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Summary. Cell division and incorporation of 3H-thymidine into acid-insoluble fraction were 
investigated for three uvrA recA double mutants of E. cell K12 irradiated with UV at 1.5 ergs/ 
mm e, producing about ten pyrimidine dimers per genome (about 0.01% survival). Cell division 
was measured both in M9 medium and in the same medium which was made very viscous by 
the addition of Metlose (the same product as Methocel used by Linet al., 1971). I t  was found 
that a major fraction of irradiated bacteria continues to divide once or twice and stops there- 
after. Incorporation of aH-thymidine proceeded at a considerable rate for a short period follow- 
ing irradiation and then stopped. During subsequent incubation, the incorporation gradually 
decreased and after 4 h incubation most of the early incorporated radioactivity disappeared 
from the acid-insoluble fraction. These results indicate that cell division occurs after irradia- 
tion without parallel DNA synthesis as in a recA thy mutant of E. cell K12 deprived of thymine 
(Inouye, 1971). These results suggest that UV irradiation increases lethal sectoring due to the 
"reckless" cell division without parallel DNA synthesis. Since DNA synthesis took place only 
for a short period after irradiation, it may be assumed that the recA gene normally has at least 
a dual function; 1. elimination of damage induced by UV to support elongation or initiation 
of DNA, and 2. maintenance of coordination between DNA synthesis and cell division. 

Introduction 

Most of the  UV- induced  le tha l  damages  in E. cell D N A  can be repa i red  in the  
da rk  b y  the  excision and  recombina t iona l  repa i r  sys tems (see reviews:  t t oward -  
F landers ,  1968; Wi tk in ,  1969). I n  fact ,  a s t ra in  of E. cell uvrA recA lacking bo th  
of these repai r  sys tems is ki l led b y  less t han  two pyr imid ine  dimers per  genome 
( t t oward -F l ande r s  et al., 1969). However ,  the  process leading to  cell dea th  induced  
b y  such a small  number  of py r imid ine  dimers  is st i l l  unknown,  ma in ly  because of 
the  lack  of analysis  of events  induced  b y  a smal l  dose of UV l ight  in the  repair-  
defect ive cells. 

The  s t u d y  presen ted  in this  r epor t  was pe r fo rmed  so as to  know the  character is-  
t ics of cell divis ion and  of D N A  synthesis  of uvrA recA double  m u t a n t s  of E.  cell 
K12 following i r rad ia t ion  wi th  UV at  1.5 ergs /mm 2, producing  a p p r o x i m a t e l y  t en  
pyr imid ine  dimers  per  genome (Shlaes et al., 1972). 

I t  wi l l  be shown here t h a t  i r r ad ia t ed  m u t a n t s  undergo cell divis ion once or 
twice wi thou t  para l le l  D N A  synthesis ,  as in a thyA recA m u t a n t  of E. cell K12 
depr ived  of t h y m i n e  (Inouye,  1971). 

Materials  and Methods 

1. Bacterial Strain8 

The bacterial strains used in the present study were K284, K106 and URT-4328. K284 is 
a uvrA6 fecal mutant of K!VIBL 49 (Van de Putte et al., 1965). I t  was constructedin the follow- 
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ing way: Bacteriophage P1 grown on AB1886 uvrA6 malB (isolated from AB1886 uvrA6 by 
treatment with N-methyl-N'-nitro-N-nitrosoguanidine) infected KMBL 49 metA (isolated 
from KMBL 49 by treatment with N-methyl-N'-nitro-N-nitrosoguanidine), and among Met+ 
transductants Mal+UV-scnsitive ones were scored. To one of the transductants thus obtained, 
the fecAl gene was introduced by mating with N211 HIrC fecAl (isolated by H. Ogawa from 
the mating, JC1569 recA1 × W2252 HfrC). Thy+ recombinants were isolatedfirstandextreme- 
ly lUV sensitive ones were then scored. K284 requires threonine, leucine and uracil for growth. 
K106 was a gift from Dr. H. Ogawa, and it carries mutations rec-42 and uvrA (This mutant  
designated N213 was used also by ttorii and Suzuki, 1970). URT-4328 is a recA derivative of 
URT-43 (Shimazu, et al., 1971). The latter strain, exhibiting a temperature-sensitive recovery 
after UV irradiation, has turned out to carry a mutation in the uvrA cistron (Shimazu, manu- 
script in preparation). URT-4328 requires threonine, leucine and uracil for growth. 

2. Media 

M9 medium (Adams, 1959) supplemented with Casamino acids (0.2%) and necessary re- 
quirements (complete M9) was used throughout the study. Bacteria were grown overnight in 
complete M9 at 37 ° and the culture was diluted fifty-fold with fresh complete M9 and incubat- 
ed for 3 to 4 h at 37 ° to reach about 5 × 10 s bacteria per ml. They were washed with M9 buffer 
before being submitted to experiments. 

A very viscous medium used for visualizing chains of bacteria originating from a single 
ancestor was prepared according to Lin et al. (1971). In brief, 1.5 g of Metlose (Shin-etsu 
Kagaku Kogyo Co. Ltd. ; 90 SH, 4000) was dissolved in 50 ml of complete M9 medium and the 
solution was divided into 2 ml portions. After sterilization by heating for 10 min at 80 °, they 
were stored in a refrigerator before use (Metlose-M9 medium). 

3. Cell Counting 

The number of cells growing in normal liquid M9 medium was counted with a Petroff- 
Hauser chamber under a phase-contrast microscope. Counts of the number of cells in chains 
grown in viscous Metlose-M9 medium was performed according to Lnetal. (1971). The washed 
bacteria were suspended in M9 buffer at a concentration of about 109 per ml and a drop of the 
suspension was mixed with 2 ml of Metlose-M9 medium and a small portion was spread on a 
slide glass using an aluminium foil-covered slide glass divised by Lin et at. (1971). The me- 
dium spread on a slide glass was covered with liquid paraffine to avoid evaporation and incu- 
bated in the dark. After incubation, liquid paraffine was removed with n-pentane and the slide 
glass was treated successively with 10% p-toluenesulfonyl chloride in pyridine, 10% sodium 
carbonate and finally with distilled water. Cell counts were made under a phase-contrast 
microscope or on photographic prints. 

4. Other Methods 

Incorporation of aIt-thymidine (methyl-SH, Radiochemieal Center, Amersham: 15.3 Ci/m 
mole) into acid-insoluble fractions was performed by the procedure described previously 
(Morimyo et al., 1970). 

Irradiation with UV light was carried out under a low pressure mercury vapour lamp (5W) 
emitting mostly the 253.7 nm light. Incident light was filtered through two sheets of wrapping 
film (Kureha Kagaku Co. Ltd.). Spectrophotometric analysis indicated that  a sheet absorbs 
about 70 % of 253.7 nm light. The incident UV energy was measured with a Toshiba UV meter 
with a full scale of 200 tzW/cm 2. All handlings after irradiation were done in the dark or under 
a sodium vapour lamp. 

Results 

A. Cell Division Following U V Irradiation 

I n c r e a s e  in  t h e  c o n c e n t r a t i o n  of i r r a d i a t e d  (1.5 e r g s / m m  ~) a n d  u n i r r a d i a t e d  
cells of K 2 8 4  in l iqu id  M9 m e d i u m  is shown in  Fig .  1. T h e  c o n c e n t r a t i o n  of un-  
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Fig. 1. Effect of UV irradiation on the growth of K284. A portion of the washed cell suspension 
was irradiated with UV and the rest was used as a control. To both suspensions were added 
threonine, leucine (30 ~g/ml) for each), uracil (20 ~g/ml), Casamino acids (0.2%) and glucose 
(0.2 % ), and the mixtures were incubated at 37% At time intervals indicated portions were used 
for cell counting. The cell concentration at the beginning of incubation was 2.4 × 10S/ml by 
the unirradiated control (closed circles) and 4.4 X 107/ml by the irradiated culture (open circles) 

i r r ad i a t ed  cells increased a lmost  l inear ly  on a semilogar i thmic  scale, hence the  
mean  divis ion t ime  was easi ly de te rmined  to be 54 min.  The  mean  division t ime  
of cells growing in Metlose-M9 med ium could be es t ima ted  to  be 56 rain from the  
n u m b e r  of t o t a l  cell in chains and  the  number  of cell chains scored. Therefore,  cell 
division proceeded a t  a s imilar  ra te  in bo th  media .  Nea r ly  the  same resul ts  were 
ob ta ined  for URT-4328;  the  mean  division t ime  in l iquid M9 and in Metlose-M9 
med ium wero 55 rain and 52 rain, respect ively .  

W h e n  K284 was i r r ad ia t ed  (0.01% survival)  and  incuba ted  in l iquid  M9 
medium,  the  concent ra t ion  increased two-fold  in abou t  2 h and the  ra te  of increase 
s lowed down thereaf ter .  A t  5 h or later ,  t he  cell concent ra t ion  was from 3 to  4 
t imes  the  ini t ia l  concentra t ion .  This means  tha t ,  as an average,  a f ract ion of the  
cell popu la t ion  had  d iv ided  twice and the  res t  once. Similar  resul ts  were ob ta ined  
for URT-4328 and  K106 (da ta  no t  shown). Therefore,  i t  m a y  be concluded t h a t  
m u t a n t s  defect ive  in bo th  excision and  recombina t iona l  repa i r  are  capable  of con- 
t inu ing  cell divis ion once or twice following UV ir radia t ion.  

However ,  the  above  es t imat ions  m a y  only be t rue  on average,  and  there  is a 
poss ib i l i ty  t h a t  only  a smal l  f rac t ion  of the  cell popu la t ion  cont inued  to d iv ide  ve ry  
rap id ly ,  while the  res t  d id  not.  I n  order  to  check this  possibi l i ty ,  exper iments  were 
carr ied out  in which successively d iv id ing  cells were f ixed to form a cell chain of 
descendants  (Lin et al., 1971). A t  def ini te  t imes  af ter  the  beginning of incubat ion,  
the  cul ture  in Metlose-M9 med ium on slide glasses was t r e a t e d  as descr ibed  br ie f ly  
in Mater ia ls  and  Methods.  Microscopic pho tographs  were t a k e n  and  the  n u m b e r  of 
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Fig. 2a--d. Effect of UV irradiation on the growth of cell chains in Metlose-M9 medium 
(K284). The supplements to the medium have been described under Fig. 1 and the method is 
described in Materials and Methods. Photographs were taken with a magnifying factor of 
600 and enlarged to photoprints by about five times in length. (a) unirradiated, 2 h, (b) un- 

irradiated, 3 h, (c) irradiated, 2 h, (d) irradiated, 4 h 

cell in  chains was counted. Typical  examples of chain growth from uni r rad ia ted  and  
irradiated K284 cells are shown in  Fig. 2. I n  Fig. 3 are shown histograms indicat-  
ing on the abscissa the number  of cells in a chain and  on the ordinate  the fraction 
of the chains carrying the indicated number  of cells. I t  can be seen in  Fig. 2a  
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Fig. 3a--d. Effect of UV irradiation on the growth of cell chains in i~etlose-l~I9 medium 
(K284, K106 and URT-4328). The method has been described in Materials and Methods and 
under Fig. 2. The number of cell was counted with photoprints. Actual number of cell chains 
scored was more than 100 for zero-time control and more than 200 for other cases. 0 h, open 

bar; 2 h, singly shadowed bar; 4 h, doubly shadowed bar; 6 h, bar shadowed with doffs 

and  b t ha t  uni r rad ia ted  bacteria  form long chains conta in ing cells of near ly  uni-  
form size, and  Fig. 3 a shows t h a t  a t  2 h most  of the  un i r rad ia ted  cells have com- 
pleted the first division (more t h a n  two cells in a chain) and  a considerable fract ion 
(about f if ty per cent) has finished the second or th i rd  division. At  3 h, most  of the 
chains conta in  more t h a n  eight cells, indicat ing t ha t  the th i rd  division has been 
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Fig. 4. Effect of UV irradiation on the incorporation of 3H-thymidine into K284 cells. A por- 
tion of washed cell suspension was UV irradiated and the rest was used as a control. After 
addition of requirements described under Fig. 1, 8H-thymidine was added (17 ~Ci/ml) and the 
mixtures were incubated at 37% At t ime intervals, 0.1 ml  portions were used for assay of the 
radioactivity in acid-insoluble fraction.Unirradiated, closed circles with a solidline ;irradiated, 

open circles with a broken line 

completed. These results are in good agreement with those obtained in experi- 
ments using liquid M9 medium instead of Metlose-M9 medium (see Fig. 1). Similar 
results were aslo obtained for unirradiated cells of K106 and URT-4328 (data not 
shown). 

I n  view of the histograms shown in Fig. 3b, e and d, irradiated K284, K106 and 
URT-4328 cells give a qualitatively similar pat tern  of distribution. Namely, 
during incubation for 2 h the fraction of undividing single cells is markedly de- 
creased, while the fraction of cell chains containing two cells is increased. Prolonged 
incubation increases somewhat the fraction of chains carrying more than  two cells, 
but  the fraction of longer cells chains remains very small. These results m a y  indi- 
cate tha t  a large portion of irradiated cells of double mutants  uvrA recA continue 
to  divide once or twice within 2 to 6 h and these data are in agreement with those 
shown in Fig. 1. Therefore, it may  be concluded tha t  the increase in the  concentra- 
tion of irradiated bacteria shown in Fig. 1 is not due to the presence of a small 
fraction of very rapidly dividing cells, but due to a rather large fraction (about 
70%, see Fig. 3b, c and d) which undergoes division. 

I t  must  be noted in this connection tha t  the uniformity of cell size was lost 
in irradiated bacteria as compared to unirradiated bacteria. As can be seen in 
Fig. 2e and d, there are cells with a length several times the normal size. 
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Fig. 5. Effect of UV irradiation of the incorporation of atI-thymidine into URT-4328. The 
method was the same as has been described under Fig. 4, except for the temperature of incuba- 
tion (30 ° or 41°). Unirradiated, closed circles (30 °) or closed triangles (41 °) with solid lines; 

irradiated, open circles (30 °) or open triangles (41 °) with broken lines 

B. D N A  Synthesis in U V Irradiated uvrA recA Mutants 

According to Howard-Flanders ,  et al. (1969), D N A  synthesis in a uvrA recA 
m u t a n t  of E. coli K12 is blocked almost  completely after irradiation with UV at  
20 ergs/mm 2. Since a much smaller dose of UV was applied in the present s tudy,  
there was a possibility tha t  the residual cell division described in the above section 
would be dependent  on a residual D N A  synthesis. I n  order to check this possibility, 
incorporat ion of aI l - thymidine into acid-insoluble fraction was investigated with 
K284 cells irradiated with UV. The results are shown in :Fig. 4. 

I t  can be seen that ,  while the incorporation into unirradiated bacteria in- 
creases for more than  3 h, the incorporation into irradiated bacteria proceeds at  a 
rate almost  similar to the rate of unirradiated bacteria for 20 rain, and stops there- 
after. After  about  90 rain, the incorporated radioact ivi ty  begins to decrease 
gradually,  and at  4 h the major i ty  of the radioact ivi ty  I is released f rom the acid- 
insoluble fraction. 

Similar results were obtained with URT-4328. As can be seen in Fig. 5, 
unirradiated cells incorporated aI l - thymidine more rapidly at  41 ° than  at 30 °, 
while the incorporat ion into irradiated cells took place only for ~he first 10 rain 

18" 
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and the radioactivity gradually decreased thereafter irrespective of the tempera- 
ture of incubation. Therefore, despite the potential ability for recovery of this 
double mutant  at a low temperature (Shimazu et al., 1971), post-irradiation DNA 
synthesis was blocked in a short time and the newly incorporated radioactivity 
was eventually released from the acid-insoluble fraction even at 30 ° . 

I t  may be concluded, therefore, that  UV irradiation does not block DNA syn- 
thesis completely, but  that  the synthesis continues for some time at a considerable 
rate and is followed by a breakdown of the newly synthesized DNA. The instability 
of the newly synthesized DNA in stationary phase cells of K106 has already been 
demonstrated by means of pulse-labeling-chase experiments (Horii and Suzuki, 
1970). The present results confirm their results using other uvrA recA mutants and 
at a much lower UV dose. 

Discussion 

Mutants of E. coli defective in both excision and recombinational repairs are 
extremely sensitive to UV irradiation. Like the mutant  used by Howard-Flanders 
et al. (1969), the mutants used in the present study lost their viability with less 
than two pyrimidine dimers per genome. Then, why one or two dimers can kill a 
cell ? 

Of some possibilities, degradation of DNA is not a likely candidate, because 
the characteristic "reckless" DNA breakdown in recA cells (Clark et al., 1966; 
Horii and Suzuki, 1968) is partially diminished in the uvr recA double mutants 
(Horii and Suzuki, 1970 ; Yonei and Nozu, 1972), although the latter mutants are 
much more sensitive to UV irradiation than the former. A possible cause for cell 
death would be the block in DNA synthesis. The present data show that  a very 
small UV dose seriously affects the incorporation of 3tt-thymidine in a characteris- 
tic fashion, suggesting that  there is a residual DNA synthesis for a short period 
after irradiation which is followed by a breakdown of newly synthesized DNA. 

As for the early termination of DNA synthesis, it could be assumed that  the 
replication is blocked at a pyrimidine dimer (Horii and Suzuki, 1968, 1970) or at 
the initiation point. Although we have no evidence to support either one of these 
two opinions, it would be possible to imagine that  an unexeised pyrimidine dimer 
can not allow replication to get over the dimer in uvrA recA cells, while the uvrA 
mutant  can continue replication producing strands with gaps (Rupp and Howard- 
Flanders, 1968; Smith and Meun, 1970). If this view is correct, the recA gene 
operates to allow the replication enzyme to jump over a dimer, presumably by a 
mechanism related to the gap filling (Smith and Meun, 1970). Replication of the 
healthy strand opposite the dimer-carrying strand appears to be blocked also. 
This would be due to a symmetry required for the replication machine. There is 
also a possibility that  DNA replication stops at the terminal end or at the initiat- 
ing point. If this were the case, we must consider some disturbance in DNA ini- 
tiation induced by the presence of only ten pyrimidine dimers. On the basis of the 
idea that  DNA initiation or replication requires certain structural assembly 
involving I~NA and membrane fraction in addition to DNA template (Lark, 1972), 
it would be possible to think that  a small number of unrepaired pyrimidine dimers 
alters the tert iary structure of the DNA initiation apparatus. 
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The  p resen t  resul ts  give an add i t iona l  in fo rmat ion  on the  cell d iv i s ion  of 
i r r ad i a t ed  u v r A  recA cells. Despi te  a ve ry  small  a m o u n t  of D N A  synthesized,  these  
cells were capable  of undergoing  cell divis ion once or twice dur ing  pos t - i r r ad ia t ion  
incubat ion .  These resul ts  are  consis tent  wi th  those of Inouye  (1971) on a recA t h y A  

m u t a n t  of E.  coli K12 depr ived  of thymine .  I t  could be assumed,  then ,  t h a t  
daugh te r  cells o r ig ina ted  f rom an i r r ad ia t ed  pa ren t  mus t  be different  f rom normal  
daugh te r  cells a t  leas t  in the  contents  of DNA.  According  to  Haefner  (1968) a n d  
Capa ldo -Kimba l l  and  Ba rbou r  (1971), t he  v i ab i l i t y  of un i r r ad i a t ed  recA cells is 
low as compared  to  recA + cells. Then  i t  m a y  be possible to  t h ink  t h a t  UV i r radia-  
t ion  increases le tha l  sector ing due to  the  " r e c k l e s s "  cell divis ion wi thou t  para l le l  
D N A  synthesis .  I f  th is  view is correct ,  the  recA gene would n o r m a l l y  have  a t  leas t  
a dual  funct ion  in UV i r r ad i a t ed  cells; 1) e l imina t ion  of damage  induced  b y  pyr i -  
mid ine  d imers  in in i t i a t ion  or e longat ion  of DNA,  and  2) ma in tenance  of coordina-  
t ion  be tween  D N A  synthes is  and  cell division. F u r t h e r  inves t iga t ions  will be 
necessary  to  confirm the  va l i d i t y  of these  views. 
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