) was as described by Gottesman and 
Yarmolinsky (1968). 

P1 Transduction. We repeated the crosses described earlier using 
exactly the same strains and procedure (Sunshine, et al. 1977). 

Lysogens. Lysogens of MF184 and recA1 derivatives of MF634 
and GR756 were identified by plating infected cells on EMBO 
agar with 109 2ci60 dnaJ dnaK phages and incubated at 33C. 
Lysogens form healthy pink colonies under these conditions (Gottes- 
man and Yarmolinsky, 1968). 

Heat-Pulse Curing. Lysogens of ci857 phages were grown at 30 C, 
shifted to 40C for 6 minutes, then grown for several hours at 
30 C in the presence of anti-2 serum, K =  1, to allow segregation 
(Weisberg and Gallant, 1967). The cultures were then plated in 
the presence of anti-)~ serum and colonies were tested for the pres- 
ence or absence of a prophage. 

Phage Deletions. Deletions were isolated as described in the ac- 
companying report (Saito and Uchida, 1978). 

Electron Microscopy. Heteroduplex analysis was carried out as 
described by Davis, et al. (1971); the accompanying report (Saito 
and Uchida, 1978) contains additional details. 

Results and Discussion 

1. Transducing Phages Provide Evidence for Two Cis- 
trons 

Georgopoulos (1977) described a transducing phage, 
here called 2dnaK 1, which was able to grow on (and 

1 Phage ,tdnaK contains a number of genetic alterations includ- 
ing imm21 and ninR5, as described in Materials and Methods 
and in section 4, below. For simplicity we will omit references 
to these alterations except when necessary 

To order the dnaJ259 and dnaK756 mutations with 
respect to thr, we performed the reciprocal P1 crosses 
between the mutants  that are diagrammed in Figure 
1. In cross I, the donor was thr + dnaJ259 and the 
recipient (GR756) was thr- dnaK756, thr + recombi- 
nants were selected and scored as Gro + or G r o - :  
of 283 thr ~ recombinants,  13 were Gro  ÷ (these results 
include 50 thr + recombinants scored in a previous 
study by Sunshine, et al., 1977). For the reciprocal 
cross the donor was thr + dnaK756 and the recipient 
was thr- dnaJ259." of 471 thr + recombinants (includ- 
ing 122 described in Sunshine, et al., 1977) only 1 
was Gro +. The results are consistent with the marker  
order thr dnaK dnaJ leu. 

3. Origin of  the 7?ansducing Phages 

Phage ,~dnaK was isolated from a pool of  transducing 
phages that had been generated by in vitro insertion 
of E. coli D N A  segments into the chromosome of 
the cloning vector strain of  lambda called phage 540 
(Murray and Murray, 1975). Insertion was ac- 
complished by the annealing and ligation of E. coli 
and phage 540 D N A  preparations that had been 
digested with the hindlII restriction enzyme. Phage 
540 contains one hindIII site, at 56.8 on the lambda 
chromosome (where 0 is at the left, or A gene, chromo- 
some end; and 100 is at the right, or R gene, end 
of the wild type lambda chromosome).  Thus the 
bacterial D N A  segment is expected to be inserted 
at 56.8. 

In attempting to isolate )~dnaJ dnaK, we reasoned 
that, since the mutations in GR756 and MF634 were 
closely linked, integration of 2dnaK into the bacterial 
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Donor thr + + dnaJ259 
p . . . . . . . . . . .  

: l 
Recipient . . . .  j t h r "  dnaK ,56~__+__ .  
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Fig. 1. Ordering of dnaJ259 and dnaK756 by phage 
Pl-mediated general transduction 
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Fig. 2a-c.  Structure of  2dnaK and the origin of derivatives 2dnaJ 
dnaK and 2dnaJ. Step (a) shows the integration by general recombi- 
nation of 2dnaK into the dnaK region of  MF184, a strain lacking 
the normal lambda attachment site (att2). Step (b) shows the illegiti- 
mate recombination event giving rise to 2dnaJ dnaK. Step (c) was 
the isolation of 2dnaJ by pyrophosphate selection from a stock 
of  2dnaJ dnaK. The arrangement of markers (see text) is derived 
from (a) the order of  dnaK and dnaJ on the bacterial chromosome 
and the structure of :tdnaJ which contains a deletion removing 
dnaK and part of  att2 

chromosome by homologous recombination would 
place the resulting prophage in close proximity to 
the bacterial gene(s) altered in MF634 and GR756 
(this is diagrammed in Figure 2). 

We lysogenized MF184, which is thr- leu A (gal 
art2 bio) with 2dnaK. The prophage was shown to 
be in the correct position by a Pl  cross: P1 grown 
on W3805, a prototrophic non-lysogen, was used to 
transduce MF184 (2dnaK) to thr + leu +. Of 50 such 
transductants 38 no longer carried the 2dnaK proph- 
age. Control recipient cells were mock-infected and 
plated on a complete medium; all 50 tested retained 
the 2dnaK prophage. 

MF 184 (2dnaK) was induced with ultraviolet light 
and the resulting lysate was plated on MF634. Plaques 
were obtained at a frequency of 2 x  10 -5 (relative 
to the titer on C600); one of these was purified and 
designated 2dnaJ dnaK, as it retained the ability to 
grow on GR756. A control plating of a plate lysis 

stock of 2dnaK contained < 10 .7 phage able to plate 
on MF634. 

Phage 2dnaJ is a deletion mutant derivative of 
2dnaJ dnaK. Deletion mutants were selected from a 
lysate of 2dnaJ dnaK (an imm2 nin + strain of 2dnaJ 
dnaK was used) by repeated cycles of pyrophosphate 
selection (Parkinson and Huskey, 1971). Among dele- 
tion mutants, 2dnaJ strains, able to grow on MF634 
but not on GR756, were a large class. 

4. Structure of  the Transducing Phages 

The structures of the transducing phages were deter- 
mined by electron microscopic examination of hetero- 
duplex DNA molecules formed by annealing strands 
of the transducing phage chromosomes and 2imm434 
cI IS. The transducing phage strains employed were 
nin + and either imm2 or imm21. Reference lengths 
used were the position on the lambda chromosome 
of the non-homology with imm434 (73.6 to 79.1) and 
imm21 (71.1 to 79.8; Davidson and Szybalski, 1971). 
Position figures denote position on the wild type 
lambda chromosome, with 0 at the left (A gene) end 
and 100 at the right (R gene) end. The results are 
diagrammed in Figure 3 and summarized in Figure 4. 

(i) 2dnaK. An imm2 nin + derivative of this phage 
should contain two alterations that affect the DNA 
content. These are the insertion of bacterial DNA 
at 56.8 and the deletion mutation Asrl21-2, which 
extends from 44.5 to 54.3 (Gottesman and Adhya, 
1977). Our measurements confirm this expectation 
(Fig. 3a, b). The AsrI21-2 deletion is calculated to 
extend from 44.3 to 54.1, the latter position is calcu- 
lated by subtracting the distance between the imm)v-  
imm434 non-homology and the deletion loop 
(2 .6+5.7+11.2)  from the non-homology position 
73.6. The position of the bacterial insertion is calcu- 
lated to be at 56.7 (73 .6 -11 .2 -5 .7 ) .  The size of the 
bacterial insertion is calculated from the information 
of Figure 3e. The distance from the left end of dnaK/ 
dnaJdnaK homology to the imm2--imm21 non-homo- 
logy is 25.3, which should equal the distance between 
hindIII site and imm21 (14.3) plus the size of the 
insertion, which is thus estimated to be 11.0. 

(ii) 2dnaJ dnaK. The measurements for this phage 
are shown in Figure 3c, d and e. The illegitimate 
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a. XdnoK vs Ximm42~4c_l(IS) 

o ~ - -  

44.34.0.4 ~ = : ~ =  : _ = • ~ a 20.9 
I+ I+ 

2.°_ ~ 

b. XdnaK vs XdnaKimrn21 

J [ - -  L . ~ _ _ J - -  

71.8 4- 0.9 <~20 2 

e. XdnaK vs XdnoddnoKirnm21 

41,3~  0.3 ~ , 3 - -  -~ 0,2 ~ 2 0 2  

f. XdnaJ (dnaK) zxI4 vs XdnaJdnaKimm2l 

Q I l _ _  
1 r - -  

45.74-  0.5 14,3 4-0.2 20.2  

c. XdnaddnoK vs Ximm434c l ( IS)  

L J O It ~ ' - -  

42,1 + 0 . 4  ~ -  - ~- 2 0 9  
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d. MnaddnaK vs kdnaddnaKimm21 

71.0 +-- 0.5 20 2 

g. Xdnad(dnaK)/'~4 vs irnm434cl(IS) 

41,9 +-0.3 5.14-0,1 It 24-.02 20.9 

Fig. 3. Structures of heteroduplex molecules 
constructed by annealing of transducing 
phage DNA and standard phage DNA 

o. XdnaK ~ ~ ol 
- -  ,.~ - I ~ 0 ~  

b, ~bo 
I +  14- I+  
.o o . o  
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b. XdnoJdnoK ~ ~, - -  - -  : -  
GO CO 
i.I, I÷  
p .o 

< > 

14,9 + 0,7" 

C. Xdnad(dnaK)~ 14 ol 
, --  ",4 
co b~ 
l e  l e  
0 

3.9+0.4 

Fig. 4. Structures of the transducing phages, derived from the 
measurements shown in Figure 3 and described in the text 

(iii))LdnaJ. One of a number of isolates has been 
examined. This strain (A14) is a deletion derivative 
of 2dnaJdnaK; the measurements are shown in Figure 
3f and g. The deletion has removed an 11.5 unit 
segment from the right part of the bacterial DNA 
segment. The right deletion endpoint is calculated 
to be at 57.3 on the chromosome. This would coincide 
with the att)~ site: A14 phage has intact int and xis 
genes but it is unable to form a stable lysogen (Saito 
and Uchida, 1978). Moreover, many deletion muta- 
tions isolated in int + strains of lambda do originate 
at att2 (Parkinson and Huskey, 1971). At any rate, 
the bacterial segment remaining in this 2dnaJ strain 
is calculated to be 3.9% the length of the wild type 
lambda chromosome. The deletion serves to order 
the dna mutations on the )~dnaJ dnaK chromosome 
as A - d n a J - d n a K - R ,  this information was used in 
the drawing of Figure 2. 

recombination event generating this phage has 
resulted in the loss of phage DNA so that formally, 
the resulting phage contains a substitution of bacterial 
DNA for phage DNA. The phage sequence missing 
extends from 41.8 (average of results in c, e, and 
g) to 56.8. The bacterial substitution has a length 
of 14.9, calculated as the difference between the du- 
plex DNA length from 0 to the imm2-imrn21 non- 
homology (71.0) minus the phage DNA length in 
that segment (56.1 or 71.1 minus the 15.0 deleted 
phage segment). This information is summarized in 
Figure 4 b. 

5. Mutant Derivatives of  )~dnaJ dnaK Give further 
Evidence for Two Cistrons 

We isolated mutant derivatives of .~dnaJ dnaK to see 
if loss of ability to grow on one of the two Gro bacte- 
rial mutants would be accompanied by loss of ability 
to grow on the other, as expected if there were a 
single gene. Phage 2dnaJ dnaK was mutagenized by 
growth on MF687, a strain carrying the mutator mu- 
tation mutD. The mutD strain introduces point muta- 
tions (Fowler, et al., 1974). Phages mutated in the 
dnaJ dnaK segment were identified by a mixed indica- 
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Table 2. Complementation properties of bacterial heterozygotes 

Markers 2imm21 

Chromosome Prophage 

2imm21 Number 
dnaJ cured in 
d n a K  heat pulse 

curing 

dnaJ  + d n a K  + dnaJ  + d n a K  + + + 4/10 
dnaJ  + d n a K  + dnaJ  + d n a K  + + 3/10 
dnaJ  + d n a K  + d n a J -  d n a K  + + + 2/i0 
d n a J -  d n a K  + dnaJ  + d n a K  + + + 2/10 
dnaJ  d n a K  + dnaJ  + d n a K  + + 3/10 
d n a J -  d n a K  + dnaJ  d n a K  + - + 4/10 
dnaJ  + d n a K -  dnaJ  + d n a K  + + + 3/10 
dnaJ  + d n a K  dnaJ  + d n a K -  - + 2/10 
dnaJ  + d n a K -  d n a J -  d n a K  + + + 3/10 

Bacterial strains were MF237 (dna + r e c A - )  and r e c A -  derivatives 
of MF634 and GR756. Prophages were 2cI857 d n a J * d n a K  + and 
the point mutant derivatives (see text). Duplicates of each lysogen 
were tested. Structures of lysogens were confirmed by (a) testing 
genotype of phages released upon induction and (b) testing bacte- 
rial genotype of heat-pulse cured derivatives 

tor  t echnique :  phage  par t ic les  were a d s o r b e d  to a 
Gro  + hos t  (C600 or  MF228) ,  mixed with one of  the 
G r o -  hosts  (MF634  or  GR756) ,  and  p la ted  in a soft 
agar  layer.  M u t a n t s  were ident i f ied  as those  phages  
fo rming  tu rb id  p laques ;  these were pur i f ied  and  char-  
acterized.  Al l  m u t a n t  phages  unable  to g row on one 
of  the G r o -  s t rains  were still able to grow on the 
other.  We iso la ted  10 independen t  2 d n a J  + d n a K -  mu- 
tants,  and  5 i ndependen t  2 d n a J -  d n a K  + mutants .  
Each  of  the mu tan t s  is p r e sumed  to con ta in  a po in t  
muta t ion ,  and  to examine  this one m u t a n t  f rom each 
class was b a n d e d  in CsC1 and the D N A  conten t  of  
each was found  to be the same as the pa ren t  phage  
2 d n a J  + d n a K  + . 

These results  represent  s t rong evidence for  two 
cis t rons in tha t  loss o f  abi l i ty  to g row on one G r o -  
hos t  was not  a c c o m p a n i e d  by  loss of  the abi l i ty  to 
g row on the o ther  host .  The pr inc ipa l  a l ternat ive  hy- 
pothesis ,  in teral le l ic  c o m p l e m e n t a t i o n ,  is unl ike ly  be- 
cause one does not  expect  tha t  each of  the 15 muta -  
t ions descr ibed  above  would  have left in tac t  the abi l i ty  
o f  the a l te red  po lypep t ide  to c o m p l e m e n t  the po lypep-  
tide specified by the o ther  G r o -  hos t  2. 

The  c o m p l e m e n t a t i o n  behav io r  of  the phage  mu-  
tan ts  was verif ied in bac te r ia l  d ip lo ids  by  cons t ruc t ing  
lysogens o f  r e c A  der ivat ives  o f  M F 6 3 4  and  GR756.  
This was done  to verify tha t  the c o m p l e m e n t a t i o n  

2 Recently, we have identified several nonsense mutant deriva- 
tives of )~dnaJ dnaK. Each such mutant has lost the ability to 
complement one of the two dna functions while retaining the ability 
to complement the other (Yochem, Rudolph and Feiss, unpub- 
lished) 
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behav io r  observed  in the prev ious  s tudy was not  in- 
f luenced by the high dosage ra t io  of  the bac te r ia l  
genes car r ied  on the repl ica t ing  phage  c h r o m o s o m e  
to those  on the hos t  ch romosome .  

The results  o f  this s tudy,  p resen ted  in Table  2, 
are comple te ly  cons is ten t  with the phage  v e r s u s  bacte-  
r ial  c o m p l e m e n t a t i o n s  presented  above.  

Concluding Remarks 

Divis ion  of  the mu ta t i ons  in the t h r - d a p B  in terval  
into two cis t rons increases to five the number  o f  host  
genes which muta te  to G r o P  (Grp) .  F o r  extensive 
discuss ion o f  these mu tan t s  the reader  m a y  consul t  
ear l ier  pub l i ca t ions  ( G e o r g o p o u l o s  and  Herskowi tz ,  
1971; G e o r g o p o u l o s ,  1977; Sai to  and  Uchida ,  1977; 
Sunshine,  et al., 1977) and  the a c c o m p a n y i n g  repor t  
(Sai to and  Uchida ,  1978). Three  of  the genes, so far, 
have been shown to p lay  a role  in host  D N A  synthesis  
( d n a B ,  d n a J  and  d n a K )  and  it seems reasonab le  to 
expect  the remain ing  two, g r p D  and  g r p E ,  will also 
be shown to be involved  in hos t  D N A  synthesis.  S tudy 
of  the molecu la r  basis for the in te rac t ion  of  the p ro-  
ducts  of  these five genes with the p roduc t  of  the 
l a m b d a  P gene should  prove  a fasc inat ing  endeavor .  
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