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INTRODUCTION 

Th~  m e t a b o l i c  a l t e r a t i o n s  w h i c h  o c c u r  i n  a cel l  as  a r e s u l t  of v i r u s  i n f e c t i o n  a~e a t  

p r e s e n t  p o o r l y  u n d e r s t o o d .  W i t h  v i r u l e n t  T b a c t e r i o p h a g e s  i n f e c t i n g  cells of E.  coli B ,  

s o m e  s y s t e m s  i n v o l v e d  i n  n o r m a l  g r o w t h  s u c h  as  r i b o n u c l e i c  ac id  s y n t h e s i s  a n d  a d a p -  

t i v e  e n z y m e  f o r m a t i o n  a re  l a r g e l y  p r e v e n t e d  1, 3, 3**. 

T h e  effect  of p h a g e  i n f e c t i o n  on  e n z y m e  a c t i v i t i e s  of t h e  h o s t  cells  h a s  a lso b e e n  

i n v e s t i g a t e d  3, 4. R e d u c e d  o x i d a t i v e  a b i l i t y  as  a r e s u l t  of p h a g e  i n f e c t i o n  w i t h  t h e  fol- 

l o w i n g  s u b s t r a t e s  w as  o b s e r v e d :  p y r u v a t e ,  s u c c i n a t e ,  a c e t a t e ,  a l a n i n e ,  a n d  g lyc ine .  

I n  cel l - f ree  e x t r a c t s  4 f r o m  i n f e c t e d  a n d  u n i n f e c t e d  cells  l i t t l e  d i f fe rence  in  t h e  a c t i v i -  

t i es  of a n u m b e r  of e n z y m e s  c o u l d  b e  d e t e c t e d .  

W e  h a v e  o b s e r v e d  ~ a n  a c c u m u l a t i o n  of p y r u v a t e  w h e n  Escherichia coli cells a r e  

i n f e c t e d  w i t h  p h a g e  T~ or  T ,  in  t h e  p r e s e n c e  of a l l - lac ta te  o r / - s e r i n e .  T h i s  s u g g e s t e d  

t h a t  i n f e c t e d  cells were  i n h i b i t e d  in  t h e i r  a b i l i t y  to  m e t a b o l i z e  p y r u v a t e ,  a c o m p o u n d  

w h i c h  p l a y s  a k e y  role  in  t h e  m e t a b o l i s m  of n o r m a l  cells. T h e  n a t u r e  of t h i s  i n h i b i t i o n  

is t h e  s u b j e c t  of t h e  p r e s e n t  i n v e s t i g a t i o n .  

METHODS 

The strains of E. coli used were obtained from A. D. HERSHEY and are designated "t3" and "R-2". 
For the studies with coliphages T2r + and TzH (the lat ter  obtained from A. D. HERSHEY),  the me- 
dium used for the  growth of the host ceils was a glucose-synthetic medium modified from SZUL- 
MAJSTER et aL e** *. For studies with the  T~ phage, the cells were grown in Difco nut r ien t  broth  or in 
a 1% t ryptone plus o. 5 % yeast extract  medium. All growth experiments were conducted in shallow 
layers in Erlenmeyer flasks on a reciprocal shaker at  37°C. Phage ti ters were determined by the 
plaque technique ca. Concentrations of bacterial cells were assayed by plating for colonies 6a and by  
turbidi ty  measurements  in a Klet t-Summerson colorimeter with a 66o m# filter. 

The phage stocks of T7 and T 2 were either in the form of crude lysates prepared in the glucose- 
synthet ic  medium or concentrates prepared by  centrifugation at  2o,ooo × g for 45 minutes and 
resuspending the  sediments in o.ooi M potassium phosphate buffer, pH 7.o containing 0. 5 % NaC1. 

Ultraviolet-irradiated T 7 phage was prepared by exposing lysates prepared in synthetic 

* This work was performed under  contract  No. AT (3o-1)-1o45 with the Division of Biology 
and Medicine of the Atomic Energy Commission. 

** JOKLIK 8 reported t ha t  the adaptive formation of formic hydrogenlyase was accelerated by 
phage infection. Studies in this laboratory (SPlZlZEN AND GEST, unpublished), however, have 
shown tha t  with T 2 infection the adaptive synthesis of formic hydrogenlyase was inhibited as with 
with other adapt ive enzymes. Stimulation of formic hydrogenlyase adaptat ion has occurred in some 
of our experiments when the  culture was incompletely infected. The uninfected cells formed enzyme 
more rapidly due to the st imulating effect of materials l iberated from infected cells. 

* * *  Na~HPO~ 4.54 g MgSO 4"7H~O 0.08 g 
KHzPO 4 I.O8 g CaClz o.002 g To I liter with HaO (pH 7.4) glucose 
(NH4)aSO 4 o.8 g FeSO 4. 7H20 o.ooi g added (aseptically) to o.5 %. 
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medium (centrifuging to remove debris) to a 15 wa t t  GE germicidal ultraviolet  lamp. Shallow 
layers no t  more t han  2 m m  in depth were irradiated for 1 minute  from a distance of 3 ° inches. 
The t i ters of lysates containing 2. lO 11 plaque-forming uni ts  per  ml were thereby reduced to lO 8 
viable particles per ml. Such prepara t ions  were capable of adsorbing as shown by the fact t ha t  
95 ~o of an E .  coli suspension in nut r ient  b ro th  containing 3' lOS cells per ml were killed in io  
minutes  at  37°C by a I : IO dilution of irradiated virus preparat ion.  

Young, aerobically grown E.  coli cells (3-4 hours) were employed for phage infection. Wi th  
phage T~H, concentrat ions of 2.0. Eo 9 virus particles per ml were mixed with cells (grown in the 
synthet ic  medium and diluted with fresh medium) at  a densi ty of 4" l°s  cells per ml (Klett  colori- 
meter  reading of 4 ° with a 660 m/* filter). For  T 7 infection, cells grown for 3-4 hours  in nut r ient  
b ro th  or t ryp tone-yeas t  ext rac t  medium were diluted with fresh medium to a density of 2. io s 
bacteria per  ml and mixed with i .  lO 9 phage per mI. The conditions s tated were found to effect at  
least 99 % infection of the cells in io minutes  at  37°C determined by  plat ing for "infective centers"  
or plaques after  the addition of specific ant i serum to inactivate "free" phage. 

In  mos t  of the experiments,  cells infected for io minutes  were centrifuged at 2,500 × g for 
3 minutes  in a Servall centrifuge and then resuspended in i / i  o the original volume of test  solutions. 
Test  solutions contained 50 #moles of the compound (K pyruvate ,  /-serine, all-lactate, etc.) in 
synthet ic  medium (without  glucose). Uninfected cell suspensions were similarly treated.  One ml 
volumes were dispensed into tubes  (13 m m  inside diameter) and shaken in a water  ba th  at 37°C 
(open tubes).  For the prepara t ion of cell-free extracts,  lO to 20 liter volumes of cells were grown with 
vigorous aeration for 3 to 4 hours  at  37 ° C, then diluted appropr ia te ly  for the type of viral infec- 
t ion (as described previously). The diluted cell suspensions were infected at 37°C for io minutes,  
then poured over chipped ice for rapid cooling and centrifuged in a refrigerated Sharples centrifuge. 
The harvested cells were disrupted by grinding the paste  in a chilled mor ta r  in the cold with Alu- 
mina  A-3oI (2. 5 t imes the wet  weight of cells). The ground mass  was extracted with 1.5 ml of o.oi 
2VI potass ium phospha te  buffer p H  7.0 for each gram of cell paste  used, and the a lumina removed 
by centrifugation in a refrigerated Servall centrifuge at  9,0o0 × g for 15 minutes.  The supe rna t an t  
was recentrifuged for 45 minutes  at  21,5oo × g to provide the cell-free extracts  used in these 
studies. Tests carried out  with extracts  were performed as in the intact  cell experiments ,  namely 
wi th  a final volume of i ml in open tubes  and shaken at 37 ° C. K pyruva te  was used as 5 ° t, moles 
per  ml in synthet ic  medium (without  glucose). 

Chemica l  

Pyruva te  was determined by the "direct"  method of FRIgDEMANN AND HAUGEN 7 in which total 
hydrazones  are measured. This assay was frequent ly checked with the "extrac t ion me thod"  in 
which specific est imations of pyruvic  and dicarboxylic keto acids are made. 

Lactic acid was determined by  the method of BARKER AND SUMMERSON s. 
Protein was determined by  the method of LOWRY et al. 9. 

E X P E R I M E N T A L  RES ULTS 

I. Accumulation o/pyruvate by infected cells 

E. coli, R-2 cells grown aerobically in synthetic medium with 0.2 % dl-lactate as 
carbon source were infected with T2H as described under METHODS. When the infected 
cells were centrifuged and resuspended in I/iO volume of  synthetic medium containing 
50/*moles of sodium lactate, pyruvate was found to accumulate. A total of 6 / ,moles  
of pyruvate was formed from D-lactate in 60 minutes, 2 .2 / ,M from all-lactate, whereas 
none accumulated in a control suspension of uninfected cells. Even larger amounts 
of pyruvate accumulated when virus-infected cells were suspended in synthetic 
medium containing 50/ ,moles  of l-serine, T~ infection resulting in the accumulation of 
more pyruvate than T2H (Fig. I). Pyrnvate did not accumulate when the substrate 
was D-serine. The curves in Fig. I show the rates of accumulation of pyruvate from 
/-serine with 2. lO 9 cells per ml. Tv infection resulted in the formation of 33.5 /,moles 
of pyruvate after 60 minutes; with ultraviolet-inactivated T7 (which does not produce 
lysis of the cells) 16 /,moles of pyruvate accumulated and with T~H, 9 /,moles. No 
accumulation of pyruvate occurred with uninfected cells or with cells to which anti- 
serum-inactivated phage was added. Similarly, pyruvate did not accumulate from 

Re#rences  p. 34 !. 
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Fig. I. Accumulation of pyruvate from/-serine 
(5 °/~moles/ml) in E. coli, R-2. (Bacteria grown 
aerobically in nutrient broth, diluted to 2. lO 8 
cells per ml with broth and infected with zo 9 
phage particles per ml for IO minutes, 37°C. 
Suspensions then centrifuged and resuspended 
to 2. IO 9 cells per ml in 5 °/zmoles/ml l-serine in 
synthetic medium. Uninfected cells treated 

similarly. Shaken in open tubes at 37°C). 
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Fig. 2. Utilization of pyruvate by E. coli, R-2. 
(Bacteria grown aerobically in nutrient broth, 
diluted to 2.1o s cells per ml with broth and 
infected with lO 9 phage particles per ml for IO 
minutes, 37°C. Suspensions then centrifuged 
and resuspended to 2.IO ~ cells per ml in 5 ° 
/*moles per ml of K pyruvate in synthetic me- 
dium. Uninfected cells treated similarly• Shaken 

in open tubes at 37°C). 

lactate  or l-serine when the cells were infected in the presence of low or high salt 
concentrat ions which inh ib i t  adsorption of T 2 to cells, or in  the  absence of necessary 
cofactors for T 7 adsorption".  

2. Rate o /pyruvate  utilization by in/coted cells 

When E. coli cultures were infected with T7 for IO minutes  at  37°C, and  suspended 
in synthet ic  medium conta in ing  K pyruvate ,  they were found to be incapable  of utiliz- 
ing pyruva te  either when placed under  aerobic condit ions {open tubes,  shaken at 
37°C) or when placed in  Warburg  manomete r  cups under  ni t rogen at  37°C. T~H- 
infected suspensions, however, were found to util ize pyruva te  bu t  at a reduced rate, 
as compared with uninfec ted  cells• These results are i l lustrated in  Fig. 2. Thus,  where- 
as uninfected cells util ized 37 ~moles of pyruva te  in 6o minutes  and  T~-infected cells 
less t han  2.5 /xmoles, T~H-infected cells used 17. 3 vmoles in the same period. This 
reduced rate  of py ruva te  ut i l izat ion with T 2 infect ion could be demonst ra ted  using 
different cell concentrations• This is seen in  Table I, in which the specific activities 
(i.e., ~moles pyruva te  uti l ized in 6o minutes  per lO 8 cells) of infected and  uninfected 
cells are compared for a range of cell concentrat ions.  Between 5 and  4o" lO8 cells ml 
the specific ac t iv i ty  of uninfected cells was 1.3 and  higher, bu t  tha t  of infected cells 

was o.5 to o. 7 . 
Table I I  shows data  which indicates  tha t  T~H-infected ceils when subsequent ly  

infected with T 7 still cont inue  to util ize pyruva te  at the rate characterist ic for T~I-I 
infection. The reverse was also observed, namely,  the complete inh ib i t ion  of pyruva te  
ut i l izat ion caused b y  T 7 was still m a i n t a i n e d  even when T~H was subsequent ly  added• 
Although mul t ip l ica t ion of the second phage was "excluded" by  the presence of the 

* Studies to be reported elsewhere indicate that factors present in certain casein digests are 
required for irreversible adsorption. 

Re/erences p. 34 I. 
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TABLE I 

PYRUVATE UTILIZATION BY E. coil R-2 CELLS 

E. coli, R-2 cultures grown in glucose-synthetic medium in aerated flasks at 37°C for 4 hours. In- 
fected at 4" los bacteria per ml with 2o. io s T2H per ml, IO minutes, 37°C. Chilled, centrifuged and 
resuspended in synthetic medium containing 5 ° l,moles/ml K pyruvate at cell concentrations in- 

dicated (one ml quantities in open tubes, shaken, 37°C). 

Cell concn. Specific activity* 

I °8~ml Uninfected T.,H-inlected 

4 ° - -  0.53 
3 ° - -  0.6 5 
20 ~1.3 0-70 
lo 1.75 0.58 

,5 1 .32  0 -72  
2.5 i .08 o 

* ,umoles pyruvate utilized in 60 rain per lO s cells. 

TABLE II 

INTERFERENCE OF T2H AND T 7 IN PYRUVATE BLOCK 

Cells* (2 • zog ml) 
Pyruvate utilization 

t*moles/m160 rain Specific activity** 

I Uninfected 25.0 1.25 
2 T2H-infected "only" 13. 3 o.67 
3 Tv-infected "only" 1.8 0.09 
4 TsH-infected + T7-infected 9.1 0.46 
5 Tv-infected + T2H-infected o o 

* E. coli cells grown in nutrient broth and diluted to 2. Io8]ml with broth. No. 2 and No. 3 cells 
at 2. Io8/ml in contact with phage (using phage : cell ratio of 5 : i) for io min at 37 ° C. No. 4 and No. 
5, IO min with first phage followed by IO min at 37°C with second phage. After phage contact 
periods, cells were centrifuged and resuspended in i / io  volume of 50 /~moles/ml K pyruvate in 
synthetic medium. 

**/zmoles pyruvate utilized in 60 min per lO s cells. 

first phage used for infection (DELBROCK AND LURIAI°), adsorpt ion of both  phage 

types still occurred on the cells under  these conditions. Thus the effect on py ruva t e  

ut i l izat ion was character is t ic  of the phage undergoing replication. 

A large number  of compounds (cofactors, etc.) were tested for thei r  abi l i ty  to 

prevent  the inhibi tory  effects of T 7 and T 2 on py ruva t e  uti l ization.  Relief of the  in- 
hibi t ion was not achieved in tests with the following compounds:  th iamine,  th iamine  
pyrophosphate ,  d iphosphopyridine nucleotide, coenzyme A, r a v i n  adenine dinucleo- 
tide, casein hydrolysate ,  yeast  extract ,  ribose and desoxyribonucleic acids, nucleotides 
and nucleosides, fumarate ,  succinate,  malate ,  formate,  etc. In  these tests the supple- 

ments  were present both during the adsorpt ion period and/or  after  infection. 

3. Leakage o/ cell const i tuents/rom in/ected cells 

PUCK AND LEE 11,12 have  shown tha t  materials  escape from the host cells as a direct 

result  of virus T 2 penetrat ion.  We have found tha t  the  superna tan t  obta ined from 
T~H-infected cells within the first 5 to IO minutes  required for adsorpt ion (with mul t i -  
pl ici ty of 5 phage particles to I cell) contains substances which s t imula te  pyruva te  

Re[erences p. 341. 
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T A B L E  I I I  

STIMULATION OF PYRUVATE UTILIZATION IN E. coli EXTRACT BY SUPERNATE OF T 2 H - I N F E C T E D  CELLS 

Ext rac t s  in a final volume of I ml containing 5 ° #moles K pyruva te  

Extract (2.r mg protein~ Itmoles pyruvate Specific 
utilized 6o rain activity 

No addition 9.2 4.4 
+ Supernate* (0.3 ml) 12.6 6.0 
+ D P N  (50 ~), CoA (5 ° },) 18. 3 8. 7 

* Cells at  4" Ios/ml in synthet ic  medium + 2O.lO s T~H/ml for IO rain at  37°C, centrifuged, 
and supernate  tested. 

T A B L E  IV 

PYRUVATE UTILIZATION BY EXTRACT OF E. coli R-2,  T2H-INFECTED 

(Alumina ground, dialysed 4 hours,  4°C, against  ioo volumes of water). Ex t rac t s  in a final volume 
of I ml containing 50 #moles K pyruvate .  

Extract (4.1 mg protein) l, moles pyruvate Specific 
utilized 6o min activity 

No addition o o 
+ D P N  (50 7), CoA (5 ° y) 4.4 1.o7 
+ T P P  (I mg) 5.8 1.4I 
+ D P N  (5 ° y), CoA (5 ° 7), 

T P P  (IOO ~) i 1.7 2.85 
+ T P P  (I mg) + heated supernate*  

(0. 3 ml) lO.6 2.59 

* Cells at  4" IO8/ml in synthet ic  medium + 20. lO 8 T2H/ml, for io  min  a t  37°C, centrifuged. 
Supe rna t an t  was then heated for 5 min at  ioo ° C. 

utilization by diluted cell-free extracts of E. coli R-2 (Table III). Supernates from 
infected cells incubated for longer periods of time, from cells rapidly lysed by high 
phage multiplicities ("lysis from without") and from uninfected cells were inactive 
in this respect. We have found that stimulation of pyruvate utilization by diluted 
extracts could be obtained by the addition of DPN* and CoA*. Thus it appeared that 
these cofactors might be liberated from infected cells during viral adsorption. 

To test this point further an extract of T2H-infected E. coli was prepared by alum- 
ina grinding and then this extract was dialyzed at 4°C against IOO volumes of water 
for 4 hours. This type of extract required in addition to DPN and CoA, cocarboxylase 
(TPP**) for maximal activity on pyruvate. It was found that the addition of a super- 
natant from infected cells and TPP produced rapid pyruvate utilization (Table IV). 
The activity in the supernate was stable to heating for 5 minutes at Ioo°C and in fact, 
unless the supernate were heated, its ability to activate rapidly disppeared, presumably 
because of enzymic destruction of the stimulating cofactors. Cells lysed "from 
without" by high multiplicities of phage gave little or no stimulation of pyruvate 
utilization with extracts, presumably because of the rapid destruction of such factors 
by enzymes also liberated. 

* D P N  = diphosphopyridine nucleotide 
CoA = coenzyme A 

* * T P P  = th iamine py rophospha te  (cocarboxylase) 

R e / e r e n c e s  p .  3 4 1 .  
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T A B L E  V 

PYRUVATE UTILIZATION BY ALUMINA GROUND EXTRACTS OF fZ. co l i  R-2 
(SYNTHETIC MEDIUM GROWN) 

E x t r a c t s  in a f inal  v o l u m e  of  i m l  c o n t a i n i n g  5 ° / ~ m o l e s  K p y r u v a t e  

Pyruvate utilization per hour (tzmoles) Specific activity 
Extract 

(mg protein) Unfortified t DPN (5o"/),CoA (507) Un/ort~fied ~ DPN, CoA 

4.2 ~ 25.0 ~ 25.0 ~> 6 ~ 7 
3.15 22.0 ~ 25-0 7.05 ~ 7.9 
2.1 9.2 18.3 4.4 8.7 
I.O 5 o 5.8 o 5.52 

T A B L E  VI 

PYRUVATE UTILIZATION BY ALUMINA GROUND EXTRACTS OF L'. coli R-2 
(GROWN IN SYNTHETIC MEDIUM) 

E x t r a c t s  in a f inal  v o l u m e  of  i m l  c o n t a i n i n g  5 ° # m o l e s  K p y r u v a t e  

Extract type Extract (rag protein) 
Speci~c activity 

Un]ortifted + D P N  (5o~,) ~ CoA (5oy) 

U n i n f e c t e d  1.25 o 3.13 
U n i n f e c t e d  2.5 2.12 7.75 
U n i n f e c t e d  3.75 4.75 6.7 
U n i n f e c t e d  5.o 4.82 - -  
I n f e c t e d  (T2H) 1.2 o 1.6o 
I n f e c t e d  (T2H) 2. 4 o 2.00 
I n f e c t e d  (T2H) 3.6 1.25 2.88 
I n f e c t e d  (T~H) 4.8 2.23 3.04 
I n f e c t e d  (T2H) 6.0 2.86 3.24 

4. Pyruvate utilization by extracts [rom unin/ected cells 

Table V summarizes data from a typical experiment in which the ability to utilize 
pyruvate by various dilutions of extracts from uninfected E. coli R-2 cells grown in 
synthetic medium was studied. It can be seen that with extracts containing 3.15 mg 
protein per ml and higher, the specific activities of the unfortified preparations were 
7 or more. With 2.1 mg of protein in the extract, the specific activity dropped to 4.4; 
with I mg of protein the activity was entirely absent. This dilution effect could be 
partly overcome by the addition of DPN and CoA, giving specific activities of 8.7 or 
more even with 2.1 mg of protein in the extract. With a concentration of I mg of 
protein and a specific activity of o, the addition of DPN and CoA produced an activity 
of 5.52. TPP had little or no effect on these extracts. In contrast with these results, 
alumina extracts of E. coli R-2 cells grown in nutrient broth medium could not be 
stimulated by the addition of DPN and CoA (see Table VII). 

5. Activities o/ extracts /rom T2H-in/ected cells 

Extracts were prepared from T2H-infected E. coli, R-2 cells which were grown in 
glucose-synthetic medium and also from uninfected cells grown under similar condi- 
tions and their activities on pyruvate compared (Table VI). Although DPN and CoA 
stimulated pyruvate utilization in both kinds of extracts, the specific activity attained 
was lower in the infected system over a wide range of protein concentrations. These 
results and the supernatant experiments of section 3 suggest that other components 

R e ] e r e n c e s  p .  34  r.  
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TABLE VII 
PYRUVATE UTILIZATION BY" EXTRACTS OF BROTH*GROWN ~ ' .  coli R-2 

Extracts in a final volume of i ml containing 5 ° pmoles K pyruvate 

Extract 
Extract type ( mg protein) 

Specific activity 

Un/ortified i DPN,  CoA + DPN,  CoA, T P P  

U n i n f e c t e d  4 . o  6 . o 6  - -  - -  

U n i n f e c t e d  3 . °  5 . 7  4 . 9  - -  
U n i n f e c t e d  2 .o  2 . 7 9  3 . o  3 .2  
U n i n f e c t e d  i . o  o o I . i  
T T - i n f e c t e d  6 . o  o . 7 2  2 . I  3. I 
T T - i n f e c t e d  4 .0  0 . 3 8  2 .3  3 .3  

TABLE VIII  
]~FF]~CT OF COCARBOXY'LAS]~ ON INFECTED AND U N I N F E C T E D  EXTRACTS 

(Extracts incubated 3o rain 37°C before addition of i mg/ml TPP and pyruvate) 
Extracts in a final volume of i ml containing 5 ° #,moles K pyruvate 

Extract 
Extract type (rag protein) 

Specific activity 

T P P  present during 
no T P P  ÷ T P P  preincubation 

Uninfected 6.2 3.4 3.5 - -  
Uninfected 4.7 2.95 3.6 3.85 
Infected (Tall) 5.4 i .20 2.2 3.84 
Infected (T2H) 4 -I 1.25 2-42 3-4 

in add i t ion  to D P N  and  CoA are missing from infected cells. E x t r a c t s  from TT-infected 
cells grown in b ro th  showed even lower specific ac t iv i t ies  (Table vii) as compared  
wi th  those from uninfected  cells. Such ex t rac t s  were s t imu la t ed  b y  the add i t ion  of 
DPN,  CoA and  T P P  unl ike those from uninfected  cells bu t  not  to levels exhib i ted  b y  
the uninfected ext rac t .  

6, The e~ect of cocarboxylase on extracts/rom T2H-in/ected cells 

I t  has  been observed t ha t  a l though crude ex t rac t s  from syn the t i c  medium-grown 
uninfected  cells were l i t t le  affected b y  a d d e d  TPP ,  comparab le  ex t rac t s  from infected 
cells were m a r k e d l y  s t imula ted  in the i r  ab i l i t y  to ut i l ize pyruva te .  These differences 
in response to  T P P  could often be accen tua ted  b y  a p re incuba t ion  per iod in the  ab-  
sence of a d d e d  T P P  (Table viii). In  these exper iments ,  p re incuba t ion  of the  ex t rac t s  
for 30 minutes  before the  add i t ion  of p y r u v a t e  reduced the  specific ac t iv i t ies  of ex- 
t r ac t s  from infected cells to 1.2 in the  absence of added  TPP ,  whereas ex t rac t s  
from normal  cells r e t a ined  the i r  a c t i v i t y  at  levels of 2.95 or  higher.  Add i t ion  of 
cocarboxylase  to the  i nac t i va t ed  ex t rac t s  from infected cells pa r t i a l l y  res tored  the i r  
ac i t iv i ty .  Also, the  inac t iva t ion  of such ex t rac t s  could be p reven ted  b y  the  presence 
of added  T P P  (I mg/ml).  This suggests the  presence in ex t rac t s  from infected cells of 
some factor  which inac t iva tes  TPP.  This poss ib i l i ty  is being fur ther  invest igated.  

7. Manometric study o/pyruvate utilization 

B y  the  use of convent iona l  W a r b u r g  manomet r i c  techniques,  the  oxygen consumpt ion  
and  COl product ion  resul t ing  from aerobic  p y r u v a t e  me tabo l i sm b y  T2H-infected and  
non- infected cells and  ex t rac t s  were s tud ied  (Table IX) .  The d a t a  show t h a t  somewha t  
more t han  one-half  mole of 02 was t aken  up and  1.0 mole of CO2 was p roduced  for each 
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TABLE IX 
PYRUVATE OXIDATION B Y  E .  coli R-2 

Warburg manometric studies, aerobic. Reaction terminated at 6o minutes with sulfuric acid 

Izmoles CO~ Q,'pvruvate 
~;vstem* Specific t~m°les Oz production O~, CO~ utilize d 

- activit~ '~* uptake 6o rain 60 rain 

Uninfected cells (4" 109) o.73 18.o 31.9 o.57 o.62 
T~H-infected cells (4" lO9) 0.37 i i.o 18. 7 o.59 0.75 
Uninfected extract (2. 5 rag) 7.02 3.98 lO.8 0.37 0.23 
Uninfected extract (2. 5 mg) + 

DPN, CoA (5 ° 7 each) 8.05 5.92 13.7 0.43 0.3o 
T2H-infected extract (3-6 mg) 4.17 o.8 4.4 o. 18 o.o54 
T2H-infected extract (3.6 mg) + 

DPN, CoA (5 ° 7 each) 7.4 2.5 7.1 o.35 o.o94 

Total volume per cup, 2 ml; consisting of synthetic medium, 50/,moles K pyruvate and cells 
or extract as indicated. 

** For cells: /~moles pyruvate utilized per lO 8 cells in 60 rain. For extracts: /,moles pyruvate 
utilized per mg protein in 6o min. 

mole of pyruva te  used by  whole cells, whether infected or not. Lactate  determined 
colorimetrically 8 was not  formed. Thus, a direct oxidat ion of pyruva te  occurred, and 
al though infection decreased the rate of oxidation,  the ratios of 0 2 to CO 2 were essen- 
t ial ly similar in infected and  non-infected systems. 

Wi th  extracts,  the 02/C0 2 and  O2/pyruvate ratios were considerably lower than  
observed with whole cells. Addi t ion  of DPN and  CoA increased the 0 2 consumpt ion in 
extracts  from both infected and  uninfec ted  cells. Lit t le or no lactate was found to 
accumulate  in the extracts  even when DPN and  CoA were added. Since the ratio of 
O~ consumpt ion /pyruva te  ut i l izat ion was considerably lower in  extracts from infected 
cells as compared with extracts from normal  cells it seems possible tha t  there ma y  be 
qual i ta t ive  differences in the pathways  of pyruva te  metabol ism in these two types of 
extracts. 

DISCUSSION 

These studies show tha t  as a results of phage infection a marked al terat ion occurs in 
the abi l i ty  of the host cells to metabolize pyruvate .  T 7 virus almost completely in- 
hibits  pyruva te  uti l ization,  while infection with T~ reduces the rate of pyruva te  oxida- 
t ion  appreciably. These effects occur under  condit ions where new phage synthesis 
takes place. I t  is known (EVANS 13) tha t  T 7 is synthesized main ly  from pre-existing cell 
components  present before infection, whereas exogenous sources are utilized for syn-  
thesis of T 2. I t  seems possible tha t  the differences observed between the two virus 
systems with respect to the effect on pyruva te  metabol ism may  be a reflection of the 
energy and  carbon requirements  for synthesis  in these two instances. 

Once one type of phage infection has been established, subsequent  adsorption of 
another  phage type does not  influence the characteristic modification of pyruva te  
metabolism. This would indicate tha t  the effect of virus infection on pyruva te  oxida- 
t ion involves intracel lular  metabolic mechanisms. 

Since pyruva te  accumulates  when infected cells are placed in contact  wi th/ -ser ine  
or lactate it appears tha t  altered permeabi l i ty  is not  the l imit ing factor causing the 
change in rate of pyruva te  ut i l izat ion observed. This is supported by  the finding tha t  
the specific activities of extracts from infected cells were lower t han  those from normal  
cells. 
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Previous work n, 12 indicat ing tha t  viral  pene t ra t ion  into cells creates t empora ry  

openings through which cell contents  escape is confirmed and ex tended  by the 

present  studies. We have  shown tha t  heat  stable factors required for py ruva te  metab-  

olism are released by cells during the first IO minutes  of infection with  Tz. The pres- 

ent  exper iments  indicate  t ha t  these factors include D P N  and CoA, but  no direct as- 

says have  been made to de termine  the quant i t ies  of these coenzymes released. The  

loss of soluble cellular contents  is probably  also reflected in the lowered specific 

act ivi t ies  of ext rac ts  of infected cells as compared  with those from normal  cells, 

I t  has also been shown in these exper iments  tha t  the py ruva te  metabol ism of 

undialysed ext rac ts  from T2-infected cells can be great ly  s t imula ted  by cocarboxylase,  

par t icular ly  af ter  a short  incubat ion in the absence of added TPP.  In contrast ,  extracts  

from uninfected cells do not show this sensit ive response to TPP.  This suggests tha t  the 

ex t rac t  from infected cells contains  systems inac t iva t ing  TPP,  which might  fur ther  

cont r ibute  to the lowered abi l i ty  of the infected systems to utilize pyruva te .  Exper i -  

ments  designed to inves t iga te  the nature  of the inac t iva t ion  of T P P  are now in progress. 

The loss of cofactors and other  mater ia ls  from cells as a result  of phage infection 

must  undoubted ly  have  effects on other  metabol ic  systems. Other  enzyme reactions 

requir ing diffusible cofactors at cr i t ical  concentrat ions  might  well be suppressed in 

this way. 
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SUMMARY 

E. coli cells infected with T~ or T 7 virus accumulate pyruvate during the metabolism of l-serine 
or lactate. This was shown to be due to a markedly reduced ability of virus-infected cells to metab- 
olize pyruvate as compared with uninfected cells. When cells are first infected with T~ and then 
with T~, pyruvate continues to be utilized at the reduced rate characteristic of T 2 infection, in- 
dicating that the effect of virus is on intracellular control mechanisms for pyruvate metabolism. 

During viral adsorption and penetration, materials "leak" from the infected cells which have 
the ability to stimulate pyruvate metabolism in diluted cell-free extracts. In addition, cocarboxyl- 
ase appears to be more labile in extracts from T~-infected cells as compared with extracts from 
normal cells. These facts may account for the reduced rate of oxidation of pyruvate in phage- 
infected cells. The present results are discussed in relation to other known metabolic effects of 
virus infection. 
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