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INTRODUCTION 

Among the observed changes in the metabolism of Escherichia coli after infection 
with bacteriophage T2 is an increase in deoxyribonuclease (DNase) activity~,% 
Further investigations of this increase, which has been shown to be brought about 
by "activation" of DNase already present in uninfected cells a, are presented here. 

The activity of DNase was examined in both uninfected and infected cells with 
the object of determining whether activation is specifically brought about by in- 
fection and whether phage production is always preceded by DNase activation. 
Attempts were made to correlate DNase activation with various other occurrences 
in infected cells. 

MATERI:kLS AND METHODS 

Bac te r iophage  T2r + and i ts  hos t  Escherichia coil, s t ra in  B, were used t h r o u g h o u t  this  s tudy .  
S t a n d a r d  phage  techniques ,  as descr ibed by  ADAMS 4, were employed.  The fol lowing media  were 
used:  g lycerol -Casamino acids m e d i u m  (D) as descr ibed previously ,  bu t  l ack ing  Fe2(SO,)35; 
a m m o n i u m  l ac t a t e  m e d i u m  (F)6; t r yp tose  bro th  (LESLEY, et al.)7; and  glucose a m m o n i a  m e d i u m  
(H) used by  HERRIOTT AND B.~RLOXV 8. Unless o therwise  s ta ted ,  D m e d i u m  was used. 

Osmot ica l ly  shocked phages  (ghosts) ° were p repa red  by  rap id  d i lu t ion  of a 3 M NaCI solut ion 
of phage.  Because  the bes t  ghos t  p r epa ra t i ons  sti l l  con ta ined  I O//o p laque  formers,  cen t r i fuga t ion  
a t  IO,OOO × g for 60 minu te s  was used to remove  m a n y  of the  v i ab le  phages.  The m u l t i p l i c i t y  
of infect ion wi th  ghosts  was such as to give 96 °o loss of cell v iab i l i ty ,  and the  number  of infect ious 
centers  a t  o t ime  was o, i  ° o of the  bac te r ia l  concen t ra t ion .  

U l t r a v i o l e t - i n a c t i v a t e d  phages  (u.v.-phages) were p repared  by  i r r ad i a t i ng  a suspension of 
T2 wi th  a Wes t inghouse  Germic ida l  L a m p  "vVL-I 5 for 3.5 m i nu t e s  a t  60 em. This  gave  an average  
su rv iva l  of 5 '  lO-5- \Vith a m u l t i p l i c i t y  of infect ion of u .v . -phages  to  bac t e r i a  of 6, there  was 
negligible  " m u l t i p l i c i t y  r eac t i va t i on  ' ' l°. 

The fol lowing procedure  was used for the  p r e pa r a t i on  of uninfected  and infected cell samples .  
Two hundred  ml  of m e d i u m  were inocula ted  wi th  io  9 cells from an 18 hour  seed cul ture .  The 
bac te r i a  were grown to 2 4" los cel ls /ml  wi th  s t rong  ae ra t ion  a t  37 ° C. To serve as a control ,  
4 ° m l  of un infec ted  cu l tu re  were removed  and cen t r i fuged .  An add i t i ona l  6o ml of f resh ly  grown 
cells were cent r i fuged and resuspended  in 6 ml  of non -nu t r i en t  med ium (H m e d i u m  lack ing  glucose 
and ammonia )  and  con ta in ing  enough phages  (or ghos ts  or u.v,-phages)  to give a m u l t i p l i c i t y  of 
infect ion of abou t  6. After  5 m inu t e s  incuba t ion  a t  37 ° C, w i t hou t  aerat ion,  54 ml of comple te  
med ium (or comple te  m e d i u m  con ta in ing  an inhibi tor)  were added  and ae ra t ion  was begun 
(o t ime).  At 17 minutes ,  4 ° m l  of the  infected cu l tu re  were r emoved  and cent r i fuged.  In t r ace l lu l a r  
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phages  were de t e rmined  a t  35 minu tesn -  W h e n e v e r  syn the t i c  med ium was employed,  twice  the 
above  vo lumes  of cu l tures  were used. 

E x t r a c t s  of the  cell samples  were p repared  by  t r e a t m e n t  in the R a y t h e o n  9 IKC or io KC 
sonic oscil lator.  The cent r i fuged cells were resuspended  in 2-6 ml of water ,  and t ransfer red  to 
new plas t ic  cent r i fuge  tubes.  These tubes  were placed in wa te r  in the  cup of the sonic osci l la tor  
and  t r e a t ed  for IO minutes .  This t echn ique  is essen t ia l ly  as efficient in b reak ing  E. coli as is the 
usual  procedure  invo lv ing  the  sonic osci l la tor  12, and  a t  present ,  i t  seems to be the  best  n le thod  
for d i s rup t ing  cells suspended in smal l  volumes.  Several  samples  of cells can be t r ea t ed  s imul-  
taneously ,  using th is  technique.  

Syn the t i c  (H) m e d i u m  was used whenever  the inh ib i to rs  Chloromyce t in  13 or t h i eny l a l an i ne  a4 
were employed  because of the  an tagon i s t i c  effect of amino  acids. Pro te in  concen t ra t ions  were 
de t e rmined  by  the  Fol in  m e t h o d  of LOWRY, el al. 15. 

The concen t ra t ion  of deoxyr ibonucle ic  acid (DNA) was de t e rmined  by the  m e t h o d  of 
CERIOTT116. After  heat ing,  Merck reagen t  chloroform was used for ex t rac t ion .  The resu l t ing  b l ank  
values  and  ex t inc t ion  coefficients, in the  presence and absence of r ibonucle ic  acid (RNA), were 
comparab le  to those repor ted  by  CERIOTT116. A s t a n d a r d  curve  was p repared  us ing sahnon sperm 
DNA (California F o u n d a t i o n  for Biochemica l  Research) .  DNA de t e rmi na t i ons  were m a d e  on 
t r ichloroacet ic  acid (TCA) p rec ip i t a tes  of ex t r ac t s  or of the  whole cul tures .  Tubes  con ta in ing  
the e x t r a c t  or whole cu l tu re  in 5 % TCA and  IO m g  o v a l b n m i u  were chil led for i hour. After  
cen t r i fuga t ion  the p rec ip i t a tes  were resuspended  wi th  3.0 ml  of 5 % TCA and hea ted  a t  95 ° C 
for 15 min, and  then  deoxyr ibose  was de te rmined  in the  ex t rac t .  When de t e rmina t ions  were 
m a d e  on whole cul tures,  the TCA prec ip i t a t e s  were washed  twice  wi th  2 ml  of cold -o/  TCA D ,'o 
before the DNA was de te rmined .  

Bases of DNA were isola ted and identif ied c h r o m a t o g r a p h i c a l l y  by the me thods  descr ibed 
by HERSHEY, DIXON AND CHASE 1~. The absorp t ion  peaks  and concen t ra t ions  of each of the bases  
were de te rmined  us ing the Be c km a n  Spec t rophotomete r .  

DNase assay 

KOZLO~F has repor ted  t h a t  mos t  of the  DNase  of uninfec ted  E. coli is inact ive,  owing to the 
presence of a specific inh ib i to r  of the  enzyme  3. Much of th is  inhibi tor ,  which consists,  a t  least  
m part ,  of r ibonncleic  acid (RNA), is des t royed  upon infect ion by  T6, and  thus  an increase in 
DNase  a c t i v i t y  ensues. Two expe r imen t s  confirming t~OZLOFF'S conclusions were performed.  First ,  
the  DNase  of ex t r ac t s  of infected cells (using Tz) could be inh ib i t ed  by  the  add i t ion  of hea ted  
e x t r a c t  of un infec ted  cells. Second, i ncuba t ion  of e x t r a c t  of un infec ted  cells wi th  c rys ta l l ine  
panc rea t i c  r ibonuclease  (RNase) resul ted  in the several  fold increase in DNase  ac t iv i ty .  

The DNase  assay  descr ibed below was  designed to employ  a shor te r  incuba t ion  per iod t h a n  
t h a t  used p rev ious ly  2. In  the earl ier  assay  the  l e ng thy  incuba t ion  per iod (5 hours) could resul t  
in endogenous  des t ruc t ion  of the  RN A  inh ib i to r  of DNase  and lead to er roneously  high ac t iv i t ies .  
In t h a t  assay, the  DNase  a c t i v i t y  was de te rmined  
by measu r ing  the 260 rot, adsorp t ion  by  solu- 
bi l ized nucleic acid, and  i t  requi red  sub t r ac t i on  
of b l a n k  values  resu l t ing  from endogenous  RN A  
hydrolysis .  By  measur ing  deoxyribose,  r a the r  
t h a n  absorp t ion  a t  26o m#,  the  high b l ank  values  
could be avoided  and thus  larger  a m o u n t s  of 
e x t r a c t  and shor ter  i ncuba t ion  t inles  could be 
used. Endogenous  RNase  was min imized  by  run-  
ning the  reac t ion  a t  pH  8.52, 3. 

The DNase  assay  was as follows: o.2 ml  of 
o . i  3 M 2 -an f ino -2 -hyd roxyme thy l - i , 3 -p ropan  e_ 
diol buffer a t  pH  8. 5 in o.155I MgSO4, o.2 ml  of 
o. 3 ° o DNA. and o.6 ml e x t r a c t  (about  3 o o / , g  
un in fec ted  bac ter ia l  protein)  were mixed  and 
incuba ted  for 3 ° minu te s  a t  37 ° C. The reac t ion  
was s topped  and the  unhydro lyzed  DNA was pre- 
c ip i t a t ed  using o.5 ml of o . I 7 M  t r i sod ium c i t r a t e  
a t  p H  4.6, and 2. 5 ml of 95 % ethanol .  The tubes  
were s tored a t  room t e m p e r a t u r e  overn igh t .  Af ter  
cen t r i fuga t ion ,  3.o ml  a l iquots  of the  s u p e r n a t a n t  
fluid were t rans fe r red  to  ca l ib ra t ed  cent r i fuge  
tubes.  The solu t ions  were then  evapora ted ,  to 
remove the  alcohol, on a boi l ing wa te r  b a t h  un t i l  
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Minutes of Incubofion 

Fig. I. Color imetr ic  DNase  assay.  The re la t ion  
of color developed ( represent ing solubil ized 
deoxyribose)  to du ra t i on  of i ncuba t ion  of an 

uninfec ted  cell ex t rac t .  

the  l iquid  vo lumes  were abou t  0. 3 ml. The solut ions  were r e tu rned  to the  3.0 ml  m a r k  wi th  w a t e r  
and  the  CF, RIOTTI t echn ique  was  appl ied  16. Assay controls  were run  in the  same w a y  excep t  t h a t  
t h e y  received no incubat ion .  
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To insure tile validity of this assay it was necessary to show tha t  there is no signifit:ant 
endogenous destruct ion of the enzyme inhibitor during the i ncuba t i on . . \  plot of optical densi ty  
against the durat ion of incuhation was linear. The lack of any upward curvature  with tin,,,, 
indicates tha t  there is no appreciable l)Nase activati(m during this period (Fig. I). 

In all experinlents to be reported, commercial sahnon spertn DNA (California l~'oundati-~ 
for 13iochenaical Research) was used as substrute.  This material  contains n~ detectable RN.k- 
and less than  2 % protein. \Vhile the viscosity of this DNA is low, it is sufiSciently highly poly- 
merized to be completely insoluble in 6o % ethanol, and thus  was sat isfactory for the DNasv 
assay. A plot of the final color ileveloped against the amoun t  of enzyme was linear lint intersected 
the optical density axis slightly below the origin, so u calibration curve, using an extract  of 
uninfected cells, was prepared. One unit  of DNase activity was taken as the DNase activity ~t 
i /~g of protein of uninfected bacterial extract .  One thousand  units  of DNase hydrolyzed approxi-  
mately 1. 5 #g DNA/minute .  DNase results are given as specific activities (units of activity//*g 
protein). The results reported are averages (If triplicate determinat ions;  deviations f rom the 
average were less than  IO %. Several exper iments  of each sort  were performed, al though only 
one is reported. In  spite of efforts to completely s tandardize condit ions of growth,  harvest ,  and 
extraction, the specific activity of DNase of uninfected cells varied in exper iment  to exper iment  
from o.9 to 1. 3 and the specific activity of infected cells varied correspondingly. Thus, quan t i t a t ive  
interpretat ions of DNase activation ought  to be discouraged. 

Occasionally, experiInents were performed using highly viscous calf t h y m u s  DN. \  I* as 
subst ra te  (*lsp -- 1.9 for a o. t o~ solution). These resnlts were always quali tat ively consistent  with 
those obtained using the commercial I)NA. 

EXPERIMENTS AND RESULTS 

Activation o~ DNase in unin/ected cells 

Two alternative hypotheses with regard to DNase activation may be entertained: 
I) the activation is a specific consequence of infection; or 2) it is non-specific and many 
other environmental changes, either external or internal, result in DNase activation. 
The first alternative would be difficult to prove. Lack of activation after various 
kinds of treatment of uninfected cells would serve to indicate, not prove, that activa- 
tion and infection are mutually related. Prima/acie, the second postulate might seem 
the more reasonable, since the enzyme is always present and is, perhaps, in some sort 
of dynamic balance with the inhibitor. Any conditions which might upset this balance, 
such as stresses upon metabolism, would bring about activation. A study of the simi- 
arities of such agents could, in addition, lead to insight as to how this activation is 
effected. Below are given the effects of several different kinds of metabolic stresses 
upon the DNase of uninfected cells (Table I). 

TABLE I 

E F F E C T  OF V A R I O U S  K I N D S  OF METAI3OLIC I N H I B I T I O N  ON D N A S E  A C T I V I T Y  

OF U N I N F E C T E D  13. coli 

DNase (Specific activity) 
Inhibitor 

Treated cells Control 

Sodium cyanide 1-5 1.3 
fl-i-Thienylalanine 0.9 t.o 
Proflavin o.  8 o .  7 

Phage ghosts  0.9 i.o 

Exper imenta l  details are given in the text.  

The activity of DNase was determined in cells aerated for 2o minutes in the presence 
of the following inhibitors: o.o 5 M NaCN (pH 7.o), 6 /,g/ml DL-fl-2-thienylalanine 
(Arapahoe Chemical Co.), and 4 / , g /ml  proflavin (Sigma Chemical Co.). 
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Cyanide was employed as an example of a general metabolic inhibitor, proflavin for 
its capacity to combine with nucleic acidag, 2°, and thienylalanine as a "differential 
inhibitor" (inhibiting protein and RNA synthesis, while not greatly affecting DNA 
synthesis21). This inhibitory effect of thienylalanine was demonstrable within 20 
minutes. 

Activation o /DNase  in in/ected inhibited cells 

Whether or not DNase activation can result from other processes besides infection, 
the question of the necessity of this activation for phage production still must be 
answered. To determine that  the activation is not an essential process, conditions 
must be sought under which phage production can occur without any DNase activa- 
tion. 

A more specific criterion than the yield of phage with which to judge the necessity 
of DNase activation would be the occurrence of some essential process during infec- 
tion, such as the synthesis of phage DNA. The significance of a condition where DNase 
was not activated, but where phage DNA synthesis was occurring--indicating that  
DNase activation is not essential for this part  of phage product ion--  could be over- 
looked if phage production alone were taken as a measure of successful infection. 
Furthermore, DNA synthesis would be a more precise measure of the extent of the 
infection processes than would be the burst size; burst sizes can be extremely variable 
in concentrated cultures owing to lysis inhibition and readsorption of released phages. 
Thus, in studying the significance of the DNase activation, conditions were sought 
where at least some essential process of infection is occurring, namely net DNA syn- 
thesis, without DNase activation. 

The activation of DNase was studied after infection in the presence of the follow- 
ing inhibitors : 4/xg/ml Chloromycetin (Park< Davis, and Co.), 4/~g/ml thienylalanine, 
4 ttg/ml proflavin, 5" Io-4 M CoC12, o.oI M MgSO4, and pH 8.4. In the experiments 
presented here, thienylalanine and proflavin completely inhibited phage production, 
but Chloromycetin in all cases allowed some phage production at this low concentra- 
tion. Co ++, Mg++, and increased pH have been shown to be in vitro inhibitors of bac- 
terial RNasC 2, 2a; infection in the presence of these inhibitors might prevent in vivo 
destruction of the inhibitory RNA, and thus permit phage production without DNase 

T A B L E  II 

EFFECT OF VARIOUS INHIBITORS UPON THE ACTIVATION OF D N A S E  IN I N F E C T E D  L'. COli 

DNase (Specific activity) 

Inhibitor Injected Controls 
in presence 
o/ inhibitor Unin[ected Injected 

Chloromyce t in  1.4 (64) 0.9 (59) 2-4 (95) 
fl-2-~fhieny la lanine ~.~ (34) i . i  (34) 4.t  (65) 
Prof lavin  5 .8 (94) 0.9 (54) 5.6(Io4) 
CoCI~ 4 .6 (72) 1.3 (59) 7.0(101) 
MgSO 4 4.2 (I00) 0.9 (54) 4.2 (lOO) 
p H  8. 5 2.0 (78) 0"9 (54)  4 " 2 ( I O O )  
Cyanide  i .5 1-3 6.5 

N u m b e r s  in pa r en the se s  are D N A  concen t r a t ions  (#g D N A / m g  prote in) .  Expe r imen t a l  detai ls  
,are g iven  in t he  t ex t .  
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activation. The results (Table II) indicate a close connection between I)Nase activa- 
tion and infection. In no case studied could DNA increase be shown to occur whcr(" 
DNase was not activated. Treatment with some inhibitors (Chloromycetin, ('o ~ ~, and 
increased pH) resulted in a partial inhibition of both DNA svnthesis and I)Nasc 
activation in infected cells. 

Protei~ synthesis in in/ected cells 

It  has been reported that protein synthesis is uninterrupted after infection 2~,a,2'~. 
Thus in nutrient medium (where the generation time of the bacteria is 25 minutes) 
there ought to be a 1.6-fold increase of protein I7 minutes after infection. However, 
under the conditions used here, only a 1.2-fold increase in TCA insoluble protein of 
the complete culture was found at 17 minutes. In spite of this increase of TCA insoluble 
protein, the concentration of protein in the infected cell extracts was about the same 
as that of the uninfected cell extracts taken at o minutes, indicating incomplete 
recovery of protein in infected cell samples. Either some lysis, even under conditions 
of lysis inhibition, is occurring before the end of the latent period 2e, or the infected 
cells are so fragile at this time 27 that cellular material is released either during the 
latent period 2s or during the centrifugation. Since the DNase activation after infection 
is of the order of five-fold, this loss of about 20% protein should not be of great 
importance. 

Time o/activation o/DNase 
To correlate the activation of DNase with other processes, one first ought to discover 
just when during the latent period the activation occurs. Previous work shows that 
the activation begins approximately 5 minutes after infection and the enzyme is 
maximally activated at about 15 minutes~'3; however, this time does not allow for 
the lag of adsorption (i.e. the time required for infection in all cells). One can start 
infection simultaneously in all cells and at a definite time by carrying out the adsorp- 
tion of phage in the absence of nutrients. 

Fig. 2 shows that DNase starts to increase in less than 3 minutes after addition 
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F i g .  2. A c t i v a t i o n  of  D N a s e .  T i le  r e l a t i o n  o f  D N a s e  a c t i v i t y  t o  t i m e  a f t e r  i n f e c t i o n  of  1F,.coli w i t h  T 2 .  
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of nutrients, and becomes highly activated by io minutes. Because of this early 
appearance of the activation, one must assume that the activated DNase can have 
its effect at any time after the first few minutes of the latent period. There was, how- 
ever, a definite lag period. 

.4 ctivation of DNase a metabolic process 

Since DNase activation commences soon after infection, one might expect the activa- 
tion to be the consequence of "invasion" (injection of the parental phage contents 29) 
and not to depend upon any subsequent processes. It was found, however, that infec- 
tion in non-nutrient medium, which probably permits invasion 29, will not bring about 
activation of DNase. 

E. coli and phage (multiplicity of 7) were incubated in H salts at 37 ° C, without 
aeration or nutrients, for 25 minutes. DNase assay of an extract of this material 
showed no increase of specific activity over the extract of uninfected cel ls--both 
were 0. 9 units. Thus, some metabolism, following phage attachment, is required for 
DNase activation. This is consistent with the lack of activation of infected cells in 
the presence of the metabolic inhibitor, thienylalanine. 

Activation of DNase in synthetic medium 

COHEN has reported that DNase activity can be detected in lysates when infection is 
carried out in nutrient broth, but not when using F medium 3°. This might be inter- 
preted as meaning that there is no activation of DNase when bacteria are infected 
in synthetic medium. In testing this, however, it was found that while the amount of 
DNase activation was not always consistent, a 3- to 4-fold increase of activity was 
generally found when synthetic media (F or H) were employed. In nutrient media 
(D or tryptose broth) usually about twice (5- to 7-fold) this activation was obtained. 
Since the activation is a metabolic process, the lesser activation in synthetic media 
is probably a reflection of slower metabolic processes. 

Infection with inactivated phage 

Osmotically shocked phage. The effect upon DNase after infection with osmotically 
shocked phages (ghosts) 9 was determined. That DNase might be activated by phage 
ghosts seemed likely in that these agents both kill and lyse bacteria 31, although it has 
been suggested that these actions may have little resemblance to cell death and lysis 
resulting from infection with viable phages 32. Infection with phage ghosts, in the place 
of viable phages, brought about no activation of DNase (Table I). 

Ultraviolet irradiated phage. Infection of E. coli with T2 inactivated with ultra- 
violet irradiation (uv-phages) results in both death of the bacteria and also a dis- 
organization of the bacterial nuclear material 3a. This latter effect, evidenced by the 
use of chromogenic (Giemsa) stain, is similar to that seen in the early stages of the 
latent period of cells infected with viable T233, ~4. Experiments were performed to 
determine if infection with uv-phages also brings about activation of DNase. 

The results (Table III)  show that DNase is activated after infection with uv- 
phages. This activation is not as rapid as in the control, indicating that the meta- 
bolism bringing about tile increase in DNase activity is either Mower in uv-phage 
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infected cells, or starts later after infection. At 35 minutes, the DNase activity in the 
uv-phage infected cells is ()o % of that  of the control. 

T.\  Bl.b" I l l  

A C T I V A T I O N  O F  [ ) N A s E  BY I N F E C T I O N  \ V I T t t  U V - P H . - \ G E  

I L\'*~sc ( S pcci/ic ~lc/ivit cJ 
I ]:ctel ~';th 

. rain z 7 rain ~5 rain 

Phage  o. 7 0.7 0.o 
U.v . -phage o. 7 2.9 5.4 

Times  are m i n u t e s  a f te r  infect ion (o t ime  sample  is uninfected) .  

DNA o~ uv-phage in/ected cells 

Experiments have confirmed the reports that  there is no net change in concentration 
of DNA for at least two hours in cells infected with uv-phages aS, 36. I t  remained to be 
shown that  this constant concentration of DNA reflects a true static condition, and 
not concomitant catabolism of host DNA and synthesis of phage DNA. Analysis for all 
bases of cells infected with uv-phages for 1 7 minutes showed that  the DNA of the cells 
contained no 5-hydroxymethylcytosine (5-HMC)- a base shown to be present in DNA 
of T2, but not found in DNA of uninfected E. coli aT. In Table IV is seen the composi- 
tion of the various DNA's with respect to cytosine and 5-HMC. For comparison, the 
results of HERSHEY et al. ~7 for E. coli are given. One sees that  in the infected cell 
control, nearly all the cytosine has been replaced by 5-HMC, while in the uv-phage 
infected cells, none of this base was detected. 

T A B L E  IV 

C O M P O S I T I O N  O F  DNA ~VITH R E S P E C T  TO C Y T O S I N E  A N D  5-HMC 

Mole % 

Cytosine 5-HMC 

Uninfected  cells 24 o 
Infec ted  cells 4 14 
U.v . -phage  infected cells 27 o 
Bacter ia*  24 o 
Phage*  o 16 

Resu l t s  are  g iven as % moles of cy tos ine  and of 5 - h y d r o x y m e t h y l c y t o s i n e  to to ta l  moles of 
DNA bases.  

* D a t a  f rom HERSHEY el al. 16. 

Superin/ecting breakdown and DNase activation 

LESLEY and co-workers have shown that  there is an extensive (5o%) degradation 
of DNA of phages attacking a previously infected bacterium ~. The similarities 
between this so-called "superinfecting breakdown" and activation of DNase are 
striking. Neither "superinfecting breakdown" nor DNase activation is initiated by 
phage ghosts ~9, or by  T3 2,4° (by which DNase is only slightly activated). Both 
phenomena commence during the initial stages of the latent period ng, and both ap- 
parently require more than just the adsorption of the virus 4°. Also, uv-phages will 

R e / e r e n c e s  p .  2 4 5 ] 2 4 6 .  
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initiate both effects 39. Thus it would appear likely that the activation of DNase is a 
necessary condition for "superinfecting breakdown". Indeed, GR:~HA~r has suggested 
that superinfecting breakdown "might result from the action of an intracellular 
enzyme activated by the initial infection ''ag. "Superinfecting breakdown" has been 
shown not to occur in E. coli resistant to, and in the presence of, 5 mg/ml streptomy- 
cin 41. This result has been confirmed in the present system. In cyanide-poisoned cells 
(o.o5 M NaCN, pH 7.o, added five minutes before infection) there is no formation of 
the superinfecting breakdown mechanism 39. If DNase activation and superinfeeting 
breakdown are related, one might expect to find no activation of DNase after infec- 
tion in the presence of streptomycin or in cyanide-poisoned cells. 

Cyanide. Infection in cyanide-poisoned cells brought no significant activation of 
DNase, see Table II. The effect of cyanide upon DNase activity in vitro was also 
tested. The presence of o.o5 M NaCN (pH 8.5) is the assay mixture resulted in a 1.3- 
to 1.4-fold increase of activity. 

Streptomycin. The usual activation of DNase (6-fold) was found in streptomycin 
resistant E. coli infected in a medium containing 5 mg/ml streptomycin sulfate 
(Eli Lilly, and Co.). This shows that DNase is activated under conditions where super- 
infecting breakdown does not occur. However, as GRAHAM has suggested 39, strepto- 
mycin may be inhibiting the activated enzyme, rather than inhibiting the activation 
of the enzyme. It  was found that streptomycin did inhibit DNase activity in vitro. 
Assay of DNase in the presence of streptomycin showed it to have one-fifth the activity 
of the control. This inhibition apparently results from direct action on the substrate ; a 
visible precipitate forms in a mixture of DNA and streptomycin, in the concentrations 
used for the DNase assay. (Streptomycin has previously been shown to complex 
nucleic acid~°.) Thus the lack of superinfecting breakdown under conditions where 
DNase is activated--in the presence of streptomycin or a low concentration of Mg++25 
- - can  be explained by the inhibitory effect upon the DNase activity itself. Since phage 
yields are normal in the presence of streptomycin ~1, any role of DNase activation in 
the "superinfecting breakdown" phenomenon is not a required part of successful 
infection. 

D I S C U S S I O N  A N D  C O N C L U S I O N S  

The effects of various metabolic inhibitors upon bacterial DNase indicate that activa- 
tion of DNase is closely related to phage infection. Since phage ghosts bring about 
cell death but will not activate the DNase, the killing process of infection is not the 
mechanism bringing about DNase activation. Probably the injection of the phage 
contents is required. This is consistent with the results showing that infection with 
uv-phages will activate the DNase--assuming injection does occur in this case. Since 
infection in the absence of an energy supply (nutrients and aeration) does not cause 
activation, some metabolic steps must be required. This metabolism probably in- 
volves amino acids; the addition of thienylalanine (an amino acid analog with little 
effect on DNA synthesis "1) to the infected cells prevented the increase in DNase 
activity. 

The results presented show that the activated DNase may not be involved in the 
breakdown of host cell DNA. At least this DNA is not catabolized by DNase activated 
by uv-phage infection. One cannot state conclusively that activated DNase does not 
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b reak  down  hos t  D N A  dur ing  n o r m a l  in fec t ion  since o the r  r e q u i r e m e n t s  for this  de- 
g rada t ion ,  pe rhaps  t r a n s p o r t  of the  e n z y m e  to the  site of the  D N A ,  m a y  be l ack ing  

in t he  cells in fec ted  w i t h  nv-phages .  Hos t  D N A  m a y  no t  be deg raded  af te r  infec t ion  

w i t h  u v - p h a g e s  because  the  end -p roduc t s  of D N A  ca tabo l i sm,  which  are  no t  r e m o v e d  

in th is  case, m a y  be i n h i b i t o r y  to the  D N a s e  act ion.  ( I t  can  be po in t ed  ou t  t h a t  t he  

pool  of v e g e t a t i v e  phage  D N A  26 is a p p a r e n t l y  no t  a t t a c k e d  by  the  a c t i v a t e d  D N a s e  

du r ing  in t r ace l lu la r  phage  g rowth ,  a l t h o u g h  the  e n z y m e  will ca tabo l i ze  phage  D N A  

in vitro 3. ) 
N u m e r o u s  occur rences  of specific and  non-specif ic  na tu r a l  inh ib i to r s  of D N a s e  

h a v e  been  r e p o r t e d  42-48. I n  a t  leas t  one sys tem,  besides  t h a t  s t ud i ed  in th is  w o r k  the  
i nh ib i t o r  con t a in s  R N A  44. A t  the  p resen t  t ime,  the  func t ion  in ce l lu lar  m e t a b o l i s m  of 

these  inh ib i to r s  is u n k n o w n .  The  d e s t r u c t i o n  of the  D N a s e  inh ib i to r ,  which  a c c o m p a -  

nies phage  p roduc t ion ,  m a y  be  a s econda ry  effect of infec t ion ,  m a g n i f y i n g  some  n a t u r -  

al ce l lu lar  process.  The  p resen t  s tudies  do no t  te l l  one w h e t h e r  t he  D N a s e  action sub-  

s equen t  to  t he  activation, bears  a func t iona l  r e l a t ionsh ip  to t he  p roduc t i on  of phage .  

A n y  conc lus ions  r e g a r d i n g  D N a s e  ac t ion  on p a r e n t a l  phage  4", in the  d i s rup t i on  of 

nuc lea r  m a t e r i a P  a, ~4, or  in phage  D N A  syn thes i s  ~ or the  c ross -over  p h e n o m e n o n  '~° 

seem p r e m a t u r e .  P r o b a b l y  co r re l a t ion  wi th  these  effects  will  r equ i re  fu r the r  knowledge  

r e g a r d i n g  the i r  b iochemica l  na tu re .  

I t  wou ld  seem p e r t i n e n t  to  d e t e r m i n e  if D N a s e  is a c t i v a t e d  in o t h e r  v i ra l  sys- 

t e m s - e s p e c i a l l y  in the  more  genera l  case of lysogenic  phage  d e v e l o p m e n t .  An  inves t i -  

g a t i o n  of th is  t y p e  is be ing  u n d e r t a k e n  in th is  l abo ra to ry .  

SUMMARY 

Various metabolic agents (cyanide,/~-2-thienylalanine, and proflavin) did not bring about increase 
of DNase activity in uninfected E. coli. Metabolic inhibitors (Chloromycetin, thienylalanine, 
proflavin, cobalt, increased pH, and cyanide), were applied to cells infected with T2. The results 
showed that DNase activation results only from phage infection, and also that DNase activation 
is correlated with phage DNA formation. DNase activation was shown to occur in synthetic 
media, as well as in nutrient broth. 

The activation of DNase by T2 seems to be specifically caused by the injection of some 
part of the phage contents since ultraviolet-irradiated phages (u.v.-phages) bring about the 
activation, but osmotically shocked phages (ghosts) do not. Furthermore, some sort of metabolism 
requiring an energy source must be occurring to activate the DNase, since infection of cyanide- 
poisoned cells or infection in non-nutrient medium brings about no activation. 

Activated DNase may not function in the catabolism of the host cell DNA since there 
was no breakdown of this material after infection with u.v.-phages, although DNase was activated- 
It  was shown that there is no formation of phage DNA (containing 5-hydroxymethylcytosine) 
after infection with u.v.-phages. 

A comparison of the conditions for activation of DNase and for occurrence of the breakdown 
of superinfecting phage indicate that DNase participates in the "superinfecting breakdown" 
phenomenon. 

Other possible roles of the activated DNase were discussed. 

RI~SUMI~ 

Diff~rents agents m6taboliques (cyanure, /~-2-thi6nylalanine et proflavine) ne provoquent pas 
d'augmentation de l'activit6 DNasique chez E. coli non infect6. Des inhibiteurs m6taboliques 
(chloromyc~tine, thi6nylalanine, proflavine, cobalt, 616vation de pH et cyanure) ont ~t6 appliqu6s 

des cellules infect6es par T2. Les r6sultats montrent que l 'activation de la DNase r6sulte seule- 
ment de l'infection par le phage, et 6galement que cette activation est li6e X la formation du 
DNA du phage. L'activation de la DNase a lieu sur des milieux synth6tiques, aussi bien que 
sur des bouillons de culture. 
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L'act ivat ion de la DNase par  T2 semble 6tre provoqu6e sp6cifiquement par  l ' infection d 'une  
partie du contenu du phage, puisque des phages irradi6s par  l 'ultraviolet  (phages u.v.) produisent  
l 'activation mais que des phages ayan t  subi un choc osmotique (fant6mes) ne la produisent  pas. 
En outre, un certain m6tabolisme n6cessitant une source d'6nergie doit avoir lieu pour  activer 
la DNase, puisque l 'infection de cellules empoisonn6es par  le cyanure ou l 'infection dans un 
milieu non-nutr i t i f  ne sont  pas suivies d 'activation.  

La DNase activde ne peut  pas prendre par t  au catabolisme du DNA de la cellule bore, 
puisque ce DNA n'est  pas ddgrad4 apr6s infection par  des phages u.v., quoique la DNase soit 
activ6e. Les auteurs  ont nlontr6 qu'il n 'y  a pas formation de DNA du phage (renfernlant de la 
5-hydroxym6thylcytosine)  apr6s infection par  des phages u.v. 

Une comparaison des conditions qui pe rmet ten t  l 'activation de la DNase et la d6gradation 
d 'un phage sur infectant  nmntre  que la DNase prend par t  au ph6nom6ne de "d6gradat ion sur- 
infectante".  

D 'aut res  r6les possibles de la DNase activ4e sont  discut4s. 

ZUSAMMENFASSUNG 

Verschiedene metabolische Wirkstoffe (Cyanid, fl-2-Thienylalanin und Proflavin) verursachten 
keine Erh6hung  der DNase-AktiviUit in uninfizierten E. coli. Mit T2 infizierte Zellen wurden 
mit  metabolischen Helnmstoffen (Chloromyzetin, Thienylalanin, Proflavin, Kobalt,  erh6hte 
pH-Wer te  und Cyanid) behandelt .  Die Ergebnisse bewiesen, dass die DNase-Akt ivat ion nur  yon 
Phageninfektion verursacht  wird und dass (tie DNase-Aktivat ion mit  Phagen-DNS-Bildung im 
Zusammenhang  steht.  Es wurde ferner bewiesen, dass DNase-Aktivat ion in synthet ischen Medien, 
sowie in N~ihrl6sungen vorkommen kann. 

Die Aktivat ion yon DNase durch T2 scheint speziflsch durch die Injekt ion irgendeines 
Teiles des Phageninhal tes  verursacht  zu werden, da die Aktivat ion wohl durch mit  Ultraviolett  
bestrahlte Phagen (UV-Phagen), jedoch nicht durch Phagen verursacht  wird, welche einen 
osmotischen Schock erlitten ha t ten  (Schemen). Ferner  muss  bei der DNase-Aktivierung irgendein 
Metabolismus inw)lviert sein, welcher eine Energiequelle ben6tigt, da durch mit  Cyanid vergiftete 
Zellen oder in Nicht-N~ihrmedien keine Akt ivierung verursacht  wird. 

Aktivierte DNase scheint im DNS-Katabo l i smus  der infizierten Zelle keine Rolle zu spielen 
da nach Infekt ion mit  UV-Phagen kein Abbau dieses Materials s ta t t fand,  obgleich die DNase 
aktiviert  war. Es wurde bewiesen, dass nach Infekt ion init UV-Phagen keine Phagen-DNS-  
]3ildung (5-Hydroxylnethylcytos in  enthaltend) s ta t t fand.  

Ein Vergleich zwischen den Bedingungen, die fiir die DNase-Aktivierung und fiir den Abbau 
des superinfizierenden Phagen notwendig sind, wies darauf  bin, dass DNase im "Superinfekt ions-  
Abbau"-Ph~inomen eine Rolle spielt. 

Andere m6gliche Rollen der aktivierten DNase wurden er6rtert.  
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